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ABSTRACT 
	

Vaccination	 is	 the	best	 available	means	 to	 reduce	 the	burden	of	 seasonal	 influenza.	However,	

current	 influenza	 vaccines	 need	 to	 be	 updated	 frequently	 to	 keep	 up	 with	 evolution	 among	

circulating	viruses.	Antigenic	evolution,	otherwise	 termed	drift,	 is	most	 rapid	among	A/H3N2	

viruses,	and	 the	A/H3N2	component	of	vaccines	 is	 frequently	updated.	Despite	 this,	 influenza	

vaccine	 effectiveness	 against	 the	 A/H3N2	 subtype	 has	 been	 poor	 in	 recent	 years,	 especially	

among	previously	vaccinated	individuals.	Protection	induced	by	inactivated	influenza	vaccines	is	

largely	mediated	by	B	cells	and	antibodies	reactive	against	the	head	of	the	hemagglutinin	(HA)	

protein,	with	 help	 from	T	 follicular	 helper	 cells.	 The	 cellular	 and	molecular	mechanisms	 that	

underlie	the	attenuating	effects	of	prior	vaccination	and	existing	immunity	are	largely	undefined.	

It	 has	 been	 suggested	 that	 existing	 antibodies	 clear	 or	mask	 antigen,	 or	 that	memory	B	 cells	

induced	 by	 prior	 exposures	 competitively	 dominate	 responses	 so	 that	 B	 cells	 and	 antibodies	

become	focused	on	epitopes	that	are	shared	between	prior	and	prevailing	vaccine	strains.	The	

aim	of	the	work	presented	in	this	PhD	thesis	was	to	examine	the	impact	of	pre-existing	immune	

responses	 induced	 by	 prior	 infection	 with	 different	 A/H3N2	 strains	 on	 influenza	 vaccine	

immunogenicity.	In	depth	antibody	as	well	as	B	cell	assessments	were	performed	to	understand	

the	impact	of	existing	antibodies	and	memory	B	cells	following	vaccination	and	provide	insights	

into	the	design	of	new	vaccine	strategies.	

As	a	lead	up	to	the	ex	vivo	analysis	of	B	cells	from	vaccinees,	we	first	sought	to	understand	

how	human	naïve	versus	memory	B	cells	differentiate	in	vitro. Experiments	were	conducted	in	
Chapter	 3	 to	 compare	 the	 stimuli	 required	 for	 their	 differentiation	 into	 plasmablasts,	 and	

subsequently	understand	how	they	change	phenotypically	once	stimulated.	Specifically,	sorted	

human	naïve	and	memory	B	cells	 from	healthy	 individuals	were	stimulated	 in	vitro	 to	 induce	

differentiation	into	plasmablasts.	Data	obtained	in	this	PhD	thesis	showed	that	stimulation	with	

the	Toll-like	receptor	(TLR)	7/8	agonist	R848	in	the	presence	of	monocytes	induced	the	highest	

activation	of	both	naïve	and	memory	B	cells.	Conversely,	stimulation	with	the	TLR9	agonist	CpG	

or	with	R848	in	the	absence	of	monocytes	induced	little	to	no	differentiation	of	naïve	B	cells	but	

were	able	to	stimulate	memory	B.	cell	differentiation.	Despite	robust	differentiation	into	antibody	

secreting	plasmablasts,	 naïve-derived	B	 cells	 remained	phenotypically	 distinct	 from	memory-

derived	B	cells	up	to	day	6	after	in	vitro	activation,	with	differential	expression	of	CD27,	CD38	and	

CD20.	This	work	resulted	in	a	first-author	publication	in	Clin	Transl	Immunol,	2019.	

The	 focus	 of	 Chapters	 4	 and	5	was	 to	 understand	how	prior	 influenza	 virus	 infection	

affects	antibody	and	B	cell	responses	to	influenza	vaccination.	To	address	this	question,	vaccine	

responses	were	 investigated	 in	a	unique	 influenza	vaccine-naïve	cohort	 in	Viet	Nam,	 that	had	

been	monitored	 for	 both	 clinical	 and	 asymptomatic	 influenza	 virus	 infection	 for	more	 than	9	



 
 

6 

years.	 In	 2016,	 twenty-eight	 participants	without	 documented	 A/H3N2	 virus	 infection	 (since	

2007)	and	72	participants	who	had	been	infected	with	A/H3N2	viruses,	belonging	to	a	range	of	

genetic	 clades,	 received	 an	 inactivated	 trivalent	 influenza	 vaccine	 containing	 an	 A/Hong	

Kong/4801/2014-like	 (H3N2)	 antigen.	 This	work	 investigated	whether	 influenza	 vaccination	

induced	naïve	B	cell	responses	specific	for	new	epitopes	or	largely	recalled	B	cells	specific	for	

conserved	 epitopes,	 common	 to	 the	 vaccine	 A/H3N2	 component	 and	 prior	 infecting	 strains.	

Hemagglutination	inhibition	antibody	titres	were	measured	in	pre-	and	serial	post-vaccination	

sera	 against	 40	A/H3N2	viruses	 spanning	1968-2018	 to	understand	how	 the	 titre	 and	 cross-

reactivity	of	antibodies	against	the	HA	head	evolve.	B	cells	were	assessed	by	flow	cytometry	using	

a	panel	of	phenotypic	markers	in	addition	to	recombinant	HA	probes	representing	the	vaccine	

and	 recently	 infecting	 strains	 (A/Perth/16/2009,	 A/Victoria/361/2011	 and	

A/Switzerland/9715293/2013).		

Participants	who	had	at	least	one	pre-vaccination	A/H3N2	virus	infection	had	on	average	

2	 to	 3-fold	 higher	 vaccine-specific	 antibody	 titres,	 steeper	 titre	 rises	 in	 the	 weeks	 following	

vaccination	 (mean	 peak	 on	 day	 14),	 and	 less	 titre	 decay	 by	 days	 21	 and	 280	 compared	 to	

participants	without	prior	infection.	Moreover,	participants	with	prior	infection	exhibited	greater	

and	 better-maintained	 titre	 rises	 against	 viruses	 that	 circulated	 a	 year	 after	 vaccination,	

indicating	that	prior	infection	extends	the	strain	coverage	of	antibodies	induced	by	vaccination.	

Notably,	A/H3N2	viruses	that	circulated	275-340	days	after	vaccination	caused	 illness	 in	only	

1.4%	of	participants	with	infection	prior	to	vaccination	and	in	14%	of	participants	without	prior	

infection.	This	 suggests	 that	 vaccine	 effectiveness	 can	be	 enhanced	by	pre-existing	 immunity.	

However,	it	was	also	clear	that	the	range	of	strains	against	which	antibodies	were	induced	was	

dictated	 by	 the	 strain	 with	 which	 participants	 were	 previously	 infected,	 indicating	 that	

vaccination	may	simply	recall	rather	than	update	antibody-mediated	immunity.	

HA-probe	reactive	B	cell	frequencies	and	activation	status	increased	substantially	after	

vaccination.	 The	 greatest	 increases	 in	 HA	 probe-reactive	 B	 cells	 were	 detected	 among	

participants	who	had	recent	prior	infection,	with	the	majority	of	B	cells	exhibiting	cross-reactivity	

with	prior	strains.	A	modest	but	significant	increase	in	the	frequency	of	B	cells	that	reacted	with	

the	HA	of	the	vaccine	strain,	but	not	of	past	strains,	could	be	detected	in	participants	who	lacked	

prior	 infection.	 The	 phenotype	 of	 vaccine	 HA	 single-positive	 B	 cells,	 including	 increased	 IgM	

expression,	indicated	that	they	may	have	been	naïve-derived	B	cells.	Vaccination	induced	B	cells	

that	 preferentially	 reacted	 with	 the	 HA	 of	 A/Perth/16/2009	 and/or	 A/Victoria/361/2011	

viruses,	 but	 not	 A/Switzerland/9715293/2013	 viruses,	 among	 participants	 who	 had	 prior	

A/Perth/16/2009-like	virus	 infection.	However,	B	cells	 induced	by	vaccination	 in	participants	

who	 had	 prior	 A/Switzerland/9715293/2013-like	 virus	 infection	were	 equally	 cross-reactive	

with	HA	 of	 all	 tested	 viruses.	 These	 results	 support	 the	 inference	 that	 immune	 responses	 to	
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standard	inactivated	influenza	vaccines	are	dominated	and	shaped	by	recalled	memory	B	cells	

with	limited	activation	of	naïve	B	cells	to	update	immunity.	

Overall,	this	PhD	thesis	investigated	how	pre-existing	immunity	induced	by	documented	

influenza	virus	infection	affected	the	humoral	response	to	seasonal	influenza	vaccines	in	healthy	

adults.	This	work	provides	new	insights	into	the	capacity	of	influenza	vaccines	to	stimulate	naïve	

B	 cells,	 which	 may	 be	 limited	 due	 to	 memory	 B	 cell	 dominance	 and	 to	 a	 lack	 of	 sufficient	

stimulation	 to	 activate	 naïve	 B	 cells.	 This	 knowledge	 could	 be	 used	 to	 design	 new	 vaccine	

strategies	and	improve	influenza	vaccine-induced	protection.			
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CHAPTER 1 

Introduction 
 
 
1.1. The burden of seasonal influenza 

Seasonal	influenza	virus	is	a	global	health	problem.	In	the	United	States,	influenza	virus	infections	

cause	 an	 estimated	 9.2-35.6	 million	 cases	 of	 illness,	 140,000-710,000	 hospitalizations	 and	

12,000-56,000	deaths	per	year	(CDC	|	Seasonal	Influenza	(Flu)	|	Disease	Burden	of	Influenza).	

Globally,	it	is	estimated	that	every	year	290,000-650,000	respiratory	deaths	are	due	to	seasonal	

influenza	 (Iuliano	 et	 al.,	 2018;	 Troeger	 et	 al.,	 2019).	 The	WHO	 recommends	 annual	 influenza	

vaccination	for	people	at	high	risk	of	developing	severe	disease,	and	for	those	 in	contact	with	

high-risk	 individuals.	 High-risk	 groups	 include	 the	 elderly	 (>65	 years),	 young	 children	 (6-59	

months),	 Indigenous	populations,	 patients	with	 chronic	medical	 conditions,	 pregnant	women,	

and	 health-care	workers	 (WHO	 |	 Influenza).	National	 health	 authorities	 in	 some	high-income	

countries	recommend	annual	vaccination	for	everyone	6	months	of	age	and	above,	both	to	protect	

individuals	and	to	limit	the	spread	of	the	virus	through	the	community	(CDC	|	Seasonal	Influenza	

(Flu)	|	Prevent	Flu).		

 

1.2. Influenza viruses 

1.2.1. Classification and structure 

Influenza	viruses	belong	to	the	Orthomyxoviridae	family	(Bouvier	and	Palese,	2008).	There	are	

three	antigenically	different	types	of	human	influenza	viruses:	A,	B	and	C,	of	which	type	A	and	B	

are	responsible	for	annual	human	epidemic	disease.	Human	influenza	A	viruses	(IAVs)	originate	

from	avian	and	swine	viruses.	The	introduction	and	adaptation	of	new	IAVs	to	humans,	typically	

through	gene	reassortment	between	one	or	more	human,	avian	or	swine	IAVs,	can	lead	to	global	

pandemics	 (1918-H1N1,	 1957-H2N2,	 1968-H3N2,	 2009-H1N1).	 After	 establishing	 in	 humans,	

these	viruses	continue	to	circulate	as	seasonal	influenza	viruses.	IAVs	are	further	characterized	

into	subtypes	based	on	antigenic	differences	on	their	two	surface	glycoproteins	hemagglutinin	

(HA)	and	neuraminidase	(NA)	(Bouvier	and	Palese,	2008).	There	are	18	HA	subtypes	and	11	NA	

subtypes.	Only	 three	 combinations	have	 circulated	broadly	 in	humans:	A/H1N1,	A/H2N2	and	

A/H3N2,	and	of	these,	only	A/H1N1	and	A/H3N2	subtypes	are	currently	circulating	in	humans	

and	causing	seasonal	epidemics	(Tong	et	al.,	2013).	Influenza	B	viruses	generally	only	circulate	

in	 humans,	 although	 one	 study	 suggested	 that	 seals	 may	 represent	 an	 animal	 reservoir	

(Osterhaus	et	al.,	2000).	A	single	influenza	B	lineage	diverged	into	the	B/Victoria	and	B/Yamagata	
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lineages	 since	 1983	 (Biere	 et	 al.,	

2010;	 Chen	 et	 al.,	 2007b).	

Influenza	A	and	B	viruses	consist	

of	a	host-derived	lipid	membrane	

or	 envelope,	 which	 contains	 the	

viral	 envelope	 glycoproteins	 HA,	

NA	 and	 to	 a	 lesser	 extent	 the	

matrix	 2	 (M2)	 protein	 (Figure	

1.1).	HA	protein	is	synthesized	as	

a	 non-functional	 polypeptide	

precursor	 (HA0).	 Host-cell	

proteases	 cleave	 HA0	 into	 HA1	

and	 HA2	 for	 it	 to	 become	

functionally	 active.	 The	 HA1	

subunit	encodes	the	globular	head	

of	 HA,	 which	 contains	 the	 sialic	

acid	 binding	 site	 that	 mediates	

attachment	to	host	cells	(Bertram	

et	al.,	2010;	Harris	et	al.,	2006),	whereas	the	HA2	subunit	encodes	the	transmembrane	stem	and	

is	essential	for	the	pH-dependent	fusion	of	the	virus	with	the	endosomal	vesicle	(Bullough	et	al.,	

1994;	Harrison,	2008;	Skehel	et	al.,	1982;	Wilson	et	al.,	1981).	The	NA	protein,	on	the	other	hand,	

acts	as	a	receptor-destroying	enzyme	that	cleaves	host	cell	sialic	acid	residues	and	allows	the	

release	of	 viral	particles	outside	 the	 infected	 cell	 (Compans	et	 al.,	 1969).	The	M2	protein	 is	 a	

proton	 selective	 transmembrane	 ion	 channel	 (Pinto	 et	 al.,	 1992).	 The	 envelope	 is	 lined	

underneath	 by	 the	 matrix	 1	 (M1)	 protein	 encasing	 eight	 segments	 of	 single-stranded	 RNA	

(ssRNA).	 Each	 RNA	 gene	 segment	 is	 wrapped	 by	 multiple	 copies	 of	 nucleoprotein	 (NP)	 and	

coupled	 to	 a	 single	 copy	 of	 the	 polymerase	 basic	 proteins	 1	 (PB1)	 and	 2	 (PB2)	 and	 to	 the	

polymerase	acidic	protein	(PA),	which	together	form	the	viral	ribonucleoprotein	(vRNP)	complex	

(Arranz	et	 al.,	 2012;	Moeller	 et	 al.,	 2012;	Pflug	et	 al.,	 2014).	The	polymerase	proteins	 initiate	

replication	of	the	viral	RNA	(vRNA)	and	transcription	into	messenger	RNA	(mRNA)	(Zheng	and	

Tao,	 2013).	 Several	 non-structural	 (NS)	proteins	 are	 also	 expressed	 in	 influenza	 viruses.	NS1	

inhibits	the	interferon	signalling	pathway	(Ayllon	and	García-Sastre,	2015).	NS2	protein	aids	in	

the	export	of	vRNPs	from	the	nucleus	(O’Neill	et	al.,	1998).	

 

Figure 1.1. Influenza virus structure. (A) Schematic overview and 

(B) genome organization of influenza viruses. Adapted from Dou 

et al., 2018. 
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1.2.2. Influenza virus replication cycle 

Influenza	viruses	initiate	their	replication	cycle	by	attaching	to	host	cells	through	HA	(Figure	1.2)	

(Skehel	and	Wiley,	2000).	HA	binds	to	sialic	acids	(SAs)	present	on	the	surface	of	airway	epithelial	

cells.	SAs	are	nine-carbon	acidic	monosaccharides	 that	are	commonly	part	of	glycoconjugates.	

The	carbon-2	of	the	terminal	SAs	can	bind	to	the	carbon-3	or	carbon-6	of	galactose,	forming	⍺-

2,3-Gal	 ⍺-2,6-Gal	 linkages	 (Couceiro	 et	 al.,	 1993;	 Matrosovich	 et	 al.,	 2004).	 HAs	 of	 human	

influenza	 viruses	 preferentially	 recognize	 the	 ⍺-2,6	 linkage,	 whereas	 HAs	 of	 avian	 influenza	

viruses	 recognize	 the	 ⍺-2,3	 linkage,	 and	 those	 of	 swine	 influenza	 viruses	 recognize	 both	

(Matrosovich	 et	 al.,	 2004;	 Stencel-Baerenwald	 et	 al.,	 2014).	Recent	A/H3N2	 influenza	 viruses	

have	evolved	and	show	preference	for	human-type	receptors	with	extended,	branched	glycans,	

which	confers	potential	increased	avidity	than	linear	glycans	or	branched	glycans	with	shorter	

chains	 (Peng	et	al.,	2017).	HA0	cleavage	 into	HA1	and	HA2	subunits	 is	a	prerequisite	 for	HA-

mediated	 fusion,	 and	 is	 therefore	 essential	 for	 infection	 (Skehel	 and	 Wiley,	 2000).	 After	

attachment,	 influenza	 virus	 is	 taken	 up	 into	 endosomes	 (Lakadamyali	 et	 al.,	 2004).	 Virus	M2	

Figure 1.2. Influenza virus replication cycle. Influenza virus HA binds to sialic acids on the host cell 

membrane. After attachment, influenza virus is taken up into endosomes. The virus and endosomal 

membranes fuse, which releases vRNPs into the cytosol. vRNPs are then transported to the nucleus where 

vRNA replication and mRNA synthesis takes place. The vRNA is assembled into vRNPs and transported to 

the cytosol. mRNA also traffics to the cytosol to synthesize viral proteins. HA, NA and M2 are synthesized 

in the endoplasmic reticulum-associated ribosomes and undergo post-translational changes in the Golgi 

apparatus, while translation of the other proteins happens in the cytoplasmic ribosomes. Newly 

synthesized vRNPs and viral proteins are transported to the plasma membrane, where new virus particles 

are assembled and released. Adapted from Neumann et al., 2009. 
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protein	facilitates	endosome	acidification,	which	in	turn	triggers	a	HA	conformation	change	that	

exposes	 the	 fusion	 peptide	 allowing	 for	 the	 fusion	 of	 the	 virus	 and	 endosomal	 membranes	

(Bullough	et	al.,	1994;	Harrison,	2008;	Skehel	et	al.,	1982).	The	influx	of	protons	into	the	virion	

facilitated	by	M2	also	mediates	the	release	of	vRNPs	from	M1	into	the	cytosol	(Bui	et	al.,	1996;	

Pinto	and	Lamb,	2006).	The	vRNPs	are	then	transported	to	the	nucleus,	where	viral	polymerase	

replicates	vRNA	and	transcribe	it	into	mRNA	(O’Neill	et	al.,	1995).	The	newly	synthesized	vRNA	

is	assembled	into	vRNPs	and	M1	acts	as	a	chaperone	to	transport	them	to	the	cytosol	and	assist	

in	assembly	to	form	new	viral	particles	(Martin	and	Helenius,	1991;	Ye	et	al.,	1999).	mRNA	also	

traffics	 to	 the	 cytosol	 to	 synthesize	 the	 viral	 proteins.	 Translation	 of	 viral	 mRNA	 is	 entirely	

dependent	 on	 the	 host	 cell’s	 translation	 machinery.	 Most	 of	 the	 proteins	 are	 translated	 in	

cytosolic	ribosomes,	however,	translation	for	the	membrane	proteins	HA,	NA	and	M2	occurs	in	

the	endoplasmic	reticulum-associated	ribosomes	 (Matsuoka	et	al.,	2013).	These	proteins	 then	

undergo	post-translational	 changes	 in	 the	Golgi	 apparatus	 and	are	 transported	 to	 the	plasma	

membrane,	where	new	virus	particles	will	be	assembled	(Copeland	et	al.,	1988).	Here,	the	M1	

protein	lines	the	membrane	and	plays	a	key	role	in	viral	assembly	as	it	interacts	with	the	virus	

envelope	and	the	vRNPs.	HA	and	NA	proteins	seem	to	be	sufficient	to	induce	membrane	budding,	

but	the	process	is	significantly	enhanced	by	M1	(Ali	et	al.,	2000;	Chen	et	al.,	2007a;	Chlanda	et	al.,	

2015;	Rossman	and	Lamb,	2011).	Once	the	newly	assembled	viral	particles	bud,	their	release	is	

mediated	 by	 the	 sialidase	 activity	 of	 NA.	 The	 removal	 of	 sialic	 acids	 on	 the	 cell	 membrane	

prevents	HA	binding	to	the	cell	surface	and	facilitates	viral	particle	release	(Compans	et	al.,	1969).	

	
1.2.3. Influenza virus antigenicity 

Antibodies	that	bind	sites	proximal	to	the	receptor	binding	pocket	can	block	virus	attachment	to	

host	cells.	These	sites	are	referred	to	as	antigenic	sites,	and	are	designated	A,	B,	C,	D	and	E	for	H3	

subtype	viruses	(Figure	1.3)	(Wiley	et	al.,	1981;	Wilson	and	Cox,	1990)	and	Sa,	Sb,	Ca1,	Ca2	and	

Cb	for	H1	subtype	viruses	(Das	et	al.,	2013;	Gerhard	et	al.,	1981).	Influenza	viruses	accumulate	

nucleotide	 and	 hence	 amino	 acid	 substitutions	 in	 their	 HA	 and	 NA	 glycoproteins,	 which	 can	

facilitate	antibody	escape	and	antigenic	change	referred	to	as	antigenic	drift	(Bedford	et	al.,	2014;	

Smith	et	al.,	2004).	Various	studies	suggest	that	immune	selection	pressure	drives	the	relatively	

frequent	substitution	of	amino	acids	within	antigenic	sites	(Pan,	2011;	Wong	et	al.,	2013).	Such	

antigenic	change,	particularly	in	HA,	results	in	the	new	strains	escaping	from	antibodies	induced	

by	past	infections	and	vaccinations.	This	puts	individuals	who	were	once	immune	to	influenza	

virus	 at	 risk	 of	 reinfection,	 and	 is	 the	 basis	 for	 reformulating	 seasonal	 influenza	 vaccines	

periodically	and	for	recommending	annual	vaccination	(Salk	and	Suriano,	1949).	
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1.2.4. Characterization of evolving and antigenically changing seasonal influenza viruses 

Influenza	viruses	are	routinely	genetically	and	antigenically	characterized	to	monitor	whether	

antigenic	 drift	 from	 vaccine	 strains	 warrants	 the	 selection	 of	 new	 vaccine	 strains.	 This	 has	

revealed	that	influenza	A/H3N2	viruses	have	undergone	faster	genetic	and	antigenic	change	than	

influenza	 A/H1N1	 and	 B	 viruses	 (Figure	 1.4)	 (Bedford	 et	 al.,	 2014,	 2015).	 Antigenic	

characterization	of	 influenza	viruses	utilizes	the	hemagglutination	inhibition	(HI)	assay	(Hirst,	

1943)	to	titrate	antibodies	in	sera	collected	from	ferrets	after	primary	infection	with	vaccine	or	

circulating	reference	strains.	This	test	 is	based	on	the	ability	of	 influenza	virus	HA	proteins	to	

bind	to	SAs	on	the	surface	of	red	blood	cells	(RBCs)	and	agglutinate	them.	When	serum	contains	

antibodies	against	antigenic	sites	of	HA	protein,	these	antibodies	 inhibit	virus	agglutination	of	

RBCs.	Antisera	raised	by	infecting	influenza	virus-naïve	ferrets	 is	 largely	strain-specific,	hence	

circulating	strains	are	considered	to	be	distinct	when	titres	of	vaccine-strain	antisera	are	more	

than	four-fold	lower	than	against	the	homologous	vaccine	strain.	The	results	of	two-way	HI	tests	

with	 multiple	 strains	 and	 antisera	 can	 be	 resolved	 mathematically	 using	 a	 form	 of	 multi-

dimensional	scaling	to	create	two-dimensional	“antigenic	maps”	that	quantify	antigenic	distances	

between	 strains	 (Smith	 et	 al.,	 2004).	 A	 quantitative	 comparison	 between	 the	 genetic	 and	 the	

antigenic	changes	of	the	HA1	subunit	for	A/H3N2	strains	demonstrated	a	punctuated	antigenic	

Figure 1.3. A/H3N2 virus antigenic sites. Three-dimensional model of antigenic sites on the HA1 of an 

A/Hong Kong/4801/2014 structure viewed from the sides (A and C) and the front (B). In one of the 

monomers of the HA trimer are coloured the receptor binding site (RBS) in pink and antigenic sites in 

turquoise (site A), dark blue (site B), dark green (site C), orange (site D) and lime (site E). Antigenic sites are 

mapped using PyMOL v2.4.0. 
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evolution	compared	to	a	continuous	genetic	evolution	of	A/H3N2	viruses	(Figure	1.5)	(Smith	et	

al.,	2004).	This	suggests	that	a	small	number	of	genetic	modifications	is	sufficient	to	generate	a	

phenotypic	change	in	HA	that	will	affect	antibody	binding	and	therefore	give	raise	to	a	new	strain	

(Koel	et	al.,	2013).	Taking	into	account	this	evolution	pattern,	larger	epidemics	happen	when	the	

virus	has	undergone	a	clear	antigenic	drift	(Bedford	et	al.,	2014).	

Because	of	 the	pace	at	which	 influenza	viruses	drift,	 seasonal	 influenza	vaccine	 strain	

composition	 is	 re-evaluated	 yearly	 and	 one	 or	more	 of	 the	 vaccine	 components	 are	 updated	

almost	every	year	 (Hay	et	al.,	2001).	The	A/H1N1	component	of	 influenza	vaccines	 remained	

unchanged	between	2010,	when	A/California/7/2009	(H1N1pdm09)	was	first	introduced,	until	

2017,	when	it	changed	to	the	A/Michigan/45/2015	(Grohskopf	et	al.,	2017).	However,	because	

Figure 1.4. Correlations of genetic and antigenic distance for influenza A/H1N1, A/H3N2, B/Vic and B/Yam 
viruses. Correlation between genetic distance represented as amino acid (aa) substitutions in HA1 (top 

panel) or as phylogenetic distance (bottom panel) and antigenic distance based on HI titres between 10,000 

random pairs of viruses. Dashed lines show linear model fits, solid lines show loess fits. Adapted from 

Bedford et al., 2014. 
 

 

 

 

Figure 1.5. Antigenic map for A/H3N2 viruses circulating between 1968 and 2011. Virus strains are 

coloured by antigenic cluster. Each axis represents antigenic distance and the space between grid lines 

represents one antigenic unit which corresponds to a 2-fold dilution of antisera in the HI assay. Adapted 
from Fonville et al., 2014. 
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A/H3N2	viruses	have	undergone	greater	antigenic	drift,	the	A/H3N2	vaccine	strain	was	updated	

in	 2010	 (A/Perth/16/09),	 2013	 (A/Victoria/361/2011),	 2014	 (A/Texas/50/2012),	 2015	

(A/Switzerland/9715293/13),	and	2016	(A/Hong	Kong/4801/14).	

Considering	the	correlation	between	the	incidence	of	new	influenza	cases	per	year	and	

virus	antigenic	drift	(Bedford	et	al.,	2014),	and	since	A/H3N2	viruses	evolve	faster	than	the	other	

subtypes,	 the	risk	of	vaccine	mismatch	is	greater	for	A/H3N2	viruses	than	for	other	subtypes.	

Accordingly,	vaccine	effectiveness	tends	to	be	lower	when	A/H3N2	viruses	are	the	predominant	

circulating	virus	(Belongia	et	al.,	2016;	Osterholm	et	al.,	2012).	

	

1.3. Overview of the immune system 

Vaccine	effectiveness	 for	some	of	 the	vaccine	components,	 further	described	 in	section	 “1.5.1.	

Seasonal	influenza	vaccine	effectiveness”,	is	highly	variable	across	seasons.	However,	the	impact	

of	 the	 immune	 response	 to	 such	 variation	 is	 still	 unclear.	 This	 PhD	 project	 undertakes	 to	

understand	the	cellular	processes	that	shape	the	antibody	response	to	variant	influenza	strains,	

which	may	underlie	this	variation.	Therefore,	the	following	sections	will	outline	the	current	status	

of	 knowledge	 of	 the	 processes	 that	 lead	 up	 to	 B	 cell	 activation	 and	 antibody	 production	

commencing	with	innate	responses.	

	
1.3.1. Innate immunity 

The	innate	immune	system	is	the	first	line	of	defence	against	foreign	antigen.	It	consists	of	both,	

physical	 barriers	 such	 as	 skin	 and	 mucous	 membranes,	 and	 innate	 immune	 cells	 such	 as	

macrophages,	natural	killer	(NK)	cells	and	dendritic	cells	(DCs),	which	have	immediate	effector	

function	 in	 contrast	 to	 cells	 of	 the	 adaptive	 immune	 system.	 Innate	 immune	 cells	 recognise	

pathogen-associated	molecular	patterns	(PAMPs)	expressed	by	microbial	pathogens	via	pattern	

recognition	receptors	(PRRs),	including	toll-like	receptors	(TLRs),	NOD-like	receptors	(NLRs)	or	

RIG-like	receptors	(Kumar	et	al.,	2011).	Different	PAMPs	include	ssRNA	from	replicating	viruses,	

which	is	recognised	by	TLR7	and	TLR8	as	well	as	RIG-I,	or	unmethylated	CpG	DNA	sequences	

found	 in	 bacteria	 recognised	 by	 TLR9	 (Brubaker	 et	 al.,	 2015;	 Kawai	 and	 Akira,	 2010).	 The	

recognition	of	PAMPs	by	PRRs	results	in	the	production	of	cytokines	and	chemokines	to	mediate	

protection	(Kumar	et	al.,	2011).	This	response	mediated	by	the	innate	immune	system	is	non-

pathogen	specific	and	occurs	immediately	after	exposure	to	the	pathogen.	

 
1.3.2. Adaptive immunity 

In	contrast	to	the	innate	immune	system,	the	adaptive	immune	system	has	evolved	to	be	highly	

specific	and	induces	a	more	vigorous	response	to	repeated	exposures	to	the	same	pathogen	by	

the	generation	of	memory	(Bonilla	and	Oettgen,	2010).	There	are	two	types	of	adaptive	immune	
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responses,	 humoral	 immunity	 and	 cellular	 immunity.	 Humoral	 immunity	 is	 mediated	 by	

antibodies	 present	 in	 blood	 and	mucosal	 secretions,	 which	 are	 produced	 by	 B	 cells.	 Cellular	

immunity,	 on	 the	 other	 hand,	 is	mediated	 by	 T	 cells.	 The	 specificity	 of	 adaptive	 immunity	 is	

mediated	 by	 cell	 surface	 antigen	 receptors	 called	 B	 cell	 receptors	 (BCRs),	 which	 are	 the	

membrane-bound	form	of	antibodies,	and	T	cell	receptors	(TCRs).	B	cells	and	T	cells	express	a	

wide	 variety	 of	 BCRs	 and	 TCRs,	 generated	 by	 recombination	 of	 multiple	 gene	 segments,	

generating	a	vast	array	of	unique	receptors,	each	of	them	with	one	specificity,	which	are	capable	

of	recognising	virtually	any	epitope	(Arstila	et	al.,	1999;	Davis	and	Bjorkman,	1988;	Tonegawa,	

1983).	 BCRs	 recognise	 epitopes	 from	 whole	 unprocessed	 proteins,	 while	 TCR	 recognition	

requires	antigen	presenting	cells	(APCs)	to	process	the	proteins	into	smaller	peptide	fragments	

which	are	then	presented	to	T	cells	by	the	major	histocompatibility	complex	(MHC)	glycoproteins	

(Bonilla	 and	 Oettgen,	 2010;	 Dustin,	 2009).	 When	 antigen-specific	 B	 or	 T	 cells	 recognise	 the	

cognate	antigen,	they	proliferate	in	the	process	known	as	clonal	expansion.	This	clonal	expansion	

leads	to	the	generation	of	effector	cells	and	an	expanded	pool	of	memory	cells	with	receptors	with	

the	same	specificity	as	the	originally	activated	lymphocyte	(Omilusik	and	Goldrath,	2017;	Palm	

and	Henry,	2019).	This	lays	the	foundation	for	a	faster	and	more	potent	immune	response	to	the	

re-encountered	antigen.	

	 Because	of	 this	 capacity	of	 the	 adaptive	 immune	 system	 to	 generate	memory,	 vaccine	

strategies	target	this	branch	of	the	 immune	system.	Currently	available	 influenza	vaccines	are	

designed	to	specifically	elicit	a	B	cell	and	antibody	response	and	for	this	reason,	the	main	focus	of	

this	literature	review	will	be	the	humoral	immune	response,	and	the	B	cell	and	antibody	response	

to	influenza	virus	infection	and	vaccination.	

 

1.4. Humoral immunity 

1.4.1. B cell development and subsets 

Serum	antibodies	are	considered	the	best	correlate	of	protection	against	 influenza	and	can	be	

elicited	by	inactivated	influenza	vaccine	(IIV)	(Clements	et	al.,	1986;	Hirota	et	al.,	1997;	Hobson	

et	al.,	1972),	the	most	widely	used	of	influenza	vaccines,	further	discussed	in	the	section	“seasonal	

influenza	vaccines”.	Antibodies	induced	by	vaccination	decrease	the	risk	of	infection	with	viruses	

that	are	antigenically	similar	to	vaccine	strains	(Clements	et	al.,	1986;	Oxford	et	al.,	1979).	B	cells	

are	responsible	for	generating	antibodies.	They	develop	from	hematopoietic	precursor	cells	in	

the	 bone	marrow	 (BM)	 (Ghia	 et	 al.,	 1998)	where	 immunoglobulin	 (Ig)	 gene	 segments,	 called	

variable	(V),	diversity	(D)	and	joining	(J)	segments,	of	the	heavy	and	light	chains	are	rearranged.	

The	numbers	of	functional	germline	V,	D	and	J	gene	segments	are	depicted	in	Table	1.1	(Charles	

A	Janeway	et	al.,	2001).	Junctional	diversity	is	also	generated	at	the	sites	between	the	joining	of	
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the	V,	D,	J	segments.	It	results	from	the	deletion	of	nucleotides	by	exonucleases	and	the	insertion	

of	N	and	P	nucleotides	(Alt	and	Baltimore,	1982;	Lafaille	et	al.,	1989).	N	nucleotides	are	inserted	

by	the	enzyme	dideoxynucleotidyl	transferase	(Basu	et	al.,	1983).	P	nucleotides	derive	from	the	

asymmetric	opening	of	hairpin	loops	at	coding	ends,	but	these	result	in	little	contribution	to	the	

diversity	of	 Ig	 sequences	 (Jackson	et	 al.,	 2004;	Roth	et	 al.,	 1992).	Combination	and	 junctional	

diversity	 provide	 the	 potential	 to	 generate	 more	 than	 5x1013	 distinct	 recombined	 BCR	 with	

different	 antigen	 specificities	 (Tonegawa,	 1983).	 BM	 B	 cells,	 called	 pro-	 and	 pre-B	 cells,	

depending	on	their	stage	of	maturation,	do	not	express	IgM	on	their	surface	(Figure	1.6).	When	

IgM	is	formed	and	expressed	on	the	cell	surface,	B	cells	become	immature	or	transitional	B	cells,	

characterized	by	cell	surface	CD10	expression	(Caraux	et	al.,	2010).	At	this	stage,	transitional	B	

cells	leave	the	BM	and	travel	to	the	spleen,	where	they	complete	their	development	and	become	

circulating	follicular	or	non-circulating	marginal	zone	naïve	B	cells.	Follicular	B	cells	are	directed	

to	the	lymphoid	follicles	in	secondary	lymphoid	organs	(SLO)	where	they	participate	in	T	cell-

dependent	 (TD)	 immune	 responses	 to	 develop	 a	 high	 affinity	 antibody	 response.	 They	 also	

recirculate	through	the	BM	sinusoids	where	they	can	respond	in	a	T	cell-independent	(TI)	manner	

against	blood-borne	pathogens	(Cariappa	et	al.,	2005,	2007).	Marginal	zone	B	cells	reside	in	the	

marginal	zone	in	the	spleen.	They	respond	to	foreign	antigens	in	a	TI	manner	and	differentiate	

into	antibody	secreting	cells	(ASC),	also	called	plasmablasts,	producing	 low	affinity	antibodies	

against	 the	 antigen.	 Marginal	 zone	 B	 cells	 are	 the	 first	 line	 of	 defence	 against	 blood-borne	

pathogens	(Pillai	and	Cariappa,	2009).	Once	transitional	B	cells	become	mature	peripheral	B	cells,	

they	downregulate	the	expression	of	CD10	(Martin	et	al.,	2016).		

	
Table	1.1.	Number	of	human	functional	germline	V,	D	and	J	gene	segments	

 Light 

chains 

Heavy 

chain 

Segment κ λ H 

Variable (V) 40 30 65 

Diversity (D) -- -- 27 

Joining (J) 5 4 6 

	 	 								  Adapted from (Charles A Janeway et al., 2001) 

	
Mature	 peripheral	 B	 cells	 constitutively	 express	 the	 surface	marker	 CD19	 and	 can	 be	

divided	into	different	subsets	according	to	the	differential	expression	of	other	surface	markers.	

IgD+CD27-	B	cells	are	naïve	and	have	immunoglobulin	variable	regions	composed	of	unmutated	

(germline-encoded)	V,	D	 and	 J	 gene	 sequences,	 and	non-class	 switched	 IgM	 constant	 regions.	

Naïve	 B	 cells	 are	 also	 characterised	 by	 high	 cell	 surface	 expression	 of	 CD21,	 also	 known	 as	

complement	receptor	type	2	(Sanz	et	al.,	2019;	Suryani	et	al.,	2010).	The	CD19/CD21	complex	
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enhances	BCR	signalling	in	response	to	TD,	complement-tagged	antigens	(Cherukuri	et	al.,	2001).	

Upon	activation,	naïve	B	cells	downregulate	CD21	and	differentiate	into	effector	ASC	or	memory	

B	cells	(Caraux	et	al.,	2010;	Lau	et	al.,	2017;	Wang	et	al.,	2018).	B	cell	fate	is	determined	by	the	

expression	of	transcription	factors	Blimp-1,	IRF4	and	XBP-1,	which	drive	B	cells	to	differentiate	

into	effector	ASC,	while	Pax5,	IRF8	and	Bcl-6	among	others	promote	a	memory	B	cell	fate	(Laslo	

et	al.,	2006;	Shapiro-Shelef	and	Calame,	2005;	Singh	et	al.,	2014).		

Memory	B	cells	are	classically	characterised	as	CD27+	B	cells	that	express	CD20	and	low	

or	 intermediate	 levels	 of	 CD38	 whereas	 ASC	 are	 CD38hi	 and	 CD20lo/-(Sanz	 et	 al.,	 2019).	 The	

immunoglobulin	variable	regions	of	CD27+	memory	B	cells	exhibit	high	levels	of	mutation	away	

from	 germline	 sequences,	 accumulated	 through	 the	 processes	 of	 somatic	 hypermutation	 and	

Figure 1.6. B cell development and subsets. Top panel: B cells develop from hematopoietic precursor cells 

in the bone marrow. Bone marrow B cells are called pro- and pre-B cells depending on their stage of 

maturation and they do not express IgM on their surface. When IgM is expressed B cells become 

transitional B cells expressing CD10 on their surface. Transitional B cells leave the bone marrow and travel 

to the spleen, where they downregulate CD10 and express surface IgD. In the spleen, B cells become 

circulating follicular or non-circulating marginal zone naïve B cells. Bottom panel: Different B cell subsets 

circulate in peripheral blood that can be distinguished by the differential expression of surface markers. 

Naïve B cells express IgD and IgM on their surface and are distinguished from unswitched memory B cells by 

the lack of expression of CD27. Memory B cells express CD27 on their surface. Unswitched memory B cells 

express IgM and may or may not express IgD as well. Switched memory B cells do not express surface IgM 

and may express IgD only or switch into IgG, A or E-expressing B cells. An atypical memory B cell subset that 

lacks expression of CD27 and IgD has also been described. When B cells become activated by their cognate 

antigen, they transiently become antibody secreting cells or plasmablasts, which downregulate CD20 and 

express high levels of CD27 and CD38. Created with BioRender.com. 

 
 

 

 



 
 

36 

affinity	selection	(Agematsu	et	al.,	2000;	Seifert	and	Küppers,	2009).	In	addition	to	expressing	

affinity	matured	BCR,	memory	B	cells	exhibit	a	distinct	transcriptional	profile	compared	to	naïve	

B	cells	(Good	et	al.,	2009;	Tangye	et	al.,	2003),	and	are	equipped	for	faster	differentiation	into	ASC	

to	drive	more	rapid	and	effective	recall	responses	upon	secondary	exposure	to	an	antigen	(Crotty	

et	al.,	2004;	Ellebedy	et	al.,	2016;	Lau	et	al.,	2017;	Seifert	et	al.,	2015).	Memory	B	cells	can	be	

subdivided	 based	 on	 differential	 surface	 Ig	 expression.	 A	 major	 distinction	 is	 based	 on	 IgD	

expression.	Although	IgD+	B	cells	were	traditionally	considered	to	be	naïve,	IgD+	B	cells	that	have	

upregulated	CD27	are	unswitched	memory	cells	with	distinct	functions	from	IgD-	memory	B	cells.	

IgD+CD27+	memory	B	cells	are	further	divided	into	IgM+	(unswitched	memory	B	cells)	and	IgM-	

(IgD-only	 switched	memory	 B	 cells).	 IgD-	 memory	 B	 cells	 also	 include	 unswitched	 IgM+	 and	

switched	IgG,	IgA	or	IgE	positive	subsets	(Bagnara	et	al.,	2015;	Klein	et	al.,	1997,	1998;	Shi	et	al.,	

2003).	An	 atypical	memory	B	 cell	 subset	 has	 also	been	 characterised	 and	 is	 defined	 as	 being	

double	negative	(DN)	for	both	naïve	(IgD)	and	memory	(CD27)	markers.	DN	B	cells	are	further	

classified	as	CXCR5+CD21+CD11c-	DN1	cells	or	CXCR5-CD21-CD11c+	DN2	cells,	where	CXCR5	is	a	

B	cell-follicle	homing	chemokine	receptor	(Breitfeld	et	al.,	2000)	and	CD11c	is	an	integrin	mostly	

expressed	on	monocytes,	granulocytes	and	DCs,	but	also	found	on	a	subset	of	B	cells,	T	cells	and	

NK	cells	(Arnold	et	al.,	2016;	Calbo	et	al.,	2019;	Kamp	et	al.,	2012;	Qualai	et	al.,	2016;	Wu	et	al.,	

2018).	It	is	proposed	that	DN1	cells	represent	early	activated	memory	B	cells,	while	DN2	are	likely	

ASC	precursors	derived	from	activated	naïve	B	cells,	potentially	in	a	T	cell-independent	manner	

(Jenks	 et	 al.,	 2018;	 Racine	 et	 al.,	 2008).	 Like	 unswitched	memory	 B	 cells,	 atypical	 CD27-IgG+	

memory	 B	 cells	 have	 undergone	 less	 division	 and	 somatic	 hypermutation	 (SHM)	 than	 CD27+	

class-switched	memory	B	cells	suggesting	that	they	are	the	product	of	a	primary	germinal	centre	

(GC)	response,	described	in	detail	 in	the	next	section	(Berkowska	et	al.,	2011).	CD27+IgA+	and	

CD27+IgG+	memory	B	cells	exhibit	the	highest	number	of	divisions	together	with	high	levels	of	

SHM,	suggestive	of	a	secondary	GC	origin.	Finally,	an	interesting	CD27-IgA+	memory	B	cell	subset	

has	been	found	in	healthy	individuals,	but	also	in	individuals	who	lack	CD40L.	Considering	that	

CD27-IgA+	B	cells	have	proliferated	less	than	GC	B	cells,	and	exhibit	fewer	mutations	within	the	

heavy	and	 light	 gene	variable	 regions,	 it	 is	 suggested	 that	 they	have	a	GC-independent	origin	

(Berkowska	et	al.,	2011).	

 
1.4.2. Dissecting the B cell response 

The	 following	sections	 (pages	36-47)	are	derived	 from	the	 following	co-first	authored	review	

publication:	

Auladell	M*,	 Jia	X*,	Hensen	L*,	Chua	B,	Fox	A,	Nguyen	THO,	Doherty	PC#,	Kedzierska	K#.	2019.	

Recalling	the	Future:	Immunological	Memory	Toward	Unpredictable	Influenza	Viruses.	Frontiers	

in	Immunology.	10:1400.	*equal	first	contribution	
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I	wrote	the	entirety	of	this	section	for	the	manuscript.	

	
Activation	of	naïve	B	cells	can	elicit	short-lived	ASC,	long-lived	antibody-secreting	plasma	cells	

(LLPCs),	and	memory	B	cells.	The	fate	of	B	cells	is	considered	to	be	highly	orchestrated,	depending	

on	 the	 mode	 of	 stimulation,	 the	 affinity	 of	 their	 BCRs	 for	 antigen	 and	 their	 location	 (Good-

Jacobson	and	Tarlinton,	2012;	Phan	and	Tangye,	2017;	Tarlinton	and	Good-Jacobson,	2013).	The	

process	that	leads	to	the	emergence	of	naïve	B	cells	in	the	BM	involves	the	combination	of	Ig	heavy	

and	light	chain	V,	D	(heavy	chain	only)	and	J	gene	segments	from	substantial	germline	pools,	a	

process	that	generates	extensive	BCR	diversity	(Ghia	et	al.,	1998).	In	the	periphery,	within	SLO,	

naïve	B	 cells	 are	 activated	 by	BCR/antigen	 binding	 and,	 depending	 on	whether	T	 cell	 help	 is	

provided,	they	will	continue	the	response	in	a	TD	or	TI	manner.	The	TI	responses	are	primarily	

mediated	by	B1b	and	marginal	zone	B	cells,	subsets	of	innate-like	B	cells	which	can	spontaneously	

produce	IgM	capable	of	engaging	at	broadly	low	affinity	with	(generally	bacterial)	antigens	upon	

multivalent	BCR	engagement,	plus	TLR	and/or	complement	engagement	(Defrance	et	al.,	2011).	

In	TD	responses,	B	and	T	cell	 interaction	occurs	when	antigen	is	captured	through	the	BCR	of	

specific	naïve	B	cells	and	presented	via	cell	surface	MHC	class	II	glycoproteins	to	CD4+	helper	T	

cells	specific	 for	peptides	from	the	same	antigen	(Banchereau	et	al.,	1994;	Rajewsky,	1996).	B	

cells	 activated	 in	 this	 manner	 either	 move	 into	 lymph	 node	 follicles	 or	 differentiate	 into	

extrafollicular	 plasmablasts	 (Chan	 et	 al.,	 2009;	 Paus	 et	 al.,	 2006).	 The	 extrafollicular	ASC	 foci	

secrete	antibody	initially,	then	undergo	apoptosis	a	few	days	after	GCs	are	formed.	Hence,	they	

provide	an	immediate	germline	response	that	combats	the	pathogen,	but	do	not	contribute	to	B	

cell	memory	(Cunningham	et	al.,	2007;	Jacob	et	al.,	1991;	van	Rooijen	et	al.,	1986;	Smith	et	al.,	

1996).	The	GCs	form	within	lymph	node	follicles	within	days	of	TD	B	cell	activation	and	persist	

for	weeks,	or	months,	with	ongoing	debate	as	to	whether	GC	collapse	is	due	to	competition	for	

resources	 as	 B	 cells	 clonally	 expand	 and/or	 to	 BCR	 affinity	 and	 clonality,	 with	 GC	 reactions	

terminating	once	B	cells	have	differentiated	into	memory	B	cells	and	plasma	cells	or	been	taken	

over	by	large	clones	depending	on	antigen	availability	(Wittenbrink	et	al.,	2010).	The	specialized	

arrangement	of	B	and	T	cells	in	the	GC	facilitates	affinity	maturation	of	BCRs	giving	rise	to	high	

affinity	 LLPCs	 and	memory	 B	 cells	 (Good-Jacobson	 and	 Tarlinton,	 2012;	 Rajewsky,	 1996),	 as	

described	below.	Memory	B	cells	can	also	arise	independently	of	the	GCs	after	being	activated	

through	a	TD	process.	Through	this	array	of	processes,	different	classes	of	memory	B	cells	are	

generated,	which	 can	be	distinguished	by	 their	 passage	 through	 the	GC,	 their	 location	 and	 Ig	

isotype	(Tarlinton	and	Good-Jacobson,	2013).	
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1.4.2.1. B cell memory development within germinal centres 

The	GCs	are	composed	primarily	of	B	cells,	follicular	dendritic	cells	(FDC)	and	CD4+	T	follicular	

helper	(Tfh)	cells	(Koutsakos	et	al.,	2019a).	FDCs	express	complement	and	Ig	constant	region	(Fc)	

receptors	enabling	them	to	retain	and	present	antigen	that	has	formed	immune	complexes	with	

antibody	 and	 complement	 (Krautler	 et	 al.,	 2012).	 Tfh	 cells	 arise	 from	naïve	CD4+	 T	 cells	 that	

migrate	to	the	T-B	border	following	activation,	and	migrate	later	to	the	B	cell	follicle	where	their	

interaction	with	B	cells	promotes	both	Tfh	differentiation	and	GC	formation	(Goenka	et	al.,	2011;	

Hardtke	et	al.,	2005;	Steinman	et	al.,	1997;	Xu	et	al.,	2013a).	These	Tfh-B	cell	interactions	in	the	

GC	are	essential	 for	 the	generation	of	high-affinity	memory	B	cells	and	LLPCs	(Qi	et	al.,	2008;	

Vinuesa	et	al.,	2010).	Two	major	contact-dependent	helper	factors	that	mediate	the	interaction	

between	GC	Tfh	and	B	cells	are	CD40L	and	IL-21,	which	promote	B	cell	survival	and	proliferation	

(Foy	et	al.,	1994;	Linterman	et	al.,	2010;	Zotos	et	al.,	2010).	Equally	 important	 is	 IL-4,	since	a	

properly	functioning	GC	fails	to	establish	in	the	absence	of	either	IL-21	or	IL-4	(Gonzalez	et	al.,	

2018).	Two	other	molecules	that	are	crucial	for	the	development	of	an	adequate	GC	reaction	are	

the	inducible	T	cell	co-stimulator	(ICOS)	and	the	programmed	cell	death-1	molecule	(PD-1).	ICOS	

and	PD-1	are	expressed	by	activated	Tfh	and	interact	with	ICOS-L	and	PD-L1/L2	on	the	B	cell	

surface,	respectively,	to	regulate	GC	B	cell	survival	and	the	formation	and	affinity	of	LLPCs	(Good-

Jacobson	et	al.,	2010;	Warnatz	et	al.,	2006).		

	
1.4.2.1.1. The process of somatic hypermutation 

Two	 zones	 can	 be	 differentiated	 in	 the	 GCs	 and	 they	 are	 named	 after	 their	 histological	

appearance.	The	dark	zone	(DZ)	contains	densely	packed	B	cells.	Here,	B	cells	undergo	intense	

proliferation	and	broaden	their	BCR	diversity	through	SHM	(summarized	in	Figure	1.7).	DZ	B	

cells	express	high	levels	of	the	chemokine	receptor	CXCR4	(Allen	et	al.,	2004,	2007;	Victora	et	al.,	

2010,	2012).	The	stroma	of	the	DZ	is	constituted	by	CXCL12-expressing	reticular	cells,	which	are	

the	 source	 of	 CXCL12	 (the	 ligand	 for	 CXCR4)	 that	 retains	 B	 cells	 in	 the	DZ,	 away	 from	 FDCs	

(Bannard	 et	 al.,	 2013;	 Rodda	 et	 al.,	 2015).	 DZ	 B	 cells	 have	 high	 levels	 of	 activation-induced	

cytidine	 deaminase	 (AID	 or	 AICDA)	 and	 the	 DNA	 polymerase	 eta,	 which	 is	 an	 error-prone	

polymerase	 that	 introduces	 point	 mutations	 within	 IgV	 gene	 hotspots	 when	 repairing	 AID-

induced	lesions	(McHeyzer-Williams	et	al.,	2015;	Victora	et	al.,	2010,	2012).	Through	this	process	

a	broad	array	of	B	cell	clones	with	a	broad	spectrum	of	affinities	for	the	immunising	antigen	are	

generated	(Sakaguchi	and	Maeda,	2016).	The	mutated	B	cells	then	circulate	to	the	light	zone	(LZ),	

where	B	cells	are	more	sparsely	distributed.	The	LZ	also	contains	a	large	proportion	of	FDCs	and	

a	smaller	population	of	Tfh	cells.	LZ	B	cells	express	high	levels	of	the	activation	markers	CD83	

and	 CD86	 (Victora	 et	 al.,	 2010,	 2012)	 and	 they	 overexpress	 gene	 signatures	 associated	with	

activation	of	the	CD40	and	BCR	pathways	(Dominguez-Sola	et	al.,	2012;	Victora	et	al.,	2010,	2012).	
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In	the	LZ,	these	B	cells	with	an	activated	phenotype	interact	with	FDCs	and	Tfh	cells,	leading	to	

the	selection	of	those	B	cells	expressing	higher	affinity	BCRs.	The	GC	B	cells	with	higher	affinity	

BCRs	 capture	and	present	more	antigen-derived	peptide	on	MHC	class	 II,	 resulting	 in	greater	

access	to	Tfh	help	and	enhanced	selection	into	the	GC	environment.	Those	B	cell	clones	that	get	

less	Tfh	cell	help	undergo	apoptosis	(Vinuesa	et	al.,	2010).	B	cells	recirculate	between	both	zones	

several	times	to	undergo	several	rounds	of	mutation	and	selection.	FOXO1	transcription	factor	

and	phosphatidylinositol	3’	OH	kinase	(PI3K)	regulate	B	cell	transit	between	the	DZ	and	LZ	in	the	

GC.	LZ	B	cells	express	higher	levels	of	pAkt,	which	is	a	readout	of	active	PI3K,	compared	to	B	cells	

in	the	DZ.	However,	FOXO1	is	predominantly	expressed	in	the	nucleus	of	the	proliferating	DZ	B	

cells	being	hardly	detectable	 in	LZ	B	cells	 (Sander	et	al.,	 2015).	FOXO1	 sustains	 the	GC	DZ	by	

regulating	the	chemokine	receptor	CXCR4	transcriptional	activation	and	cooperating	with	bcl-6	

in	the	repression	of	genes	involved	in	DNA	repair	and	plasma	cell	differentiation.	Finally,	FOXO1	

Figure 1.7. Overview of the SHM process. Antigen-activated B cells that interact with T helper cells specific 

for the same antigen can enter the germinal centre (GC) reaction in the lymph node. In the dark zone, B 

cells proliferate and undergo somatic hypermutation (SHM), which introduces base-pair changes into IgV 

genes (red dots). Dark zone B cells then circulate to the light zone, where those mutants with higher BCR 

affinity towards the antigen are selected with the help of T follicular helper (Tfh) cells and follicular 

dendritic cells (FDCs). Light zone B cells with greater affinity result in the greatest share of T cell help, which 

drives positive selection, while B cells with low affinity B cell receptors (BCR) undergo apoptosis. Following 

positive selection, a subset of light zone B cells recirculates to the dark zone to undergo further proliferation 

and SHM. Positively selected light zone B cells eventually differentiate into memory B cell precursor cells 

and plasmablasts. B cell circulation between the dark and light zones is regulated by the differential 

expression of enzymes, chemokine receptors and transcription factors. CD40L: CD40 ligand; TCR: T cell 

receptor. Adapted from De Silva et al., 2015. 
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is	also	essential	for	selection,	but	not	generation,	of	somatic	mutants	as	well	as	controlling	isotype	

switch	in	GCs	(Dominguez-Sola	et	al.,	2015).	LZ	B	cells	that	undergo	positive	selection	by	getting	

a	stronger	T	cell	signal	also	upregulate	c-Myc,	while	c-Myc	is	downregulated	in	the	DZ	(Calado	et	

al.,	 2012;	 Dominguez-Sola	 et	 al.,	 2012).	 The	 transcription	 factor	 AP4	 is	 induced	 by	 c-Myc	 in	

positively	selected	B	cells	and	its	expression	is	maintained	in	the	DZ.	Ablation	of	AP4	prevents	B	

cells	 from	 undergoing	 further	 rounds	 of	 proliferation	 and	 affinity	 maturation	 in	 the	 DZ,	

suggesting	a	role	in	the	regulation	of	the	recirculation	of	B	cells	between	the	DZ	and	LZ	of	the	GC	

(Chou	et	al.,	2016).	Another	mechanism	of	selection	of	B	cell	clones	is	by	soluble	antibody	binding	

and	therefore	masking	the	antigen	presented	by	FDCs,	competing	with	B	cells	with	overlapping	

specificities	(Zhang	et	al.,	2013).	This	would	explain	how	low-affinity	clones	can	survive	if	they	

are	specific	for	an	epitope	against	which	there	is	little	antibody	response	(Kuraoka	et	al.,	2016;	

Tas	 et	 al.,	 2016).	 This	 process	 results	 in	 the	 generation	 of	memory	 B	 cells	with	 high-affinity	

surface	Ig	and	surface	Ig+-	plasma	cells	that	maintain	serum	immunoglobulin	levels	against	the	

foreign	 invader.	 Early-GC	 clone	 diversity	 appears	 to	 be	 highly	 dependent	 on	 the	 stimulating	

antigen,	 likely	 including	 the	 frequency	 of	 naïve	 precursors	 and	 the	 immunodominance	

relationship	between	different	epitopes	on	the	same	antigen	(Mesin	et	al.,	2016).		

	
1.4.2.1.2. The process of class switch recombination 

The	process	of	class	switch	recombination	(CSR)	has	been	classically	located	in	the	GC.	A	recent	

study,	however,	has	challenged	 this	postulation	 to	 show	that	CSR	predominantly	occurs	early	

post-antigen	exposure,	before	GCs	are	 formed,	and	declines	during	GC	 formation	(Cooper	and	

Good-Jacobson,	2019;	Roco	et	al.,	2019).	During	CSR	a	 large	proportion	of	BCR-defined	clones	

exchange	the	Ig	 isotypes	originally	expressed	(IgM	and	IgD)	 for	 IgG,	 IgA	or	 IgE	(Budeus	et	al.,	

2015;	Manis	et	al.,	2002;	Sakaguchi	and	Maeda,	2016).	The	constant	regions	of	Ig	heavy	chains	

determine	their	isotype	and	are	important	for	antibody	function.	The	Ig	heavy	chain	gene	locus	

is	 arranged	with	Cµ	 (IgM)	nearest	 to	 the	VDJ	 segments	 followed	 in	 order	 by	Cγ3	 (IgG3),	 Cγ1	

(IgG1),	Cα1	(IgA1),	Cγ2	(IgG2),	Cγ4	(IgG4),	Cε	(IgE)	and	Cα2	(IgA2).	CD27-	memory	B	cells,	which	

exhibit	relatively	low	levels	of	SHM,	predominantly	use	proximal	Cγ3	(IgG3),	Cγ1	(IgG1)	genes,	

whereas	CD27+	memory	B	cells	exhibit	extensive	SHM	and	predominantly	use	a	more	diverse	

array	of	C	genes	including	Cγ2	(IgG2)	and	Cγ4	(IgG4)	(Berkowska	et	al.,	2011).	This	process	starts	

prior	to	SHM	and	also	contributes	to	increasing	the	antibody’s	ability	to	eliminate	the	pathogen	

that	induced	the	response.	CSR	is	a	deletional	DNA	recombination	that	happens	between	switch	

(S)	 regions,	 which	 are	 located	 upstream	 from	 the	 CH	 genes.	 Recombination	 occurs	 between	

dsDNA	breaks	introduced	to	the	donor	Sµ	and	an	acceptor	downstream	S	region	(Dunnick	et	al.,	

1993).	AID	 initiates	dsDNA	breaks	CSR	by	deaminating	cytosines	 in	S	regions,	which	converts	

deoxycytidine	 to	 deoxyuracil	 (dU)	 (Muramatsu	 et	 al.,	 2000;	 Revy	 et	 al.,	 2000).	 dUs	 are	 then	
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recognised	by	base	excision	and	mismatch	repair	pathways,	leading	to	dsDNA	breaks,	required	

for	CSR	(Rada	et	al.,	2002;	Stavnezer	and	Schrader,	2014).	The	dsDNA	breaks	are	then	repaired	

predominantly	 by	 nonhomologous	 end-joining	 recombination	 pathways	 (Khair	 et	 al.,	 2014;	

Petersen	et	al.,	2001;	Schrader	et	al.,	2007;	Sharbeen	et	al.,	2012).	Naïve	B	cells	have	the	potential	

to	isotype	switch	to	any	isotype.	Transcription	promoters	that	are	activated	by	specific	cytokines	

are	 located	 upstream	 from	 each	 acceptor	 S	 region	 and	 induce	 CSR	 to	 that	 specific	 isotype	

(Stavnezer	and	Schrader,	2014).	

	

The	sequential	generation	of	long-lived	memory	B	cells	starts	from	unswitched	memory	

B	cells,	followed	by	class-switched	memory	B	cells	and,	finally,	by	LLPC	that	travel	to	the	BM	and	

other	sites	(Weisel	et	al.,	2016).	Plasmablasts	can	migrate,	and	persist	for	years	as	plasma	cells,	

to	 tissue	 sites	of	pathology,	 including	 the	brain.	The	 later	 each	B	 cell	population	appears,	 the	

higher	its	affinity	for	antigen	(Shinnakasu	et	al.,	2016).	Hence,	B	cells	with	lower	affinity	BCRs	

emerge	 earlier,	 and	 have	 a	 greater	 propensity	 to	 enter,	 and	 persist	 in	 the	 memory	 pool.	

Intriguingly,	such	memory-directed	B	cells	show	enhanced	Bach2	transcription	factor	expression	

when	compared	to	their	counterparts	with	higher	BCR	affinity,	and	Bach2	expression	inversely	

correlates	with	the	strength	of	the	B-Tfh	cell	 interaction.	This	suggests	that	B	cells	with	lower	

affinity	receive	weaker	T	cell	help	and	express	higher	levels	of	Bach2,	which	is	clearly	a	key	factor	

in	memory	B	cell	fate	determination	(Shinnakasu	et	al.,	2016).	

Divergent	 expression	of	 transcription	 factors	 finely	 regulates	B	 cell	 fate	by	promoting	

specialized	 immune	 functions.	 Activated	 B	 cells	 characteristically	 express	 the	 transcription	

factors	 T-box	 transcription	 factor	 (T-bet),	 Fc	 receptor-like	 protein	 4	 (FCRL4)	 and	 CXCR3.	

Expression	 of	Epstein	 Barr	 virus-induced	 gene	 3	 (EBI3)	 indicates	GC	migration.	 In	mice,	T-bet	

expression	in	B	cells	is	essential	during	antiviral	responses,	since	it	drives	B	cell	to	class	switch	

to	IgG2a,	and	in	the	absence	of	T-bet-expressing	B	cells	virus	clearance	is	impaired	(Huber	et	al.,	

2006;	Rubtsova	et	al.,	2013;	Wang	et	al.,	2012).	Viral	clearance	is	mediated	by	the	Fc	portion	of	

IgG2a,	which	interacts	with	high	affinity	with	complement	(Neuberger	and	Rajewsky,	1981)	and	

activatory	Fc	receptors	(Gessner	et	al.,	1998;	Heusser	et	al.,	1977;	Unkeless	and	Eisen,	1975).	This	

induces	 stimulation	of	 antibody-dependent	 cell-mediated	cytotoxicity	 (Kipps	et	 al.,	 1985)	and	

opsonophagocytosis	 by	macrophages	 (Takai	 et	 al.,	 1994),	 both	of	which	have	been	proven	 to	

assist	in	influenza	virus	clearance	(Huber	et	al.,	2001;	Von	Holle	and	Moody,	2019).	In	contrast,	

RORα,	and	not	T-bet,	is	involved	in	class	switch	to	IgA	(Wang	et	al.,	2012).	FCRL4	is	also	indicative	

of	memory	B	cell	activation	(Moir	et	al.,	2008).	EBI3	is	expressed	by	highly	proliferative	GC	B	cells	

(Larousserie	et	al.,	2006),	and	EBI3+	B	cells	express	little	bcl-6,	whereas	up	to	a	third	co-express	

MUM1,	an	early	marker	of	plasma	cell	differentiation.	All	of	which	suggest	that	EBI3+	B	cells	are	

at	a	late	GC	stage	engaged	in	proliferation	or	plasma	cell	differentiation	(Larousserie	et	al.,	2006).		
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1.4.2.2. Germinal centre-independent B cell memory 

The	 memory	 B	 cell	 pool	 includes	 B	 cells	 expressing	 unmutated,	 low-affinity	 BCRs	 that	 are	

generated	 in	 a	 T-dependent,	 but	 GC-independent	 response	 (Anderson	 et	 al.,	 2007;	 Kaji	 et	 al.,	

2012;	Toyama	et	al.,	2002).	When	BCRs	engage	antigen,	B	cells	in	the	follicle	boundary	migrate	to	

the	border	of	T	cell	zones	and	interact	with	cognate	CD4+	helper	T	cells.	At	this	early	stage	of	the	

TD	B	cell	response,	a	population	of	pre-GC	B	cells	undergoes	rapid	clonal	expansion,	undergoes	

limited	SHM	and	can	class-switch	without	entering	the	GC	(Berkowska	et	al.,	2011;	Inamine	et	al.,	

2005;	Taylor	et	al.,	2012).	The	cell	surface	phenotype,	gene	expression	profiles	and	functional	

capacity	 after	 secondary	 challenge	of	GC-independent	B	 cells	 are	 indistinguishable	 from	 their	

counterparts	generated	in	the	GC,	indicating	that	passage	through	the	GC	is	not	essential	for	the	

acquisition	of	changes	characteristic	of	memory	(Tarlinton	and	Good-Jacobson,	2013).	Influenza	

vaccines	can	activate	B	cells	via	the	GC-independent	pathway,	since	memory	B	cells	that	protect	

against	homologous	viruses	can	be	generated	in	the	absence	of	Tfh	cells	and	hence	GC	formation	

(Miyauchi	et	al.,	2016).	

 
1.4.2.3. T cell-independent B cell responses 

In	 contrast	 to	 TD	 antigens,	 which	 are	 generally	 proteins	 that	 cannot	 induce	 cross-linking	 of	

multiple	 BCRs,	 TI	 antigens	 are	 generally	multivalent	 polysaccharides	 or	 other	molecules	 that	

contain	a	repetitive	array	of	antigenic	epitopes	that	have	that	BCR-polymerization	propensity.	

This	paradigm	 is,	however,	 challenged	by	 the	 finding	 that	high	doses	of	a	monomeric	protein	

antigen	can	also	elicit	an	exclusive	TI	B	cell	 response	(El	Shikh	et	al.,	2009;	Ochsenbein	et	al.,	

2000).	 In	mouse	experiments,	both	TD	and	TI	B	cells	give	rise	 to	short-lived	plasma	cells	and	

memory	B	cells	(Brodeur	and	Wortis,	1980;	Obukhanych	and	Nussenzweig,	2006;	Taillardet	et	

al.,	2009)	and	contribute	not	only	to	resolving	primary	influenza	virus	infection,	but	also	to	more	

effective	control	of	virus	replication	and	symptoms	after	secondary	challenge	(Lee	et	al.,	2005).	

The	recall	capacity	of	TI	memory	B	cells	 is	 largely	a	result	of	antigen	driven	clonal	expansion,	

however,	like	other	memory	B	cells,	TI	memory	B	cells	are	able	to	respond	more	readily	to	antigen	

than	their	naïve	counterparts.	

The	 capacity	 of	 inactivated	 whole	 (versus	 split)	 virion	 vaccines	 to	 induce	 superior	

influenza	virus	specific	antibody	responses	(Beyer	et	al.,	1998;	Gross	and	Ennis,	1977;	Gross	et	

al.,	1977)	may	in	part	be	due	to	the	greater	induction	of	TI	B	cell	responses	(Onodera	et	al.,	2016).	

Notably,	when	TI	B	cell	responses	were	induced	antibody	affinity	and	neutralizing	activity	was	

enhanced.	The	ability	of	inactivated	whole	virions	to	induce	TI	B	cell	responses	is	linked	to	the	

presence	of	ssRNA	that	activate	B	cells	via	a	TLR7-dependent	mechanism	(Onodera	et	al.,	2016).	
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1.4.2.4. Heterogenous memory B cell phenotypes have different roles in secondary responses 

The	various	modes	of	TD	and	TI	B	cell	activation	generate	memory	B	cells	with	varying	isotypes	

and	affinities	(summarized	in	Figure	1.8),	some	bearing	highly	mutated	Igs	generated	via	the	GC	

reaction	and	others	maintaining	germline,	less	specific	and	more	cross-reactive	antibodies	(Kaji	

et	al.,	2012;	Pape	et	al.,	2011;	Tarlinton	and	Good-Jacobson,	2013).	While	it	is	generally	accepted	

that	memory	B	cells	show	an	enhanced	capacity	for	terminal	differentiation	into	ASC,	regardless	

of	phenotype	and	affinity,	 there	 is	 less	 consensus	 regarding	 their	propensity	 to	 (re)-enter	GC	

reactions.	Contrary	to	early	thinking,	it	is	now	generally	accepted	that	both	IgG+	and	IgM+	memory	

B	cells	can	re-enter	GC	reactions,	albeit	they	are	more	predisposed	to	differentiate	into	ASC	during	

recall	responses	(Kaji	et	al.,	2013;	McHeyzer-Williams	et	al.,	2015;	Pape	et	al.,	2011;	Zabel	et	al.,	

2014).	Similarly,	whether	or	not	GCs	form	during	recall	responses	together	with	the	character	of	

the	memory	 B	 cell	 subsets	 that	 participate	may	 depend	 on	 the	 type	 and	 amount	 of	 antigen,	

inflammatory	signals	and	the	availability	and	quality	of	cognate	Tfh	cells	(McHeyzer-Williams	et	

al.,	 2018).	 There	 is	 evidence	 that	 unswitched	memory	 B	 cells	 bearing	 germline	 BCRs	 have	 a	

greater	propensity	to	enter	the	GC	reaction	(Dogan	et	al.,	2009).	In	particular,	IgM+	B	cells	with	

the	least	mutated	V	genes	were	more	prominent	within	GCs	during	the	recall	response	to	a	variant	

viral	 protein	 antigen	 rather	 than	 to	 the	 original	 inducing	 antigen	 (Burton	 et	 al.,	 2018).	 The	

propensity	for	IgM+	memory	B	cells	to	dominate	recall	GC	responses	may	be	further	determined	

by	(pre)existing	antibodies	that	may	outcompete	for	antigen	the	BCRs	on	low	affinity	naïve	and	

IgM+,	but	not	high	affinity	IgG+,	memory	B	cells	(Pape	and	Jenkins,	2018;	Pape	et	al.,	2011;	Zabel	

et	 al.,	 2014).	An	 interesting	 experiment	 in	mice	 characterized	memory	B	 cells	 based	on	 their	

expression	of	CD80	and	PD-L2	regardless	of	isotype.	Those	memory	B	cells	double	positive	for	

these	markers	quickly	differentiated	into	ASC	but	did	not	form	GCs.	The	opposite	occurred	for	

double	negative	memory	B	cells,	they	strongly	generated	secondary	GCs,	though	very	few	became	

early	ASC	(Zuccarino-Catania	et	al.,	2014).	

In	consideration	of	the	potential	for	influenza	antibody	responses	to	become	focused	on	

epitopes	present	 in	successive	vaccine	strains	 to	 the	detriment	of	recognizing	 future	variants,	

described	below	in	section	“1.6.3.3.	B	cell	specificity,	cross-reactivity	and	adaptation	to	constantly	

evolving	 influenza	 viruses”,	 it	 seems	 appropriate	 to	 think	 in	 terms	 of	 future	 vaccines	 that	

maintain	 plasticity	 and	 heterogeneity	 within	 the	 B	 cell	 response.	 For	 example,	 vaccination	

strategies	that	recall	IgM+	memory	B	cells	with	less-mutated	BCR	repertoires,	while	also	inducing	

naïve	 populations	 together	with	 cognate	 Tfh	 cell	memory	 to	 facilitate	memory	 GC	 formation	

(McHeyzer-Williams	et	al.,	2018),	may	tend	to	skew	the	overall	response	towards	the	generation	

of	antibodies	against	variant	epitopes.	
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1.4.2.5. Importance of memory B cell location to fight respiratory pathogens 

Unlike	 LLPCs,	 memory	 B	 cells	 persist	 as	 tissue-resident	 cells	 or	 circulate	 among	 the	 SLO	

(Koutsakos	et	al.,	2018).	Memory	B	cells	resulting	from	TD	responses	can	be	found	in	the	splenic	

marginal	zone	(Dunn-Walters	et	al.,	1995;	Liu	et	al.,	1988)	or	in	SLO	next	to	contracting	GCs	(Aiba	

et	al.,	2010).	

Memory	B	cells	resulting	from	a	local	infection	also	localize	in	the	affected	organs.	This	

occurs	following	influenza	virus	infection	when	influenza-specific	memory	B	cells	can	be	found,	

not	only	in	lymphoid	organs,	but	also	in	the	lungs.	Moreover,	memory	B	cells	are	also	differentially	

distributed	among	the	lymphoid	tissues,	indicating	that	trafficking	is	influenced	by	local	tissue	

factors	(Joo	et	al.,	2008;	Onodera	et	al.,	2012).	After	influenza	virus	re-exposure,	lung-resident	

memory	B	cells	(BRM)	differentiate	into	plasmablasts,	providing	IgG	and	IgA	in	situ	that	quickly	

neutralizes	the	virus	(Allie	et	al.,	2018;	Onodera	et	al.,	2012).	In	general,	IgA+	memory	B	cells	seem	

to	localize	preferentially	to	the	blood	and	to	tissue	sites	of	pathology,	while	IgG+	memory	B	cells	

are	broadly	distributed	among	tissues	that	may,	or	may	not,	be	directly	involved	in	the	disease	

Figure 1.8. Pathways to B cell memory. (legend on following page) 
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process.	(Joo	et	al.,	2008;	Onodera	et	al.,	2012).	This	could	be	due	to	the	expression	of	the	homing	

receptor	α4β7	by	IgA+	memory	B	cells	that	drives	them	to	mucosal	associated	lymphoid	tissues	

(Williams	et	al.,	1998).	Antigen	is	required	for	the	generation	of	lung	BRMs,	which	establish	early	

after	infection.	The	varied	location	of	memory	B	cells	according	to	their	isotype,	together	with	the	

fact	that	different	environments	drive	B	cell	class-switching	to	a	specific	isotype,	are	of	particular	

interest	for	vaccine	design,	particularly	where	(as	with	influenza	viruses)	mucosal	surfaces	are	

the	primary	site	of	infection.	

 
1.4.2.5. Importance of memory B cell location to fight respiratory pathogens 

Unlike	 LLPCs,	 memory	 B	 cells	 persist	 as	 tissue-resident	 cells	 or	 circulate	 among	 the	 SLO	

(Koutsakos	et	al.,	2018).	Memory	B	cells	resulting	from	TD	responses	can	be	found	in	the	splenic	

marginal	zone	(Dunn-Walters	et	al.,	1995;	Liu	et	al.,	1988)	or	in	SLO	next	to	contracting	GCs	(Aiba	

et	al.,	2010).	

Memory	B	cells	resulting	from	a	local	infection	also	localize	in	the	affected	organs.	This	

occurs	following	influenza	virus	infection	when	influenza-specific	memory	B	cells	can	be	found,	

not	only	in	lymphoid	organs,	but	also	in	the	lungs.	Moreover,	memory	B	cells	are	also	differentially	

distributed	among	the	lymphoid	tissues,	indicating	that	trafficking	is	influenced	by	local	tissue	

factors	(Joo	et	al.,	2008;	Onodera	et	al.,	2012).	After	influenza	virus	re-exposure,	lung-resident	

Figure 1.8. Pathways to B cell memory. Naïve B cells become activated by direct recognition of antigens 

expressed on the surface of the pathogen. Top panel: Follicular (FO) naïve B cells become activated within 

the lymph node through a T cell-dependent pathway. CD4
+
 T cells become activated by recognising viral 

peptides processed by FO dendritic cells and presented on their surface by MHC II molecules. After 

becoming activated, both activated CD4
+
 T cells and activated B cells, travel to the T-B border in the lymph 

node, where they interact. Three outcomes can follow this interaction. (i) A germinal centre (GC) is 

formed, CD4
+
 T cells polarize into T follicular helper (Tfh) cells and FO B cells differentiate into GC B cells. 

In the GC, B cells undergo rapid proliferation and somatic hypermutation of the Ig V regions in their B cell 

receptors (BCR), thanks to their interaction with Tfh cells through CD40 - CD40L, PD1 - PD-L1/L2, ICOS - 

ICOSL among others and the secretion of cytokines such as IL-4 and IL-2 affinity maturation takes place 

and those B cells that increase affinity towards their Ag are selected. Some of these B cells will also class-

switch. These interactions result in the generation of IgM
+
 memory B cells (BMEM), IgG

+
/A

+
/E

+
 BMEM or 

IgG/A/E secreting long-lived plasma cells (LLPC) in this order in time. The later these cells are generated, 

the higher affinity and lesser cross-reactivity they have towards the antigen or antigen variants 

respectively. (ii) Not all B cells enter the GC after interacting with their cognate activated CD4
+
 T cells in 

the T-B border, IgM
+
 BMEM and IgM secreting LLPCs are also generated outside of the GC, in a GC-

independent (GCi) manner. (iii) Short-lived antibody secreting cells (ASC) are generated early after 

activation to generate a rapid response against the pathogen. These short-lived ASC will undergo 

apoptosis and do not contribute to the generation of B cell memory. Bottom panel: Some protein antigens 

provide highly repetitive antigenic structures, which induce strong BCR crosslinking. Viral single-stranded 

RNA (ssRNA) together with other danger signals also activate toll-like receptors such as TLR7. These strong 

signals are enough to activate B cells in a T cell-independent (TI) manner and generate short-lived IgM 

secreting ASC and IgM
+
 BMEM. B1b and marginal zone (MZ) B cells are activated in a TI manner and provide 

a faster response against the pathogen. Created with BioRender.com. From Auladell et al., 2019. 
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memory	B	cells	(BRM)	differentiate	into	plasmablasts,	providing	IgG	and	IgA	in	situ	that	quickly	

neutralizes	the	virus	(Allie	et	al.,	2018;	Onodera	et	al.,	2012).	In	general,	IgA+	memory	B	cells	seem	

to	localize	preferentially	to	the	blood	and	to	tissue	sites	of	pathology,	while	IgG+	memory	B	cells	

are	broadly	distributed	among	tissues	that	may,	or	may	not,	be	directly	involved	in	the	disease	

process.	(Joo	et	al.,	2008;	Onodera	et	al.,	2012).	This	could	be	due	to	the	expression	of	the	homing	

receptor	α4β7	by	IgA+	memory	B	cells	that	drives	them	to	mucosal	associated	lymphoid	tissues	

(Williams	et	al.,	1998).	Antigen	is	required	for	the	generation	of	lung	BRMs,	which	establish	early	

after	infection.	The	varied	location	of	memory	B	cells	according	to	their	isotype,	together	with	the	

fact	that	different	environments	drive	B	cell	class-switching	to	a	specific	isotype,	are	of	particular	

interest	for	vaccine	design,	particularly	where	(as	with	influenza	viruses)	mucosal	surfaces	are	

the	primary	site	of	infection.	

 
1.4.3. T follicular helper cells 

Long-lasting	humoral	immunity	depends	on	the	B	cell	interaction	with	CD4+	Tfh	cells,	defined	as	

CD4+CXCR5+	T	cells,	within	GCs	(Förster	et	al.,	1994).	CXCR5	is	a	chemokine	receptor	that	drives	

CD4+	 T	 cells	 to	 the	border	of	 the	B	 cell	 follicle.	 IL-6	 signalling	 induces	 the	 expression	of	Bcl6	

(Nurieva	et	al.,	2009),	which	in	turn	allows	for	early	CXCR5	expression	in	activated	CD4+	T	cells	

(Choi	et	al.,	2011,	2013;	Pepper	et	al.,	2011).	These	T	cells	also	downregulate	the	C-C	chemokine	

receptor	type	7	(CCR7)	to	be	able	to	co-localize	with	B	cells	(Crotty,	2011).	When	they	interact	

with	antigen-specific	B	cells,	ICOS	on	the	T	cell	surface	binds	to	ICOS	ligand	expressed	on	B	cells	

and	further	directs	T	cell	migration	to	the	B	cell	follicle	(Xu	et	al.,	2013a).	The	final	stage	of	Tfh	

cell	differentiation	involved	the	GC.	GC	Tfh	cells	are	characterised	by	expressing	very	high	levels	

of	Bcl6	and	CXCR5,	low	levels	of	CCR7,	high	expression	of	CXCR4	and	upregulation	of	PD1	(Crotty,	

2014).	Reduced	expression	of	Epstein-Barr	virus-induced	G	protein	coupled	receptor	2	(EBI2)	in	

both	Tfh	and	B	cells	is	also	essential	for	their	localization	in	the	GC	(Hannedouche	et	al.,	2011).	

When	the	GC	contracts,	the	GC	Tfh	cells	exit	and	develop	into	resting	memory	Tfh	cells	with	a	less	

activated	Tfh	phenotype	(Choi	et	al.,	2013;	Hale	et	al.,	2013;	Kitano	et	al.,	2011;	Liu	et	al.,	2012;	

Shulman	et	al.,	2013;	Yusuf	et	al.,	2010).	Memory	Tfh	cells	can	also	be	generated	without	going	

through	a	GC	Tfh	state	(He	et	al.,	2013)	and	Tfh	cells	with	a	“resting	memory”	phenotype	both	

recirculate	in	blood	and	can	be	found	in	BM,	spleen	and	lymph	(Chevalier	et	al.,	2011;	He	et	al.,	

2013;	 Suan	 et	 al.,	 2015).	 Circulating	Tfh	 (cTfh)	 cells	 are	 the	 only	 readily	 accessible	 subset	 in	

humans.	cTfh	cells	are	heterogeneous	and	can	be	classified	into	different	subsets	based	on	surface	

marker	 expression.	 Resting	 cTfh	 cells	 express	 CCR7,	which	 differentiates	 them	 from	 their	 GC	

counterparts.	When	cTfh	cells	become	stimulated,	they	downregulate	CCR7	to	traffic	to	the	GC	

(Haynes	et	al.,	2007).	After	activation,	Tfh	cells	provide	signals	to	B	cells	enabling	selection	of	

high-affinity	 clones	 for	 differentiation	 into	 antibody	 secreting	 long-lived	 plasma	 cells.	 These	
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signals	include	secretion	of	IL-21,	IL-4	and	CD40L	(Garside	et	al.,	1998;	Reinhardt	et	al.,	2009;	

Takahashi	 et	 al.,	 1998;	 Zotos	 et	 al.,	 2010).	 Three	 different	 subsets	 of	 cTfh	 cells	 can	 be	

distinguished	according	to	the	surface	expression	of	the	chemokine	receptors	CXCR3	and	CCR6,	

which	are	involved	in	inflammatory-homing	and	epithelial	and	mucosal	site-homing,	respectively	

(Groom	and	Luster,	2011;	Ito	et	al.,	2011).	The	Tfh1	cells	are	CXCR3+CCR6+,	express	the	T-bet	

transcription	factor	and	secrete	the	T	helper	(Th)	1	cytokine	IFNg.	Conversely,	the	CXCR3-CCR6-	

Tfh2	set	expresses	the	transcription	factor	GATA3	and	produces	the	Th2	cytokines	IL-4,	IL-5	and	

IL-13.	Then	the	Tfh17	cells	CXCR3-CCR6+	cells	express	the	transcription	factor	RORgT	and	secrete	

the	Th17	cytokines	IL-17A	and	IL-22	(Morita	et	al.,	2011).	

An	overall	consensus	on	the	functional	implications	of	the	different	Tfh	subsets,	re	B	cell	

help,	is	yet	to	emerge.	While	the	Tfh1	cells	are	thought	to	be	inefficient	B	cell	helpers,	the	opposite	

is	true	for	the	Tfh2	and	Tfh17	populations	(Locci	et	al.,	2013;	Morita	et	al.,	2011).	However,	human	

studies	 on	 the	 Tfh	 response	 following	 influenza	 vaccination	 demonstrate	 an	 increase	 of	

circulating,	activated	Tfh1	cells	peaking	on	day	7	after	vaccination	that	positively	correlates	with	

the	generation	of	protective	antibody	responses	and	the	presence	of	ASC	in	blood	(Bentebibel	et	

al.,	 2013;	Koutsakos	et	 al.,	 2018).	 In	 the	 context	of	 influenza	 immunization,	human	Tfh1	 cells	

isolated	 7	 days	 after	 priming	 stimulate	 memory	 but	 not	 naïve	 B	 cells	 differentiation	 into	

plasmablasts.	Yet,	naïve	B	cells	can	differentiate	into	plasmablasts	when	cultured	with	primed	

Tfh2	and	Tfh17	cells	(Bentebibel	et	al.,	2013).	Overall,	it	is	less	clear	whether	cTfh	have	a	main	

role	 in	 the	blood,	 they	are	derived	 from	the	GC	as	a	spill-over,	or	whether	 they	are	migrating	

towards	the	GC	to	perform	their	function	of	B	cell	help.	

 

1.5. Seasonal influenza vaccines 

Vaccination	 is	 accepted	 as	 the	 most	 effective	 strategy	 to	 prevent	 influenza	 virus	 infection	

(Grohskopf	 et	 al.,	 2016).	 Two	 main	 types	 of	 licensed	 influenza	 vaccines	 are	 live-attenuated	

influenza	vaccine	(LAIV)	and	inactivated	influenza	vaccine	(IIV).	IIV	generally	comprise	formalin	

or	 beta-propiolactone	 inactivated	 virus	 that	 has	 been	 detergent-split	with	 or	without	 further	

removal	of	NP	to	generate	a	subunit	vaccine	(Kon	et	al.,	2016).	LAIV	contains	live	virus	that	has	

been	 cold-adapted	 and	 contains	 attenuation	 mutations.	 Importantly,	 viruses	 used	 for	 both	

vaccines	are	grown	in	eggs.	Both	are	designed	to	elicit	serum	antibodies	against	HA,	the	main	

surface	antigen	of	influenza	viruses.	They	are	composed	of	reassortant	viruses	that	have	HA	and	

NA	from	circulating	viruses,	but	internal	proteins	from	a	standardized	production	strain	and	both	

contain	 one	 A/H1N1	 and	 one	 A/H3N2	 strain.	 Trivalent	 formulations	 (TIV)	 contain	 only	 one	

influenza	B	virus	(IBV),	while	quadrivalent	formulations	(QIV)	contain	one	virus	from	each	IBV	

lineage	(Grohskopf	et	al.,	2016).	IIV	is	approved	for	use	in	people	aged	6	months	and	older,	while	
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LAIV	 is	approved	 for	use	 in	non-pregnant	people	aged	2	 to	49	years	of	age,	and	has	superior	

effectiveness	compared	to	IIV	in	children	aged	2	to	8	years	(Ambrose	et	al.,	2011;	Belshe	et	al.,	

2014;	Grohskopf	et	al.,	2016).	Two	variants	of	IIV,	a	high	dose	vaccine	and	an	adjuvanted	vaccine	

with	MF59	are	also	available	 for	use	 in	 the	elderly	population	 to	 induce	a	more	potent	B	cell	

response	 in	 this	 age	 group	 (DiazGranados	 et	 al.,	 2014;	 Domnich	 et	 al.,	 2017).	 Because	 the	

administration	route	differs	between	IIV	and	LAIV,	the	immune	response	induced	by	each	of	the	

vaccines	 is	 also	 different.	 IIV	 is	 administered	 intramuscularly	 and	mainly	 induces	 a	 humoral	

response,	stimulating	 the	production	of	 influenza-specific	 IgG	antibodies,	detectable	 in	serum.	

Conversely,	LAIV	is	administered	intranasally	and	therefore	it	is	less	effective	at	inducing	serum	

antibody.	Rather,	it	more	effectively	stimulates	a	cellular	response	and	the	production	of	mucosal	

IgA	in	the	respiratory	tract	(Grohskopf	et	al.,	2016;	Hoft	et	al.,	2011,	2017;	Lindsey	et	al.,	2019).	

Despite	 a	 broader	 stimulation	 of	 the	 immune	 system,	 LAIV	 only	 demonstrated	 significant	

protection	against	infection	in	children	aged	6	months	to	7	years,	but	not	in	adults	(Osterholm	et	

al.,	2012).	It	could	be	that	adults	have	increased	IgA	in	the	respiratory	mucosa	due	to	repeated	

infections	and	such	increased	levels	of	IgA	at	the	site	of	infection	could	be	clearing	all	the	antigen	

delivered	 by	 LAIV	 leading	 to	 a	 lack	 of	 stimulation	 of	 the	 immune	 system	 (Block	 et	 al.,	 2008;	

Jackson	et	al.,	2020).	Two	other	types	of	seasonal	influenza	vaccines	licensed	in	the	United	States	

are	recombinant	HA	vaccines,	which	contain	the	HA	protein	only,	and	cell-based	vaccines,	which	

consists	of	an	 inactivated	split	virion	vaccine	where	viruses	are	grown	 in	mammalian	cells	as	

opposed	to	eggs	(Rajaram	et	al.,	2020;	Sedova	et	al.,	2012).		

As	mentioned	earlier,	information	from	the	genetic	and	antigenic	characterization	as	well	

as	epidemiological	data	are	used	to	select	the	strains	used	to	be	included	in	influenza	vaccines	

each	season	(Katz	et	al.,	2011).	Influenza	vaccines	are	designed	to	contain	15	µg	of	HA	of	each	of	

the	components,	which	is	considered	to	be	sufficient	to	elicit	antibody	titres	to	neutralize	virus	

infectivity	 (Zuccotti	 and	 Fabiano,	 2011).	 However,	 influenza	 vaccines	 also	 elicit	 antibodies	

against	non-HA	epitopes,	 like	NA	or	NP	(Henry	et	al.,	2019),	albeit	this	induction	may	be	poor	

compared	to	infection	(Chen	et	al.,	2018).	Since	NA	cleaves	SA	residues	on	the	cell	membranes,	

allowing	the	release	and	spread	of	the	virus,	antibodies	against	NA	do	not	neutralize	infection,	

but	 prevent	 it	 from	 spreading	 and	 improve	 the	 clinical	 outcome	 of	 influenza	 infections	 (Air,	

2012).	

 
1.5.1. Seasonal influenza vaccine effectiveness 

Despite	 careful	 vaccine	 strain	 selection,	 recent	meta-analyses	 estimate	 that	 seasonal	 vaccine	

effectiveness	(VE)	is	60%	across	all	subtypes,	but	varies	considerably	against	different	subtypes,	

being	67%	against	A/H1N1	and	only	33%	against	A/H3N2	viruses	(Belongia	et	al.,	2016).		
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The	test-negative	design	is	the	approach	most	widely	used	to	assess	influenza	VE.	For	this	

analysis,	a	selection	of	patients	seeking	care	with	influenza-like	illness	are	swabbed	and	tested	

for	influenza.	Detection	and	identification	of	influenza	viruses	is	performed	by	real-time	reverse	

transcription	polymerase–chain	reaction	(rRT-PCR)	(Flannery	et	al.,	2018a).	Vaccination	status	

and	 patient	 data	 are	 recorded.	 The	 odds	 of	 vaccination	 among	 the	 test-positives	 (cases)	 is	

compared	with	the	negatives	(controls)	by	adjusted	logistic	regression,	from	which	a	VE	estimate	

can	be	calculated	and	interpreted	as	the	relative	reduction	in	the	odds	of	laboratory-confirmed,	

medically-attended	influenza	after	vaccination	(Belongia	et	al.,	2016;	Sullivan	et	al.,	2014).	

Protection	induced	by	influenza	vaccination	against	A/H3N2	viruses	may	be	diminished	

by	repeated	annual	vaccinations	when	compared	to	receiving	the	influenza	vaccine	for	the	first	

time.	However,	 effects	of	 repeated	vaccination	on	seasonal	A/H3N2	VE	have	varied	markedly	

between	studies,	ranging	from	positive	effects	(Cheng	et	al.,	2017;	Skowronski	et	al.,	2014a),	no	

effect	(Edwards	et	al.,	1994;	Keitel	et	al.,	1997)	or	negative	effects,	whereby	VE	diminishes	with	

increasing	prior	vaccination	(Belongia	et	al.,	2017;	Höpping	et	al.,	2016;	Kim	et	al.,	2020;	McLean	

et	al.,	2014;	Ohmit	et	al.,	2013;	Saito	et	al.,	2017;	Skowronski	et	al.,	2016;	Thompson	et	al.,	2016).	

It	 has	 been	 proposed	 that	 effects	 of	 repeated	 vaccination	 may	 vary	 by	 season	 because	 of	

variations	in	antigenic	distances	between	vaccine	strains	and	circulating	strains.	The	antigenic	

distance	hypothesis	(ADH)	was	derived	from	mathematical	modeling	of	the	immune	responses	

given	different	vaccinations.	This	hypothesis	 states	 that	when	 the	antigenic	distance	between	

prior	and	current	vaccine	strains	is	small,	the	response	to	the	current	vaccine	will	be	subject	to	

interference	from	prior	strain	immunity	and	will	be	poor;	whereas	when	antigenic	distance	is	

large,	 prior-strain	 immunity	 does	 not	 interfere	 and	 an	 adequate	 response	 will	 develop.	 In	

addition,	 it	 is	 hypothesized	 that	 vaccination	 confers	 greater	 protection	 when	 vaccine	 and	

circulating	strains	are	antigenically	close,	such	that	repeated	vaccination	would	compromise	VE	

when	two	consecutive	vaccine	strains	are	similar	to	each	other	but	different	to	the	circulating	

strain,	but	not	when	two	successive	vaccine	strains	are	antigenically	different	from	each	other	

and	the	second	vaccine	strain	matches	the	circulating	strain	(Figure	1.9)	(Smith	et	al.,	1999).	

Skowronski	et	al.	studied	the	effect	of	repeated	vaccination	on	VE	for	A/H3N2	viruses	on	three	

different	seasons	taking	into	account	the	antigenic	distances	between	circulating	A/H3N2	strains	

and	the	A/H3N2	strains	present	in	the	current	and	previous	vaccines.	The	authors	observed	how	

during	the	2010-11	northern	hemisphere	season,	where	both	vaccines’	as	well	as	the	circulating	

strain	were	distant,	repeated	vaccination	had	no	effect	on	protection.	However,	during	the	2012-

13	and	2014-15	northern	hemisphere	seasons,	both	vaccine	strains	(from	the	prior	and	current	

season)	were	similar	or	exactly	the	same	and	in	both	seasons	the	circulating	strain	was	different	

from	 the	 vaccine,	which	 resulted	 in	 a	 clear	 negative	 effect	 of	 repeated	 vaccination	 on	 VE	 for	

A/H3N2	viruses.	This	 effect	was	worse,	with	more	 similar	 vaccine	 strains.	Also,	VE	was	poor	
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regardless	of	the	prior	vaccination	status,	being	40%	for	the	2010-11	season,	31%	for	the	2012-

13	seasons,	and	-12%	for	the	2014-15	season	(Skowronski	et	al.,	2017).	It	is	important	to	note	

that	 influenza	 virus	 evolution	 and	 epidemic	 dynamics	 at	 a	 population	 level	 have	 been	

unpredictable	 so	 far	 (Lam	et	al.,	2020).	Since	VE	 is	directly	 linked	 to	 influenza	virus	seasonal	

epidemics,	the	substantial	variation	in	VE	between	seasons	is	also	hard	to	anticipate.	

	
1.5.2. Limitations of seasonal influenza vaccines 

The	 following	 section	 (pages	 50-52)	 is	 derived	 from	 the	 following	 co-first	 authored	 review	

publication:	

Auladell	M*,	 Jia	X*,	Hensen	L*,	Chua	B,	Fox	A,	Nguyen	THO,	Doherty	PC#,	Kedzierska	K#.	2019.	

Recalling	the	Future:	Immunological	Memory	Toward	Unpredictable	Influenza	Viruses.	Frontiers	

in	Immunology.	10:1400.	*equal	first	contribution	

I	wrote	the	entirety	of	this	section	for	the	manuscript.	

	
Influenza	viruses	attach	to	host	cells	via	HA	binding	to	cell	surface	sialic	acids	(Couceiro	et	al.,	

1993;	 Matrosovich	 et	 al.,	 2004;	 Skehel	 and	 Wiley,	 2000).	 Protective	 antibodies	 block	 virus	

attachment	by	binding	to	the	antigenic	sites	proximal	to	the	sialic	acid	receptor	binding	pocket	

on	the	HA	head	(Das	et	al.,	2013;	Gerhard	et	al.,	1981;	Wiley	et	al.,	1981;	Wilson	and	Cox,	1990).	

As	described	earlier,	attachment	blocking	antibody	titres	can	be	determined	via	HI	assay	(Hirst,	

1942),	and	HI	titre	is	used	as	a	correlate	of	protection	for	influenza	immunisation	(Hobson	et	al.,	

1972).	Due	to	influenza	virus	antigenic	drift	and	immune	escape	(Bedford	et	al.,	2014;	Pan,	2011;	

Smith	et	al.,	2004;	Wong	et	al.,	2013),	individuals	who	were	once	protected	are	recurrently	at	risk	

of	 becoming	 infected	 with	 a	 new	 variant	 strain.	 This	 is	 the	 basis	 for	 reformulating	 seasonal	

influenza	 vaccines	 almost	 annually	 (Salk	 and	 Suriano,	 1949).	 When	 it	 comes	 to	 antibody-

mediated	selection,	the	A/H3N2	strains	have	consistently	shown	the	greatest	antigenic	drift	for	

the	 three	 types	 of	 influenza	 viruses	 that	 co-circulate	 globally	 and	 cause	 seasonal	 epidemics	

Figure 1.9. Antigenic distance hypothesis. When 

the antigenic distance between the prior (v1) and 

current (v2) season’s vaccine strains is small, the 

antibody (Ab) response to the current vaccine will 

be poor; and when the distance is high, the 

antibody response will be adequate. On the other 

hand, when the antigenic difference between the 

vaccine (v) and the epidemic (e) strains is small, 

that season’s vaccine will be protective, whereas 

when the difference is high, antibodies elicited by 

the vaccine will not confer protection (Smith et al., 

1999). 
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(A/H1N1,	A/H3N2	and	 the	 influenza	B	viruses)	 (Bedford	et	al.,	2014,	2015).	 In	general,	more	

extensive	 epidemics	 (with	 increased	morbidity	 and	mortality)	 occur	 when	 a	 novel,	 seasonal	

A/H3N2	drifted	strain	emerges	(Bedford	et	al.,	2014;	Belongia	et	al.,	2016;	Osterholm	et	al.,	2012).	

In	line	with	this,	a	recent	longitudinal	household	study	monitoring	for	influenza	virus	infection	

and	vaccination	over	 five	years	estimates	 that	protection	against	 circulating	 influenza	viruses	

drops	to	half	of	peak	levels	after	3.5-7	years	of	infection,	and	that	protection	declines	faster	for	

A/H3N2	than	for	A/H1N1	viruses	(Ranjeva	et	al.,	2019).	Similarly,	analysis	of	the	seroprotection	

levels	achieved	after	A/H1N1	versus	A/H3N2	virus	infection	in	the	Ha	Nam	cohort	(study	design	

described	 in	 the	 “Methods”	 section	 of	 Chapter	 3)	 also	 demonstrates	 a	more	 rapid	 decline	 of	

antibody	titres	after	A/H3N2	virus	infection,	which	occurs	on	average	8	months	after	infection,	

compared	to	A/H1N1	virus	infection	which	induces	antibody	titres	that	persist	for	at	least	3	years	

(Hoa	et	al.,	2020).	

Antibodies	induced	by	vaccination	decrease	the	risk	of	infection	by	strains	antigenically	

close	 to	 those	 included	 in	 the	 vaccine	 (Clements	 et	 al.,	 1986;	Oxford	 et	 al.,	 1979),	 but	 confer	

limited	or	no	protection	against	drifted	variants	and	other	subtypes	of	influenza	viruses	(Couch	

and	 Kasel,	 1983).	 The	 global	WHO	 network	 closely	monitors	 influenza	 viruses	 circulating	 in	

northern	 and	 southern	 hemispheres,	 whereby	 information	 derived	 from	 the	 antigenic	 and	

genetic	characterization	of	these	strains	(along	with	epidemiological	data)	is	used	to	select	the	

strains	to	be	incorporated	into	an	upcoming	seasonal	vaccine	(Katz	et	al.,	2011).	This	strategy	can	

fail,	at	least	in	part,	because	it	takes	6	months	or	more	to	prepare	vaccine,	which	by	then	may	no	

longer	match	all	3	(or	4)	circulating	viruses	(De	Jong	et	al.,	2000).	Additionally,	most	widely	used	

influenza	 vaccines	 use	 virus	 that	 has	 been	 propagated	 in	 eggs,	 with	 egg-adaptive	 mutations	

contributing	 further	 to	 mismatch	 between	 vaccine	 and	 circulating	 strains,	 particularly	 for	

A/H3N2	virus	(Levine	et	al.,	2019;	Skowronski	et	al.,	2014b;	Zost	et	al.,	2017).		

Pre-existing	immunity	also	contributes	to	the	variable	VE	of	seasonal	influenza	vaccines.	

Different	 exposure	 histories	 to	 influenza	 viruses	 generate	 cross-reactive	memory	B	 cells	 that	

have	an	impact	on	the	response	to	a	new	strain,	but	the	mechanisms	are	still	poorly	understood	

(Hensley,	2014).	Pre-existing	immunity	in	humans	can	be	highly	variable	due	to	age	and	prior	

exposures	via	 infection	and/or	vaccination	 (Cobey	and	Hensley,	2017;	Flannery	et	 al.,	 2018b;	

Hensley,	2014;	Herati	et	al.,	2017;	Hoskins	et	al.,	1976;	Li	et	al.,	2013;	Xie	et	al.,	2017).	The	level	

of	pre-existing	human	immunity	is	considered	for	vaccine	strain	selection	but	is	often	difficult	to	

interpret	due	to	high	heterogeneity	across	individuals.	First-infection	ferret	antisera	is	used	to	

identify	 and	 characterise	 new	 influenza	 strains,	 whereas	 in	 humans,	 repeated	 exposures	 to	

A/H3N2	variants	affect	antibody	quantity	and	quality,	which	makes	vaccine-strain	selection	even	

more	challenging	(Kosikova	et	al.,	2018;	Lee	et	al.,	2019).	Immunological	responses	to	influenza	

virus	 infection	 and	 vaccination	 are	 undoubtedly	 affected	 by	 prior	 immunity	 in	 a	 manner	
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dependent	on	antigenic	drift	yet	it	 is	still	 largely	unknown	how	cross-reactive	memory	B	cells	

impact	on	antibody	responses	to	new	strains.	

 

1.6. Immune responses to influenza virus infection and vaccination 

Given	 that	 influenza	 viruses	 cause	 repeated	 infections	 throughout	 life,	 it	 is	 important	 to	

understand	 how	 the	 host’s	 immune	 system	 responds	 and	 adapts	 to	 repeated	 infections	 and	

vaccinations	with	variant	influenza	strains.	

 
1.6.1. Innate response 

The	primary	target	of	 influenza	viruses	are	epithelial	cells	 in	the	respiratory	tract,	 these	cells,	

therefore,	produce	the	first	wave	of	cytokine	secretion	(Sanders	et	al.,	2011).	Three	main	PRRs	

are	involved	in	the	recognition	of	influenza	viruses	leading	to	the	release	of	cytokines:	TLRs,	RIG-

I	and	the	NLR	family	pyrin	domain	containing	protein	3	(NLRP3)	(Thomas	et	al.,	2009;	Yoneyama	

and	Fujita,	2010).	Influenza	viruses	are	initially	recognised	by	TLRs.	The	intracellular	receptors	

TLR7/8	 recognise	 ssRNA	when	 vRNPs	 are	 released	 into	 the	 cytosol	 after	 the	 low	 pH	 in	 the	

endosome	induces	the	fusion	of	the	viral	and	endosomal	membranes	(Heil	et	al.,	2004;	Yoneyama	

and	Fujita,	2010).	TLR3	is	another	intracellular	receptor	that	recognises	double-stranded	RNA	

(dsRNA)	generated	during	replication	and	transcription	of	 influenza	virus	ssRNA	(Goffic	et	al.,	

2006).	RIG-I	was	classically	known	as	an	exclusively	cytoplasmic	sensor	which	would	recognise	

influenza	 viruses	 by	 detecting	 the	 5’-triphosphate	 moieties	 of	 vRNA	 (Nakhaei	 et	 al.,	 2009;	

Yoneyama	and	Fujita,	2010).	However,	more	recently	nuclear-resident	RIG-I	has	been	identified,	

which	 can	 directly	 sense	 the	 nuclear	 vRNA	 and	 initiate	 interferon	 (IFN)	 induction	 (Liu	 et	 al.,	

2018).	 NRLP3	 recognises	 dsRNA	 and	 regulates	 the	 synthesis	 of	 IL-1β	 and	 IL-18	 through	 the	

formation	of	the	inflammasome.	The	inflammasome	activates	caspase-1,	which	is	responsible	for	

the	 cleavage	 of	 the	 precursor	 forms	 of	 these	 proinflammatory	 cytokines	 (Allen	 et	 al.,	 2009;	

Thomas	 et	 al.,	 2009).	 All	 the	 above-mentioned	pathways	 lead	 to	 the	 synthesis	 and	 release	 of	

proinflammatory	cytokines,	chemokines	and	IFNs	that	induce	the	recruitment	and	activation	of	

neutrophils,	macrophages	and	DCs	(Sanders	et	al.,	2011).	Of	the	three	types	of	IFNs	(I,	II	and	III),	

types	I	and	III	are	a	result	of	the	innate	immune	response,	while	type	II	IFNs	contribute	to	an	

effective	adaptive	 cytotoxic	T	 lymphocyte	 (CTL)	 response	 (Lee	and	Ashkar,	2018;	Zhou	et	 al.,	

2018).	 Type	 I	 IFNs,	 like	 IFN-α	 and	 IFN-β,	 represent	 the	 strongest	 innate	 response	 against	

influenza	virus	infection	and	replication	(Müller	et	al.,	1994).	The	products	of	type	I	IFN-induced	

genes	degrade	vRNA,	 limit	vRNA	transcription	and	translation,	and	suppress	posttranslational	

changes,	all	of	which	limits	viral	replication	(García-Sastre	and	Biron,	2006;	Sadler	and	Williams,	

2008;	Samuel,	2001).	Type	III	IFNs,	like	IFN-λ,	also	play	a	role	in	protection	from	influenza	virus	

infection,	but	to	a	lesser	extent	than	type	I	IFNs	(Sanders	et	al.,	2011).	
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Alveolar	macrophages	and	DCs	are	also	among	the	first	cell	types	to	respond	to	influenza	

virus	 infection.	 Infected	 alveolar	 epithelial	 cells	 secrete	 CCL2	 which	 also	 attracts	 circulating	

monocytes	via	their	CCR2	receptor	(Herold	et	al.,	2006).	Activated	macrophages	further	increase	

their	pro-inflammatory	response	by	secreting	TNF-α,	IL-6	and	IL-8	(Duan	et	al.,	2017),	but	they	

also	 play	 an	 active	 role	 in	 virus	 clearance	 by	 phagocytosis	 of	 apoptotic	 infected	 cells	 and	 by	

opsonophagocytosis	of	viral	particles	(Huber	et	al.,	2001).	Additionally,	macrophages	contribute	

to	an	effective	adaptive	 immune	response	 (Kim	et	al.,	2008).	However,	macrophages	can	also	

cause	 severe	 lung	 damage	 after	 influenza	 virus	 infection	 via	 the	 secretion	 of	 TNF-α	 and	 NO	

synthase	2	(Duan	et	al.,	2017;	Lin	et	al.,	2008).	DCs	are	professional	APCs	that	initiate	adaptive	

immune	responses	by	presenting	viral	antigens	to	T	cells	and	B	cells	(Banchereau	and	Steinman,	

1998).	At	a	steady	state,	lung	DCs	are	vigilant	in	patrolling	for	foreign	antigens	(GeurtsvanKessel	

and	 Lambrecht,	 2008).	 DCs	 acquire	 and	 present	 different	 antigens	 via	 two	mechanisms	 after	

influenza	 virus	 infection.	 The	 first	mechanism	 is	 by	 direct	 infection	 of	 DCs,	 after	which	 viral	

particles	are	degraded	in	the	cytosol	and	small	peptides	are	loaded	onto	MHC	class	I	molecules	

that	are	 transported	 to	 the	plasma	membrane,	 for	presentation	 to	 influenza-specific	 cytotoxic	

CD8+	T	cells	(Banchereau	and	Steinman,	1998;	Bhardwaj	et	al.,	1994).	The	second	pathway	is	via	

phagocytosis	of	apoptotic	infected	cells	or	viral	particles.	Viral	proteins	are	degraded	into	smaller	

peptides	inside	endosomes	and	these	peptides	are	then	loaded	onto	MHC	class	II	for	presentation	

to	helper	CD4+	T	cells	(Braciale	et	al.,	2012).	Activated	DCs	travel	to	the	draining	lymph	nodes	to	

maximize	interactions	with	lymphocytes	(Banchereau	and	Steinman,	1998;	Legge	and	Braciale,	

2003).	 B	 cells	 also	 recognise	membrane-bound	native	 antigen	 to	 initiate	 a	 humoral	 response	

(Heath	 et	 al.,	 2019).	 DCs	 and	 CD4+	 T	 cells	 assist	 B	 cells	 in	 their	 activation	 and	 maturation	

processes.	 Conventional	 DC	 (cDC),	 and	 particularly	 type	 2	 cDC,	 which	 develop	 in	 an	 IRF4-

dependent	manner	as	opposed	to	type	1	cDC	that	require	BATF3,	ATF-like3	and	IRF8	(Durai	and	

Murphy,	2016),	can	capture	 influenza	virus	 in	the	 lung	and	transport	 it	 to	the	draining	 lymph	

node	 to	 initiate	 Tfh	 and	 B	 cell	 responses	 (Krishnaswamy	 et	 al.,	 2017).	 After	 influenza	

immunisation,	 lymph	 node	 resident	 DCs	 can	 also	 establish	 a	 robust	 immune	 response	 by	

activating	 CD4+	 T	 cells,	 which	 results	 in	 GC	 formation	 and,	 eventually,	 in	 B	 cell	 maturation	

(Woodruff	et	al.,	2014).		

 
1.6.2. Cellular response 

Influenza	virus	infection	stimulates	virus-specific	CD4+	and	CD8+	T	cells.	These	T	cells	provide	

regulatory	functions	of	the	immune	response	and	play	a	key	role	in	clearing	the	virus	from	the	

organism,	respectively.	
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1.6.2.1. CD8+ T cells 

CD8+	T	cells	recognise	peptides	derived	from	highly	conserved	internal	virus	proteins,	providing	

protection	across	different	influenza	virus	subtypes	(Bender	et	al.,	1992).	Such	cross-protection	

has	been	well	established	in	animal	models	(Duan	et	al.,	2015;	Hillaire	et	al.,	2011;	Wiersma	et	al.,	

2015).	Human	studies	have	also	demonstrated	CD8+	T	cell	cross-reactivity	across	different	IAV	

subtypes	(Gras	et	al.,	2010;	Hillaire	et	al.,	2013),	between	the	two	IBV	lineages	(van	de	Sandt	et	

al.,	2015),	and	across	the	three	types	of	human	influenza	viruses	IAV,	IBV	and	ICV	(Koutsakos	et	

al.,	2019b).	Naïve	CD8+	T	cells	recognise	influenza	virus-derived	peptides	presented	by	MHC	class	

I	protein	complexes	(Bender	et	al.,	1992).	Upon	activation,	they	differentiate	into	effector	CTLs.	

These	CTLs	migrate	to	the	site	of	infection	and,	by	producing	proinflammatory	cytokines	and	by	

direct	 elimination	of	 influenza	virus-infected	 cells,	 assist	 in	virus	 clearance	and	prevention	of	

virus	spread	(Bender	et	al.,	1992;	Doherty	et	al.,	1996).	Activated	CTLs	upregulate	Fas	ligand	and	

produce	 granzymes	 and	 perforin,	 which	mediate	 apoptosis	 of	 infected	 cells	 (Andrade,	 2010;	

Topham	et	al.,	1997).	Additionally,	CTLs	secrete	proinflammatory	cytokines,	like	TNF-α,	that	also	

inhibit	virus	replication	and	increase	lytic	activities	(Gruta	et	al.,	2004).	When	antigen	is	cleared,	

the	effector	CD8+	T	cell	population	contracts	and	leaves	a	memory	CD8+	T	cell	population.	Upon	

secondary	infections,	this	memory	population	will	respond	with	enhanced	magnitude	and	faster	

kinetics	(Akondy	et	al.,	2017;	DiSpirito	and	Shen,	2010;	Lalvani	et	al.,	1997).	Vaccination	with	

current	IIV,	however,	fails	to	induce	a	CD8+	T	cell	response,	which	comprises	one	of	the	limitations	

of	current	influenza	vaccines	(Koutsakos	et	al.,	2018).	

 
1.6.2.2. CD4+ T cells 

As	opposed	to	CD8+	T	cells,	CD4+	T	cells	recognise	influenza	virus-derived	peptides	presented	by	

MHC	class	II	protein	complexes.	Depending	on	the	cytokine	milieu	they	encounter,	CD4+	T	cells	

differentiate	into	different	subsets	(Zhu	et	al.,	2010).	In	the	presence	of	IL-12,	type	I	IFNs	and	IFN-	

γ,	which	are	cytokines	secreted	during	a	viral	infection,	CD4+	T	cells	acquire	a	Th1	phenotype,	

characteristic	for	secreting	IFN-γ	and	IL-2	(Maloy	et	al.,	2000;	Swain	et	al.,	2012).	Conversely,	a	

parasitic	infection	that	induces	secretion	of	IL-2	and	IL-4,	prompts	CD4+	T	cells	to	acquire	a	Th2	

phenotype	and	secrete	IL-5	and	IL-13	(Bouchery	et	al.,	2014).	This	specialisation	of	CD4+	T	cells	

allows	for	the	creation	of	the	optimal	environment	to	clear	infection	with	the	infecting	pathogen.	

For	instance,	Th1	cells	promote	the	activation	of	CD8+	CTLs	and	macrophages	necessary	to	clear	

intracellular	pathogens	(Swain	et	al.,	2012).	CD4+	T	cells	have	both	helper	and	effector	functions.	

One	 key	 function	 of	 CD4+	 T	 cells	 is	 promoting	migration	 of	 lymphoid	 cells	 to	 the	 secondary	

lymphoid	organs	or	the	site	of	infection	to	perform	their	effector	function	(Sant	and	McMichael,	

2012).	 CD4+	 T	 cells	 also	 provide	 help	 to	 other	 effector	 cells	 for	 activation	 and	 expansion,	 or	

perform	 an	 effector	 function	 themselves	 by	 the	 secretion	 of	 cytokines	 (Sant	 and	McMichael,	
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2012).	Tfh	cells	are	a	particular	subset	of	CD4+	T	cells	that	provides	B	cell	help	for	optimal	high-

affinity	and	antibody	responses	(Crotty,	2011).	Responses	to	influenza	viruses	for	this	subset	are	

described	below,	under	the	humoral	response	section.	

	
1.6.3. Humoral Response 

1.6.3.1. B cell memory and imprinting against prior strains 

The	 following	 section	 (pages	 55-56)	 is	 derived	 from	 the	 following	 co-first	 authored	 review	

publication:	

Auladell	M*,	 Jia	X*,	Hensen	L*,	Chua	B,	Fox	A,	Nguyen	THO,	Doherty	PC#,	Kedzierska	K#.	2019.	

Recalling	the	Future:	Immunological	Memory	Toward	Unpredictable	Influenza	Viruses.	Frontiers	

in	Immunology.	10:1400.	*equal	first	contribution	

I	wrote	the	entirety	of	this	section	for	the	manuscript.	

	

The	idea	that	immunological	memory	could	impact	negatively	on	antibody	responses	to	drifted	

influenza	strains	first	emerged	in	the	early	1950s,	when	Francis	and	Davenport	observed	that	

exposure	 to	 a	 new	 influenza	 strain	 induced	 higher	 titres	 of	 antibodies	 against	 variants	

encountered	 in	 childhood	 than	 against	 the	 prevailing	 strain	 (Davenport	 and	Hennessy,	 1956,	

1957;	Davenport	et	al.,	1953,	1955).	They	proposed	the	colourfully	named	concept	of	“original	

antigenic	 sin”	 (OAS),	 which	 states	 that	 responses	 against	 the	 first	 antigen	 encountered	 in	

childhood	would	be	repeatedly	and	preferentially	induced	at	every	exposure,	even	if	the	epitope	

remained	as	 a	minor	 secondary	antigen.	This	was	 considered	 to	be	 sinful,	 i.e.	 detrimental	 for	

protection	against	following	influenza	infections,	since	the	antibodies	induced	poorly	neutralized	

the	most	recent	strain	that	had	actually	triggered	them	(Fazekas	de	St	Groth	and	Webster,	1966;	

Francis,	 1960).	 Molecular	 level	 analyses	 of	 B	 cell	 receptor	 usage	 have	 since	 confirmed	 that	

memory	B	cells	elicited	by	a	priming	antigen	can	participate	in	the	immune	response	towards	a	

structurally	related,	boosting	antigen	(Fish	et	al.,	1989;	Wrammert	et	al.,	2008).	While	it	is	clear	

that	somatic	mutation	of	IgV	regions	of	memory	B	cells	takes	place	during	responses	to	variant	

influenza	 strains,	 the	 extent	 to	 which	 this	 leads	 to	 increased	 affinity	 for	 the	 priming	 versus	

boosting	 variant	 remains	 controversial	 (Fish	 et	 al.,	 1989).	 These	 molecular	 analyses	 are	

consistent	with	more	 recent	 observations	 that	 antibody	 back-boosting	 is	 broad,	 and	 greatest	

against	more	similar	viruses,	differing	somewhat	from	the	OAS	concept	that	centres	on	the	initial	

antigen	encountered	(Fonville	et	al.,	2014;	Lessler	et	al.,	2012;	Wrammert	et	al.,	2008).	Efforts	to	

understand	why	prior	vaccination	enhances	vaccine	effectiveness	in	some	influenza	seasons,	yet	

attenuates	 it	 in	 others,	 has	 led	 to	 further	 refinements	 to	 the	 OAS	 hypothesis,	 namely	 that	

imprinted	B	memory	responses	are	not	 inevitably	 “sinful”	 i.e.	 ineffectual	 (Cobey	and	Hensley,	

2017).	Hensley	and	colleagues	propose	that	antibodies	become	focused	on	selected	epitopes	that	
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are	relatively	conserved	between	successive	strains	due	to	a	form	of	competitive	dominance	by	

memory	B	cells,	and	that	while	this	may	result	in	high	antibody	titres	and	clinical	benefit	it	may,	

alternatively,	compromise	protection	if	the	epitope	is	altered	in	future	strains.	This	hypothesis	is	

based	on	molecular	and	serological	analyses	 that	document	 focused	HI	antibody	responses	 in	

selected	individuals	(Hensley,	2014;	Huang	et	al.,	2015;	Li	et	al.,	2013;	Linderman	and	Hensley,	

2016;	Linderman	et	al.,	2014).		

	At	the	cellular	level,	it	is	clear	that	memory	B	cells	respond	more	rapidly	than	their	naïve	

precursors.	Hence,	antibody	responses	may	become	 focused	on	epitopes	 that	were	present	 in	

earlier	strains	because	memory	B	cells	specific	for	those	epitopes	become	rapidly	activated	at	the	

expense	of	naïve	B	cells,	which	need	a	higher	threshold	to	respond	(Good	et	al.,	2009;	Tangye	et	

al.,	2003).	Memory	B	cells	that	bear	affinity	matured	antigen	receptors	may	also	be	better	able	to	

compete	with	existing	antibodies	for	the	inducing	antigen	than	naïve	B	cells	(Pape	et	al.,	2011).	

Another	suggested	mechanism	that	may	selectively	promote	memory	B	cell	engagement	involves	

induction	of	T	regulatory	cells,	which	reduce	the	amount	of	antigen	presented	by	dendritic	cells,	

thus	 further	 diminishing	 antigen	 availability	 for	 naïve	B	 cells	 (Ndifon	Wilfred,	 2015).	 Several	

strategies	have	 the	potential	 to	promote	naïve	B	 cell	 activation	 and	broaden	 the	 Ig	 response.	

These	include	giving	repeated	doses	of	vaccine	(Davenport	and	Hennessy,	1957),	increasing	the	

amount	of	antigen	(Fazekas	de	St	Groth	and	Webster,	1966)	and	adding	adjuvants	(Kim	et	al.,	

2012).		

	
1.6.3.2. The B cell response at the site of infection 

Influenza	virus	infection	induces	an	adaptive	B	cell	response	in	SLO,	and	also	results	in	the	ectopic	

formation	of	inducible	bronchus	associated	lymphoid	tissue,	which	can	support	GC	formation,	at	

the	site	of	virus	infection	and	replication	(Moyron-Quiroz	et	al.,	2004).	Like	GCs	in	SLO,	lung	GCs	

support	repeated	cycles	of	GC	reactions	resulting	in	BCRs	with	high	numbers	of	IgV	mutations	

(Adachi	et	al.,	2015).	A	striking	feature	of	lung	GCs	is	that	they	select	for	broadly	cross-reactive	B	

cell	clones	that	recognise	subdominant,	well-conserved	epitopes	in	the	stem	of	HA	(Adachi	et	al.,	

2015).	 Interestingly,	 broadly	 reactive	 lung	 GC	 B	 cells	 express	 Bach2,	 which	 promotes	

differentiation	into	lung	resident	memory	B	cells	(Shinnakasu	et	al.,	2016).	Broadly	neutralizing	

lung	memory	B	cells	remain	in	the	lung	as	tissue	resident	B	cells	(Adachi	et	al.,	2015).	Upon	re-

infection,	lung	resident	memory	B	cells	activate	earlier	and	become	ASC	more	rapidly	than	their	

SLO	counterparts	 (Onodera	et	al.,	2012).	Lung	memory	B	cells	are	 likely	 to	be	activated	upon	

secondary	exposure	in	a	TI	manner	through	signals	provided	by	intact	virus	particles	and	high-

density	HA	epitopes	as	well	as	TLR	agonists	(Bachmann	et	al.,	1995;	Hebeis	et	al.,	2004;	Onodera	

et	al.,	2016;	Takahashi	et	al.,	2017).	Further	understanding	of	lung	GC	reactions	might	provide	
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important	 clues	 for	 the	 development	 of	 universal	 vaccines	 capable	 of	 inducing	 broadly	

neutralizing	B	cell	memory	in	GCs	from	SLO.	

 
1.6.3.3. B cell specificity, cross-reactivity and adaptation to constantly evolving influenza viruses 

Natural	 influenza	 virus	 infection	 and	 vaccination	 with	 IIV	 elicit	 different	 patterns	 of	 B	 cell	

activation.	In	infected	patients,	plasmablasts	are	detectable	in	blood	4	days	after	infection	peaking	

on	day	7	(Ellebedy	et	al.,	2016).	These	plasmablasts	produce	antibodies	that	bind	to	the	variable	

HA,	but	also	to	the	conserved	internal	protein	NP	and	other	non-HA	proteins	(Wrammert	et	al.,	

2008).	However,	after	influenza	vaccination,	the	activated	plasmablasts	produce	mainly	anti-HA	

antibodies,	with	 significantly	 less	 B	 cells	 reactive	with	 non-HA	 proteins	 compared	 to	 natural	

infection	(Henry	et	al.,	2019;	Wrammert	et	al.,	2008).	Little	is	known	about	how	specific	B	cell	

subsets	respond	to	influenza	viruses.	Mainly,	the	memory	B	cell	and	plasmablast	compartments	

have	been	studied,	whereas	not	much	is	known	about	whether	naïve	B	cells	are	activated	after	

influenza	 virus	 re-exposure	 through	 infection	 or	 vaccination	 with	 variant	 influenza	 strains.	

Ellebedy	et	al.	investigated	influenza-reactive	B	cells	that	were	increased	in	peripheral	blood	7	

days	after	influenza	vaccination,	and	that	expressed	the	proliferation	marker	CD71,	but	lacked	

plasmablast	 markers.	 These	 CD19+IgD-CD71+	 cells,	 termed	 activated	 B	 cells,	 differed	 from	

plasmablasts	in	that	they	expressed	CD20,	and	did	not	secrete	HA-specific	IgG	unless	cultured.	On	

day	 14,	 plasmablasts	 rarely	 remain	 in	 blood,	 while	 activated	 B	 cells	 peak	 at	 this	 time	 point	

(Ellebedy	et	al.,	2016).		

In	the	context	of	immunization,	activated	cTfh	cells	defined	as	CCR7loPD1hi	expand	7	days	

after	 vaccination	 with	 IIV	 (He	 et	 al.,	 2013).	 Activated	 cTfh	 cell	 frequencies	 are	 positively	

correlated	 with	 circulating	 plasmablast	 frequencies	 and	 serum	 levels	 of	 influenza-specific	

antibody	responses,	and	all	increase	with	increasing	antigen	dose	(He	et	al.,	2013;	Pilkinton	et	al.,	

2017).	The	number	of	cTfh1	cells	increase	after	influenza	immunization,	while	the	Tfh2	and	Tfh17	

subsets	 remain	unchanged.	Besides,	 the	 frequency	of	Tfh1	 activated	 cells	 (CXCR3+ICOS+PD1+)	

also	increases	after	vaccination.	Tfh1	cells	peak	on	day	7	after	vaccination,	which	correlates	with	

an	 increase	 in	HA-specific	 activated	memory	B	 cells	 and	with	 an	 increase	 in	 vaccine-induced	

plasmablasts	 and	 influenza-specific	 antibodies	 in	 peripheral	 blood	 (Bentebibel	 et	 al.,	 2013;	

Koutsakos	et	al.,	2018).	However,	nothing	is	known	about	the	activation	pattern	and	kinetics	of	

circulating	Tfh	cells	in	the	setting	of	influenza	infection.	

Antibodies	against	HA	contribute	to	virus	clearance	by	neutralizing	and	non-neutralizing	

mechanisms,	 like	 antibody-dependent	 cellular	 cytotoxicity	 (He	 et	 al.,	 2016;	 Vanderven	 et	 al.,	

2018),	activation	of	complement	(Rattan	et	al.,	2017)	and	even	interference	with	NA	activity	via	

steric	hindrance	(Chen	et	al.,	2019;	Kosik	et	al.,	2019).	Apart	from	the	serum	antibodies,	mostly	

from	IgG	class,	IgA	class	antibodies	reside	in	the	mucosa	in	the	respiratory	tract,	where	influenza	
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viruses	 replicate	 upon	 infection	 (Gould	 et	 al.,	 2017).	 Located	 at	 the	 site	 of	 entry	 of	 influenza	

viruses,	they	are	the	first	line	of	local	protection	of	airway	epithelial	cells	(Mazanec	et	al.,	1995).	

IgA	can	be	found	in	serum	shortly	after	influenza	infection,	and	is	indicative	of	recent	infection	

(Rothbarth	 et	 al.,	 1999;	 Voeten	 et	 al.,	 1998).	 Despite	 these	 multiple	 functions	 of	 antibodies	

targeting	influenza	viruses,	HI	antibodies,	which	are	measured	in	serum	and	block	attachment	to	

the	host	cell	surface,	demonstrate	a	strong	correlate	of	protection	and	are	used	as	a	surrogate	of	

neutralizing	antibodies	(Couch	et	al.,	2013;	Hoa	et	al.,	2020;	Hobson	et	al.,	1972;	Krammer,	2019;	

Ohmit	 et	 al.,	 2011;	 Trombetta	 and	 Montomoli,	 2016;	 Wagner	 et	 al.,	 1987).	 Therefore,	 this	

literature	review	as	well	as	this	thesis	focus	primarily	on	the	analysis	of	HA-specific	antibodies	

that	block	attachment	to	the	host	cell	surface	and	the	B	cells	that	produce	them.	

	
1.6.3.3.1. Impact of pre-existing immunity in the HA-specific humoral response 

There	are	sixteen	avian-derived	HA	subtypes	and	they	are	divided	into	groups	1	(H1,	H2,	H5,	H6,	

H8,	H9,	H11,	H12,	H13,	H16)	and	2	(H3,	H4,	H7,	H10,	H14,	H15)	based	largely	on	similarity	of	the	

HA	 stem	 region	 (Ekiert	 et	 al.,	 2011;	 Sui	 et	 al.,	 2009).	 Early	 life	 infection	with	 IAV	 generates	

heterosubtypic	 antibodies	 against	 conserved	 stem	 epitopes,	 and	 it	 is	 hypothesized	 that	 these	

confer	some	protection	against	other	 IAV	strain	 from	the	same	phylogenetic	group,	a	process	

designated	 immune	 imprinting.	 Specifically,	 a	 first	 infection	with	 an	A/H1N1	 (group	1)	or	 an	

A/H3N2	(group	2)	virus	would	confer	protection	against	A/H5N1	or	A/H7N9	viruses	respectively	

(Gostic	et	al.,	2016;	Tesini	et	al.,	2019).	Broadly	cross-reactive	memory	B	cells	and	antibodies	

against	the	stem	of	HA	that	are	capable	of	neutralising	influenza	viruses	from	both	groups	1	and	

2	have	also	been	identified	(Joyce	et	al.,	2016).		

	 It	is	increasingly	evident	that	pre-existing	immunity	also	shapes	the	antibody	response	to	

seasonal	influenza	vaccination	in	terms	of	magnitude	and	cross-reactivity	(Andrews	et	al.,	2015a;	

Kosikova	et	al.,	2018;	Xie	et	al.,	2017).	A	study	comprising	individuals	who	had	received	A/H1N1	

virus	 Cal09	 monovalent	 vaccine	 and/or	 TIV	 on	 seasons	 2009-2013	 showed	 that	 first-time	

vaccination	 with	 inactivated	 influenza	 vaccine	 elicits	 stronger	 serological	 responses	 than	

subsequent	vaccinations	with	the	same	or	an	antigenically	similar	strain.	In	2012,	the	influenza	

B	vaccine	strain	changed	from	a	B/Victoria	to	a	B/Yamagata	lineage.	This	resulted	in	a	stronger	

antibody	and	plasmablast	response	to	the	2012	vaccine	for	the	influenza	B	component	and	led	to	

the	 conclusion	 that	 re-vaccination	with	 an	 antigenically	 distant	 strain	 induced	 a	more	potent	

response	than	re-vaccination	with	a	similar	or	unchanged	strain	(Andrews	et	al.,	2015a). Another	

study	 by	 the	 same	 group	 analyzing	 the	 B	 cell	 response	 to	 consecutive	 vaccination	 with	 the	

pandemic	 A/H1N1	 Cal09	 virus	 showed	 that	 first-time	 vaccination	 induced	 a	 broadly	 cross-

reactive	 antibody	 response	 against	 the	 HA	 stem	 in	 6	 of	 10	 vaccinated	 individuals,	 while	 re-

vaccination	with	the	same	strain	6	to	12	months	after	the	first	vaccination	induced	a	response	
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largely	 biased	 towards	 the	 HA	 head.	 Importantly,	 the	 4	 individuals	 with	 a	 HA	 head-biased	

response	after	the	first	vaccination	were	born	before	1965,	while	individuals	who	elicited	a	more	

broadly	 cross-reactive	 response	were	 born	 in	 the	 late	 1970s	 and	 after,	 indicating	 that	 those	

individuals	with	a	more	strain-specific	response	upon	first-time	vaccination	had	been	exposed	to	

a	wider	range	of	strains	pre-vaccination.	This	study	highlights	the	importance	of	exposure	history	

to	influenza	viruses	when	eliciting	B	cell	responses	to	influenza	vaccines	(Andrews	et	al.,	2015b).	

More	recently,	Sanyal	et	al.	analysed	the	B	cell	and	antibody	responses	in	individuals	receiving	

annual	 TIV	 from	 2010	 or	 2011	 to	 2014.	 They	 studied	 the	 plasmablast-derived	 polyclonal	

antibody	(PPAb)	reactivity	and	binding	avidity,	as	well	as	performed	serological	analysis	4	weeks	

post-vaccination	to	the	three	components	of	the	vaccine	and	show	that	the	HI	and	PPAb	titres	as	

well	as	the	PPAb	reactivity	against	the	HA	of	A/H1N1	and	A/H3N2	components	of	the	vaccine	are	

diminished	after	two	subsequent	yearly	vaccinations,	even	when	the	A/H3N2	component	was	

updated	 in	 two	 of	 the	 years	 (Sanyal	 et	 al.,	 2018).	 However,	 a	 study	 following	 the	 antibody	

response	of	individuals	vaccinated	with	either	TIV	or	QIV	in	the	seasons	2013-2016	did	not	show	

a	decrease	in	HI	responses	to	any	of	the	IAV	included	in	the	vaccine	across	age	groups,	regardless	

of	whether	they	remained	the	same	or	were	antigenically	similar	between	vaccines	(Nuñez	et	al.,	

2017).	A	contemporary	study	analysing	the	HI	response	to	two	consecutive	years	of	vaccination	

with	 	 TIV	 among	 highly	 vaccinated	 individuals	 suggested	 that	 the	magnitude	 of	 HI	 antibody	

responses	to	influenza	vaccines	was	greater	when	successive	vaccine	strains	were	different	than	

when	identical	(Plant	et	al.,	2017).	However,	their	study	was	based	on	one	pre-vaccination	sample	

before	 the	 first	 vaccination	 and	 one	 post-vaccination	 sample	 at	 least	 21	 days	 after	 a	 second	

vaccination	one	year	 later,	 therefore,	 the	 impact	of	each	vaccination	 individually	could	not	be	

analysed.	Moreover,	how	antigenically	distant	vaccine	strains	need	to	be	 to	elicit	an	adequate	

antibody	response	is	still	to	be	determined.	In	their	study,	Plant	et	al.	found	no	impact	of	history	

of	 symptomatic	 influenza	 like	 illness	 (Plant	et	 al.,	 2017),	but	did	not	 investigate	 	 the	effect	of	

confirmed	influenza	infection	or	attempt	to	account	for	asymptomatic	infection.		

Recent	 studies	 have	 identified	 immunological	 mechanisms	 that	 could	 account	 for	

attenuation	of	responses	with	repeated	vaccination.	A	distinctive	determinant	of	the	B	cell	and	

antibody-mediated	 response	 to	 rapidly	evolving	viruses	 such	as	 influenza	viruses	may	be	 the	

capacity	of	B	cells	to	increase	affinity	for	a	variant	antigen	through	Ig	gene	SHM	in	the	GC	reaction.	

Analysis	of	how	the	Ig	heavy	chain	of	activated	B	cells	changed	over	the	course	of	the	response	

against	TIV	due	to	SHM,	showed	no	gain	in	SHM	after	vaccination,	suggesting	that	repeated	annual	

vaccination	might	not	increase	the	quality	of	the	influenza-specific	antibody	response	(Ellebedy	

et	 al.,	 2016).	 In	 animal	 models,	 secondary	 immunisation	 with	 a	 highly	 variant	 dengue	 virus	

envelope	 protein	 with	 only	 63%	 similarity	 with	 the	 initial	 immunising	 antigen	 induced	 a	

response	by	IgM+	B	cells	that	mounted	an	efficient	secondary	GC	reaction,	superior	to	the	one	
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elicited	 by	 the	 primary	 exposure.	 However,	 secondary	 immunisation	 with	 an	 influenza	 HA	

protein	with	82%	identity	with	the	primary	immunising	HA	protein	elicited	a	smaller	IgM+	B	cell	

response	dominated	by	highly	mutated	memory	B	cells	that	improved	antibody	avidity	to	a	lesser	

extent	 than	 primary	 immunisation	 and	 resulted	 in	 a	 poorer	 overall	 response	 than	 induced	

following	 primary	 vaccination	 (Tennant	 et	 al.,	 2019).	 These	 findings	 were	 consistent	 with	

previous	work	 by	 this	 group,	where	 a	 secondary	 B	 cell	 response	 induced	 by	 a	more	 variant	

antigen	induced	the	highest	proportion	of	IgM+	B	cells	with	the	least	mutated	and	most	diverse	

IgV	genes,	which	resulted	 in	an	efficient	GC	response	 leading	 to	an	 increase	 in	affinity	 for	 the	

variant	antigen	compared	to	antibodies	derived	from	a	primary	response	(Burton	et	al.,	2018).	

Taking	this	together,	successful	secondary	responses	engage	IgM+	B	cells	with	fewer	mutations,	

therefore,	the	degree	of	similarity	between	antigens	in	subsequent	influenza	vaccines	has	a	direct	

impact	on	the	quality	of	the	elicited	B	cell	response.	This	is	consistent	with	studies	analysing	naïve	

and	memory	B	cell	responses	to	A/H7N9	or	A/H5N1	vaccines.	After	the	first	round	of	vaccination	

pre-existing	B	cell	memory	against	conserved	epitopes	respond	rapidly,	followed	later	by	naïve	

B	cell	responses	towards	new	strain-specific	epitopes.	An	in-depth	analysis	of	the	memory	and	

naïve	 responses	 induced	 by	 vaccination	with	 an	 A/H7N9	 strain	 shows	 that	 newly	 generated	

memory,	identified	as	H7-single	reactive	B	cells,	as	opposed	to	boosted	H3H7-dual	reactive	pre-

existing	memory,	was	more	 robust	 and	more	persistent	 in	peripheral	 blood	after	 vaccination	

(Andrews	 et	 al.,	 2019).	 Similarly,	 Matsuda	 et	 al.	 showed	 prolonged	 expansion	 of	 H5	 single	

positive,	as	opposed	to	H1H5	double	positive,	B	cells	up	to	at	least	1	year	post-vaccination	with	a	

replication-competent	adenovirus	 type	4	recombinant	virus	expressing	 influenza	virus	H5	HA	

(Matsuda	et	al.,	2019).	These	newly	generated	B	cells	have	a	more	diverse	 Ig	repertoire,	with	

fewer	clonally	related	cells.	Moreover,	even	though	newly	generated	B	cells	started	with	lower	

mutation	 levels,	 there	 was	 a	 significant	 increase	 in	 the	 VH	 mutation	 level	 post-vaccination	

compared	 to	 pre-existing	memory.	 This	 resulted	 in	 an	 increased	 affinity	 of	 newly	 generated	

memory	 but	 no	 evolution	 of	 the	 pre-existing	 memory	 B	 cells	 at	 late	 times	 post-vaccination	

(Andrews	et	 al.,	 2019;	Matsuda	et	 al.,	 2019).	 Interestingly,	 the	 activation	phenotype	of	newly	

generated	compared	to	pre-existing	memory	B	cells	is	similar	within	the	first	two	weeks	post-

vaccination.	However,	later	in	the	response,	a	CD27-	activated	memory	B	cell	population	emerged,	

which	was	composed	of	newly	generated	memory	B	cells.	This	population	differed	from	CD27+	

memory	B	cells	in	the	expression	of	very	high	levels	of	the	inhibitory	receptor	CD72	and	low	levels	

of	CXCR3.	The	CD27+	memory	B	cell	population	increased	post-vaccination	and	then	contracted,	

while	CD27-	memory	B	cells	appeared	in	low	frequencies	short	after	vaccination,	but	they	kept	

slowly	expanding	during	at	least	1	year	post-vaccination.	This	CD27-	memory	B	cell	population	

had	mostly	an	IgG1	isotype	and	lower	mutation	levels	than	CD27+	memory	B	cells	(Andrews	et	

al.,	2019).	This	suggests	that	newly	generated	memory	derives	from	a	naïve	B	cell	population	that	
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is	 activated	 after	 immunisation	 and	 enters	 the	GC	where	 they	 continue	 to	 generate	 switched	

memory	B	cells	over	several	months.	Pre-existing	HA-reactive	memory	B	cells	do	not	seem	to	

acquire	further	mutations	to	increase	affinity,	whether	stem-	or	head-directed	(Andrews	et	al.,	

2019;	Matsuda	 et	 al.,	 2019),	 suggesting	 that	memory	 B	 cells	may	 reach	 a	 threshold	 level	 for	

mutations	after	which	 they	are	refractory	 to	 further	mutation	and	selection	after	 reactivation	

(Stamper	 and	 Wilson,	 2018).	 This	 would	 also	 explain	 the	 weaker	 responses	 to	 the	 vaccine	

observed	in	the	elderly	population.	 Influenza	immunisation	activates	B	cells	that	have	already	

acquired	 substantial	 mutations	 in	 their	 IgV	 genes.	 However,	 B	 cells	 from	 young	 adults	 keep	

increasing	mutations,	while	 those	 from	elderly	 individuals	acquire	 less	de	novo	VH	mutations	

after	vaccination	with	 inactivated	 influenza	virus	(Henry	et	al.,	2019).	Accordingly,	antibodies	

from	 elderly	 individuals	 would	 have	 better	 reactivity	 against	 older	 seasonal	 influenza	 virus	

strains,	while	those	from	young	adults	would	adapt	to	the	antigenic	changes	of	new	strains	and	

increase	binding	avidity	and	neutralization	capacity	towards	the	most	recent	strain	(Henry	et	al.,	

2019;	Jiang	et	al.,	2013).	However,	Henry	et	al	looked	exclusively	at	the	plasmablast	population	

on	day	7	post-immunisation	(Henry	et	al.,	2019),	yet	HA-specific	antibody	titres	increase	after	

day	7	post-vaccination.	Furthermore,	a	mature	GC	is	only	just	formed	on	day	7	post-immunisation	

(De	Silva	and	Klein,	2015)	with	evidence	in	mice	that	affinity	maturation	in	the	GC	is	an	ongoing	

process	 that	 continues	at	 least	up	 to	56	days	post-exposure	 to	an	antigen	 (Tan	et	al.,	2019a).	

Similarly,	in	humans,	GCs	persist	in	the	draining	lymph	node	up	to	9	weeks	post-vaccination	with	

IIV	(Turner	et	al.,	2020).	Even	though	this	suggests	that	B	cells	from	elderly	have	reduced	capacity	

to	adapt	to	drifted	influenza	virus	epitopes,	studies	looking	later	in	the	response	are	needed	to	

fully	elucidate	the	capacity	of	antibodies	from	elderly	 individuals	to	gain	affinity	towards	new	

antigens.	It	is	also	apparent	from	some	studies	that	elderly	individuals,	including	those	with	more	

severe	 comorbidities,	 can	 mount	 effective	 antibody	 responses	 after	 vaccination.	 A	 study	

conducted	during	the	2013-14	season	found	that	~80%	of	elderly	participants	seroconverted	to	

the	three	vaccine	components	by	day	28	post-vaccination	(Narang	et	al.,	2018).	Importantly,	most	

of	these	individuals	had	no	history	of	influenza	vaccination	so	any		pre-existing	antibody	would	

have	been	induced	by	natural	infection	(Narang	et	al.,	2018).	Pre-existing	immunity	induced	by	

natural	 infection	 as	 opposed	 to	 vaccination	 also	 resulted	 in	 higher	 seroconversion	 rates	 and	

immunogenicity	in	children	aged	9-18	years,	but	not	in	a	1-7	year-old	group	(Kang	et	al.,	2016).	

This	suggests	that	influenza	virus	infection	and	vaccination	might	induce	different	responses.	

	
1.6.3.3.2. Epitope specificity of the response to influenza HA 

B	 cell	 and	 antibody	 responses	 to	 influenza	 viruses	 are	 predominantly	 directed	 against	 the	

globular	head	of	HA.	Only	when	the	HA	head	is	sufficiently	different,	responses	will	be	targeted	

against	the	more	conserved	HA	stem	(Ellebedy	et	al.,	2014;	Krammer	et	al.,	2014;	Li	et	al.,	2012;	
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Palese	and	Wang,	2011;	Pica	et	al.,	2012;	Wrammert	et	al.,	2011).	Accordingly,	influenza	vaccine	

induces	memory	B	cells	that	predominantly	target	the	HA	head	as	opposed	to	stem.	Neutralizing	

antibodies	against	the	stem	of	HA	do	not	bind	whole	virus	with	high	affinity,	which	could	explain	

the	 dominance	 of	 HA	 head-specific	 responses	 (Andrews	 et	 al.,	 2015b).	 The	 HA	 stem	 is	 also	

subdominant	 in	 humoral	 responses	 to	 influenza	 virus	 infection	 in	 animal	models	 (Tan	 et	 al.,	

2019b).	 There	 are	 limited	 studies	 analysing	 the	 human	 B	 cell	 and	 antibody	 response	 after	

influenza	virus	infection	both	in	terms	of	magnitude	and	breadth	of	reactivity.	A	study	on	eight	

subjects	 infected	with	an	A/H3N2	virus	demonstrated	 stimulation	of	broadly	neutralising	HA	

stem-reactive	plasmablasts	and	antibodies	together	with	HA1-specific	B	cells.	HA1-specific	B	cells	

dominated	 the	 response	 after	 influenza	 virus	 infection,	 providing	 further	 evidence	 of	 the	

immunodominance	of	the	head	of	HA	over	the	HA	stem	(Tesini	et	al.,	2019).	Within	the	HA	head,	

most	vaccine-elicited	antibodies	against	A/H3N2	viruses	react	against	epitopes	within	antigenic	

site	B	and	only	a	few	within	site	A	or	lower	in	the	HA	head	(Angeletti	et	al.,	2017;	Broecker	et	al.,	

2018;	Chambers	et	al.,	2015;	Lee	et	al.,	2019;	Popova	et	al.,	2012;	Zost	et	al.,	2017,	2019).	These	

antibodies	tend	to	be	sensitive	to	single	amino	acid	substitutions	near	the	RBS	(Zost	et	al.,	2019).	

An	elegant	study	by	Lee	et	al.	mapped	antibody	selection	on	the	A/H3N2	Pe09	HA	by	mutational	

antigenic	profiling.	They	used	a	mutant	virus	library	containing	all	possible	mutations	to	the	Pe09	

HA.	 These	 viruses	 were	 then	 exposed	 to	 monoclonal	 antibodies	 and	 polyclonal	 human	 sera.	

Human	sera,	despite	being	polyclonal,	selected	specific	escape	mutations,	a	single	mutation	 in	

Pe09	HA	dramatically	reduced	neutralization	by	human	sera.	Interestingly,	most	of	the	mutations	

occurred	in	antigenic	site	B,	however,	the	single	mutations	that	allowed	escape	differed	across	

sera	(Lee	et	al.,	2019).	The	only	mutation	that	mediated	escape	from	multiple	sera	was	K160T,	

which	causes	a	gain	of	an	N-linked	glycosylation	at	position	158	(Lee	et	al.,	2019;	Zost	et	al.,	2017).	

This	shows	that	antibodies	in	human	sera	tend	to	be	focused	on	particular	epitopes	within	the	

HA	 head,	 but	 that	 the	 epitopes	 that	 they	 are	 focused	 on	 varies	 between	 individuals,	 perhaps	

reflecting	different	exposure	histories.	However,	 there	 is	 recent	evidence	of	 influenza	vaccine	

eliciting	rare	clonotypes	that	react	against	the	conserved	RBS	and	are	only	partially	affected	by	

substitutions	in	site	B,	one	of	these	antibodies	had	HI	activity	and	cross-reacted	against	a	panel	

of	historical	and	recent	A/H3N2	strains,	including	those	with	known	substitutions	in	antigenic	

site	 B	 (Zost	 et	 al.,	 2019).	 Several	 other	 studies	 demonstrate	 generation	 of	 broadly	 reactive	

antibodies	by	influenza	vaccines	(Ekiert	et	al.,	2012;	Krause	et	al.,	2011;	Lee	et	al.,	2016,	2012,	

2014;	McCarthy	et	al.,	2018;	Schmidt	et	al.,	2015;	Tsibane	et	al.,	2012;	Whittle	et	al.,	2011;	Xu	et	

al.,	2013b).	However,	current	vaccines	do	not	efficiently	elicit	broadly	reactive	antibodies	in	most	

individuals	(Zost	et	al.,	2019).	

	 Collectively,	 these	 studies	 show	 that	 vaccination	 with	 antigenically	 similar	 antigens	

mostly	boosts	pre-existing	memory	against	conserved	epitopes	(Table	1.2).	B	cell	memory	that	
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has	been	repeatedly	stimulated	might	reach	a	threshold	beyond	which	it	is	incapable	of	acquiring	

further	 mutations	 to	 increase	 affinity	 towards	 variant	 epitopes,	 resulting	 in	 an	 inefficient	

response	 to	 seasonal	 influenza	 vaccines	 after	 repeated	 vaccination.	 However,	 most	 studies	

dissecting	the	B	cell	response	to	 influenza	vaccination	have	been	performed	on	a	very	 limited	

subset	 of	 individuals	 for	 whom	 influenza	 infection	 history	 is	 unknown,	 or	 accounts	 for	

symptomatic	 infections	only.	There	are	also	 limited	 studies	 analysing	 the	B	 cell	 and	antibody	

responses	 to	 the	 most	 antigenically	 variable	 and	 therefore	 challenging	 subtype	 A/H3N2.	

Therefore,	 further	 studies	 are	 needed	 to	 fully	 elucidate	 the	 impact	 of	 prior	 infections	 and	

vaccinations	on	the	human	B	cell	and	antibody	response	induced	by	influenza	vaccination.	



 
 

 

Table	1.2.	Key	studies	analysing	the	B	cell	and	antibody	response	to	influenza	vaccination	in	humans	

Study Cohort 
Year/s of 

vaccination 
Vaccine formulation 

Influenza 

type/subtype 

studied 

Key findings 

Jiang et al., 2013 
Children, young adults 

(18-30) and elderly (≥ 65) 
2009 or 2010 TIV or LAIV Not specified 

Elderly have an IgG repertoire with higher mutations than younger individuals at baseline and 

accumulate less mutations post-vaccination. 

IgM usage decreases with age. 

Andrews et al., 2015a Adults 2006-2013 TIV 
H1N1, H3N2, 

IBV 

Plasmablast and serological responses increase with increasing antigenic divergence between 

successive vaccination strains. Inverse correlation between pre-vaccination antibody titre and 

plasmablast response on day 7. 

Andrews et al., 2015b Adults 
2009 and  

2010 or 2011 

Monovalent 

inactivated H1N1 

Cal09, TIV 

H1N1 

Vaccine-specific plasmablasts derive from memory B cells. Low serological titres at baseline correlates 

with a broadly reactive HA stem-directed response. Higher baseline titres correlate with a strain-

specific HA head-biased response. Exposure to a wider range of H1N1 strains throughout a lifetime is 

associated with a HA head-dominated response. The HA stem-specific antibody response is 

subdominant compared to the HA head. 

Ellebedy et al., 2016 Adults 
2012, 2013 or 

2014 
TIV H1N1 No increase in SHM of TIV-activated B cells over time. 

Xie et al., 2017 
Children, adults and 

elderly (≥ 65) 

2012, 2014 or 

2015 
TIV/QIV H3N2 

Seroconversion rates to the H3N2 vaccine component decrease with increasing age. As with ferret 

sera, the HI titres of human sera were used to generate antigenic maps to indicate antigenic distance 

between H3N2 strains. There was high correlation between H3N2 antigenic distances determined 

using sera from adults and elderly, but not between adults and children. 

Plant et al., 2017 Young adults (18-30) 

1998-1999 or 

1999-2000 or 

2001-2002 or 

2002-2003 or 

2009-2010 or 

2010-2011  

TIV 
H1N1, H3N2, 

IBV 

Post-vaccine HI antibody titre and breadth of reactivity is greater when consecutive vaccine strains 

change. 

      

      

      



 
 

 

Table	1.2	(continued) 

Study Cohort 
Year/s of 

vaccination 
Vaccine formulation 

Influenza 

type/subtype 

studied 

Key findings 

Nuñez et al., 2017 Adults and elderly (≥ 65) 2013-2016 

TIV/QIV standard dose 

(15µg) or high dose 

(60µg) 

H1N1, H3N2 

Faster antibody decay post-vaccination in elderly. Higher seroconversion rates in elderly compared to 

young adults (18-34). Age determines de breadth of reactivity of HI antibodies against historical H1N1 

and H3N2 viruses. Higher seroconversion rates in individuals who were seronegative (HI < 40) pre-

vaccination. Annual vaccination does not attenuate the antibody response to IIV, but vaccine strain 

updates result in broader antibody reactivity. 

Kosikova et al., 2018 
Children, adults and 

elderly (≥ 65) 
2015 TIV/QIV H3N2 

Pre-vaccine titres to H3N2 strains affect the HI antibody cross-reactivity post-vaccination and the 

antigenic distances of H3N2 viruses established as above (Xie et al. 2017) using sera from children and 

adults with and without detectable baseline HI titres. H3N2 strains from distinct genetic clades appear 

antigenically related when titrated with sera with detectable pre-existing immunity, but antigenically 

more distinct when titrated against sera with no detectable pre-existing immunity. 

Sanyal et al., 2018 Young adults (18-30) 
2010/2011-

2014 
TIV H1N1, H3N2 

Frequency of vaccine-specific plasmablasts, binding reactivity of PPAb and HI antibody response 

decreases after the second annual vaccination. PPAb binding avidity to H1N1 does not increase after 

each annual vaccination. 

Henry et al., 2019 
Young adults (18-51) and 

elderly (≥65) 
2006-2010 TIV 

H1N1, H3N2, 

IBV 

Reduction in accumulation of SHM after vaccination in elderly. HA-reactive antibodies from elderly 

target conserved epitopes outside the receptor binding site. 

Matsuda et al., 2019 Adults  
Adenovirus expressing 

H5 HA 
H1N1, H5N1 

Naïve H5 single-reactive B cells expand over 6-12 months post-vaccination, and continue to gain SHM, 

neutralisation potency and affinity. Likely memory-derived H1H5-reactive B cells expand early, but 

contract over time, and their antibodies do not increase affinity to the same extent as naïve H5 single-

reactive B cells. 

Andrews et al., 2019 Adults  

DNA plasmid encoding 

for H7 HA and/or 

monovalent 

inactivated H7N9 

H3N2, H7N9 

Naïve-derived, H7 single-reactive B cells expand, and affinity mature for months after vaccination, 

generating a sustained memory population. Memory-derived H3H7-reactive B cells are recalled and 

transiently expand but undergo little adaptation. 

      

      

      



 
 

 

Table	1.2	(continued)	

Study Cohort 
Year/s of 

vaccination 
Vaccine formulation 

Influenza 

type/subtype 

studied 

Key findings 

Turner et al., 2020 Adults 2018 QIV 
H1N1, H3N2, 

IBV 

A substantial proportion of vaccine-specific GC B cells are clonally related to the early plasmablast 

response, are cross-strain reactive within a subtype and have high levels of SHM consistent with a 

memory B cell origin. 

A subset of vaccine-induced GC B cells specific for H1N1 and IBV that do not overlap with the 

plasmablast clonotypes, are strain-specific and have low SHM levels indicating a probable naïve B cell 

origin. This population was found in the lymph node, but not in peripheral blood, in participants who 

had not received IIV in the 3 years prior to the study. 

Cal: California; GC: germinal centre; HA: hemagglutinin; HI: hemagglutination inhibition; IBV: influenza B viruses; IIV: inactivated influenza vaccine; LAIV: live-attenuated influenza vaccine; PPAb: plasmablast-derived polyclonal 

antibody; QIV: quadrivalent influenza vaccine; SHM: somatic hypermutation; TIV: trivalent influenza vaccine  
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1.7. Rationale and objectives 

Prevention	of	seasonal	influenza	largely	relies	on	the	use	of	inactivated	vaccines,	yet	they	have	

limitations	 that	 lead	 to	modest	 or,	 in	 some	 seasons,	 negligible	 protection	particularly	 against	

A/H3N2	 viruses.	 Understanding	 the	 key	 mechanisms	 that	 limit	 vaccine	 antibody	 and	 B	 cell	

responses	is	crucial	for	the	improvement	of	current	vaccine-induced	protection.	Better	insights	

into	(i)	how	naïve	and	memory	B	cells	change	upon	activation,	(ii)	the	impact	of	recent	infection	

history	on	the	magnitude	and	breadth	of	 the	antibody	response	to	 the	A/H3N2	component	of	

seasonal	influenza	vaccines	and	(iii)	the	extent	to	which	seasonal	influenza	vaccines	elicit	a	more	

naïve	or	memory	B	cell-driven	response	are	needed	to	understand	the	factors	that	govern	the	

magnitude	 and	 breadth	 of	 antibodies	 induced	 by	 vaccination	 and	 hence	 the	 capacity	 of	

vaccination	to	provide	protection.	

This	PhD	thesis	aims	to	dissect	the	impact	of	prior	exposure	to	influenza	viruses,	through	

natural	infection,	on	the	immune	responses	against	the	A/H3N2	component	of	seasonal	influenza	

vaccines.	

	

The	specific	aims	of	this	PhD	thesis	are	to:	

1. Characterize	naïve	and	memory	B	cell	phenotypic	changes	upon	in	vitro	activation.	

2. Investigate	 how	 A/H3N2-reactive	 antibody	 specificity	 evolves	 acutely	 following	 first-

time	vaccination	and	to	define	the	impact	of	documented	prior	influenza	virus	infection.	

3. Determine	 the	 extent	 to	 which	 naïve	 versus	 memory	 B	 cells	 participate	 in	 the	 acute	

response	to	seasonal	influenza	vaccination	and	how	this	is	altered	by	prior	infection.	
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CHAPTER 2 

Materials and Methods 
 

The	materials	and	methods	used	throughout	this	 thesis	are	described	 in	this	section	and	only	

briefly	mentioned	in	the	‘Results’	chapters.	

	

2.1. Materials 

2.1.1. Media and buffers 

Madin-Darby	canine	kidney	(MDCK)	cell	growth	medium:		

Table	2.1.	MDCK	cell	growth	medium	

Product 
Volume 

(total = 533.7 mL) 

Final 

concentration 
Manufacturer 

Dulbecco’s modified eagle 

medium (DMEM), high glucose, 

pyruvate  

450 mL  
Gibco (Waltham, MA, 

US) 

GlutaMAX  5 mL 0.94% (v/v) Gibco 

MEM non-essential amino acids 

solution 
5 mL 0.94% (v/v) Gibco 

Sodium bicarbonate 7.5% solution 3.7 mL 0.05% (w/v) Gibco 

Hydroxyethyl 

piperazineethanesulfonic acid 

(HEPES) (1M) 

10 mL 1.87% (v/v) Gibco 

Penicillin (5,000 

U/mL)/Streptomycin (5,000 

µg/mL) 

10 mL 1.87% (v/v) Gibco 

Heat-inactivated fetal bovine 

serum (HI-FBS)* 
50 mL 9.34% (v/v) 

SAFC Biosciences 

Bovogen Biologicals 

(Keilor East, VIC, 

Australia) 

*FBS was heat-inactivated at 56°C for 30 minutes. 
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MDCK	transfected	with	the	cDNA	of	human	!-2,6-sialtransferase	(SIAT1)	cell	growth	

medium:	

Table	2.2.	MDCK-SIAT1	cell	growth	medium	

Product 
Volume 

(total = 543.7 mL) 

Final 

concentration 
Manufacturer 

DMEM, high glucose, pyruvate 450 mL  Gibco 

GlutaMAX  5 mL 0.73% (v/v) Gibco 

MEM non-essential amino acids 

solution 
5 mL 0.73% (v/v) Gibco 

Sodium bicarbonate 7.5% solution 3.7 mL 0.05% (w/v) Gibco 

HEPES (1M) 10 mL 1.84% (v/v) Gibco 

Penicillin (5,000 

U/mL)/Streptomycin (5,000 µg/mL) 
10 mL 1.84% (v/v) Gibco 

Geneticin (G418) (50 mg/mL) 10 mL 0.92 mg/mL Gibco 

HI-FBS 50 mL 9.20% (v/v) 
SAFC Biosciences 

Bovogen Biologicals 

	

MDCK	cell	maintenance	medium:	

Table	2.3.	MDCK	cell	maintenance	medium	

Product 

Volume 

(total = 547.7 

mL) 

Final 

concentration 
Manufacturer 

DMEM, high glucose, pyruvate 500 mL  Gibco 

GlutaMAX 5 mL 0.91% (v/v) Gibco 

MEM non-essential amino acids 

solution 
5 mL 0.91% (v/v) Gibco 

Sodium bicarbonate 7.5% solution 3.7 mL 0.05% (w/v) Gibco 

HEPES (1M) 10 mL 1.83% (v/v) Gibco 

Penicillin (5,000 

U/mL)/Streptomycin (5,000 µg/mL) 
20 mL 3.65% (v/v) Gibco 

Amphotericin B (250 µg/mL) 4 mL 1.83 µg/mL Gibco 
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MDCK-SIAT1	cell	maintenance	medium:	

Table	2.4.	MDCK-SIAT1	cell	maintenance	medium	

Product 

Volume 

(total = 557.7 

mL) 

Final 

concentration 
Manufacturer 

DMEM, high glucose, pyruvate 500 mL  Gibco 

GlutaMAX 5 mL 0.90% (v/v) Gibco 

MEM non-essential amino acids 

solution 
5 mL 0.90% (v/v) Gibco 

Sodium bicarbonate 7.5% solution 3.7 mL 0.05% (w/v) Gibco 

HEPES (1M) 10 mL 1.79% (v/v) Gibco 

Penicillin (5,000 

U/mL)/Streptomycin (5,000 µg/mL) 
20 mL 3.59% (v/v) Gibco 

Geneticin (G418) (50 mg/mL) 10 mL 0.90 mg/mL Gibco 

Amphotericin B (250 µg/mL) 4 mL 1.79 µg/mL Gibco 

	

2	mg/mL	Trypsin	solution	for	virus	isolation:	

Table	2.5.	2	mg/mL	Trypsin	solution	for	virus	isolation	

Product 
Volume 

(total = 25 mL) 
Manufacturer 

Dulbecco’s phosphate buffered saline (PBS) 

(Ca2+ and Mg2+ free) 
23 mL 

Sigma-Aldrich (Saint Louis, 

MO, US) 

Trypsin (10X) Gamma irradiated 0.5% 2 mL Sigma-Aldrich 

	

Complete	Roswell	Park	Memorial	Institute	medium	(cRPMI):	

Table	2.6.	cRPMI	

Product 
Volume 

(total = 568 mL) 

Final 

concentration 
Manufacturer 

RPMI 1640 500 mL  Gibco 

Enriched Supplement 23 mL 4.05% (v/v)  

HI-Fetal calf serum (HI-FCS) 45 mL 7.92% (v/v) Gibco 

FCS is heat-inactivated at 56°C for 30 minutes. 
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Enriched	Supplement:	

Table	2.7.	Enriched	Supplement	

Product 
Volume 

(total = 460 mL) 

Final 

concentration 
Manufacturer 

L-glutamine (200 mM) 100 mL 21.74% (v/v) Gibco 

MEM non-essential amino acids solution 

(10 mM) 
100 mL 21.74% (v/v) Gibco 

Sodium pyruvate (100 mM) 100 mL 21.74% (v/v) Gibco 

2-mercaptoethanol (55 mM) 10 mL 2.17% (v/v) Gibco 

HEPES (1 M) 50 mL 10.87 (v/v) Gibco 

Penicillin (10,000 U/mL)/ 

Streptomycin (10,000 µg/mL) 
100 mL 21.74% (v/v) Gibco 

	

R10:	 RPMI	 (Media	 Preparation	 Unit	 (MPU),	 Department	 of	 Microbiology	 and	 Immunology,	

University	of	Melbourne,	VIC,	Australia)	supplemented	with	10%	HI-FCS	(Gibco).	

	

R10-Benz:	R10	supplemented	with	Benzonase®	Nuclease	50	U/mL	(Sigma-Aldrich)	or	Denarase	

50	U/mL	(c-LEcta;	Leipzig,	Germany).	

	

PBST:	PBS	(MPU)	with	0.05%	Tween	20	(Sigma-Aldrich).	

	

Freezing	medium:	HI-FCS	(Gibco)	supplemented	with	10%	dimethyl	sulfoxide	(DMSO;	Sigma-

Aldrich).	

	

Fluorescence-activated	cell	sorting	(FACS)	buffer:	PBS	(MPU)	with	1%	(w/v)	bovine	serum	

albumin	(BSA;	Gibco)	and	0.2%	(w/v)	sodium	azide	S2002	(Sigma-Aldrich).	

	

Sort	buffer:	PBS	(MPU)	with	0.1%	(w/v)	BSA	(Gibco).	

	

1%	PFA:	16%	paraformaldehyde	(PFA;	Electron	Microscopy	Sciences;	Hatfield,	PA,	US)	diluted	

in	PBS	(MPU).	

	
2.1.2. Cell lines 

Cell	 lines	used	are	listed	in	Table	2.8.	MDCK	and	MDCK-SIAT1	cells	were	cultured	in	MDCK	or	

MDCK-SIAT1	 cell	 growth	 medium	 (Tables	 2.1	 and	 2.2,	 respectively),	 respectively,	 and	 were	

passaged	every	2-3	days	using	Trypsin.	
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Table	2.8.	Cell	lines	
Cell line Chapter Source 

MDCK 4, 5 ATCC (Manassas, VA, US) 

MDCK-SIAT1 4, 5 ATCC 

ATCC: American Type Culture Collection 

	
2.1.3. Virus strains and propagation 

41	A/H3N2	virus	strains	were	propagated	for	use	in	Chapters	4	and	5	(Table	2.9).	Thirty-two	of	

the	41	viruses	were	propagated	in	MDCK	or	MDCK-SIAT1	cells.	To	achieve	higher	virus	titres	and	

prevent	the	acquisition	of	a	D151G	mutation	in	NA,	which	allows	NA-mediated	hemagglutination	

(Brown	et	al.,	2020;	Lin	et	al.	2010),	an	MDCK-SIAT1	cell	line	was	used	for	viruses	that	circulated	

since	2011.	It	has	been	proposed	that	the	difference	in	sialic	acid	availability	in	different	cell	lines	

could	be	responsible	for	the	adaptations	in	NA	when	viruses	are	passaged	in	MDCK	cells	so	that	

they	achieve	optimal	fitness	(Brown	et	al.,	2020).	Stated	simply,	substitutions	that	result	in	sialic	

acid	binding	by	NA	arise	when	viruses	exhibit	poor	sialic	acid	receptor	binding	via	HA.	Recent	

A/H3N2	viruses	bar	substitutions	within	HA	that	have	reduced	their	receptor	affinity	and	are	

particularly	prone	to	adapt	their	NA	to	bind	sialic	acids	when	grown	in	MDCK	cells	(Lin	et	al.,	

2017).	MDCK	cells	express	low	levels	of	receptor	compared	to	MDCK-SIAT	cells,	which	have	been	

engineered	to	overexpress	α-2,6-linked	sialic	acid	receptors,	the	primary	receptors	for	human	

influenza	viruses	(Oh	et	al.,	2008).	Similarly,	viruses	do	not	adapt	their	NA	to	bind	sialic	acids	

when	grown	in	eggs.	A	95-100%	confluent	cell	monolayer	in	a	Corning	T75	flask	(Sigma-Aldrich)	

was	 inoculated	 in	1-2	mL	PBS	with	100µL	of	undiluted	virus	and	 incubated	 for	30	minutes	at	

room	 temperature.	 Cells	 were	 cultured	 with	 maintenance	 medium	 up	 to	 30	 mL	 (~28	 mL)	

supplemented	with	4	µg/mL	of	trypsin	and	left	for	48-72	hours	at	35°C	with	5%	CO2.	Virus	was	

harvested	when	70-100%	of	cells	were	dead	by	collecting	supernatant	and	centrifuging	at	1000	

g	for	10	minutes	at	4°C	to	remove	cells.	Nine	of	the	most	recent	viruses	that	circulated	since	2004	

were	 also	 propagated	 in	 the	 allantoic	 fluid	 of	 day	 10-embryonated	 chicken	 eggs.	 A	 hole	was	

punctured	into	the	blunt	end	of	an	egg	and	200	µL	of	virus	diluted	in	PBS	with	1	mL	Neomycin	

145	 mg/mL,	 Polymyxin	 25	 mg/mL	 solution	 provided	 by	 the	 Seqirus	 Australia	 Process	

Development	Group	(Parkville,	VIC,	Australia)	were	inoculated	into	the	egg.	Different	dilutions	of	

the	original	aliquot	were	tried.	Eggs	were	incubated	at	35°C	for	72	hours.	Eggs	were	then	chilled	

at	 4°C	 overnight.	 Virus	was	 harvested	 by	 aspirating	 the	 allantoic	 fluid	 using	 a	 sterile	 plastic	

Pasteur	pipette	(Daniels	Health	Laboratory;	Laverton	North,	VIC,	Australia)	and	centrifuged	at	

1000	g	(Eppendorf	Centrifuge	5810R;	Hamburg,	Germany)	for	5	minutes	at	4°C.		

	



 
 

 

Table	2.9.	A/H3N2	viruses	

Isolation 
Year 

Cluster/ 
Clade A/H3N2 strain 

Stock HA units 
(GP RBC 

without OST) 

Total volume 
(µL) 

Total HA 
units Chapter Source 

1968 Origin (0) A/Bilthoven/16190/1968 32 87,000 111,360 4 WHO CC 

1972 1 A/Bilthoven/21793/1972 128 87,000 445,440 4 WHO CC 

1975 2 A/Bilthoven/1761/1976 64 118,500 303,360 4 WHO CC 

1977 3 A/Bilthoven/2271/1976 128 112,500 576,000 4 WHO CC 

1979 4 A/Netherlands/233/1982 32 120,000 153,600 4 WHO CC 

1982 4 A/Philippine/2/1982 16 90,000 57,600 4 WHO CC 

1987 5 A/Netherlands/620/1989 32 86,000 110,080 4 WHO CC 

1989 6 A/Netherlands/823/1992 32 90,000 115,200 4 WHO CC 

1993 6 A/Netherlands/179/1993 32 114,000 145,920 4 WHO CC 

1995 7 A/Netherlands/178/1995 32 100,500 128,640 4 WHO CC 

1997 7 A/Tasmania/1/1997 32 123,000 157,440 4 WHO CC 

1999 8 A/Netherlands/301/1999 16 162,000 103,680 4 WHO CC 

1999 8 A/Townsville/2/1999 64 12,500 32,000 4 WHO CC 

2002 9 A/Philippine/472/2002 16 230,000 147,200 4 WHO CC 

2002 9 A/Fujian/411/2002 32 75,000 96,000 4 WHO CC 

2004 10 A/New York/55/2004 (egg) 256 70,500 721,920 4 WHO CC 

2004 10 A/Victoria/511/2004 64 12,500 32,000 4 WHO CC 

2005 11 A/Wisconsin/67/2005 (egg) 32 49,500 63,360 4 WHO CC 

2005 11 A/Thailand/409/2005 64 12,500 32,000 4 WHO CC 

2007 12 A/Uruguay/716/2007 (egg) 128 6,250 32,000 4 WHO CC 

2007 12 A/Brisbane/10/2007 128 75,000 384,000 4 WHO CC 

2008 12 A/Hanoi/EL134/2008 32 75,000 96,000 4 WHO CC 

2009 13 A/Perth/16/2009 (egg) 32 45,600 58,368 4, 5 WHO CC 
   

     



 
 

 

Table	2.9	continued	

Isolation 
Year 

Cluster/ 
Clade 

A/H3N2 strain 

Stock HA units 
(GP RBC 

without OST) 

Total volume 
(µL) 

Total HA 
units 

Chapter Source 

2009 13 A/Perth/16/2009 64 12,500 32,000 4, 5 WHO CC 

2009 13 A/Hanoi/201/2009 8 148,500 47,520 4 WHO CC 

2010 3c1 A/Hanoi/444/2010 64 75,000 192,000 4 WHO CC 

2011 3c1 A/Victoria/361/2011 (egg) 256 3,125 32,000 4, 5 WHO CC 

2011 3c1 A/Victoria/361/2011 64 90,000 230,400 4, 5 WHO CC 

2012 3c1 A/Texas/50/2012 (egg) 128 6,250 32,000 4, 5 WHO CC 

2012 3c1 A/Texas/50/2012 64 75,000 192,000 4, 5 WHO CC 

2013 3c3a A/Switzerland/9715293/2013 (egg) 256 37,100 379,904 4, 5 WHO CC 

2013 3c3a A/Switzerland/9715293/2013 64 87,000 222,720 4, 5 WHO CC 

2013 3c3a A/Hanoi/14437/2014 32 85,500 109,440 4 WHO CC 

2014 3c2a A/Michigan/15/2014 40 55,200 88,320 4, 5 WHO CC 

2014 3c2a A/Hong Kong/4801/2014 (egg) 128 44,080 225,689 4, 5 WHO CC 

2014 3c2a A/New Caledonia/104/2014 64 12,500 32,000 4 WHO CC 

2016 3c2a.1 A/New Castle/30/2016 32 25,000 32,000 4 WHO CC 

2017 3c3a A/Kansas/14/2017 (egg) 256 3,125 32,000 4 WHO CC 

2017 3c3a A/Kansas/14/2017 64 12,500 32,000 4 WHO CC 

2017 3c2a.2 A/Switzerland/8060/2017 96 8,340 32,025 4 WHO CC 

2018 3c2a.1b + 135K A/Brisbane/60/2018 64 12,500 32,000 4 WHO CC 

GP: guinea pig; OST: oseltamivir carboxylate; RBC: red blood cells; WHO CC: WHO Collaborating Centre for Reference and Research on Influenza 
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2.1.4. Antibodies 

The	 list	 of	 antibodies	 used	 for	 each	 Chapter	 is	 specified	 in	 the	 methods	 section	 of	 the	

corresponding	chapter.	

	
2.1.5. Recombinant HA probes 

Recombinant	HA	probes	were	generated	and	provided	by	Dr	Masaru	Kanekiyo	and	Dr	Barney	

Graham	from	the	National	Institute	of	Allergy	and	Infectious	Diseases,	Bethesda,	Maryland,	and	

by	 Dr	 Adam	 Wheatley	 and	 Prof	 Stephen	 Kent	 from	 the	 Department	 of	 Microbiology	 and	

Immunology	at	the	University	of	Melbourne,	VIC,	Australia.	Their	details	and	the	details	of	their	

staining	are	specified	in	the	methods	section	of	Chapter	5.	

	

2.2. Methods for serological studies 

2.2.1. Preparation of washed red blood cells (RBC) for influenza virus studies 

Guinea	pig	(GP)	and	turkey	(T)	blood	were	provided	by	Animal	Services	at	CSL	Ltd	(Parkville,	VIC,	

Australia).	Blood	collected	into	a	10	mL	lithium	heparin	vacuum	tube	(Greiner	Vacuette;	Monroe,	

NC,	US)	was	centrifuged	(Eppendorf	Centrifuge	5810R)	at	1814	g	for	GP	RBS	and	806	g	for	T	RBC	

for	10	minutes.	Plasma	and	the	buffy	coat	above	the	RBC	pellet	were	removed.	Remaining	RBC	

were	washed	twice	with	PBS.	After	the	final	wash,	the	RBC	concentration	was	resuspended	to	

approximately	6%	based	on	the	packed	cell	volume.	The	RBC	percentage	was	then	determined	

by	filling	a	1	mL	hematocrit	tube	(Gold	line)	with	the	RBC	suspension	and	centrifuging	at	2470	g	

for	5	minutes.	After	reading	the	hematocrit,	the	original	RBC	suspension	was	diluted	to	a	final	

concentration	of	5%	in	PBS.	

	
2.2.2. RDE treatment of sera for the inactivation of non-specific inhibitors 

Sera	 contain	 non-specific	 inhibitors	 (NSI),	 which	 are	 sialic	 acid-containing	 non-antibody	

molecules	 that	 compete	 for	 influenza	 virus	 HA	 and	 cause	 non-specific	 inhibition	 of	

hemagglutination.	To	abolish	the	impact	of	NSI	on	the	results	obtained	in	the	HI	assay,	sera	were	

first	treated	with	receptor	destroying	enzyme	(RDE)	(Ananthanarayan	and	Paniker,	1960).	RDE	

is	a	bacterial	neuraminidase	prepared	from	Vibrio	cholera	that	cleaves	the	sialic	acids	from	the	

NSI.	Four	parts	of	RDE	at	100	U/25	µL	were	added	to	one	part	of	serum	and	incubated	overnight	

in	a	covered	waterbath	(Memmert;	Schwabach,	Germany)	at	37°C.	To	inactivate	the	RDE,	sera	

were	transferred	the	following	day	to	a	waterbath	at	56°C	for	30	minutes.	RBC	serum	adsorption	

was	performed	after	RDE	treatment.	After	removing	sera	from	the	waterbath,	20%	GP	RBC	were	

added	at	a	ratio	of	1.24	parts	of	20%	GP	RBC	to	one	part	of	initially	used	serum	and	the	mixture	

was	incubated	for	30	minutes	at	room	temperature.	Sera	with	RBC	were	centrifuged	(Eppendorf	
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Centrifuge	5810R)	at	806	g	for	5	minutes	and	the	supernatant	was	transferred	to	a	new	tube	and	

kept	at	-20°C	until	use.	After	this	procedure,	the	serum	dilution	was	1	in	5.	

	
2.2.3. Influenza hemagglutination assay 

GP	and	T	RBC	were	used	to	perform	all	the	HA	and	hemagglutination	inhibition	(HI)	titrations.	

For	the	hemagglutination	assay,	25	µL	of	PBS	were	dispensed	into	columns	B	to	H	of	a	U	bottom,	

when	using	GP	RBC,	or	a	V	bottom,	when	using	T	RBC,	microtitre	plate	(Greiner	Bio-One;	Monroe,	

NC,	US)	if	the	assay	was	performed	in	portrait	(it	can	also	be	done	in	landscape)	mode.	50	µL	of	

the	test	virus	or	antigen	was	dispensed	into	the	first	well	of	the	dilution	series	(column	A),	then	

serially	diluted	two-fold	by	transferring	25	µL	from	well	to	well	and	discarded	at	the	penultimate	

well	to	create	a	no-virus/cell	control.	25	µL	of	1%	GP	or	T	RBC	was	added	to	all	wells,	mixed	by	

tapping	the	plate	and	incubated	for	60-90	minutes	for	GP	RBC	or	for	30	minutes	for	T	RBC	on	a	

vibration-free	surface	at	room	temperature	prior	to	reading	the	results.	The	end	point	HA	titre	

was	read	as	the	highest	dilution	of	virus	that	caused	complete	agglutination.	Plates	were	read	

manually	and/or	by	an	automated	reader	(CypherOne,	InDevR;	Boulder,	CO,	US).	

	 Some	recent	A/H3N2	viruses	contain	mutations	within	neuraminidase	(NA)	that	enables	

NA-mediated	 hemagglutination,	 which	 can	 interfere	 with	 HA	 and	 HI	 titration.	 NA-mediated	

agglutination	 can	 be	 prevented	 by	 the	 addition	 of	 oseltamivir	 carboxylate	 (OST)	 during	 both	

assays.	This	variation	of	the	assay	involves	adding	25	µL	of	40	nM	OST	in	PBS	to	column	A	of	a	U	

bottom	microtitre	plate	and	25	µL	of	20	nM	OST	in	PBS	to	columns	B-H.	Then,	25	µL	of	the	test	

virus	was	added	to	the	first	well	and	serially	diluted	by	two-fold.	Finally,	25	µL	of	1%	GP	RBC	

diluted	 in	 PBS	 containing	 20	 nM	 OST	 was	 added	 to	 all	 wells,	 mixed	 by	 gentle	 tapping	 and	

incubated	for	60-90	minutes	at	room	temperature.	

	 	
2.2.4. Hemagglutination inhibition assay 

HI	assays	were	performed	using	viruses/antigens	at	4	HA	units	per	25	µL.	Virus/antigen	stocks	

were	diluted	with	PBS	based	on	 stock	HA	concentrations	 (determined	above)	and	 then	back-

titrated	to	check	that	the	titre	was	four.	If	not,	then	additional	virus	or	PBS	was	added,	and	back-

titration	was	repeated	until	a	titre	of	4	HA	units	was	obtained.		

25	µL	of	 PBS	was	dispensed	 into	 all	wells	 of	 the	 serum	 titration	plates,	 either	U	or	V	

bottom	microtitre	plate	(Greiner	Bio-One),	depending	on	whether	GP	or	T	RBC	were	used.	25	µL	

of	each	serum	was	dispensed	into	the	first	well	of	the	dilution	series	(this	will	be	a	1/10	starting	

serum	dilution).	Sera	were	then	serially	diluted	two-fold	by	transferring	25	µL	from	well	to	well	

across	the	dilution	series.	25	µL	of	antigen	containing	4	HA	units	was	dispensed	into	all	the	wells	

except	the	controls,	mixed	by	gentle	tapping	and	incubated	for	30	minutes	at	room	temperature.	

Next,	25	µL	of	1%	GP	or	T	RBC	are	added	 to	all	wells,	mixed	by	gently	 tapping	 the	plate	and	
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incubated	for	60-90	(GP	RBC)	or	30	(T	RBC)	minutes	at	room	temperature.	Plates	were	read	using	

an	automated	reader	(CypherOne,	 InDevR)	programmed	to	read	the	highest	serum	dilution	at	

which	hemagglutination	was	completely	inhibited.	

	 When	performing	the	assay	with	OST,	25	µL	of	80	nM	OST	in	PBS	was	added	to	column	A	

of	a	U	bottom	microtitre	plate	(Greiner	Bio-One)	and	25	µL	of	40	nM	OST	in	PBS	to	columns	B-H.	

Then,	25	µL	of	sera	were	added	to	the	wells	containing	80	nM	OST	and	serial	dilutions	were	made	

ending	with	40	nM	OST	in	each	well.	Twenty-five	µL	of	virus	at	4	HA	units	was	next	added	to	all	

wells,	mixed	by	gentle	tapping	and	incubated	at	room	temperature	for	30	minutes.	Finally,	25	µL	

of	 1%	 GP	 RBC	made	 up	 in	 20	 nM	 OST	was	 added	 to	 all	 wells,	 mixed	 by	 gentle	 tapping	 and	

incubated	for	60	minutes	at	room	temperature.	

	 	
2.2.5. Statistical methods 

The	statistical	analysis	of	 the	serological	data	was	performed	using	R	software	(Team,	2018).	

Details	 of	 the	 packages	 and	 methods	 used	 are	 described	 in	 the	 methods	 section	 of	 the	

corresponding	chapters.	This	analysis	was	done	in	collaboration	with	Dr	David	Price	from	the	

Centre	for	Epidemiology	and	Biostatistics	at	the	University	of	Melbourne,	VIC,	Australia	and	Dr	

Samuel	Wilks	from	the	Centre	for	Pathogen	Evolution	at	the	University	of	Cambridge,	UK.	

	

2.3. Methods for cellular studies 

2.3.1. Isolation of human peripheral blood mononuclear cells 

Venous	 blood	 was	 collected	 from	 healthy	 donors	 into	 9	 mL	 sodium	 heparin	 tubes	 (Greiner	

Vacuette).	Alternatively,	buffy	coat	preparations	were	obtained	from	the	Australian	Red	Cross	

Lifeblood	(Melbourne,	VIC,	Australia)	no	later	than	24	hours	post-collection.	Blood	and	PBS	pre-

warmed	to	room	temperature	were	mixed	at	equal	volumes.	Peripheral	blood	mononuclear	cells	

(PBMC)	were	then	isolated	by	density-gradient	centrifugation	by	overlaying	30	mL	of	the	diluted	

blood	 onto	 15	 ml	 of	 Lymphoprep™	 (STEMCELL	 Technologies;	 Vancouver,	 BC,	 Canada)	 in	

SepMate™	(STEMCELL	Technologies)	or	Leucosep	tubes	(Greiner	Bio-One)	and	centrifuged	for	

10	minutes	at	1000	g	with	no	brake.	The	PBMC	monolayer	was	then	transferred	with	a	plastic	

Pasteur	pipette	to	a	50	mL	tube	and	washed	twice	with	50	mL	PBS.	Lymphocytes	were	counted	

using	a	haemocytometer	and	0.2%	Trypan	Blue	(Gibco)	staining	for	excluding	dead	cells.	

	 PBMC	were	used	 for	ex	vivo	 or	 in	vitro	B	 cell	 surface	staining	and	 for	 the	detection	of	

influenza-specific	B	cells,	as	detailed	in	the	methods	section	of	the	corresponding	Chapters.	

	



 
 

79 

2.3.2. Freezing and thawing of peripheral blood mononuclear cells 

PBMC	were	centrifuged	at	350	g	for	10	minutes	and	resuspended	in	freezing	medium	at	4°C	at	a	

concentration	 of	 0.5-1	 x	 107	 cells/mL	 per	 cryovial.	 Cryovials	 were	 placed	 into	 Mr.	 Frosty™	

freezing	containers	(Thermo	Fisher	Scientific;	Waltham,	MA,	US)	filled	with	isopropanol	UN1219	

(Analytical	 Reagent;	 Gillman,	 SA,	 Australia)	 and	 stored	 at	 -80°C	 freezer	 for	 24	 hours,	 then	

transferred	into	liquid	N2.	

	 To	thaw	and	maximise	viability	of	cryopreserved	PBMC,	cells	were	removed	from	liquid	

N2	and	thawed	in	R10-Benz	pre-warmed	to	37°C	and	centrifuged	at	250	g	for	10	minutes	at	room	

temperature.	PBMC	were	then	washed	twice	and	resuspended	in	warm	R10	for	cell	count	and	

viability	assessment	using	the	Trypan	Blue	(Gibco)	exclusion	method.	

	
2.3.3. Surface marker staining of human B cells 

PBMC	were	stained	directly	ex	vivo	or	after	in	vitro	culture.	PBMC	were	thawed	or	harvested	and	

counted	with	the	Trypan	Blue	(Gibco)	exclusion	method.	Cells	were	stained	with	LIVE/DEADTM	

Fixable	Aqua	Dead	Cell	Stain	Kit	(Thermo	Fisher	Scientific)	diluted	at	1:400	in	PBS	for	10	minutes	

at	4°C.	Cells	were	centrifuged	and	resuspended	in	the	antibody	panels	described	in	the	methods	

section	of	Chapters	3	and	5,	which	were	diluted	in	FACS	buffer,	and	incubated	for	30	minutes	at	

4°C.	PBMC	were	then	washed	twice	in	FACS	buffer	and	fixed	with	1%	PFA	for	data	acquisition	on	

a	LSR	Fortessa	flow	cytometer	(BD	Biosciences;	San	Jose,	CA,	US).	

	
2.3.4. Human B cell dual-colour ELISPOT assay 

A	dual-colour	ELISPOT	was	developed	and	optimised	to	measure	IgG-	and	IgM-	or	IgA-producing	

B	 cells	 directly	 ex	 vivo	 or	 after	 in	 vitro	 stimulation.	 Freshly	 harvested	 or	 thawed	PBMC	were	

counted	using	 the	Trypan	Blue	(Gibco)	exclusion	method	and	 transferred	 to	96-well	ELISPOT	

plates	(Millipore;	Burlington,	MA,	US).	ELISPOT	plates	had	been	pre-wet	with	50	µL/well	of	70%	

ethanol	for	30	seconds	and	washed	5	times	with	200	µL/well	of	milli-Q®	water	and	75	µL	of	the	

coating	antigens	or	2%	BSA	for	the	negative	control	wells,	all	diluted	in	PBS,	were	then	added	to	

each	well	and	incubated	overnight	and	up	to	a	maximum	of	7	days	at	4°C.	Details	of	the	coating	

antigens	and	their	concentrations	are	specified	in	the	methods	section	of	Chapters	3	and	5.	On	

the	day	of	performing	the	assay,	antigen	was	removed	from	coated	plates	by	flicking	off,	 then	

washing	6	times	with	200	µL/well	of	RPMI.	Plates	were	blocked	by	adding	200	µL/well	of	warm	

R10	 and	 incubating	 for	 1	 hour	 at	 37°C.	 R10	 was	 flicked	 off	 and	 cells	 were	 added	 at	 the	

concentrations	specified	in	Chapters	3	and	5	and	incubated	for	5	hours	at	37°C	with	5%	CO2.	Cells	

were	flicked	off	and	plates	washed	6	times	with	200	µL/well	of	PBST.	50	µL/well	of	detection	

antibodies	conjugated	to	alkaline	phosphatase	(AP)	or	horseradish	peroxidase	(HRP)	were	then	

added	to	the	plate.	Detection	antibodies	were	incubated	for	2	hours	at	room	temperature	in	the	
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dark.	Plates	were	 then	washed	6	 times	with	PBST	and	100	µL/well	 of	 first	AP	 (AP	 conjugate	

substrate	kit,	BioRad;	Hercules,	CA,	US)	then	HRP	(BD	ELISPOT	AEC	Substrate	Set,	BD;	Franklin	

Lakes,	NJ,	US)	substrates	were	added	to	all	wells	and	rinsed	with	tap	water	to	reveal	blue	and	red	

spots,	 respectively.	 Spots	were	 counted	with	 an	 AID	 EliSpot/FluoroSpot	 Reader	 (Autoimmun	

Diagnostika	GmbH;	Straßberg,	Germany)	using	two	colour	settings.	

	
2.3.5. Statistical methods 

All	 statistical	 analysis	 for	 the	 cellular	 work	 was	 performed	 using	 GraphPad	 Prism	 software	

version	 8	 (GraphPad	 Software;	 San	 Diego,	 CA,	 US)	 unless	 otherwise	 specified.	 Details	 of	 the	

specific	statistical	tests	utilised	to	determine	statistical	significance	are	specified	in	the	methods	

section	of	each	Chapter.	
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Abstract

Objectives. A fundamental question in influenza research is
whether antibody titre decline upon successive exposure to variant
strains is consequent to recall of cross-reactive memory B cells that
competitively inhibit naive B-cell responses. In connection, it is not
clear whether naive and memory B cells remain phenotypically
distinct acutely after activation such that they may be
distinguished ex vivo. Methods. Here, we first compared the
capacity of anti-Ig and Toll-like-receptor (TLR) 7/8 and TLR9
agonists (R848 and CpG) to augment human B-cell differentiation
induced by IL-21 and sCD40L. The conditions that induced optimal
differentiation were then used to compare the post-activation
phenotype of sort-purified naive and memory B-cell subsets by
FACS and antibody-secreting cell (ASC) ELISPOT. Results. Sort-
purified naive and memory B cells underwent robust plasmablast
and ASC formation when stimulated with R848, but not CpG, and
co-cultured with monocytes. This coincided with increased IL-1b
and IL-6 production when B cells were co-cultured with monocytes
and stimulated with R848, but not CpG. Naive B cells underwent
equivalent ASC generation, but exhibited less class-switch and
modulation of CD27, CD38 and CD20 expression than memory B
cells after stimulation with R848 and monocytes for 6 days.
Conclusion. Stimulation with R848, IL-21 and sCD40L in the
presence of monocytes induces robust differentiation and ASC
generation from both naive and memory B-cells. However, naive
and memory B cells retain key phenotypic differences after
activation that may facilitate ex vivo discrimination and better
characterisation of acute responses to variant antigens.
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INTRODUCTION

It is challenging to induce long-term immunity
against highly mutable viruses such as influenza
viruses, not only due to immune escape, but also
due to a propensity for antibody levels to decline
with successive exposures to variant influenza
virus strains. This phenomenon, first described in
the 1950s, and referred to as original antigenic
sin,1 may be due to memory B cells that cross-
react with shared epitopes in subsequent strains
and outcompete naive B cells for the resources
required for activation.2 There is great interest in
understanding if, and when, memory B-cell
dominance occurs, and how it may influence
antibody titre and breadth. However, there is a
lack of simple methods to define whether
activated human B cells detected ex vivo
following antigen exposure were originally naive
or memory B-cells. Although resting memory and
naive human B cells can be distinguished via
phenotypic markers such as CD27 and CD21, it is
unclear how rapidly markers change upon
activation, and whether they can be distinguished
phenotypically once activated. Therefore, this
study examined how expression of key phenotypic
markers changes after in vitro activation, and with
division, of human peripheral blood naive and
memory B-cells.

We set out to use a stimulation protocol that
maximises B-cell differentiation into antibody-
secreting cells (ASCs), otherwise called
plasmablasts, in order to mimic a robust in vivo
response. It is increasingly apparent that robust B-
cell differentiation requires innate Toll-like-
receptor (TLR) signals, adaptive BCR signals and T
cell helper signals such as IL-21 and CD40L.3–9

Similarly, it has been established that B-cell
subsets will not differentiate in the absence of
non-B cells.9,10 Agonists of TLR7/8 (R848) and TLR9
(CpG) induce similar gene expression in human B-
cells.11 R848 and, to a lesser extent, CpG are also
sufficient to induce differentiation of memory B-
cells, but not of naive B-cells.12,13 Studies
comparing the ability of R848 and CpG to
augment B-cell stimulation via BCR and T-cell
signals are lacking, as are protocols to induce
robust naive B-cell differentiation. Therefore, we
compared B-cell and B-cell subset differentiation
following in vitro stimulation with R848 versus
CpG, both combined with IL-21 and sCD40L, and
tested with and without anti-Ig, which targets

BCR signalling pathways. These stimuli, in
particular R848, induced robust B-cell
differentiation when using PBMCs but not when
using purified B-cell subsets cultured with non-B
lymphocytes. We therefore stimulated purified B-
cell subsets in cultures containing monocytes as
well as non-B lymphocytes and observed robust
differentiation using a combination of R848, IL-21
and sCD40L without anti-Ig. Having established a
protocol for robust in vitro B-cell differentiation,
we compared the phenotype of naive and
memory B cells after activation. We detected key
differences in surface marker expression at early
time points after activation that may facilitate
discrimination of naive- from memory-derived B
cells in human samples collected early after
antigen exposure.

RESULTS

Human B-cell stimulation via TLR7/8 induces
greater differentiation than stimulation via
TLR9

While both TLR7/8 and TLR9 agonists can
augment B-cell differentiation induced by CD40L
and IL-21, it is not clear which is superior, or
whether they should be combined with each
other or with anti-Ig to co-stimulate B cells via the
BCR. To address these questions, we cultured total
PBMCs from five healthy human donors with
sCD40L and IL-21 and either CpG or R848, both of
which were tested with and without antigen-
binding fragments (F(ab’)2) of anti-human Ig. All
cultures contained IL-21 and sCD40L, so hereafter
stimuli are referred to as simply CpG, R848,
CpG+anti-Ig or R848+anti-Ig. In preliminary
studies, we also stimulated PBMCs with a
combination of CpG and R848 and found no
enhancement of B-cell differentiation compared
to R848 alone (Supplementary figure 1). Flow
cytometry was performed on days 4 and 6 to
classify CD19+ B cells as CD27hiCD38hi

plasmablasts, or CD27+/!CD38+ activated or
CD27!CD38! resting B cells in comparison with
non-stimulated (IL-2 only) cultures (Figure 1a).
Plasmablasts were substantially enriched at both
time points in all stimulated cultures except
CpG+anti-Ig (Figure 1a and b). Similarly, activated
B cells were enriched and resting B cells were
depleted in all stimulated cultures except
CpG+anti-Ig. R848 was the most potent of the
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stimuli used in terms of the percentages of B cells
with activated and plasmablast phenotypes
(Figure 1b) as well as the absolute numbers of
activated B cells and plasmablasts (Supplementary
figure 2a). Plasmablast numbers declined from day
4 to day 6 (Supplementary figure 2a), consistent

with a drop in total B-cell number (Figure 1a, top
right panel), which was probably due to B-cell
death. BCR stimulation with anti-Ig did not
augment differentiation induced by R848 or CpG.

Stimulation conditions were further compared
using t-distributed stochastic neighbour

Figure 1. Comparison of stimuli for human B-cell activation. PBMCs from five donors were cultured with IL-21 and sCD40L combined with

either CpG or R848 alone, or also with anti-human Ig for 4 and 6 days before quantifying the proportions that had undergone differentiation.

Two PBMC sets were freshly isolated (and generally responded better across all the stimuli), while the remaining PBMCs were not processed

immediately after collection. (a) B-cell analysis gates and number of PBMCs that are B cells before and 4 and 6 days after culture.

CD19+CD3!CD14!CD16! B cells were classified as plasmablasts or resting or activated cells based on CD27 and CD38 expression by stimulated

(coloured) versus unstimulated (grey) B cells. FACS plots show results for a representative donor on day 4. (b) Graphs show percentages of B cells

in the three analysis gates for individual donors (symbols, n = 5) as well as medians (bars). Asterisks indicate stimuli that had a significant effect

on percentages compared to the IL-2 control using Friedman test, *P < 0.05, **P < 0.01. (c) tSNE plots showing clustering of cells within the B-

cell gate of a representative donor on day 6, concatenating data for all stimulation conditions, and overlaying either the pre-defined B-cell

analysis gates based on CD27 and CD38 expression (left panel) or the stimulation conditions (right panels).
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embedding (tSNE) to integrate data for all surface
markers assessed (CD19, CD20, CD21, CD27, CD38,
CD71, IgM, IgG, IgD) as well as forward and side
scatter (Figure 1c). B cells clustered according to
differentiation phenotype, validating the
classification based on CD27 and CD38 expression
(Figure 1c, left panel). More importantly, B cells
clustered according to the presence and type of
stimulation (Figure 1c, right panels), providing
further evidence that R848 and CpG have
different capacities to induce B-cell differentiation
and that anti-Ig impacts both. R848-stimulated
cells largely clustered in the same region as B cells
with activated and plasmablast phenotypes;
CpG+anti-Ig-stimulated cells largely clustered in
the same region as B cells with resting
phenotypes, but in distinct clusters from non-
stimulated cells; and CpG-stimulated B cells largely
clustered in the same region as B cells with an
activated phenotype. The greater capacity of R848
compared to CpG to stimulate B-cell
differentiation was further demonstrated by more
frequent detection of ASCs by ELISPOT
(Supplementary figure 2b).

Taken together, these results demonstrate clear
superiority of R848 compared to CpG for inducing
B-cell differentiation in vitro, and that the
addition of anti-human Ig does not further
enhance differentiation.14

Robust differentiation of naive and memory
B cells when stimulated in the presence of
monocytes

To compare the phenotypes of human CD27!

naive versus CD27+ memory B cells after
activation, subsets were sorted based on CD27
expression, mixed with sorted non-B lymphocytes,
containing mainly T cells (Figure 2a, left panel),
and then stimulated with R848, IL-21 and CD40L.
However, in our initial experiments,
differentiation of naive and memory B cells was
poor compared to total PBMCs from the same
donor (data not shown). We hypothesised that
monocytes may also be required for B-cell
differentiation since they were lacking from the
B-cell subset cultures. To examine this, monocytes,
defined to be CD14+ cells with high forward and
side scatter compared to lymphocytes, were sorted
and added to half of the cultures containing
sorted naive or memory B cells and non-B
lymphocytes (Figure 2a, right panel). In each
culture, B cells represented 10% of the total

cultured cells and, when present, monocytes
represented 5% to mimic the proportions found
in human blood. Significantly more naive and
memory B cells entered division, observed via a
reduction in CFSE staining, and progressed to
division 3 when stimulated in the presence of
monocytes (Figure 2b). In addition, phenotypic
changes were more pronounced at earlier
divisions when B cells were stimulated with
monocytes (Figure 2ci and ii). In particular, CD38
was expressed by both naive and memory B-cells
prior to division when stimulated with monocytes
present, and levels remained higher throughout
divisions than in B cells stimulated without
monocytes. Although CD27 expression increased
with division, expression per division was not
notably enhanced by adding monocytes. CD71
expression increased with division for both subsets
and all conditions consistent with its use as a
marker of dividing cells.

Having established that monocytes augment B-
cell division and differentiation, we then
compared surface marker expression between
naive and memory B cells after stimulation in the
presence of monocytes (Figure 2ciii). On days 4
and 6, naive-derived B cells expressed substantially
lower levels of CD27 and, to a lesser extent CD38,
significantly higher levels of CD20 than memory-
derived B cells. CD71 expression remained high on
day 6 relative to the unstimulated non-dividing
cells, indicating that this may be a useful marker
for ex vivo identification of B cells involved in
acute responses (Supplementary figure 3).
Therefore, based on our selective panel of
differentiation markers, we could potentially
distinguish recently activated naive B-cells (i.e.
CD27low, CD38low, CD20high) from activated
memory-derived B cells (i.e. CD27high, CD38high,
CD20low) ex vivo when assessing acute responses
to infection or vaccination.

Monocytes enhance plasmablast generation
from naive and memory B cells when using
R848 but not CpG

The capacity for monocytes to augment B-cell
differentiation stimulated by TLR agonists was
further explored by measuring plasmablast
generation via flow cytometry and ELISPOT. We
also investigated whether monocytes augment B-
cell differentiation stimulated by CpG, and the
effects of adding anti-Ig to B cells stimulated in
the presence of monocytes. As expected,
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Figure 2. B-cell subset division and differentiation are enhanced when stimulated in the presence of monocytes. (a) Experimental plan for cell

sorting, mixing and stimulation. (b) B-cell subset division after stimulation with R848 without and with monocytes. Results for day 6 (naive B-cells) or

day 4 (memory B-cells) are shown for a representative donor and summarised for individual donors (n = 5) as percentage of B cells that have divided

(middle panels), and percentages that reached division at least 1 or 3 divisions (right panel). Results are presented as symbols for each donor and as

the mean of all donors (bars). Asterisks indicate significance by paired t-test, *P < 0.05, **P < 0.01. (c) Surface marker expression change with each

division after R848 stimulation without and with monocytes. (ci) Results for naive B cells on day 6 and memory B cells on day 4 are shown for a

representative donor. (cii) Mean fluorescence intensities (MFIs) at each division are shown for each donor (symbols) and summarised as medians and

interquartile ranges. (ciii) MFIs for each marker are compared for naive versus memory B-cells irrespective of division on days 4 and 6 after stimulation

with R848 in the presence of monocytes. Results are shown for individual donors (symbols) and as the median of all donors. Asterisks indicate

significant difference between naive and memory B cells by Wilcoxon test. Results of five different donors from three independent experiments.
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Figure 3. Plasmablast formation is enhanced when B-cell subsets are stimulated with R848 and co-cultured with monocytes. (a) Count of cells in

the cultures before and after stimulation with and without monocytes. (b) FACS profiles of B cells from a representative donor that have been

stimulated without and with monocytes for 6 days (naive B-cells) or 4 days (memory B-cells). (c) Percentages of naive and memory B-cells in the

three analysis gates after stimulation with R848 are shown for individual donors (symbols, n = 5), and as means for all donors (bars) with

asterisks indicating a significant effect of monocytes using paired t-test, *P < 0.05, **P < 0.01, ****P < 0.0001. (d) tSNE plots show clustering of

cells within the B-cell gate based on all markers assessed and light scatter. Results are shown for a representative donor on day 6, concatenating

data for all stimulation conditions and both B-cell subsets, then overlaying either the original analysis gates (left panel), the different stimulation

conditions (middle panels) or the different subsets stimulated with and without monocytes (right panels). Results of five different donors from

three independent experiments.
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monocyte addition resulted in increased
plasmablast formation (Figure 3a and c).
Monocyte addition had minimal effect on cell
numbers recovered (Figure 3b), indicating that
plasmablast accumulation is a result of increased
B-cell division and differentiation rather than to
any potential change in starting number or
proportion of cells that are B cells when
monocytes are added. tSNE plots encapsulating all
markers assessed showed distinct clustering of
R848-stimulated B cells with and without
monocytes (Figure 3d, bottom left panels), and
that B cells stimulated with monocytes
predominate in regions where cells with activated
and plasmablast phenotypes cluster (Figure 3d,
top left panel). While plasmablasts were readily
generated from R848-stimulated memory B cells
without monocytes (Figure 3c), it was interesting
that they clustered differently from plasmablasts
generated with monocytes (Figure 3d, top right
panels). Of importance, naive and memory B cells
clustered differently, even when stimulated in the
same way, and within the region defined by cells
with a plasmablast phenotype (Figure 3d, top
right panels). Indeed, when analysis was limited
to cells stimulated with R848 in the presence of
monocytes, naive and memory B cells clustered
completely separately on day 4 (Supplementary
figure 4). While there was more overlap of naive
and memory clusters on day 6, they remained
largely distinct, even within the plasmablast
region (Figure 3d, bottom right panel).

The ability of monocytes to enhance B-cell
differentiation was further demonstrated by dual-
colour ELISPOT, which showed that numbers of
total and class-switched ASCs increased when
monocytes were added (Figure 4). It was
somewhat surprising that the overall frequency of
ASCs was nearly as high in naive as in memory B-
cell cultures by day 6 (Figure 4b) because
significantly fewer naive than memory B cells
developed a plasmablast phenotype (Figure 3c).
Accordingly, frequencies of phenotypically
defined plasmablasts and ASCs correlated well for
PBMCs and memory B-cells, but not naive B-cells
(Figure 4c), indicating that at least some naive-
derived ASCs do not acquire a typical plasmablast
phenotype.

Interestingly, monocyte addition had little or no
effect on naive or memory B-cell differentiation
after stimulation with CpG, based on both
phenotypic analysis (Figure 5a–d) and ASC
detection by ELISPOT (Figure 5e). Anti-Ig

prevented naive B cells from forming plasmablasts
or ASCs after stimulation with R848 or CpG
(Supplementary figure 5), consistent with effects
of anti-Ig on PBMCs. Notably, cell division was
markedly enhanced by the addition of anti-Ig
(Supplementary figure 5), contrary to the
tendency for differentiation to be linked to
division.

Taken together, these results confirm that
monocytes enhance in vitro B-cell differentiation
induced by R848, but not CpG, and that naive B
cells remain phenotypically distinct from memory
B cells for at least 6 days after stimulation, and
even after differentiating into plasmablasts.

Naive B cells undergo limited
differentiation when co-cultured
with monocytes alone compared to
monocytes and T cells, whereas
memory B-cell differentiation is
enhanced when T cells are lacking

Given the ability of monocytes to increase B-cell
differentiation, we then assessed whether B-cell
subsets undergo differentiation or division when
stimulated with sCD40L, IL-21 and R848 in the
presence of monocytes without non-B
lymphocytes. The proportion of naive B cells with
activated and plasmablast phenotypes increased
modestly when monocytes were added but did
not reach the levels detected when both
monocytes and T cells were added (Figure 6a). In
contrast, a greater proportion of memory B cells
differentiated into plasmablasts when monocytes
were added without T cells than with T cells
(Figure 6a). Similarly, addition of monocytes alone
was associated with substantial division of
memory B cells but only modest division of naive
B-cells (Figure 6b). It was striking that most
memory B cells develop a plasmablast phenotype
when activated in the presence of monocytes
alone and very few remain only partially activated
(Figure 6a). This was not due to attenuation of
division when T cells were added (Figure 6b), but
rather to attenuation of CD27 and CD38
expression at later divisions, giving rise to more
CFSE!, CD27! and CD38! memory B-cells
(Figure 6c). This suggests that the fate of memory
B cells may depend on the balance of stimulation
via adaptive-T cell and innate-monocyte/TLR
pathways.

Taken together, the results indicate that a small
proportion of naive B cells are capable of fully
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Figure 4. Increased detection of total and class-switched ASCs when naive and memory B cells are stimulated in the presence of monocytes. (a)

ASC ELISPOT images of naive and memory B cells from a representative donor that have been stimulated with sCD40L, IL-21 and R848 for 4 and

6 days with and without monocytes and then incubated on ELISPOT plates for 5 h to detect cells secreting IgM (red spots) and IgG (blue spots).

(b) Numbers of total, IgM and IgG ASCs are shown for individual donors (symbols, n = 5), and as means for all donors (bars). Asterisks indicate

significant effects of monocytes assessed using paired t-test, **P < 0.01, ***P < 0.001. Results of five different donors from three independent

experiments.
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differentiating into plasmablasts when only
monocytes are present in the system and that
when memory B cells receive predominantly
innate signals derived from monocytes, they fully
differentiate into plasmablasts and hardly any
cells remain CD27 and CD38 low or negative.
Importantly, for both subsets, monocytes seem to
play a key role inducing cell division and
differentiation.

Cytokine production in naive and memory
B-cell stimulation cultures with and without
monocytes

Monocytes produce several cytokines in response
to TLR7/8 or 9 signalling that support B-cell
differentiation, including IL-1b, IL-6, IL-8, IL-10 and
TNF-a.11,15–18 To examine whether these cytokines
may mediate the effects of monocytes on B-cell
differentiation, we measured concentrations in
the culture supernatants by cytometric bead array
(CBA). Concentrations of all cytokines, except IL-
10 and TNF-a, were higher in supernatants of
R848-simulated than in non-stimulated or CpG-
stimulated naive B-cells (Figure 7a and b,
Supplementary figure 6d). Moreover,
concentrations were substantially higher in R848-
stimulated cultures when monocytes were added,
with consistent trends on days 4 and 6, and for
both naive (Figure 7a and b) and memory B-cells
(Figure 7c and d). Concentrations of these
cytokines were also higher in supernatants of
R848-stimulated naive and memory B cells
cultured with monocytes without T cells, on both
days 4 and 6 (Supplementary figure 6a–d). This
indicates that monocytes produce these cytokines
directly in response R848 and/or CD40L or induce
their production by other cell types. IL-10 and
particularly IL-8 and TNF-a concentrations were
higher in non-stimulated cultures when
monocytes were added, either with T cells or
alone, indicating that these cytokines were
constitutively produced by monocytes;
nonetheless, IL-8 secretion increased after R848
stimulation (Figure 7a–d, Supplementary figure
6a–d). Interestingly, TNF-a concentrations were
lower in cultures containing monocytes when T
cells were also added, perhaps due to
consumption by this cell type.19 In contrast,
stimulation was required for robust detection of
IL-1b and IL-6, as well for production to be
enhanced by monocyte addition, consistent with
studies elsewhere.20 Naive and memory B cells

secreted IL-6, IL-8 and IL-10, but not IL-1b, when
stimulated with R848 in the absence of other cell
types (Supplementary figure 6a–c). Of note,
monocyte addition had little effect on cytokine
levels when cells were stimulated with CpG
(Figure 7a–d): IL-8 and IL-10 levels were higher in
CpG-stimulated cultures containing monocytes,
but not higher than in unstimulated cultures
containing monocytes. Therefore, it is likely that
upon stimulation via TLR8, monocytes produce IL-
1b and IL-6, which promote B-cell differentiation.
IL-1b and IL-6 concentrations increased further
when TLR stimulation via CpG or R848 was
augmented with BCR stimulation, both on day 4
(Figure 7a) and on day 6 (Figure 7b). IL-6 has
established effects on B-cell division8 and could
explain why co-stimulation via BCR promoted
naive B-cell division but not differentiation
(Supplementary figure 5).

R848 stimulation induced CD14 and CD16
expression by monocytes recovered from our
cultures (Supplementary figure 7). Similarly, others
have found that monocytes that induce B-cell
stimulation after dengue infection are
CD14+CD16+21 and that CD16+ monocytes are the
main producers of IL-1b and TNF-a and also
produce IL-6 and IL-8.21,22 B cell-activating factor
(BAFF) and proliferation-inducing ligand (APRIL)
have been implicated in B-cell stimulation by
dengue-infected CD14+CD16+ monocytes, and, like
dengue infection, R848 stimulates BAFF and APRIL
production by monocytes.21 BAFF and APRIL bind
to BAFF family receptors that are expressed
almost exclusively by B cells,23 including BAFF-R
and transmembrane activator and calcium-
modulator interactor TACI,24 as well as B-cell
maturation antigen (BCMA), which is mainly
expressed by bone marrow plasma cells.25

Therefore, we examined whether BAFF-R and
TACI expression changes after B-cell stimulation
with R848, and whether these changes are altered
by the presence of monocytes. Expression of BAFF-
R decreased and TACI increased as B cells
transitioned from resting to activated and then
plasmablast phenotypes (Supplementary figure
8a–c). This is consistent with reports that human
naive B cells are TACI low and that CpG, but not
anti-Ig and CD40L, induces rapid TACI expression
by activating the ERK1/2 pathway.26 The addition
of monocytes had little or no effect on TACI and
BAFF-R expression by B cells during stimulation
(Supplementary figure 8d). However, since R848
stimulation enhanced CD14 and CD16 expression
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Figure 5. Monocytes do not enhance B-cell subset differentiation when stimulated with CpG. (a) Count of cells in the cultures before and after stimulation

with CpG. (b) FACS profiles of B cells from a representative donor that have been stimulated with sCD40L, IL-21 and CpG, with and without monocytes for

4 days. (c) Percentages of B cells in the three analysis gates defined by CD27 and CD38 expression showing values for individual donors (symbols, n = 5) and

means for all donors (bars). Asterisks indicate significance using paired t-test, *P < 0.05, **P < 0.01. (d) tSNE plots indicate clustering of cells within the B-cell

gate of a representative donor assessed on day 6, concatenating datawith andwithout CpG and/or monocytes, and overlaying B-cell analysis gates based on

CD27 andCD38 expression (top panels), stimulation conditions (middle panels) and the two subsets stimulatedwith andwithout monocytes (bottom panels).

(e) Effect ofmonocytes onASCdetection after stimulationwith CpG, as in Figure 3. ELISPOT images are shown for a representative donor, and ASC numbers,

as well as ration of IgG to IgM ASCs, are shown for five donors. Asterisks indicate significance, as above. Results of five different donors from three

independent experiments.
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by monocytes (Supplementary figure 7b and c), it
is likely that the combination of R848 and
monocytes provides optimal B-cell differentiation
because R848 induces TACI expression by B cells
and, as shown by others, also induces BAFF and

APRIL production by monocytes. Taken together,
the results indicate that IL-1b and IL-6 are key
mediators of B-cell differentiation induced by
engagement of TLR7/8 on both B cells and
monocytes.

Figure 6. Monocytes augment B-cell subset differentiation after stimulation with R848 in the absence of T cells, most notably for memory B-

cells. (a) Left panel: FACS profiles of B cells from a representative donor that have been stimulated with monocytes and T cells, with monocytes

only, or on their own for 6 days. Grey dots indicate equivalent cell mixtures cultured without stimulation. Right panel: percentages of naive and

memory B cells in the three analysis gates after stimulation with R848 are shown for individual donors (symbols, n = 4 when monocytes are

present, and n = 3 when B cells are cultured alone), and as medians for all donors (bars). (b) B-cell subset division after stimulation with R848

without and with monocytes and/or T cells. Results are presented as in (a). (c) Left panel: surface marker expression change with each division is

shown for memory B cells from a representative donor after 6 days of R848 stimulation without and with monocytes and/or T cells. Right panel:

CD27 and CD38 expression is shown for memory B cells that have divided to become CFSE! after 6 days of culture without and with monocytes

and/or T cells. Results are shown for individual donors (symbols, n = 3), and as medians and interquartile ranges.
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DISCUSSION

This study set out to identify markers that may be
used to distinguish naive and memory B-cells once
activated. To this end, we sorted human naive
and memory B cells and compared markers
expressed following in vitro stimulation using a B-
cell activation protocol that had been optimised
to generate ASCs. We found that naive and
memory B cells remained phenotypically distinct
for at least 6 days after activation, a time when
we detected robust generation of ASCs from both
subsets. It may therefore be possible to define
whether B cells in acute ex vivo samples are naive-
or memory-derived, and whether memory B cells
competitively inhibit naive B-cell responses.27

Responding cells, identified using CD71, could be
classified as naive- or memory-derived using tSNE
to combine multiple parameters including CD27,
CD38, CD20, IgM and IgG expression and forward/
side scatter. These findings expand upon previous
studies showing that memory, but not naive, B-
cells upregulate CD38 in response to more
minimal stimulation with CD40L and cytokines.28

This study also further refined the parameters
required for in vitro differentiation of human B-
cells, including a key role for monocytes, discussed
further below.

This study confirms that the TLR7/8 agonist,
R848, is more potent than the TLR9 agonist, CpG,
for inducing human B-cell differentiation
in vitro,29 and extends these findings to show that
this is true for both naive and memory B-cells. The
greater potency of TLR7/8 compared to TLR9
agonists does not reflect TLR expression, since it is
generally reported that B cells express higher
levels of TLR9 than of TLR7 and that TLR9 is
especially upregulated following BCR or
CD40L.6,11,30,31 Studies with mouse B cells similarly
demonstrate that CD40L and TLR9 signalling
stimulates B-cell proliferation whereas CD40L and
TLR7/8 signalling also stimulates differentiation.32

Moreover, co-stimulation via the BCR prevents
differentiation of mouse B-cells, which are instead
considered to enter the memory pathway.32 Here,
when naive human B cells were co-stimulated
with anti-Ig, they proliferated and upregulated
CD27 but not CD38, reminiscent of a memory B-
cell phenotype. Similarly, Marasco et al.9 showed
that fewer ASCs were induced when anti-Ig was
added to a combination of CpG and CD40L,
despite increased proliferation of both naive and
memory B-cells.

Monocytes consistently enhanced B-cell
differentiation stimulated by R848 but not by CpG,
and the effects of monocytes were more
pronounced for naive than for memory B-cells.
Remarkably, we found that practically all memory B
cells that underwent division when activated in the
presence of monocytes alone became plasmablasts,
but this was attenuated when T cells were also
added. This indicates that the fate of memory B
cells may depend upon the balance of innate versus
adaptive signals present. Innate signals, which
indicate the presence of foreign pathogens, may
favor memory B-cell differentiation into effector
ASCs, whereas adaptive-T cell responses, which
tend to be more delayed, may favor a memory B-
cell fate. Naive B-cells, on the other hand, appeared
to require signals provided by both monocytes and
T cells other than CD40L or IL-21. The impact of
monocytes on R848 but not CpG-stimulated B-cell
differentiation concurs with the distribution of
TLRs on human monocytes, which express TLR8
and, to a lesser extent, TLR7, but very little
TLR9.11,14 Accordingly, studies elsewhere
demonstrate that monocytes are responsive to
R848 but not CpG whereas B-cells respond to
both.11,33 We therefore propose that monocytes
required stimulation, in this case via R848 binding
to TLR7/8, in order to enhance B-cell differentiation
in vitro. R848 induces monocytes to produce IL-6
and IL-1b, both of which have established roles in
promoting B-cell differentiation either by acting
directly on B cells.34,35 or through enhancing CD4+

T-cell differentiation.15,34,36,37 Indeed, co-culture of
B cells with monocytes alone indicated that R848-
stimulated monocytes were required for IL-1b
production using our activation protocol, and also
substantially enhanced IL-6 production. Others
show that IL-1b, produced by monocytes
downstream of TLR signalling and inflammasome
activation, induces differentiation of T follicular
helper cells, which augment antibody production.37

Moreover, Ugolini et al.38 demonstrate that TLR8
engagement represents a mechanism via which
CD14+CD16+ monocytes selectively detect viable as
opposed to dead microorganisms, and signal this
via producing IL-1b, which activates T follicular
helper cells. Similarly, Kwissa et al.21 found that
CD14+CD16+ monocytes, which are induced by
dengue virus infection, and by R848 but not CpG,
enhance B-cell differentiation, providing another
possible explanation for the differential role of
monocytes in R848- versus CpG-stimulated B-cell
differentiation. The capacity of TLR7/8 agonists to
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Figure 7. Increased detection of IL-1b and IL-6 when B cells are stimulated with R848 in the presence of monocytes for four and six days.

Concentrations of IL-1b, IL-6, IL-8 and IL-10 in supernatants collected 4 and 6 days after culture of naive and memory B cells with stimuli as

indicated, with and without monocytes. Results are shown for B cells from each donor (symbols, n = 5), and as medians and interquartile ranges

for all donors. Asterisks indicate significance using Friedman and Wilcoxon tests, *P < 0.05, **P < 0.01, ***P < 0.001. Results of five different

donors from three independent experiments.
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induce B-cell differentiation is also apparent in vivo
whereby adjuvanting inactivated influenza vaccine
with a TLR7 agonist accelerates B-cell differentiation
and antibody secretion in mice39 and non-human
primate neonates.40 Analogously, inactivated whole-
virion influenza vaccine, as opposed to subunit or
split virion vaccines, induces TLR7-mediated B-cell
activation and increased antibody production in
mice.41 IFN-a is also secreted by monocytes and is
essential for inducing TLR7 expression by B
cells,12,42,43 but was not detected via CBA in any of
our B-cell culture supernatants (data not shown).
The blockade of type I IFNs would help elucidate
their impact in B-cell differentiation. R848 also
induced TACI expression by B cells, and it is known
that TLR8 signalling induces BAFF and APRIL
expression by monocytes.21 Further studies blocking
the BAFF-R and TACI receptors on the B-cell surface
in the presence and absence of monocytes are
required to elucidate whether this pathway
underlies monocyte help to naive and memory B-
cells. Taken together, these results indicate that the
superior capacity of R848 over CpG to enhance B-cell
differentiation reflects both direct effects on B cells
and indirect effects via CD14+CD16+ macrophage
stimulation.

In conclusion, our findings demonstrate that
monocytes are necessary for robust B-cell
differentiation and that R848, a TLR7/8 agonist,
induces greater differentiation than CpG by
stimulating not only B cells but monocytes,
thereby potentiating IL-1b and IL-6 production.
This work implicates monocytes as a potential
mediator of the adjuvanting effects of TLR7/8
agonists on naive B-cell responses and provides
tools to better understand human B-cell responses
towards highly mutable RNA viruses.

METHODS

Participants and ethics

Cells used in this study were from anonymous buffy coats
[Australian Red Cross Blood Service (ARCBS), West
Melbourne, VIC, Australia] or from heparinised venous
blood of healthy volunteers who provided informed
consent. The study was approved by the University of
Melbourne Human Ethical Committee (ID 1443389.3 and
1443540) and the ARCBS Ethics Committee (ID 2015#8).

Sample processing

PBMCs were isolated using Lymphoprep (STEMCELL
Technologies, Vancouver, Canada) and Leucosep tubes

(Greiner Bio-One, Kremsm!unster, Austria) according to the
manufacturer’s instructions and either used immediately or
cryopreserved. PBMCs were stained with CD19 BV421 (clone
HIB19; Biolegend, San Diego, CA, USA), CD27 APC (clone
O323; Biolegend), CD20 FITC (clone 2H7; BD, Franklin Lakes,
NJ, USA) and a dump channel mix containing CD3 PE-Cy7
(clone UCHT1; eBioscience, Waltham, MA, USA), CD10 PE-
Cy7 (clone HI10a; BD) and CD14 PE-Cy7 (clone M5E2; BD).
Naive B-cells, memory B-cells, non-B lymphocytes and
monocytes were sorted with a FACSAria III sorter (BD
Biosciences) with gating as shown in Figure 2a.

B-cell culture and stimulation

PBMCs and sorted B-cell subsets were stained with
InvitrogenTM CellTraceTM CFSE (Thermo Fisher, Waltham, MA,
USA) to track B-cell division. Briefly, cells were resuspended at
1 9 107 mL!1 in PBS containing 0.1% BSA and 1 µL mL!1

CFSE and incubated for 10 min at 37°C before washing twice
with RPMI containing 10% FCS. Sorted B-cell subsets were
mixed with unlabelled non-B lymphocytes, and also with
unlabelled monocytes where indicated. The number of each
cell type was calculated to yield mixtures containing 10% B
cells and, when present, 5% monocytes. Four different cell
mixtures were made for each donor, that is naive B-cells + T-
cells; naive B-cells + T-cells + monocytes; memory B-cells + T-
cells; and memory B-cells + T-cells + monocytes. PBMCs and
sorted cell mixtures from each donor were used at a
concentration of 2 9 106 cells mL!1 in complete media (RPMI
containing 9% FBS, 2 mM L-glutamine, 1 mM MEM sodium
pyruvate, 100 lM MEM non-essential amino acids, 5 mM

HEPES buffer, 55 lM 2-mercaptoethanol, 100 u mL!1

penicillin, 100 lg mL!1 streptomycin). A total of 1 9 106

PBMCs or 0.5 9 106 mixed sorted cells were distributed into
each of up to five wells of a 48-well plate. Unstimulated
control wells also contained recombinant human IL-2 at
10 U mL!1 (Roche Diagnostics GmbH, Mannheim, Germany).
Cells in all other wells were stimulated with recombinant
human IL-21 (eBioscience) at 50 ng mL!1, and recombinant
human soluble CD40 ligand/TRAP (sCD40L; Peprotech, Rocky
Hill, CT, USA) at 1 µg mL!1, and either CpG oligonucleotide
type B at 5 µg mL!1 (InvivoGen, San Diego, CA, USA) or
Resiquimod ! 98% HPLC (R848; Sigma Aldrich, Saint Louis,
MO, USA) at 1 µg mL!1, both with and without the F(ab’)2
component of goat anti-human IgG/A/M at 10 µg mL!1 (Cat#
109-006-064; Jackson ImmunoResearch,West Grove, PA, USA).

Post-activation analysis

Cells were harvested after 4 and 6 days of incubation at
37°C in 5% CO2. At each time point, 120 000 cells from the
wells containing PBMCs and 100 000 cells from the wells
containing sorted B-cell subsets were collected to perform a
dual-colour ELISPOT assay, and the remaining cells were
stained for flow cytometry analysis. Supernatants from each
well were also collected to perform CBA analysis.

Flow cytometry

To determine the phenotype of B-cells post-stimulation,
cells were stained with LIVE/DEADTM Fixable Aqua Dead Cell
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Stain Kit (Thermo Fisher, Waltham, MA, USA) and then with
anti-human IgM BV605 (clone MHM88; Biolegend), IgG
BV786 (clone G18-145; BD), CD27 APC (clone 323;
Biolegend), CD20 APC-H7 (clone 2H7; BD), CD38 PE (clone
HIT2; BD), CD19 PE-CF594 (clone HIB19; BD), CD71 PE-Cy7
(clone CY1G4; Biolegend), IgD BUV395 (clone IA6-2; BD)
and CD21 BUV737 (clone B-Iy4; BD). The dump channel mix
consisted of BV510-labelled anti-human CD3 (clone OKT3),
CD10 (clone HI10a), CD14 (clone M5E2) and CD16 (clone
3G8), all from Biolegend. Samples were stained according
to standard techniques and fixed briefly with 1%
formaldehyde before acquiring data on an LSRFortessa flow
cytometer (BD Biosciences). Data were analysed using
FlowJo v10.5.3 (Tree Star, Inc., Ashland, OR, USA).

Dual-colour ELISPOT analysis

Harvested cells were counted and transferred to 96-well
ELISPOT plates (Merck Millipore, Darmstadt, Germany) that
had been pre-coated with 10 µg mL!1 of unconjugated
goat anti-human IgA, IgG and IgM polyclonal antibodies
(Jackson ImmunoResearch). Cells were added at a range of
concentrations, that is 4 9 104, 2 9 104 and
1 9 104 cells 100 µL!1, in complete media and incubated
for 5 h at 37°C in 5% CO2. Cells were washed off before
incubating with a mix of alkaline phosphatase-conjugated
AffiniPure Anti-human IgG Fcc and horseradish peroxidase-
conjugated AffiniPure Anti-human IgM Fc5l, both at
1 µg mL!1, for 2 h at room temperature. AP (AP Conjugate
Substrate Kit; Bio-Rad, Hercules, CA, USA) and then
peroxidase substrate (BD ELISPOT AEC Substrate Set; BD)
were successively added and washed with water to reveal
red and then blue spots, respectively. Spots were counted
with an AID EliSpot/FluoroSpot Reader (Autoimmun
Diagnostika GmbH, Straßberg, Germany) using two colour
settings.

Cytometric bead array

Culture supernatants were assessed using a human CBA kit
(BD) to detect IL-1b, IL-6, IL-8, IL-10, IFN-a and TNF-a.

Statistical analysis

Significance was assessed using Wilcoxon signed-rank test
for non-parametric distributions, or paired t-test when
values were normally distributed. For multiple comparisons,
a Friedman test was used. Analysis was performed using
SPSS (IBM, Armonk, NY, USA) and Prism (GraphPad, San
Diego, CA, USA) software.
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Supplementary figure 1. Preliminary experiment comparing stimuli for
human B cell activation. PBMCs from a single donor were cultured with

IL-21 and sCD40L and either CpG or R848 alone, or both combined for 4

and 6 days before determining percentages of total cells that are B cells

and percentages of B cells that are plasmablasts, as described in Figure 1.
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Supplementary figure 2. Comparison of stimuli for human B cell
activation. (a) PBMCs were cultured with IL-21 and sCD40L combined
with either CpG or R848 alone, or also with anti-human Ig for 4 and 6
days before quantifying the number of B cells with plasmablast or
resting or activated B cell phenotypes, as described in Figure 1. Results
are shown for individual donors (symbols, n=5), and as medians (bars).
Asterisks indicate stimuli that had a significant effect on numbers
compared to the IL-2 control using Friedman test, * p<0.05 ** p<0.01. (b)
ASC ELISPOT images of B cells from total PBMC that have been
stimulated with sCD40L, IL-21 and either CpG or R848 for 4 and 6 days
then incubated on ELISPOT plates for 5h to detect cells secreting IgM
(red spots) and IgG (blue spots).
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Supplementary figure 3. CD71 expression increases after B cell
stimulation. (a) PBMCs and sorted naive and memory B cells from a
representative donor were cultured for 4 days with and without R848
before assessing B cell division versus CD71 expression. (b) Percentages
of B cells that are CD71+ are shown for individual donors (symbols, n=5),
and as means with standard deviations for all donors (bars) with
asterisks indicating significance using paired t-Test , ** p<0.01,
****p<0.0001.
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Supplementary figure 4. Naive and memory B cells are
discernible at early time points after activation. tSNE
plots show clustering of cells within the B cell gate based
on all markers assessed and light scatter. Results
represent concatenated data for naive and memory B
cells from all donors assessed 4 days after stimulation
with R848 with monocytes. Plots are overlaid with either
the pre-defined B cell analysis gates based on CD27 and
CD38 expression (top panels) or with B cell subset
(bottom panels). Note that gaps in the plasmablast region
reflect the location of memory B cells stimulated with
R848 in the absence of monocytes.
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Supplementary figure 5. BCR stimulation via anti-Ig increases division but reduces differentiation into
plasmablasts when naive B cells are stimulated via TLRs in the presence of monocytes. (a) Results are
shown for naive B cells from a representative donor, assessed 6 days after stimulation with R848 with
and without anti-Ig. Division is indicated by decreasing CFSE and increasing CD71 expression whereas
differentiation is indicated by increasing CD27 and CD38 expression, and by detection of ASC secreting
IgM (red spots) or IgG (blue spots) via ELISPOT. (b) CD27 and CD38 expression change with each division
after 6 days of CpG and R848 stimulation without and with anti-Ig for a representative donor. Proportions
of CD27+ and CD38+ B cells for each donor (n = 5) and condition are summarized as means and standard
deviations. Asterisks indicate significance using paired t-Test, * p<0.05
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Supplementary figure 6. Increased detection of
IL-1β, IL-6 and IL-10 when B cells are stimulated
with R848 in the presence of monocytes and
absence of T cells. (a-c) Concentrations of IL-1β,
IL-6, IL-8 and IL-10 in supernatants collected 4 days
after culture of naive B cells and on day 6 of naive
and memory B cells with stimuli as indicated, with
and without monocytes and T cells. (d)
Concentrations of TNF! in supernatants collected
6 days after culture of naive and memory B cells
with stimuli as indicated, with and without
monocytes and/or T cells. Results are shown for B
cells from each donor (symbols, n = 3 (a-c); n = 3
for cultures with B cells alone or B cells and
monocytes, n = 5 for cultures with B cells and T
cells, and n = 6 for cultures with B cells, monocytes
and T cells (d)) and as medians and interquartile
ranges for all donors. Asterisks indicate
significance using Friedman test, * P < 0.05.
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Supplementary figure 7.
Monocytes differentiate to
CD14+CD16+ cells after stimulation
with R848. (a) Monocyte analysis

gates and frequency of monocytes

before and 3, 4 and 6 days after

culture. Each donor is represented

in a different colour. (b) FACS

profiles of monocytes from a

representative donor at baseline

and at day 3 of stimulation with

R848 (top panel). Percentages of

monocytes in the analysis gates on

days 0 and 3 post-stimulation with

R848 (bottom left panel) and on

day 3 post-culture with IL-2 or R848

(bottom right panel) are shown for

individual donors (symbols, n = 3).

(c) Monocyte expression of CD14

and CD16 on day 0 and on day 3

post-culture with IL-2 or R848 (top

panel). Mean fluorescence intensity

(MFI) of CD14 and CD16 on

monocytes on days 0 and 3 post-

stimulation with R848 (bottom left
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panel) are shown for individual
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Supplementary figure 8. BAFF-R and TACI expression are modulated when B cells are stimulated via
TLRs leading to plasmablast formation with minimal effects of adding monocytes. (a) BAFF-R and TACI
expression by B cells within PBMCs from a representative donor that have been cultured for 6 days with
IL-2 (no stimulation) or with R848, sCD40L, and IL-21. (b) Results for four individuals are summarized as
median percentage change in expression of BAFF-R and TACI, calculated as percentage in R848
stimulated minus percentage without stimulation. (c) tSNE plots, presented as per Figure 1, have been
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CHAPTER 4 

Influenza virus infection history drives and shapes antibody responses 
to influenza vaccination 

 

Abstract	

Vaccine	effectiveness	against	influenza	A/H3N2	viruses	can	diminish	with	repeated	vaccination	

raising	concern	about	effects	of	existing	immunity.	Humans	are	repeatedly	infected	with	A/H3N2	

viruses,	 but	 because	many	 cases	 are	 subclinical,	 it	 is	 challenging	 to	 determine	 the	 impact	 on	

vaccine	outcomes.	To	address	this,	vaccine-naïve	Ha	Nam	cohort	participants	were	monitored	for	

9	 years	 then	 vaccinated	 to	 examine	 how	 A/H3N2	 virus	 infection	 history	 affects	 vaccine	

immunogenicity.	 Active	 monitoring	 for	 influenza	 illness	 or	 subclinical	 infection	 causing	

seroconversion	commenced	in	2007.	In	2016,	72	participants	who	had	A/H3N2	virus	infection	

and	28	who	lacked	infection	since	2007	received	vaccine	containing	A/Hong	Kong/4801/2014	

(H3N2).	 Hemagglutination	 inhibition	 assays	 were	 performed	 against	 forty	 A/H3N2	 viruses	

spanning	1968-2018.	Effects	of	prior	infection	were	determined	by	comparing	geometric-mean	

titres	and	titre	rises,	and	the	strain-coverage	of	antibodies	induced	-	using	generalised	additive	

models	to	fit	titre	landscapes	across	strains.	Participants	with	recent	A/H3N2	virus	infection	had	

higher	pre-vaccine	titres	against	strains	circulating	since	2002.	On	days	7,	14,	21	and	280	post-

vaccination,	titre	rises	against	vaccine-	and	subsequent-strains	were	greater	among	participants	

who	 had	 recent	 infection.	 Accordingly,	 A/H3N2	 viruses	 that	 circulated	 275-340	 days	 after	

vaccination	 caused	 illness	 in	 1.4%	 of	 participants	 who	 had	 recent	 infection	 versus	 14%	 of	

participants	 who	 lacked	 infection.	 The	 clade	 3c2a	 antigen	 in	 the	 vaccine	 induced	 antibodies	

against	clade	3c1-,	3c3a-,	3c2a1-,	and	3c2a1b-viruses	among	participants	who	had	prior	clade	

3c3a	virus	infection,	corresponding	with	conservation	of	various	epitopes	between	these	clades.	

However,	participants	with	prior	clade	3c1	virus	infection	produced	little	antibody	against	clade	

3c3a	viruses,	 suggesting	 that	prior	strain	 immunity	restricted	 the	epitope	range	of	antibodies	

induced.	 Despite	 some	 indication	 that	 existing	 immunity	 restricts	 antibody	 generation	 to	

epitopes	 shared	 with	 past	 strains,	 prior	 A/H3N2	 virus	 infection	 enhanced	 vaccine-induced	

antibody	production,	 indicating	that	memory	recall	was	an	important	determinant	of	whether	

new	vaccine	strains	induce	sufficient	antibody	for	protection.		
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4.1. Introduction 

Influenza	viruses	continuously	accumulate	mutations	in	the	major	surface	protein,	hemagglutinin	

(HA),	 as	 a	 consequence	 of	 viral	 RNA	 replication	 without	 proofreading	 (Taubenberger	 and	

Morens,	2008),	and	selection	of	human	antibody	escape	mutants.	This	process,	termed	antigenic	

drift,	 facilitates	 recurrent	 influenza	 epidemics,	 which	 represent	 a	 substantial	 public	 health	

burden.	 Vaccination	 is	 central	 to	 influenza	 control	 efforts,	 and	 vaccine	 strains	 are	 frequently	

updated	 to	 keep	 pace	with	 virus	 evolution.	Most	 neutralizing	 antibodies	 elicited	 by	 seasonal	

influenza	 vaccines	 react	 against	 epitopes	 on	 the	 globular	 head	 of	 HA	 (HA1	 subunit),	 which	

contains	the	receptor	binding	site	(RBS)	(Zost	et	al.,	2019).	These	include	antibodies	that	block	

virus	attachment	to	host	cells	via	the	RBS,	which	can	be	detected	via	hemagglutination	inhibition	

(HI)	assay.		Five	antigenic	sites,	designated	A	to	E,	have	been	identified	in	A/H3N2	viruses,	based	

on	amino	acid	substitutions	that	result	from	antibody	selection	(Gerhard	et	al.,	1981;	Skehel	et	

al.,	1984;	Wiley	et	al.,	1981).	It	is	further	proposed	that	major	antigenic	change	is	attributable	to	

seven	amino	acid	positions	concentrated	around	the	RBS	in	antigenic	sites	A	(position	145)	and	

B	(positions	155,	156,	158,	159,	189,	and	193)	(Koel	et	al.,	2013).	Gain	or	loss	of	glycosylation	

substitutions	at	other	positions	can	also	dramatically	alter	antibody	binding	and	antigenicity	(Das	

et	al.,	2011;	Linderman	et	al.,	2014;	Medina	et	al.,	2013).	Although	genetic	evolution	has	been	

continuous,	 antigenic	 change	 has	 been	 punctuated	 among	A/H3N2	 viruses,	 giving	 rise	 to	 the	

concept	 of	 antigenic	 clusters	 (Smith	 et	 al.,	 2004),	 and	 further	 indicating	 that	 limited	 genetic	

change	can	produce	substantial	antigenic	change.	However,	since	2013	multiple	A/H3N2	virus	

genetic	lineages/clades	have	co-circulated	(Hadfield	et	al.,	2018).		

Influenza	 vaccine	 strains	 are	 selected	 each	 season	 based	 on	 extensive	 antigenic	 and	

genetic	 characterization	 of	 circulating	 viruses	 as	well	 as	 on	 epidemiological	 data	 (Katz	 et	 al.,	

2011).	Despite	careful	vaccine	strain	selection,	vaccine	effectiveness	(VE)	has	been	particularly	

poor	against	A/H3N2	viruses	since	at	least	2010,	when	VE	estimation	by	subtype	became	more	

widely	implemented	(Belongia	et	al.,	2016).	Multiple	factors	may	contribute	to	this	phenomenon.	

First,	 influenza	 A/H3N2	 viruses	 have	 undergone	 more	 antigenic	 drift	 than	 A/H1N1	 viruses,	

potentially	resulting	in	greater	mismatch	between	vaccine	and	circulating	viruses	(Bedford	et	al.,	

2014).	Second,	influenza	vaccine	viruses	are	typically	grown	in	eggs,	and	recent	A/H3N2	vaccine	

strains	 have	 contained	 egg-adaptive	 mutations	 that	 have	 altered	 their	 immunogenicity	

(Skowronski	 et	 al.,	 2014b;	 Zost	 et	 al.,	 2017).	 Finally,	 VE	 against	 A/H3N2	 viruses	 may	 be	

particularly	susceptible	to	negative	interference	from	pre-existing	immune	responses	induced	by	

prior	vaccination.	The	potential	 for	repeated	vaccination	to	attenuate	vaccine	 immunogenicity	

and	effectiveness	was	first	noted	in	the	1970s	during	a	vaccine	trial	in	an	English	boarding	school	

that	 found	 lower	 attack	 rates	 among	 first-time	 compared	 to	 previously	 vaccinated	 students	

(Hoskins	et	al.,	1973).	A	subsequent	study	in	Texas	observed	poorer	serologic	responses	in	repeat	
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vaccinees	 in	 4/7	 seasons	 (Keitel	 et	 al.,	 1997),	 and	 a	 1999	 review	 found	 that	 roughly	 half	 of	

published	serological	studies	reported	poorer	post-vaccination	antibody	titers	among	vaccine-

experienced	compared	with	vaccine-naïve	individuals	(Beyer	et	al.,	1999).	In	2013,	a	household	

study	reported	VE	of	-45%	among	people	vaccinated	two	years	in	a	row	compared	with	people	

vaccinated	only	in	the	prior	season	(Ohmit	et	al.,	2013).	This	triggered	more	routine	reporting	of	

VE	by	prior	year’s	vaccination	status,	and	further	reports	of	lower	VE	among	multiply	vaccinated	

groups	(Ohmit	et	al.,	2014;	Skowronski	et	al.,	2016,	2017;	Sullivan	et	al.,	2017).		

The	 cellular	 and	 molecular	 mechanisms	 underlying	 the	 variable	 effects	 of	 prior-

vaccination	 and	 pre-existing	 immunity	 remain	 largely	 undefined.	 The	 antigenic	 distance	

hypothesis	 postulates	 that	 when	 successive	 vaccines	 are	 antigenically	 similar,	 existing	

antibodies	mask	or	clear	vaccine,	attenuating	responses	and	protection	if	the	epidemic	strain	

differs	(Smith	et	al.,	1999).	It	is	also	postulated	that	memory	B	cells	induced	by	prior	vaccination	

dominate	and	focus	responses	on	limited	epitopes	that	are	shared	between	prior	and	prevailing	

vaccine	 strains	which	 could	 either	 enhance	 VE,	 if	 epidemic	 strains	 retain	 those	 epitopes,	 or	

reduce	VE	if	not	(Cobey	and	Hensley,	2017).	The	aim	of	this	study	was	to	directly	examine	how	

prior	exposure	to	A/H3N2	viruses,	varying	in	antigenic	distance	from	the	vaccine	strain,	impacts	

vaccine	 immunogenicity.	We	postulated	that	 influenza-reactive	antibodies	and	B	cells	should	

have	similar	effects	on	vaccine	responses	whether	induced	by	prior	vaccination	or	infection.	To	

this	end,	participants	of	a	unique	influenza	vaccine-naïve	cohort	in	Viet	Nam	(Ha	Nam	cohort),	

who	had	documented	and	variable	occurrence	of	A/H3N2	virus	infection	since	December	2007,	

were	vaccinated	in	2016.	The	impact	of	infection	history	on	vaccine	outcomes	was	determined	

by	measuring	the	titre	and	strain-coverage	of	antibodies	induced	by	vaccination	and	the	capacity	

of	vaccine	to	prevent	ILI	due	to	A/H3N2	virus	infection	in	the	subsequent	season.		
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4.2. Materials and Methods 

Study	design	and	participants	

A	comprehensive	study	design	is	described	in	the	Appendix	(p	135).	Briefly,	this	study	was	part	

of	 an	 ongoing,	 prospective,	 population-based	 cohort	 study	 (Horby	 et	 al.,	 2012).	 In	 2007,	 270	

households	 comprising	 a	 population	 of	 1159	 individuals	 were	 enrolled	 (Figure	 4.1A).	

Participants	 have	 been	monitored	 for	 influenza	 infection	 by	 active	 influenza-like	 illness	 (ILI)	

surveillance	 and	 (bi)annual	 collection	 of	 blood	 samples	 for	 influenza	 virus	 serology	 at	 times	

spanning	transmission	peaks.	Infection	was	defined	as	having	RTPCR-confirmed	ILI	or	a	four-fold	

or	greater	antibody	titre	rise	(seroconversion)	against	a	circulating	strain.	In	2016,	we	selected	

all	28	participants	who	lacked	a	detectable	A/H3N2	virus	infection	since	2007,	then	selected	72	

from	the	group	with	at	least	one	A/H3N2	virus	infection	to	have	a	similar	sex	and	age	distribution	

(Appendix	p	136).		

Trivalent	inactivated	influenza	vaccine	(TIV;	Vaxigrip,	Sanofi	Pasteur)	was	administered	

to	the	100	selected	participants	in	November	2016	(Figure	4.1B).	The	virus	strains	included	in	

this	vaccine	were	A/Hong	Kong/4801/2014	(H3N2)-like,	A/California/7/2009	(H1N1)pdm09-

like,	and	B/Brisbane/60/2008-like.	Blood	samples	were	collected	before	and	4,	7,	14,	21,	and	280	

days	after	vaccination.	Blood	samples	were	also	collected	7	and	21	days	after	confirmed	post-

vaccination	influenza	illness.	

Study	 protocols	 were	 approved	 by	 ethics	 committees	 of	 the	 University	 of	 Melbourne	

(1646470),	 the	National	 Institute	 of	Hygiene	 and	Epidemiology	 in	Viet	Nam	 (IRB-VN01057	 –	

08/2016),	 and	 the	Oxford	Tropical	Medicine	Research	Unit	 (30-16).	All	participants	provided	

informed	consent,	conducted	in	Vietnamese.	

	
Procedures	

Sera	were	tested	in	hemagglutination	inhibition	(HI)	assay	against	40	A/H3N2	viruses	circulating	

from	 1968	 to	 2018	 (Figure	 4.1C).	 Hemagglutination	 inhibition	 (HI)	 assays	 were	 performed	

according	 to	 WHO	 Global	 Influenza	 Surveillance	 Network	 protocols	 (WHO	 |	 Manual	 for	 the	

laboratory	 diagnosis	 and	 virological	 surveillance	 of	 influenza)	with	minor	modifications,	 and	

additional	quality	control	measures	to	enable	comparison	of	titres	across	multiple	viruses	and	

time	 points	 (Appendix	 pp	 137-139).	 Following	 substantial	 comparison	 with	 turkey	

erythrocytes,	guinea	pig	erythrocytes	were	found	to	be	optimal	for	determining	HI	titres	against	

1968-2018	 viruses	 and	 were	 used	 for	 all	 assays	 (Appendix	 pp	 137-139).	 Viruses	 were	

propagated	in	MDCK,	MDCK-SIAT	cells	or	eggs	(Appendix	pp	137-141).	Viruses	were	sequenced	

to	detect	neuraminidase	(NA)	substitutions	associated	with	sialic	acid	binding	(i.e.	D151X	and	

T148X),	which	facilitate	NA-mediated	agglutination	and	hence	impede	detection	of	HI	antibodies	

(Lin	et	al.,	2017).	Multiple	viruses	contained	these	substitutions,	and	concomitantly	exhibited	NA-



 
 

117 

mediated	agglutination	(Appendix	pp	137-141).	These	were	largely	MDCK-propagated	viruses	

and	were	replaced	with	available	viruses	or	with	MDCK-SIAT	selected	plaqued	viruses	that	lacked	

NA	D151X	and	T148X	substitutions	 (Appendix	pp	140-141).	 Sera	were	 tested	over	 two-fold	

serial	 dilutions	 from	 1:10	 through	 1:10240.	 HI	 titres	 were	 read	 using	 an	 automated	 reader	

(CypherOne,	InDevR),	and	electronic	data	was	transferred	to	an	MS	ACCESS	database	and	linked	

with	participant	data	and	virus	information.	

HA	 and	NA	 genes	 of	 viruses	 used	 in	HI	 assays	 and/or	 from	 swabs	 of	Ha	Nam	 cohort	

participants	(isolates	or	clinical	specimens)	were	sequenced	via	Sanger	sequencing	and	aligned	

with	Multiple	Alignment	using	Fast	Fourier	Transform	(MAFFT)	in	MegAlign	Pro	13	(DNASTAR	

Lasergene	 13).	 Trees	 were	 edited	 in	 FigTree	 Version	 1.4.4	 (2006-2018,	 Andrew	 Rambaut,	

Institute	of	Evolutionary	Biology,	University	of	Edinburgh.	http://tree.bio.ed.ac.uk/).	

	
Outcomes	

The	primary	outcome	was	vaccine	immunogenicity,	comparing	participants	who	had	or	lacked	

recent	prior	A/H3N2	virus	infection.	This	included	comparison	of	geometric	mean	titres	(GMT),	

geometric	mean	ratios	(GMR),	percentages	seroconverting	or	seropositive,	and	strain-coverage	

of	 antibodies	 induced	 by	 vaccination,	 examined	 by	 fitting	 antibody	 titre	 landscapes	 across	

A/H3N2	viruses	 (Fonville	 et	 al.,	 2014).	Titres	were	determined	at	 a	 range	of	 time	points,	 but	

comparison	focused	on	day	14,	when	titre	peaks	were	detected,	and	on	day	280	when	titre	decay	

plateaus	 (Andraud	 et	 al.,	 2012)	 to	 examine	whether	 prior	 infection	 had	 sustained	 effects	 on	

vaccine-induced	titre	change.	

In	secondary	analysis,	we	compared	responses	from	participants	infected	pre-vaccination	

with	viruses	from	distinct	genetic	clades,	focusing	on	participants	infected	with	clade	3c.3a	versus	

3c1	viruses.		

ILI	events	post-vaccination	caused	by	an	A/H3N2	virus	were	also	evaluated.	

 
Statistical	analysis	

HI	titres	were	log2	transformed	and	reported	as	GMT	for	each	group.	GMR	were	calculated	as	the	

mean	 of	 differences	 in	 log2	 titres	 at	 each	 time	 point	 post-vaccination	minus	 pre-vaccination.	

Linear	models	were	used	to	determine	the	effects	of	prior	infection	on	antibody	titres	at	post-

vaccination	time	points	independent	of	the	effects	of	pre-vaccination	titres	(Appendix	pp	142-

144).	 For	 ease	 of	 interpretation	 adjusted	 GMT	 and	 GMR	were	 reported	 as	 back-transformed	

values.	Seroconversion	was	defined	as	a	titre	rise	of	at	least	4-fold,	and	a	HI	titre	of	40	or	more	

was	 defined	 as	 seropositive.	 Chi-squared	 test	 was	 used	 to	 compare	 proportions	 that	

seroconverted	at	the	peak	of	the	response,	proportions	that	still	maintained	a	4-fold	titre	rise	280	

days	after	vaccination,	and	proportions	of	who	became	infected	post-vaccination	accounting	for	
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infection	prior	to	vaccination.	Fisher’s	exact	test	was	used	where	any	expected	cell	value	was	less	

than	5.	

To	construct	and	compare	antibody	landscapes	generalized	additive	models	(GAMs)	and	

lowess	 models	 were	 used	 to	 fit	 log2	 titres	 against	 A/H3N2	 viruses	 organized	 antigenically	

(Fonville	et	al.,	2014).	We	used	the	GAM	function	from	the	R	package	mgcv	and	accounted	for	

repeated	 measurements	 on	 each	 individual	 through	 specification	 of	 a	 random	 effect	 (Wood,	

2011).	Plots	were	generated	with	ggplot2	(Team,	2018).	The	lowess	model	has	been	published	

online	(https://github.com/acorg/ablandscapes).	Antibody	landscapes	were	further	compared	

using	area	under	the	curve	analysis.	
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4.3. Results 

One	 hundred	 participants	 who	 had	 completed	 all	 serological	 and	 virological	 assessments	 to	

detect	 influenza	 virus	 infections	 since	 December	 2007	 were	 vaccinated	 in	 November	 2016	

(Figure	4.1).	They	included	28	who	lacked	and	72	who	had	A/H3N2	virus	infection,	hereafter	

referred	to	as	recent	 infection	(Table	4.1).	Age	and	sex	distributions	of	participants	with	and	

without	recent	infection	were	similar	(Figure	4.1D).	Proportions	with	A/H1N1	virus	infection	

since	2007	were	similar;	55%	(40/72)	and	50%	(14/28)	of	participants	with	and	without	recent	

A/H3N2	virus	infection,	respectively.	Of	the	72	participants	that	had	at	least	one	recent	A/H3N2	

virus	infection,	51	had	one	infection,	18	had	two	infections,	and	three	had	three	infections.	These	

infections	were	confirmed	by	RTPCR	 following	 ILI	 for	16	participants,	 and	by	seroconversion	

without	ILI	for	the	remaining	56	infected	participants.	The	year	of	each	participant’s	last	A/H3N2	

virus	 infection	ranged	 from	2008	to	2015	(Table	4.1).	Viruses	circulating	among	participants	

during	these	years	belonged	to	a	range	of	genetic	clusters,	characterized	by	distinct	amino	acid	

substitutions	within	antigenic	 sites	 (Figure	4.2A-C).	 	Viruses	were	A/Ha	Nam/EL134/08-like	

(HN08),	equivalent	to	A/Brisbane/10/07	(Br07),	during	2008	~	season	1;	A/Ha	Nam/EL201/09-

like,	 equivalent	 to	~	 A/Perth/16/09	 (Pe09,	 clade	 1)	 during	 2009-2011	~	 seasons	 2-4;	 A/Ha	

Nam/EL12116/12-like	(HN12),	equivalent	to	A/Victoria/361/11	(Vi11,	clade	3c1)	during	2012	

~	 season	 7;	 and	 A/Ha	 Nam/EL14443/14-like	 equivalent	 to	 A/Switzerland/9715293/13-like	

(Sw13,	clade	3c3a)	during	2014	~	season	9	(Figure	4.2A,	Table	4.1).	In	other	years,	intermediate	

strains	 or	 a	 mixture	 of	 clades	 circulated.	 Comparison	 of	 amino	 acids	 within	 antigenic	 sites	

revealed	that	five	to	seven	positions	within	sites	A	to	D	differed	between	HK14e	and	at	least	one	

of	 the	prior	 strains	 (Figure	4.2B).	The	percentage	of	 these	 antigenic	 site	positions	 that	were	

conserved	was	low	(did	not	exceed	50%)	in	sites	A	and	B	for	Sw13;	in	site	C	for	HN12;	and	in	sites	

B,	C	and	D	for	HN09/Pe09	and	HN08/Br07	(Figure	4.2C).		
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Figure 4.1. Schematic of the study design. (A) Participants of the Ha Nam cohort were actively monitored 
for ILI and provided blood samples (bi)annually, at times spanning peaks of influenza transmission. (B) 100 
participants were vaccinated in November 2016, and blood samples were collected at multiple time points. 
Active ILI surveillance continued so that vaccine failure could be detected; blood samples were then 
collected to assess responses to infection. (C) Sera were tested by hemagglutination inhibition (HI) assay 
against the listed A/H3N2 viruses which were grown in cells (black) and/or eggs (orange). A representative 
assay of sera for one participant against the vaccine antigen is shown. (D) Age and sex distribution of 
vaccinated participants comparing 28 who lacked recent A/H3N2 virus infection and 72 who had at least 
one A/H3N2 virus infection. The dotted line indicates the median age.  
 



 
 

 

Table	4.1.	Distribution	of	prior	A/H3N2	virus	infections	by	year	and	strain	
Season Year Circulating Strain a, equivalent vaccine strain b, (clade)c 

Infected once 
n 

Infected twice, 
n, first (last) 

Infected 3x, n, 
first (last) 

RTPCR+ 
ILI 

1   2008 A/Ha Nam/EL134/08-like ~ Br07 + I361R 2 d 5  2 e 
2 2009 A/Ha Nam/EL201/09-like ~ Pe09 + D225N (1) 10 d 8 (1) d 2 2 e 
4 2010 A/Ha Nam/EL444/10-like ~ Pe09 + K144N D53N K62E T212A I230V E280A  6 d 5 (2) d  2 e 
5    2011 No sequences available  2 d (2) d 1 0 
6    2012 No sequences available 2 d (1) d  0 
7 2012/13 A/Ha Nam/EL12112/12-like ~ Vi11 + D53N  T131K N145S A280E (3c1) 12 d (6) d (1) d 1 
8 2013 A/Ha Nam/EL13132/13-like ~ Sw13 + N124S S138A S159F D225N R326K  4 d (1) d  1 
  A/Ha Nam/EL13237/13-like ~ HK14 + S144N Y159F D225N     
9  2014 A/Ha Nam/EL14443/14-like ~ Sw13 (3c3a) 9 d (3) d  7 e 
10  2015 A/Ha Nam/EL15597/15-like ~ Sw13 + E62K F193S (3c3a) 2 d (2) d (1) d e 
  A/Ha Nam/EL15628/15-like ~ HK14 (3c2a)     
11 2015 No sequences available 2 d  (1) d 1 
Total  51 d 18 d 3 d  

a: Representative of viruses sequenced from swabs of RTPCR-confirmed ILI cases from the Ha Nam cohort. When more than one clade circulated the most common clade is 

listed first and the least common is listed last.  

b: Vaccine strains with the highest genetic homology to circulating strains are listed followed by any amino acid positions that differed 

c: Clade is only indicated for viruses that fall within previously defined clades as indicated on the phylogenetic tree of HA genes shown in figure 2a. 

d: Number of participants who were last infected during the indicated season. For columns showing numbers of participants who were infected more than once, the 

numbers whose last infection was in the indicated season are in shown in parentheses. For example, 11 participants were last infected in 2009 with as A/Ha 

Nam/EL201/09-like (Pe09) virus, including 10 who were infected once, and 1 who was infected twice and whose last infection was in 2009. 

e: One participant had RTPCR-confirmed A/H3N2 virus infection again in season 9 or 10 	
Figure 4.2. Comparison of HA genes of A/H3N2 viruses infecting Ha Nam cohort participants, vaccine strains and strains used for serology. (A) Phylogenetic tree of the HA 

genes of A/H3N2 viruses circulating between 1968 and 2018, and recovered from Ha Nam cohort ILI cases (coloured by season) and/or used in serology to determine 

antibody titre landscapes of participants sera (coloured in black if cell grown or red if egg grown). Viruses recovered from Ha Nam cohort participants who were vaccinated 

are indicated by the suffix Vax. Clades (cl.) and sub-clades are delineated using parentheses. (B) Amino acid positions within HA antigenic sites (A to E) of the HK14 vaccine 

strain that differed from at least one of the prior infecting strains are indicated on a model of globular head. (C) Amino acids used at each antigenic site positions that varied 

between prior strains and HK14 are tabulated. Colours used on the model and in the table refer to amino acid properties. Amino acid substitutions that result in a potential 

gain (+) or loss (-) of glycosylation are coloured in pink. Substitutions acquired due to propagation in eggs are indicated by an e in superscripts. The percentages of amino 

acids within each antigenic site that are identical with HK14 are shown for each virus above the table. Values in parentheses are percentages of identical or positive amino 

acid substitutions, if different. Viruses with 50% or less identity to HK14 in the indicated antigenic site are italicized and coloured in grey, and those with the least 

conservation are also underlined, whereas viruses showing the greatest conservation are underlined and bolded. 

 



 
 

 
	 	

Figure 4.2. Comparison of HA genes of A/H3N2 viruses infecting Ha Nam cohort participants, vaccine strains and strains used for serology. (legend on previous page) 
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A/H3N2	influenza	virus	transmission	was	first	detected	in	the	cohort	249	days	after	the	

vaccination	campaign.	Five	(5%)	of	vaccinees	developed	A/H3N2+	ILI	indicating	that	vaccine	had	

failed	to	provide	protection.	Seven	non-vaccinated	cohort	participants	also	developed	A/H3N2+	

ILI.	Confirmed	illnesses	were	detected	275-340	and	249-344	days	after	the	vaccination	campaign	

among	vaccinated	and	non-vaccinated	participants,	respectively,	indicating	that	vaccination	had	

little	apparent	effect	on	the	timing	of	the	A/H3N2	virus	epidemic.	However,	the	relatively	long	

interval	between	vaccination	and	the	A/H3N2	influenza	epidemic	could	have	increased	vaccine	

failure.	The	infecting	strains	belonged	to	clades	3c2a1,	3c2a2,	and	3c2a1b,	and	all	contained	the	

K160T	glycosylation-substitution	in	antigenic	site	B	that	is	known	to	confer	antigenic	difference	

between	the	egg-grown	HK14	vaccine	strain	and	cell-grown	circulating	equivalents	(Zost	et	al.,	

2017).	Vaccine	 failure	was	substantially	more	common	among	participants	who	 lacked	recent	

infection	(4/28,	14%)	compared	to	participants	who	had	recent	A/H3N2	virus	infection	(1/72,	

1.4%;	 odds	 ratio	 0.084,	 95%	CI	 0.009	 –	 0.793,	 p	 =	 0.021).	 The	 effect	 of	 recent	 infection	was	

subtype	 specific	 since	 A/H3N2+	 ILI	 was	 detected	 among	 similar	 proportions	 of	 vaccinated	

participants	with	recent	A/H1N1	virus	infection	(3/54,	5.6%)	or	without	recent	A/H1N1	virus	

infection	(2/37,	5.4%).	These	results	suggest	that	vaccinated	adults	who	lacked	recent	infection	

with	an	A(H3N2)	subtype	virus	were	relatively	unprotected	against	A(H3N2)	illness.	

Antibody	titre	rise	against	HK14	was	detected	in	31%	participants	by	day	4	but	reached	

4-fold	in	only	4%,	whereas,	by	day	7,	87%	had	a	titre	rise	and	it	reached	at	least	4-fold	for	62%	

of	participants	(Figure	4.3A),	suggesting	that	recalled	memory	B	cells	contributed	substantially	

to	the	antibody	response.	Titres	rose	around	2-fold	again	between	days	7	and	14	when	GMT	was	

highest	(Figure	4.3A)	and	the	GMR	reached	9.6.	Although	titres	declined	between	days	14	and	

280,	they	remained	higher	than	at	baseline	with	a	GMR	of	3.5	(Figure	4.3A),	and	were	at	least	4-

fold	higher	than	at	baseline	for	54%	of	participants,	indicating	that	vaccination	induced	sustained	

antibody	production.	

Participants	who	had	recent	 infection	were	more	often	seropositive	(HI	≥	40)	prior	 to	

vaccination,	and	the	proportion	who	seroconverted	(4-fold	or	greater	titre	rise)	against	HK14	and	

subsequent	 strains	was	higher	 than	 for	participants	who	 lacked	 recent	 infection	 (Table	4.2).	

Accordingly,	 the	 proportion	 seropositive	 remained	 higher	 among	 participants	 with	 recent	

infection	after	vaccination,	with	100%	seropositive	against	HK14	on	day	14.	Notably,	a	majority	

of	 participants	 who	 had	 recent	 infection	 seroconverted	 and	 became	 seropositive	 against	

A/Kansas/14/2017	(Ka17),	a	clade	3c3a	strain,	compared	to	less	than	half	of	participants	who	

lacked	recent	infection.	Similarly,	seroconversion	against	A/Brisbane/60/2018	(Br18),	a	clade	

3c2a1b	 strain	 detected	 in	 ILI	 cases,	 was	 more	 common	 among	 vaccinees	 who	 had	 recent	

infection.	Fifty-eight	(83%)	of	70	participants	who	had	recent	infection	remained	seropositive	

against	 Br18	 280	 days	 after	 vaccination	 compared	 to	 15/27	 56%	of	 participants	who	 lacked	
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recent	infection.	In	contrast,	recent	A/H3N2	virus	infection	had	no	clear	effect	on	the	proportion	

of	 participants	 seropositive	 against	 A/H1N1pdm09	 (Table	 4.2).	 This	 indicates	 that	 subtype-

specific	memory	B	cells	are	likely	to	underlie	the	capacity	of	recent	infection	to	enhance	vaccine-

induced	 A/H3N2-reactive	 antibody	 production	 and	 protection,	 rather	 than	 subtype	 cross-

reactive	B	or	T	cells.	

To	further	examine	the	strain-coverage	of	antibodies	detected	pre-	and	post-vaccination,	

antibody	landscapes	were	constructed	by	fitting	tires	against	40	strains	circulating	between	1968	

(46	years	before	the	vaccine	strain)	and	2018	(4	years	after	the	vaccine	strain)	(Figure	4.3B-D).	

As	reported	previously	(Fonville	et	al.,	2014),	pre-vaccine	antibody	titres	tended	to	be	highest	

against	strains	encountered	early	in	life	(Figure	4.3B,	Appendix	pp	145-146),	consistent	with	

the	original	antigenic	sin	and	imprinting	hypotheses	(Davenport	et	al.,	1953;	Francis,	1960;	Gostic	

et	al.,	2016),	which	postulate	that	recalled	immune	responses	induced	against	early	life	strains	

Figure 4.3. Evolution of A/H3N2 virus-reactive antibody titre and strain coverage following influenza 
vaccination. (A) HI titres against HK14, the vaccine H3N2 antigen, for the 100 vaccinated individuals at 
baseline and at days 4, 7, 14, 21 and 280 post-vaccination. Log2 titres are shown on a back-transformed 
scale, and bars and error bars show geometric means and confidence intervals. (B) Pre-vaccine titres of 
vaccinees, grouped by year of birth (YoB), against strains spanning 1968 to 2018. Lines represent titre 
landscapes across strains estimated using GAMs. Dashed horizontal lines represent the earliest strain that 
participants in each age group could have been exposed to. (C) Titre landscapes at baseline (grey-shaded 
area) and at a range of time points post-vaccination (coloured lines) for all vaccinees, fitted, as in B. 
Shading indicates the 95% CIs for the model, and dots show individual participant titres against each 
antigen. (D) GAM fit of log2 antibody titre increments across strains at various time points post-vaccination 
compared to baseline. Dashed horizontal lines indicate thresholds for seropositivity (B, C) and 
seroconversion (D). Dashed vertical lines in B-D indicate the position of the vaccine antigen. 
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dominate	subsequent	responses	to	later	strains.	However,	for	participants	born	prior	to	1970,	

titres	were	equally	high	against	the	1968	strain	and	strains	circulating	during	the	early	2000’s,	

perhaps	 indicating	 that	 strains	 differed	 enough	 by	 this	 time	 to	 escape	 effects	 of	 early	 life	

immunity.	Vaccination	 induced	antibodies	 against	 a	 temporally	wide	array	of	past	 and	 future	

strains	besides	HK14	(Figure	4.3C,	D).	In	younger	participants	it	was	evident	that	titre	rise	was	

largely	limited	to	post-birth	strains	(Appendix	pp	145-146;	155-161).	Titre	rise	across	strains	

was	 substantial	 by	 day	 7,	 peaked	 on	 day	 14,	 dropped	 marginally	 by	 day	 21,	 and	 was	 still	

substantial	by	day	280	(Figure	4.3C,	D,	Appendix	pp	147-148).	Titre	rise	was	greatest	against	

HK14	and	proximal	strains	and	diminished	as	virus	genetic	and	antigenic	distance	from	HK14	

increased	 (Figure	 4.3C,	 D),	 presumably	 reflecting	 the	 degree	 to	 which	 antigenic	 sites	 were	

shared	with	 the	 vaccine	 strain.	Although	vaccination	 induced	 robust	 titre	 rises	 against	HK14,	

average	post-vaccination	titres	remained	higher	against	earlier	clade	3c1	strains	(Vic11/Tx12)	

at	the	peak	of	the	response	on	day	14	and	at	day	280	post-vaccination	(Figure	4.3C,	Appendix	p	

148).	Clade	3c1	viruses	and	HK14	are	relatively	conserved	across	antigenic	sites	(Figure	4.2C),	

thus,	we	postulate	that	clade	3c1	epitope-reactive	memory	B	cells	may	contribute	substantially	

to	responses	induced	by	the	clade	3c2a	vaccine.		

	 Pre-vaccine	 titres	 against	 strains	 circulating	 since	 2007	were	 distinctly	 higher	 among	

participants	 who	 had	 been	 infected	 since	 2007	 (Figure	 4.4A),	 whereas	 participant	 age	 had	

minimal	 apparent	 effect	on	 these	 titres	 (Figure	4.3B,	Appendix	pp	145-146).	Differences	 in	

titres	against	these	recent	strains	persisted	after	vaccination	(Figure	4.4B)	because	titre	rises	

against	the	vaccine	and	subsequently	circulating	strains,	but	not	past	strains,	were	consistently	

higher	 among	 participants	 who	 had	 recent	 infection	 (Figure	 4.4C,	 D).	 Consequently,	 titres	

against	vaccine	and	subsequently	circulating	strains	differed	more	by	recent	infection	status	on	

day	280	after	vaccination	 than	prior	 to	vaccination	 (Figure	4.4E).	These	 results	 indicate	 that	

recent	infection	enhances	vaccine-induced	antibody	production	against	vaccine	and	subsequent	

A/H3N2	 strains.	 The	 boosting	 effect	 of	 recent	 infection	 was	 consistent	 across	 age	 groups	

(Appendix	 pp	 145-146),	 inclusive	 of	 the	 oldest	 participants	 born	 in	 the	 1930’s	 and	 40’s	

(Appendix	p	167).	Individual	participants	who	had	been	infected	with	strains	most	similar	to	

the	vaccine	virus	had	some	of	the	largest	titre	rises	post-vaccination	(Appendix	p	159	top	panel,	

p	 164	 bottom	 panel),	 and	 titre	 rise	was	 readily	 detected	 among	 participants	who	 had	 pre-

vaccine	 titres	 of	 40	 and	 higher	 (Appendix	 pp	 156,	 158-161,	 164,	 167-169),	 although	 the	

magnitude	of	titre	rise	declined	as	pre-vaccine	titre	increased	(Appendix	p	142).	Notably,	by	day	

280,	when	virus	transmission	had	started,	GMTs	against	circulating	strains	were	approximately	

40	 among	 participants	who	 had	 recent	 infection	 but	were	 lower	 in	 those	who	 lacked	 recent	

infection	(Figure	4.4E).	We	have	shown	previously	that	titres	of	this	magnitude	were	associated	

with	50%	protection	in	this	cohort	(Hoa	et	al.,	2020).	
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To	investigate	whether	the	strain	coverage	of	antibodies	induced	by	vaccination	can	be	

influenced	by	the	antigenic	characteristics	of	the	virus	that	last	caused	infection,	responses	were	

compared	 by	 fitting	 titres	 and	 titre	 increments	 to	 a	 more	 highly	 resolved	 two-dimensional	

antigenic	map	of	viruses	circulating	since	2007,	using	contours	to	represent	fitted	titres	(Figure	

4.5).	Participants	who	had	been	infected	with	clade	1	or	3c1	viruses	were	grouped	and	compared	

with	 participants	who	 had	 a	 clade	 3c3a	 virus	 infection	 (Table	 4.1)	 because	 clade	 1	 and	 3c1	

viruses	 are	 relatively	 similar	 to	 each	 other	 and	 to	 the	 clade	 3c2a	 vaccine	 strain	 within	

immunodominant	antigenic	sites	A	and	B,	but	distinct	 from	clade	3c3a	viruses	 (Figure	4.2C).	

Accordingly,	antigenic	distances	between	HN12/Vi11	and	HN09/Pe09,	as	well	as	between	these	

viruses	and	HK14,	were	less	than	with	3c3a	viruses	(Figure	4.5).	As	before,	it	was	apparent	that	

Figure 4.4. Recent A/H3N2 virus infection enhances the titre and strain coverage of A/H3N2-reactive 
antibodies induced by vaccination. (A) Pre-vaccine titres against strains spanning 1968 to 2018 of 
participants who had A/H3N2 virus infection since 2007 (green) or who lacked infection since 2007 (blue). 
Lines represent titre landscapes across strains estimated using GAMs, shaded areas indicate 95% 
confidence intervals, and dots show individual participant titres against each antigen.  (B) Day 7 post-
vaccine titres across strains were modelled as in A. Lines depict estimated landscapes on day 7 and shaded 
areas depict baseline landscapes as in A. (C) GAM fit of log2 titre increments from baseline to day 7 post-
vaccination across all strains comparing groups with (green) and without (blue) recent infection. (D) GAM 
fit of log2 antibody titre increments across recent strains at various post-vaccination time points compared 
to baseline. (E) GAM fit of log2 titres against recent strains at baseline (shaded areas) and on day 280 post-
vaccination (lines with 95% CI) for both groups against A/H3N2 viruses circulating since 2002.  
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recent	 infection	 enhanced	 the	 titre	 and	 strain	 coverage	 of	 antibodies	 induced	 by	 vaccination	

(Figure	4.5D-I).	Moreover,	the	strain	coverage	of	antibodies	induced	differed	with	prior	infecting	

clade.	Post-vaccination	titres	were	concentrated	on	older	strains	on	the	map	among	participants	

who	were	 last	 infected	with	a	clade	1/3c1	viruses	(Figure	4.5E),	and	on	more	recent	strains,	

including	post-2014	strains	and	clade	3c3a	strains,	among	participants	who	were	last	infected	

with	clade	3c3a	viruses	(Figure	4.5F).	Differences	in	post-vaccine	landscapes	were	somewhat	

reflective	of	differences	in	pre-vaccine	landscapes	(Figure	4.5A-C),	but	also	of	differences	in	titre-

rise	landscapes	(Figure	4.5G-I).	Titre	rise	induced	by	the	HK14	vaccine	extended	more	towards	

clade	3c1/1	viruses	among	participants	who	had	prior	 infection	with	these	viruses,	and	more	

towards	the	clade	3c3a	Ka17	virus	among	participants	who	had	a	prior	clade	3c3a	virus	infection.	

Consistent	trends	were	observed	when	comparing	proportions	who	were	seropositive	or	who	

Figure 4.5. The strain coverage of antibodies induced by vaccination is influenced by the A/H3N2 virus 
clade that caused prior infection. Contours represent fitted log2 titres or titre rises against A/H3N2 viruses 
that have been positioned on two-dimensional map of virus antigenic distances. The antigenic map was 
constructed from HI titres of 13 ferret antisera against each virus shown, using antigenic cartography 
software to fit HI titre/antigenic differences on a two-dimensional scale. At least one anti-sera was used 
per virus clade with each dot representing a virus on the map, coloured by clade. Viruses against which 
participant sera were titrated are indicated by solid circles, otherwise viruses are shown as open circles. 
Lowess models were used to fit titre and titre rises landscapes to the 2D virus antigenic map. Results are 
presented for vaccinees who had no recent A/H3N2 infection (left, n=28), or who had infection with a clade 
1 or 3c1 virus (middle, n=38) or with a clade 3c3a virus in season 9 (right, n=12). 
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seroconverted	against	recently	circulating	clades	(Table	4.3).	Most	participants	who	had	prior	

infection,	whether	with	a	clade	3c1	or	3c3a	virus,	were	seropositive	against	viruses	from	multiple	

recent	clades	at	day	14,	however	proportions	dropped	substantially	by	day	280	among	those	who	

had	prior	clade	3c1	virus	infection.	Titre	and	titre	rise	landscapes	for	the	subset	of	participants	

infected	with	a	clade	3c1	virus	were	similar	to	those	of	participants	infected	with	either	a	clade	1	

or	3c1	virus	(Appendix	p	149).	Effects	of	the	prior	infecting	virus	clade	on	the	strain-coverage	

of	antibodies	induced	were	apparent	by	day	7	and	persisted	until	day	280	(Appendix	p	150).	

These	 findings	 suggest	 that	vaccine	 responses	may	be	dominated	by	memory	B	 cells	 reactive	

against	sites	that	are	most	conserved	between	the	prior	strain	and	the	vaccine	strain,	such	that	

the	strain	coverage	of	antibodies	induced	depends	upon	how	conserved	those	particular	site(s)	

are	across	strains.	Amino	acid	differences	at	positions	138,	142,	144,	128	and	159	in	sites	A	and	

B	of	clade	3c3a	versus	clade	3c2a	viruses	(Figure	4.2B,	C)	may	mean	that	site	A	and	B	reactive	

memory	B	cells	induced	by	a	clade	3c3a	virus	infection	are	poorly	recalled.	In	turn,	B	cells	against	

sub-dominant	sites	C	and	D	may	be	more	effectively	boosted.	Notably,	site	C-directed	antibodies	

should	cross-react	with	subsequently	circulating	strains,	which	differed	by	at	most	one	amino	

acid	in	site	C	from	the	vaccine	strain	(Appendix	p	151).	Alternately,	site	A	and	B	reactive	memory	

B	 cells	 induced	 by	 clade1/3c1	 virus	 infections	 may	 be	 recalled	 by	 the	 clade	 3c2a	 vaccine,	

however,	antibodies	induced	against	site	B	may	bind	poorly	to	the	cell-grown	vaccine	strain	due	

to	the	K160T	substitution and	resulting	N158	glycosylation	(Zost	et	al.,	2017).	Similarly,	most	

subsequently	circulating	strains	had	a	K160T	substitution,	and	also	had	2	or	3	substitutions	at	

positions	131,	135,	142	or	144	in	site	A	(Appendix	p	151).	Titres	against	egg-grown	HK14	were	

around	 two-fold	 higher	 than	 against	 a	 cell-grown	 equivalent	 (Mi14)	 prior	 to	 vaccination	

regardless	 of	 recent	 prior	 A/H3N2	 virus	 infection	 status	 (Appendix	 p	 152).	 However,	 post-

vaccination,	the	titre	difference	between	egg	and	cell	viruses	increased	among	participants	whose	

prior	infection	was	with	a	clade	1/3c1	virus	but	not	with	a	clade	3c3a	virus	(Appendix	p	152),	

supporting	 the	 suggestion	 that	 vaccine	 responses	 were	 more	 focused	 on	 site	 B	 among	

participants	who	had	been	infected	with	a	clade	1/3c1	virus.	These	results	indicate	that	influenza	

A/H3N2	virus	 infection	history,	and	presumably	memory	B	cell	recall,	determine	the	A/H3N2	

strain-coverage	of	antibodies	induced	by	a	new	vaccine	strain.	 	



 
 

 

Table	4.2.	Proportions	of	participants	with	and	without	recent	A/H3N2	virus	infection	who	were	seropositive	or	seroconverted	against	
vaccine	and	subsequently	circulating	strains	

   Seropositive (HI ≥ 40) Seroconvert 

Prior 

H3N2 

Test 

antigen clade 

Pre d7 d14 d21 d280 d14 d280 

n (%) p n (%) p n (%) p n (%) p n (%) p n (%) p n (%) p 

No a HK14e 3c2a 8 (29) .000* 25 (89) .065 26 (93) .076 23 (82) .006* 21 (78) .026* 18 (64) .039* 12(43) .163 

Yes b  51 (71)  71 (99)  72 (100)  71 (99)  66 (94)  60 (83)  42(58)  

No Mi14 3c2a 1 (4) .001* 16 (57) .000* 20 (71) .000* 19 (68) .000* 17 (63) .081* 20 (71) .064 12(43) .521 

Yes  25 (35)  64 (89)  71 (99)  69 (96)  56 (80)  64 (89)  36(50)  

No NC16 3c2a1 3 (11) .002* 17 (61) .001* 21 (75) .000* 19 (68) .000* 15 (56) .005* 17 (61) .117 11(39) .554 

Yes  31 (43)  65 (90)  72 (100)  69 (96)  58 (83)  55 (76)  33(46)  

No Br18 3c2a1b 5 (18) .012* 20 (71) .003* 25 (89) .065 25 (89) .683 15 (56) .005* 13 (46) .045* 7(25) .583 

Yes  32 (45)  68 (94)  71 (99)  67 (93)  58 (83)  49 (68)  22(31)  

No Ka17 3c3a 0 (0) .017* 9 (32) .007* 11 (39) .000* 9 (32) .000* 3 (11) .003* 12 (43) .004* 3(11) .020 

Yes   13 (18)  44 (62)  58 (82)  53 (76)  30 (43)  52 (73)  24(34)  

No Sw17 3c2a2 0 (0) - 1 (4) .035* 4 (14) .057 2 (7) .019* 1 (4) .170 6 (21) .197 2(7) .723 

Yes  1 (1)  16 (22)  24 (33)  21 (29)  11 (16)  25 (35)  9(13)  

No H1N1pdm09 5 (18) .856     23 (82) .488   23 (82) .618   

Yes  14 (19)      63 (87)    62 (86)    

a: No prior infection, n=28 except for day 280 when n=27 

b: Prior infection, n=72 except for day 280 when n=70 

p = χ2 test or Fishers Exact test when expected cell value(s) were less than 5 



 
 

 

	Table	 4.3.	 Proportions	 of	 participants	 who	 were	 seropositive	 or	 seroconverted	 against	 vaccine	 and	 subsequently	 circulating	 strains	
comparing	those	last	infected	with	clade	3c1	versus	clade	3c3a	viruses	

   Seropositive (HI ≥ 40) Seroconvert 

Prior 

clade 

Test 

antigen clade 

Pre d7 d14 d21 d280 d14 d280 

n (%) p n (%) p n (%) p n (%) p n (%) p n (%) p n (%) p 

3c1 a HK14e 3c2a 11 (58) .062 19 (100) 1 19 (100) 1 19 (100) 1 16 (89) .157 17 (89) .405 11(58) .413 

3c3a b  16 (89)  18 (100)  18 (100)  18 (100)  17 (100)  14 (78)  8(44)  

3c1 Mi14 3c2a 4 (21) .005* 15 (79) .105 19 (100) 1 17 (89) .486 11 (61) .004* 17 (89) .660 8(42) .362 

3c3a  12 (67)  18 (100)  18 (100)  18 (100)  17 (100)  15 (83)  5(28)  

3c1 NC16 3c2a1 7 (37) .070 17 (89) .486 19 (100) 1 18 (95) 1 13 (72) .086 13 (68) .800 8(42) .582 

3c3a  12 (67)  18 (100)  18 (100)  18 (100)  16 (94)  13 (72)  6(33)  

3c1 Br18 3c2a1b 8 (44) .091 17 (89) .157 18 (95) 1 17 (89) .486 13 (72) .086 12 (63) 1 4(21) .476 

3c3a  13 (72)  18 (100)  18 (100)  18 (100)  16 (94)  12 (67)  6(33)  

3c1 Ka17 3c3a 1 (5.3) .042* 7 (37) .001* 13 (68) .090 12 (63) .269 4 (22) .011* 13 (68) .714 3(16) .057 

3c3a  6 (33)  16 (89)  17 (94)  15 (83)  11 (65)  14 (78)  8(44)  

3c1 Sw17 3c2a2 1 (5.3) 1 4 (21) 1 7 (37) .331 5 (26) 1 1 (5.5) .512 7 (37) .269 1(5) 1 

3c3a  0 (0)  3 (17)  4 (22)  4 (22)  2 (12)  3 (17)  1(6)  

a: prior clade 3c1 ~ season 7, n=19 except for day 280 when n=18 

b: prior clade 3c3a ~ season 9 plus seasons 8 and 10 if sequencing or serology were consistent with a clade 3c3a virus infection, n=18 except for day 280 when n=17 
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The	five	vaccinees	who	had	A/H3N2+	 ILI	post-vaccination,	meaning	that	vaccine	failed,	

had	poor	antibody	responses	to	vaccination	compared	to	participants	who	did	not	have	A/H3N2+	

ILI	(Figure	4.6A-D).	They	had	markedly	lower	titre	increases	by	day	7,	and	little	further	increase	

by	day	21,	(Figure	4.6G-J,	Appendix	p	153).	Antibody	titres	increased	between	days	7	and	21	

post-infection	in	these	same	participants,	and	were	higher	than	titres	detected	at	the	same	time	

points	post-vaccination	(Figure	4.6C-L).	Antibody	titres	detected	7	and	21	days	after	infection	of	

three	unvaccinated	participants	were	equivalent	to	titres	detected	after	infection	of	vaccinated	

participants	(Appendix	p	154)	suggesting	that	infection	responses	were	not	boosted	by	prior	

vaccination,	and	that	infection	induced	a	more	potent	response	than	vaccination.	

Figure 4.6. Antibody titre landscapes associated with vaccine failure, and comparison of post-vaccination 
and post-infection landscapes. Log2 titres across strains of vaccinees who remained protected (n=95, A-B) 
or who developed A/H3N2+ ILI (n=5, C-F) post-vaccination were modelled using GAMS to generate pre- 
(grey shading) and post-vaccination (A-D) or post-infection (E-F) landscapes (coloured shading). Landscapes 
on days 7 and 21 post-vaccination or post-infection are shown in comparison to pre-vaccination landscapes 
(A-F) or as Log2 titre increments from baseline (G-L). Dashed lines above and below the shaded areas 
represent 95% CIs, and dots show individual participant titres against each antigen. Dashed horizontal lines 
indicate thresholds for seropositivity or and seroconversion. Dashed vertical lines indicate the position of 
the vaccine antigen. 
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4.4. Discussion 

In	this	study,	100	participants	who	had	undergone	active	investigation	to	detect	influenza	virus	

infections	since	2007	were	vaccinated	for	the	first	time	in	2016	with	inactivated	influenza	vaccine	

containing	a	new	A/H3N2	strain.	Detailed	analysis	of	the	kinetics	and	breadth	of	the	A/H3N2-

reactive	antibody	response	demonstrated	that	much	of	the	antibody	was	induced	between	day	4	

and	day	7	after	vaccination,	and	was	cross-reactive	with	past	strains,	which	together	indicate	that	

recalled	 memory	 B	 cells	 mediated	 much	 of	 the	 response.	 Antibodies	 produced	 rapidly	 after	

infection	 may	 help	 to	 limit	 virus	 replication	 and	 symptoms	 (Wrammert	 et	 al.,	 2008),	 hence	

antibody	kinetic	could	be	an	additional	correlate	of	protection,	particularly	when	considering	the	

consequences	of	antibody	decay	and	the	timing	of	vaccination	versus	virus	transmission.	Studies	

of	repeated	vaccination	indicate	that	pre-existing	immune	responses	may	interfere	with	vaccine	

immunogenicity.	 Therefore,	 the	 main	 aim	 of	 this	 study	 was	 to	 determine	 the	 effect	 of	 prior	

A/H3N2	virus	infection	on	vaccine	immunogenicity.	Participants	with	an	A/H3N2	virus	infection	

during	 the	 9	 years	 prior	 to	 vaccination	 had	 higher	 antibody	 titres	 and	 faster	 and	 better-

maintained	 antibody	 rises	 against	 the	 vaccine	 virus	 and	 future	 circulating	 viruses.	Moreover,	

vaccine	 failure	 to	 protect	 against	 A/H3N2+	 ILI	 predominated	 among	 participants	who	 lacked	

prior	infection	indicating	that	both	vaccine	immunogenicity	and	effectiveness	are	enhanced	by	

infection	prior	to	vaccination.	Participants	infected	with	strains	very	similar	to	the	vaccine	virus	

had	some	of	the	largest	titre	rises	post-vaccination,	and	titre	rise	was	detected	regardless	of	pre-

existing	titre	indicating	that	the	vaccine	could	stimulate	memory	B	cells	and	boost	antibody	in	the	

presence	of	pre-existing	antibodies.	These	findings	contrast	with	reports	of	negative	effects	of	

prior	or	repeated	vaccination	(McLean	et	al.,	2014;	Ohmit	et	al.,	2013;	Thompson	et	al.,	2016),	

suggesting	that	the	type	of	prior	exposure	is	highly	relevant.	Results	of	the	current	study	are	also	

consistent	with	 the	 hypothesis	 that	 recalled	memory	 B	 cells	 that	 recognize	 epitopes	 that	 are	

shared	with	the	vaccine	strain	competitively	dominate	responses	and	boost	titres,	but	may	focus	

the	B	cell	and	antibody	response	on	these	shared	epitopes	(Cobey	and	Hensley,	2017;	Smith	et	al.,	

1999).	 This	 could	 either	 enhance	 or	 compromise	 protection	 depending	 upon	 whether	 these	

epitopes	 undergo	mutation	 in	 subsequent	 strains	 (Cobey	 and	Hensley,	 2017).	 Notably,	 when	

vaccine	 failed,	 infection	 induced	higher	antibody	 titres	against	a	greater	 range	of	 strains	 than	

induced	 by	 vaccination,	 indicating	 that	 infection	 may	 have	 greater	 potential	 to	 expand	 the	

antibody	repertoire	than	vaccination.	In	turn,	we	may	anticipate	that	as	the	epitope	range	of	the	

memory	B	cell	pool	increases,	the	potential	to	recognize	epitopes	in	a	new	vaccine	strain	will	also	

increase,	providing	a	mechanism	for	the	differential	effects	of	prior	infection	and	vaccination.		

The	results	of	the	current	study,	together	with	studies	elsewhere	documenting	antibody	

focusing	(Li	et	al.,	2013;	Linderman	et	al.,	2014),	indicate	a	paradox	whereby	memory	B	cell	recall	

is	pivotal	for	inactivated	influenza	vaccine	to	elicit	sufficient	antibody	for	protection,	but	may	also	
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be	 problematic	 in	 terms	 of	 the	 capacity	 for	 vaccination	 to	 update	 immunity	 by	 generating	

memory	B	cells	and	antibodies	against	epitopes	that	have	mutated	in	a	new	vaccine	strain.	Several	

studies	 document	 antibody	 focusing	 upon	 exposure	 to	 a	 new	 A/H1N1	 virus,	 indicating	 that	

memory	B	cells	may	competitively	dominate	responses	(Li	et	al.,	2013;	Linderman	et	al.,	2014).	A	

degree	of	antibody	focusing	was	indicated	in	the	current	study	by	the	effect	of	the	prior	infecting	

virus	clade	on	the	strain	coverage	of	antibodies	induced	by	vaccination.	Antibodies	induced	by	

the	vaccine	among	participants	with	prior	clade	3c3a	virus	infection	had	broader	cross-reactivity	

against	 clade	 3c2a1	 and	 3c3a	 future	 circulating	 viruses	 compared	 to	 participants	 previously	

infected	with	clade	1/3c1	viruses.	To	generate	antibodies	and	memory	B	cells	against	variant	

epitopes,	 influenza	 vaccines	 must	 either	 induce	 memory	 B	 cells	 to	 undergo	 further	 affinity	

maturation	(Wrammert	et	al.,	2008)	or	induce	naïve	B	cell	differentiation.	Memory	B	cells	have	

undergone	affinity	maturation	and	may	therefore	compete	more	successfully	for	antigen,	which	

is	required	to	engage	T	cell	help	for	B	cell	differentiation	into	effector	and	memory	cells	(Phan	

and	Tangye,	2017).	Moreover,	naïve	B	cells	are	more	reliant	on	T	cell	help	for	activation	whereas	

memory	B	 cells	 are	programmed	 to	 respond	more	 readily	 upon	 re-exposure	 to	 their	 cognate	

epitope	with	less	requirement	for	co-stimulation	(Auladell	et	al.,	2019a;	Deenick	et	al.,	2013;	Good	

et	al.,	2009;	Phan	and	Tangye,	2017).	Inactivated	influenza	vaccines	deliver	antigen	transiently,	

and	induce	minimal	innate	co-stimulation,	hence	may	have	little	capacity	to	activate	naïve	B	cells	

and	generate	new	B	cell	clones	and	antibodies	in	the	presence	of	vaccine-reactive	memory	B	cells.	

Infection	 induced	higher	 antibody	 titres	 against	 a	 broader	 antigenic	 range	of	A/H3N2	

viruses	 than	 vaccination	 among	 individuals	who	were	 infected	 after	 vaccination.	 Similarly,	 in	

ferrets	and	mice,	priming	with	inactivated	influenza	vaccine	induces	little	to	no	antibody,	and	no	

protection	against	variant	virus	strains,	whereas	priming	by	infection	induces	more	antibody	and	

substantial	 protection	 against	 variant	 strains	 (Houser	 et	 al.,	 2013;	 Kim	 et	 al.,	 2016).	 These	

differences	in	the	antibody	responses	may	reflect	a	greater	capacity	for	influenza	virus	infection,	

as	opposed	to	vaccination,	to	activate	both	the	innate	and	adaptive	immune	systems	(Auladell	et	

al.,	2019b;	Kreijtz	et	al.,	2011),	and	in	turn	activate	naïve	B	cells.	We	further	propose	that	after	

infection,	antigen	may	be	present	long	enough	to	engage	naïve	B	cells	after	the	memory	B	cell	

response	starts	to	contract	(Sangster	et	al.,	2019).	

Vaccination	 induced	 similar	 or	 higher	 antibody	 titres	 against	 A/H3N2	 viruses	 among	 older	

compared	 to	 younger	 adults,	 contrasting	 with	 studies	 elsewhere	 in	 more	 highly	 vaccinated	

populations	 (Henry	 et	 al.,	 2019;	 Ranjeva	 et	 al.,	 2019),	 potentially	 due	 to	 the	 lack	 of	 prior	

vaccination	in	the	Ha	Nam	cohort	and	to	the	impact	of	prior	infections.		



134 
 

In	summary,	this	study	demonstrates	that	prior	A/H3N2	virus	infection	and	pre-existing	

immunity	can	increase	and	extend	the	breadth	of	antibody	responses	induced	by	a	new	vaccine	

strain,	 and	 thereby	 enhance	 protection	 despite	 antigenic	 drift.	 However,	 the	 range	 of	 strains	

against	which	antibodies	were	induced	was	dictated	by	the	strain	with	which	participants	were	

previously	infected,	suggesting	that	the	vaccine	is	inducing	a	memory-dominated	response.	Such	

memory	dominance	may	need	to	be	overcome	in	future	vaccine	strategies	to	increase	protection	

against	A/H3N2	viruses.	
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4.5. Supplementary text and figures	

Section	1:	Study	design	and	population	

A	 prospective,	 observational	 study	 was	 commenced	 in	 November	 2016	 to	 assess	 influenza	

vaccine	immunogenicity	among	a	purposefully	selected	subset	of	adult	participants	of	the	Ha	Nam	

cohort.	This	cohort	was	established	in	Ha	Nam,	Viet	Nam	in	December	2007,	and	comprised	270	

households,	with	1159	individuals	participating	for	at	least	some	of	nearly	nine	years	leading	up	

to	 this	 vaccine	 study.	 Participants	 have	been	 intensively	monitored	 for	 influenza	 infection	by	

active	 influenza-like-illness	 (ILI)	 surveillance,	 combined	 with	 (bi)annual	 collection	 of	 blood	

samples	for	influenza	virus	serology,	at	times	spanning	transmission	peaks.	Infection	was	defined	

as	having	RT-PCR-confirmed	ILI	or	a	four-fold	or	greater	rise	in	antibody	titres	(seroconversion)	

against	a	circulating	strain.		

Consent	for	continued	participation	in	the	cohort	was	obtained	in	2007,	2009,	2013,	and	

most	recently	in	July	2016	when	765	participants	from	201	households	remained,	including	556	

aged	at	least	18	years.	Three	hundred	and	eighty-two	adults	also	consented	to	participate	in	sub-

studies	 that	 required	 additional	 blood	 samples	 and	 volumes	 to	 assess	 immune	 responses	 to	

vaccination	or	 infection.	Of	 these,	159	had	provided	blood	samples	at	all	12	 time	points	since	

December	2007,	and	were	present	during	all	influenza	transmission	periods,	such	that	their	9	Y	

infection	histories	 could	be	documented.	We	selected	all	28	who	 lacked	a	detectable	A/H3N2	

infection,	then	purposefully	selected	72	from	the	group	with	at	least	one	A/H3N2	virus	infection	

to	have	a	similar	sex	and	age	distribution.		

Trivalent	inactivated	influenza	vaccine	(TIV,	Vaxigrip,	Sanofi	Pasteur)	was	administered	

to	the	100	selected	participants	in	November	2016.	The	virus	strains	included	in	this	vaccine	were	

A/Hong	 Kong/4801/2014	 (H3N2)-like,	 A/California/7/2009	 (H1N1)pdm09-like,	 and	

B/Brisbane/60/2008-like.	Venous	blood	samples	were	collected	into	serum	and	sodium	heparin	

tubes	pre-vaccination,	and	post-vaccination	on	days	4,	7,	14,	21,	and	280	(Figure	S4.1).	Blood	

samples	 were	 also	 collected	 7	 and	 21	 days	 after	 confirmed	 influenza	 illness,	 detected	 via	

continues	active	ILI	surveillance.	

The	vaccine	study	was	approved	by	the	University	of	Melbourne	Health	Sciences	Human	

Ethics	Committee	(HREC	#	1646470),	the	Institutional	Review	Board	of	the	National	Institute	of	

Hygiene	and	Epidemiology,	Viet	Nam	(NIHE	IRB-VN01057	–	08/2016)	and	the	Oxford	Tropical	

Research	Ethics	Committee	(OXTREC	#	30-16).	The	Ha	Nam	Cohort	study	was	approved	by	the	

National	Institute	of	Hygiene	and	Epidemiology,	Viet	Nam	(NIHE	IRB-VN01057	–	08/2016)	and	

by	the	Oxford	Tropical	Research	Ethics	Committee	(OXTREC	#	019-07).	Participants	provided	

informed	consent,	conducted	in	Vietnamese.	
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Figure S4.1. Study flow diagram. 100 adult participants of the Ha Nam household influenza cohort were 
selected as depicted in the FlowChart. Participants included and excluded at each selection stage are indicated 
by black and white text boxes, respectively. * Two of 72 participants from the prior infection group and one of 
28 participants from the no-prior infection group did not provide samples at the d280 post-vaccination time 
point. 
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Section	2:	Optimizing	RBC	and	virus	selection	for	Hemagglutination	Inhibition	assays	

Hemagglutination	 inhibition	 (HI)	 assays	were	 performed	 according	 to	WHO	 Global	 Influenza	

Surveillance	 Network	 protocols	 [WHO	 Global	 Influenza	 Surveillance	 Network	Manual	 for	 the	

laboratory	 diagnosis	 and	 virological	 surveillance	 of	 influenza]	 with	 the	 exception	 that	 wells	

contained	25	µL	each	of	diluted	sera,	virus	and	1%	Guinea	Pig	RBC	(0.33%	final)	instead	of	50	µL	

of	0.75%	RBC	(0.375%	final).	Sera	were	tested	over	two-fold	serial	dilutions	from	1:10	through	

1:10240.	Initial	testing	of	sera	diluted	1:5	indicated	that	the	vast	majority	of	sera	had	titres	of	at	

least	10	against	viruses	in	the	panel.	All	serum	time	points	for	an	individual	were	tested	in	parallel	

against	each	virus,	which	were	tested	as	three	batches	using	the	same	red	blood	cell	preparation	

for	each	set	of	vaccinees’	sera.	Quality	control	viruses	and	sera	were	run	with	each	new	batch	of	

samples/RBC	and	were	accepted	if	HA	and	HI	titres	were	within	2-fold	of	initial	values.	HI	titres	

were	read	using	an	automated	reader	(CypherOne,	InDevR).	Reading	settings	(calibration	factor	

=	165	and	transition	point	=	782)	were	initially	optimized	by	comparison	with	manual	titre	reads	

(Figure	S4.2	 –	 showing	an	actual	plate	 read),	 then	applied	 to	 all	 plates.	CypherOne	data	was	

transferred	to	an	ACCESS	database	and	linked	with	participant	data	and	virus	information.	

	

HI	 against	 A/H3N2	 viruses	

has	 been	 performed	 using	 Turkey	

RBC	 until	 recently	 when	 viruses	

have	 agglutinated	 Turkey	 RBC	

poorly	 necessitating	 replacement	

with	Guinea	Pig	RBC	(Table	S4.1).	

To	 avoid	 experimental	 variation	

that	 may	 be	 introduced	 by	 using	

different	RBC	for	past	versus	recent	

viruses,	 we	 examined	 whether	

Guinea	Pig	RBC	can	be	used	instead	

of	Turkey	RBC	for	older	viruses.	HI	

titres	 of	 12	 anti-sera	 against	 26	

viruses	isolated	between	2004	and	

2012	correlated	well	and	geomteric	medians	and	means	were	equivalent	using	Guinea	Pig	and	

Turkey	RBC	(Figure	S4.3A).	In	contrast,	HI	titres	of	a	panel	of	75	human	sera	(pre-vaccine,	post-

vaccine	and	post-season)	against	A/H3N2	viruses	isolated	in	2013	and	2014	were	substantially	

lower	when	using	Turkey	compared	to	Guinea	Pig	RBC	(Figure	S4.3B-E).	Therefore,	Guinea	Pig	

RBC	were	used	for	all	titrations.	

  

Figure S4.2. HI plate read. HI plate read with sera from two 
participants across all time points against egg-grown HK14. 
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Table	S4.1.	A/H3N2	viruses	used	for	serology	

Year Designation Passage  
NA seq HA Titre HI Titre sera  
147-151 (X mix) Turk GP GPOST PBS OST n p 

1968 A/Bilthoven/16190/68 X,MDCK3 DTIHD 16 32 64 47 42 45 .233 
1972 A/Bilthoven/21793/72 MDCK3 DTIHD 64 128 128 44 31 20 .002 
1975 A/Bilthoven/1761/76 MDCK3 DTIHD 32 64 64 44 33 29 .005 
1977 A/Bilthoven/2271/76 X,MDCK3 DTIHD 32 128 128 67 51 20 .002 
1979 A/Netherlands/233/82 tMK1,MDCK4 DTIHD 16 32 32 36 33 44 .199 
1982 A/Philippines/2/82 MDCKX,2 DTIHD 16 16 32 62 44 20 .163 
1987 A/Netherlands/620/89 X,tMK1,MDCK3 DTVHD 32 32 64 59 58 31 .768 
1989 A/Netherlands/823/92 X,MDCK3 DTVHD 32 32 32 56 52 20 .606 
1993 A/Netherlands/179/93 X,MDCK3 DTVHD 32 32 32 74 57 43 .000 
1995 A/Netherlands/178/95 293T,MDCK4 DTVHD 16 32 32 88 61 15 .001 
1997 A/Tasmania/1/97 MDCK7 DTVHD 64 32 32 40 34 20 .259 
1999 A/Netherlands/301/99 MDCK5 DTVHD 16 16 32 140 120 31 .090 
1999 A/Townsville/2/99 MDCK2, SIAT1p DTVHX (D,G) 16 128 64 57 293 8 .005 
2002 A/Philippines/472/02 MDCK6p DTVHX (D,N) 4 16 8 58 101 20 .009 
2002 A/Fujian/411/02 X,MDCK9, SIAT1 DTVHD 8 32 16+ 113 109 43 .594 
2004 A/Victoria/511/04 MDCKx,2p DTVHX (D,N,S,G) 32 64 16 45 69 18 .011 
2005 A/Thailand/409/05 P2,MDCK2p DTVHX (D,G) 32 64 32 34 32 18 .331 
2007 A/Brisbane/10/07 MDCKX,5,SIAT1p DxVRX k|i;N|E|K 24 128 32 75 78 18 .298 
2008 A/Ha Nam/EL134/08  MDCK4, SIAT1 NXVRD (T,K) 16 32 16 73 135   
2009 A/Ha Nam/EL201/09 MDCKX,3,SIAT1 NTVRD  8 8 na na   
2009 A/Perth/16/09 MDCKX,5 r NIVRD 32 64 4 50 43 19 .333 
2010 A/Ha Nam/EL444/10 MDCK3,SIAT1 p NXVRD (T,I) 16 64 32 93 166 17 .008 

2011 A/Victoria/361/11 * MDCK2,SIAT1p NTVRX (D,G) 32 64 32 25 67 20 .000 

2012 A/Texas/50/12± C2,MDCK6,SIAT1 NTVHX (D,G) 16 64 32 65 133 44 .000 

2013 A/Switzerland/9715293/13+ SIAT, SIAT8 NTVRD 32 64 64 39 34 21 .132 
2014 A/Michigan/15/14+ MDCK1, SIAT6 NTVRD 16 40 40 40 30 47 .000 
2014 A/New Caledonia/104/14 MDCK1, SIAT4p NTVRX (D,G) 0 64 32 38 36 23 .549 
2014 A/Ha Nam/EL437/14 X/SIAT2 NTVRD 4 32 16     
2016 A/New Castle/30/16 SIAT1,SIAT4 NTVRD 8 32 32 47 41 19 .333 
2017 A/Kansas/14/17 SIAT3,SIAT1 NTARD 8 32 64 na na   
2017 A/Switzerland/8060/17 SIAT2,SIAT2 NTVRD  96 9     
2018 A/Brisbane/60/18 SIAT3 NTVRD 1 128 128 na na   

2004 A/New York/55/04egg SPFCK3,Egg6 DTVHD 256 256 512 48 36 21 .000 
2005 A/Wisconsin/67/05egg CK3, Egg8 DTVHD 64 32 64 34 25 20 .001 
2007 A/Uruguay/716/07egg  SPFCK1,Egg5 DTVHD 256 128 128 55 39 18 .001 
2009 A/Perth/16/09egg Egg6 NTVRD 256 32 32 56 24 22 .000 

2011 A/Victoria/361/11egg * Egg6 NTVRD 256 256 256 *    

2012 A/Texas/50/12egg * Egg5,Egg2 NTVHD  128 128 *    

2013 A/Switzerland/9715293/13egg Egg6 NTVRD 512 256 256 37 39 21 .835 
2014 A/Hong Kong/4801/14 egg Egg7 NTVRD 128 128 128 69 62 45 .260 
2017 A/Kansas/14/17 egg Egg9 NTARD  256      

OST – Osletamivir was added at a final concentration of 20 nM; * Further titrations were performed with and without oseltamivir on 
all study sera; + Further titrations were performed on a larger set of sera; p after plaque-purification on SIAT cells NA 148 and/or 
151 substitutions were lost; and HA and HI titres were higher and not altered by OST. 

Paradoxical effects of OST: inconsistent associations between HA and HI and/or NA sequence 
HA titre reduced but HI titre not increased in the presence of OST 
HA titre reduced and HI titre increased in the presence of OST = classical NA-mediated agglutination 
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Figure S4.3. Impact of RBC type on HI titres of ferret first-infection antisera or human sera against A/H3N2 
viruses that circulated between 2004 and 2014. Log2 titres are shown. Left panels show linear regression 
analysis with 95% confidence intervals. Right panels show summary statistics for each RBC type (median, inter-
decile range and range (box and whiskers) and means (+)). Ferret anti-sera used in panel A were raised against 
A/Singapore/37/2004egg, A/Brisbane/10/2007egg, A/Perth/16/2009, A/Victoria/208/2009egg, A/Perth/10/2010, 
A/Perth/10/2010egg, A/Brisbane/299/2011egg, A/South Australia/3/2011, A/South Auckland/7/2012, 
A/Christchurch/516/2012, A/Victoria/361/2011egg, and A/Victoria/361/2011. Sera were assessed against 26 
viruses of which 15 are shown individually. 
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Effects	of	NA	mutations	and	Oseltamivir	on	HI	assay	sensitivity	

A/H3N2	 viruses	 circulating	 since	 1999	 that	 had	 been	 isolated	 in	 MDCK	 cells	 often	 acquired	

substitutions	within	NA	at	positions	148	and/or	151,	which	generally	occurred	as	mixtures	such	

as	148T/I	and	151D/N	(Table	S4.1).	Such	substitutions	were	not	detected	in	viruses	isolated	in	

MDCK-SIAT	cells.	HA	titres	of	viruses	containing	NA	148	and/or	151	substitutions	tended	to	drop	

when	 Oseltamivir,	 an	 NA	 inhibitor,	 was	 added	 indicating	 that	 NA	 was	 contributing	 to	

agglutination	 (Table	 S4.1),	 consistent	 with	 published	 studies.	 HI	 titrations	 were	 performed	

against	historical	as	well	as	contemporary	strains	in	the	presence	and	absence	of	oseltamivir,	and	

using	 homologous	 strain	 ferret	 anti-sera	 as	 well	 as	 human	 sera	 (Table	 S4.1),	 to	 determine	

whether	Oseltamivir	could	be	used	for	all	study	titrations.	Although	HI	titres	against	viruses	some	

viruses	containing	NA	148X	or	151X	viruses	rose	when	Oseltamivir	was	added,	indicating	that	

NA-mediated	agglutination	was	impeding	detection	of	HI	antibodies,	there	was	no	effect	on	titres	

against	others	such	as	A/Brisbane/10/07	and	A/Perth/16/09,	even	though	HA	titres	dropped	

when	Oseltamivir	was	added.	Of	concern,	titres	against	a	number	of	viruses	were	significantly	

lower	in	the	presence	of	Oseltamivir.	These	results	indicate	that	Oseltamivir	does	not	uniformly	

improve	 the	 sensitivity	of	HI	 against	A/H3N2	viruses.	Therefore,	 viruses	 containing	NA	148X	

151X	mixtures	were	 plaqued	 on	 SIAT	 cells	 to	 attempt	 to	 eliminate	mixtures	 acquired	 during	

propagation	 in	 MDCK	 cells	 (Table	 S4.2).	 The	 majority	 of	 plaques	 selected	 lacked	 NA	

agglutination-associated	 substitutions	 and	 had	 relatively	 high	 HA	 and	 HI	 titres	 that	 were	

equivalent	in	the	presence	and	absence	of	Oseltamivir	(Table	S4.2,	Figure	S4.4).	

Table	S4.2.	NA	sequence	and	titres	of	viruses	after	plaque	selection	on	MDCK-SIAT	cells	
Virus NA 147-151 seq HA PBS HA OST HI PBS HI OST 
A/Townsville/2/99 DTVHD 64 64 123 147 

A/Philippines/472/02 DTVHD 64 64 123 113 

A/Victoria/511/04 DTVHD  48 48 67 73 

A/Thailand/409/05 DTVHD 128 128 52 48 

A/Brisbane/10/07 DTVRD  128 128 147 160 
A/Hanoi/EL134/08  NTVRD 24 24   

A/Perth/16/09 NTVRD 64 64 135 147 

A/Victoria/361/11* NTVRD 96 96 * * 

A/New Caledonia/104/14 NTVRD 64 64 87 80 
*Titres of all study sera with and without Oseltamivir are summarized in Figure S4.4.  
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Figure S4.4. Titres of vaccinee sera against 
A/Victoria/361/2011 were relatively low and 
were improved by adding Oseltamivir or by 
plaquing the virus on MDCK-SIAT cells to remove 
NA 151G mixtures. Titres are shown for sera 
from all 100 vaccinees and all time points 
(baseline and days 4, 7, 14, 21 and 280 post-
vaccination). OST: oseltamivir. 
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Section	3:	Baseline	adjusted	post-vaccination	titres	and	titre	rises	of	participants	who	had	

or	lacked	recent	A/H3N2	infection	

 

 
Figure S4.5. Effects of pre-vaccination titre on 
post-vaccination titre and titre increment. Log2 
titres on day 14 against HK14 (top left) and Ka17 
(top right) increase with increasing pre-vaccination 
titre. Alternately, the increment in Log2 titre 
against HK14 from pre-vaccine to day 14 decreases 
as pre-vaccine titres increase (bottom left). 
 
	

	

Log2	titres	post-vaccination	were	positively	associated	with	pre-vaccination	titres,	and	log2	titre	

increment	was	negatively	associated	with	pre-vaccine	titre	(Figure	S4.5).	Pre-vaccine	titres	were	

higher	among	participants	who	had	recent	infection.	Therefore,	to	compare	GMT	and	GMR	with	

participants	who	lacked	recent	infection,	estimates	were	adjusted	for	pre-vaccination	titre	in	R	

as	follows:	

#1.	pre_Log2	titre	was	scaled		
scale(pre_Log2_titre,	center	=	TRUE,	scale	=	TRUE)	

#2.	linear	models	were	used	to	estimate	post-vaccine	(d14,	d280)	GMTs	and	GMRs	for	
participants	with	and	without	prior	A/H3N2	after	adjusting	for	pre-vaccination	titre	
(pre_Log2_titre)	
			 lm(d14	Log2	titre	~	prior_H3N2_infection	+	pre_Log2_titre)	

lm(d14	Log2	titre	increment	~	prior_H3N2_infection	+	pre_Log2_titre)	
	
Plots	of	residuals	indicated	good	model	fit	(Figure	S4.6).	
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Figure	S4.6.	Analysis	of	linear	model	to	estimate	adjusted	GMTs.	
	

Post-vaccination	 GMTs	 and	 GMRs	 against	 vaccine	 and	 most	 subsequent	 strains	 were	

higher	among	participants	with	recent	 infection,	 independent	of	pre-vaccination	 titres	 (Table	

S4.3).	This	was	observed	on	days	14	and	280.		
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Table	S4.3.	Adjusted	Geometric	Means	Titres	and	Ratios	against	Vaccine	and	Subsequently	
Circulating	A/H3N2	strains	

 Virus 
Recent Prior A/H3N2 

p 
 No Yes 
GMT pre HK14e 23 42 0.0008 
 Mi14 11 20 0.0001 
 NC16 13 25 0.0004 
 Br18 19 28 0.0044 
 Ka17 9 14 0.0112 
 Ka17e 7 9 0.2310 
 Sw17 7 9 0.0722 
     
GMT d14 HK14e 232 (210) 391 (407) 0.0826 
(unadjusted) Mi14 83 (69) 168 (181) 0.0102 
 NC16 94 (78) 162 (174) 0.0288 
 Br18 75 (64) 122 (128) 0.0177 
 Ka17 38 (33) 72 (77) 0.0139 
 Ka17e 33 (31) 64 (65) 0.0215 
 Sw17 17 (15) 22 (22) 0.0322 
     
GMR d14 HK14e 6.6 (9.3) 11.2 (9.8) 0.0826 
(unadjusted) Mi14 4.9 (6.4) 10.0 (9.1) 0.0102 
 NC16 4.5 (5.8) 7.7 (7.0) 0.0288 
 Br18 3.0 (3.3) 4.9 (4.7) 0.0177 
 Ka17 3.1 (3.5) 5.9 (5.7) 0.0139 
 Ka17e 3.9 (4.2) 7.6 (7.4) 0.0215 
 Sw17 2.0 (2.1) 2.6 (2.5) 0.0322 
     
GMT d280 HK14e 69 (57) 151 (161) 0.0004 
(unadjusted) Mi14 41 (32) 59 (66) 0.0541 
 NC16 36 (29) 61 (66) 0.0123 
 Br18 21 (35) 59 (62) 0.0446 
 Ka17 14 (11) 26 (28) 0.0025 
 Ka17e 9 (8) 21 (22) 0.0001 
 Sw17 11 (10) 15 (15) 0.0043      
GMR d280 HK14e 2.0 (2.5) 4.3 (3.9) 0.0004 
(unadjusted) Mi14 2.4 (2.9) 3.5 (3.3) 0.0541 
 NC16 1.7 (2.1) 2.9 (2.7) 0.0123 
 Br18 1.6 (1.8) 2.3 (2.2) 0.0445 
 Ka17 1.1 (1.2) 2.1 (2.1) 0.0025 
 Ka17e 1.1 (1.1) 2.5 (2.5) 0.0001 
 Sw17 1.3 (1.4) 1.8 (1.7) 0.0043 
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Section	4:	Titres	and	titre	increments	by	age	

Participants	with	and	without	 recent	A/H3N2	 infection	were	of	 similar	 ages.	Nevertheless,	 to	

determine	if	age	may	affect	the	titre	and	strain	coverage	of	antibodies	induced	by	vaccination	and	

be	 a	 source	 of	 confounding,	 we	 used	 Generalized	 Additive	 Models	 (GAMs)	 to	 visualize	 the	

distribution	of	titres	and	titre	increments	as	contours	by	virus	circulation	year	versus	participant	

age	 (Figure	 S4.7).	 Pre-vaccine	 titres	 were	 highest	 against	 viruses	 circulating	 between	

approximately	1990	to	2000.	Participants	who	had	recent	infection	had	higher	pre-vaccine	titres	

than	those	who	lacked	recent	infection,	particularly	against	strains	circulating	between	2000	and	

2010,	and	most	prominently	among	participants	aged	below	35	years,	 followed	by	those	aged	

over	65	years.	Otherwise	the	distribution	of	titres	across	strains	by	participant	age	was	similar	

for	who	had,	or	lacked,	recent	infection.	Vaccine	induced	titre	increment	by	day	7	was	greatest	

against	strains	circulating	after	2010	and	was	slightly	greater	among	participants	who	had	recent	

infection,	 but	 with	 a	 similar	 distribution	 of	 titre	 increment	 by	 age	 compared	 to	 participants	

without	 recent	 infection	 indicating	 that	 effects	 of	 recent	 infection	 are	 not	 age	 dependent.	

Participants	 aged	 below	 25	 had	 negligible	 titre	 increment	 against	 older	 strains,	 as	 may	 be	

expected	for	strains	that	circulated	prior	to	their	birth.	Trends	for	titre	increment	on	day	14	were	

similar	to	day	7	with	the	exception	that	increments	were	higher	overall	and	were	now	clearly	

higher	 among	 the	 older	 compared	 to	 younger	 participants,	 both	 with	 and	 without	 recent	

infection.	Similarly,	titres	at	day	14	across	strains	were	highest	amongst	the	oldest	participants,	

whether	or	not	they	had	recent	infection.	Trends	for	titre	increment	by	day	21	were	similar	to	

day	14,	with	the	main	exception	that	increments	were	lower	overall,	and	were	now	more	clearly	

higher	among	participants	with	recent	infection,	a	trend	that	persisted	at	day	280.	Consequently,	

at	day	280	post-vaccination	 titres	across	strains	differed	more	between	participants	with	and	

without	recent	infection	than	observed	pre-vaccine.	In	particular,	participants	of	all	ages	who	had	

recent	 infection	 had	 higher	 titres	 against	 strains	 circulating	 between	 ~2005	 and	 2015,	 than	

participants	who	lacked	recent	infection.	As	with	pre-vaccine	titres,	day	280	titres	were	highest	

in	the	youngest	and	oldest	ages,	regardless	of	recent	infection.	In	summary,	the	results	indicate	

that	vaccine	induced	antibody	production	was	enhanced	by	recent	infection	and	by	older	age.		
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Figure S4.7. Antibody titres across 
age groups in participants with and 
without A/H3N2 virus infection 
since 2007. Contours depict titres 
and titre increments by strain and 
participant age fitted using GAMs. 
Participants with (n=72) and 
without (n=28) recent A/H3N2 virus 
infection are compared. 40 A/H3N2 
strains are represented by year of 
first detection, ranging from 1968 to 
2018. Panels are arranged 
horizontally by vaccine time point, 
and either show titres at that time 
point or titre increment compared 
to baseline. 
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Section	5.	Incremental	changes	in	landscapes	between	post-vaccination	time	points	

 

 
Figure S4.8. Incremental change in antibody landscapes at each study time point. Lines represent titre 
landscapes across strains estimated using GAMs. Titre landscapes at the first time point in each panel are 
shown in grey and landscapes at the subsequent time point are shown in red if higher and in yellow if lower 
than at the earlier time point. Dark shading either side of the lines indicates the 95% CIs for the model, and 
dots show individual participant titres against each antigen. Light shaded areas reflect the difference in the 
landscapes between the time points. BL: baseline. 
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Section	6.	Titres	remain	boosted	across	the	landscape	280	days	after	vaccination	

 
 

 
Figure S4.9. Antibody titres against a large range of A/H3N2 strains are higher 280 days after vaccination 
than in pre-vaccination sera. Antibody landscapes prior to vaccination (BL) are shown in grey and landscapes 
280 days after vaccination are shown in red. Antibody titres across multiple strains were estimated, and are 
presented, as in Figure S4.8. 

  
  

BL – Day 280 
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Section	7:	The	strain	coverage	of	antibodies	induced	by	vaccination	is	influenced	by	the	

A/H3N2	virus	clade	that	caused	prior	infection	

 
Figure S4.10. Strain coverage of 
antibodies in pre- and post-
vaccination sera of participants who 
had prior infection with a clade 3c1 
virus (HN12/Vi11-like). Landscape 
plots, constructed as in Figure 4.5, 
are shown separately for 20 
participants who were last infected 
in 2012 (season 7) when clade 3c1 
viruses, such as HN12, circulated. 
Landscapes of pre- and day 14 post-
vaccination titres, and of titre 
increments between these times are 
similar to those of clade 1 and clade 
3c1 infected participants combined 
(Figure 5). 



 
 

 
Figure S4.11. Effects of prior A/H3N2 infection and infecting clade on the strain coverage of antibodies detected 7 and 280 days after vaccination. Landscape plots, 
constructed as in Figure 4.5, of titres and titre increments show that effects of prior infection, and of the clade causing infection, on the strain-coverage of antibodies 
induced by vaccination can be detected by day 7 and are maintained until day 280 after vaccination.  



 
 

Section	8:	Amino	acid	substitutions	within	antigenic	sites	of	viruses	detected	in	Ha	Nam	pre	and	post-vaccination,	compared	to	the	A/H3N2	

vaccine	strain	
 

a: A/Ha Nam/EL177772/17 ~ Si16, NC16 

b: A/Ha Nam/EL17804/17, A/Ha Nam/EL17805/17 ~ Br18 

c: A/Ha Nam/EL17762/17, A/Ha Nam/EL17795/17~ Sw17 

Amino Acid Colour Code 
Aromatic 
Acidic-negatively charged 
Basic-positively charged 
Nonpolar-aliphatic 
Polar-neutral 

 

Site E A B C D 
Position 62 91 92 94 261 131 135 138 142 144 145 128 159 160 193 194 198 45 48 53 278 311 312 121 171 212 223 

HN09 (1)  K S K H R T T A R K - N T + F K - F L A S - T D N Q N N N T V 

HN12 (3c1) E S K Y R K T A R N + S T + F K - F L S S - T N N Q S N N A I 

Sw13 (3c3a) E S K Y R T T S G N + S A - S K - F L S N + I D K Q S N N A I 

HK14e (3c2a) E S K Y R T T A R S - S T + Y K - F P e S N + I D K H S N N A I 

HK14 (3c2a) E S K Y R T T A R S - S T + Y T + F L S N + I D K Q S N N A I 

HN17 (3c2a1)a E S K Y R T T A R S - S T + Y T + F L S N + I D N H S K K A I 

HN17 (3c2a1b)b G S R Y R T K A G S - S A - Y T + F L S N + I D K Q S K K A I 

HN17 (3c2a2) c E S K H Q K T A K R - S T + Y T + F L S N + I D K H S N N A I 

Ka17 3c3a E N K Y R T T S G K - S A - S K - S L S N + I D K Q S N N A I 



 
 

Figure S4.12. Comparison of HI titres 
against egg- versus cell-grown viruses.  
(A) Log2 titres against egg- versus cell-
grown Sw13 differed less than 2-fold (1 
dilution) at all time points. (B) In 
contrast titres against HK14egg were 
more than 2-fold higher than titres 
against the cell-grown equivalent (Mi14) 
after vaccination. (C) The difference in 
log2 titres against HK14egg minus Mi14 
cell was approximately 1 (2-fold) prior 
to vaccination regardless of prior 
A/H3N2 status since 2007. (D) By day 14 
post-vaccination the difference in log2 
titres against HK14egg and Mi14cell 
increased in a subset of participants 
who lacked A/H3N2 virus infection since 
2007 or who had infection with a clade 
1/3c1 virus, but not among participants 
who had a clade 3c3a virus infection. (E) 
By day 280 post vaccination, the 
difference in titres against HK14egg and 
Mi14cell remained elevated in 
participants who had a prior clade 1/3c1 
virus infection. 
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Section	9:	Titre	increments	post-vaccination	in	participants	with	and	without	A/H3N2+	ILI	

post-vaccination	

 

Figure S4.13. Delayed titre rise and poorly maintained titres post-vaccination in participants who developed 
ILI post-vaccination. GAM fit of log2 antibody titre increments across recent strains at various post-vaccination 
time points compared to baseline (lines show GMR with 95% CI) for participants who had A/H3N2+ ILI post-
vaccination (purple) or who had not (green) against A/H3N2 viruses circulating since 2004.  
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Section	10:	Antibody	landscapes	post-infection	from	unvaccinated	participants	

Figure S4.14. Antibody landscapes post-infection in vaccinated and unvaccinated participants. Lowess fit of 
antibody titres grouping vaccinees who developed A/H3N2+ ILI post-vaccination (n=5) and participants who did 
not receive influenza vaccination and became infected on 2017 (n=3). Lines show GMTs and dots represent 
individual titres.  
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Section	11:	Individual	Antibody	Landscapes	

In	this	section	we	present	titres	to	each	strain	at	each	time	point	for	individual	study	participants	

(100	plots	in	total)	arranged	by	year	of	birth	from	most	recent.	Blue	shading	indicates	that	viruses	

in	this	region	circulated	during	that	participant’s	lifetime.	Participants	who	had	prior	infection	

detected	as	seroconversion	without	illness	are	indicated	by	a	yellow	border	with	yellow	arrows	

indicating	 the	 infecting	 strain(s).	 Participants	 who	 had	 prior	 infection	 detected	 as	 RTPCR	

confirmed	illness	are	indicated	by	a	red	border	with	red	arrows	indicating	the	infecting	strain(s).	

Notable	 trends	 include	pronounced	 titre	 rises	post-vaccination	 among	 the	oldest	 participants	

(born	before	1950,	p	164),	particularly	if	recently	infected.	Similarly,	when	comparing	groups	of	

participants	born	in	the	same	year	(1973	p	154;	1960	p	161,	1958	p	162),	robust	tire	rise	that	

remained	detectable	 by	 day	280	was	 associated	with	prior	 infection,	 and	was	 largely	 against	

viruses	 circulating	 post-2000,	whereas	 pre-vaccine	 titres	 tended	 to	 be	 relatively	 high	 against	

early	life	strains.	
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CHAPTER 5 

Infection history determines B cell reactivity profiles induced by 
seasonal influenza vaccination 

	

Abstract	

Vaccination	is	the	most	effective	intervention	for	preventing	seasonal	influenza	virus	infections,	

but	the	viruses	included	in	the	vaccine	need	to	be	updated	frequently	to	match	the	evolution	of	

circulating	 viruses.	 Vaccine	 effectiveness	 against	A/H3N2	 subtype	 viruses	 can	be	 poor	 and	 is	

typically	lower	in	repeatedly	vaccinated	individuals.	A	potential	explanation	for	this	phenomenon	

could	be	that	cross-reactive	memory	B	cells	dominate	and	focus	responses	on	the	limited	subset	

of	virus	epitopes	that	are	shared	between	successive	strains.	To	further	understand	how	prior	

immunity	 may	 shape	 responses	 to	 new	 vaccine	 strains,	 we	 compared	 B	 cell	 responses	 of	

vaccinees	who	lacked	recent	A/H3N2	virus	infection,	or	who	had	recent	infections	with	viruses	

from	different	genetic	clades.	PBMCs	collected	from	19	influenza	vaccine-naïve	adults	before	and	

7,	14	and	21	days	after	receiving	an	inactivated	influenza	vaccine	(IIV)	were	analysed	by	flow	

cytometry	 to	 determine	 the	 phenotype	 and	 (cross)-reactivity	 profile	 of	 B	 cells	 against	

recombinant	 hemagglutinin	 (HA)	 probes.	 Four	 recombinant	 HA	 (rHA)	 probes	 were	 used,	

representing	cell-grown	equivalents	of	A/H3N2	viruses	in	the	vaccine,	and	prior	vaccines	back	to	

2009,	which	are	from	distinct	genetic	clades.	rHA	probe-reactive	B	cell	frequencies	and	activation	

status	increased	more	after	vaccination	among	participants	who	had	recent	infection.	Relatively	

few	of	the	rHA-reactive	B	cells	that	expanded	were	single-reactive	to	vaccine	strain	HA.	Vaccine	

HA	single-reactive	B	cells	were	mainly	IgM+	and	their	expansion	was	not	detected	until	day	14,	

suggestive	of	a	naïve	B	cell	origin.	The	majority	of	rHA-reactive	cells	induced	by	vaccination	were	

cross-reactive	 with	 previously	 encountered	 strains,	 suggesting	 that	 they	 were	 derived	 from	

memory	B	cells.	Vaccination	induced	B	cells	with	a	narrow,	largely	A/Perth/16/2009-restricted	

cross-reactivity	profile	among	participants	who	had	prior	A/Perth/16/2009-like	virus	infection,	

but	induced	A/Switzerland/9715293/2013	and		A/Perth/16/2009	cross-reactive	B	cells	among	

participants	 who	 had	 prior	 A/Switzerland/9715293/2013-like	 virus	 infection.	 Our	 findings	

indicate	that	immune	responses	to	standard	inactivated	influenza	vaccines	are	largely	mediated	

and	shaped	by	recalled	memory	B	cells	with	limited	induction	of	naïve	B	cells	to	update	immunity.	

Although	vaccine	HA	single-reactive	("naïve-derived”)	B	cells	were	more	readily	detected	among	

participants	who	 lacked	 recent	 infection,	 frequencies	were	 low	 suggesting	 that	 IIV	may	 have	

limited	capacity	to	activate	naïve	B	cells,	regardless	of	the	presence	of	memory	B	cells.	Overall,	

our	study	provides	new	insights	into	limitations	of	current	IIV	that	need	to	be	overcome	in	order	
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for	influenza	vaccines	to	elicit	a	response	targeted	towards	currently	circulating,	and	emerging	

drifted,	strains,	and	therefore	improve	protection.	
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5.1. Introduction 

Influenza	viruses	are	constantly	evolving,	and	 it	 is	estimated	 that	 the	majority	of	humans	are	

infected	by	the	age	of	7	(Bodewes	et	al.,	2011)	and	re-infected	at	intervals	of	3-8	years	throughout	

their	lives	(Ranjeva	et	al.,	2019;	Truscott	et	al.,	2012).	Vaccination	is	the	best	available	means	to	

control	 influenza,	 and	most	 licensed	 vaccines	 are	 designed	 to	 induce	 neutralizing	 antibodies	

against	 influenza	hemagglutinin	 (HA).	The	globular	head	of	HA	 contains	 the	 receptor	binding	

pocket,	which	mediates	viral	attachment	to	the	host	cell	(Skehel	and	Wiley,	2000).	Antibodies	that	

target	sites	surrounding	 the	receptor	binding	pocket	can	block	virus	attachment	 to	host	cells.	

These	are	referred	to	as	antigenic	sites	A,	B,	C,	D	and	E	for	H3	subtype	viruses	(Gerhard	et	al.,	

1981;	Skehel	et	al.,	1984;	Wiley	et	al.,	1981).			

There	 is	 increasing	evidence	 that	 influenza	virus	exposure	history,	and,	 in	association,	

prior	 immunity,	 contribute	 to	 heterogeneity	 in	 vaccine	 immunogenicity	 between	 individuals	

(Andrews	 et	 al.,	 2015b;	 Cobey	 and	 Hensley,	 2017;	 Xie	 et	 al.,	 2017),	 as	 well	 as	 to	 variable	

effectiveness	of	seasonal	 influenza	vaccines	(Belongia	et	al.,	2017;	Hensley,	2014).	The	results	

presented	in	Chapter	4	further	demonstrated	that	prior	influenza	virus	infection	influenced	the	

titre	 and	 range	of	 strains	 against	which	HA-head	directed	HI	 antibodies	were	 induced.	These	

studies	indicate	that	cross-reactive	memory	B	cells	are	an	important	component	of	responses	to	

new	vaccine	strains,	however,	this	type	of	serological	analysis	provides	only	limited	information	

about	 the	 strain-specificity	or	 cross-reactivity	of	 the	antibody	clones	 that	make	up	polyclonal	

sera.	

It	is	unclear	whether	naïve	B	cells	are	able	to	mount	robust	immune	responses	to	variant	

influenza	vaccine	antigens.	This	is	an	important	consideration	since	the	generation	of	antibodies	

against	epitopes	that	are	not	shared	with	past	strains	may	require	the	generation	of	new	B	cells	

clones,	unless	existing	memory	B	cells	are	able	to	adapt	their	B	cell	receptors	(BCRs).	Upon	first	

encounter	with	an	antigen,	naïve	B	cell	clones	become	activated	and	 interact	with	T	 follicular	

helper	cells	within	the	germinal	centre	(GC)	of	secondary	lymphoid	organs,	where	B	cells	acquire	

somatic	hypermutations	(SHM)	in	their	IgV	genes	(Mesin	et	al.,	2016;	Tangye	and	Tarlinton,	2009;	

Tangye	et	al.,	2013).	This	interaction	leads	to	the	differentiation	of	antigen-specific	B	cells	into	

memory	B	cells	that	have	increased	BCR	affinity	for	antigen,	and	increased	capacity	to	activate	

and	 differentiate	 upon	 subsequent	 exposures	 compared	 to	 naïve	 B	 cells	 (Mesin	 et	 al.,	 2016;	

Tangye	and	Tarlinton,	2009).	A	number	of	studies	have	used	BCR	analysis	to	investigate	whether	

B	cells	responding	to	influenza	vaccine	are	naïve-derived	or	are	recalled	memory	B	cells.	A	study	

of	 the	 B	 cell	 response	 to	 the	 A/H1N1	 component	 of	 influenza	 vaccines	 found	 no	 detectable	

increase	in	SHM	among	vaccine-activated	B	cells	up	to	day	90	post-vaccination	(Ellebedy	et	al.,	

2016).	 However,	 subsequent	 studies	 indicate	 that	 the	 extent	 of	 SHM	 that	 B	 cells	 undergo	

following	 influenza	 vaccine-induced	 activation	 may	 vary	 depending	 on	 antigenic	 differences	
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between	 subsequent	 vaccine	 antigens.	 Studies	 in	 mice	 indicate	 that	 more	 variant	 secondary	

antigens	induce	more	IgM+	B	cells,	which,	in	turn,	mount	more	efficient	GC	reactions	and	affinity	

maturation	 towards	 the	 secondary	 antigen,	 when	 compared	 to	 similar	 secondary	 antigens	

(Burton	 et	 al.,	 2018;	 Tennant	 et	 al.,	 2019).	 The	 amount	 of	 SHM	 that	 B	 cells	 undergo	 after	

vaccination	 with	 a	 variant	 antigen	 could	 also	 be	 influenced	 by	 the	 age	 of	 vaccinees,	 since	

antibodies	from	young	individuals	seem	to	acquire	more	mutations	in	their	IgV	genes	compared	

to	B	cells	from	elderly	immunised	with	the	same	inactivated	influenza	virus	(Henry	et	al.,	2019;	

Jiang	 et	 al.,	 2013).	 Consequently,	 antibodies	 from	 young	 individuals	 increase	 binding	 avidity	

towards	the	immunising	antigen,	while	those	from	elderly	would	better	recognise	older	strains	

(Henry	et	al.,	2019;	Jiang	et	al.,	2013).	However,	it	is	important	to	note	that	older	adults	can	be	

highly	vaccinated,	and	that	repeated	vaccination	can	contribute	to	poor	antibody	responses	to	

the	vaccine	amongst	older	adults	(Höpping	et	al.,	2016).	Likewise,	in	the	Ha	Nam	Cohort	(Chapter	

4)	 and	 other	 settings	 where	 most	 older	 adults	 are	 vaccine-naïve,	 80%	 or	 more	 have	

seroconverted	following	vaccination	(Narang	et	al.,	2018).	Thus	differences	in	SHM	acquisition	

could	be	 explained	by	 the	 likelihood	 that	 elderly	 individuals	will	 have	been	 exposed	 to	more	

influenza	strains,	such	that	their	memory	B	cells	may	have	reached	a	threshold	level	of	mutations	

beyond	which	they	are	refractory	to	acquiring	further	mutations	after	vaccination	(Stamper	and	

Wilson,	2018).		

While	 there	 is	 considerable	 evidence	 that	 memory	 B	 cells	 dominate	 responses	 to	

influenza	 vaccines,	 it	 remains	 to	 be	 determined	 whether	 memory	 dominance	 competitively	

inhibits	 naïve	 B	 cell	 activation	 such	 that	 there	would	 be	more	 naïve	 B	 cell	 activation	 among	

vaccinees	who	 have	minimal	 prior	 influenza	 exposure,	 and	 similarly,	 whether	 frequencies	 of	

activated	 naïve	 versus	memory	 B	 cells	 change	 depending	 on	 the	 antigenic	 distance	 between	

previously	encountered	and	vaccine	strains.	Based	on	our	results	from	Chapter	4,	it	is	anticipated	

that	 infection	will	 generate	 robust	memory	B	cells	against	an	array	of	epitopes	which	will	be	

variably	shared	with	vaccine	strains.		

In	this	Chapter,	we	therefore	assessed	B	cell	responses	to	HK14,	the	A/H3N2	component	

of	 the	 2016	 vaccine,	 among	 participants	 who	 had	 been	 infected	 with	 antigenically	 distinct	

A/H3N2	 viruses	 since	 2007,	 or	 not	 at	 all.	 This	 will	 address	 how	 memory	 B	 cells	 shape	 the	

antibody	 response	 to	 seasonal	 influenza	 vaccines	 and	 examine	 the	 capacity	 for	 naïve	 B	 cell	

activation.	Here,	we	used	recombinant	HA	(rHA)-specific	probes,	combined	with	the	phenotypic	

and	activation	markers	described	in	Chapter	3,	to	comprehensively	analyse	HA-reactive	B	cells,	

and,	therefore,	examine	the	cellular	basis	for	the	differences	in	HI	antibody	responses,	described	

in	Chapter	4.	
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5.2. Materials and Methods 

Study	design	and	ethics	

The	study	design	is	comprehensively	described	in	Chapter	4	(p	111	and	appendix	pp	130-131).	

Briefly,	100	participants	enrolled	 in	an	ongoing,	prospective,	household	 cohort	 that	had	been	

monitored	for	influenza	virus	infection	since	December	2007,	were	vaccinated	for	the	first	time	

with	 IIV	 in	2016.	The	vaccine	administered	 contained	A/Hong	Kong/4801/2014	 (H3N2)-like,	

A/California/7/2009	 (H1N1)pdm09-like,	 and	 B/Brisbane/60/2008-like	 viruses.	 Here,	 19	

participants	were	 selected	 to	 include	 4	 to	 6	 each	with	 no	 recent	 A/H3N2	 virus	 infection,	 or	

infection	with	a	clade	1	(Pe09),	clade	3c1	(Vic11)	or	clade	3c3a	(Sw13)	virus.	PBMCs	collected	on	

vaccination	days	-7,	7,	14	and	21	were	analysed	using	flow	cytometry	and	ELISPOT	to	determine	

the	HA	(cross)	reactivity	and	phenotype	of	responding	B	cells.	Specifically,	we	identified	H3	HA-

specific	B	cells	by	including	rHA	probes	for	four	different	cell-grown	A/H3N2	viruses,	including	

the	vaccine	 antigen,	HK14,	which	belongs	 to	 the	 genetic	 clade	3c2a,	 and	 three	other	A/H3N2	

viruses	that	had	recently	circulated	and	are	representative	of	the	participants’	recent	infections.	

Although	Pe09	is	not	definitively	in	clade	3c1,	it	is	antigenically	similar	to	3c1	viruses	(Figure	

4.5),	and	for	this	reason,	probes	for	Pe09	and	Vic11	were	conjugated	with	the	same	fluorochrome	

to	identify	B	cells	reactive	against	~3c1	viruses.	Finally,	we	used	a	probe	representing	Sw13	to	

identify	 3c3a-reactive	 B	 cells.	We	 also	 included	 phenotypic	markers	 to	 identify	memory	 and	

recently	activated,	and	divided	B	cells.	

	 This	study	was	approved	by	the	ethics	committees	at	the	University	of	Melbourne	(HREC	

#	1646470),	the	National	Institute	of	Hygiene	and	Epidemiology	in	Vietnam	(NIHE	IRB-VN01057	

–	08/2016),	and	the	Oxford	Tropical	Medicine	Research	Unit	(OXTREC	#	30-16).	All	participants	

provided	informed	consent,	written	in	Vietnamese.	

	
Sample	processing	

PBMC	 were	 isolated	 from	 whole	 blood	 using	 Lymphoprep	 (STEMCELL	 technologies)	 and	

Leucosep	 tubes	 (Grenier	 Bio-One)	 according	 to	 the	 manufacturer’s	 instructions	 and	

cryopreserved.	PBMC	were	processed	and	frozen	in	Vietnam	by	Dr	Annette	Fox	and	colleagues	

from	the	laboratories	of	Le	Quynh	Mai	and	Huong	Mai	Vu	Phuong	(National	Institute	of	Hygiene	

and	Epidemiology,	Vietnam)	and	of	Rogier	van	Doorn	(Oxford	University	Clinical	Research	Unit,	

Vietnam),	stored	at	liquid	N2	and	shipped	to	Australia	for	this	study.	

	
Recombinant	HA	probes	

To	identify	A/H3N2	virus-specific	B	cells	by	flow	cytometry,	B	cells	were	stained	with	rHA	probes.	

The	 selected	 rHA	 probes	 correspond	 to	 cell-grown	 A/Hong	 Kong/4801/2014	 (HK14)	 virus	

representing	 the	 vaccine	 strain,	 A/Perth/16/2009	 (Pe09)	 and	 A/Victoria/361/2011	 (Vic11)	
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representing	viruses	 from	clade	3c1,	 and	A/Switzerland/9715293/2013	 (Sw13)	 representing	

viruses	 from	 clade	 3c3a.	 rHA	 probes	 to	 Pe09,	 Vic11	 and	 Sw13,	 and	 to	 HK14,	 were	 kindly	

generated	by	Dr	Adam	Wheatley	and	Prof	Stephen	Kent	(University	of	Melbourne,	Australia)	and	

by	 Dr	 Masaru	 Kanekiyo	 and	 Dr	 Barney	 Graham	 (National	 Institute	 of	 Allergy	 and	 Infectious	

Diseases,	Bethesda,	MD,	US),	respectively,	as	previously	described	(Wheatley	et	al.,	2016;	Whittle	

et	al.,	2014).	The	protein	sequences	of	rHA	probe	were	identical	to	published	sequences	of	the	

equivalent	viruses	(Table	5.1),	with	the	exception	that	rHA	probes	contain	the	mutation	Y98F	to	

prevent	non-specific	binding	of	the	probe	to	the	sialic	acids	on	the	cell	surface,	a	FoldOn	domain	

for	trimerization,	an	avidin	tag	to	enable	biotinylation,	and	a	histidine	tag	for	purification	(Whittle	

et	al.,	2014).	HA	proteins	were	biotinylated	using	BirA	enzyme	(Avidity;	La	 Jolla,	CA,	US)	and	

labelled	with	SA-PE,	SA-APC	or	SA-BV421.		

	
Flow	cytometry	

To	determine	the	B	cell	phenotype	across	time	points,	one	vial	containing	2-5	x	106	PBMC	from	

each	participant	and	time	point	was	thawed,	washed	and	immediately	stained	with	LIVE/DEADTM	

Fixable	 Aqua	 Dead	 Cell	 Stain	 Kit	 (Thermo	 Fisher	 Scientific).	 Staining	 with	 rHA	 probes	 was	

performed	 during	 10	 minutes	 at	 4°C	 before	 adding	 the	 antibody	 panel.	 The	 antibody	 panel	

consisted	of	anti-human	CD19	PE-CF594	(clone	HIB19,	BD;	Franklin	Lakes,	NJ,	US);	CD20	APC-H7	

(clone	2H7,	BD);	CD27	APC-R700	(clone	323,	BD);	CD38	BB515	(clone	HIT2,	BD);	CD71	PE-Cy7	

(clone	CY1G4,	Biolegend;	San	Diego,	CA,	US);	CD21	BUV737	(clone	B-Iy4,	BD);	IgD	BUV395	(clone	

IA6-2,	BD),	IgM	BV605	(clone	MHM88,	Biolegend)	and	IgG	BV605	(clone	G18-145,	BD).	The	dump	

channel	consisted	of	anti-human	CD3	(clone	OKT3),	CD10	(clone	HI10a),	CD14	(clone	M5E2)	and	

CD16	 (clone	 3G8)	 all	 from	 Biolegend	 and	 conjugated	 to	 BV510.	 The	 antibodies	 were	 added	

without	 washing	 the	 rHA	 probes	 and	 left	 at	 4°C	 for	 a	 further	 30	minutes.	 The	 staining	 was	

performed	 in	 1%	 BSA	 and	 0.2%	 sodium	 azide	 in	 PBS.	 Samples	 were	 then	 fixed	 with	 1%	

formaldehyde	and	data	were	acquired	on	an	LSR	Fortessa	flow	cytometer	(BD	Biosciences).	Data	

collected	were	analysed	using	FlowJo	v10.5.3.	

	
Dual-colour	ELISPOT	

To	validate	results	of	flow	cytometry,	and	to	enumerate	plasmablasts	producing	HA-reactive	IgG	

or	 IgA	 antibodies,	 we	 performed	 dual-colour	 ELISPOT	 with	 PBMCs	 collected	 7	 days	 after	

vaccination.	 To	 selectively	 detect	 antibodies	 reactive	 to	 the	 globular	 head	 of	 HA	 rather	 than	

antibodies	against	the	stem,	as	the	latter	is	more	conserved	between	the	viruses	assessed	in	this	

study,	 we	 used	 recombinant	 proteins	 representing	 the	 HA1	 subunits	 of	 cell-grown	 Vic11	

(International	Reagent	Resource,	Cat#	FR-1090;	Manassas,	VA,	US),	Sw13	(Sino	Biological,	Cat#	

40497-V08H1;	 Beijing,	 China)	 and	 HK14	 (Sino	 Biological,	 Cat#	 40555-V08H).	 ELISPOT	

MultiScreenHTS	IP	Filter	Plate,	0.45	µm,	clear,	non-sterile	plates	(Millipore)	were	precoated	with	
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0.15	µg/well	of	each	of	the	HA1	proteins	or	with	10	µg/mL	of	unconjugated	goat	anti-human	IgM,	

IgG	 and	 IgA	 polyclonal	 Abs	 (Jackson	 ImmunoResearch)	 and	 then	 blocked	 with	 200µL	 RPMI	

(Gibco)	containing	10%	heat-inactivated	fetal	calf	serum	(Gibco).	PBMCs	were	thawed,	washed,	

counted,	 resuspended	 in	 complete	 media,	 then	 transferred	 at	 a	 concentration	 of	 4.5	 x	 105	

cells/100µL	in	the	wells	coated	with	HA1,	and	at	4	x	104	cells/100µL	in	the	anti-Ig	coated	positive-	

or	uncoated	negative-control	wells.	Plates	were	incubated	for	5	hours	at	37°C	in	5%	CO2,	washed	

with	PBS-Tween,	 then	 incubated	with	alkaline	phosphatase-conjugated	AffiniPure	anti-human	

IgG	Fcγ (Jackson	ImmunoResearch) and	biotin-conjugated	anti-human	IgA	(BD),	both	at	1µg/mL	

for	 2	 hours	 at	 room	 temperature.	 Plates	were	washed	 before	 adding	 horseradish	 peroxidase	

(HRP)	conjugated	streptavidin	(BD),	and	incubating	for	30	minutes	at	room	temperature.	Finally,	

AP	(AP	conjugate	substrate	kit,	BioRad)	then	HRP	(BD	ELISPOT	AEC	Substrate	Set,	BD)	substrates	

were	added	and	washed	with	tap	water	to	reveal	blue	then	red	spots	representing	IgG	and	IgA,	

respectively.	 Spots	 were	 counted	 with	 an	 AID	 EliSpot/FluoroSpot	 Reader	 (Autoimmun	

Diagnostika	GmbH)	using	two	colour	settings.	

	
Statistical	analysis	

Friedman	test	for	paired	data	and	Wilcoxon	test	for	paired	data	were	used	for	multivariate	and	

bivariate	comparisons,	respectively,	of	continuous	variables	between	pre-	and	post-vaccine	time	

points	and	between	B	cells	with	different	HA	specificities.	Kruskal	Wallis	test	for	unpaired	data	

and	Mann	Whitney	 U	 test	 for	 unpaired	 data	 were	 used	 to	 compare	 participants	 grouped	 by	

infection	history.	Correlations	were	assessed	using	Spearmen’s	correlation	coefficient.	Analysis	

was	performed	using	GraphPad	Prism	software	version	8.4.3.	

	

	 	



 
 

 

Table	5.1.	Recombinant	HA	probe	amino	acid	sequence	comparison	with	the	HK14	vaccine	antigen	

Site  - - E A B C D RBS - - 

Position 3 33 62 138 142 144 145 128 159 160 194 198 45 48 278 311 312 96 212 214 223 225 326 489 

HK14e 1 I R E A R S 
-
 S T 

+
 Y K 

-
 P 

e
 S N 

+
 I K H S S 

e
 A I I D K N 

HK14c  I R E A R S 
-
 S T 

+
 Y T 

+
 L S N 

+
 I K Q S N A I I D K D 

Sw13 2 L R E S G N 
+
 S A 

-
 S K 

-
 L S N 

+
 I K Q S N A I I D R D 

Vic11 3 L Q E A R N
 +

 N T 
+
 F K 

-
 L S N 

+
 I N Q S N A I I N K D 

Pe09 4 L Q K A R K 
-
 N T 

+
 F K 

-
 L A S 

-
 T N Q N N T S V N K D 

1: GISAID ID EPI614437 A/Hong Kong/4801/2014 E5E2 
2: GISAID ID EPI614444 A/Switzerland/9715293/2013 S1S2/S3  

3: GISAID ID EPI551807 A/Victoria/361/2011 C2/C2 
4: GISAID ID EPI182941 A/Perth/16/2009 MDCKX 

+: gain of glycosylation site 
-:  loss of glycosylation site 
e: substitution associated with egg-adaptation 

RBS: receptor binding site 
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5.3. Results 

Specificity	of	H3	HA-reactive	B	cells	post-vaccination	

PBMC	 collected	 pre-	 and	 post-vaccination	 from	 19	 participants	were	 analysed	 for	 this	 study	

(Figure	5.1A),	four	of	them	had	no	reported	A/H3N2	virus	infection	during	the	9-years	of	active	

investigation	prior	to	vaccination,	while	four	had	prior	infection	with	a	clade	1	virus,	six	with	a	

clade	3c1	virus,	and	five	with	a	clade	3c3a	virus.	The	age,	sex	and	HI	titre	ranges	for	each	prior	

infection	group	are	summarised	in	Table	5.2.	Total	B	cells	comprised	between	10	and	13%	of	

PBMCs,	with	most	variation	between	participants,	whereas	percentages	detected	pre-	and	post-

vaccination	were	stable	within	individuals.	IgD+	B	cells	can	bind	non-specifically	to	probes	and	

were	 excluded	 from	 the	 CD19+	 B	 cell	 gate	 used	 to	 detect	 rHA	 probe-reactive	 B	 cells.	 The	

percentage	of	B	cells	that	were	IgD-	ranged	from	34	to	38	%	and	was	also	stable	within	individuals	

over	 time	(Table	5.3).	 In	 line	with	previous	studies	 (Bentebibel	et	al.,	2013;	Koutsakos	et	al.,	

2018;	Wrammert	 et	 al.,	 2008),	 the	 percentage	 of	 total	 B	 cells	 with	 a	 plasmablast	 phenotype	

increased	 on	 day	 7	 post-vaccination	 compared	 to	 pre-vaccination	 in	 all	 participants	 then	

returned	to	pre-vaccine	levels	by	day	14	for	most	participants	(Figure	5.1B	C).	B	cells	reactive	

with	each	rHA	probe	(HK14,	Sw13,	and	Vic11+Pe09	combined	~	3c1),	expanded	and	increased	

expression	of	CD71	post-vaccination,	 indicative	of	 recent	division	 (Figure	5.1D	 left	panel,	E;	

Figure	S5.1).	However,	while	expansion	of	3c1-	and	Sw13-reactive	B	cells	could	be	detected	in	

all	participants,	HK14-reactive	B	cell	expansion	was	detected	in	only	14	individuals	(Figure	5.1D	

right	panel,	F;	Figure	S5.1).	Therefore,	participants	were	divided	on	the	basis	of	whether	HK14	

probe-reactive	B	cells	expanded,	and	only	those	who	had	HK14-reactive	B	cell	expansion	were	

considered	 for	comparison	of	 the	kinetics	and	phenotype	of	B	cells	reactive	 towards	different	

probes.		

	
Table	 5.2.	 Demographics	 and	HI	 titres	 of	 participants	who	 received	 IIV	 containing	 the	
HK14	A/H3N2	antigen	

Last infection Age Sex HK14 HI titre (range) 
Baseline Day 7 Day 14 Day 21 

Before 2007 
(n = 4) 55-65 50% (2/4) F <10-20 40 160-1280 160-640 

Clade 1 
(n = 4) 44-61 75% (3/4) F 10-40 20-20480 40-20480 40-5120 

Clade 3c1 
(n = 6) 20-53 16.7% (1/6) F 10-160 160-1280 320-1280 320-1280 

Clade 3c3a 
(n = 5) 34-58 60% (3/5) F 20-160 80-1280 160-2560 160-2560 

F: female; HI: hemagglutination inhibition; HK: Hong Kong; IIV: inactivated influenza vaccine 
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Figure 5.1. Vaccination induces a transient plasmablast response and expansion of HA-specific B cells. (A) 
Study design. (B) Detection of B cells with a plasmablast phenotype at baseline (BL) and after vaccination, 
showing FACS plots of a representative participant, and (C) percentages for all participants. (D) rHA probe 
reactivity and CD71 expression by IgD- B cells, showing FACS plots of representative participants, (E) 
percentages for all participants, and (F) fold change from baseline across all times points. Red lines are 
median values for each time point (n = 19). Statistical significance was assessed using Friedman test (*p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). HK: Hong Kong; Sw: Switzerland; Vic: Victoria. 
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Table	5.3.	Total	B	cell	and	IgD-	B	cell	frequencies	 
Baseline Day 7 Day 14 Day 21 

Total B cells (%) 
Mean (min-max) 

10.83 
(7.25-15.40) 

13.27 
(8.31-19.40) 

10.88 
(6.24-21.70) 

10.85 
(2.09-20.90) 

IgD- B cells (%) 
Mean (min-max) 

33.96 
(17.70-62.80) 

38.12 
(21.10-65.80) 

36.33 
(20.60-68.60) 

35.80 
(18.30-59.20) 

	

Seven	 different	 single	 probe-reactive	 or	 double	 or	 triple	 probe	 cross-reactive	 subsets	

were	detected,	which	presumably	recognized	epitopes	that	were	unique	to	each	probe	or	shared	

between	 two	 or	 all	 probes,	 respectively,	 and	 consistent	 with	 the	 patterns	 of	 antigenic	 site	

conservation	between	the	probes	(Table	5.1).	An	unexpected	finding	was	that	3c1-	and/or	Sw13-

reactive	B	cell	expansion	substantially	exceeded	that	of	HK14-reactive	B	cells,	given	that	B	cell	

expansion	was	induced	by	vaccination	with	HK14.	In	turn,	we	would	expect	that	any	3c1-	and	

Sw13-reactive	B	cells	that	expand	would	be	cross-reactive	with	HK14,	the	immunizing	antigen,	

however,	most	3c1-	and/or	Sw13-reactive	B	cells	did	not	bind	HK14.	A	very	small	percentage	of	

probe-reactive	B	cells	reacted	with	all	probes	but	dual	HK14-	and	3c1-	or	Sw13-reactive	cells	

were	 barely	 detected	 (Figure	 5.2).	 These	 results	 indicate	 that	 the	 rHA	 HK14	 probe	 is	 not	

effectively	identifying	B	cells	that	react	against	the	immunising	antigen,	and	that	the	probe	may	

bind	BCRs	with	low	avidity	compared	to	other	probes.	This	could	potentially	be	due	to	protein	

folding	and/or	to	substitutions	in	the	HK14	probe,	including	K160T	(Table	5.1)	that	results	in	

glycosylation	and	shielding	of	an	epitope	in	antigenic	site	B	of	the	egg-adapted	vaccine	virus	(Zost	

et	al.,	2017).	A	HK14	probe	based	on	the	egg-grown	virus	sequence	could	not	be	expressed	by	Dr	

Adam	Wheatley	(University	of	Melbourne)	and	Dr	Masaru	Kanekiyo	(National	Institute	of	Allergy	

and	Infectious	Diseases)	despite	multiple	attempts	over	12	months.	We	speculate	that	Sw13	and	

3c1	probes	outcompete	HK14	for	binding	to	most	cross-reactive	memory	BCRs,	and	that	HK14	

binding	may	be	limited	to	BCRs	that	are	specific	for	epitopes	that	are	unique	to	HK14	or	are	only	

minimally	conserved	with	Sw13	and	3c1	in	the	case	of	triple-reactive	B	cells.	

To	 further	 investigate	 the	 specificity	 of	 B	 cells	 induced	 by	 vaccination	we	 performed	

ELISPOT	to	enumerate	plasmablasts	in	day-7	post-vaccination	samples	that	produced	IgG	or	IgA	

reactive	 with	 recombinant	 HA1	 of	 cell-grown	 HK14,	 Sw13	 or	 Vic11.	 Six	 participants	 were	

assessed,	two	with	no	prior,	two	with	prior	clade	1	(Pe09),	one	with	prior	clade	3c1	(Vic11)	and	

one	 with	 prior	 clade	 3c3a	 (Sw13)	 infections.	 As	 expected,	 IgG-	 as	 opposed	 to	 IgA-secreting	

plasmablasts	 predominated	 (Figure	 5.3A,	 B).	 Frequencies	 of	 Vic11-reactive	 plasmablasts,	

secreting	both	IgG	and	IgA,	indicated	by	spot	forming	units	(SFU),	exceeded	those	of	HK14-	and	

Sw13-reactive	 plasmablasts	 on	 day	 7	 post-vaccination	 (Figure	 5.3A,	 B),	 consistent	 with	 the	

results	observed	with	 the	rHA	probes	 (Figure	5.1D,	E).	SFU	 frequencies	positively	correlated	

with	frequencies	and	fold	change	of	B	cells	reactive	with	3c1	and	Sw13	probes,	but	not	with	HK14	
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probe	(Figure	5.3C),	which	 further	suggested	that	 the	HK14	rHA	probe	has	 low	sensitivity	 to	

identify	HK14-specific	B	cells.	

	

	

	

Figure 5.2. Kinetics of rHA-specific IgD- B cells with different cross-reactivity profiles. (A) FACS plots 
showing reactivity of rHA+ IgD- B cells to 3c1 viruses (Pe09 and Vic11) and Sw13 at baseline (BL) and on 
days 7, 14 and 21 post-vaccination for a representative donor and (B) frequencies for all participants. Red 
lines represent median values for each time point (n = 19). Statistical significance was assessed using 
Friedman test (n = 14 for HK14-reactive B cells, n = 19; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001). HK: Hong Kong; Pe: Perth; Sw: Switzerland; Vic: Victoria. 
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HA-specific	B	cells	correlate	with	HI	titres	against	the	corresponding	antigen	

We	next	examined	whether	B	cell	subset	frequencies	correlated	with	HI	titres.	The	percentages	

of	B	cells	with	plasmablast	or	IgD-	phenotypes	on	day	7	post-vaccination	did	not	correlate	with	

HI	titres	against	the	A/H3N2	vaccine	antigen	at	the	same	time	point	(Figure	5.4A,	B).	This	might	

reflect	the	possibility	that	plasmablasts	can	be	also	induced	by	the	other	viruses	included	in	the	

vaccine	 (Andrews	 et	 al.,	 2015a;	 Koutsakos	 et	 al.,	 2018),	 or	 alternatively	 represent	 bystander	

activation	 of	 non-specific	 B	 cells	 following	 influenza	 vaccination	 (Horns	 et	 al.,	 2020).	 The	

Figure 5.3. Ex vivo detection of HA1-specific antibody secreting cells (ASC) on day 7 post-vaccination. (A) 
ELISPOT images showing detection of IgA (red spots) and IgG (blue spots) secreted by individual ASC within 
PBMCs from a representative participant during 5 hours of culture on HA1 coated plates. (B) Numbers of 
IgA and IgG ASC for individual participants. Lines indicate median (n = 6). Statistical significance was 
assessed using Friedman test (**p < 0.01). (C) Correlation of the total number of ASC for each specificity 
with the frequencies (top panels) and the fold change (bottom panels) of HA-specific IgD- B cells detected 
by flow cytometry. Dots are coloured by infection history (n = 6). Correlation was assessed using 
Spearman’s correlation coefficient (r). HK: Hong Kong; Pe: Perth; SFU: spot forming units; Sw: Switzerland; 
Vic: Victoria. 
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frequency	of	total	HA-specific	B	cells	correlated	positively	with	HI	titres	against	the	immunising	

A/H3N2	 antigen	 (Figure	 5.4C).	 Fold	 changes	 by	 day	 7	 post-vaccination	 (compared	 to	 pre-

vaccination)	of	 total	HA-specific	B	 cells,	 and	of	 total	plasmablasts	or	of	 IgD-	B	 cells	were	also	

positively	correlated,	indicating	a	link	in	the	magnitude	of	the	response	between	these	subsets	

(Figure	 5.4D).	 Correlations	 between	 B	 cell	 frequency	 and	 antibody	 titres	 against	 matched	

strains,	combining	data	for	all	post-vaccination	time	points,	were	weakest	for	HK14,	even	when	

comparing	antibodies	against	egg-grown	HK14	or	the	closely	related	cell-grown	Mich14	(Figure	

5.5A,	 B).	 HK14-reactive	 B	 cell	 frequencies	 barely	 increased	 with	 increasing	 HI	 titre,	 further	

indicating	that	the	probe	has	poor	sensitivity	for	detecting	HK14-reactive	B	cells.	Correlation	was	

also	 weak	 between	 3c1-reactive	 B	 cell	 frequency	 and	 HI	 titres	 against	 cell-grown	 (r=0.340,	

p=0.008),	but	not	egg-grown	(r=0.633,	p<0.0001)	Vic11	(Figure	5.5E-F).	Vic11	and	Pe09	probes	

were	combined	on	the	same	fluorochrome,	therefore,	a	potential	explanation	could	be	that	B	cells	

were	predominantly	reactive	with	the	Pe09	probe,	given	that	good	correlations	were	observed	

for	 both	 cell-grown	 and	 egg-grown	 Pe09	 HI	 titres	 (Figure	 5.5C,	 D).	 Sw13-reactive	 B	 cell	

frequencies	 correlated	

well	with	antibody	titres	

against	 both	 egg-	 and	

cell-grown	 viruses	

(Figure	 5.5I,	 J).	 B	 cell	

and	 antibody	 responses	

to	Sw13	and	3c1	viruses	

were	 strongest	 among	

participants	 who	 had	

been	infected	with	those	

viruses,	 but	 participants	

who	 had	 3c3a	 infection	

often	 also	 exhibited	

strong	 responses	 to	3c1	

viruses	 (Figure	 5.5C-I).	

This	again	 suggests	 that	

pre-existing	 memory	 B	

cells	may	 dominate	 and	

shape	 responses	

induced	by	the	vaccine.	

	

Figure 5.4. Antibody titres induced by the vaccine correlate with rHA-
reactive IgD- B cells but not with total plasmablasts. Fold change in HI 
antibody titres against the vaccine strain are correlated with (A) 
frequencies of plasmablasts (PB) of total B cells, (B) plasmablasts of total 
IgD- B cells and (C) rHA-reactive IgD- B cells on day 7 post-vaccination. (D) 
Correlation of the fold change of rHA-reactive IgD- B cells with the fold 
change of plasmablasts of total IgD- B cells on day 7 post-vaccination (n = 
19). Correlation was assessed using Spearman’s correlation coefficient (r). 
HI: hemagglutination inhibition; HK: Hong Kong. 
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Figure 5.5. Correlation of rHA probe-reactive B cell frequencies and HI titres indicates that the HK14 HA 
probe has poor sensitivity compared to the other probes. (legend on following page) 
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HK14-reactive	B	cells	acquire	a	less	activated	phenotype	compared	to	their	counterparts	

To	 examine	whether	 rHA-reactive	 B	 cells	 stimulated	 by	 the	 vaccine	 are	 potentially	 naïve-	 or	

memory-derived	and	have	differentiated	 into	plasmablasts,	we	examined	expression	of	CD38,	

CD71,	CD20,	CD21,	CD27,	IgG	and	IgM,	to	differentiate	these	subsets	early	after	activation	in	vitro.	

We	 established	 differential	 expression	 of	 CD38,	 CD27,	 CD20	 and	 IgM	 between	 naïve-	 and	

memory-derived	activated	B	cells	(Chapter	3).	B	cells	of	all	HA-specificities	included	cells	with	a	

plasmablast	phenotype,	defined	as	CD38+CD20-	by	day	7	post-vaccination,	and	this	population	

rapidly	contracted	returning	to	baseline	levels	or	below	by	day	14.	The	percentage	of	B	cells	with	

a	plasmablast	phenotype	on	day	7	was	lower	among	the	HK14-reactive	subset	than	among	the	

3c1-	or	Sw13-reactive	subsets	(Figure	5.6A,	B	top	panel).	A	substantial	percentage	of	B	cells	

reactive	against	each	of	the	probes	expressed	CD38	at	high	levels	compared	to	baseline,	but	did	

not	 downregulate	 CD20,	 indicating	 that	 they	 were	 activated	 but	 did	 not	 differentiate	 into	

plasmablasts.	Percentages	of	probe-reactive	B	cells	with	an	activated	phenotype	were	elevated	

on	days	7	and	14	after	vaccination	and	contracted	by	day	21	(Figure	5.6A,	B	bottom	panel).	The	

analysis	of	dual-expression	of	the	activation	marker	CD38	and	the	proliferation	marker	CD71	also	

showed	lower	activation	of	HK14-reactive	B	cells	(Figure	5.6C,	D).	The	percentage	of	B	cells	that	

were	CD38+CD71+	was	low	for	HK14-reactive	B	cells	compared	to	3c1-	or	Sw13-reactive	B	cells.	

CD21	is	constitutively	expressed	by	naïve	B	cells	(Sanz	et	al.,	2019)	and	it	has	been	defined	as	a	

marker	of	resting	naïve	and	memory	B	cells	that	is	downregulated	upon	B	cell	activation	(Sanz	et	

al.,	 2019).	 Downregulation	 of	 CD21	 in	 memory	 B	 cells	 has	 also	 been	 associated	 with	

predisposition	to	differentiate	into	plasma	cells	(Lau	et	al.,	2017).	Remarkably,	we	did	not	identify	

high	frequencies	of	CD21hi	B	cells	at	any	time	point	including	baseline,	yet	high	frequencies	of	

CD27-CD21+	B	cells	were	identified	among	total	B	cells	(Figure	5.6E).	Hence,	by	selecting	the	IgD-	

B	cell	population	to	analyse	HA-specific	B	cells,	we	might	be	gating	out	 the	majority	of	CD21-

expressing	naïve	B	cells.	However,	we	could	still	identify	differences	in	downregulation	patterns	

of	CD21	between	B	cells	with	different	reactivities.	B	cells	specific	for	the	older	Pe09/Vic11	and	

Sw13	viruses	downregulated	CD21	post-vaccination,	while	HK14-specific	B	cells	maintained	the	

same	frequency	of	CD21hi	B	cells	across	all	time	points	(Figure	5.6F,	G).	The	percentage	of	B	cells	

reactive	with	each	probe	that	expressed	IgM	decreased	post-vaccination	compared	to	baseline	

whereas	the	percentage	that	expressed	IgG	generally	increased,	while	IgA	expression	remained	

Figure 5.5. Correlation of rHA probe-reactive B cell frequencies and HI titres indicates that the HK14 HA 
probe has poor sensitivity compared to the other probes. HI antibody titres against A/H3N2 viruses, 
grown in either eggs (A, C, E, G, I) or cells (B, D, F, H, J), are correlated with frequencies of IgD- B cells 
reactive with the corresponding rHA probes. Dots are coloured by infection history (A and B n = 14, C-J n = 
19). Correlation was assessed using Spearman’s correlation coefficient (r). HI: hemagglutination inhibition; 
HK: Hong Kong, Mich: Michigan; Sw: Switzerland; Tx: Texas; Vic: Victoria. 
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unchanged	(Figure	5.6H,	I).	The	percentage	IgM+	of	probe-reactive	B	cells	was	highest	amongst	

the	HK14-reactive	subset	at	all	time	points	compared	to	3c1-	and	Sw13-reactive	B	cells	(Figure	

5.6J),	suggestive	of	the	presence	of	more	naïve-derived	B	cells.		

	

Figure 5.6. Phenotypic change among rHA-specific IgD- B cells over time after vaccination. (legend on 
following page) 
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t-distributed	 Stochastic	 Neighbour	 Embedding	 (tSNE)	 analysis	 was	 used	 to	 further	

examine	how	B	cells	reactive	with	each	rHA	probe	cluster	when	all	markers	are	considered,	and	

all	 post-vaccination	 timepoints	 are	 concatenated.	 HK14-reactive	 B	 cells	 mainly	 clustered	 in	

regions	defined	by	IgM	expression,	but	were	also	 found	 in	plasmablast,	 IgG+	and	IgA+	 clusters	

(Figure	5.7A).	HK14-reactive	B	cells	also	expressed	 low	 levels	of	CD38	and	CD71	and	higher	

expression	of	CD20	(Figure	5.7B).	However,	within	the	HK14-specific	population,	two	distinct	

populations	expanded,	HK14	single	positive	(SP)	B	cells	and	triple	positive	(TP)	B	cells	that	cross-

reacted	 with	 all	 rHA	 probes	 (Figure	 5.2).	 Surface	 Ig	 analysis	 showed	 that	 relatively	 high	

percentages	 of	 HK14	 SP	 B	 cells	were	 IgM+	 across	 all	 time	 points	 and	 increased	 slightly	 post	

vaccination	(Figure	5.8A,	B),	whereas	triple	probe-reactive	B	cells	were	increasingly	IgG+	post-

vaccination	(Figure	5.8A,	B).	Similarly,	HK14	SP	and	TP	cells	formed	different	clusters	using	tSNE	

analysis.	HK14	SP	B	cells	were	characterized	by	high	IgM	expression	and	low	expression	of	CD38	

and	 CD71,	while	 TP	B	 cells	 expressed	 higher	 levels	 of	 CD38	 and	 CD27,	 and	were	 either	 IgG-

expressing	B	cells	or	plasmablasts	expressing	low	levels	of	surface	Ig	(Figure	5.8C,	5.7),	further	

suggesting	that	B	cells	that	are	single-reactive	against	the	immunising,	HK14,	antigen	are	naïve-

derived.	

	
IIV	induces	a	memory	B	cell	dominated	response	with	minimal	detection	of	naïve-derived	

B	cells	

Results	presented	above	suggest	that	HK14	single-reactive	B	cells	are	naïve-derived	whereas	B	

cells	that	(cross)-react	with	prior	strain	rHA	probes	are	memory-derived.	We	therefore	examined	

how	the	frequencies	of	HK14	SP	versus	prior	strain	(cross)-reactive	B	cells	changed	in	response	

to	vaccination,	and	whether	this	was	associated	with	infection	history.	Vaccination	induced	little	

or	no	increase	in	HK14	single-reactive	B	cells	in	most	participants,	the	exception	being	that	this	

population	increased	on	day	14	in	all	participants	who	lacked	A/H3N2	virus	infection	in	the	9	

years	before	influenza	vaccination	(Figure	5.9).	B	cells	that	cross-reacted	against	all	probes	or	

that	 recognized	 probes	 other	 than	 HK14,	 which	 are	 presumed	 to	 be	 memory,	 expanded	

substantially,	particularly	in	the	group	with	prior	infection	(Figure	5.9).	These	results	indicate	

Figure 5.6. Phenotypic change among rHA-specific IgD- B cells over time after vaccination. FACS plots of 
HK14, 3c1 and Sw13 HA-reactive B cells from a representative participant at baseline and on day 7 post-
vaccination showing expression of (A) CD38 versus CD20, (C) CD71 versus CD38, (F) CD27 versus CD21 and 
(H) IgG versus IgM. Percentages of HA-reactive B cells from all participants that have phenotypes defined 
by these marker are compared for each time point and probe, showing individual values and medians (B, J), 
or stacked bars representing mean+95% CI for each phenotype (D,G,I). Statistical significance was assessed 
using Friedman test (n = 14 for HK14-reactive B cells, n = 19; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001). (E) FACS plots showing expression of CD27 versus CD21 in total B cells, IgD- B cells and HA-reactive 
IgD- B cells at baseline (top panels) and on day 7 post-vaccination (bottom panels) HK: Hong Kong; Sw: 
Switzerland. 
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that	memory	B	 cells	dominate	 IIV	 responses,	possibly	at	 the	expense	of	 inducing	naïve	B	 cell	

responses.	

	

	

	

	

Figure 5.7. Surface marker expression in rHA-reactive IgD- B cells. tSNE plots depict clustering of HA-
reactive B cells based on all markers assessed and light scatter when data of 5 representative participants 
for all post-vaccination time points are concatenated. (A) Plots are overlayed with either B cell subsets 
expressing IgM, IgG or IgA, or plasmablasts (top panel), or B cells reactive for HK14, 3c1 or 3c3a viruses 
(bottom panels). (B) Median fluorescence intensity (FI) for each of the surface markers CD38, CD71, CD20, 
CD21, CD27, IgG and IgM is represented. 
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Figure 5.8. IgM+ B cells are relatively common among HK14 single-reactive B cells. (A) FACS plots from a 
representative participant at baseline and on day 14 post-vaccination showing expression of surface IgG 
and IgM by HK14 single positive (SP) and triple positive (TP) B cells. (B) Cell frequencies of IgM+ and IgG+ 
HK14 SP and TP B cells at baseline (BL) and on days 7, 14 and 21 post-vaccination. Lines represent median. 
Statistical significance was assessed using Wilcoxon test for comparisons between subsets and Friedman 
test for comparisons between time points within subsets (n = 14; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). (C) tSNE plots depict clustering of HA-reactive B cells based on all markers assessed and 
light scatter when data for all post-vaccination time points of 5 representative participants is concatenated. 
Plots are overlayed with either B cell subsets expressing IgM, IgG or IgA, or plasmablasts defined as 
CD38+CD20- B cells (top panel), or B cells single-reactive for HK14 (HK14 SP) or triple positive (TP) B cells 
(bottom panels). HK: Hong Kong. 

Figure 5.9. Small detection of HK14 single-reactive B cells. (A) FACS plots of B cell reactivity against HK14 
and 3c1 rHA at baseline and day 14 post-vaccination, showing representative participants who had (top 
panels) or lacked (bottom panels) recent A/H3N2 virus infection. HK14 single positive (SP) B cells are 
represented in red. (B) Cell frequencies of HK14 SP B cells and B cells with all other HA specificities at 
baseline (BL) and on days 7, 14 and 21 post-vaccination in all participants with (grey dots) and without 
(white dots) recent A/H3N2 virus infection who showed binding to the HK14 rHA probe. Lines represent 
median. Statistical significance was assessed using Mann Whitney test for comparisons between groups 
and Friedman test for comparisons within groups (*p < 0.05, **p < 0.01, ***p < 0.001). HK: Hong Kong. 
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Pre-existing	immunity	shapes	B	cell	cross-reactivity	profiles	

Participants	who	had	been	infected	with	clade	3c1	versus	clade	3c3a	viruses	exhibited	somewhat	

distinct	 serological	 responses	 to	 vaccination,	which	 suggested	 that	 responses	may	 have	 been	

focused	on	epitopes	shared	between	the	prior	infecting	strain	and	vaccine	strain	with	an	absence	

of	antibodies	against	other	epitopes	(Chapter	4).	We	therefore	compared	the	rHA	probe	(cross)-

reactivity	of	vaccine-induced	B	cells	among	participants	infected	with	different	prior	strains	to	

determine	whether	serological	profiles	were	due	to	the	dominance	of	recalled	memory	B	cells	

reactive	with	the	prior	strain.	Strikingly,	vaccination	with	HK14	induced	B	cells	that	reacted	only,	

or	preferentially,	against	the	3c1	rHA	probes	among	participants	who	had	been	infected	with	a	

3c1	virus,	whereas	B	cells	that	reacted	at	least	as	well	with	the	Sw13/3c3a	probe	were	induced	

among	participants	who	had	been	infected	with	a	clade	3c3a	virus	(Figure	5.10,	Figure	S5.2).	It	

is	possible	that	antigenic	site	A-	and	B-reactive	memory	B	cells	are	recalled	in	participants	who	

had	prior	3c1-like	virus	infections	because	amino	acids	across	these	two	neighbouring	sites	are	

relatively	conserved	between	3c1	and	HK14,	but	not	between	3c3a	and	HK14	(Table	5.1).	This	

could	mean	that	vaccine	responses	are	more	focused	on	these	immunodominant	sites	in	people	

with	prior	3c1	infection,	although	might	be	shifted	to	less	dominant	but	more	broadly	conserved	

sites	in	people	with	prior	3c3a	infection.	In	any	case,	vaccination	did	not	seem	to	increase	the	

breadth	of	B	cell	cross-reactivity	yet	only	boosted	pre-existing	memory	and	the	breadth	of	the	

response	was	determined	by	infection	history.	

Figure 5.9. Small detection of HK14 single-reactive B cells. (legend on previous page) 
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Interestingly,	only	participants	who	were	previously	infected	with	Vic11	or	Sw13	viruses,	

but	not	with	Pe09,	 showed	expansion	of	B	 cells	 reacting	against	 all	 antigens	post-vaccination	

(Figure	5.11).	Vic11	displays	more	amino	acid	conservation	in	antigenic	sites	C	and	D	with	Sw13	

and	HK14	compared	to	Pe09	(Table	5.1),	which	could	explain	our	findings.	Our	data	revealing	

the	impacts	of	prior	infecting	clade	on	the	cross-reactivity	profile	of	B	cells	induced	by	vaccination	

provide	further	evidence	that	recalled	memory	B	cell	responses	dominate	and	shape	responses	

to	a	new	A/H3N2	vaccine	antigen.	

Figure 5.10. The HA cross-reactivity profile of B cells induced by IIV is associated with infection history. 
(A) Representative FACS plots and (B) percentages of rHA-reactive IgD- B cells detected on day 14 post-
vaccination that preferentially bind 3c1 HA,  or that are equally cross-reactive with 3c1 and 3c3a HA in 
participants with prior 3c1-like (blue dots) and prior 3c3a-like (orange dots) virus infection. Lines indicate 
median. Statistical significance was assessed using Mann Whitney test (*p < 0.05). CR: cross-reactive; Pref: 
preference; Sw: Switzerland. 
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Figure 5.11. B cells reactive against all probes detectable only in individuals with infection history with 
Vic11 and Sw13 viruses. FACS plots showing reactivity of rHA+ IgD- B cells to 3c1 viruses (Pe09 and Vic11), 
Sw13 and HK14 at baseline (BL) and on days 7, 14 and 21 post-vaccination for a representative donor with 
(A) no recent A/H3N2 virus infection and with last infection with (B) a Pe09 virus, (C) a Vic11 virus and (D) a 
Sw13 virus. Triple positive B cells are highlighted in red. (E) Cell frequencies of triple positive B cells for all 
individuals who showed binding to the HK14 HA probe. Dots are coloured by infection history. Lines 
represent median. Statistical significance was assessed using Friedman test. HK: Hong Kong; Pe: Perth; Sw: 
Switzerland; Vic: Victoria. 
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5.4. Discussion 

This	 Chapter	 aimed	 to	 characterise	 the	 extent	 to	 which	 naı̈ve	 versus	 memory	 B	 cells	 drive	

responses	to	the	A/H3N2	component	of	seasonal	influenza	vaccines,	and	to	analyse	the	impact	of	

recent	 documented	 infections	 on	 these	 responses.	 Vaccine	 responses	were	 investigated	 in	 an	

influenza	 vaccine-naıv̈e	 cohort	 for	 whom	 influenza	 virus	 infection	 in	 the	 9	 years	 preceding	

vaccination	was	documented.	HA-reactive	B	cells	were	identified	using	rHA	probes.	Few	B	cells	

specific	for	the	vaccine	antigen	only,	and	not	cross-reactive	with	past	strains,	were	expanded	by	

vaccination.	These	B	cells	were	characterised	by	high	levels	of	CD20	and	low	levels	of	CD38	and	

CD71	as	well	as	high	IgM	expression,	suggesting	a	naı̈ve	origin.	Modest	HK14	single-reactive	B	

cell	expansion	was	detected	in	participants	who	lacked	recent	infection	but	not	in	participants	

who	 had	 been	 recently	 infected.	 We	 show	 that	 B	 cell	 cross-reactivity	 profiles	 induced	 by	

vaccination	vary	depending	on	infection	history	indicating	recall	of	pre-existing	memory	by	IIV.	

This	 study	 provides	 insights	 in	 the	 impact	 of	 documented	 prior	 infection,	 and	 therefore	 pre-

existing	 cross-reactive	 B	 cell	 memory,	 on	 the	 B	 cell	 response	 induced	 by	 standard	 influenza	

vaccines.	

Interpretation	of	the	results	was	complicated	by	apparent	differences	in	probe	sensitivity	

to	detect	HA-specific	B	cells.	 In	particular,	 sensitivity	of	 the	HK14	probe	appeared	 to	be	poor	

compared	to	the	other	probes	used.	HK14	viruses	acquire	substitutions	upon	growth	in	eggs,	of	

which	T160K	abolishes	a	glycosylation	at	site	N158,	and	exposes	a	prominent	antibody	epitope	

in	antigenic	site	B	(Zost	et	al.,	2017).	Importantly,	the	three	older	viruses	used	as	probes	(Pe09,	

Vic11	and	Sw13)	resemble	the	egg-grown	HK14	virus	at	position	160	(Table	5.1),	so	would	not	

have	 a	 glycan	 at	 position	 158.	 Therefore,	 B	 cells	 directed	 against	 epitopes	 that	 encompass	

N158/T160	might	not	be	able	to	bind	the	HK14	probe	due	to	glycosylation.	Alternatively,	subtle	

effects	 of	 refolding	 may	 have	 attenuated	 the	 sensitivity	 of	 the	 HK14	 probe	 so	 that	 it	 is	

outcompeted	by	the	other	probes	for	binding	to	cross-reactive	B	cells.	Another	possibility	could	

be	that	recalled	memory	B	cells	retain	greater	affinity	for	their	originally	inducing	epitope	than	

for	the	vaccine	antigen.	Therefore,	while	vaccine	antigen	may	stimulate	memory	B	cells	against	

prior	strain	epitopes	in	vivo,	when	no	other	antigens	are	present,	it	cannot	bind	these	same	B	cells	

in	vitro	when	the	prior	priming	antigen	is	also	present.	We	attempted	to	investigate	whether	the	

results	could	be	explained	by	competition,	but	there	were	insufficient	probe	reactive	cells	in	the	

samples	assessed	to	determine	whether	detection	of	HK14	probe	reactive	B	cell	was	diminished	

by	the	addition	of	other	probes.		Taken	together,	it	seems	that	while	the	HK14	probe	can	detect	

some	of	the	B	cells	induced	by	the	HK14	vaccine,	those	that	recognise	epitopes	present	only	in	

egg-grown	HK14	HA,	or	epitopes	that	are	only	partially	conserved	with	previously	encountered	

strains	may	be	detected	as	3c1+	and/or	Sw13+	and	HK14-.		
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The	findings	reported	in	this	study	indicate	that	vaccine	responses	were	predominantly	

dominated	by	recalled	memory.	Similarly,	most	studies	to	date	suggest	that	standard	influenza	

vaccines	elicit	a	memory-dominated	B	cell	response	that	mostly	fails	to	acquire	further	mutations	

and	 increase	 affinity	 towards	 the	 vaccine	 antigens	 (Burton	 et	 al.,	 2018;	 Ellebedy	 et	 al.,	 2016;	

Tennant	et	al.,	2019).	In	this	study,	we	were	also	able	to	investigate	a	rare	group	of	participants	

with	 no	 detected	 exposure	 to	 A/H3N2	 viruses	 for	 nine	 years,	 providing	 an	 opportunity	 to	

investigate	the	capacity	of	vaccine	to	induce	naı̈ve	B	cells	with	reduced	probability	of	interference	

from	memory.	We	show	how	these	participants	exhibited	a	small	but	significant	expansion	of	

likely	naı̈ve-derived	HK14	SP	B	cells,	while	participants	with	more	recent	 infections	showed	a	

negligible	HK14	single-reactive	B	cell	response.	Participants	who	lacked	infection	since	2007	are	

likely	to	have	been	 infected	with	earlier	strains	that	were	antigenically	more	distant	 from	the	

vaccine	 strain	 than	 clade	 1/3c1	 and	 clade	 3c3a	 strains.	 The	 detection	 of	 naı̈ve-like	 B	 cell	

responses	in	these	participants	is	consistent	with	studies	in	mice	showing	that	vaccination	elicits	

a	likely	naıv̈e-driven	response	when	the	immunising	antigen	is	antigenically	distant	enough	from	

previously	encountered	antigens	(Burton	et	al.,	2018;	Tennant	et	al.,	2019).	However,	the	overall	

presence	 of	 naıv̈e	 B	 cells	 in	 our	 study	 was	 rare	 and	 their	 expansion	 small,	 which	 provides	

increasing	evidence	 that	 current	 IIV	 efficiently	elicits	memory,	but	not	naı̈ve	B	 cells,	 and	 that	

induction	of	naı̈ve	B	cells	may	be	further	attenuated	by	the	presence	of	memory	B	cells.	A	caveat	

of	using	rHA	probes,	however,	is	the	need	to	analyse	IgD-	B	cells	because	rHA	probes	can	bind	

non-specifically	to	IgD	(Wheatley	et	al.,	2016).	For	this	reason,	we	might	be	underestimating	the	

HA-specific	naıv̈e	B	cell	involvement	in	the	response	to	IIV	in	this	cohort.	Overall,	evidence	for	

competitive	memory	dominance	is	limited	in	this	study	and	more	participants	should	be	tested	

to	further	determine	whether	or	not	this	theory	is	supported.	

The	HA-reactivity	profile	of	B	cells	induced	by	vaccination	was	associated	with	the	virus	

clade	 that	 caused	prior	 infection.	Participants	who	had	a	clade1/3c1	virus	 infection	exhibited	

expansion	of	B	cells	that	preferentially	recognised	3c1	over	the	3c3a	virus	HA,	while	participants	

who	 had	 a	 clade	 3c3a	 virus	 infection	 exhibited	 expansion	 of	 B	 cells	 that	were	 equally	 cross-

reactive	with	3c1	and	3c3a	virus	HAs.	The	association	between	infection	history	and	the	reactivity	

of	 B	 cells	 induced	 further	 indicates	 that	 cross-reactive	 memory	 B	 cells	 dominated	 vaccine	

responses.	These	responses	were	likely	directed	towards	antigenic	sites	that	were	well	conserved	

between	the	vaccine	and	the	last	infecting	antigens.	The	exact	epitopes	that	HA-reactive	B	cells	

recognize	will	be	addressed	 in	 future	 studies	by	expressing	BCR	of	 sorted	B	cells	 to	generate	

monoclonal	 antibodies,	which	 can	be	 interrogated	 against	wild-type	 and	 reassortant	A/H3N2	

viruses,	as	well	as	against	antibodies	with	known	epitopes.	

Activation	of	naı̈ve	B	cells	specific	for	the	immunising	antigen	only,	and	not	past	strains,	

elicits	a	more	robust	and	more	prolonged	response.	Vaccine-induced	naı̈ve	B	cells	exhibit	more	
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SHM,	and	therefore	increased	affinity	towards	the	immunising	antigen	compared	to	re-activated	

pre-existing	cross-reactive	memory	B	cells	(Andrews	et	al.,	2019;	Matsuda	et	al.,	2019).	Hence,	to	

be	 able	 to	 update	 immunity	 towards	 new	 epitopes,	 influenza	 vaccines	 need	 to	 elicit	 a	 naı̈ve	

response	(Turner	et	al.,	2020)	or	efficiently	recruit	recalled	memory	B	cells	to	the	GC	to	increase	

affinity	(Wrammert	et	al.,	2008).	Naı̈ve	B	cells	and	memory	B	cells	with	less	mutated	BCRs	are	

more	likely	to	enter	the	GC	reaction	than	memory	B	cells	with	higher	affinity	BCRs	that	have	been	

repeatedly	 stimulated	 (Mesin	 et	 al.,	 2020).	 Sequencing	 and	 analysis	 of	BCRs	 in	 the	HA	 cross-

reactive	B	cells	identified	in	this	study	will	be	performed	at	Stanford	University	with	A/Prof	Scott	

Boyd.	 This	 will	 allow	 better	 understanding	 of	 whether	 vaccine-activated	 B	 cells	 incorporate	

further	mutations	 and	 increase	 affinity	 towards	 HK14	 along	 the	 course	 of	 the	 response,	 and	

whether	participants	with	different	infection	histories	recall	a	memory	response	with	different	

likelihood	of	undergoing	further	GC	reactions.	

Taken	together,	our	findings	indicate	that	vaccine	responses	are	largely	mediated	by	prior	

A/H3N2	 strain-reactive	 B	 cells,	 which	 are	 presumably	 recalled	 memory	 B	 cells.	 As	 such,	

vaccination	induced	relatively	few	B	cells	in	participants	without	prior	infection,	and	infection	

history	determined	the	cross-reactivity	patterns	of	B	cells	induced	by	vaccination.	Failure	of	IIV	

to	induce	a	strong	naıv̈e	B	cell	response	could	contribute	to	the	poor	vaccine	effectiveness	against	

A/H3N2	viruses	(Belongia	et	al.,	2016).	Repeated	exposures	to	the	same	or	very	similar	antigens	

through	 frequent	 vaccination	might	 result	 in	 recurring	 activation	 of	 the	 same	memory	B	 cell	

clones	with	highly	mutated	BCRs	that	are	sub-optimally	recruited	to	the	GC	reaction,	and	could	

compromise	 naıv̈e	 B	 cell	 engagement	 preventing	 the	 generation	 of	 immunity	 towards	 new	

epitopes.	 New	 vaccine	 designs	 incorporating	 adjuvants	 promoting	 naıv̈e	 B	 cell	 activation	

(Auladell	et	al.,	2019a;	Holbrook	et	al.,	2018)	might	help	overcome	the	impact	of	exposure	history	

and	elicit	a	response	more	targeted	against	currently	circulating	and	emerging	drifted	strains.		
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5.5. Supplementary figures 

  
Figure S5.1. Kinetics of HA-reactive B cells in all participants. (I) 
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Figure S5.1. Kinetics of HA-reactive B cells in all participants. (II) 
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Figure S5.1. Kinetics of HA-reactive B cells in all participants. FACS plots showing HA probe reactivity and 
CD71 expression by IgD- B cells at baseline (BL) and after vaccination of every participant. Br: Brisbane; HK: 
Hong Kong; HN: Ha Noi, Pe: Perth; Sw: Switzerland; Tx: Texas; Vic: Victoria. 
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Figure S5.2. Cross-reactivity profiles of HA-reactive B cells in all participants. FACS plots showing reactivity 
of rHA+ IgD- B cells to 3c1 viruses (Pe09 and Vic11) and Sw13 at baseline (BL) and on days 7, 14 and 21 post-
vaccination for every participant. Each row corresponds to one individual participant. HN: Ha Noi; Pe: 
Perth; Sw: Switzerland; Vic: Victoria. 



203 
 

  



204 
 

CHAPTER 6 

Discussion 
	

Seasonal	influenza	remains	a	global	health	burden	with	an	estimated	290,000	to	650,000	deaths	

annually	 (Iuliano	 et	 al.,	 2018;	 Troeger	 et	 al.,	 2019).	 Influenza	 vaccines	 are	 the	 best	 available	

strategy	 to	 prevent	 influenza	 disease	 (Grohskopf	 et	 al.,	 2016).	 Most	 neutralizing	 antibodies	

induced	 by	 influenza	 vaccines	 are	 directed	 towards	 the	 globular	 head	 of	 HA,	 which	 readily	

incorporates	amino	acid	substitutions	selected	by	immune	pressure	(Bedford	et	al.,	2014;	Smith	

et	al.,	2004).	For	this	reason,	 influenza	vaccines	are	updated	almost	every	year	 in	response	to	

virus	 genetic	 and	antigenic	drift.	This	 constitutes	 a	 limitation	 for	 seasonal	 influenza	vaccines,	

which	in	recent	years	have	demonstrated	suboptimal	effectiveness,	particularly	for	the	A/H3N2	

subtype	 (Belongia	 et	 al.,	 2016).	 Several	 factors	 contribute	 to	 the	 poor	 and	 variable	 vaccine	

effectiveness	for	A/H3N2	viruses.	This	thesis	examines	the	impact	of	existing	immunity	on	the	

immunogenicity	 of	 the	 A/H3N2	 vaccine	 component.	 First	 infection	 with	 influenza	 virus	 in	

humans	happens	by	the	age	of	7	with	the	highest	attack	rates	happening	in	children	of	2	and	3	

years	 of	 age	 for	 influenza	 A	 viruses	 (Bodewes	 et	 al.,	 2011).	 Since	 then,	 it	 is	 estimated	 that	

individuals	 are	 re-infected	 every	 3	 to	 8	 years	 throughout	 their	 lifetime	 (Ranjeva	 et	 al.,	 2019;	

Truscott	et	al.,	2012).	This	generates	memory	B	cells	and	antibodies	targeting	multiple	epitopes	

on	 the	HA	 protein	 capable	 of	 cross-reacting	 against	multiple	 strains	 of	 the	 same	HA	 subtype	

(Cobey	and	Hensley,	2017),	yet	how	this	impacts	the	response	to	a	new	drifted	strain	remains	

unclear.	 Some	studies	 indicate	 that	 repeated	annual	vaccination	may	contribute	 to	 the	 recent	

poor	vaccine	effectiveness	for	A/H3N2	viruses	(Belongia	et	al.,	2017;	Kim	et	al.,	2020;	McLean	et	

al.,	2014;	Ohmit	et	al.,	2013;	Saito	et	al.,	2017;	Skowronski	et	al.,	2016).	Repeated	vaccination	has	

also	been	associated	with	attenuated	vaccine	immunogenicity	(Beyer	et	al.,	1999;	Höpping	et	al.,	

2016;	Keitel	et	al.,	1997;	Thompson	et	al.,	2016).	Therefore,	to	achieve	adequate	protection	by	

seasonal	influenza	vaccines,	in	addition	to	tackling	virus	evolution	by	updating	vaccines,	we	need	

to	 understand	 how	 best	 to	 update	 immunity	 to	 variant	 strains,	 and	 the	 effects	 of	 existing	

immunity	on	vaccine	responses.	This	PhD	thesis	provides	insights	on	this	topic	by	studying	the	

effect	of	documented	natural	 influenza	virus	infection	on	B	cell	and	antibody	responses	to	the	

A/H3N2	 component	 of	 standard	 seasonal	 influenza	 vaccines,	 with	 the	 goal	 of	 developing	

strategies	that	will	overcome	the	limitations	of	current	influenza	vaccines.	

	 The	extent	to	which	vaccination	can	update	immunity	against	a	variant	vaccine	virus	may	

depend	upon	the	generation	of	B	cell	clones	against	variant	epitopes,	and	therefore,	on	the	ability	

of	vaccine	to	stimulate	naïve	B	cells	in	the	presence	of	recalled	memory	B	cells	against	shared	

epitopes.	One	of	the	obstacles	to	determining	the	extent	to	which	naïve	versus	memory	B	cells	
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become	 activated	 following	 vaccination,	 is	 that	markers	 to	 differentiate	 naïve-	 and	memory-

derived	activated	B	cells	are	lacking.	To	date,	BCR	sequencing	has	been	used	to	infer	the	origin	of	

activated	B	cells,	but	limitations	of	this	approach	include	that	only	a	limited	number	of	B	cells	can	

be	selected	for	this	analysis.	Being	able	to	phenotypically	 identify	naïve-	and	memory-derived	

HA-reactive	B	cells	prior	to	sorting	and	sequencing	might	help	target	B	cells	from	different	origins	

for	 analysis.	 Therefore,	 in	 the	 first	 part	 of	 this	work,	 described	 in	 Chapter	3,	we	developed	a	

protocol	 to	 induce	 robust	 B	 cell	 differentiation	 in	 vitro,	 and	 used	 this	 method	 to	 compare	

phenotypic	changes	induced	early	after	activation	of	human	naïve	versus	memory	B	cells.	This	

work	showed	that	naïve-	and	memory-derived	B	cells	can	be	distinguished	at	least	up	to	6	days	

of	in	vitro	stimulation	by	the	differential	expression	of	CD27	and	CD38,	which	are	expressed	at	

higher	levels	on	the	surface	of	memory-derived	activated	B	cells,	and	CD20,	expressed	at	higher	

levels	by	naïve-derived	activated	B	cells.	Notably,	R848	was	far	superior	to	CpG	for	stimulating	

naïve	B	cells,	while	memory	B	cells	were	activated	to	a	similar	extent	in	the	presence	of	either	

R848	or	CpG.	Similarly,	monocytes	were	required	for	naïve	B	cells	to	acquire	a	fully	differentiated	

phenotype	depicted	by	increased	expression	of	CD27,	CD38	and	CD71,	downregulation	of	CD20	

and	CD21	and	class	switch	from	IgM	to	IgG	expression,	whereas	memory	B	cell	differentiation	

was	less	affected	by	the	presence	of	monocytes.	This	is	consistent	with	previous	studies	showing	

that	 naïve	 B	 cells	 require	more	 co-stimulation	 than	memory	 B	 cells	 in	 order	 to	 differentiate	

(Bryant	 et	 al.,	 2007;	Glaum	et	 al.,	 2009;	Marasco	et	 al.,	 2017).	Overall,	 the	work	of	Chapter	3	

(published	as	Auladell	et	al.	Clinical	and	Translational	Immunology	2019)	identifies	a	combination	

of	 stimuli	 capable	 of	 inducing	 robust	 naïve	 B	 cell	 differentiation,	 and	 defines	 phenotypic	

differences	between	naïve-	and	memory-derived	B	cells	following	activation,	which	could	assist	

in	discriminating	B	cell	subsets	ex	vivo	after	acute	activation	through	 infection	or	vaccination.	

This	work	also	highlights	the	need	to	consider	the	activation	requirements	of	naïve	B	cells,	such	

as	TLR7/8	engagement,	in	order	to	design	influenza	vaccines	and	adjuvants	that	can	generate	B	

cells	responses	against	variant	epitopes.	

	 The	 aim	 of	 Chapter	 4	 was	 to	 investigate	 how	 A/H3N2-reactive	 antibody	 specificity	

evolves	acutely	following	first-time	vaccination,	and	to	define	the	impact	of	documented	prior	

influenza	 virus	 infection	 on	 vaccine-induced	 antibody	 responses.	While	multiple	 studies	have	

reported	 a	 negative	 impact	 of	 prior	 vaccination	 on	 vaccine	 effectiveness	 for	 A/H3N2	 viruses	

(Belongia	et	al.,	2017;	Kim	et	al.,	2020;	McLean	et	al.,	2014;	Ohmit	et	al.,	2013;	Saito	et	al.,	2017;	

Skowronski	et	al.,	2016),	it	is	also	apparent	that	the	effects	can	vary	between	studies	and	between	

seasons,	 and	 may	 depend	 on	 antigenic	 distance	 between	 consecutive	 vaccine	 strains	 and	

subsequent	circulating	strains		(Skowronski	et	al.,	2017;	Smith	et	al.,	1999).	To	better	understand	

the	 impact	 of	 prior	 exposure	 to	A/H3N2	viruses	 on	 vaccine	 immunogenicity,	we	 investigated	

antibody	responses	to	influenza	vaccine	among	participants	of	the	Ha	Nam	cohort.	Participants	
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had	been	monitored	for	 infection,	 including	subclinical	 infection,	 for	an	unprecedented	9-year	

period.	 In	November	2016,	100	adults	were	vaccinated	with	 trivalent	 influenza	vaccine	 (TIV)	

containing	an	A/Hong	Kong/4801/2014-like	 (H3N2)	virus	 (HK14).	Participants	with	A/H3N2	

virus	infection	in	the	9	years	preceding	vaccination	had	significantly	higher	baseline	titres	to	the	

vaccine	strain	and	to	A/H3N2	strains	that	circulated	since	2004,	which	is	congruent	with	infection	

being	recorded	since	2007.	In	contrast	to	reports	of	attenuated	vaccine	immunogenicity	among	

groups	with	prior	vaccination	(Andrews	et	al.,	2015a,	2015b;	Sanyal	et	al.,	2018),	titre	increments	

from	baseline	were	greater	in	the	group	with	recent	A/H3N2	virus	infection	at	most	acute	time	

points	post-vaccination.	Titre	differences	against	the	vaccine	and	subsequently	circulating	strains	

between	both	groups	increased	from	an	average	of	2-fold	higher	at	baseline	to	3-fold	higher	280	

days	 post-vaccination	 in	 the	 group	with	 recent	 infection,	 indicating	 that	 this	 group	 also	 had	

better-maintained	 titres	 on	 day	 280.	 Importantly,	 the	 differences	 in	 titre	 increment	 were	

observed	specifically	against	the	vaccine	and	subsequently	circulating	strains.	The	boosting	effect	

of	recent-infection	on	vaccine-induced	titre	rise	led	to	greater	differences	in	HI	titres	between	

participants	 with	 and	 without	 recent	 A/H3N2	 virus	 infection	 on	 day	 280	 than	 at	 baseline,	

particularly	against	viruses	that	circulated	following	vaccination.	Accordingly,	vaccine	failure	to	

protect	against	A/H3N2+	illness	predominated	among	participants	who	lacked	recent	infection,	

suggesting	 that	 antibody	 levels,	 prior	 to-	 or	 early	 after-exposure,	 were	 not	 sufficient	 for	

protection.	Indeed,	participants	who	developed	A/H3N2+	illness	in	the	season	after	vaccination	

had	 very	 poor	 antibody	 responses	 to	 the	 vaccine,	 titres	 did	 not	 increase	 beyond	 day	 7	 post-

vaccination,	and	they	did	not	reach	a	titre	of	40	against	the	vaccine	and	infecting	strains.	However,	

tires	induced	by	infection	exceeded	titres	induced	by	vaccination	and	kept	rising	beyond	day	7,	

being	on	average	2-fold	higher	on	day	21	compared	to	day	7.	In	line	with	recent	studies	suggesting	

that	 pre-existing	 immunity	 induced	 by	 natural	 infection	 as	 opposed	 to	 vaccination	 results	 in	

higher	 seroconversion	 rates	 and	 immunogenicity	 to	 seasonal	 influenza	 vaccines	 (Kang	 et	 al.,	

2016;	Narang	et	al.,	2018),	our	results	further	support	that	infection	induces	a	higher	titre,	and	

more	broadly	cross-reactive	antibody	response	than	vaccination.	The	difference	in	the	antibody	

response	induced	by	infection	and	vaccination	could	be	due	to	the	greater	capacity	of	infection	to	

activate	the	innate	as	well	as	the	adaptive	immune	system	(Auladell	et	al.,	2019b;	Kreijtz	et	al.,	

2011).	 This	 includes	 engagement	 of	 the	 Toll-like	 receptor	 (TLR)	 7	 by	 single-stranded	 RNA	

(Farahnak	et	al.,	2019;	Pang	and	Iwasaki,	2011),	which	promotes	both	naïve	and	memory	B	cell	

activation	(Auladell	et	al.,	2019a).	Additionally,	antigen	may	remain	in	the	organism	long	enough	

to	engage	naïve	B	cells	after	the	memory	response	contracts	(Sangster	et	al.,	2019).	

	 We	 also	 analysed	whether	 the	 virus	 strain	 that	 caused	 prior	 infection	 influenced	 the	

antibody	 response	 to	 vaccine.	 Strains	 that	 infected	 participants	 prior	 to	 vaccination	

predominantly	belong	to	two	distinct	genetic	clades:	clade	3c1	and	clade	3c3a.	Viruses	from	each	
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of	these	clades	differ	antigenically	from	the	vaccine	virus,	which	belongs	to	clade	3c2a,	but	the	

amino	acids	that	vary	cluster	in	different	sites.	Strikingly,	participants	who	had	been	infected	with	

a	3c1	virus	had	a	marked	deficit	in	titres	against	the	3c3a	viruses	tested	in	our	panel	compared	

to	 individuals	who	had	 been	 infected	with	 a	 3c3a	 virus,	 and	 titre	 differences	 increased	post-

vaccination.	 Interestingly,	 participants	 from	 both	 groups	 had	 comparable	 titres	 against	 3c1	

viruses	at	all	time	points	before	and	after	vaccination.	This	strong	effect	of	prior	infection	on	the	

antibody	response	elicited	by	the	vaccine	indicates	that	influenza	vaccination	may	simply	recall	

rather	than	update	immunity.	

In	 this	 work,	 we	 focus	 our	 analysis	 on	 HI	 antibody	 titres,	 which	 are	 a	 surrogate	 for	

neutralising	antibodies,	and	are	the	best-defined	correlate	of	protection	against	influenza	illness.	

However,	further	assays	to	analyse	the	IgG	to	IgM	ratio	of	vaccine-elicited	antibodies	will	provide	

insight	 into	 potential	 differences	 in	 Ig	 isotype	 distribution	 between	 groups	with	 and	without	

recent	infection	and	in	those	participants	in	whom	vaccination	failed	to	provide	protection,	and	

therefore	provide	information	about	which	B	cell	subsets	could	be	responsible	for	these	antibody	

responses.		

To	 further	 investigate	whether	memory	B	 cells	 dominated	 vaccine	 response	 and	may	

impede	 the	activation	of	naïve	B	cell	against	epitopes	 that	vary	between	the	vaccine	and	past	

strains,	 the	 phenotype	 and	 specificity	 of	 HA-reactive	 B	 cells	 was	 investigated	 in	 Chapter	 5.	

Because	the	vaccine	antigen	was	HK14,	we	anticipated	that	all	HA-reactive	B	cells	activated	by	

the	vaccine	would	react	at	least	against	the	HA	of	HK14	and	potentially	against	one	or	more	of	the	

HA	 probes	 representing	 prior	 strains.	 However,	 our	 analyses	 showed	 that	 vaccination	

predominantly	induced	B	cells	that	bound	to	the	HA	of	3c1	viruses	only,	or	to	the	HA	of	both	3c1	

and	3c3a	viruses,	but	not	to	the	HA	of	cell-grown	HK14.	The	egg-grown	HK14	virus	in	the	vaccine	

varies	from	cell-grown	HK14,	but	not	from	prior	clade	3c1	and	3c3a	viruses,	at	position	160	of	

antigenic	site	B,	which	is	considered	to	be	an	immunodominant	site	(Zost	et	al.,	2017).	Therefore,	

B	cells	 that	are	 induced	against	site	B	of	 the	vaccine,	may	be	detected	as	3c1	and/or	3c3a	HA	

probe	reactive	but	not	as	HK14	probe	reactive.	Alternatively,	the	HK14	probe	used	in	this	assay	

could	have	low	sensitivity	and	its	binding	might	be	outcompeted	by	the	3c1	or	Sw13	probes	in	

more	cross-reactive	memory	B	cells.	Taking	this	into	consideration,	the	HK14	probe	can	probably	

identify	HK14	single-reactive	B	cells,	but	 it	 is	most	 likely	 that	HK14	reactivity	 is	not	detected	

among	B	cells	that	are	cross-reactive	with	an	older	virus	or	in	those	B	cells	that	recognise	epitopes	

present	in	egg-grown	HK14.		Incorporating	a	HK14	egg-grown	probe	to	future	assays	would	help	

verify	 these	 findings,	 however,	 despite	multiple	 attempts,	 this	 probe	 has	 been	 challenging	 to	

express,	with	no	successful	results	so	far.	This	is	not	unique	to	our	laboratory	based	on	personal	

communications	with	Barney	Graham’s	Group	from	the	NIH	and	Alain	Townsend’s	Group	from	

the	University	of	Oxford.	
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Only	 low	 frequencies	 of	 HK14	 single-reactive	 B	 cells	 were	 detected,	 relative	 to	 other	

probe-reactive	B	cells.	The	phenotype	of	HK14	single-reactive	B	cells	differed	from	that	of	B	cells	

that	were	cross-reactive	with	past	strains	in	a	manner	consistent	with	originating	from	naïve	B	

cells,	including	relatively	low	expression	of	CD38	and	CD71	and	high	expression	of	CD20,	and	IgM,	

consistent	with	 the	phenotype	of	 in	vitro-stimulated	naïve	B	cells	 in	Chapter	3.	BCR	sequence	

analysis	will	be	used	to	validate	the	origin	of	vaccine-stimulated	B	cell	clones	in	future	analyses.	

These	 presumptively	 naïve-derived	 HK14	 single-reactive	 B	 cells,	 although	 rare,	 were	 more	

noticeable	in	the	group	without	recent	A/H3N2	virus	infection	and	barely	detectable	in	the	group	

with	recent	infection,	indicating	that	memory	B	cells	may	limit	naïve	B	cell	activation	in	the	latter.	

Studies	in	mice	also	showed	that	vaccination	with	antigenically	more	distinct	antigens	elicited	a	

likely	naïve-driven	response	(Burton	et	al.,	2018;	Tennant	et	al.,	2019).	Accordingly,	subsequent	

vaccination	 with	 antigenically	 more	 distant	 strains	 appears	 to	 result	 in	 a	 higher	 magnitude	

antibody	and	B	cell	response	(Andrews	et	al.,	2015a;	Plant	et	al.,	2017;	Sanyal	et	al.,	2018).	An	

important	consideration	is	that	in	the	absence	of	recent	infection,	the	frequency	of	responding	

HA-reactive	B	cells	was	relatively	low	compared	to	participants	with	recent	infection,	coinciding	

with	 poorer	 antibody	 responses	 in	 the	 group	without	 recent	 infection	 and	 providing	 further	

evidence	 that	 the	 capacity	 for	 vaccination	 to	 induce	 sufficient	 antibody	 protection	 is	 highly	

dependent	on	memory	B	cell	recall.	Infection	history	also	had	notable	effects	on	the	HA	cross-

reactivity	profile	of	B	cells	induced	by	the	vaccine,	further	suggesting	that	vaccine	responses	are	

dominated	by	recalled	memory	B	cells.	Vaccination	largely	induced	B	cells	that	were	reactive	with	

prior	strain	HA	probes.	These	were	equally	cross-reactive	with	clade	3c3a	and	3c1	probes	when	

prior	infection	was	with	a	clade	3c3a	virus,	but	were	predominantly	reactive	with	the	clade	3c1	

probe	when	 prior	 infection	was	with	 a	 clade	 3c1	 virus.	 These	 B	 cell	 cross-reactivity	 profiles	

correlate	with	 the	antibody	 reactivity	 reported	 in	Chapter	4.	Antigenic	 sites	A	and	B	are	well	

conserved	between	3c1	and	3c2a,	but	not	3c3a	viruses	(Table	5.1).	Therefore,	we	propose	that	

the	 vaccine	 stimulated	memory	 B	 cells	 that	were	 directed	 towards	 antigenic	 sites	 conserved	

between	 the	 vaccine	 and	 the	 last	 infecting	 strains	 (Figure	 6.1).	 Whether	 memory	 B	 cells	

stimulated	by	the	vaccine	increase	affinity	towards	the	immunising	antigen	over	time	needs	to	be	

addressed	by	BCR	sequencing	and	analysis	of	HA-reactive	B	cells	or	by	expression	of	monoclonal	

antibodies	 and	 analysis	 of	 their	 avidity	 against	 prior	 versus	 vaccine	 strain	 HA.	 Further	

interrogation	of	serum	antibodies	against	reverse	engineered	viruses	bearing	mutations	within	

selected	antigenic	sites	that	are	characteristic	of	each	clade	(Gouma	et	al.,	2020)	will	also	help	to	

validate	these	findings.	The	work	presented	in	this	Chapter	supports	the	inference	that	current	

standard	influenza	vaccines	induce	a	response	that	is	dominated	and	shaped	by	recalled	memory	

B	cells	with	little	induction	of	naïve	B	cells	to	update	immunity.	Memory	B	cells	have	high	affinity	

BCRs,	which	makes	them	more	competitive	for	their	cognate	antigen	and	for	T	cell	help,	which	is	
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necessary	 for	 further	B	cell	maturation	 in	 the	germinal	centre	(GC)	 (Phan	and	Tangye,	2017).	

Moreover,	memory	B	 cells	 require	 less	 co-stimulation	 to	become	activated	and	activate	more	

promptly	upon	antigen	re-exposure	compared	to	naïve	B	cells	(Auladell	et	al.,	2019a;	Deenick	et	

al.,	2013;	Good	et	al.,	2009;	Phan	and	Tangye,	2017).	A	recent	study	demonstrated	 that	 IIV	 is	

capable	of	 inducing	 a	 small	 naïve-derived	GC	 reaction	 in	 the	draining	 lymph	node	 that	 is	not	

detectable	 in	peripheral	blood	 in	 individuals	who	had	not	been	vaccinated	during	three	years	

prior	to	vaccination	(Turner	et	al.,	2020).	It	has	also	been	reported	that	naïve	B	cells	specific	for	

new	epitopes	undergo	a	more	robust	response	with	prolonged	affinity	maturation	compared	to	

activated	memory	B	cells	cross-reactive	with	past	strains	(Andrews	et	al.,	2019;	Matsuda	et	al.,	

2019).	This suggests	that	vaccine	effectiveness	against	A/H3N2	viruses	may	be	 limited	by	the	
capacity	of	IIV	to	activate	naïve	B	cells.	

The	 results	 from	Chapters	3	 and	5	 assist	 in	phenotypically	distinguishing	naïve-	 from	

memory-derived	activated	B	cells.	The	phenotypic	differences	observed	between	both	subsets	

after	 in	 vitro	 stimulation	 in	 Chapter	 3	 correlate	 with	 the	 differences	 in	 phenotype	 between	

presumptively	 naïve-derived	 HK14	 single	 positive	 B	 cells	 and	 likely	 memory-derived	 cross-

reactive	B	 cells	 identified	 in	 Chapter	 5.	 Both	 in	 vitro	 activated	 naïve	B	 cells	 and	HK14	 single	

positive	B	cells	exhibited	relatively	high	expression	levels	of	CD20	and	IgM	and	low	levels	of	CD38,	

Figure 6.1. The response to the A/H3N2 component of seasonal influenza vaccines is strongly dependent 
on exposure history to the virus. In individuals last infected with a 3c1 virus (top panels), vaccination with 
a 3c2a virus possibly focused the memory B cell response towards the highly conserved antigenic site A. 
This boosted memory will confer adequate protection if a future circulating strain maintains a conserved 
site A (3c2a viruses). However, if the future strain is a 3c3a virus, with significant amino acid substitutions 
in antigenic site A, the response induced by the vaccine will not confer nearly as much protection. If the 
last infection was with a 3c3a virus (bottom panels), the vaccine may focus responses towards a conserved 
site like C or D. 
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CD27	and	IgG	compared	to	memory	B	cells	and	cross-reactive	B	cells,	respectively.	This	provides	

a	method	for	ex	vivo	identification	of	activated	B	cell	subsets,	which	will	allow	to	better	target	B	

cells	to	single	cell	sort	and	sequence	contributing	to	achieve	an	overall	better	understanding	of	

the	B	cell	response	to	evolving	pathogens.	

The	findings	in	Chapters	4	and	5	highlight	the	important	contribution	of	prior	infection	to	

influenza	 vaccine	 responses.	 Effects	 of	 prior	 infection	 help	 to	 explain	 the	 considerable	

heterogeneity	in	vaccine	immunogenicity	between	individuals,	and	in	turn	why	vaccination	fails	

to	protect	some	people.	We	propose	that	participants	with	prior	infection	had	a	baseline	of	pre-

existing	 memory	 with	 different	 specificities.	 The	 vaccine	 shared	 epitopes	 with	 previously	

circulating	 viruses	 and	 therefore	 stimulated	 a	memory	 response	 that	 possibly	 dominated	 the	

naïve	 response.	 Consequently,	 the	 breadth	 of	memory	 B	 cell	 and	 Ab	 cross-reactivity	 profiles	

observed	post-vaccination	was	highly	influenced	by	infection	history.	Among	participants	with	

no	 recent	 infection,	 the	 memory	 population	 will	 be	 limited	 to	 older	 antigens	 that	 have	 less	

conservation	of	epitopes	with	the	vaccine	antigen.	Accordingly,	the	expansion	of	memory	B	cells	

in	this	group	was	smaller	and	naïve	B	cells	were	stimulated,	but	only	poorly.	This	shows	that	the	

vaccine	 induces	 a	 poor	 naïve	 B	 cell	 response	 even	 in	 the	 absence	 of	 a	 strong	memory	B	 cell	

expansion	and	these	participants	were,	therefore,	less	protected	(Figure	6.2).	

	 	

Figure 6.2. Limited naïve B cell stimulation by inactivated seasonal influenza vaccines. Recent prior 
infection (top panel) induces memory B cells with a range of specificities. Vaccination induces recall of 
memory B cells against epitopes that are shared with previously circulating strains, and these memory B 
cells may competitively inhibit naïve B cell responses. It is anticipated that the frequency of memory B cells 
that cross-react with the vaccine antigen will be far lower in the absence of recent infection (bottom 
panel). In turn, naïve B cells may be more able to respond when there is less competition from memory B 
cells. However, naïve B cells may be only poorly stimulated by inactivated vaccine antigens such that 
vaccination induces relatively low antibody titres and protection in people lacking recent infection. 
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6.1. Concluding remarks 

Based	 on	work	 presented	 in	 this	 PhD	 thesis,	we	 propose	 that	 after	 influenza	 virus	 infection,	

antigen	 quantity	 or	 persistence	 is	 sufficient,	 with	 the	 aid	 of	 innate	 immune	 stimulation,	 to	

generate	new	memory	B	cell	clones	from	the	naïve	pool,	and	hence	a	broad	and	updated	antibody	

response.	Influenza	vaccines,	on	the	other	hand,	contain	a	limited	amount	of	antigen	and	induce	

little	inflammation,	which	may	mean	that	pre-existing	cross-reactive	B	cell	memory	is	capable	of	

capturing	all	the	antigen	and	monopolizing	T	cell	help	leaving	no	chance	for	new	B	cell	clones	to	

become	activated,	which	narrows	 the	B	 cell	 response	 (Figure	6.3).	New	vaccine	 strategies	 to	

overcome	the	strong	impact	of	pre-existing	immunity	in	vaccine	responses	to	this	ever-evolving	

virus	are	needed.	These	could	include	a	wider	use	of	high	dose	vaccines	and	the	incorporation	of	

adjuvants	to	help	elicit	a	naïve	B	cell	response,	like	R848,	which	enhances	B	cell	recruitment	and	

activation	 when	 used	 as	 an	 adjuvant	 for	 influenza	 vaccines	 in	 neonate	 non-human	 primates	

(Holbrook	et	al.,	2018).	Also	of	interest	would	be	the	design	of	an	mRNA-based	vaccine	against	

influenza	disease.	Recently	 developed	mRNA	vaccines	 against	 coronavirus	disease	2019	have	

proven	very	high	effectiveness	(~95%)	(Polack	et	al.,	2020)	and	broad	activation	of	the	immune	

system	 including	 expansion	 of	 spike-specific	 CD8+	 T	 cells,	 of	 T	 helper	 1	 CD4+	 T	 cells	 and	 the	

production	 of	 neutralising	 antibodies	 by	 B	 cells	 (Sahin	 et	 al.,	 2020a,	 2020b).	 It	 is	 yet	 to	 be	

established	whether	the	innate	immune	system	becomes	activated	or	the	extent	of	the	naïve	B	

cell	 response	 in	 case	 of	 a	 potential	 need	 for	 repeatedly	 vaccinating	 with	 an	 mRNA	 vaccine,	

however,	given	such	broad	mechanism	of	action,	mRNA	vaccines	are	an	interesting	candidate	for	

future	 influenza	 vaccines.	 Overall,	 to	 maintain	 the	 effectiveness	 of	 annually	 administered	

seasonal	 influenza	vaccines,	 it	may	be	necessary	to	design	vaccines	and	vaccination	strategies	

that	 can	more	 effectively	 stimulate	naïve	B	 cells	 in	order	 to	update	 immunity	 against	 variant	

epitopes,	while	also	recalling	memory	B	cells	to	produce	antibody	titres	that	are	sufficient	 for	

protection. 
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Figure 6.3. Proposed model contrasting B cell responses induced by influenza virus infection versus 
vaccination, and implications for vaccine strategies. After infection (left panel), antigen concentration or 
durability, combined with inflammatory and co-stimulatory signals are sufficient to induce naïve B cells 
against new epitopes to differentiate into effector and memory B cells. Consequently, the memory B cell 
and antibody repertoire may be updated following infection. After vaccination with inactivated antigen 
(middle panel), antigen and inflammatory co-stimulation are sufficient to readily stimulate memory, but 
not naïve B cells. Consequently, the response to vaccination becomes focused on epitopes that are shared 
between successive strains and may become increasingly narrow with repeated vaccination. Strategies that 
increase antigen concentration or durability or that incorporate adjuvants that trigger naïve B cells could 
increase the capacity of vaccines to update immunity (right panel). 
 
 



213 
 

 
  



214 
 

REFERENCES 
	
Adachi,	Y.,	Onodera,	T.,	Yamada,	Y.,	Daio,	R.,	Tsuiji,	M.,	Inoue,	T.,	Kobayashi,	K.,	Kurosaki,	T.,	Ato,	M.,	and	Takahashi,	Y.	
(2015).	Distinct	germinal	center	selection	at	local	sites	shapes	memory	B	cell	response	to	viral	escape.	J.	Exp.	Med.	
212,	1709–1723.	

Agematsu,	K.,	Hokibara,	S.,	Nagumo,	H.,	and	Komiyama,	A.	(2000).	CD27:	a	memory	B-cell	marker.	Immunology	Today	
21,	204–206.	

Aiba,	Y.,	Kometani,	K.,	Hamadate,	M.,	Moriyama,	S.,	Sakaue-Sawano,	A.,	Tomura,	M.,	Luche,	H.,	Fehling,	H.J.,	Casellas,	R.,	
Kanagawa,	O.,	et	al.	(2010).	Preferential	localization	of	IgG	memory	B	cells	adjacent	to	contracted	germinal	centers.	
Proc.	Natl.	Acad.	Sci.	U.S.A.	107,	12192–12197.	

Air,	G.M.	(2012).	Influenza	neuraminidase.	Influenza	and	Other	Respiratory	Viruses	6,	245–256.	

Akondy,	R.S.,	Fitch,	M.,	Edupuganti,	S.,	Yang,	S.,	Kissick,	H.T.,	Li,	K.W.,	Youngblood,	B.A.,	Abdelsamed,	H.A.,	McGuire,	
D.J.,	Cohen,	K.W.,	et	al.	(2017).	Origin	and	differentiation	of	human	memory	CD8	T	cells	after	vaccination.	Nature	552,	
362–367.	

Ali,	A.,	Avalos,	R.T.,	Ponimaskin,	E.,	and	Nayak,	D.P.	(2000).	Influenza	Virus	Assembly:	Effect	of	Influenza	Virus	
Glycoproteins	on	the	Membrane	Association	of	M1	Protein.	J	Virol	74,	8709–8719.	

Allen,	C.D.C.,	Ansel,	K.M.,	Low,	C.,	Lesley,	R.,	Tamamura,	H.,	Fujii,	N.,	and	Cyster,	J.G.	(2004).	Germinal	center	dark	and	
light	zone	organization	is	mediated	by	CXCR4	and	CXCR5.	Nature	Immunology	5,	943–952.	

Allen,	C.D.C.,	Okada,	T.,	Tang,	H.L.,	and	Cyster,	J.G.	(2007).	Imaging	of	Germinal	Center	Selection	Events	During	Affinity	
Maturation.	Science	315,	528–531.	

Allen,	I.C.,	Scull,	M.A.,	Moore,	C.B.,	Holl,	E.K.,	McElvania-TeKippe,	E.,	Taxman,	D.J.,	Guthrie,	E.H.,	Pickles,	R.J.,	and	Ting,	
J.P.-Y.	(2009).	The	NLRP3	inflammasome	mediates	in	vivo	innate	immunity	to	influenza	A	virus	through	recognition	
of	viral	RNA.	Immunity	30,	556–565.	

Allie,	S.R.,	Bradley,	J.E.,	Mudunuru,	U.,	Schultz,	M.D.,	Graf,	B.A.,	Lund,	F.E.,	and	Randall,	T.D.	(2018).	The	establishment	
of	resident	memory	B	cells	in	the	lung	requires	local	antigen	encounter.	Nat.	Immunol.	

Alt,	F.W.,	and	Baltimore,	D.	(1982).	Joining	of	immunoglobulin	heavy	chain	gene	segments:	implications	from	a	
chromosome	with	evidence	of	three	D-JH	fusions.	Proc	Natl	Acad	Sci	U	S	A	79,	4118–4122.	

Ambrose,	C.S.,	Levin,	M.J.,	and	Belshe,	R.B.	(2011).	The	relative	efficacy	of	trivalent	live	attenuated	and	inactivated	
influenza	vaccines	in	children	and	adults.	Influenza	Other	Resp	5,	67–75.	

Ananthanarayan,	R.,	and	Paniker,	C.K.J.	(1960).	Non-specific	inhibitors	of	influenza	viruses	in	normal	sera.	Bull	World	
Health	Organ	22,	409–419.	

Anderson,	S.M.,	Tomayko,	M.M.,	Ahuja,	A.,	Haberman,	A.M.,	and	Shlomchik,	M.J.	(2007).	New	markers	for	murine	
memory	B	cells	that	define	mutated	and	unmutated	subsets.	J.	Exp.	Med.	204,	2103–2114.	

Andrade,	F.	(2010).	Non-cytotoxic	antiviral	activities	of	granzymes	in	the	context	of	the	immune	antiviral	state.	
Immunol.	Rev.	235,	128–146.	

Andraud,	M.,	Lejeune,	O.,	Musoro,	J.Z.,	Ogunjimi,	B.,	Beutels,	P.,	and	Hens,	N.	(2012).	Living	on	Three	Time	Scales:	The	
Dynamics	of	Plasma	Cell	and	Antibody	Populations	Illustrated	for	Hepatitis	A	Virus.	PLOS	Computational	Biology	8,	
e1002418.	

Andrews,	S.F.,	Kaur,	K.,	Pauli,	N.T.,	Huang,	M.,	Huang,	Y.,	and	Wilson,	P.C.	(2015a).	High	Preexisting	Serological	
Antibody	Levels	Correlate	with	Diversification	of	the	Influenza	Vaccine	Response.	Journal	of	Virology	89,	3308–3317.	

Andrews,	S.F.,	Huang,	Y.,	Kaur,	K.,	Popova,	L.I.,	Ho,	I.Y.,	Pauli,	N.T.,	Dunand,	C.J.H.,	Taylor,	W.M.,	Lim,	S.,	Huang,	M.,	et	al.	
(2015b).	Immune	history	profoundly	affects	broadly	protective	B	cell	responses	to	influenza.	Science	Translational	
Medicine	7,	316ra192.	



215 
 

Andrews,	S.F.,	Chambers,	M.J.,	Schramm,	C.A.,	Plyler,	J.,	Raab,	J.E.,	Kanekiyo,	M.,	Gillespie,	R.A.,	Ransier,	A.,	Darko,	S.,	
Hu,	J.,	et	al.	(2019).	Activation	Dynamics	and	Immunoglobulin	Evolution	of	Pre-existing	and	Newly	Generated	Human	
Memory	B	cell	Responses	to	Influenza	Hemagglutinin.	Immunity	51,	398-410.e5.	

Angeletti,	D.,	Gibbs,	J.S.,	Angel,	M.,	Kosik,	I.,	Hickman,	H.D.,	Frank,	G.M.,	Das,	S.R.,	Wheatley,	A.K.,	Prabhakaran,	M.,	
Leggat,	D.J.,	et	al.	(2017).	Defining	B	cell	immunodominance	to	viruses.	Nature	Immunology	18,	456–463.	

Arnold,	I.C.,	Mathisen,	S.,	Schulthess,	J.,	Danne,	C.,	Hegazy,	A.N.,	and	Powrie,	F.	(2016).	CD11c	+	
monocyte/macrophages	promote	chronic	Helicobacter	hepaticus	-induced	intestinal	inflammation	through	the	
production	of	IL-23.	Mucosal	Immunology	9,	352–363.	

Arranz,	R.,	Coloma,	R.,	Chichón,	F.J.,	Conesa,	J.J.,	Carrascosa,	J.L.,	Valpuesta,	J.M.,	Ortín,	J.,	and	Martín-Benito,	J.	(2012).	
The	Structure	of	Native	Influenza	Virion	Ribonucleoproteins.	Science	338,	1634–1637.	

Arstila,	T.P.,	Casrouge,	A.,	Baron,	V.,	Even,	J.,	Kanellopoulos,	J.,	and	Kourilsky,	P.	(1999).	A	direct	estimate	of	the	human	
alphabeta	T	cell	receptor	diversity.	Science	286,	958–961.	

Auladell,	M.,	Nguyen,	T.H.,	Garcillán,	B.,	Mackay,	F.,	Kedzierska,	K.,	and	Fox,	A.	(2019a).	Distinguishing	naive-	from	
memory-derived	human	B	cells	during	acute	responses.	Clinical	&	Translational	Immunology	8,	e01090.	

Auladell,	M.,	Jia,	X.,	Hensen,	L.,	Chua,	B.,	Fox,	A.,	Nguyen,	T.H.O.,	Doherty,	P.C.,	and	Kedzierska,	K.	(2019b).	Recalling	the	
Future:	Immunological	Memory	Toward	Unpredictable	Influenza	Viruses.	Frontiers	in	Immunology	10.	

Ayllon,	J.,	and	García-Sastre,	A.	(2015).	The	NS1	protein:	a	multitasking	virulence	factor.	Curr	Top	Microbiol	Immunol	
386,	73–107.	

Bachmann,	M.F.,	Hengartner,	H.,	and	Zinkernagel,	R.M.	(1995).	T	helper	cell-independent	neutralizing	B	cell	response	
against	vesicular	stomatitis	virus:	role	of	antigen	patterns	in	B	cell	induction?	Eur.	J.	Immunol.	25,	3445–3451.	

Bagnara,	D.,	Squillario,	M.,	Kipling,	D.,	Mora,	T.,	Walczak,	A.M.,	Silva,	L.D.,	Weller,	S.,	Dunn-Walters,	D.K.,	Weill,	J.-C.,	and	
Reynaud,	C.-A.	(2015).	A	Reassessment	of	IgM	Memory	Subsets	in	Humans.	The	Journal	of	Immunology	195,	3716–
3724.	

Banchereau,	J.,	and	Steinman,	R.M.	(1998).	Dendritic	cells	and	the	control	of	immunity.	Nature	392,	245–252.	

Banchereau,	J.,	Bazan,	F.,	Blanchard,	D.,	Brière,	F.,	Galizzi,	J.P.,	van	Kooten,	C.,	Liu,	Y.J.,	Rousset,	F.,	and	Saeland,	S.	
(1994).	The	CD40	antigen	and	its	ligand.	Annu.	Rev.	Immunol.	12,	881–922.	

Bannard,	O.,	Horton,	R.M.,	Allen,	C.D.C.,	An,	J.,	Nagasawa,	T.,	and	Cyster,	J.G.	(2013).	Germinal	Center	Centroblasts	
Transition	to	a	Centrocyte	Phenotype	According	to	a	Timed	Program	and	Depend	on	the	Dark	Zone	for	Effective	
Selection.	Immunity	39,	912–924.	

Basu,	M.,	Hegde,	M.V.,	and	Modak,	M.J.	(1983).	Synthesis	of	compositionally	unique	DNA	by	terminal	deoxynucleotidyl	
transferase.	Biochem	Biophys	Res	Commun	111,	1105–1112.	

Bedford,	T.,	Suchard,	M.A.,	Lemey,	P.,	Dudas,	G.,	Gregory,	V.,	Hay,	A.J.,	W,	M.,	John,	Russell,	C.A.,	Smith,	D.J.,	and	
Rambaut,	A.	(2014).	Integrating	influenza	antigenic	dynamics	with	molecular	evolution.	Elife	3,	e01914.	

Bedford,	T.,	Riley,	S.,	Barr,	I.G.,	Broor,	S.,	Chadha,	M.,	Cox,	N.J.,	Daniels,	R.S.,	Gunasekaran,	C.P.,	Hurt,	A.C.,	Kelso,	A.,	et	al.	
(2015).	Global	circulation	patterns	of	seasonal	influenza	viruses	vary	with	antigenic	drift.	Nature	523,	217–220.	

Belongia,	E.A.,	Simpson,	M.D.,	King,	J.P.,	Sundaram,	M.E.,	Kelley,	N.S.,	Osterholm,	M.T.,	and	Q,	M.,	Huong	(2016).	
Variable	influenza	vaccine	effectiveness	by	subtype:	a	systematic	review	and	meta-analysis	of	test-negative	design	
studies.	Lancet	Infect	Dis	16,	942–951.	

Belongia,	E.A.,	Skowronski,	D.M.,	McLean,	H.Q.,	Chambers,	C.,	Sundaram,	M.E.,	and	Serres,	G.D.	(2017).	Repeated	
annual	influenza	vaccination	and	vaccine	effectiveness:	review	of	evidence.	Expert	Review	of	Vaccines	16,	723–736.	

Belshe,	R.,	Lee,	M.-S.,	Walker,	R.E.,	Stoddard,	J.,	and	Mendelman,	P.M.	(2014).	Safety,	immunogenicity	and	efficacy	of	
intranasal,	live	attenuated	influenza	vaccine.	Expert	Rev	Vaccines	3,	643–654.	



216 
 

Bender,	B.S.,	Croghan,	T.,	Zhang,	L.,	and	Small,	P.A.	(1992).	Transgenic	mice	lacking	class	I	major	histocompatibility	
complex-restricted	T	cells	have	delayed	viral	clearance	and	increased	mortality	after	influenza	virus	challenge.	J.	Exp.	
Med.	175,	1143–1145.	

Bentebibel,	S.-E.,	Lopez,	S.,	Obermoser,	G.,	Schmitt,	N.,	Mueller,	C.,	Harrod,	C.,	Flano,	E.,	Mejias,	A.,	Albrecht,	R.A.,	
Blankenship,	D.,	et	al.	(2013).	Induction	of	ICOS+CXCR3+CXCR5+	TH	cells	correlates	with	antibody	responses	to	
influenza	vaccination.	Sci	Transl	Med	5,	176ra32.	

Berkowska,	M.A.,	Driessen,	G.J.,	Bikos,	V.,	Grosserichter-Wagener,	C.,	Stamatopoulos,	K.,	Cerutti,	A.,	He,	B.,	Biermann,	
K.,	Lange,	J.F.,	van	der	Burg,	M.,	et	al.	(2011).	Human	memory	B	cells	originate	from	three	distinct	germinal	center-
dependent	and	-independent	maturation	pathways.	Blood	118,	2150–2158.	

Bertram,	S.,	Glowacka,	I.,	Steffen,	I.,	Kühl,	A.,	and	Pöhlmann,	S.	(2010).	Novel	insights	into	proteolytic	cleavage	of	
influenza	virus	hemagglutinin.	Rev	Med	Virol	20,	298–310.	

Beyer,	W.E.,	Palache,	A.M.,	and	Osterhaus,	A.D.	(1998).	Comparison	of	Serology	and	Reactogenicity	between	Influenza	
Subunit	Vaccines	and	Whole	Virus	or	Split	Vaccines:	A	Review	and	Meta-Analysis	of	the	Literature.	Clin	Drug	Investig	
15,	1–12.	

Beyer,	W.E.,	de	Bruijn,	I.A.,	Palache,	A.M.,	Westendorp,	R.G.,	and	Osterhaus,	A.D.	(1999).	Protection	against	influenza	
after	annually	repeated	vaccination:	a	meta-analysis	of	serologic	and	field	studies.	Arch.	Intern.	Med.	159,	182–188.	

Bhardwaj,	N.,	Bender,	A.,	Gonzalez,	N.,	Bui,	L.K.,	Garrett,	M.C.,	and	Steinman,	R.M.	(1994).	Influenza	virus-infected	
dendritic	cells	stimulate	strong	proliferative	and	cytolytic	responses	from	human	CD8+	T	cells.	J.	Clin.	Invest.	94,	797–
807.	

Biere,	B.,	Bauer,	B.,	and	Schweiger,	B.	(2010).	Differentiation	of	Influenza	B	Virus	Lineages	Yamagata	and	Victoria	by	
Real-Time	PCR.	J.	Clin.	Microbiol.	48,	1425–1427.	

Block,	S.L.,	Yogev,	R.,	Hayden,	F.G.,	Ambrose,	C.S.,	Zeng,	W.,	and	Walker,	R.E.	(2008).	Shedding	and	immunogenicity	of	
live	attenuated	influenza	vaccine	virus	in	subjects	5-49	years	of	age.	Vaccine	26,	4940–4946.	

Bodewes,	R.,	de	Mutsert,	G.,	van	der	Klis,	F.R.M.,	Ventresca,	M.,	Wilks,	S.,	Smith,	D.J.,	Koopmans,	M.,	Fouchier,	R.A.M.,	
Osterhaus,	A.D.M.E.,	and	Rimmelzwaan,	G.F.	(2011).	Prevalence	of	Antibodies	against	Seasonal	Influenza	A	and	B	
Viruses	in	Children	in	Netherlands.	Clin	Vaccine	Immunol	18,	469–476.	

Bonilla,	F.A.,	and	Oettgen,	H.C.	(2010).	Adaptive	immunity.	J.	Allergy	Clin.	Immunol.	125,	S33-40.	

Bouchery,	T.,	Kyle,	R.,	Ronchese,	F.,	and	Le	Gros,	G.	(2014).	The	Differentiation	of	CD4+	T-Helper	Cell	Subsets	in	the	
Context	of	Helminth	Parasite	Infection.	Front	Immunol	5.	

Bouvier,	N.M.,	and	Palese,	P.	(2008).	The	biology	of	influenza	viruses.	Vaccine	26,	D49–D53.	

Braciale,	T.J.,	Sun,	J.,	and	Kim,	T.S.	(2012).	Regulating	the	adaptive	immune	response	to	respiratory	virus	infection.	
Nature	Reviews	Immunology	12,	295–305.	

Breitfeld,	D.,	Ohl,	L.,	Kremmer,	E.,	Ellwart,	J.,	Sallusto,	F.,	Lipp,	M.,	and	Förster,	R.	(2000).	Follicular	B	Helper	T	Cells	
Express	Cxc	Chemokine	Receptor	5,	Localize	to	B	Cell	Follicles,	and	Support	Immunoglobulin	Production.	J	Exp	Med	
192,	1545–1552.	

Brodeur,	P.H.,	and	Wortis,	H.H.	(1980).	Regulation	of	thymus-independent	responses:	unresponsiveness	to	a	second	
challenge	of	TNP-Ficoll	is	mediated	by	hapten-specific	antibodies.	J.	Immunol.	125,	1499–1505.	

Broecker,	F.,	Liu,	S.T.H.,	Sun,	W.,	Krammer,	F.,	Simon,	V.,	and	Palese,	P.	(2018).	Immunodominance	of	Antigenic	Site	B	
in	the	Hemagglutinin	of	the	Current	H3N2	Influenza	Virus	in	Humans	and	Mice.	Journal	of	Virology	92.	

Brown,	J.C.,	Barclay,	W.S.,	Galiano,	M.,	and	Harvey,	R.	(2020).	Passage	of	influenza	A/H3N2	viruses	in	human	airway	
cells	removes	artefactual	variants	associated	with	neuraminidase-mediated	binding.	J.	Gen.	Virol.	101,	456–466.	

Brubaker,	S.W.,	Bonham,	K.S.,	Zanoni,	I.,	and	Kagan,	J.C.	(2015).	Innate	immune	pattern	recognition:	a	cell	biological	
perspective.	Annu.	Rev.	Immunol.	33,	257–290.	



217 
 

Bryant,	V.L.,	Ma,	C.S.,	Avery,	D.T.,	Li,	Y.,	Good,	K.L.,	Corcoran,	L.M.,	de	Waal	Malefyt,	R.,	and	Tangye,	S.G.	(2007).	
Cytokine-mediated	regulation	of	human	B	cell	differentiation	into	Ig-secreting	cells:	predominant	role	of	IL-21	
produced	by	CXCR5+	T	follicular	helper	cells.	Journal	of	Immunology	(Baltimore,	Md.:	1950)	179,	8180–8190.	

Budeus,	B.,	Schweigle	de	Reynoso,	S.,	Przekopowitz,	M.,	Hoffmann,	D.,	Seifert,	M.,	and	Küppers,	R.	(2015).	Complexity	
of	the	human	memory	B-cell	compartment	is	determined	by	the	versatility	of	clonal	diversification	in	germinal	
centers.	Proc.	Natl.	Acad.	Sci.	U.S.A.	112,	E5281-5289.	

Bui,	M.,	Whittaker,	G.,	and	Helenius,	A.	(1996).	Effect	of	M1	protein	and	low	pH	on	nuclear	transport	of	influenza	virus	
ribonucleoproteins.	J.	Virol.	70,	8391–8401.	

Bullough,	P.A.,	Hughson,	F.M.,	Skehel,	J.J.,	and	Wiley,	D.C.	(1994).	Structure	of	influenza	haemagglutinin	at	the	pH	of	
membrane	fusion.	Nature	371,	37–43.	

Burton,	B.R.,	Tennant,	R.K.,	Love,	J.,	Titball,	R.W.,	Wraith,	D.C.,	and	White,	H.N.	(2018).	Variant	proteins	stimulate	more	
IgM+	GC	B-cells	revealing	a	mechanism	of	cross-reactive	recognition	by	antibody	memory.	Elife	7.	

Calado,	D.P.,	Sasaki,	Y.,	Godinho,	S.A.,	Pellerin,	A.,	Köchert,	K.,	Sleckman,	B.P.,	de	Alborán,	I.M.,	Janz,	M.,	Rodig,	S.,	and	
Rajewsky,	K.	(2012).	The	cell-cycle	regulator	c-Myc	is	essential	for	the	formation	and	maintenance	of	germinal	
centers.	Nature	Immunology	13,	1092–1100.	

Calbo,	S.F.,	Demeules,	M.,	Derambure,	C.,	Riou,	G.,	Vaillant,	M.,	Boyer,	O.,	Joly,	P.,	and	Golinski,	M.-L.	(2019).	
Characterization	of	CD11c+	B-cells	from	human	blood.	The	Journal	of	Immunology	202,	179.6-179.6.	

Caraux,	A.,	Klein,	B.,	Paiva,	B.,	Bret,	C.,	Schmitz,	A.,	Fuhler,	G.M.,	Bos,	N.A.,	Johnsen,	H.E.,	Orfao,	A.,	Perez-Andres,	M.,	et	
al.	(2010).	Circulating	human	B	and	plasma	cells.	Age-associated	changes	in	counts	and	detailed	characterization	of	
circulating	normal	CD138-	and	CD138+	plasma	cells.	Haematologica	95,	1016–1020.	

Cariappa,	A.,	Mazo,	I.B.,	Chase,	C.,	Shi,	H.N.,	Liu,	H.,	Li,	Q.,	Rose,	H.,	Leung,	H.,	Cherayil,	B.J.,	Russell,	P.,	et	al.	(2005).	
Perisinusoidal	B	Cells	in	the	Bone	Marrow	Participate	in	T-Independent	Responses	to	Blood-Borne	Microbes.	
Immunity	23,	397–407.	

Cariappa,	A.,	Chase,	C.,	Liu,	H.,	Russell,	P.,	and	Pillai,	S.	(2007).	Naive	recirculating	B	cells	mature	simultaneously	in	the	
spleen	and	bone	marrow.	Blood	109,	2339–2345.	

CDC	|	Seasonal	Influenza	(Flu)	|	Disease	Burden	of	Influenza.	https://www.cdc.gov/flu/about/burden/index.html	

CDC	|	Seasonal	Influenza	(Flu)	|	Prevent	Flu.	https://www.cdc.gov/flu/prevent/vaccinations.htm	

Chambers,	B.S.,	Parkhouse,	K.,	Ross,	T.M.,	Alby,	K.,	and	Hensley,	S.E.	(2015).	Identification	of	Hemagglutinin	Residues	
Responsible	for	H3N2	Antigenic	Drift	during	the	2014–2015	Influenza	Season.	Cell	Reports	12,	1–6.	

Chan,	T.D.,	Gatto,	D.,	Wood,	K.,	Camidge,	T.,	Basten,	A.,	and	Brink,	R.	(2009).	Antigen	affinity	controls	rapid	T-
dependent	antibody	production	by	driving	the	expansion	rather	than	the	differentiation	or	extrafollicular	migration	
of	early	plasmablasts.	J.	Immunol.	183,	3139–3149.	

Charles	A	Janeway,	J.,	Travers,	P.,	Walport,	M.,	and	Shlomchik,	M.J.	(2001).	The	generation	of	diversity	in	
immunoglobulins.	Immunobiology:	The	Immune	System	in	Health	and	Disease.	5th	Edition.	

Chen,	B.J.,	Leser,	G.P.,	Morita,	E.,	and	Lamb,	R.A.	(2007a).	Influenza	Virus	Hemagglutinin	and	Neuraminidase,	but	Not	
the	Matrix	Protein,	Are	Required	for	Assembly	and	Budding	of	Plasmid-Derived	Virus-Like	Particles.	Journal	of	
Virology	81,	7111–7123.	

Chen,	J.-M.,	Guo,	Y.-J.,	Wu,	K.-Y.,	Guo,	J.-F.,	Wang,	M.,	Dong,	J.,	Zhang,	Y.,	Li,	Z.,	and	Shu,	Y.-L.	(2007b).	Exploration	of	the	
emergence	of	the	Victoria	lineage	of	influenza	B	virus.	Arch.	Virol.	152,	415–422.	

Chen,	Y.-Q.,	Wohlbold,	T.J.,	Zheng,	N.-Y.,	Huang,	M.,	Huang,	Y.,	Neu,	K.E.,	Lee,	J.,	Wan,	H.,	Rojas,	K.T.,	Kirkpatrick,	E.,	et	al.	
(2018).	Influenza	Infection	in	Humans	Induces	Broadly	Cross-Reactive	and	Protective	Neuraminidase-Reactive	
Antibodies.	Cell	173,	417-429.e10.	

Chen,	Y.-Q.,	Lan,	L.Y.-L.,	Huang,	M.,	Henry,	C.,	and	Wilson,	P.C.	(2019).	Hemagglutinin	Stalk-Reactive	Antibodies	
Interfere	with	Influenza	Virus	Neuraminidase	Activity	by	Steric	Hindrance.	Journal	of	Virology	93.	



218 
 

Cheng,	A.C.,	Macartney,	K.K.,	Waterer,	G.W.,	Kotsimbos,	T.,	Kelly,	P.M.,	and	Blyth,	C.C.	(2017).	Repeated	Vaccination	
Does	Not	Appear	to	Impact	Upon	Influenza	Vaccine	Effectiveness	Against	Hospitalization	With	Confirmed	Influenza.	
64,	1564–1572.	

Cherukuri,	A.,	Cheng,	P.C.,	and	Pierce,	S.K.	(2001).	The	Role	of	the	CD19/CD21	Complex	in	B	Cell	Processing	and	
Presentation	of	Complement-Tagged	Antigens.	The	Journal	of	Immunology	167,	163–172.	

Chevalier,	N.,	Jarrossay,	D.,	Ho,	E.,	Avery,	D.T.,	Ma,	C.S.,	Yu,	D.,	Sallusto,	F.,	Tangye,	S.G.,	and	Mackay,	C.R.	(2011).	CXCR5	
expressing	human	central	memory	CD4	T	cells	and	their	relevance	for	humoral	immune	responses.	J.	Immunol.	186,	
5556–5568.	

Chlanda,	P.,	Schraidt,	O.,	Kummer,	S.,	Riches,	J.,	Oberwinkler,	H.,	Prinz,	S.,	Kräusslich,	H.-G.,	and	Briggs,	J.A.G.	(2015).	
Structural	Analysis	of	the	Roles	of	Influenza	A	Virus	Membrane-Associated	Proteins	in	Assembly	and	Morphology.	
Journal	of	Virology	89,	8957–8966.	

Choi,	Y.S.,	Kageyama,	R.,	Eto,	D.,	Escobar,	T.C.,	Johnston,	R.J.,	Monticelli,	L.,	Lao,	C.,	and	Crotty,	S.	(2011).	ICOS	receptor	
instructs	T	follicular	helper	cell	versus	effector	cell	differentiation	via	induction	of	the	transcriptional	repressor	Bcl6.	
Immunity	34,	932–946.	

Choi,	Y.S.,	Eto,	D.,	Yang,	J.A.,	Lao,	C.,	and	Crotty,	S.	(2013).	Cutting	edge:	STAT1	is	required	for	IL-6-mediated	Bcl6	
induction	for	early	follicular	helper	cell	differentiation.	J.	Immunol.	190,	3049–3053.	

Chou,	C.,	Verbaro,	D.J.,	Tonc,	E.,	Holmgren,	M.,	Cella,	M.,	Colonna,	M.,	Bhattacharya,	D.,	and	Egawa,	T.	(2016).	The	
Transcription	Factor	AP4	Mediates	Resolution	of	Chronic	Viral	Infection	through	Amplification	of	Germinal	Center	B	
Cell	Responses.	Immunity	45,	570–582.	

Clements,	M.L.,	Betts,	R.F.,	Tierney,	E.L.,	and	Murphy,	B.R.	(1986).	Serum	and	nasal	wash	antibodies	associated	with	
resistance	to	experimental	challenge	with	influenza	A	wild-type	virus.	J.	Clin.	Microbiol.	24,	157–160.	

Cobey,	S.,	and	Hensley,	S.E.	(2017).	Immune	history	and	influenza	virus	susceptibility.	Current	Opinion	in	Virology	22,	
105–111.	

Compans,	R.W.,	Dimmock,	N.J.,	and	Meier-Ewert,	H.	(1969).	Effect	of	antibody	to	neuraminidase	on	the	maturation	
and	hemagglutinating	activity	of	an	influenza	A2	virus.	J.	Virol.	4,	528–534.	

Cooper,	L.,	and	Good-Jacobson,	K.L.	(2019).	B	Cells	Hit	a	Class	Ceiling	in	the	Germinal	Center.	Immunity	51,	206–208.	

Copeland,	C.S.,	Zimmer,	K.P.,	Wagner,	K.R.,	Healey,	G.A.,	Mellman,	I.,	and	Helenius,	A.	(1988).	Folding,	trimerization,	
and	transport	are	sequential	events	in	the	biogenesis	of	influenza	virus	hemagglutinin.	Cell	53,	197–209.	

Couceiro,	J.N.,	Paulson,	J.C.,	and	Baum,	L.G.	(1993).	Influenza	virus	strains	selectively	recognize	sialyloligosaccharides	
on	human	respiratory	epithelium;	the	role	of	the	host	cell	in	selection	of	hemagglutinin	receptor	specificity.	Virus	Res.	
29,	155–165.	

Couch,	R.B.,	and	Kasel,		and	J.A.	(1983).	Immunity	to	Influenza	in	Man.	Annual	Review	of	Microbiology	37,	529–549.	

Couch,	R.B.,	Atmar,	R.L.,	Franco,	L.M.,	Quarles,	J.M.,	Wells,	J.,	Arden,	N.,	Niño,	D.,	and	Belmont,	J.W.	(2013).	Antibody	
Correlates	and	Predictors	of	Immunity	to	Naturally	Occurring	Influenza	in	Humans	and	the	Importance	of	Antibody	
to	the	Neuraminidase.	J	Infect	Dis	207,	974–981.	

Crotty,	S.	(2011).	Follicular	helper	CD4	T	cells	(TFH).	Annu.	Rev.	Immunol.	29,	621–663.	

Crotty,	S.	(2014).	T	follicular	helper	cell	differentiation,	function,	and	roles	in	disease.	Immunity	41,	529–542.	

Crotty,	S.,	Aubert,	R.D.,	Glidewell,	J.,	and	Ahmed,	R.	(2004).	Tracking	human	antigen-specific	memory	B	cells:	a	
sensitive	and	generalized	ELISPOT	system.	Journal	of	Immunological	Methods	286,	111–122.	

Cunningham,	A.F.,	Gaspal,	F.,	Serre,	K.,	Mohr,	E.,	Henderson,	I.R.,	Scott-Tucker,	A.,	Kenny,	S.M.,	Khan,	M.,	Toellner,	K.-
M.,	Lane,	P.J.L.,	et	al.	(2007).	Salmonella	induces	a	switched	antibody	response	without	germinal	centers	that	impedes	
the	extracellular	spread	of	infection.	J.	Immunol.	178,	6200–6207.	



219 
 

Das,	S.R.,	Hensley,	S.E.,	David,	A.,	Schmidt,	L.,	Gibbs,	J.S.,	Puigbò,	P.,	Ince,	W.L.,	Bennink,	J.R.,	and	Yewdell,	J.W.	(2011).	
Fitness	costs	limit	influenza	A	virus	hemagglutinin	glycosylation	as	an	immune	evasion	strategy.	Proceedings	of	the	
National	Academy	of	Sciences	108,	E1417.	

Das,	S.R.,	Hensley,	S.E.,	Ince,	W.L.,	Brooke,	C.B.,	Subba,	A.,	Delboy,	M.G.,	Russ,	G.,	Gibbs,	J.S.,	Bennink,	J.R.,	and	Yewdell,	
J.W.	(2013).	Defining	influenza	A	virus	hemagglutinin	antigenic	drift	by	sequential	monoclonal	antibody	selection.	
Cell	Host	Microbe	13,	314–323.	

Davenport,	F.M.,	and	Hennessy,	A.V.	(1956).	A	serologic	recapitulation	of	past	experiences	with	influenza	A;	antibody	
response	to	monovalent	vaccine.	J.	Exp.	Med.	104,	85–97.	

Davenport,	F.M.,	and	Hennessy,	A.V.	(1957).	Predetermination	by	infection	and	by	vaccination	of	antibody	response	
to	influenza	virus	vaccines.	J.	Exp.	Med.	106,	835–850.	

Davenport,	F.M.,	Hennessy,	A.V.,	and	Francis,	T.	(1953).	Epidemiologic	and	immunologic	significance	of	age	
distribution	of	antibody	to	antigenic	variants	of	influenza	virus.	J.	Exp.	Med.	98,	641–656.	

Davenport,	F.M.,	Hennessy,	A.V.,	Stuart-Harris,	C.H.,	and	Francis,	T.	(1955).	Epidemiology	of	influenza;	comparative	
serological	observations	in	England	and	the	United	States.	Lancet	269,	469–474.	

Davis,	M.M.,	and	Bjorkman,	P.J.	(1988).	T-cell	antigen	receptor	genes	and	T-cell	recognition.	Nature	334,	395–402.	

De	Jong,	J.C.,	Rimmelzwaan,	G.F.,	Fouchier,	R.A.,	and	Osterhaus,	A.D.	(2000).	Influenza	virus:	a	master	of	
metamorphosis.	J.	Infect.	40,	218–228.	

De	Silva,	N.S.,	and	Klein,	U.	(2015).	Dynamics	of	B	cells	in	germinal	centres.	Nature	Reviews.	Immunology	15,	137–
148.	

Deenick,	E.K.,	Avery,	D.T.,	Chan,	A.,	Berglund,	L.J.,	Ives,	M.L.,	Moens,	L.,	Stoddard,	J.L.,	Bustamante,	J.,	Boisson-Dupuis,	
S.,	Tsumura,	M.,	et	al.	(2013).	Naive	and	memory	human	B	cells	have	distinct	requirements	for	STAT3	activation	to	
differentiate	into	antibody-secreting	plasma	cells.	J	Exp	Med	210,	2739–2753.	

Defrance,	T.,	Taillardet,	M.,	and	Genestier,	L.	(2011).	T	cell-independent	B	cell	memory.	Current	Opinion	in	
Immunology	23,	330–336.	

DiazGranados,	C.A.,	Dunning,	A.J.,	Kimmel,	M.,	Kirby,	D.,	Treanor,	J.,	Collins,	A.,	Pollak,	R.,	Christoff,	J.,	Earl,	J.,	Landolfi,	
V.,	et	al.	(2014).	Efficacy	of	high-dose	versus	standard-dose	influenza	vaccine	in	older	adults.	The	New	England	
Journal	of	Medicine	371,	635–645.	

DiSpirito,	J.R.,	and	Shen,	H.	(2010).	Quick	to	remember,	slow	to	forget:	rapid	recall	responses	of	memory	CD8+	T	cells.	
Cell	Res.	20,	13–23.	

Dogan,	I.,	Bertocci,	B.,	Vilmont,	V.,	Delbos,	F.,	Mégret,	J.,	Storck,	S.,	Reynaud,	C.-A.,	and	Weill,	J.-C.	(2009).	Multiple	
layers	of	B	cell	memory	with	different	effector	functions.	Nat.	Immunol.	10,	1292–1299.	

Doherty,	P.C.,	Topham,	D.J.,	and	Tripp,	R.A.	(1996).	Establishment	and	persistence	of	virus-specific	CD4+	and	CD8+	T	
cell	memory.	Immunol.	Rev.	150,	23–44.	

Dominguez-Sola,	D.,	Victora,	G.D.,	Ying,	C.Y.,	Phan,	R.T.,	Saito,	M.,	Nussenzweig,	M.C.,	and	Dalla-Favera,	R.	(2012).	The	
proto-oncogene	MYC	is	required	for	selection	in	the	germinal	center	and	cyclic	reentry.	Nature	Immunology	13,	
1083–1091.	

Dominguez-Sola,	D.,	Kung,	J.,	Holmes,	A.B.,	Wells,	V.A.,	Mo,	T.,	Basso,	K.,	and	Dalla-Favera,	R.	(2015).	The	FOXO1	
Transcription	Factor	Instructs	the	Germinal	Center	Dark	Zone	Program.	Immunity	43,	1064–1074.	

Domnich,	A.,	Arata,	L.,	Amicizia,	D.,	Puig-Barberà,	J.,	Gasparini,	R.,	and	Panatto,	D.	(2017).	Effectiveness	of	MF59-
adjuvanted	seasonal	influenza	vaccine	in	the	elderly:	A	systematic	review	and	meta-analysis.	Vaccine	35,	513–520.	

Dou,	D.,	Revol,	R.,	Östbye,	H.,	Wang,	H.,	and	Daniels,	R.	(2018).	Influenza	A	Virus	Cell	Entry,	Replication,	Virion	
Assembly	and	Movement.	Front.	Immunol.	9.	

Duan,	M.,	Hibbs,	M.L.,	and	Chen,	W.	(2017).	The	contributions	of	lung	macrophage	and	monocyte	heterogeneity	to	
influenza	pathogenesis.	Immunology	&	Cell	Biology	95,	225–235.	



220 
 

Duan,	S.,	Meliopoulos,	V.A.,	McClaren,	J.L.,	Guo,	X.-Z.J.,	Sanders,	C.J.,	Smallwood,	H.S.,	Webby,	R.J.,	Schultz-Cherry,	S.L.,	
Doherty,	P.C.,	and	Thomas,	P.G.	(2015).	Diverse	heterologous	primary	infections	radically	alter	immunodominance	
hierarchies	and	clinical	outcomes	following	H7N9	influenza	challenge	in	mice.	PLoS	Pathog.	11,	e1004642.	

Dunnick,	W.,	Hertz,	G.Z.,	Scappino,	L.,	and	Gritzmacher,	C.	(1993).	DNA	sequences	at	immunoglobulin	switch	region	
recombination	sites.	Nucleic	Acids	Res	21,	365–372.	

Dunn-Walters,	D.K.,	Isaacson,	P.G.,	and	Spencer,	J.	(1995).	Analysis	of	mutations	in	immunoglobulin	heavy	chain	
variable	region	genes	of	microdissected	marginal	zone	(MGZ)	B	cells	suggests	that	the	MGZ	of	human	spleen	is	a	
reservoir	of	memory	B	cells.	J.	Exp.	Med.	182,	559–566.	

Durai,	V.,	and	Murphy,	K.M.	(2016).	Functions	of	Murine	Dendritic	Cells.	Immunity	45,	719–736.	

Dustin,	M.L.	(2009).	The	cellular	context	of	T	cell	signaling.	Immunity	30,	482–492.	

Edwards,	K.M.,	Dupont,	W.D.,	Westrich,	M.K.,	Plummer,	W.D.,	Palmer,	P.S.,	and	Wright,	P.F.	(1994).	A	randomized	
controlled	trial	of	cold-adapted	and	inactivated	vaccines	for	the	prevention	of	influenza	A	disease.	J.	Infect.	Dis.	169,	
68–76.	

Ekiert,	D.C.,	Friesen,	R.H.E.,	Bhabha,	G.,	Kwaks,	T.,	Jongeneelen,	M.,	Yu,	W.,	Ophorst,	C.,	Cox,	F.,	Korse,	H.J.W.M.,	
Brandenburg,	B.,	et	al.	(2011).	A	highly	conserved	neutralizing	epitope	on	group	2	influenza	A	viruses.	Science	333,	
843–850.	

Ekiert,	D.C.,	Kashyap,	A.K.,	Steel,	J.,	Rubrum,	A.,	Bhabha,	G.,	Khayat,	R.,	Lee,	J.H.,	Dillon,	M.A.,	O’Neil,	R.E.,	Faynboym,	
A.M.,	et	al.	(2012).	Cross-neutralization	of	influenza	A	viruses	mediated	by	a	single	antibody	loop.	Nature	489,	526–
532.	

El	Shikh,	M.E.M.,	El	Sayed,	R.M.,	Szakal,	A.K.,	and	Tew,	J.G.	(2009).	T-independent	antibody	responses	to	T-dependent	
antigens:	a	novel	follicular	dendritic	cell-dependent	activity.	J.	Immunol.	182,	3482–3491.	

Ellebedy,	A.H.,	Krammer,	F.,	Li,	G.-M.,	Miller,	M.S.,	Chiu,	C.,	Wrammert,	J.,	Chang,	C.Y.,	Davis,	C.W.,	McCausland,	M.,	
Elbein,	R.,	et	al.	(2014).	Induction	of	broadly	cross-reactive	antibody	responses	to	the	influenza	HA	stem	region	
following	H5N1	vaccination	in	humans.	PNAS	111,	13133–13138.	

Ellebedy,	A.H.,	Jackson,	K.J.L.,	Kissick,	H.T.,	Nakaya,	H.I.,	Davis,	C.W.,	Roskin,	K.M.,	McElroy,	A.K.,	Oshansky,	C.M.,	Elbein,	
R.,	Thomas,	S.,	et	al.	(2016).	Defining	antigen-specific	plasmablast	and	memory	B	cell	subsets	in	human	blood	after	
viral	infection	or	vaccination.	Nat.	Immunol.	17,	1226–1234.	

Farahnak,	S.,	Chronopoulos,	J.,	and	Martin,	J.G.	(2019).	Chapter	One	-	Nucleic	Acid	Sensing	in	Allergic	Disorders.	In	
International	Review	of	Cell	and	Molecular	Biology,	C.	Vanpouille-Box,	and	L.	Galluzzi,	eds.	(Academic	Press),	pp.	1–
33.	

Fazekas	de	St	Groth,		null,	and	Webster,	R.G.	(1966).	Disquisitions	of	Original	Antigenic	Sin.	I.	Evidence	in	man.	J.	Exp.	
Med.	124,	331–345.	

Fish,	S.,	Zenowich,	E.,	Fleming,	M.,	and	Manser,	T.	(1989).	Molecular	analysis	of	original	antigenic	sin.	I.	Clonal	
selection,	somatic	mutation,	and	isotype	switching	during	a	memory	B	cell	response.	J.	Exp.	Med.	170,	1191–1209.	

Flannery,	B.,	Chung,	J.R.,	Belongia,	E.A.,	McLean,	H.Q.,	Gaglani,	M.,	Murthy,	K.,	Zimmerman,	R.K.,	Nowalk,	M.P.,	Jackson,	
M.L.,	Jackson,	L.A.,	et	al.	(2018a).	Interim	Estimates	of	2017–18	Seasonal	Influenza	Vaccine	Effectiveness	—	United	
States,	February	2018.	MMWR	Morb	Mortal	Wkly	Rep	67.	

Flannery,	B.,	Smith,	C.,	Garten,	R.J.,	Levine,	M.Z.,	Chung,	J.R.,	Jackson,	M.L.,	Jackson,	L.A.,	Monto,	A.S.,	Martin,	E.T.,	
Belongia,	E.A.,	et	al.	(2018b).	Influence	of	Birth	Cohort	on	Effectiveness	of	2015-2016	Influenza	Vaccine	Against	
Medically	Attended	Illness	Due	to	2009	Pandemic	Influenza	A(H1N1)	Virus	in	the	United	States.	J.	Infect.	Dis.	218,	
189–196.	

Fonville,	J.M.,	Wilks,	S.H.,	James,	S.L.,	Fox,	A.,	Ventresca,	M.,	Aban,	M.,	Xue,	L.,	Jones,	T.C.,	Le,	N.M.H.,	Pham,	Q.T.,	et	al.	
(2014).	Antibody	landscapes	after	influenza	virus	infection	or	vaccination.	Science	346,	996–1000.	

Förster,	R.,	Emrich,	T.,	Kremmer,	E.,	and	Lipp,	M.	(1994).	Expression	of	the	G-protein--coupled	receptor	BLR1	defines	
mature,	recirculating	B	cells	and	a	subset	of	T-helper	memory	cells.	Blood	84,	830–840.	



221 
 

Foy,	T.M.,	Laman,	J.D.,	Ledbetter,	J.A.,	Aruffo,	A.,	Claassen,	E.,	and	Noelle,	R.J.	(1994).	gp39-CD40	interactions	are	
essential	for	germinal	center	formation	and	the	development	of	B	cell	memory.	J.	Exp.	Med.	180,	157–163.	

Francis,	T.	(1960).	On	the	Doctrine	of	Original	Antigenic	Sin.	Proceedings	of	the	American	Philosophical	Society	104,	
572–578.	

García-Sastre,	A.,	and	Biron,	C.A.	(2006).	Type	1	interferons	and	the	virus-host	relationship:	a	lesson	in	détente.	
Science	312,	879–882.	

Garside,	P.,	Ingulli,	E.,	Merica,	R.R.,	Johnson,	J.G.,	Noelle,	R.J.,	and	Jenkins,	M.K.	(1998).	Visualization	of	specific	B	and	T	
lymphocyte	interactions	in	the	lymph	node.	Science	281,	96–99.	

Gerhard,	W.,	Yewdell,	J.,	Frankel,	M.E.,	and	Webster,	R.	(1981).	Antigenic	structure	of	influenza	virus	haemagglutinin	
defined	by	hybridoma	antibodies.	Nature	290,	713–717.	

Gessner,	J.E.,	Heiken,	H.,	Tamm,	A.,	and	Schmidt,	R.E.	(1998).	The	IgG	Fc	receptor	family.	Ann.	Hematol.	76,	231–248.	

GeurtsvanKessel,	C.H.,	and	Lambrecht,	B.N.	(2008).	Division	of	labor	between	dendritic	cell	subsets	of	the	lung.	
Mucosal	Immunol	1,	442–450.	

Ghia,	P.,	ten	Boekel,	E.,	Rolink,	A.G.,	and	Melchers,	F.	(1998).	B-cell	development:	a	comparison	between	mouse	and	
man.	Immunol.	Today	19,	480–485.	

Glaum,	M.C.,	Narula,	S.,	Song,	D.,	Zheng,	Y.,	Anderson,	A.L.,	Pletcher,	C.H.,	and	Levinson,	A.I.	(2009).	Toll-like	receptor	
7-induced	naive	human	B-cell	differentiation	and	immunoglobulin	production.	The	Journal	of	Allergy	and	Clinical	
Immunology	123,	224-230.e4.	

Goenka,	R.,	Barnett,	L.G.,	Silver,	J.S.,	O’Neill,	P.J.,	Hunter,	C.A.,	Cancro,	M.P.,	and	Laufer,	T.M.	(2011).	Cutting	edge:	
dendritic	cell-restricted	antigen	presentation	initiates	the	follicular	helper	T	cell	program	but	cannot	complete	
ultimate	effector	differentiation.	J.	Immunol.	187,	1091–1095.	

Goffic,	R.L.,	Balloy,	V.,	Lagranderie,	M.,	Alexopoulou,	L.,	Escriou,	N.,	Flavell,	R.,	Chignard,	M.,	and	Si-Tahar,	M.	(2006).	
Detrimental	Contribution	of	the	Toll-Like	Receptor	(TLR)3	to	Influenza	A	Virus–Induced	Acute	Pneumonia.	PLOS	
Pathogens	2,	e53.	

Gonzalez,	D.G.,	Cote,	C.M.,	Patel,	J.R.,	Smith,	C.B.,	Zhang,	Y.,	Nickerson,	K.M.,	Zhang,	T.,	Kerfoot,	S.M.,	and	Haberman,	
A.M.	(2018).	Nonredundant	Roles	of	IL-21	and	IL-4	in	the	Phased	Initiation	of	Germinal	Center	B	Cells	and	
Subsequent	Self-Renewal	Transitions.	J.	Immunol.	201,	3569–3579.	

Good,	K.L.,	Avery,	D.T.,	and	Tangye,	S.G.	(2009).	Resting	human	memory	B	cells	are	intrinsically	programmed	for	
enhanced	survival	and	responsiveness	to	diverse	stimuli	compared	to	naive	B	cells.	J.	Immunol.	182,	890–901.	

Good-Jacobson,	K.L.,	and	Tarlinton,	D.M.	(2012).	Multiple	routes	to	B-cell	memory.	Int	Immunol	24,	403–408.	

Good-Jacobson,	K.L.,	Szumilas,	C.G.,	Chen,	L.,	Sharpe,	A.H.,	Tomayko,	M.M.,	and	Shlomchik,	M.J.	(2010).	PD-1	regulates	
germinal	center	B	cell	survival	and	the	formation	and	affinity	of	long-lived	plasma	cells.	Nat.	Immunol.	11,	535–542.	

Gostic,	K.M.,	Ambrose,	M.,	Worobey,	M.,	and	Lloyd-Smith,	J.O.	(2016).	Potent	protection	against	H5N1	and	H7N9	
influenza	via	childhood	hemagglutinin	imprinting.	Science	354,	722–726.	

Gould,	V.M.W.,	Francis,	J.N.,	Anderson,	K.J.,	Georges,	B.,	Cope,	A.V.,	and	Tregoning,	J.S.	(2017).	Nasal	IgA	Provides	
Protection	against	Human	Influenza	Challenge	in	Volunteers	with	Low	Serum	Influenza	Antibody	Titre.	Front.	
Microbiol.	8.	

Gouma,	S.,	Weirick,	M.,	and	Hensley,	S.E.	(2020).	Antigenic	assessment	of	the	H3N2	component	of	the	2019-2020	
Northern	Hemisphere	influenza	vaccine.	Nature	Communications	11,	2445.	

Gras,	S.,	Kedzierski,	L.,	Valkenburg,	S.A.,	Laurie,	K.,	Liu,	Y.C.,	Denholm,	J.T.,	Richards,	M.J.,	Rimmelzwaan,	G.F.,	Kelso,	A.,	
Doherty,	P.C.,	et	al.	(2010).	Cross-reactive	CD8+	T-cell	immunity	between	the	pandemic	H1N1-2009	and	H1N1-1918	
influenza	A	viruses.	Proceedings	of	the	National	Academy	of	Sciences	107,	12599–12604.	



222 
 

Grohskopf,	L.A.,	Sokolow,	L.Z.,	Broder,	K.R.,	Olsen,	S.J.,	Karron,	R.A.,	Jernigan,	D.B.,	and	Bresee,	J.S.	(2016).	Prevention	
and	Control	of	Seasonal	Influenza	with	Vaccines.	Mmwr	Recomm	Reports	Morbidity	Mortal	Wkly	Rep	Recomm	
Reports	Centers	Dis	Control	65,	1–54.	

Grohskopf,	L.A.,	Sokolow,	L.Z.,	Broder,	K.R.,	Walter,	E.B.,	Bresee,	J.S.,	Fry,	A.M.,	and	Jernigan,	D.B.	(2017).	Prevention	
and	Control	of	Seasonal	Influenza	With	Vaccines:	Recommendations	of	the	Advisory	Committee	on	Immunization	
Practices-United	States,	2017-18	Influenza	Season.	Am.	J.	Transplant.	17,	2970–2982.	

Groom,	J.R.,	and	Luster,	A.D.	(2011).	CXCR3	in	T	cell	function.	Exp	Cell	Res	317,	620–631.	

Gross,	P.A.,	and	Ennis,	F.A.	(1977).	Influenza	vaccine:	split-product	versus	whole-virus	types--How	do	they	differ.	N.	
Engl.	J.	Med.	296,	567–568.	

Gross,	P.A.,	Ennis,	F.A.,	Gaerlan,	P.F.,	Denson,	L.J.,	Denning,	C.R.,	and	Schiffman,	D.	(1977).	A	controlled	double-blind	
comparison	of	reactogenicity,	immunogenicity,	and	protective	efficacy	of	whole-virus	and	split-product	influenza	
vaccines	in	children.	J.	Infect.	Dis.	136,	623–632.	

Gruta,	N.L.L.,	Turner,	S.J.,	and	Doherty,	P.C.	(2004).	Hierarchies	in	Cytokine	Expression	Profiles	for	Acute	and	
Resolving	Influenza	Virus-Specific	CD8+	T	Cell	Responses:	Correlation	of	Cytokine	Profile	and	TCR	Avidity.	The	
Journal	of	Immunology	172,	5553–5560.	

Hadfield,	J.,	Megill,	C.,	Bell,	S.M.,	Huddleston,	J.,	Potter,	B.,	Callender,	C.,	Sagulenko,	P.,	Bedford,	T.,	and	Neher,	R.A.	
(2018).	Nextstrain:	real-time	tracking	of	pathogen	evolution.	Bioinformatics	34,	4121–4123.	

Hale,	J.S.,	Youngblood,	B.,	Latner,	D.R.,	Mohammed,	A.U.R.,	Ye,	L.,	Akondy,	R.S.,	Wu,	T.,	Iyer,	S.S.,	and	Ahmed,	R.	(2013).	
Distinct	memory	CD4+	T	cells	with	commitment	to	T	follicular	helper-	and	T	helper	1-cell	lineages	are	generated	after	
acute	viral	infection.	Immunity	38,	805–817.	

Hannedouche,	S.,	Zhang,	J.,	Yi,	T.,	Shen,	W.,	Nguyen,	D.,	Pereira,	J.P.,	Guerini,	D.,	Baumgarten,	B.U.,	Roggo,	S.,	Wen,	B.,	et	
al.	(2011).	Oxysterols	direct	immune	cell	migration	via	EBI2.	Nature	475,	524–527.	

Hardtke,	S.,	Ohl,	L.,	and	Förster,	R.	(2005).	Balanced	expression	of	CXCR5	and	CCR7	on	follicular	T	helper	cells	
determines	their	transient	positioning	to	lymph	node	follicles	and	is	essential	for	efficient	B-cell	help.	Blood	106,	
1924–1931.	

Harris,	A.,	Cardone,	G.,	Winkler,	D.C.,	Heymann,	J.B.,	Brecher,	M.,	White,	J.M.,	and	Steven,	A.C.	(2006).	Influenza	virus	
pleiomorphy	characterized	by	cryoelectron	tomography.	Proceedings	of	the	National	Academy	of	Sciences	103,	
19123–19127.	

Harrison,	S.C.	(2008).	Viral	membrane	fusion.	Nat.	Struct.	Mol.	Biol.	15,	690–698.	

Hay,	A.J.,	Gregory,	V.,	Douglas,	A.R.,	and	Lin,	Y.P.	(2001).	The	Evolution	of	Human	Influenza	Viruses.	Philosophical	
Transactions:	Biological	Sciences	356,	1861–1870.	

Haynes,	N.M.,	Allen,	C.D.C.,	Lesley,	R.,	Ansel,	K.M.,	Killeen,	N.,	and	Cyster,	J.G.	(2007).	Role	of	CXCR5	and	CCR7	in	
follicular	Th	cell	positioning	and	appearance	of	a	programmed	cell	death	gene-1high	germinal	center-associated	
subpopulation.	J.	Immunol.	179,	5099–5108.	

He,	J.,	Tsai,	L.M.,	Leong,	Y.A.,	Hu,	X.,	Ma,	C.S.,	Chevalier,	N.,	Sun,	X.,	Vandenberg,	K.,	Rockman,	S.,	Ding,	Y.,	et	al.	(2013).	
Circulating	precursor	CCR7(lo)PD-1(hi)	CXCR5+	CD4+	T	cells	indicate	Tfh	cell	activity	and	promote	antibody	
responses	upon	antigen	reexposure.	Immunity	39,	770–781.	

He,	W.,	Tan,	G.S.,	Mullarkey,	C.E.,	Lee,	A.J.,	Lam,	M.M.W.,	Krammer,	F.,	Henry,	C.,	Wilson,	P.C.,	Ashkar,	A.A.,	Palese,	P.,	et	
al.	(2016).	Epitope	specificity	plays	a	critical	role	in	regulating	antibody-dependent	cell-mediated	cytotoxicity	against	
influenza	A	virus.	PNAS	113,	11931–11936.	

Heath,	W.R.,	Kato,	Y.,	Steiner,	T.M.,	and	Caminschi,	I.	(2019).	Antigen	presentation	by	dendritic	cells	for	B	cell	
activation.	Current	Opinion	in	Immunology	58,	44–52.	

Hebeis,	B.J.,	Klenovsek,	K.,	Rohwer,	P.,	Ritter,	U.,	Schneider,	A.,	Mach,	M.,	and	Winkler,	T.H.	(2004).	Activation	of	virus-
specific	memory	B	cells	in	the	absence	of	T	cell	help.	J.	Exp.	Med.	199,	593–602.	



223 
 

Heil,	F.,	Hemmi,	H.,	Hochrein,	H.,	Ampenberger,	F.,	Kirschning,	C.,	Akira,	S.,	Lipford,	G.,	Wagner,	H.,	and	Bauer,	S.	
(2004).	Species-specific	recognition	of	single-stranded	RNA	via	toll-like	receptor	7	and	8.	Science	303,	1526–1529.	

Henry,	C.,	Zheng,	N.-Y.,	Huang,	M.,	Cabanov,	A.,	Rojas,	K.T.,	Kaur,	K.,	Andrews,	S.F.,	Palm,	A.-K.E.,	Chen,	Y.-Q.,	Li,	Y.,	et	al.	
(2019).	Influenza	Virus	Vaccination	Elicits	Poorly	Adapted	B	Cell	Responses	in	Elderly	Individuals.	Cell	Host	&	
Microbe	25,	357-366.e6.	

Hensley,	S.E.	(2014).	Challenges	of	selecting	seasonal	influenza	vaccine	strains	for	humans	with	diverse	pre-exposure	
histories.	Curr	Opin	Virology	8,	85–89.	

Herati,	R.S.,	Muselman,	A.,	Vella,	L.,	Bengsch,	B.,	Parkhouse,	K.,	Del	Alcazar,	D.,	Kotzin,	J.,	Doyle,	S.A.,	Tebas,	P.,	Hensley,	
S.E.,	et	al.	(2017).	Successive	annual	influenza	vaccination	induces	a	recurrent	oligoclonotypic	memory	response	in	
circulating	T	follicular	helper	cells.	Sci	Immunol	2.	

Herold,	S.,	von	Wulffen,	W.,	Steinmueller,	M.,	Pleschka,	S.,	Kuziel,	W.A.,	Mack,	M.,	Srivastava,	M.,	Seeger,	W.,	Maus,	U.A.,	
and	Lohmeyer,	J.	(2006).	Alveolar	epithelial	cells	direct	monocyte	transepithelial	migration	upon	influenza	virus	
infection:	impact	of	chemokines	and	adhesion	molecules.	J.	Immunol.	177,	1817–1824.	

Heusser,	C.H.,	Anderson,	C.L.,	and	Grey,	H.M.	(1977).	Receptors	for	IgG:	subclass	specificity	of	receptors	on	different	
mouse	cell	types	and	the	definition	of	two	distinct	receptors	on	a	macrophage	cell	line.	J.	Exp.	Med.	145,	1316–1327.	

Hillaire,	M.L.B.,	van	Trierum,	S.E.,	Kreijtz,	J.H.C.M.,	Bodewes,	R.,	Geelhoed-Mieras,	M.M.,	Nieuwkoop,	N.J.,	Fouchier,	
R.A.M.,	Kuiken,	T.,	Osterhaus,	A.D.M.E.,	and	Rimmelzwaan,	G.F.	(2011).	Cross-protective	immunity	against	influenza	
pH1N1	2009	viruses	induced	by	seasonal	influenza	A	(H3N2)	virus	is	mediated	by	virus-specific	T-cells.	J.	Gen.	Virol.	
92,	2339–2349.	

Hillaire,	M.L.B.,	Vogelzang-van	Trierum,	S.E.,	Kreijtz,	J.H.C.M.,	de	Mutsert,	G.,	Fouchier,	R.A.M.,	Osterhaus,	A.D.M.E.,	and	
Rimmelzwaan,	G.F.	(2013).	Human	T-cells	directed	to	seasonal	influenza	A	virus	cross-react	with	2009	pandemic	
influenza	A	(H1N1)	and	swine-origin	triple-reassortant	H3N2	influenza	viruses.	J.	Gen.	Virol.	94,	583–592.	

Hirota,	Y.,	Kaji,	M.,	Ide,	S.,	Kajiwara,	J.,	Kataoka,	K.,	Goto,	S.,	and	Oka,	T.	(1997).	Antibody	efficacy	as	a	keen	index	to	
evaluate	influenza	vaccine	effectiveness.	Vaccine	15,	962–967.	

Hirst,	G.K.	(1942).	THE	QUANTITATIVE	DETERMINATION	OF	INFLUENZA	VIRUS	AND	ANTIBODIES	BY	MEANS	OF	
RED	CELL	AGGLUTINATION.	J	Exp	Med	75,	49–64.	

Hirst,	G.K.	(1943).	STUDIES	OF	ANTIGENIC	DIFFERENCES	AMONG	STRAINS	OF	INFLUENZA	A	BY	MEANS	OF	RED	
CELL	AGGLUTINATION.	J.	Exp.	Med.	78,	407–423.	

Hoa,	L.N.M.,	Sullivan,	S.G.,	Mai,	L.Q.,	Khvorov,	A.,	Phuong,	H.V.M.,	Hang,	N.L.K.,	Thai,	P.Q.,	Thanh,	L.T.,	Carolan,	L.,	Anh,	
D.D.,	et	al.	(2020).	Influenza	A(H1N1)pdm09	but	not	A(H3N2)	virus	infection	induces	durable	sero-protection:	results	
from	the	Ha	Nam	Cohort.	J.	Infect.	Dis.	

Hobson,	D.,	Curry,	R.L.,	Beare,	A.S.,	and	Ward-Gardner,	A.	(1972).	The	role	of	serum	haemagglutination-inhibiting	
antibody	in	protection	against	challenge	infection	with	influenza	A2	and	B	viruses.	Epidemiology	&	Infection	70,	767–
777.	

Hoft,	D.F.,	Babusis,	E.,	Worku,	S.,	Spencer,	C.T.,	Lottenbach,	K.,	Truscott,	S.M.,	Abate,	G.,	Sakala,	I.G.,	Edwards,	K.M.,	
Creech,	C.B.,	et	al.	(2011).	Live	and	Inactivated	Influenza	Vaccines	Induce	Similar	Humoral	Responses,	but	Only	Live	
Vaccines	Induce	Diverse	T-Cell	Responses	in	Young	Children.	The	Journal	of	Infectious	Diseases	204,	845–853.	

Hoft,	D.F.,	Lottenbach,	K.R.,	Blazevic,	A.,	Turan,	A.,	Blevins,	T.P.,	Pacatte,	T.P.,	Yu,	Y.,	Mitchell,	M.C.,	Hoft,	S.G.,	and	
Belshe,	R.B.	(2017).	Comparisons	of	the	Humoral	and	Cellular	Immune	Responses	Induced	by	Live	Attenuated	
Influenza	Vaccine	and	Inactivated	Influenza	Vaccine	in	Adults.	Clinical	and	Vaccine	Immunology:	CVI	24.	

Holbrook,	B.C.,	Aycock,	S.T.,	Machiele,	E.,	Clemens,	E.,	Gries,	D.,	Jorgensen,	M.J.,	Hadimani,	M.B.,	King,	S.B.,	and	
Alexander-Miller,	M.A.	(2018).	An	R848	adjuvanted	influenza	vaccine	promotes	early	activation	of	B	cells	in	the	
draining	lymph	nodes	of	non-human	primate	neonates.	Immunology	153,	357–367.	

Höpping,	A.,	Janet,	M.,	Fonville,	J.,	Powers,	D.,	Beyer,	W.,	and	Smith,	D.	(2016).	The	confounded	effects	of	age	and	
exposure	history	in	response	to	influenza	vaccination.	Vaccine	34,	540–546.	



224 
 

Horby,	P.,	Mai,	L.Q.,	Fox,	A.,	Thai,	P.Q.,	Thi	Thu	Yen,	N.,	Thanh,	L.T.,	Le	Khanh	Hang,	N.,	Duong,	T.N.,	Thoang,	D.D.,	
Farrar,	J.,	et	al.	(2012).	The	epidemiology	of	interpandemic	and	pandemic	influenza	in	Vietnam,	2007-2010:	the	Ha	
Nam	household	cohort	study	I.	American	Journal	of	Epidemiology	175,	1062–1074.	

Horns,	F.,	Dekker,	C.L.,	and	Quake,	S.R.	(2020).	Memory	B	Cell	Activation,	Broad	Anti-influenza	Antibodies,	and	
Bystander	Activation	Revealed	by	Single-Cell	Transcriptomics.	Cell	Reports	30,	905-913.e6.	

Hoskins,	T.W.,	Davies,	J.R.,	Allchin,	A.,	Miller,	C.L.,	and	Pollock,	T.M.	(1973).	Controlled	trial	of	inactivated	influenza	
vaccine	containing	the	a-Hong	Kong	strain	during	an	outbreak	of	influenza	due	to	the	a-England-42-72	strain.	Lancet	
(London,	England)	2,	116–120.	

Hoskins,	T.W.,	Davies,	J.R.,	Smith,	A.J.,	Allchin,	A.,	Miller,	C.L.,	and	Pollock,	T.M.	(1976).	Influenza	at	Christ’s	Hospital:	
March,	1974.	Lancet	1,	105–108.	

Houser,	K.V.,	Pearce,	M.B.,	Katz,	J.M.,	and	Tumpey,	T.M.	(2013).	Impact	of	Prior	Seasonal	H3N2	Influenza	Vaccination	
or	Infection	on	Protection	and	Transmission	of	Emerging	Variants	of	Influenza	A(H3N2)v	Virus	in	Ferrets.	Journal	of	
Virology	87,	13480–13489.	

Huang,	K.-Y.A.,	Rijal,	P.,	Schimanski,	L.,	Powell,	T.J.,	Lin,	T.-Y.,	McCauley,	J.W.,	Daniels,	R.S.,	and	Townsend,	A.R.	(2015).	
Focused	antibody	response	to	influenza	linked	to	antigenic	drift.	J.	Clin.	Invest.	125,	2631–2645.	

Huber,	V.C.,	Lynch,	J.M.,	Bucher,	D.J.,	Le,	J.,	and	Metzger,	D.W.	(2001).	Fc	receptor-mediated	phagocytosis	makes	a	
significant	contribution	to	clearance	of	influenza	virus	infections.	J.	Immunol.	166,	7381–7388.	

Huber,	V.C.,	McKeon,	R.M.,	Brackin,	M.N.,	Miller,	L.A.,	Keating,	R.,	Brown,	S.A.,	Makarova,	N.,	Perez,	D.R.,	MacDonald,	
G.H.,	and	McCullers,	J.A.	(2006).	Distinct	Contributions	of	Vaccine-Induced	Immunoglobulin	G1	(IgG1)	and	IgG2a	
Antibodies	to	Protective	Immunity	against	Influenza.	Clin	Vaccine	Immunol	13,	981–990.	

Inamine,	A.,	Takahashi,	Y.,	Baba,	N.,	Miyake,	K.,	Tokuhisa,	T.,	Takemori,	T.,	and	Abe,	R.	(2005).	Two	waves	of	memory	
B-cell	generation	in	the	primary	immune	response.	Int.	Immunol.	17,	581–589.	

Ito,	T.,	Carson,	W.F.,	Cavassani,	K.A.,	Connett,	J.M.,	and	Kunkel,	S.L.	(2011).	CCR6	as	a	mediator	of	immunity	in	the	lung	
and	gut.	Exp	Cell	Res	317,	613–619.	

Iuliano,	A.D.,	Roguski,	K.M.,	Chang,	H.H.,	Muscatello,	D.J.,	Palekar,	R.,	Tempia,	S.,	Cohen,	C.,	Gran,	J.M.,	Schanzer,	D.,	
Cowling,	B.J.,	et	al.	(2018).	Estimates	of	global	seasonal	influenza-associated	respiratory	mortality:	a	modelling	study.	
The	Lancet	391,	1285–1300.	

Jackson,	D.,	Pitcher,	M.,	Hudson,	C.,	Andrews,	N.,	Southern,	J.,	Ellis,	J.,	Höschler,	K.,	Pebody,	R.,	Turner,	P.J.,	Miller,	E.,	et	
al.	(2020).	Viral	Shedding	in	Recipients	of	Live	Attenuated	Influenza	Vaccine	in	the	2016–2017	and	2017–2018	
Influenza	Seasons	in	the	United	Kingdom.	Clin	Infect	Dis	70,	2505–2513.	

Jackson,	K.J.L.,	Gaeta,	B.,	Sewell,	W.,	and	Collins,	A.M.	(2004).	Exonuclease	activity	and	P	nucleotide	addition	in	the	
generation	of	the	expressed	immunoglobulin	repertoire.	BMC	Immunol	5,	19.	

Jacob,	J.,	Kassir,	R.,	and	Kelsoe,	G.	(1991).	In	situ	studies	of	the	primary	immune	response	to	(4-hydroxy-3-
nitrophenyl)acetyl.	I.	The	architecture	and	dynamics	of	responding	cell	populations.	J.	Exp.	Med.	173,	1165–1175.	

Jenks,	S.A.,	Cashman,	K.S.,	Zumaquero,	E.,	Marigorta,	U.M.,	Patel,	A.V.,	Wang,	X.,	Tomar,	D.,	Woodruff,	M.C.,	Simon,	Z.,	
Bugrovsky,	R.,	et	al.	(2018).	Distinct	Effector	B	Cells	Induced	by	Unregulated	Toll-like	Receptor	7	Contribute	to	
Pathogenic	Responses	in	Systemic	Lupus	Erythematosus.	Immunity.	

Jiang,	N.,	He,	J.,	Weinstein,	J.A.,	Penland,	L.,	Sasaki,	S.,	He,	X.-S.,	Dekker,	C.L.,	Zheng,	N.-Y.,	Huang,	M.,	Sullivan,	M.,	et	al.	
(2013).	Lineage	structure	of	the	human	antibody	repertoire	in	response	to	influenza	vaccination.	Sci	Transl	Med	5,	
171ra19.	

Joo,	H.M.,	He,	Y.,	and	Sangster,	M.Y.	(2008).	Broad	dispersion	and	lung	localization	of	virus-specific	memory	B	cells	
induced	by	influenza	pneumonia.	Proc.	Natl.	Acad.	Sci.	U.S.A.	105,	3485–3490.	

Joyce,	M.G.,	Wheatley,	A.K.,	Thomas,	P.V.,	Chuang,	G.-Y.,	Soto,	C.,	Bailer,	R.T.,	Druz,	A.,	Georgiev,	I.S.,	Gillespie,	R.A.,	
Kanekiyo,	M.,	et	al.	(2016).	Vaccine-Induced	Antibodies	that	Neutralize	Group	1	and	Group	2	Influenza	A	Viruses.	Cell	
166,	609–623.	



225 
 

Kaji,	T.,	Ishige,	A.,	Hikida,	M.,	Taka,	J.,	Hijikata,	A.,	Kubo,	M.,	Nagashima,	T.,	Takahashi,	Y.,	Kurosaki,	T.,	Okada,	M.,	et	al.	
(2012).	Distinct	cellular	pathways	select	germline-encoded	and	somatically	mutated	antibodies	into	immunological	
memory.	J.	Exp.	Med.	209,	2079–2097.	

Kaji,	T.,	Furukawa,	K.,	Ishige,	A.,	Toyokura,	I.,	Nomura,	M.,	Okada,	M.,	Takahashi,	Y.,	Shimoda,	M.,	and	Takemori,	T.	
(2013).	Both	mutated	and	unmutated	memory	B	cells	accumulate	mutations	in	the	course	of	the	secondary	response	
and	develop	a	new	antibody	repertoire	optimally	adapted	to	the	secondary	stimulus.	Int.	Immunol.	25,	683–695.	

Kamp,	V.M.,	Pillay,	J.,	Lammers,	J.-W.J.,	Pickkers,	P.,	Ulfman,	L.H.,	and	Koenderman,	L.	(2012).	Human	suppressive	
neutrophils	CD16bright/CD62Ldim	exhibit	decreased	adhesion.	Journal	of	Leukocyte	Biology	92,	1011–1020.	

Kang,	E.K.,	Eun,	B.W.,	Kim,	N.H.,	Lim,	J.S.,	Lee,	J.A.,	and	Kim,	D.H.	(2016).	The	priming	effect	of	previous	natural	
pandemic	H1N1	infection	on	the	immunogenicity	to	subsequent	2010-2011	influenza	vaccination	in	children:	a	
prospective	cohort	study.	BMC	Infectious	Diseases	16,	438.	

Katz,	J.M.,	Hancock,	K.,	and	Xu,	X.	(2011).	Serologic	assays	for	influenza	surveillance,	diagnosis	and	vaccine	evaluation.	
Expert	Review	of	Anti-Infective	Therapy	9,	669–683.	

Kawai,	T.,	and	Akira,	S.	(2010).	The	role	of	pattern-recognition	receptors	in	innate	immunity:	update	on	Toll-like	
receptors.	Nat.	Immunol.	11,	373–384.	

Keitel,	W.A.,	Cate,	T.R.,	Couch,	R.B.,	Huggins,	L.L.,	and	Hess,	K.R.	(1997).	Efficacy	of	repeated	annual	immunization	with	
inactivated	influenza	virus	vaccines	over	a	five	year	period.	Vaccine	15,	1114–1122.	

Khair,	L.,	Guikema,	J.E.J.,	Linehan,	E.K.,	Ucher,	A.J.,	Leus,	N.G.J.,	Ogilvie,	C.,	Lou,	Z.,	Schrader,	C.E.,	and	Stavnezer,	J.	
(2014).	ATM	increases	activation-induced	cytidine	deaminase	activity	at	downstream	S	regions	during	class-switch	
recombination.	J	Immunol	192,	4887–4896.	

Kim,	H.M.,	Lee,	Y.-W.,	Lee,	K.-J.,	Kim,	H.S.,	Cho,	S.W.,	van	Rooijen,	N.,	Guan,	Y.,	and	Seo,	S.H.	(2008).	Alveolar	
macrophages	are	indispensable	for	controlling	influenza	viruses	in	lungs	of	pigs.	J.	Virol.	82,	4265–4274.	

Kim,	J.,	Liepkalns,	J.,	Reber,	A.J.,	Lu,	X.,	Music,	N.,	Jacob,	J.,	and	Sambhara,	S.	(2016).	Prior	infection	with	influenza	virus	
but	not	vaccination	leaves	a	long-term	immunological	imprint	that	intensifies	the	protective	efficacy	of	antigenically	
drifted	vaccine	strains.	Vaccine	34,	495–502.	

Kim,	J.H.,	Davis,	W.G.,	Sambhara,	S.,	and	Jacob,	J.	(2012).	Strategies	to	alleviate	original	antigenic	sin	responses	to	
influenza	viruses.	Proc.	Natl.	Acad.	Sci.	U.S.A.	109,	13751–13756.	

Kim,	S.S.,	Flannery,	B.,	Foppa,	I.M.,	Chung,	J.R.,	Nowalk,	M.P.,	Zimmerman,	R.K.,	Gaglani,	M.,	Monto,	A.S.,	Martin,	E.T.,	
Belongia,	E.A.,	et	al.	(2020).	Effects	of	prior	season	vaccination	on	current	season	vaccine	effectiveness	in	the	US	Flu	
VE	Network,	2012-13	through	2017-18.	Clinical	Infectious	Diseases.	

Kipps,	T.J.,	Parham,	P.,	Punt,	J.,	and	Herzenberg,	L.A.	(1985).	Importance	of	immunoglobulin	isotype	in	human	
antibody-dependent,	cell-mediated	cytotoxicity	directed	by	murine	monoclonal	antibodies.	J.	Exp.	Med.	161,	1–17.	

Kitano,	M.,	Moriyama,	S.,	Ando,	Y.,	Hikida,	M.,	Mori,	Y.,	Kurosaki,	T.,	and	Okada,	T.	(2011).	Bcl6	protein	expression	
shapes	pre-germinal	center	B	cell	dynamics	and	follicular	helper	T	cell	heterogeneity.	Immunity	34,	961–972.	

Klein,	U.,	Küppers,	R.,	and	Rajewsky,	K.	(1997).	Evidence	for	a	large	compartment	of	IgM-expressing	memory	B	cells	
in	humans.	Blood	89,	1288–1298.	

Klein,	U.,	Rajewsky,	K.,	and	Küppers,	R.	(1998).	Human	immunoglobulin	(Ig)M+IgD+	peripheral	blood	B	cells	
expressing	the	CD27	cell	surface	antigen	carry	somatically	mutated	variable	region	genes:	CD27	as	a	general	marker	
for	somatically	mutated	(memory)	B	cells.	J.	Exp.	Med.	188,	1679–1689.	

Koel,	B.F.,	Burke,	D.F.,	Bestebroer,	T.M.,	van	der	Vliet,	S.,	Zondag,	G.C.M.,	Vervaet,	G.,	Skepner,	E.,	Lewis,	N.S.,	Spronken,	
M.I.J.,	Russell,	C.A.,	et	al.	(2013).	Substitutions	near	the	receptor	binding	site	determine	major	antigenic	change	during	
influenza	virus	evolution.	Science	342,	976–979.	

Kon,	T.C.,	Onu,	A.,	Berbecila,	L.,	Lupulescu,	E.,	Ghiorgisor,	A.,	Kersten,	G.F.,	Cui,	Y.-Q.,	Amorij,	J.-P.,	and	Pol,	L.V.	der	
(2016).	Influenza	Vaccine	Manufacturing:	Effect	of	Inactivation,	Splitting	and	Site	of	Manufacturing.	Comparison	of	
Influenza	Vaccine	Production	Processes.	PLOS	ONE	11,	e0150700.	



226 
 

Kosik,	I.,	Angeletti,	D.,	Gibbs,	J.S.,	Angel,	M.,	Takeda,	K.,	Kosikova,	M.,	Nair,	V.,	Hickman,	H.D.,	Xie,	H.,	Brooke,	C.B.,	et	al.	
(2019).	Neuraminidase	inhibition	contributes	to	influenza	A	virus	neutralization	by	anti-hemagglutinin	stem	
antibodies.	J	Exp	Med	216,	304–316.	

Kosikova,	M.,	Li,	L.,	Radvak,	P.,	Ye,	Z.,	Wan,	X.-F.,	and	Xie,	H.	(2018).	Imprinting	of	Repeated	Influenza	A/H3	Exposures	
on	Antibody	Quantity	and	Antibody	Quality:	Implications	for	Seasonal	Vaccine	Strain	Selection	and	Vaccine	
Performance.	Clin.	Infect.	Dis.	67,	1523–1532.	

Koutsakos,	M.,	Wheatley,	A.K.,	Loh,	L.,	Clemens,	E.B.,	Sant,	S.,	Nüssing,	S.,	Fox,	A.,	Chung,	A.W.,	Laurie,	K.L.,	Hurt,	A.C.,	et	
al.	(2018).	Circulating	TFHcells,	serological	memory,	and	tissue	compartmentalization	shape	human	influenza-
specific	B	cell	immunity.	Sci	Transl	Med	10.	

Koutsakos,	M.,	Nguyen,	T.H.O.,	and	Kedzierska,	K.	(2019a).	With	a	Little	Help	from	T	Follicular	Helper	Friends:	
Humoral	Immunity	to	Influenza	Vaccination.	J.	Immunol.	202,	360–367.	

Koutsakos,	M.,	Illing,	P.T.,	Nguyen,	T.H.O.,	Mifsud,	N.A.,	Crawford,	J.C.,	Rizzetto,	S.,	Eltahla,	A.A.,	Clemens,	E.B.,	Sant,	S.,	
Chua,	B.Y.,	et	al.	(2019b).	Human	CD8	+	T	cell	cross-reactivity	across	influenza	A,	B	and	C	viruses.	Nature	Immunology	
1.	

Krammer,	F.	(2019).	The	human	antibody	response	to	influenza	A	virus	infection	and	vaccination.	Nature	Reviews	
Immunology	19,	383–397.	

Krammer,	F.,	Margine,	I.,	Hai,	R.,	Flood,	A.,	Hirsh,	A.,	Tsvetnitsky,	V.,	Chen,	D.,	and	Palese,	P.	(2014).	H3	Stalk-Based	
Chimeric	Hemagglutinin	Influenza	Virus	Constructs	Protect	Mice	from	H7N9	Challenge.	Journal	of	Virology	88,	2340–
2343.	

Krause,	J.C.,	Tsibane,	T.,	Tumpey,	T.M.,	Huffman,	C.J.,	Basler,	C.F.,	and	Crowe	Jr.,	J.E.	(2011).	A	broadly	neutralizing	
human	monoclonal	antibody	that	recognizes	a	conserved,	novel	epitope	on	the	globular	head	of	the	influenza	H1N1	
virus	hemagglutinin.	Journal	of	Virology	85,	10905–10908.	

Krautler,	N.J.,	Kana,	V.,	Kranich,	J.,	Tian,	Y.,	Perera,	D.,	Lemm,	D.,	Schwarz,	P.,	Armulik,	A.,	Browning,	J.L.,	Tallquist,	M.,	
et	al.	(2012).	Follicular	dendritic	cells	emerge	from	ubiquitous	perivascular	precursors.	Cell	150,	194–206.	

Kreijtz,	J.H.C.M.,	Fouchier,	R.A.M.,	and	Rimmelzwaan,	G.F.	(2011).	Immune	responses	to	influenza	virus	infection.	
Virus	Research	162,	19–30.	

Krishnaswamy,	J.K.,	Gowthaman,	U.,	Zhang,	B.,	Mattsson,	J.,	Szeponik,	L.,	Liu,	D.,	Wu,	R.,	White,	T.,	Calabro,	S.,	Xu,	L.,	et	
al.	(2017).	Migratory	CD11b+	conventional	dendritic	cells	induce	T	follicular	helper	cell–dependent	antibody	
responses.	Science	Immunology	2.	

Kumar,	H.,	Kawai,	T.,	and	Akira,	S.	(2011).	Pathogen	recognition	by	the	innate	immune	system.	Int.	Rev.	Immunol.	30,	
16–34.	

Kuraoka,	M.,	Schmidt,	A.G.,	Nojima,	T.,	Feng,	F.,	Watanabe,	A.,	Kitamura,	D.,	Harrison,	S.C.,	Kepler,	T.B.,	and	Kelsoe,	G.	
(2016).	Complex	Antigens	Drive	Permissive	Clonal	Selection	in	Germinal	Centers.	Immunity	44,	542–552.	

Lafaille,	J.J.,	DeCloux,	A.,	Bonneville,	M.,	Takagaki,	Y.,	and	Tonegawa,	S.	(1989).	Junctional	sequences	of	T	cell	receptor	
gamma	delta	genes:	implications	for	gamma	delta	T	cell	lineages	and	for	a	novel	intermediate	of	V-(D)-J	joining.	Cell	
59,	859–870.	

Lakadamyali,	M.,	Rust,	M.J.,	and	Zhuang,	X.	(2004).	Endocytosis	of	influenza	viruses.	Microbes	Infect	6,	929–936.	

Lalvani,	A.,	Brookes,	R.,	Hambleton,	S.,	Britton,	W.J.,	Hill,	A.V.,	and	McMichael,	A.J.	(1997).	Rapid	effector	function	in	
CD8+	memory	T	cells.	J.	Exp.	Med.	186,	859–865.	

Lam,	E.K.S.,	Morris,	D.H.,	Hurt,	A.C.,	Barr,	I.G.,	and	Russell,	C.A.	(2020).	The	impact	of	climate	and	antigenic	evolution	
on	seasonal	influenza	virus	epidemics	in	Australia.	Nat	Commun	11,	2741.	

Larousserie,	F.,	Bardel,	E.,	L’Herminé,	A.C.,	Canioni,	D.,	Brousse,	N.,	Kastelein,	R.A.,	and	Devergne,	O.	(2006).	Variable	
expression	of	Epstein–Barr	virus-induced	gene	3	during	normal	B-cell	differentiation	and	among	B-cell	lymphomas.	
The	Journal	of	Pathology	209,	360–368.	



227 
 

Laslo,	P.,	Spooner,	C.J.,	Warmflash,	A.,	Lancki,	D.W.,	Lee,	H.-J.,	Sciammas,	R.,	Gantner,	B.N.,	Dinner,	A.R.,	and	Singh,	H.	
(2006).	Multilineage	Transcriptional	Priming	and	Determination	of	Alternate	Hematopoietic	Cell	Fates.	Cell	126,	755–
766.	

Lau,	D.,	Lan,	L.Y.-L.,	Andrews,	S.F.,	Henry,	C.,	Rojas,	K.T.,	Neu,	K.E.,	Huang,	M.,	Huang,	Y.,	DeKosky,	B.,	Palm,	A.-K.E.,	et	al.	
(2017).	Low	CD21	expression	defines	a	population	of	recent	germinal	center	graduates	primed	for	plasma	cell	
differentiation.	Science	Immunology	2.	

Lee,	A.J.,	and	Ashkar,	A.A.	(2018).	The	Dual	Nature	of	Type	I	and	Type	II	Interferons.	Front	Immunol	9.	

Lee,	B.O.,	Rangel-Moreno,	J.,	Moyron-Quiroz,	J.E.,	Hartson,	L.,	Makris,	M.,	Sprague,	F.,	Lund,	F.E.,	and	Randall,	T.D.	
(2005).	CD4	T	cell-independent	antibody	response	promotes	resolution	of	primary	influenza	infection	and	helps	to	
prevent	reinfection.	J.	Immunol.	175,	5827–5838.	

Lee,	J.,	Boutz,	D.R.,	Chromikova,	V.,	Joyce,	M.G.,	Vollmers,	C.,	Leung,	K.,	Horton,	A.P.,	DeKosky,	B.J.,	Lee,	C.-H.,	Lavinder,	
J.J.,	et	al.	(2016).	Molecular-level	analysis	of	the	serum	antibody	repertoire	in	young	adults	before	and	after	seasonal	
influenza	vaccination.	Nature	Medicine	22,	1456–1464.	

Lee,	J.M.,	Eguia,	R.,	Zost,	S.J.,	Choudhary,	S.,	Wilson,	P.C.,	Bedford,	T.,	Stevens-Ayers,	T.,	Boeckh,	M.,	Hurt,	A.C.,	
Lakdawala,	S.S.,	et	al.	(2019).	Mapping	person-to-person	variation	in	viral	mutations	that	escape	polyclonal	serum	
targeting	influenza	hemagglutinin.	ELife	8,	e49324.	

Lee,	P.S.,	Yoshida,	R.,	Ekiert,	D.C.,	Sakai,	N.,	Suzuki,	Y.,	Takada,	A.,	and	Wilson,	I.A.	(2012).	Heterosubtypic	antibody	
recognition	of	the	influenza	virus	hemagglutinin	receptor	binding	site	enhanced	by	avidity.	PNAS	109,	17040–17045.	

Lee,	P.S.,	Ohshima,	N.,	Stanfield,	R.L.,	Yu,	W.,	Iba,	Y.,	Okuno,	Y.,	Kurosawa,	Y.,	and	Wilson,	I.A.	(2014).	Receptor	mimicry	
by	antibody	F045–092	facilitates	universal	binding	to	the	H3	subtype	of	influenza	virus.	Nature	Communications	5,	
3614.	

Legge,	K.L.,	and	Braciale,	T.J.	(2003).	Accelerated	migration	of	respiratory	dendritic	cells	to	the	regional	lymph	nodes	
is	limited	to	the	early	phase	of	pulmonary	infection.	Immunity	18,	265–277.	

Lessler,	J.,	Riley,	S.,	Read,	J.M.,	Wang,	S.,	Zhu,	H.,	Smith,	G.J.D.,	Guan,	Y.,	Jiang,	C.Q.,	and	Cummings,	D.A.T.	(2012).	
Evidence	for	antigenic	seniority	in	influenza	A	(H3N2)	antibody	responses	in	southern	China.	PLoS	Pathog.	8,	
e1002802.	

Levine,	M.Z.,	Martin,	E.T.,	Petrie,	J.G.,	Lauring,	A.S.,	Holiday,	C.,	Jefferson,	S.,	Fitzsimmons,	W.J.,	Johnson,	E.,	Ferdinands,	
J.M.,	and	Monto,	A.S.	(2019).	Antibodies	Against	Egg-	and	Cell-Grown	Influenza	A(H3N2)	Viruses	in	Adults	
Hospitalized	During	the	2017–2018	Influenza	Season.	J	Infect	Dis	219,	1904–1912.	

Li,	G.-M.,	Chiu,	C.,	Wrammert,	J.,	McCausland,	M.,	Andrews,	S.F.,	Zheng,	N.-Y.,	Lee,	J.-H.,	Huang,	M.,	Qu,	X.,	Edupuganti,	S.,	
et	al.	(2012).	Pandemic	H1N1	influenza	vaccine	induces	a	recall	response	in	humans	that	favors	broadly	cross-
reactive	memory	B	cells.	Proc.	Natl.	Acad.	Sci.	U.S.A.	109,	9047–9052.	

Li,	Y.,	Myers,	J.L.,	Bostick,	D.L.,	Sullivan,	C.B.,	Madara,	J.,	Linderman,	S.L.,	Liu,	Q.,	Carter,	D.M.,	Wrammert,	J.,	Esposito,	S.,	
et	al.	(2013).	Immune	history	shapes	specificity	of	pandemic	H1N1	influenza	antibody	responses.	J	Exp	Medicine	210,	
1493–1500.	

Lin,	K.L.,	Suzuki,	Y.,	Nakano,	H.,	Ramsburg,	E.,	and	Gunn,	M.D.	(2008).	CCR2+	monocyte-derived	dendritic	cells	and	
exudate	macrophages	produce	influenza-induced	pulmonary	immune	pathology	and	mortality.	J.	Immunol.	180,	
2562–2572.	

Lin,	Y.,	Gregory,	V.,	Collins,	P.,	Kloess,	J.,	Wharton,	S.,	Cattle,	N.,	Lackenby,	A.,	Daniels,	R.,	and	Hay,	A.	(2010).	
Neuraminidase	receptor	binding	variants	of	human	influenza	A(H3N2)	viruses	resulting	from	substitution	of	aspartic	
acid	151	in	the	catalytic	site:	a	role	in	virus	attachment?	Journal	of	Virology.	84,	6769-6781.	

Lin,	Y.,	Wharton,	S.A.,	Whittaker,	L.,	Dai,	M.,	Ermetal,	B.,	Lo,	J.,	Pontoriero,	A.,	Baumeister,	E.,	Daniels,	R.S.,	and	
McCauley,	J.W.	(2017).	The	characteristics	and	antigenic	properties	of	recently	emerged	subclade	3C.3a	and	3C.2a	
human	influenza	A(H3N2)	viruses	passaged	in	MDCK	cells.	Influenza	Other	Respir	Viruses	11,	263–274.	

Linderman,	S.L.,	and	Hensley,	S.E.	(2016).	Antibodies	with	“Original	Antigenic	Sin”	Properties	Are	Valuable	
Components	of	Secondary	Immune	Responses	to	Influenza	Viruses.	PLoS	Pathog.	12,	e1005806.	



228 
 

Linderman,	S.L.,	Chambers,	B.S.,	Zost,	S.J.,	Parkhouse,	K.,	Li,	Y.,	Herrmann,	C.,	Ellebedy,	A.H.,	Carter,	D.M.,	Andrews,	S.F.,	
Zheng,	N.-Y.,	et	al.	(2014).	Potential	antigenic	explanation	for	atypical	H1N1	infections	among	middle-aged	adults	
during	the	2013-2014	influenza	season.	Proc.	Natl.	Acad.	Sci.	U.S.A.	111,	15798–15803.	

Lindsey,	B.B.,	Jagne,	Y.J.,	Armitage,	E.P.,	Singanayagam,	A.,	Sallah,	H.J.,	Drammeh,	S.,	Senghore,	E.,	Mohammed,	N.I.,	
Jeffries,	D.,	Höschler,	K.,	et	al.	(2019).	Effect	of	a	Russian-backbone	live-attenuated	influenza	vaccine	with	an	updated	
pandemic	H1N1	strain	on	shedding	and	immunogenicity	among	children	in	The	Gambia:	an	open-label,	observational,	
phase	4	study.	Lancet	Respir	Med	7,	665–676.	

Linterman,	M.A.,	Beaton,	L.,	Yu,	D.,	Ramiscal,	R.R.,	Srivastava,	M.,	Hogan,	J.J.,	Verma,	N.K.,	Smyth,	M.J.,	Rigby,	R.J.,	and	
Vinuesa,	C.G.	(2010).	IL-21	acts	directly	on	B	cells	to	regulate	Bcl-6	expression	and	germinal	center	responses.	J.	Exp.	
Med.	207,	353–363.	

Liu,	G.,	Lu,	Y.,	Thulasi	Raman,	S.N.,	Xu,	F.,	Wu,	Q.,	Li,	Z.,	Brownlie,	R.,	Liu,	Q.,	and	Zhou,	Y.	(2018).	Nuclear-resident	RIG-I	
senses	viral	replication	inducing	antiviral	immunity.	Nature	Communications	9,	3199.	

Liu,	X.,	Yan,	X.,	Zhong,	B.,	Nurieva,	R.I.,	Wang,	A.,	Wang,	X.,	Martin-Orozco,	N.,	Wang,	Y.,	Chang,	S.H.,	Esplugues,	E.,	et	al.	
(2012).	Bcl6	expression	specifies	the	T	follicular	helper	cell	program	in	vivo.	J.	Exp.	Med.	209,	1841–1852,	S1-24.	

Liu,	Y.J.,	Oldfield,	S.,	and	MacLennan,	I.C.	(1988).	Memory	B	cells	in	T	cell-dependent	antibody	responses	colonize	the	
splenic	marginal	zones.	Eur.	J.	Immunol.	18,	355–362.	

Locci,	M.,	Havenar-Daughton,	C.,	Landais,	E.,	Wu,	J.,	Kroenke,	M.A.,	Arlehamn,	C.L.,	Su,	L.F.,	Cubas,	R.,	Davis,	M.M.,	Sette,	
A.,	et	al.	(2013).	Human	Circulating	PD-1+CXCR3−CXCR5+	Memory	Tfh	Cells	Are	Highly	Functional	and	Correlate	with	
Broadly	Neutralizing	HIV	Antibody	Responses.	Immunity	39,	758–769.	

Maloy,	K.J.,	Burkhart,	C.,	Junt,	T.M.,	Odermatt,	B.,	Oxenius,	A.,	Piali,	L.,	Zinkernagel,	R.M.,	and	Hengartner,	H.	(2000).	
Cd4+	T	Cell	Subsets	during	Virus	Infection.	J	Exp	Med	191,	2159–2170.	

Manis,	J.P.,	Tian,	M.,	and	Alt,	F.W.	(2002).	Mechanism	and	control	of	class-switch	recombination.	Trends	Immunol.	23,	
31–39.	

Marasco,	E.,	Farroni,	C.,	Cascioli,	S.,	Marcellini,	V.,	Scarsella,	M.,	Giorda,	E.,	Piano	Mortari,	E.,	Leonardi,	L.,	Scarselli,	A.,	
Valentini,	D.,	et	al.	(2017).	B-cell	activation	with	CD40L	or	CpG	measures	the	function	of	B-cell	subsets	and	identifies	
specific	defects	in	immunodeficient	patients.	European	Journal	of	Immunology	47,	131–143.	

Martin,	K.,	and	Helenius,	A.	(1991).	Nuclear	transport	of	influenza	virus	ribonucleoproteins:	the	viral	matrix	protein	
(M1)	promotes	export	and	inhibits	import.	Cell	67,	117–130.	

Martin,	V.G.,	Wu,	Y.-C.B.,	Townsend,	C.L.,	Lu,	G.H.C.,	O’Hare,	J.S.,	Mozeika,	A.,	Coolen,	A.C.C.,	Kipling,	D.,	Fraternali,	F.,	
and	Dunn-Walters,	D.K.	(2016).	Transitional	B	Cells	in	Early	Human	B	Cell	Development	–	Time	to	Revisit	the	
Paradigm?	Front.	Immunol.	7.	

Matrosovich,	M.N.,	Matrosovich,	T.Y.,	Gray,	T.,	Roberts,	N.A.,	and	Klenk,	H.-D.	(2004).	Human	and	avian	influenza	
viruses	target	different	cell	types	in	cultures	of	human	airway	epithelium.	Proc.	Natl.	Acad.	Sci.	U.S.A.	101,	4620–4624.	

Matsuda,	K.,	Huang,	J.,	Zhou,	T.,	Sheng,	Z.,	Kang,	B.H.,	Ishida,	E.,	Griesman,	T.,	Stuccio,	S.,	Bolkhovitinov,	L.,	Wohlbold,	
T.J.,	et	al.	(2019).	Prolonged	evolution	of	the	memory	B	cell	response	induced	by	a	replicating	adenovirus-influenza	
H5	vaccine.	Science	Immunology	4.	

Matsuoka,	Y.,	Matsumae,	H.,	Katoh,	M.,	Eisfeld,	A.J.,	Neumann,	G.,	Hase,	T.,	Ghosh,	S.,	Shoemaker,	J.E.,	Lopes,	T.J.S.,	
Watanabe,	T.,	et	al.	(2013).	A	comprehensive	map	of	the	influenza	A	virus	replication	cycle.	BMC	Syst	Biol	7,	97.	

Mazanec,	M.B.,	Coudret,	C.L.,	and	Fletcher,	D.R.	(1995).	Intracellular	neutralization	of	influenza	virus	by	
immunoglobulin	A	anti-hemagglutinin	monoclonal	antibodies.	J.	Virol.	69,	1339–1343.	

McCarthy,	K.R.,	Watanabe,	A.,	Kuraoka,	M.,	Do,	K.T.,	McGee,	C.E.,	Sempowski,	G.D.,	Kepler,	T.B.,	Schmidt,	A.G.,	Kelsoe,	G.,	
and	Harrison,	S.C.	(2018).	Memory	B	Cells	that	Cross-React	with	Group	1	and	Group	2	Influenza	A	Viruses	Are	
Abundant	in	Adult	Human	Repertoires.	Immunity	48,	174-184.e9.	

McHeyzer-Williams,	L.J.,	Milpied,	P.J.,	Okitsu,	S.L.,	and	McHeyzer-Williams,	M.G.	(2015).	Class-switched	memory	B	
cells	remodel	BCRs	within	secondary	germinal	centers.	Nat.	Immunol.	16,	296–305.	



229 
 

McHeyzer-Williams,	L.J.,	Dufaud,	C.,	and	McHeyzer-Williams,	M.G.	(2018).	Do	Memory	B	Cells	Form	Secondary	
Germinal	Centers?	Impact	of	Antibody	Class	and	Quality	of	Memory	T-Cell	Help	at	Recall.	Cold	Spring	Harb	Perspect	
Biol	10.	

McLean,	H.Q.,	Thompson,	M.G.,	Sundaram,	M.E.,	Meece,	J.K.,	McClure,	D.L.,	Friedrich,	T.C.,	and	Belongia,	E.A.	(2014).	
Impact	of	Repeated	Vaccination	on	Vaccine	Effectiveness	Against	Influenza	A(H3N2)	and	B	During	8	Seasons.	Clin	
Infect	Dis	59,	1375–1385.	

Medina,	R.A.,	Stertz,	S.,	Manicassamy,	B.,	Zimmermann,	P.,	Sun,	X.,	Albrecht,	R.A.,	Uusi-Kerttula,	H.,	Zagordi,	O.,	Belshe,	
R.B.,	Frey,	S.E.,	et	al.	(2013).	Glycosylations	in	the	Globular	Head	of	the	Hemagglutinin	Protein	Modulate	the	Virulence	
and	Antigenic	Properties	of	the	H1N1	Influenza	Viruses.	Science	Translational	Medicine	5,	187ra70.	

Mesin,	L.,	Ersching,	J.,	and	Victora,	G.D.	(2016).	Germinal	Center	B	Cell	Dynamics.	Immunity	45,	471–482.	

Mesin,	L.,	Schiepers,	A.,	Ersching,	J.,	Barbulescu,	A.,	Cavazzoni,	C.B.,	Angelini,	A.,	Okada,	T.,	Kurosaki,	T.,	and	Victora,	
G.D.	(2020).	Restricted	Clonality	and	Limited	Germinal	Center	Reentry	Characterize	Memory	B	Cell	Reactivation	by	
Boosting.	Cell	180,	92-106.e11.	

Miyauchi,	K.,	Sugimoto-Ishige,	A.,	Harada,	Y.,	Adachi,	Y.,	Usami,	Y.,	Kaji,	T.,	Inoue,	K.,	Hasegawa,	H.,	Watanabe,	T.,	
Hijikata,	A.,	et	al.	(2016).	Protective	neutralizing	influenza	antibody	response	in	the	absence	of	T	follicular	helper	
cells.	Nat.	Immunol.	17,	1447–1458.	

Moeller,	A.,	Kirchdoerfer,	R.N.,	Potter,	C.S.,	Carragher,	B.,	and	Wilson,	I.A.	(2012).	Organization	of	the	Influenza	Virus	
Replication	Machinery.	Science	338,	1631–1634.	

Moir,	S.,	Ho,	J.,	Malaspina,	A.,	Wang,	W.,	DiPoto,	A.C.,	O’Shea,	M.A.,	Roby,	G.,	Kottilil,	S.,	Arthos,	J.,	Proschan,	M.A.,	et	al.	
(2008).	Evidence	for	HIV-associated	B	cell	exhaustion	in	a	dysfunctional	memory	B	cell	compartment	in	HIV-infected	
viremic	individuals.	J	Exp	Med	205,	1797–1805.	

Morita,	R.,	Schmitt,	N.,	Bentebibel,	S.-E.,	Ranganathan,	R.,	Bourdery,	L.,	Zurawski,	G.,	Foucat,	E.,	Dullaers,	M.,	Oh,	S.,	
Sabzghabaei,	N.,	et	al.	(2011).	Human	blood	CXCR5(+)CD4(+)	T	cells	are	counterparts	of	T	follicular	cells	and	contain	
specific	subsets	that	differentially	support	antibody	secretion.	Immunity	34,	108–121.	

Moyron-Quiroz,	J.E.,	Rangel-Moreno,	J.,	Kusser,	K.,	Hartson,	L.,	Sprague,	F.,	Goodrich,	S.,	Woodland,	D.L.,	Lund,	F.E.,	and	
Randall,	T.D.	(2004).	Role	of	inducible	bronchus	associated	lymphoid	tissue	(iBALT)	in	respiratory	immunity.	Nat.	
Med.	10,	927–934.	

Müller,	U.,	Steinhoff,	U.,	Reis,	L.F.,	Hemmi,	S.,	Pavlovic,	J.,	Zinkernagel,	R.M.,	and	Aguet,	M.	(1994).	Functional	role	of	
type	I	and	type	II	interferons	in	antiviral	defense.	Science	264,	1918–1921.	

Muramatsu,	M.,	Kinoshita,	K.,	Fagarasan,	S.,	Yamada,	S.,	Shinkai,	Y.,	and	Honjo,	T.	(2000).	Class	Switch	Recombination	
and	Hypermutation	Require	Activation-Induced	Cytidine	Deaminase	(AID),	a	Potential	RNA	Editing	Enzyme.	Cell	102,	
553–563.	

Nakhaei,	P.,	Genin,	P.,	Civas,	A.,	and	Hiscott,	J.	(2009).	RIG-I-like	receptors:	sensing	and	responding	to	RNA	virus	
infection.	Semin.	Immunol.	21,	215–222.	

Narang,	V.,	Lu,	Y.,	Tan,	C.,	Camous,	X.F.N.,	Nyunt,	S.Z.,	Carre,	C.,	Mok,	E.W.H.,	Wong,	G.,	Maurer-Stroh,	S.,	Abel,	B.,	et	al.	
(2018).	Influenza	Vaccine-Induced	Antibody	Responses	Are	Not	Impaired	by	Frailty	in	the	Community-Dwelling	
Elderly	With	Natural	Influenza	Exposure.	Front.	Immunol.	9.	

Ndifon	Wilfred	(2015).	A	simple	mechanistic	explanation	for	original	antigenic	sin	and	its	alleviation	by	adjuvants.	
Journal	of	The	Royal	Society	Interface	12,	20150627.	

Neuberger,	M.S.,	and	Rajewsky,	K.	(1981).	Activation	of	mouse	complement	by	monoclonal	mouse	antibodies.	Eur.	J.	
Immunol.	11,	1012–1016.	

Neumann,	G.,	Noda,	T.,	and	Kawaoka,	Y.	(2009).	Emergence	and	pandemic	potential	of	swine-origin	H1N1	influenza	
virus.	Nature.	459,	931-939.	

Nuñez,	I.A.,	Carlock,	M.A.,	Allen,	J.D.,	Owino,	S.O.,	Moehling,	K.K.,	Nowalk,	P.,	Susick,	M.,	Diagle,	K.,	Sweeney,	K.,	Mundle,	
S.,	et	al.	(2017).	Impact	of	age	and	pre-existing	influenza	immune	responses	in	humans	receiving	split	inactivated	
influenza	vaccine	on	the	induction	of	the	breadth	of	antibodies	to	influenza	A	strains.	PLOS	ONE	12,	e0185666.	



230 
 

Nurieva,	R.I.,	Chung,	Y.,	Martinez,	G.J.,	Yang,	X.O.,	Tanaka,	S.,	Matskevitch,	T.D.,	Wang,	Y.-H.,	and	Dong,	C.	(2009).	Bcl6	
mediates	the	development	of	T	follicular	helper	cells.	Science	(New	York,	N.Y.)	325,	1001–1005.	

Obukhanych,	T.V.,	and	Nussenzweig,	M.C.	(2006).	T-independent	type	II	immune	responses	generate	memory	B	cells.	
J.	Exp.	Med.	203,	305–310.	

Ochsenbein,	A.F.,	Pinschewer,	D.D.,	Odermatt,	B.,	Ciurea,	A.,	Hengartner,	H.,	and	Zinkernagel,	R.M.	(2000).	Correlation	
of	T	cell	independence	of	antibody	responses	with	antigen	dose	reaching	secondary	lymphoid	organs:	implications	
for	splenectomized	patients	and	vaccine	design.	J.	Immunol.	164,	6296–6302.	

Oh,	D.Y.,	Barr,	I.G.,	Mosse,	J.A.,	and	Laurie,	K.L.	(2008).	MDCK-SIAT1	Cells	Show	Improved	Isolation	Rates	for	Recent	
Human	Influenza	Viruses	Compared	to	Conventional	MDCK	Cells.	Journal	of	Clinical	Microbiology	46,	2189–2194.	

Ohmit,	S.E.,	Petrie,	J.G.,	Cross,	R.T.,	Johnson,	E.,	and	Monto,	A.S.	(2011).	Influenza	hemagglutination-inhibition	
antibody	titer	as	a	correlate	of	vaccine-induced	protection.	The	Journal	of	Infectious	Diseases	204,	1879–1885.	

Ohmit,	S.E.,	Petrie,	J.G.,	Malosh,	R.E.,	Cowling,	B.J.,	Thompson,	M.G.,	Shay,	D.K.,	and	Monto,	A.S.	(2013).	Influenza	
vaccine	effectiveness	in	the	community	and	the	household.	Clin.	Infect.	Dis.	56,	1363–1369.	

Ohmit,	S.E.,	Thompson,	M.G.,	Petrie,	J.G.,	Thaker,	S.N.,	Jackson,	M.L.,	Belongia,	E.A.,	Zimmerman,	R.K.,	Gaglani,	M.,	
Lamerato,	L.,	Spencer,	S.M.,	et	al.	(2014).	Influenza	vaccine	effectiveness	in	the	2011-2012	season:	protection	against	
each	circulating	virus	and	the	effect	of	prior	vaccination	on	estimates.	Clin.	Infect.	Dis.	58,	319–327.	

Omilusik,	K.D.,	and	Goldrath,	A.W.	(2017).	The	origins	of	memory	T	cells.	Nature	552,	337–339.	

O’Neill,	R.E.,	Jaskunas,	R.,	Blobel,	G.,	Palese,	P.,	and	Moroianu,	J.	(1995).	Nuclear	import	of	influenza	virus	RNA	can	be	
mediated	by	viral	nucleoprotein	and	transport	factors	required	for	protein	import.	J.	Biol.	Chem.	270,	22701–22704.	

O’Neill,	R.E.,	Talon,	J.,	and	Palese,	P.	(1998).	The	influenza	virus	NEP	(NS2	protein)	mediates	the	nuclear	export	of	
viral	ribonucleoproteins.	The	EMBO	Journal	17,	288–296.	

Onodera,	T.,	Takahashi,	Y.,	Yokoi,	Y.,	Ato,	M.,	Kodama,	Y.,	Hachimura,	S.,	Kurosaki,	T.,	and	Kobayashi,	K.	(2012).	
Memory	B	cells	in	the	lung	participate	in	protective	humoral	immune	responses	to	pulmonary	influenza	virus	
reinfection.	Proc.	Natl.	Acad.	Sci.	U.S.A.	109,	2485–2490.	

Onodera,	T.,	Hosono,	A.,	Odagiri,	T.,	Tashiro,	M.,	Kaminogawa,	S.,	Okuno,	Y.,	Kurosaki,	T.,	Ato,	M.,	Kobayashi,	K.,	and	
Takahashi,	Y.	(2016).	Whole-Virion	Influenza	Vaccine	Recalls	an	Early	Burst	of	High-Affinity	Memory	B	Cell	Response	
through	TLR	Signaling.	J.	Immunol.	196,	4172–4184.	

Osterhaus,	A.D.,	Rimmelzwaan,	G.F.,	Martina,	B.E.,	Bestebroer,	T.M.,	and	Fouchier,	R.A.	(2000).	Influenza	B	virus	in	
seals.	Science	288,	1051–1053.	

Osterholm,	M.T.,	Kelley,	N.S.,	Sommer,	A.,	and	Belongia,	E.A.	(2012).	Efficacy	and	effectiveness	of	influenza	vaccines:	a	
systematic	review	and	meta-analysis.	Lancet	Infect	Dis	12,	36–44.	

Oxford,	J.S.,	Schild,	G.C.,	Potter,	C.W.,	and	Jennings,	R.	(1979).	The	specificity	of	the	anti-haemagglutinin	antibody	
response	induced	in	man	by	inactivated	influenza	vaccines	and	by	natural	infection.	J	Hyg	(Lond)	82,	51–61.	

Palese,	P.,	and	Wang,	T.T.	(2011).	Why	Do	Influenza	Virus	Subtypes	Die	Out?	A	Hypothesis.	MBio	2.	

Palm,	A.-K.E.,	and	Henry,	C.	(2019).	Remembrance	of	Things	Past:	Long-Term	B	Cell	Memory	After	Infection	and	
Vaccination.	Front.	Immunol.	10.	

Pan,	K.	(2011).	Understanding	original	antigenic	sin	in	influenza	with	a	dynamical	system.	PLoS	ONE	6,	e23910.	

Pang,	I.K.,	and	Iwasaki,	A.	(2011).	Inflammasomes	as	mediators	of	immunity	against	influenza	virus.	Trends	in	
Immunology	32,	34–41.	

Pape,	K.A.,	and	Jenkins,	M.K.	(2018).	Do	Memory	B	Cells	Form	Secondary	Germinal	Centers?	It	Depends.	Cold	Spring	
Harb	Perspect	Biol	10.	

Pape,	K.A.,	Taylor,	J.J.,	Maul,	R.W.,	Gearhart,	P.J.,	and	Jenkins,	M.K.	(2011).	Different	B	cell	populations	mediate	early	
and	late	memory	during	an	endogenous	immune	response.	Science	331,	1203–1207.	



231 
 

Paus,	D.,	Phan,	T.G.,	Chan,	T.D.,	Gardam,	S.,	Basten,	A.,	and	Brink,	R.	(2006).	Antigen	recognition	strength	regulates	the	
choice	between	extrafollicular	plasma	cell	and	germinal	center	B	cell	differentiation.	J.	Exp.	Med.	203,	1081–1091.	

Peng,	W.,	de	Vries,	R.P.,	Grant,	O.C.,	Thompson,	A.J.,	McBride,	R.,	Tsogtbaatar,	B.,	Lee,	P.S.,	Razi,	N.,	Wilson,	I.A.,	Woods,	
R.J.,	et	al.	(2017).	Recent	H3N2	Viruses	Have	Evolved	Specificity	for	Extended,	Branched	Human-type	Receptors,	
Conferring	Potential	for	Increased	Avidity.	Cell	Host	&	Microbe	21,	23–34.	

Pepper,	M.,	Pagán,	A.J.,	Igyártó,	B.Z.,	Taylor,	J.J.,	and	Jenkins,	M.K.	(2011).	Opposing	signals	from	the	Bcl6	transcription	
factor	and	the	interleukin-2	receptor	generate	T	helper	1	central	and	effector	memory	cells.	Immunity	35,	583–595.	

Petersen,	S.,	Casellas,	C.,	Reina-San-Martin,	B.,	Chen,	H.,	Difilippantonio,	M.,	Wilson,	P.,	Hanitsch,	L.,	Celeste,	A.,	
Muramatsuk,	M.,	Pilch,	D.,	et	al.	(2001).	AID	is	required	to	initiate	Nbs1/gamma-H2AX	focus	formation	and	mutations	
at	sites	of	class	switching.	Nature	414,	660–665.	

Pflug,	A.,	Guilligay,	D.,	Reich,	S.,	and	Cusack,	S.	(2014).	Structure	of	influenza	A	polymerase	bound	to	the	viral	RNA	
promoter.	Nature	516,	355–360.	

Phan,	T.G.,	and	Tangye,	S.G.	(2017).	Memory	B	cells:	total	recall.	Current	Opinion	in	Immunology	45,	132–140.	

Pica,	N.,	Hai,	R.,	Krammer,	F.,	Wang,	T.T.,	Maamary,	J.,	Eggink,	D.,	Tan,	G.S.,	Krause,	J.C.,	Moran,	T.,	Stein,	C.R.,	et	al.	
(2012).	Hemagglutinin	stalk	antibodies	elicited	by	the	2009	pandemic	influenza	virus	as	a	mechanism	for	the	
extinction	of	seasonal	H1N1	viruses.	PNAS	109,	2573–2578.	

Pilkinton,	M.A.,	Nicholas,	K.J.,	Warren,	C.M.,	Smith,	R.M.,	Yoder,	S.M.,	Talbot,	H.K.,	and	Kalams,	S.A.	(2017).	Greater	
activation	of	peripheral	T	follicular	helper	cells	following	high	dose	influenza	vaccine	in	older	adults	forecasts	
seroconversion.	Vaccine	35,	329–336.	

Pillai,	S.,	and	Cariappa,	A.	(2009).	The	follicular	versus	marginal	zone	B	lymphocyte	cell	fate	decision.	Nature	Reviews	
Immunology	9,	767–777.	

Pinto,	L.H.,	and	Lamb,	R.A.	(2006).	The	M2	proton	channels	of	influenza	A	and	B	viruses.	J.	Biol.	Chem.	281,	8997–
9000.	

Pinto,	L.H.,	Holsinger,	L.J.,	and	Lamb,	R.A.	(1992).	Influenza	virus	M2	protein	has	ion	channel	activity.	Cell	69,	517–
528.	

Plant,	E.P.,	Fredell,	L.J.,	Hatcher,	B.A.,	Li,	X.,	Chiang,	M.-J.,	Kosikova,	M.,	Xie,	H.,	Zoueva,	O.,	Cost,	A.A.,	Ye,	Z.,	et	al.	(2017).	
Different	Repeat	Annual	Influenza	Vaccinations	Improve	the	Antibody	Response	to	Drifted	Influenza	Strains.	
Scientific	Reports	7,	5258.	

Polack,	F.P.,	Thomas,	S.J.,	Kitchin,	N.,	Absalon,	J.,	Gurtman,	A.,	Lockhart,	S.,	Perez,	J.L.,	Pérez	Marc,	G.,	Moreira,	E.D.,	
Zerbini,	C.,	et	al.	(2020).	Safety	and	Efficacy	of	the	BNT162b2	mRNA	Covid-19	Vaccine.	New	England	Journal	of	
Medicine	383,	2603–2615.	

Popova,	L.,	Smith,	K.,	West,	A.H.,	Wilson,	P.C.,	James,	J.A.,	Thompson,	L.F.,	and	Air,	G.M.	(2012).	Immunodominance	of	
antigenic	site	B	over	site	A	of	hemagglutinin	of	recent	H3N2	influenza	viruses.	PLoS	ONE	7,	e41895.	

Qi,	H.,	Cannons,	J.L.,	Klauschen,	F.,	Schwartzberg,	P.L.,	and	Germain,	R.N.	(2008).	SAP-controlled	T-B	cell	interactions	
underlie	germinal	centre	formation.	Nature	455,	764–769.	

Qualai,	J.,	Li,	L.-X.,	Cantero,	J.,	Tarrats,	A.,	Fernández,	M.A.,	Sumoy,	L.,	Rodolosse,	A.,	McSorley,	S.J.,	and	Genescà,	M.	
(2016).	Expression	of	CD11c	Is	Associated	with	Unconventional	Activated	T	Cell	Subsets	with	High	Migratory	
Potential.	PLOS	ONE	11,	e0154253.	

Racine,	R.,	Chatterjee,	M.,	and	Winslow,	G.M.	(2008).	CD11c	Expression	Identifies	a	Population	of	Extrafollicular	
Antigen-Specific	Splenic	Plasmablasts	Responsible	for	CD4	T-Independent	Antibody	Responses	during	Intracellular	
Bacterial	Infection.	The	Journal	of	Immunology	181,	1375–1385.	

Rada,	C.,	Williams,	G.T.,	Nilsen,	H.,	Barnes,	D.E.,	Lindahl,	T.,	and	Neuberger,	M.S.	(2002).	Immunoglobulin	isotype	
switching	is	inhibited	and	somatic	hypermutation	perturbed	in	UNG-deficient	mice.	Curr	Biol	12,	1748–1755.	

Rajaram,	S.,	Boikos,	C.,	Gelone,	D.K.,	and	Gandhi,	A.	(2020).	Influenza	vaccines:	the	potential	benefits	of	cell-culture	
isolation	and	manufacturing.	Ther	Adv	Vaccines	Immunother	8.	



232 
 

Rajewsky,	K.	(1996).	Clonal	selection	and	learning	in	the	antibody	system.	Nature	381,	751–758.	

Ranjeva,	S.,	Subramanian,	R.,	Fang,	V.J.,	Leung,	G.M.,	Ip,	D.K.M.,	Perera,	R.A.P.M.,	Peiris,	J.S.M.,	Cowling,	B.J.,	and	Cobey,	
S.	(2019).	Age-specific	differences	in	the	dynamics	of	protective	immunity	to	influenza.	Nature	Communications	10,	
1660.	

Rattan,	A.,	Pawar,	S.D.,	Nawadkar,	R.,	Kulkarni,	N.,	Lal,	G.,	Mullick,	J.,	and	Sahu,	A.	(2017).	Synergy	between	the	
classical	and	alternative	pathways	of	complement	is	essential	for	conferring	effective	protection	against	the	
pandemic	influenza	A(H1N1)	2009	virus	infection.	PLOS	Pathogens	13,	e1006248.	

Reinhardt,	R.L.,	Liang,	H.-E.,	and	Locksley,	R.M.	(2009).	Cytokine-secreting	follicular	T	cells	shape	the	antibody	
repertoire.	Nat.	Immunol.	10,	385–393.	

Revy,	P.,	Muto,	T.,	Levy,	Y.,	Geissmann,	F.,	Plebani,	A.,	Sanal,	O.,	Catalan,	N.,	Forveille,	M.,	Dufourcq-Labelouse,	R.,	
Gennery,	A.,	et	al.	(2000).	Activation-induced	cytidine	deaminase	(AID)	deficiency	causes	the	autosomal	recessive	
form	of	the	Hyper-IgM	syndrome	(HIGM2).	Cell	102,	565–575.	

Roco,	J.A.,	Mesin,	L.,	Binder,	S.C.,	Nefzger,	C.,	Gonzalez-Figueroa,	P.,	Canete,	P.F.,	Ellyard,	J.,	Shen,	Q.,	Robert,	P.A.,	
Cappello,	J.,	et	al.	(2019).	Class-Switch	Recombination	Occurs	Infrequently	in	Germinal	Centers.	Immunity	51,	337-
350.e7.	

Rodda,	L.B.,	Bannard,	O.,	Ludewig,	B.,	Nagasawa,	T.,	and	Cyster,	J.G.	(2015).	Phenotypic	and	Morphological	Properties	
of	Germinal	Center	Dark	Zone	Cxcl12-Expressing	Reticular	Cells.	The	Journal	of	Immunology	195,	4781–4791.	

van	Rooijen,	N.,	Claassen,	E.,	and	Eikelenboom,	P.	(1986).	Is	there	a	single	differentiation	pathway	for	all	antibody-
forming	cells	in	the	spleen?	Immunol.	Today	7,	193–196.	

Rossman,	J.S.,	and	Lamb,	R.A.	(2011).	Influenza	virus	assembly	and	budding.	Virology	411,	229–236.	

Roth,	D.B.,	Menetski,	J.P.,	Nakajima,	P.B.,	Bosma,	M.J.,	and	Gellert,	M.	(1992).	V(D)J	recombination:	broken	DNA	
molecules	with	covalently	sealed	(hairpin)	coding	ends	in	scid	mouse	thymocytes.	Cell	70,	983–991.	

Rothbarth,	P.H.,	Groen,	J.,	Bohnen,	A.M.,	de	Groot,	R.,	and	Osterhaus,	A.D.	(1999).	Influenza	virus	serology--a	
comparative	study.	J.	Virol.	Methods	78,	163–169.	

Rubtsova,	K.,	Rubtsov,	A.V.,	Dyk,	L.F.	van,	Kappler,	J.W.,	and	Marrack,	P.	(2013).	T-box	transcription	factor	T-bet,	a	key	
player	in	a	unique	type	of	B-cell	activation	essential	for	effective	viral	clearance.	PNAS	110,	E3216–E3224.	

Sadler,	A.J.,	and	Williams,	B.R.G.	(2008).	Interferon-inducible	antiviral	effectors.	Nat.	Rev.	Immunol.	8,	559–568.	

Sahin,	U.,	Muik,	A.,	Vogler,	I.,	Derhovanessian,	E.,	Kranz,	L.M.,	Vormehr,	M.,	Quandt,	J.,	Bidmon,	N.,	Ulges,	A.,	Baum,	A.,	et	
al.	(2020a).	BNT162b2	induces	SARS-CoV-2-neutralising	antibodies	and	T	cells	in	humans.	MedRxiv	
2020.12.09.20245175.	

Sahin,	U.,	Muik,	A.,	Derhovanessian,	E.,	Vogler,	I.,	Kranz,	L.M.,	Vormehr,	M.,	Baum,	A.,	Pascal,	K.,	Quandt,	J.,	Maurus,	D.,	
et	al.	(2020b).	COVID-19	vaccine	BNT162b1	elicits	human	antibody	and	T	H	1	T	cell	responses.	Nature	586,	594–599.	

Saito,	N.,	Komori,	K.,	Suzuki,	M.,	Morimoto,	K.,	Kishikawa,	T.,	Yasaka,	T.,	and	Ariyoshi,	K.	(2017).	Negative	impact	of	
prior	influenza	vaccination	on	current	influenza	vaccination	among	people	infected	and	not	infected	in	prior	season:	
A	test-negative	case-control	study	in	Japan.	Vaccine	35,	687–693.	

Sakaguchi,	N.,	and	Maeda,	K.	(2016).	Germinal	Center	B-Cell-Associated	Nuclear	Protein	(GANP)	Involved	in	RNA	
Metabolism	for	B	Cell	Maturation.	Adv.	Immunol.	131,	135–186.	

Salk,	J.E.,	and	Suriano,	P.C.	(1949).	Importance	of	antigenic	composition	of	influenza	virus	vaccine	in	protecting	
against	the	natural	disease;	observations	during	the	winter	of	1947-1948.	Am	J	Public	Health	Nations	Health	39,	345–
355.	

Samuel,	C.E.	(2001).	Antiviral	actions	of	interferons.	Clin.	Microbiol.	Rev.	14,	778–809,	table	of	contents.	

Sander,	S.,	Chu,	V.T.,	Yasuda,	T.,	Franklin,	A.,	Graf,	R.,	Calado,	D.P.,	Li,	S.,	Imami,	K.,	Selbach,	M.,	Di	Virgilio,	M.,	et	al.	
(2015).	PI3	Kinase	and	FOXO1	Transcription	Factor	Activity	Differentially	Control	B	Cells	in	the	Germinal	Center	
Light	and	Dark	Zones.	Immunity	43,	1075–1086.	



233 
 

Sanders,	C.J.,	Doherty,	P.C.,	and	Thomas,	P.G.	(2011).	Respiratory	epithelial	cells	in	innate	immunity	to	influenza	virus	
infection.	Cell	Tissue	Res.	343,	13–21.	

van	de	Sandt,	C.E.,	Dou,	Y.,	Vogelzang-van	Trierum,	S.E.,	Westgeest,	K.B.,	Pronk,	M.R.,	Osterhaus,	A.D.M.E.,	Fouchier,	
R.A.M.,	Rimmelzwaan,	G.F.,	and	Hillaire,	M.L.B.	(2015).	Influenza	B	virus-specific	CD8+	T-lymphocytes	strongly	cross-
react	with	viruses	of	the	opposing	influenza	B	lineage.	J.	Gen.	Virol.	96,	2061–2073.	

Sangster,	M.Y.,	Nguyen,	P.Q.T.,	and	Topham,	D.J.	(2019).	Role	of	Memory	B	Cells	in	Hemagglutinin-Specific	Antibody	
Production	Following	Human	Influenza	A	Virus	Infection.	Pathogens	8.	

Sant,	A.J.,	and	McMichael,	A.	(2012).	Revealing	the	role	of	CD4(+)	T	cells	in	viral	immunity.	J.	Exp.	Med.	209,	1391–
1395.	

Sanyal,	M.,	Holmes,	T.H.,	Maecker,	H.,	Albrecht,	R.A.,	Dekker,	C.L.,	He,	X.-S.,	and	Greenberg,	H.B.	(2018).	Diminished	B-
cell	response	after	repeat	influenza	vaccination.	The	Journal	of	Infectious	Diseases.	

Sanz,	I.,	Wei,	C.,	Jenks,	S.A.,	Cashman,	K.S.,	Tipton,	C.,	Woodruff,	M.C.,	Hom,	J.,	and	Lee,	F.E.-H.	(2019).	Challenges	and	
Opportunities	for	Consistent	Classification	of	Human	B	Cell	and	Plasma	Cell	Populations.	Frontiers	in	Immunology	10.	

Schmidt,	A.G.,	Therkelsen,	M.D.,	Stewart,	S.,	Kepler,	T.B.,	Liao,	H.-X.,	Moody,	M.A.,	Haynes,	B.F.,	and	Harrison,	S.C.	
(2015).	Viral	Receptor-Binding	Site	Antibodies	with	Diverse	Germline	Origins.	Cell	161,	1026–1034.	

Schrader,	C.E.,	Guikema,	J.E.J.,	Linehan,	E.K.,	Selsing,	E.,	and	Stavnezer,	J.	(2007).	Activation-induced	cytidine	
deaminase-dependent	DNA	breaks	in	class	switch	recombination	occur	during	G1	phase	of	the	cell	cycle	and	depend	
upon	mismatch	repair.	J	Immunol	179,	6064–6071.	

Sedova,	E.S.,	Shcherbinin,	D.N.,	Migunov,	A.I.,	Smirnov,	Iu.A.,	Logunov,	D.Iu.,	Shmarov,	M.M.,	Tsybalova,	L.M.,	
Naroditskiĭ,	B.S.,	Kiselev,	O.I.,	and	Gintsburg,	A.L.	(2012).	Recombinant	Influenza	Vaccines.	Acta	Naturae	4,	17–27.	

Seifert,	M.,	and	Küppers,	R.	(2009).	Molecular	footprints	of	a	germinal	center	derivation	of	human	IgM+(IgD+)CD27+	
B	cells	and	the	dynamics	of	memory	B	cell	generation.	J	Exp	Med	206,	2659–2669.	

Seifert,	M.,	Przekopowitz,	M.,	Taudien,	S.,	Lollies,	A.,	Ronge,	V.,	Drees,	B.,	Lindemann,	M.,	Hillen,	U.,	Engler,	H.,	Singer,	
B.B.,	et	al.	(2015).	Functional	capacities	of	human	IgM	memory	B	cells	in	early	inflammatory	responses	and	secondary	
germinal	center	reactions.	Proceedings	of	the	National	Academy	of	Sciences	112,	E546–E555.	

Shapiro-Shelef,	M.,	and	Calame,	K.	(2005).	Regulation	of	plasma-cell	development.	Nature	Reviews	Immunology	5,	
230–242.	

Sharbeen,	G.,	Yee,	C.W.Y.,	Smith,	A.L.,	and	Jolly,	C.J.	(2012).	Ectopic	restriction	of	DNA	repair	reveals	that	UNG2	excises	
AID-induced	uracils	predominantly	or	exclusively	during	G1	phase.	J	Exp	Med	209,	965–974.	

Shi,	Y.,	Agematsu,	K.,	Ochs,	H.D.,	and	Sugane,	K.	(2003).	Functional	analysis	of	human	memory	B-cell	subpopulations:	
IgD+CD27+	B	cells	are	crucial	in	secondary	immune	response	by	producing	high	affinity	IgM.	Clinical	Immunology	
108,	128–137.	

Shinnakasu,	R.,	Inoue,	T.,	Kometani,	K.,	Moriyama,	S.,	Adachi,	Y.,	Nakayama,	M.,	Takahashi,	Y.,	Fukuyama,	H.,	Okada,	T.,	
and	Kurosaki,	T.	(2016).	Regulated	selection	of	germinal-center	cells	into	the	memory	B	cell	compartment.	Nature	
Immunology	17,	861–869.	

Shulman,	Z.,	Gitlin,	A.D.,	Targ,	S.,	Jankovic,	M.,	Pasqual,	G.,	Nussenzweig,	M.C.,	and	Victora,	G.D.	(2013).	T	follicular	
helper	cell	dynamics	in	germinal	centers.	Science	341,	673–677.	

Singh,	H.,	Khan,	A.A.,	and	Dinner,	A.R.	(2014).	Gene	regulatory	networks	in	the	immune	system.	Trends	in	
Immunology	35,	211–218.	

Skehel,	J.J.,	and	Wiley,	D.C.	(2000).	RECEPTOR	BINDING	AND	MEMBRANE	FUSION	IN	VIRUS	ENTRY:	The	Influenza	
Hemagglutinin.	Annu	Rev	Biochem	69,	531–569.	

Skehel,	J.J.,	Bayley,	P.M.,	Brown,	E.B.,	Martin,	S.R.,	Waterfield,	M.D.,	White,	J.M.,	Wilson,	I.A.,	and	Wiley,	D.C.	(1982).	
Changes	in	the	conformation	of	influenza	virus	hemagglutinin	at	the	pH	optimum	of	virus-mediated	membrane	
fusion.	Proc.	Natl.	Acad.	Sci.	U.S.A.	79,	968–972.	



234 
 

Skehel,	J.J.,	Stevens,	D.J.,	Daniels,	R.S.,	Douglas,	A.R.,	Knossow,	M.,	Wilson,	I.A.,	and	Wiley,	D.C.	(1984).	A	carbohydrate	
side	chain	on	hemagglutinins	of	Hong	Kong	influenza	viruses	inhibits	recognition	by	a	monoclonal	antibody.	
Proceedings	of	the	National	Academy	of	Sciences	81,	1779.	

Skowronski,	D.M.,	Janjua,	N.Z.,	Sabaiduc,	S.,	Serres,	G.,	Winter,	A.-L.,	Gubbay,	J.B.,	Dickinson,	J.A.,	Fonseca,	K.,	Charest,	
H.,	Bastien,	N.,	et	al.	(2014a).	Influenza	A/Subtype	and	B/Lineage	Effectiveness	Estimates	for	the	2011–2012	
Trivalent	Vaccine:	Cross-Season	and	Cross-Lineage	Protection	With	Unchanged	Vaccine.	J	Infect	Dis	210,	126–137.	

Skowronski,	D.M.,	Janjua,	N.Z.,	De	Serres,	G.,	Sabaiduc,	S.,	Eshaghi,	A.,	Dickinson,	J.A.,	Fonseca,	K.,	Winter,	A.-L.,	Gubbay,	
J.B.,	Krajden,	M.,	et	al.	(2014b).	Low	2012–13	Influenza	Vaccine	Effectiveness	Associated	with	Mutation	in	the	Egg-
Adapted	H3N2	Vaccine	Strain	Not	Antigenic	Drift	in	Circulating	Viruses.	PLoS	One	9.	

Skowronski,	D.M.,	Chambers,	C.,	Sabaiduc,	S.,	De	Serres,	G.,	Winter,	A.-L.,	Dickinson,	J.A.,	Krajden,	M.,	Gubbay,	J.B.,	
Drews,	S.J.,	Martineau,	C.,	et	al.	(2016).	A	Perfect	Storm:	Impact	of	Genomic	Variation	and	Serial	Vaccination	on	Low	
Influenza	Vaccine	Effectiveness	During	the	2014-2015	Season.	Clin.	Infect.	Dis.	63,	21–32.	

Skowronski,	D.M.,	Chambers,	C.,	De	Serres,	G.,	Sabaiduc,	S.,	Winter,	A.-L.,	Dickinson,	J.A.,	Gubbay,	J.B.,	Fonseca,	K.,	
Drews,	S.J.,	Charest,	H.,	et	al.	(2017).	Serial	Vaccination	and	the	Antigenic	Distance	Hypothesis:	Effects	on	Influenza	
Vaccine	Effectiveness	During	A(H3N2)	Epidemics	in	Canada,	2010-2011	to	2014-2015.	J.	Infect.	Dis.	215,	1059–1099.	

Smith,	D.J.,	Forrest,	S.,	Ackley,	D.H.,	and	Perelson,	A.S.	(1999).	Variable	efficacy	of	repeated	annual	influenza	
vaccination.	Proc	Natl	Acad	Sci	U	S	A	96,	14001–14006.	

Smith,	D.J.,	Lapedes,	A.S.,	de	Jong,	J.C.,	Bestebroer,	T.M.,	Rimmelzwaan,	G.F.,	Osterhaus,	A.D.M.E.,	and	Fouchier,	R.A.M.	
(2004).	Mapping	the	antigenic	and	genetic	evolution	of	influenza	virus.	Science	305,	371–376.	

Smith,	K.G.,	Hewitson,	T.D.,	Nossal,	G.J.,	and	Tarlinton,	D.M.	(1996).	The	phenotype	and	fate	of	the	antibody-forming	
cells	of	the	splenic	foci.	Eur.	J.	Immunol.	26,	444–448.	

Stamper,	C.T.,	and	Wilson,	P.C.	(2018).	What	Are	the	Primary	Limitations	in	B-Cell	Affinity	Maturation,	and	How	Much	
Affinity	Maturation	Can	We	Drive	with	Vaccination?	Is	Affinity	Maturation	a	Self-Defeating	Process	for	Eliciting	Broad	
Protection?	Cold	Spring	Harb	Perspect	Biol	10,	a028803.	

Stavnezer,	J.,	and	Schrader,	C.E.	(2014).	Ig	heavy	chain	class	switch	recombination:	mechanism	and	regulation.	J	
Immunol	193,	5370–5378.	

Steinman,	R.M.,	Pack,	M.,	and	Inaba,	K.	(1997).	Dendritic	cells	in	the	T-cell	areas	of	lymphoid	organs.	Immunol.	Rev.	
156,	25–37.	

Stencel-Baerenwald,	J.E.,	Reiss,	K.,	Reiter,	D.M.,	Stehle,	T.,	and	Dermody,	T.S.	(2014).	The	sweet	spot:	defining	virus-
sialic	acid	interactions.	Nat	Rev	Microbiol	12,	739–749.	

Suan,	D.,	Nguyen,	A.,	Moran,	I.,	Bourne,	K.,	Hermes,	J.R.,	Arshi,	M.,	Hampton,	H.R.,	Tomura,	M.,	Miwa,	Y.,	Kelleher,	A.D.,	
et	al.	(2015).	T	Follicular	Helper	Cells	Have	Distinct	Modes	of	Migration	and	Molecular	Signatures	in	Naive	and	
Memory	Immune	Responses.	Immunity	42,	704–718.	

Sui,	J.,	Hwang,	W.C.,	Perez,	S.,	Wei,	G.,	Aird,	D.,	Chen,	L.,	Santelli,	E.,	Stec,	B.,	Cadwell,	G.,	Ali,	M.,	et	al.	(2009).	Structural	
and	functional	bases	for	broad-spectrum	neutralization	of	avian	and	human	influenza	A	viruses.	Nature	Structural	&	
Molecular	Biology	16,	265–273.	

Sullivan,	S.G.,	Feng,	S.,	and	Cowling,	B.J.	(2014).	Potential	of	the	test-negative	design	for	measuring	influenza	vaccine	
effectiveness:	a	systematic	review.	Expert	Rev	Vaccines	13,	1571–1591.	

Sullivan,	S.G.,	Chilver,	M.B.,	Carville,	K.S.,	Deng,	Y.-M.,	Grant,	K.A.,	Higgins,	G.,	Komadina,	N.,	Leung,	V.K.,	Minney-Smith,	
C.A.,	Teng,	D.,	et	al.	(2017).	Low	interim	influenza	vaccine	effectiveness,	Australia,	1	May	to	24	September	2017.	Euro	
Surveillance:	Bulletin	Europeen	Sur	Les	Maladies	Transmissibles	=	European	Communicable	Disease	Bulletin	22.	

Suryani,	S.,	Fulcher,	D.A.,	Santner-Nanan,	B.,	Nanan,	R.,	Wong,	M.,	Shaw,	P.J.,	Gibson,	J.,	Williams,	A.,	and	Tangye,	S.G.	
(2010).	Differential	expression	of	CD21	identifies	developmentally	and	functionally	distinct	subsets	of	human	
transitional	B	cells.	Blood	115,	519–529.	

Swain,	S.L.,	McKinstry,	K.K.,	and	Strutt,	T.M.	(2012).	Expanding	roles	for	CD4+	T	cells	in	immunity	to	viruses.	Nat	Rev	
Immunol	12,	136–148.	



235 
 

Taillardet,	M.,	Haffar,	G.,	Mondière,	P.,	Asensio,	M.-J.,	Gheit,	H.,	Burdin,	N.,	Defrance,	T.,	and	Genestier,	L.	(2009).	The	
thymus-independent	immunity	conferred	by	a	pneumococcal	polysaccharide	is	mediated	by	long-lived	plasma	cells.	
Blood	114,	4432–4440.	

Takahashi,	Y.,	Dutta,	P.R.,	Cerasoli,	D.M.,	and	Kelsoe,	G.	(1998).	In	situ	studies	of	the	primary	immune	response	to	(4-
hydroxy-3-nitrophenyl)acetyl.	V.	Affinity	maturation	develops	in	two	stages	of	clonal	selection.	J.	Exp.	Med.	187,	885–
895.	

Takahashi,	Y.,	Onodera,	T.,	Adachi,	Y.,	and	Ato,	M.	(2017).	Adaptive	B	Cell	Responses	to	Influenza	Virus	Infection	in	the	
Lung.	Viral	Immunology	30,	431–437.	

Takai,	T.,	Li,	M.,	Sylvestre,	D.,	Clynes,	R.,	and	Ravetch,	J.V.	(1994).	FcR	gamma	chain	deletion	results	in	pleiotrophic	
effector	cell	defects.	Cell	76,	519–529.	

Tan,	H.-X.,	Esterbauer,	R.,	Vanderven,	H.A.,	Juno,	J.A.,	Kent,	S.J.,	and	Wheatley,	A.K.	(2019a).	Inducible	Bronchus-
Associated	Lymphoid	Tissues	(iBALT)	Serve	as	Sites	of	B	Cell	Selection	and	Maturation	Following	Influenza	Infection	
in	Mice.	Front.	Immunol.	10.	

Tan,	H.-X.,	Jegaskanda,	S.,	Juno,	J.A.,	Esterbauer,	R.,	Wong,	J.,	Kelly,	H.G.,	Liu,	Y.,	Tilmanis,	D.,	Hurt,	A.C.,	Yewdell,	J.W.,	et	
al.	(2019b).	Subdominance	and	poor	intrinsic	immunogenicity	limit	humoral	immunity	targeting	influenza	HA	stem.	J.	
Clin.	Invest.	129,	850–862.	

Tangye,	S.G.,	and	Tarlinton,	D.M.	(2009).	Memory	B	cells:	Effectors	of	long-lived	immune	responses.	European	Journal	
of	Immunology	39,	2065–2075.	

Tangye,	S.G.,	Avery,	D.T.,	Deenick,	E.K.,	and	Hodgkin,	P.D.	(2003).	Intrinsic	Differences	in	the	Proliferation	of	Naive	
and	Memory	Human	B	Cells	as	a	Mechanism	for	Enhanced	Secondary	Immune	Responses.	The	Journal	of	Immunology	
170,	686–694.	

Tangye,	S.G.,	Ma,	C.S.,	Brink,	R.,	and	Deenick,	E.K.	(2013).	The	good,	the	bad	and	the	ugly	[mdash]	TFH	cells	in	human	
health	and	disease.	Nature	Reviews	Immunology	13,	412–426.	

Tarlinton,	D.,	and	Good-Jacobson,	K.	(2013).	Diversity	Among	Memory	B	Cells:	Origin,	Consequences,	and	Utility.	
Science	341,	1205–1211.	

Tas,	J.M.J.,	Mesin,	L.,	Pasqual,	G.,	Targ,	S.,	Jacobsen,	J.T.,	Mano,	Y.M.,	Chen,	C.S.,	Weill,	J.-C.,	Reynaud,	C.-A.,	Browne,	E.P.,	
et	al.	(2016).	Visualizing	antibody	affinity	maturation	in	germinal	centers.	Science	351,	1048–1054.	

Taubenberger,	J.K.,	and	Morens,	D.M.	(2008).	The	Pathology	of	Influenza	Virus	Infections.	Annu	Rev	Pathol	3,	499–
522.	

Taylor,	J.J.,	Pape,	K.A.,	and	Jenkins,	M.K.	(2012).	A	germinal	center-independent	pathway	generates	unswitched	
memory	B	cells	early	in	the	primary	response.	J.	Exp.	Med.	209,	597–606.	

Team,	R.C.	(2018).	R:	ALanguage	and	Environment	for	Statistical	Computing.	Foundation	for	Statistical	Computing,	
Vienna,	Austria.	2017.	Available	Online:	Www.	r-Project.	Org	(Accessed	on	14	Febuary	2019).	

Tennant,	R.K.,	Holzer,	B.,	Love,	J.,	Tchilian,	E.,	and	White,	H.N.	(2019).	Higher	levels	of	B-cell	mutation	in	the	early	
germinal	centres	of	an	inefficient	secondary	antibody	response	to	a	variant	influenza	haemagglutinin.	Immunology.	

Tesini,	B.L.,	Kanagaiah,	P.,	Wang,	J.,	Hahn,	M.,	Halliley,	J.L.,	Chaves,	F.A.,	Nguyen,	P.Q.T.,	Nogales,	A.,	DeDiego,	M.L.,	
Anderson,	C.S.,	et	al.	(2019).	Broad	hemagglutinin-specific	memory	B	cell	expansion	by	seasonal	influenza	virus	
infection	reflects	early-life	imprinting	and	adaptation	to	the	infecting	virus.	Journal	of	Virology.	

Thomas,	P.G.,	Dash,	P.,	Aldridge,	J.R.,	Ellebedy,	A.H.,	Reynolds,	C.,	Funk,	A.J.,	Martin,	W.J.,	Lamkanfi,	M.,	Webby,	R.J.,	
Boyd,	K.L.,	et	al.	(2009).	The	intracellular	sensor	NLRP3	mediates	key	innate	and	healing	responses	to	influenza	A	
virus	via	the	regulation	of	caspase-1.	Immunity	30,	566–575.	

Thompson,	M.,	Naleway,	A.,	Fry,	A.,	Ball,	S.,	Spencer,	S.,	Reynolds,	S.,	Bozeman,	S.,	Levine,	M.,	Katz,	J.,	and	Gaglani,	M.	
(2016).	Effects	of	Repeated	Annual	Inactivated	Influenza	Vaccination	among	Healthcare	Personnel	on	Serum	
Hemagglutinin	Inhibition	Antibody	Response	to	A/Perth/16/2009	(H3N2)-like	virus	during	2010-11.	Vaccine	34,	
981–988.	



236 
 

Tonegawa,	S.	(1983).	Somatic	generation	of	antibody	diversity.	Nature	302,	575–581.	

Tong,	S.,	Zhu,	X.,	Li,	Y.,	Shi,	M.,	Zhang,	J.,	Bourgeois,	M.,	Yang,	H.,	Chen,	X.,	Recuenco,	S.,	Gomez,	J.,	et	al.	(2013).	New	
World	Bats	Harbor	Diverse	Influenza	A	Viruses.	PLOS	Pathogens	9,	e1003657.	

Topham,	D.J.,	Tripp,	R.A.,	and	Doherty,	P.C.	(1997).	CD8+	T	cells	clear	influenza	virus	by	perforin	or	Fas-dependent	
processes.	J.	Immunol.	159,	5197–5200.	

Toyama,	H.,	Okada,	S.,	Hatano,	M.,	Takahashi,	Y.,	Takeda,	N.,	Ichii,	H.,	Takemori,	T.,	Kuroda,	Y.,	and	Tokuhisa,	T.	(2002).	
Memory	B	cells	without	somatic	hypermutation	are	generated	from	Bcl6-deficient	B	cells.	Immunity	17,	329–339.	

Troeger,	C.E.,	Blacker,	B.F.,	Khalil,	I.A.,	Zimsen,	S.R.M.,	Albertson,	S.B.,	Abate,	D.,	Abdela,	J.,	Adhikari,	T.B.,	Aghayan,	S.A.,	
Agrawal,	S.,	et	al.	(2019).	Mortality,	morbidity,	and	hospitalisations	due	to	influenza	lower	respiratory	tract	
infections,	2017:	an	analysis	for	the	Global	Burden	of	Disease	Study	2017.	The	Lancet	Respiratory	Medicine	7,	69–89.	

Trombetta,	C.M.,	and	Montomoli,	E.	(2016).	Influenza	immunology	evaluation	and	correlates	of	protection:	a	focus	on	
vaccines.	Expert	Rev	Vaccines	15,	967–976.	

Truscott,	J.,	Fraser,	C.,	Cauchemez,	S.,	Meeyai,	A.,	Hinsley,	W.,	Donnelly,	C.A.,	Ghani,	A.,	and	Ferguson,	N.	(2012).	
Essential	epidemiological	mechanisms	underpinning	the	transmission	dynamics	of	seasonal	influenza.	J	R	Soc	
Interface	9,	304–312.	

Tsibane,	T.,	Ekiert,	D.C.,	Krause,	J.C.,	Martinez,	O.,	Jr,	J.E.C.,	Wilson,	I.A.,	and	Basler,	C.F.	(2012).	Influenza	Human	
Monoclonal	Antibody	1F1	Interacts	with	Three	Major	Antigenic	Sites	and	Residues	Mediating	Human	Receptor	
Specificity	in	H1N1	Viruses.	PLOS	Pathogens	8,	e1003067.	

Turner,	J.S.,	Zhou,	J.Q.,	Han,	J.,	Schmitz,	A.J.,	Rizk,	A.A.,	Alsoussi,	W.B.,	Lei,	T.,	Amor,	M.,	McIntire,	K.M.,	Meade,	P.,	et	al.	
(2020).	Human	germinal	centres	engage	memory	and	naive	B	cells	after	influenza	vaccination.	Nature	1–8.	

Unkeless,	J.C.,	and	Eisen,	H.N.	(1975).	Binding	of	monomeric	immunoglobulins	to	Fc	receptors	of	mouse	macrophages.	
J	Exp	Med	142,	1520–1533.	

Vanderven,	H.A.,	Jegaskanda,	S.,	Wines,	B.D.,	Hogarth,	P.M.,	Carmuglia,	S.,	Rockman,	S.,	Chung,	A.W.,	and	Kent,	S.J.	
(2018).	Antibody-Dependent	Cellular	Cytotoxicity	Responses	to	Seasonal	Influenza	Vaccination	in	Older	Adults.	J	
Infect	Dis	217,	12–23.	

Victora,	G.D.,	Schwickert,	T.A.,	Fooksman,	D.R.,	Kamphorst,	A.O.,	Meyer-Hermann,	M.,	Dustin,	M.L.,	and	Nussenzweig,	
M.C.	(2010).	Germinal	Center	Dynamics	Revealed	by	Multiphoton	Microscopy	with	a	Photoactivatable	Fluorescent	
Reporter.	Cell	143,	592–605.	

Victora,	G.D.,	Dominguez-Sola,	D.,	Holmes,	A.B.,	Deroubaix,	S.,	Dalla-Favera,	R.,	and	Nussenzweig,	M.C.	(2012).	
Identification	of	human	germinal	center	light	and	dark	zone	cells	and	their	relationship	to	human	B-cell	lymphomas.	
Blood	120,	2240–2248.	

Vinuesa,	C.G.,	Linterman,	M.A.,	Goodnow,	C.C.,	and	Randall,	K.L.	(2010).	T	cells	and	follicular	dendritic	cells	in	
germinal	center	B-cell	formation	and	selection.	Immunol.	Rev.	237,	72–89.	

Voeten,	J.T.,	Groen,	J.,	van	Alphen,	D.,	Claas,	E.C.,	de	Groot,	R.,	Osterhaus,	A.D.,	and	Rimmelzwaan,	G.F.	(1998).	Use	of	
recombinant	nucleoproteins	in	enzyme-linked	immunosorbent	assays	for	detection	of	virus-specific	immunoglobulin	
A	(IgA)	and	IgG	antibodies	in	influenza	virus	A-	or	B-infected	patients.	J.	Clin.	Microbiol.	36,	3527–3531.	

Von	Holle,	T.A.,	and	Moody,	M.A.	(2019).	Influenza	and	Antibody-Dependent	Cellular	Cytotoxicity.	Front	Immunol	10.	

Wagner,	D.K.,	Clements,	M.L.,	Reimer,	C.B.,	Snyder,	M.,	Nelson,	D.L.,	and	Murphy,	B.R.	(1987).	Analysis	of	
immunoglobulin	G	antibody	responses	after	administration	of	live	and	inactivated	influenza	A	vaccine	indicates	that	
nasal	wash	immunoglobulin	G	is	a	transudate	from	serum.	J.	Clin.	Microbiol.	25,	559–562.	

Wang,	N.S.,	McHeyzer-Williams,	L.J.,	Okitsu,	S.L.,	Burris,	T.P.,	Reiner,	S.L.,	and	McHeyzer-Williams,	M.G.	(2012).	
Divergent	transcriptional	programming	of	class-specific	B	cell	memory	by	T-bet	and	RORα.	Nature	Immunology	13,	
604–611.	



237 
 

Wang,	S.,	Wang,	J.,	Kumar,	V.,	Karnell,	J.L.,	Naiman,	B.,	Gross,	P.S.,	Rahman,	S.,	Zerrouki,	K.,	Hanna,	R.,	Morehouse,	C.,	et	
al.	(2018).	IL-21	drives	expansion	and	plasma	cell	differentiation	of	autoreactive	CD11c	hi	T-bet	+	B	cells	in	SLE.	
Nature	Communications	9,	1758.	

Warnatz,	K.,	Bossaller,	L.,	Salzer,	U.,	Skrabl-Baumgartner,	A.,	Schwinger,	W.,	van	der	Burg,	M.,	van	Dongen,	J.J.M.,	
Orlowska-Volk,	M.,	Knoth,	R.,	Durandy,	A.,	et	al.	(2006).	Human	ICOS	deficiency	abrogates	the	germinal	center	
reaction	and	provides	a	monogenic	model	for	common	variable	immunodeficiency.	Blood	107,	3045–3052.	

Weisel,	F.J.,	Zuccarino-Catania,	G.V.,	Chikina,	M.,	and	Shlomchik,	M.J.	(2016).	A	Temporal	Switch	in	the	Germinal	
Center	Determines	Differential	Output	of	Memory	B	and	Plasma	Cells.	Immunity	44,	116–130.	

Wheatley,	A.K.,	Kristensen,	A.B.,	Lay,	W.N.,	and	Kent,	S.J.	(2016).	HIV-dependent	depletion	of	influenza-specific	
memory	B	cells	impacts	B	cell	responsiveness	to	seasonal	influenza	immunisation.	Sci	Reports	6,	26478.	

Whittle,	J.R.R.,	Zhang,	R.,	Khurana,	S.,	King,	L.R.,	Manischewitz,	J.,	Golding,	H.,	Dormitzer,	P.R.,	Haynes,	B.F.,	Walter,	E.B.,	
Moody,	M.A.,	et	al.	(2011).	Broadly	neutralizing	human	antibody	that	recognizes	the	receptor-binding	pocket	of	
influenza	virus	hemagglutinin.	PNAS	108,	14216–14221.	

Whittle,	J.R.R.,	Wheatley,	A.K.,	Wu,	L.,	Lingwood,	D.,	Kanekiyo,	M.,	Ma,	S.S.,	Narpala,	S.R.,	Yassine,	H.M.,	Frank,	G.M.,	
Yewdell,	J.W.,	et	al.	(2014).	Flow	Cytometry	Reveals	that	H5N1	Vaccination	Elicits	Cross-Reactive	Stem-Directed	
Antibodies	from	Multiple	Ig	Heavy-Chain	Lineages.	Journal	of	Virology	88,	4047–4057.	

WHO	|	Manual	for	the	laboratory	diagnosis	and	virological	surveillance	of	influenza	(World	Health	Organization).	
https://www.who.int/influenza/gisrs_laboratory/manual_diagnosis_surveillance_influenza/en/	

WHO	|	Influenza.	https://www.who.int/immunization/diseases/influenza/en/	

Wiersma,	L.C.M.,	Vogelzang-van	Trierum,	S.E.,	Kreijtz,	J.H.C.M.,	van	Amerongen,	G.,	van	Run,	P.,	Ladwig,	M.,	Banneke,	
S.,	Schaefer,	H.,	Fouchier,	R.A.M.,	Kuiken,	T.,	et	al.	(2015).	Heterosubtypic	immunity	to	H7N9	influenza	virus	in	
isogenic	guinea	pigs	after	infection	with	pandemic	H1N1	virus.	Vaccine	33,	6977–6982.	

Wiley,	D.C.,	Wilson,	I.A.,	and	Skehel,	J.J.	(1981).	Structural	identification	of	the	antibody-binding	sites	of	Hong	Kong	
influenza	haemagglutinin	and	their	involvement	in	antigenic	variation.	Nature	289,	373–378.	

Williams,	M.B.,	Rosé,	J.R.,	Rott,	L.S.,	Franco,	M.A.,	Greenberg,	H.B.,	and	Butcher,	E.C.	(1998).	The	memory	B	cell	subset	
responsible	for	the	secretory	IgA	response	and	protective	humoral	immunity	to	rotavirus	expresses	the	intestinal	
homing	receptor,	alpha4beta7.	J.	Immunol.	161,	4227–4235.	

Wilson,	I.A.,	and	Cox,	N.J.	(1990).	Structural	basis	of	immune	recognition	of	influenza	virus	hemagglutinin.	Annu.	Rev.	
Immunol.	8,	737–771.	

Wilson,	I.A.,	Skehel,	J.J.,	and	Wiley,	D.C.	(1981).	Structure	of	the	haemagglutinin	membrane	glycoprotein	of	influenza	
virus	at	3	A	resolution.	Nature	289,	366–373.	

Wittenbrink,	N.,	Weber,	T.S.,	Klein,	A.,	Weiser,	A.A.,	Zuschratter,	W.,	Sibila,	M.,	Schuchhardt,	J.,	and	Or-Guil,	M.	(2010).	
Broad	volume	distributions	indicate	nonsynchronized	growth	and	suggest	sudden	collapses	of	germinal	center	B	cell	
populations.	J.	Immunol.	184,	1339–1347.	

Wong,	K.K.Y.,	Rockman,	S.,	Ong,	C.,	Bull,	R.,	Stelzer-Braid,	S.,	and	Rawlinson,	W.	(2013).	Comparison	of	influenza	virus	
replication	fidelity	in	vitro	using	selection	pressure	with	monoclonal	antibodies.	J.	Med.	Virol.	85,	1090–1094.	

Wood,	S.N.	(2011).	Fast	stable	restricted	maximum	likelihood	and	marginal	likelihood	estimation	of	semiparametric	
generalized	linear	models.	Journal	of	the	Royal	Statistical	Society:	Series	B	(Statistical	Methodology)	73,	3–36.	

Woodruff,	M.C.,	Heesters,	B.A.,	Herndon,	C.N.,	Groom,	J.R.,	Thomas,	P.G.,	Luster,	A.D.,	Turley,	S.J.,	and	Carroll,	M.C.	
(2014).	Trans-nodal	migration	of	resident	dendritic	cells	into	medullary	interfollicular	regions	initiates	immunity	to	
influenza	vaccine.	J	Exp	Med	211,	1611–1621.	

Wrammert,	J.,	Smith,	K.,	Miller,	J.,	Langley,	W.A.,	Kokko,	K.,	Larsen,	C.,	Zheng,	N.-Y.,	Mays,	I.,	Garman,	L.,	Helms,	C.,	et	al.	
(2008).	Rapid	cloning	of	high-affinity	human	monoclonal	antibodies	against	influenza	virus.	Nature	453,	667–671.	



238 
 

Wrammert,	J.,	Koutsonanos,	D.,	Li,	G.-M.,	Edupuganti,	S.,	Sui,	J.,	Morrissey,	M.,	McCausland,	M.,	Skountzou,	I.,	Hornig,	
M.,	Lipkin,	W.I.,	et	al.	(2011).	Broadly	cross-reactive	antibodies	dominate	the	human	B	cell	response	against	2009	
pandemic	H1N1	influenza	virus	infection.	The	Journal	of	Experimental	Medicine	208,	181–193.	

Wu,	J.,	Wu,	H.,	An,	J.,	Ballantyne,	C.M.,	and	Cyster,	J.G.	(2018).	Critical	role	of	integrin	CD11c	in	splenic	dendritic	cell	
capture	of	missing-self	CD47	cells	to	induce	adaptive	immunity.	PNAS	115,	6786–6791.	

Xie,	H.,	Li,	L.,	Ye,	Z.,	Li,	X.,	Plant,	E.P.,	Zoueva,	O.,	Zhao,	Y.,	Jing,	X.,	Lin,	Z.,	Kawano,	T.,	et	al.	(2017).	Differential	Effects	of	
Prior	Influenza	Exposures	on	H3N2	Cross-reactivity	of	Human	Postvaccination	Sera.	Clin.	Infect.	Dis.	65,	259–267.	

Xu,	H.,	Li,	X.,	Liu,	D.,	Li,	J.,	Zhang,	X.,	Chen,	X.,	Hou,	S.,	Peng,	L.,	Xu,	C.,	Liu,	W.,	et	al.	(2013a).	Follicular	T-helper	cell	
recruitment	governed	by	bystander	B	cells	and	ICOS-driven	motility.	Nature	496,	523–527.	

Xu,	R.,	Krause,	J.C.,	McBride,	R.,	Paulson,	J.C.,	Crowe,	J.E.,	and	Wilson,	I.A.	(2013b).	A	recurring	motif	for	antibody	
recognition	of	the	receptor-binding	site	of	influenza	hemagglutinin.	Nature	Structural	&	Molecular	Biology	20,	363–
370.	

Ye,	Z.,	Liu,	T.,	Offringa,	D.P.,	McInnis,	J.,	and	Levandowski,	R.A.	(1999).	Association	of	influenza	virus	matrix	protein	
with	ribonucleoproteins.	J.	Virol.	73,	7467–7473.	

Yoneyama,	M.,	and	Fujita,	T.	(2010).	Recognition	of	viral	nucleic	acids	in	innate	immunity.	Rev.	Med.	Virol.	20,	4–22.	

Yusuf,	I.,	Kageyama,	R.,	Monticelli,	L.,	Johnston,	R.J.,	Ditoro,	D.,	Hansen,	K.,	Barnett,	B.,	and	Crotty,	S.	(2010).	Germinal	
center	T	follicular	helper	cell	IL-4	production	is	dependent	on	signaling	lymphocytic	activation	molecule	receptor	
(CD150).	J.	Immunol.	185,	190–202.	

Zabel,	F.,	Mohanan,	D.,	Bessa,	J.,	Link,	A.,	Fettelschoss,	A.,	Saudan,	P.,	Kündig,	T.M.,	and	Bachmann,	M.F.	(2014).	Viral	
particles	drive	rapid	differentiation	of	memory	B	cells	into	secondary	plasma	cells	producing	increased	levels	of	
antibodies.	J.	Immunol.	192,	5499–5508.	

Zhang,	Y.,	Meyer-Hermann,	M.,	George,	L.A.,	Figge,	M.T.,	Khan,	M.,	Goodall,	M.,	Young,	S.P.,	Reynolds,	A.,	Falciani,	F.,	
Waisman,	A.,	et	al.	(2013).	Germinal	center	B	cells	govern	their	own	fate	via	antibody	feedback.	Journal	of	
Experimental	Medicine	210,	457–464.	

Zheng,	W.,	and	Tao,	Y.J.	(2013).	Structure	and	assembly	of	the	influenza	A	virus	ribonucleoprotein	complex.	FEBS	Lett.	
587,	1206–1214.	

Zhou,	J.,	Wang,	Y.,	Chang,	Q.,	Ma,	P.,	Hu,	Y.,	and	Cao,	X.	(2018).	Type	III	Interferons	in	Viral	Infection	and	Antiviral	
Immunity.	CPB	51,	173–185.	

Zhu,	J.,	Yamane,	H.,	and	Paul,	W.E.	(2010).	Differentiation	of	Effector	CD4	T	Cell	Populations.	Annu	Rev	Immunol	28,	
445–489.	

Zost,	S.J.,	Parkhouse,	K.,	Gumina,	M.E.,	Kim,	K.,	Diaz	Perez,	S.,	Wilson,	P.C.,	Treanor,	J.J.,	Sant,	A.J.,	Cobey,	S.,	and	Hensley,	
S.E.	(2017).	Contemporary	H3N2	influenza	viruses	have	a	glycosylation	site	that	alters	binding	of	antibodies	elicited	
by	egg-adapted	vaccine	strains.	Proc.	Natl.	Acad.	Sci.	U.S.A.	114,	12578–12583.	

Zost,	S.J.,	Lee,	J.,	Gumina,	M.E.,	Parkhouse,	K.,	Henry,	C.,	Wu,	N.C.,	Lee,	C.-C.D.,	Wilson,	I.A.,	Wilson,	P.C.,	Bloom,	J.D.,	et	al.	
(2019).	Identification	of	Antibodies	Targeting	the	H3N2	Hemagglutinin	Receptor	Binding	Site	following	Vaccination	
of	Humans.	Cell	Reports	29,	4460-4470.e8.	

Zotos,	D.,	Coquet,	J.M.,	Zhang,	Y.,	Light,	A.,	D’Costa,	K.,	Kallies,	A.,	Corcoran,	L.M.,	Godfrey,	D.I.,	Toellner,	K.-M.,	Smyth,	
M.J.,	et	al.	(2010).	IL-21	regulates	germinal	center	B	cell	differentiation	and	proliferation	through	a	B	cell-intrinsic	
mechanism.	J.	Exp.	Med.	207,	365–378.	

Zuccarino-Catania,	G.V.,	Sadanand,	S.,	Weisel,	F.J.,	Tomayko,	M.M.,	Meng,	H.,	Kleinstein,	S.H.,	Good-Jacobson,	K.L.,	and	
Shlomchik,	M.J.	(2014).	CD80	and	PD-L2	define	functionally	distinct	memory	B	cell	subsets	that	are	independent	of	
antibody	isotype.	Nat.	Immunol.	15,	631–637.	

Zuccotti,	G.V.,	and	Fabiano,	V.	(2011).	Influvac,	a	trivalent	inactivated	subunit	influenza	vaccine.	Expert	Opin	Biol	Ther	
11,	89–98.	

	 	



239 
 

 
  



240 
 

APPENDIX 
	

The	following	equal	co-first	publication	has	been	generated	as	part	of	work	conducted	during	the	

duration	of	this	thesis.	

 

  



241 
 

 

REVIEW
published: 02 July 2019

doi: 10.3389/fimmu.2019.01400

Frontiers in Immunology | www.frontiersin.org 1 July 2019 | Volume 10 | Article 1400

Edited by:

Nicholas J. Mantis,

Wadsworth Center, United States

Reviewed by:

Linda S. Cauley,

University of Connecticut Health

Center, United States

Shahram Salek-Ardakani,

Pfizer, United States

*Correspondence:

Katherine Kedzierska

kkedz@unimelb.edu.au

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Immunological Memory,

a section of the journal

Frontiers in Immunology

Received: 14 February 2019

Accepted: 03 June 2019

Published: 02 July 2019

Citation:

Auladell M, Jia X, Hensen L, Chua B,

Fox A, Nguyen THO, Doherty PC and

Kedzierska K (2019) Recalling the

Future: Immunological Memory

Toward Unpredictable Influenza

Viruses. Front. Immunol. 10:1400.

doi: 10.3389/fimmu.2019.01400

Recalling the Future: Immunological
Memory Toward Unpredictable
Influenza Viruses
Maria Auladell 1†, Xiaoxiao Jia 1†, Luca Hensen1†, Brendon Chua1,2, Annette Fox 3,
Thi H. O. Nguyen1, Peter C. Doherty 1,4† and Katherine Kedzierska 1*†

1 Department of Microbiology and Immunology, Peter Doherty Institute for Infection and Immunity, University of Melbourne,

Melbourne, VIC, Australia, 2 Research Center for Zoonosis Control, Hokkaido University, Sapporo, Japan, 3 WHO

Collaborating Centre for Reference and Research on Influenza, Peter Doherty Institute for Infection and Immunity, Melbourne,

VIC, Australia, 4 Department of Immunology, St. Jude Children’s Research Hospital, Memphis, TN, United States

Persistent and durable immunological memory forms the basis of any successful

vaccination protocol. Generation of pre-existing memory B cell and T cell pools is thus

the key for maintaining protective immunity to seasonal, pandemic and avian influenza

viruses. Long-lived antibody secreting cells (ASCs) are responsible for maintaining

antibody levels in peripheral blood. Generated with CD4+ T help after naïve B cell

precursors encounter their cognate antigen, the linked processes of differentiation

(including Ig class switching) and proliferation also give rise to memory B cells, which

then can change rapidly to ASC status after subsequent influenza encounters. Given

that influenza viruses evolve rapidly as a consequence of antibody-driven mutational

change (antigenic drift), the current influenza vaccines need to be reformulated frequently

and annual vaccination is recommended. Without that process of regular renewal, they

provide little protection against “drifted” (particularly H3N2) variants and are mainly

ineffective when a novel pandemic (2009 A/H1N1 “swine” flu) strain suddenly emerges.

Such limitation of antibody-mediated protection might be circumvented, at least in

part, by adding a novel vaccine component that promotes cross-reactive CD8+ T

cells specific for conserved viral peptides, presented by widely distributed HLA types.

Such “memory” cytotoxic T lymphocytes (CTLs) can rapidly be recalled to CTL effector

status. Here, we review how B cells and follicular T cells are elicited following influenza

vaccination and how they survive into a long-term memory. We describe how CD8+

CTL memory is established following influenza virus infection, and how a robust CTL

recall response can lead to more rapid virus elimination by destroying virus-infected cells,

and recovery. Exploiting long-term, cross-reactive CTL against the continuously evolving

and unpredictable influenza viruses provides a possible mechanism for preventing a

disastrous pandemic comparable to the 1918-1919 H1N1 “Spanish flu,” which killed

more than 50 million people worldwide.

Keywords: T cells, B cells, influenza, immunological memory, vaccine
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INTRODUCTION

Successful vaccination relies on the induction of long-term
immunological memory. Exposure to an infectious virus elicits
acute e!ector responses that mediate acute pathogen control,
along with the generation and maintenance of T cell and
B cell memory capable of protecting against re-exposure. At
su"cient levels, neutralizing antibody (Ab) can prevent re-
infection while, especially if such protection is partial, the
rapid recall of memory CD8+ cytotoxic T lymphocytes (CTLs)
facilitates enhanced pathogen control. Seasonal influenza results
from the emergence of an occasional, highly infectious variant
selected as a consequence of Ab-driven mutational change in the
viral envelope hemagglutinin (HA) and/or neuraminidase (NA)
proteins. Pandemic influenza A viruses, on the other hand, arise
from gene reassortment of two di!erent influenza A virus (IAV)
subtypes infecting the same cells. As a consequence, the influenza
research and control community face the continuing challenge of
producing new vaccines to control emerging threats.

Most of the existing products utilize inactivated virus, or
isolated viral HA and NA proteins, that stimulate influenza
strain-specific antibody immunity and B cell memory, but do not
prime the much more cross-reactive CD8+ CTL compartment.
The challenge is thus to add a T cell-targeted vaccine component
that promotes CTL memory for the rapid recall of anti-viral CTL
e!ectors to the respiratory tract for early virus control and/or
induce cross-protective B cells. In this review, we focus on the
nature of optimal memory B cell and T cell generation and ask
how we might use this knowledge to overcome the limitations
of seasonal influenza vaccines by developing feasible strategies
for both inducing and maintaining long-term, cross-reactive
immunological memory.

The Burden of Seasonal Influenza
Seasonal influenza virus is a global health problem. In the
United States, influenza virus infections causes 9.2–35.6 million
cases of illness, 140,000–710,000 hospitalizations and 12,000–
56,000 deaths per year (1). Globally, it is estimated that every year
290,000–650,000 respiratory deaths are due to seasonal influenza
(2). The World Health Organisation (WHO) recommends
annual influenza vaccination for people at high risk of developing
severe disease, and for those in contact with high-risk individuals.
Vulnerable groups include the elderly (>65 years), young
children (6–59 months), Indigenous populations, patients with
chronic medical conditions, pregnant women, and health-care
workers (3). National health authorities in the countries with an
advanced public health system recommend annual vaccination
for everyone 6 months of age and above, both to protect
individuals and to limit the spread of the virus through the
community (4, 5).

Influenza Virus Evolution Poses a
Challenge for Long-Term Humoral
Immunity and Vaccine Effectiveness
Influenza viruses attach to host cells via HA binding to cell
surface sialic acids (6, 7). Protective antibodies (Abs) block virus
attachment by binding to the antigenic sites (8–11) proximate to

the sialic acid receptor binding pocket on the HA head. Such
Abs are the best correlate for influenza immunization and are
measured using the hemagglutination inhibition (HAI) assay,
which detects Abs blocking the capacity of the virus to agglutinate
red blood cells by binding to sialic acids on their surface (12). The
influenza virus RNA polymerase lacks proof-reading function,
with the consequence that there is a constant emergence of
mutants (a!ecting viral fitness and/or immune recognition)
carrying substitutions that arise randomly across the genome.
Antibody-mediated immune pressure drives the selection of
viruses expressing variant HAs and NAs (13, 14) that, if their
“fitness” is not unduly compromised, have the potential in nature
to cause the process that has long been called antigenic drift (15,
16). Clearly, for a drifted strain to emerge as a clinical problem,
its HA must be su"ciently changed to escape neutralization by
pre-existing antibodies induced broadly in human populations by
past infections and/or vaccinations. The reality that individuals
who were once protected are now at risk from the new variant
strain is the basis for frequently reformulating seasonal influenza
vaccines (17). In contrast, through the process of antigenic shift,
influenza viruses incorporate a completely new HA or NA (18),
which adds a new virus into the epidemiological mix. When it
comes to antibody-mediated selection, the A/H3N2 strains have
consistently shown the greatest antigenic drift for the three types
of influenza viruses that co-circulate globally and cause seasonal
epidemics (A/H1N1, A/H3N2, and influenza B viruses) (16, 19).
In general, more extensive epidemics (with increased morbidity
and mortality) occur when a novel, seasonal A/H3N2 drifted
strain emerges (16, 20, 21).

Multi-component influenza vaccines are designed to elicit
serum antibodies against the HAs of one A/H1N1 strain, one
A/H3N2 strain and one (or two) influenza B viruses (Yamagata or
Victoria) (22). Increased antibody titres induced by vaccination
decrease the risk for infection caused by any strains antigenically
similar to those included in the vaccine (23, 24), although they
confer limited or no protection against other types or subtypes
(including drifted variants) of influenza (25). The global WHO
network closely monitors the circulation of influenza viruses in
humans and other species, including birds, across the northern
and southern hemispheres, whereby information derived from
the antigenic and genetic characterization of these strains, along
with epidemiological data, is used to select the strains to be
incorporated into an upcoming seasonal vaccine (26). This
strategy can fail, at least in part, as vaccine preparation takes at
least 6 months and the product may no longer match all 3 (or
4) circulating viruses by the time it is released (27). Moreover,
pre-existing immunity in humans can be highly variable due to
age and prior exposures via infection and/or vaccination (28–
34). The level of pre-existing human immunity is considered
but often di"cult to interpret due to high heterogeneity. First-
infection ferret antisera is used to identify and characterize new
influenza strains, yet repeated exposures to A/H3N2 variants
a!ect Ab quantity and quality, which makes vaccine-strain
selection even more challenging (35). Both immunological
responses to influenza viruses and influenza vaccine e!ectiveness
are undoubtedly a!ected by the combination of antigenic drift
and prior immunity. Influenza virus evolution has been widely
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studied, yet it is still largely unknown how cross-reactive B cell
memory impacts on Ab responses to new strains.

B Cell Memory and Imprinting Against
Prior Strains
The idea that immunological memory could impact negatively on
Ab responses to novel influenza strains first emerged in the early
1950s, when Francis and Davenport observed that the exposure
to a new influenza strain induced higher titres of Abs against
variants encountered in childhood than against the prevailing
strain (36–39). They proposed the colorfully named concept of
“original antigenic sin” (OAS), which states that Abs generated
against the first antigen (Ag) encountered in childhood would be
repeatedly and preferentially induced at every exposure, even if
the epitope remained as a minor secondary antigen. This was
considered to be sinful, i.e., detrimental for protection against
following influenza infections, since the Abs induced poorly
neutralized the most recent strain that had actually triggered
them (40, 41). Molecular level analyses of B cell receptor usage
have since confirmed that memory B cells elicited by a priming
Ag can participate in the immune response toward a structurally
related, boosting Ag (42, 43). While it is clear that somatic
mutation of the immunoglobulin (Ig) variable (V) region takes
place, the extent to which this leads to increased a!nity for the
priming vs. boosting variant remains controversial (42). These
molecular analyses are consistent with more recent observations
that Ab boosting is broad, and greatest against more similar
viruses, di"ering somewhat from the OAS concept that centers
on the initial antigen encountered (44, 45). E"orts to understand
why prior vaccination enhances vaccine e"ectiveness in some
influenza seasons, yet attenuates it in others, has led to further
refinements to the OAS hypothesis, namely that imprinted B
cell memory responses are not inevitably “sinful” i.e., ine"ectual
(31). Hensley et al. propose that Ab become focused on selected
epitopes which are relatively conserved between successive
strains due to a form of competitive dominance by memory B
cells and that while this may result in high Ab titres and clinical
benefit it may, alternatively, compromise protection if the epitope
is altered in future strains. This hypothesis is based on molecular
and serological analyses that document focused HI Ab responses
in selected individuals (29, 30, 46–49).

At the cellular level, it is clear that memory B cells respond
more rapidly than their naïve precursors. Hence, antibody
responses may become focused on epitopes that were present in
earlier strains because memory B cells specific for those epitopes
become rapidly activated at the expense of naïve B cells, which
need a higher threshold to respond (50, 51). Memory B cells
that bear a!nity matured antigen receptors may also be better
able to compete with existing Abs for inducing antigen than
naïve B cells (52). Several strategies have the potential to promote
naïve B cell activation and broaden the Ig response. These
include giving repeated vaccine doses (39), increasing the amount
and concentration of antigen (53), and adding adjuvants (54).
Another suggested mechanism that may promote the enhanced
engagement of memory (vs. naïve) B cells is that T regulatory
cells (Tregs) induced by the initial encounter reduce the amount of

antigen presented on dendritic cells, thus diminishing the antigen
availability for naïve B cells, promoting a memory B cell boost at
the expense of naïve B precursors (55).

Current Strategies to Improve Seasonal
Influenza Vaccine Effectiveness
Strategies to increase seasonal influenza vaccine e"ectiveness
(VE), like high-dose or adjuvanted vaccines, are still under
evaluation. Pooled analysis of multiple studies showed that
high-dose vaccines significantly reduce the risk of laboratory-
confirmed influenza cases in the elderly when the vaccine and
the circulating strains are well-matched, but not when they are
mismatched. The HAI geometric mean titres after vaccinating
with the high-dose vaccine were significantly higher compared
to the standard-dose vaccine for the H3 component. However,
the proportion of participants with seroprotective HAI Ab levels
(HAI titer ! 1:40 or 1:32) was the same using both vaccines
(56). Similarly, high-dose vaccines showed significant increases
in VEwith a reduction inmortality among the elderly by 36.4% in
the 2012–2013 season, when H3N2 viruses were predominantly
circulating (57). Nonetheless, seasonal VE on that season was
only of 11% for that particular age group (58), indicating that
a high-dose vaccine, despite increasing VE, did not induce
an epidemiologically significant improve in overall H3N2 VE.
Alternatively, the use of a standard-dose influenza vaccine with
the MF59 adjuvant (Novartis) can reduce laboratory-confirmed
influenza cases as well as hospitalizations due to influenza
in the elderly (59) and seasonal trivalent vaccines formulated
with this adjuvant are now available for those >65 years old
(FluAd, Sequiris).

In addition to MF59, other adjuvants licensed for use with
inactivated or sub-unit-based influenza vaccines include Alum-
containing formulations (AlPO4 or Al[OH]3) and oil-in-water
emulsions, AS03 (GSK) and AF03 (Sanofi Pasteur). The benefits
of using these adjuvants to increase seroprotective antibody
titres are widely reported in a number of clinical studies,
including in individuals who are most susceptible to influenza-
related illness. Compared to non-adjuvanted vaccine responses,
formulation of mono- and multi-valent influenza vaccines with
MF59 induces substantially higher HAI titres and seroconversion
rates in children (60–63) with similar improvements observed
in the young and elderly using AS03 (64). These formulations
are generally well-tolerated and safe, however, incidences of
narcolepsy associated with the use of an AS03-adjuvanted
A/H1N1pdm2009 vaccine (Pandemrix) limits the use of this
adjuvant in the young. Nevertheless, both MF59 and AS03 have
been shown to accelerate the induction of vaccine-mediated
responses as demonstrated by the use of adjuvanted vaccines
in healthy adults (65, 66), children (67) and in the elderly
(68), wherein a single vaccination dose is su!cient to induce
seroprotective levels of antibody within as little as 3 weeks. In this
regard, these adjuvants, along with AF03 or Alum, provide dose-
sparing capabilities for mass vaccination of the wider population;
similar levels of protection attained with unadjuvanted vaccines
can be achieved with using substantially smaller amounts of HA
antigen or less vaccination doses when formulated with adjuvant
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(69–72). Several studies have also demonstrated the ability of
MF59 to induce cross-reactive antibodies against non-vaccine
matched strains in prime-boost regimens. Priming of subjects
with a clade 0 H5N3 vaccine formulated withMF59 followed by a
boost with a clade 1 H5N1 vaccine containing the same adjuvant
results in high titres of cross-neutralizing antibody against H5N1
clade 0, 1 and 2 viruses (73–75). These results thus highlight
the role that adjuvants can play in generating and broadening
the cross-specificity of naïve and pre-existing B cell memory, the
possible underlying mechanisms of which are discussed further
in subsequent sections below.

Influenza vaccines designed to target Abs toward the
conserved epitopes in the HA stem are also under intense study.
While heterosubtypic protection with group 1 HA stem vaccines
(i.e., H1 and H5 viruses) lacking the highly variable HA head
has been demonstrated in animal models (76), studies on group
2 HA stem vaccines (i.e., H3 and H7 viruses) are more limited.
Although promising results are observed when immunizing mice
with conserved HA stem epitopes from the H3 subtype, by
way of cross-clade neutralizing activity (77, 78), immunogenicity
and protection are not maintained when using larger animal
models like ferrets (78). Therefore, further studies are needed to
develop a human B cell-based universal influenza vaccine, with
consideration into the potential for influenza viruses to escape
from HA-stem targeted Abs (79).

Dissecting the B Cell Response
Activation of naïve B cells can elicit short-lived ASCs (also
called plasmablasts), long-lived antibody-secreting plasma cells
(LLPCs), and memory B cells. The fate of B cells is considered to
be highly orchestrated, depending on the mode of stimulation,
the a!nity of their B cell receptors (BCR, or surface Ig) for
antigen and their location (80–82). In the periphery, within
secondary lymphoid organs (SLO), naïve B cells are activated
by BCR/Ag binding and, depending on whether T cell help
is provided, they will continue the response in a T cell-
dependent (TD) or T cell-independent (TI) manner. B cell
memory resulting from a TI response expresses and produces
IgM capable of engaging at broadly low a!nity with antigens
via multivalent BCR engagement, plus toll-like receptor (TLR),
and/or complement engagement (83). In TD responses, B and T
cell interaction occurs when antigen is captured through the BCR
of specific naïve B cells and presented via cell-surface MHC-II
glycoproteins to CD4+ helper T cells specific for peptides from
the same antigen (84, 85). All B cells activated in this manner
either move into lymph node follicles and generate germinal
centers (GCs) or di"erentiate into extrafollicular plasmablasts
(86, 87). Through this array of processes, di"erent classes of
memory B cells are generated, which can be distinguished by their
passage through the GC, location and Ig isotype (81).

In the GC, B cells undergo intense proliferation and
broaden their BCR diversity through somatic hypermutation,
a process whereby point mutations, insertions, and deletions
are introduced within Ig V gene hotspots to generate a broad
array of B cell clones with a broad spectrum of a!nities for
the immunizing Ag (88). This process results in the generation
of memory B cells with high-a!nity surface Igs and surface

Ig+/! plasma cells that maintain serum immunoglobulin levels
against the foreign invader. The GC is also the site where a
large proportion of BCR-defined clones undergo class switch
recombination (CSR), exchanging the Ig isotypes originally
expressed (IgM and IgD) for IgG, IgA, or IgE (88–90). The
sequential generation of long-lived memory B cells in the GC
starts from unswitched memory B cells, followed by class-
switched memory B cells and, finally, by LLPC that travel to the
bonemarrow and other sites (91). The later each B cell population
appears, the higher its a!nity for Ag (92). Hence, B cells with
lower a!nity BCRs have a greater propensity to enter, and persist
in, the memory pool. Intriguingly, such memory-directed B
cells show enhanced Bach2 transcription factor expression when
compared to their counterparts with higher BCR a!nity, and
Bach2 expression inversely correlates with the strength of the
B-T follicular helper (Tfh) cell interaction. This suggests that B
cells with lower a!nity receive weaker T cell help and express
higher levels of Bach2, which is clearly a key factor in memory
B cell fate determination (92). In addition, expression levels of
Blimp-1, the key regulator of plasma cell di"erentiation and CSR,
are regulated by Bach2. Higher Bach2 levels decrease Blimp-1,
promoting B cell di"erentiation toward an unswitched memory
fate. The aryl hydrocarbon receptor (AhR), a ligand-induced
nuclear transcription factor, is highly induced in B cells upon
BCR engagement. AhR promotes Bach2 expression, which in
turn suppresses Blimp-1 and therefore the B-Tfh cell interaction
becomes weaker and B cell CSR and di"erentiation into plasma
cells are suppressed (93), indicating that it may be a potential
target in promoting the generation of low-a!nity IgM+ B cell
memory upon vaccination. This is of particular relevance for
the design of the next generation influenza vaccines since, as
discussed below, as there is an increasing body of evidence
suggesting that low-a!nity IgM+ memory B cells capable of
identifying a broad range of epitopes should be targeted by
influenza vaccination.

Heterogenous Memory B Cell Phenotypes Have
Different Roles in Secondary Responses
The various modes of TD and TI B cell activation generate
memory B cells with varying isotypes and a!nities (summarized
in Figure 1), some bearing highly mutated Igs generated via
the GC reaction and others maintaining germline, less specific
and more cross-reactive Abs (52, 81, 94). While it is generally
accepted that memory B cells show an enhanced capacity for
terminal di"erentiation into ASC, regardless of phenotype and
a!nity, there is less consensus regarding their propensity to (re)-
enter GC reactions. Contrary to early thinking, it is now generally
accepted that both IgG+ and IgM+ memory B cells can re-enter
GC reactions, albeit they are more predisposed to di"erentiate
into ASC during recall responses (52, 95–97). Similarly, whether
or not GCs form during recall responses together with the
character of the memory B cell subsets that participate may
depend on the type and amount of antigen, inflammatory signals
and the availability and quality of cognate Tfh cells (98). There
is evidence that unswitched memory B cells bearing germline
BCRs have a greater propensity to enter the GC reaction (99).
In particular, IgM+ cells with the least mutated V genes were
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FIGURE 1 | Pathways to B cell memory. Naïve B cells become activated by direct recognition of antigens expressed on the surface of the pathogen. Top panel:

Follicular (FO) naïve B cells become activated within the lymph node through a T cell-dependent pathway. CD4+ T cells become activated by recognizing viral

peptides processed by FO dendritic cells and presented on their surface by MHC-II molecules. After becoming activated, both CD4+ T cells and B cells, travel to the

T-B border in the lymph node, where they interact. Three outcomes can follow this interaction. (i) A germinal center (GC) is formed, CD4+ T cells polarize into T

follicular helper (Tfh) cells and FO B cells differentiate into GC B cells. In the GC, B cells undergo rapid proliferation and somatic hypermutation of the Ig V regions in

their B cell receptors (BCR), due to their interaction with Tfh cells through CD40-CD40L, PD1-PD-L1/L2, ICOS-ICOSL among others and the secretion of cytokines

such as IL-4 and IL-21, affinity maturation takes place and those B cells that increase affinity toward their Ag are selected. Some of these B cells will also class-switch.

These interactions result in the generation of IgM+ memory B cells (BMEM), IgG+/A+/E+ BMEM or IgG/A/E secreting long-lived plasma cells (LLPC) in this order in

time. The later these cells are generated, the higher affinity and lesser cross-reactivity they have toward the antigen or antigen variants, respectively. (ii) Not all B cells

enter the GC after interacting with their cognate activated CD4+ T cells in the T-B border, IgM+ BMEM and IgM secreting LLPCs are also generated outside of the GC,

in a GC-independent (GCi) manner. (iii) Short-lived antibody secreting cells (ASC) are generated early after activation to generate a rapid response against the

pathogen. These short-lived ASC will undergo apoptosis and do not contribute to the generation of B cell memory. Bottom panel: Some protein antigens provide

highly repetitive antigenic structures, which induce strong BCR crosslinking. Viral single-stranded RNA (ssRNA) together with other danger signals also activate toll-like

receptors such as TLR7. These strong signals are enough to activate B cells in a T cell-independent (TI) manner and generate short-lived IgM secreting ASC and

IgM+ BMEM. B1b and marginal zone (MZ) B cells are activated in a TI manner and provide a faster response against the pathogen.

more prominent within GCs during the recall response to a
variant viral protein antigen rather than to the original inducing
antigen when sequentially immunizingmice with variant Dengue
envelope proteins with 63% amino acid identity (100). However,
when using HAs from more closely related influenza viruses,
with !82% sequence identity, the GC response was dominated
by highly mutated memory B cells, which led to a worsened
antibody response as compared to the primary encounters, even
in the presence of an adjuvant (101). In the elderly, a poor
adaptive capacity of B cells toward the drifted influenza epitopes
has also been demonstrated. This resulted in the expansion
of B cell memory targeting mostly conserved but less potent
epitopes (102). In contrast, memory B cell expansion after H3N2
infection reflected imprinting toward strains encountered early

in life but also adaptation to the infecting virus (103). These
studies suggest that a certain degree of an antigenic di!erence
is needed to induce a protective secondary antibody response
by stimulating broadly cross-reactive low-a"nity IgM+ memory
B cells. High-dose and adjuvanted vaccines may improve VE
when influenza vaccines strains are antigenically-di!erent. The
propensity for IgM+ memory B cells to dominate recall GC
responses may be further determined by pre-existing antibodies
that may outcompete the BCRs from low a"nity naïve and IgM+

memory B cells, but not high a"nity IgG+ memory B cells, for
antigen (52, 96, 104).

In consideration of the potential for influenza Ab responses
to become focused on epitopes present in successive vaccine
strains to the detriment of recognizing future variants, it seems
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appropriate to think in terms of future vaccines that maintain
plasticity and heterogeneity within the B cell response. For
example, vaccination strategies that recall IgM+ memory B
cells with less-mutated BCR repertoires, while also inducing
naïve populations together with cognate Tfh cell memory to
facilitate memory GC formation (98), may tend to skew the
overall response toward the generation of more cross-reactive
Abs against variant epitopes.

T Cell-Independent B Cell Responses Against
Influenza
In contrast to TD Ags, which are generally proteins that
cannot induce cross-linking of multiple BCRs, TI Ags are
generally multivalent polysaccharides or other molecules that
contain a repetitive array of antigenic epitopes that have that
BCR-polymerization propensity. This paradigm is, however,
challenged by the finding that high doses of a monomeric protein
Ag can also elicit an exclusive TI B cell response (105, 106). In
mouse experiments, both TD and TI B cells give rise to short-
lived plasma cells and memory B cells (107–109) and contribute
not only to resolving primary influenza virus infection, but also
to more e!ective control of virus replication and symptoms after
secondary challenge (110). The recall capacity of TI memory B
cells is largely a result of Ag driven clonal expansion, however,
like other memory B cells, TI memory B cells are able to respond
more readily to Ag than their naïve counterparts.

The capacity of inactivated whole (vs. split) virion vaccines
to induce superior influenza virus-specific antibody responses
(111–113) may in part be due to the greater induction of TI
B cell responses (114). Notably, when TI B cell responses were
induced Ab a"nity and neutralizing activity was enhanced. The
ability of inactivated whole virions to induce TI B cell responses
is linked to the presence of single-stranded RNAs that activate
B cells via a TLR7-dependent mechanism (114), hence TLR7/8
agonists should be considered as potential adjuvants for seasonal
influenza vaccines.

Importance of Location for Influenza-Specific
Memory B Cells
Unlike LLPCs, memory B cells persist as tissue-resident or
circulating among the SLO (115). Memory B cells resulting
from a local infection also localize in the a!ected organs.
This occurs following influenza virus infection when influenza-
specific memory B cells can be found, not only in lymphoid
organs, but also in the lungs. Moreover, memory B cells
are also di!erentially distributed among the lymphoid tissues,
indicating that tra"cking is influenced by local tissue factors
(116, 117). After influenza re-exposure, lung-resident memory
B cells di!erentiate into plasmablasts, providing IgG and IgA
in situ that quickly neutralizes the virus (117, 118). In general,
IgA+ memory B cells seem to localize preferentially to the blood
and to tissue sites of pathology, while IgG+ memory B cells
are broadly distributed among tissues that may, or may not, be
directly involved in the disease process (116, 117). B cell memory
and secreted IgA located in the lungs are essential to provide
a quick and e!ective response against influenza viruses upon
exposure, yet current influenza vaccines fail to strongly boost

IgA responses (119). Antigen reaching the mucosa of the lung is
required to potentially induce stronger IgA responses and for the
generation of lung-resident memory B cells, which establish early
after infection. The varied location of memory B cells according
to their isotype, together with the fact that di!erent environments
drive B cell class-switching to a specific isotype, are of particular
interest for vaccine design, particularly where (as in influenza)
mucosal surfaces are the primary site of infection.

T Follicular Helper Cell Memory: Recent Advances in
Influenza Vaccination
When the GC contracts, the GC Tfh cells exit and develop into
resting memory Tfh cells with a less polarized Tfh phenotype
(120–125). Tfh cells with a resting memory phenotype both
recirculate in blood and can be found in BM, spleen, and
lymph nodes (126–128). Circulating Tfh (cTfh) cells are the most
accessible subset in humans. Of increasing research interest, cTfh
cells are heterogeneous and can be classified into di!erent subsets
based on surface marker expression. Resting cTfh cells express
CCR7, which di!erentiates them from their GC counterparts.
When cTfh cells become stimulated, they downregulate CCR7
to tra"c to the GC (129). Three di!erent subsets of cTfh
cells can be distinguished according to the surface expression
of the chemokine receptors CXCR3 and CCR6, which are
involved in inflammatory-homing and epithelial and mucosal
site-homing, respectively (130, 131). The Tfh1 cells are CXCR3+

CCR6!, express the T-bet transcription factor and secrete the
Th1 cytokine IFN!. Conversely, the CXCR3!CCR6! Tfh2 set
expresses the transcription factor GATA3 and produces the
Th2 cytokines IL-4, IL-5, and IL-13. Then the Tfh17 cells
CXCR3!CCR6+ cells express the transcription factor ROR!T
and secrete the Th17 cytokines IL-17A and IL-22 (132).

An overall consensus on the functional implications of the
di!erent Tfh subsets regarding B cell help is yet to emerge. While
the Tfh1 cells are thought not to be e"cient B cell helpers,
the opposite is true for the Tfh2 and Tfh17 populations (132,
133). However, human studies on the cTfh response following
influenza vaccination demonstrate an increase of circulating,
activated cTfh1 cells peaking on day 7 after vaccination that
positively correlates with the generation of protective Ab
responses and the presence of ASCs in blood (115, 134). In the
context of influenza immunization, when culturing human cTfh1
cells isolated at day 7 after priming with either naïve or memory
B cells, the cTfh1 cells stimulate memory B cell di!erentiation
into plasmablasts, while naïve B cells remain resting. Yet, naïve
B cells cultured with Tfh2 and Tfh17 cells can di!erentiate into
plasmablasts (134). Because Tfh cells are essential to induce a
proper B cell response and we speculate that naïve B cells are
not being su"ciently stimulated due to epitope masking by
pre-existing Abs and memory B cells, it could be possible that
mainly Tfh1 cells are stimulated after influenza vaccination at the
expense of Tfh2 and Tfh17.

Anti-viral CD8+ T Cell Responses
Seasonal influenza vaccines are designed to elicit an Ab response.
However, the natural influenza virus infection additionally elicits
cellular immunity (CD8+ T cells, CD4+ T cells, MAIT cells,
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NK cells) to eliminate the infection. Because influenza viruses
are under constant selective pressure, the long-term protective
value of any vaccine that targets a specific HA and/or NA will
inevitably be compromised with time, immune CD8+ T cells
are critical for recovery and provide some protection against
severe influenza disease, including that resulting from infection
with a previously unencountered avian strain. This likely reflects
that influenza-specific CD8+ T cells tend to recognize HLA-
bound peptides derived from more conserved, internal virus
proteins. The question is whether vaccines that promote such
CD8+ T cell memory can, when combined with the classical
products that induce virus-specific Ig response, provide better
protection against, in particular, a newly invasive pandemic
strain. An overview comparison between B and T cell responses
after influenza virus drift and shift and how they complement
each other is shown in Table 1.

Adaptive T cell immunity is mediated primarily by T cells,
expressing the CD4 or CD8 co-receptors, respectively. During
influenza virus infection, viral proteins are degraded by the
proteasome and processed into smaller peptide fragments. These
fragments are bound to MHC molecules and carried to the
cell surface for presentation. These peptide/MHC complexes
(pMHC) are recognized by clonally expressed TCRs on CD4+

or CD8+ T cells, leading to their activation and recruitment
into the virus-specific immune response. The CD8+ cytotoxic
T lymphocytes act as sentinels, recognizing and killing virus-
infected targets, an essential step for virus clearance. Following
activation, CD8+ T cells also secrete anti-viral cytokines
(especially IL-2, IFN-!, and TNF-") which further recruit innate
and adaptive immune cells into sites of influenza virus-induced
pathology and induce anti-viral responses in infected cells (141,
142). When it comes to CTL killing, the secretion of perforin,
granzymes and FAS ligand can all be involved in the process
of inducing the apoptosis of virus-infected cells (143, 144).
Additionally, the expression of TRAIL on CTLs can lead to the
elimination of influenza virus infected cells, with a resultant
decrease in mortality (145).

T Cell Fate: to Die or Become Memory
Formation of memory CD8+ T cells is essential for the protection
against re-encountered pathogens. Our understanding of key
factors determining the fate of CD8+ T cells during influenza
is still limited but crucial for the development of a CD8+ T
cell activating vaccine. During di!erentiation from naïve to
e!ector, to memory status, CD8+ T cells transiently express cell
surface molecules that are considered to be predictive of cellular
fate and function. Surface expression of IL-7R and KLGR1 on
e!ector CD8+ T cells can, at least in some situations, di!erentiate
between CD8+ T cells designated as memory precursor e!ector
cells and short-lived e!ector cells (146). Compared to the IL-
7RloKLGR1hi set, CD8+ T cells expressing high levels of IL-
7R and low levels of KLGR1 are 10-fold more likely to survive
(147) in mice infected with lymphocytic choriomeningitis virus
(LCMV). However, it should be noted that these profiles may not
be exclusive, as KLRG1+ CD8+ T cells are detectable after LCMV
infection is cleared (148), and the survival value associated with
the IL-7RhiKLGR1lo set for LCMV is less obvious for influenza

virus infection (149). Additionally, the discovery of other early
markers ofmemory formation during Listeriamonocytogenes and
vesicular stomatitis virus infection, including expression of ID3
transcription factor (150) and IL-2R" cytokine receptor, showed
that CD8+ T cell memory generation is certainly multi-factorial
(151, 152). Identifying markers of successful memory formation
is crucial for evaluation of novel influenza vaccine responses
and should be considered in future influenza vaccine studies.
More recently, high-throughput sequencing is facilitating the
emergence of a broader picture for CD8+ T cell di!erentiation.
Single-cell RNAseq of CD8+ T cells at the acute phase of LCMV
infection indicates that there may be two distinct populations
of antigen-induced CD8+ T cells that share genes either with
“terminal e!ector” or “memory” cells (153). Compared to naïve
CD8+ T cells, the “terminal e!ector-like” set can be shown
to have upregulated more than 900 di!erent genes, while the
“memory-like” cells only upregulated 27 genes (153). This
suggests that the di!erentiation of “terminal e!ector” CD8+ T
cells mandates the upregulation of hundreds of genes involved in
both clonal expansion and themediation of a spectrum of e!ector
functions, while the establishment of CD8+ T cell memory
requires only the involvement of a few key genes to maintain
lymphocyte quiescence. Although the exact factors mediating
distinct CD8+ T cell fates during early division following viral
infection are still in the process of elucidation, experiments
with TCR-transgenic mouse models indicate that TCR signaling
strength (154), as reflected in IL-2R, IFN-!R, and mTOR levels
during mitosis and asymmetrical division (155–157) is key to
the generation of anti-viral CD8+ T cell memory. This is an
exciting area of research that should, as it unfolds, give a much
better understanding of both the molecular basis of CTLmemory
formation, and provide key measurement parameters that will
allow us to skew early vaccine responses so that they provide
optimal memory that gives long-lasting protection when recalled
by further pathogen challenge.

Importance of Generating Long-Term T Cell Memory
As mentioned above, memory CD8+ T cells are important
for eliciting long-term, broadly cross-reactive immunity to
influenza viruses, and are thought to mediate the protective
function mainly via the killing of virus-infected targets
(158). Virus-specific CD8+ e!ector T cells also produce
proinflammatory cytokines, and the breadth of cytokine
production (termed polyfunctionality) often correlates with
e"cient protection against pathogens, including influenza
viruses (159). Polyfunctional memory CD8+ T cells (producing
IFN-!, TNF, IL-2, and MIP-1#) (160) are thought to operate
via augmented cytolytic activity via dual IFN-!/TNF expression
(161), IL-2-mediated enhancement of CD8+ T cell memory
function (162) and increased IFN-! secretion on a per cell
basis (163). One example of the protective capacity of these
polyfunctional memory CD8+ T cells is the induction of long-
lasting memory CD8+ T cells against variola (smallpox) virus
induced by the Vaccinia vaccine Ankara (164). When CD8+

T cells were primed with influenza virus nucleoprotein (NP)
expressed by either a recombinant Vaccinia virus or in Listeria
monocytogenes, the more polyfunctional NP-specific CD8+ T
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TABLE 1 | The clinical outcome and the B and T cell memory responses after exposure to influenza viruses are summarized below.

Influenza antigenic site change

Antigenic drift

Genetic changes in Ag sites alter Ab binding

Antigenic shift

None Minimal Major Exchange of surface

Glycoproteins

Clinical outcome Little to no symptoms Unpredictable (135) Dependent of CD8+ T

cell response

• Limited by HLA alleles

(136, 197)

• Prior exposure to

influenza (137–139) T cell

memory pool and quality

of T cell response

(137–139)

! Severe to fatal

outcome with prolonged

hospitalizations (137)

B cell response Robust memory B cell response and

protective Ab production (135)

Dominated by memory B cells against

preserved antigenic sites, yielding a

protective but focused Ab response

that may not protect against future

drift.

Cross-reactive memory B cells

produce an early unadapted Ab

response to limit virus replication

and symptoms, and enter GC

reactions to generate updated

memory and PCs

If enough Ag available, naïve B

cells react and generate updated

B cell memory

Very limited (if any) protection

by memory B cells (31, 140)

Response driven by naïve B

cells

CD8+ T cell response Cross-reactive

Not responsive if B cells neutralize the virus

Cross-reactive but not

neutralizing immunity

Host-specific differences

cells were generated following Vaccinia virus exposure. Mice
vaccinated with the Vaccinia virus showed also a greater level
of protection against a normally lethal IAV challenge compared
to the Listeria monocytogenes vaccine group counterparts (165).
This indicates, that not only the quantity of memory CD8+ T
cells is critical for the protection but also their quality. Insights
into key factors inducing these polyfunctional CD8+ T cells could
improve a T cell-based vaccine therefore vastly.

Memory CD8+ T cells can be divided conceptually into
central and e!ector T cell memory sets, based on their expression
profiles for the CD62L and CCR7 surface proteins (166) that
are known to a!ect cell localization and function (167). The
CD62LhiCCR7hi “central memory” CD8+ T cells (TCM) can
be found in the spleen, blood and lymph nodes, and display
superior functions compared to their CD62LloCCR7lo e!ector
memory CD8+ T cell (TEM) counterparts, mainly in terms of
their proliferative capacity and IL-2 production profiles (168). In
addition, a highly specialized population of tissue-resident (TRM)
memory CD8+ T cells expressing CD103+CD69+ can persist in
sites of pathology subsequent to virus clearance (169). Following
the secondary challenge, CD103+CD69+ TRM set is able to
expand and secrete cytokines, including IFN-! and TNF, as well
as generate more polyfunctional progeny (69% of cells capable
of secreting three cytokines), when compared to CD103"CD69+

(21%) and CD103"CD69" (16%) parent subsets (160, 169).
In the context of influenza, persistence of influenza-specific

CD8+ TRMs correlates strongly with protection when mice are
challenged with a serologically distinct IAV that shares common
internal proteins (170). The TRM population develops from
precursors lacking KLRG1 (171, 172) and further studies on T
cell receptor (TCR) repertoires suggest that they arise from the
same naïve pool as TCM set (173). TRM generation is largely
regulated by a series of transcription factors (174), such as Runx3
which is crucial for TRM establishment across a range of tissues
(175), and Bach2 which is recognized to restrain the terminal
di!erentiation of e!ector T cells and help with formation of long-
term memory T cells (176). The di!erentiated TRM phenotype
is associated with changes in key transcription factors, including
downregulation of Kruppel-like factor 2 (KLF2), TCF1 (177),
T-bet, and Eomes (178, 179) as well as upregulation of Hobit,
Blimp1 (177) and AhR (180), Nur77 (181), and Notch (182),
required for the maintenance of TRMs. While the previously
named transcription factors are universal hallmarks of TRM
formation, TRM heterogeneity among cells generated at di!erent
tissue sites suggest that microenvironmental cues are important
for site-specific TRM di!erentiation. Indeed, generation of the
lung TRM set is influenced by transforming growth factor "

(TGF-") along with the presence of IFN-!-secreting CD4+ T
cells following influenza virus infection (183, 184). While the
generation of influenza-specific TRMs has recently been shown to
be vital for robust protection, unlike TRMs generated within the
skin or gut (185–187), lung-resident TRMs do not o!er long-term
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protection, rather they require a constant supply of circulating
TEMs cells to replenish the niche over time (188) (summarized
in Figure 2). In humans, influenza-specific lung-resident TRM
cells show a high degree of TCR-sharing with other influenza-
specific lung TEM cells, suggesting that both memory cell subsets
originate from the same precursors (160). Our understanding
of the protective role of memory CD8+ T cells in influenza
virus infection also comes from experiments with a C57BL/6
mouse model lacking antibodies, where increased numbers of
influenza-specific memory CD8+ T cells and TRM cells led to
markedly reduced influenza-induced morbidity (189). Similarly,
primary vaccination with a single-cycle, non-replicative H3N2
IAV induced CD8+ T cells capable of protecting against a
heterologous (H1N1) lethal challenge (190), an e!ect that was
diminished for mice that had been depleted of CD8+ T cells
after vaccination. These studies highlight the potential of long-
term memory CD8+ T cells protecting against severe influenza
virus infections. A potential that is not harnessed in the current
vaccine strategy.

CD8+ T Cells Recognize Highly Conserved
Influenza Epitopes
CD8+ T cells can confer broad cross-protection across di!erent
seasonal, pandemic and avian influenza IAV strains due to their
ability to recognize relatively conserved viral peptides derived
from internal influenza components (NP, M1 and PB1, PB2).

The best defined human CD8+ T cell influenza epitope is the
immunodominant M158!66 peptide bound to the HLA-A"02:01
molecule (191–193). This peptide is highly conserved within
di!erent influenza A subtypes spanning 100+ years (136),
including the 1918 and 2009 pandemic H1N1 strains as well
as highly pathogenic H5N1 avian viruses (194). Analysis of
immunogenic peptide profiles for the avian H7N9 influenza
virus established that it shared six universal CD8+ T cell epitopes
conserved at #100% prevalence in human influenza A viruses
circulating since the catastrophic Spanish 1918 influenza. These
universal human influenza-specific CD8+ T cells epitopes
include HLA-A"02:01/M158!66, HLA-A"03:01/NP265!273,
HLA-B"08:01/NP225!233, HLA-B"18:01/NP219!226, HLA-
B"27:05/NP383!391 (although mutants were found in some
H3N2 strains) and HLA-B"57:01/NP199!207 (136). The
population coverage by the universal HLAs varies greatly
across ethnicities. Fifty-six percent of Caucasians displaying
at least one universal HLA, while such coverage reached only
16% in the Alaskan and Australian Indigenous populations
(136), highlighting the vulnerability of Indigenous populations
toward newly-emerged influenza viruses. Additionally, our
recent studies found broadly cross-reactive CD8+ T cell
responses directed toward the HLA-B37-restricted NP338
epitope across IAVs (195), and excitingly, for the HLA-
A"02:01-restricted PB1-derived epitope across influenza A, B
and C viruses (196). The latter introduces a new paradigm

FIGURE 2 | CD8+ T cell memory formation. Naïve CD8+ T cells become activated by recognition of viral peptides presented in the context of MHC-I molecules on

the surface of virally-infected APCs. Activated CD8+ T cells divide and differentiate into effector CD8+ T cells, which kill virus-infected cells and secrete cytokines to

induce an anti-viral milieu. After viral clearance, mainly KLRG1lo, ID3+, IL2R!+, and CD62Lhi CD8+ T cells develop into CD8+ memory T cells, while the remaining

#90–95% of CD8+ T cells undergo apoptosis. Memory formation can be augmented by innate-like T cells (iNKT and MAIT cells). Memory CD8+ T cells are divided

based on surface marker expression, known to impact their localization. While TCM and TEM can be found in blood and tissues, TRM reside at the site of infection

where they can rapidly respond towards a secondary infection. TCM can be also found in lymph nodes and display higher proliferative capacity and IL-2 production

compared to their TEM counterparts.
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whereby CD8+ T cells can potentially confer a measure of
previously unrecognized cross-reactivity across all human
influenza A, B and C viruses, a key finding for the design of
universal vaccines.

Influenza-induced morbidity and mortality can correlate with
the expression of certainHLAs, includingHLA-A!24:02, A!68:01
or B!39:01 alleles, as shown during the 2009 H1N1 pandemic
(197). Analysis of peptide scores demonstrated that HLA-
A!24:02 is more likely to bind variable (rather than conserved)
viral regions (197). Similarly, we have previously shown that
some HLA alleles, including HLA-A!24:02 and A!68:01, are
less able to elicit robust immune responses toward the highly
conserved NP and M1 peptides (136). Both HLA-A!24:02
and A!68:01, in particular, are found at higher frequencies
for Indigenous populations world-wide (136, 197), which may
explain the disproportionate impact of pandemic influenza
viruses on Indigenous peoples during both (otherwise mild)
2009 pH1N1 pandemic and 1918–1919 (H1N1) Spanish “flu
catastrophe” (198–202).

Thus, given the broad potential for cross-protective capacity
mediated by CD8+ T cells, along with more recent evidence
that this e!ect may indeed be operating in nature to protect
people, this aspect of immunity is of considerable interest in
terms of developing improved influenza vaccines. However,
it is important to note that designing peptide-based T cell
vaccines that only cover the major HLA types would clearly
be disadvantageous for Indigenous populations globally (203).
Further research on CD8+ T cell epitopes found in high risk
populations is therefore of highest importance to protect people
of highest vulnerability.

CD8+ T Cells Can Confer Broad Cross-Protection for
Heterologous IAV Strains
In the context of newly emerging influenza virus infections in
people, correlative studies suggest that established CD8+ T cell
memory confers cross-reactive immunity against severe influenza
disease, as observed during the 2009 pandemic H1N1 (pH1N1)
outbreak (139, 204). The high ("70%) conservation of CD8+

and CD4+ T cell epitopes contributing to pre-existing memory
may have been a significant factor in the generally mild outcomes
of the 2009 H1N1 pandemic (138). Sridhar et al. showed that
individuals with higher numbers of CD8+ T cells recognizing
conserved influenza epitopes fared better following natural
infection with the 2009 H1N1 virus (139). The importance of
CD8+ T cell-mediated immunity was further highlighted in
2013 following the emergence of the novel avian H7N9 strain
(205, 206), which killed "40% of the infected patients. In
H7N9-infected individuals, rapid recovery from hospitalization
was associated with the presence of significantly more IFN-!-
secreting CD8+ T cells when compared to the situation for those
who died (207) and recovered (206).

Development of CTL-Based Vaccines
Lessons Learned From the Yellow Fever Vaccine
While the initial experience of IAV infection generally occurs
in the first 6 years of life (208), our understanding of both the
primary IAV-specific CD8+ CTL response and the transition

to influenza-specific T cell memory is very limited for humans.
Though one paper by Mbawuike et al. reported on primary
infection in infants as early as 6 to 13 months of age (209), studies
of such influenza exposures in infants are rare, and have not
been performed using contemporary approaches for the analysis
of T cell-mediated immunity. The closest we have for humans
of any age when it comes to the formation of memory CD8+

T cells following first virus encounter is for the live-attenuated
17D yellow fever (YF) vaccine. As might be expected from a
plethora of mouse experiments, recent YF vaccination studies
showed that deuterium-labeled, epitope-specific CD8+ CTLs
expanded initially following vaccination, before undergoing a
contraction phase characteristic of CD8+ T cell memory. These
vaccine-induced YF-specific memory CD8+ T cells persisted in
the blood for at least 2 years after YF vaccination, with an
average deuterium half-life decay rate of 493 days (210). A similar
YF vaccination study in mice demonstrated that, after initial
contraction, the long-lived CD8+ T cell memory pool remained
consistent in size (211), indicating a potential advantage of a
CD8+ T cell that would need fewer revaccinations compared to
the annual recommendation necessary for the seasonal influenza
vaccine. Unfortunately for influenza vaccination, the current IIV
used in humans does not induce any CD8+ T cell responses that
can be targeted for such a longevity analysis (115).

Vaccination Approaches to Induce Memory CD8+ T
Cells
Di!erent influenza vaccination approaches are currently being
investigated in order to induce long-lasting cross-protective
immunity. The only licensed vaccines capable of inducing CD8+

T cell immunity, such as the YF vaccine, use live-attenuated
pathogens. These are not recommended for influenza “high-risk”
groups such as pregnant women, immunosuppressed individuals
and the elderly. Therefore, new vaccination strategies need to be
developed if we are to protect such vulnerable people. Vogt et al.
showed that changing the route of vaccine administration of a
quadrivalent inactivated influenza vaccine from intramuscular
(i.m.) to transcutaneous induces the expansion of vaccine
component-reactive CD8+ T cells. Interestingly, the vaccine
was also able to induce M158#66-specific responses in a HLA-
A!02:01-positive donor, although this was only observed in one
individual (212). Another approach currently in development is
the Flu-v CD8+ T cell-activating vaccine (213) containing four
21–35 amino acid-long peptides from internal influenza proteins,
which can potentially bind to multiple HLA allelic forms,
including the highly prominent HLA-A!02:01. This approach
was protective for HLA-A2 transgenic mice and was also capable
of inducing IFN-!-expressing CD8+ T cells across all the
participants (n = 15) in a phase 1b vaccine trial (213, 214). The
Flu-v product showed that the vaccine reduces both the viral titer
and the symptom score after H3N2 virus challenge in humans
(215). However, due to the unknown HLA-restriction of the
immunogenic epitopes, the HLA coverage of this vaccine is still
to be determined. To circumvent the need for prior knowledge of
HLA-restricted epitopes to be included in a universal T cell-based
vaccine, particularly for less common HLA allelic variants, full-
length influenza proteins have been expressed in Vaccinia virus
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Ankara vaccine vectors. Berthoud et al. showed that a viral vector
encoding for the two internal proteins NP and M1 could induce
some CD8+ T cell responses (216).

Overall, development of an e!ective, long-lasting, cross-
reactive influenza vaccine relies on an individuals’ capacity to
generate polyfunctional lung-resident CD8+ T cells. However,
di"culties in identifying cross-reactive epitopes caused a
bottleneck in the development of a universal influenza vaccine.
Due to the propensity of IAV to trigger severe outbreaks
with pandemic potential, murine models have thus far been
developed to test the e!ectiveness of IAV vaccines based on
conserved internal proteins (217–219). While mice immunized
with these vaccines can elicit protective CD8+ T cell responses,
the molecular mechanisms which govern formation of protective
memory responses still require further validation in mice, and
ultimately in humans.

Innate and Bystander T Cell Activation
During Influenza Virus Infection
In addition to the activation and proliferation of CD8+ T cells
in a peptide-MHC dependent manner, T cells can also become
activated via antigen-independent mechanisms, resulting in
proliferation of polyclonal T cells (220). In an influenza mouse
model, adoptive transfer of TCR-transgenic OT-I CD8+ T
cells, which recognizes the ovalbumin peptide, into influenza-
infected mice, showed that these OT-I cells can non-specifically
expand in the lungs of influenza-infected mice. This suggests
that CD8+ T cells can become activated independently of their
TCRs during primary influenza virus infection (221). Similarly,
highly activated CD38+HLA-DR+ CD8+ T cells, numerically
greatly exceeding influenza-specific CD8+ T cell pools, were
found in patients hospitalized with severe H7N9 disease (137),
suggesting bystander activation of at least some CD38+HLA-
DR+ CD8+ T cells. Despite the evidence that bystander CD8+

T cell activation occurs during influenza virus infection, the
importance of these cells in terms of viral clearance and the
induction of long-term memory is poorly understood. To date,
the most solid evidence for the role of bystander activation
has been observed in innate-like T cells. These cells, unlike
conventional CD8+ T cells, recognize non-peptide antigens
presented by orthologous MHC I-like molecules. They rapidly
secrete cytokines following activation and can mediate some
level of protection before adaptive immunity is su"ciently
advanced (222). Recently, we demonstrated that mucosal-
associated invariant T (MAIT) cells become activated during IAV
infections in humans and mice (223, 224). These MAIT cells
recognize riboflavin-derivative antigens produced by microbial
pathogens (225), but can be variously activated by IL-12/IL-18
(224), IL-15, or type I interferons (226). Using a murine model,
we showed that MAIT cells rapidly accumulate and become
activated in the infected lung and contribute to protection
against IAV infection (223). Similarly, invariant Natural Killer
T (iNKT) cells, which recognize lipid antigens presented by
CD1d, can protect against murine IAV (227–229). In addition,
iNKT cells induced by inactivated influenza A virus vaccination
in conjunction with alpha-galactosylceramide, an iNKT cell

antigen, can boost influenza-specific memory CD8+ T cells and
protective immunity in mice (230). The exact contribution of
innate T cells vs. conventional CD8+ T cell-mediated immunity
against influenza viruses is a subject of further investigation.
These new insights help to understand the wider range of
vaccine responses thus o!ering us opportunities to generate
better strategies to fight against influenza.

CONCLUDING REMARKS

Although current seasonal influenza vaccines can promote
the induction of highly specific, long-term memory B cells
that produce antibodies against the viral HA1 domain, these
antibodies are generally unable to combat newly emerging
influenza viruses, including novel pandemic stains and antibody-
selected “seasonal” variants that have accumulated mutations
in those epitopes surrounding the receptor binding pocket.
Generation of high-a"nity neutralizing Abs against conserved
surface epitopes remains a constant challenge to provide long-
lasting and cross-protective B cell memory, and as such, more
work is needed to better understand B cell responses against
natural infection vs. vaccination, in order to design better
B cell- or antibody-based universal vaccines. On the other
hand, an influenza vaccine capable of stimulating CD8+ T cell
responses would generate long-term T cell memory against
conserved epitopes without the need for annual vaccination.
In addition, a role for innate-like T cells in influenza
protection is increasingly emerging, which could potentially
be important both for the development of novel therapeutics
and for boosting (or maintaining) long-term memory. As a
consequence, substantial e!orts are being made globally to
exploit both innate and adaptive immune components for the
development of novel influenza vaccines that induce long-
lasting B cell/antibody and/or cross-reactive T cell immune
memory populations.
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