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Running title: Chemokine regulation of T cell fate decisions

Summary:

A fundamental-question in immunology is how cells decide between distinct T helper,
effector oryfmemaory differentiation fateBhese decisions aparamount to overcome
infection and establish lorigsting protection. The impact of cell location for the
determination of T cell fate decisions is an emerging field. This review will discuss our
current understanding of the migration path that T cells follow, within draigmgH nodes,
to steer differentiation down distinct paths of either effector or menateg.fIn particular,
theregulation/ofimigration and cellular encounters mediated by the chemokip&rece
CXCR3 andits'ligands will be discussed. The combination of increased antigen dadsity
unique cellular partners play a central role in facilitating thesgieific differentiation of
effector T cells, within the interfollicular regions of draining lymph nodexeRt advances
have applied this knowledge ¢ptimizevaccine desigto target antigen to lymph nodes.
Increased understanding of the regulation of CXCR3 ligandshow T cells integrate
multiple chemokine cuesill further progress this fieldnd allowfurther applcationsto
direct cell differentiatioroutside the lymph node, to enhance memesydencyin peripheral

tissues and effector arttimor responses.

Keywords:;
T cell; Chemokine Migration; DifferentiationLymph node CXCR3

1. Intreduction
T cells are central orchestrators and effectors of the adaptive immune system. At each stage
in the life offa T cell, critical fate decisions are requitg¢plon activatiomaive T cells
differentiatesdown divergent pathwayetweerdistinct Thelper linegesand between
progenitorsswitheither effector or memonyotential. These decisions aparamount to
overcome infeetion and establish lolagting protectionA fundamental question in

immunology is how cells decide between these distinct fates.

T cell differentiation choices are determined by a combinatiarebfintrinsic factors along

with antigenandinflammatorycytokines and the cellular partners that present and provide
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these signalfkecent work suggests thaternaterl cell differentiation fagslikely result

from thesum ofmultiple cellular encountesshich occur in specific niches within lymphoid
organsChemokines adb provide theset ofinstructiors that determine where celtsove to
and the unique cellular partners they encounter witlésesub-orgamiches.lt is this
migrationrand-ultimately these interactions that steer cell fate decisions down gatirecto
produceeithereffectoror memory precursaror differentiation ogpecifichelpereffectorT

cells.

This review.willdiscusgheregulation of T cell positioning that drive$fector and memory
differentiation decisionwithin draining lymph nodes, with a focus the requirement for the
chemokinereceptor CXCR3 and related factGPsCR3 binds three ligands, CXCL9,

CXCL10, CXCL11. While CXCL11 biology is highly relevant to human disease and cancer
outcomes, to date the work on the individual role of this chemokine has been hampered as
C57BL6 mice contain a frame shift mutation resulting in a null aligl@hus, much more

work has determined that dendritic cell (DC) and stromal cellular sources@fZLxnd
CXCL10 help.mediate T cell fate changes within draining lymph no@legether with
recentadvancesfuture workwill bring the field closer tainderstaniohg how tooptimizeT

cell positioning for therapeutic benefit. This will drive the developmetdrgited vaccines

that establish.robust memory responses in lymph nodes and peripheral tissilete aride

how this may be applied to reinvigorate T cell responses during chronic infectmm or f

cancer immunotherapy.

2. Lymph node organization for antigen capture and presentation
The lymph node is a highly organized structure that permitsfficégent transfer ofintigen
andfacilitatesinteraction between antigdoaded DCs and naive T cells. The lymph node
microarchitecture is a reticular network which provides a mechanical framework and restricts
immune cellstinto structurally distinct iegs. The major structures within lymph nodes
include theseapsule, subcapsular sinus (SCS), the cortex containing supertieicidicles
(B-cell zones), the cortical ridge, deep paracortegdlT zone) and the medulf4. Following
infection, antigen is efficiently transferred from the periphery to the lymph viadaultiple
mechanism&. Migratory DCs carnantigen fromperipheratissues and arrive in lymph
nodes via the afferent lymph. Mature DCs can then translocate through the SCiggallow
access to interfollicular regions (IFRstween B cell folcles TheselFRsare a specialized

microenvironment within lymph nodes, they contain innate immune cellacriéte a
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corridor for migratory DCs to movewards the T cell paracortex in the center of nGdés
Alternatively, particulate antigens, such as fre®ns enter thdymph nodevia the afferent
lymphatics and wash over the SCS. Here they are captured and retained by cells immediately
lining the sinus, SCS macrophages and DCs, which are the first lymph node resident c

be infectedwithrviru&*** Smallviral and proteirparticles that are not taken up by these
phagocyti¢ cells continue to transition through thRdBnd access the reticular conduits

Through these conduits antigeaverss deeper into the paracortéx be taken up and
presentediby additional D&% Thus, the antigen draining and lymph node organization
ensure that.are multiple loaaicheswhere T cells come into contact antigen, which can be

presented'by unique DC subséts*’

3. T cell migration that determines effector differentiation
/In vivoT cell activation drivegroliferation and polarized differentiation of naive T cells,
leading to the development of effector cellkis activation is therefore a prerequisite for the
acquisition.of effector cytokines and provision of help to B cells. Multiple studies have
determined.thatthe initial stages of T cell activationurs within the T cell paracortéx®%.
Recentwork, hasestablished that newly activated cells underdgreamic migratiorthat
occurs subsequent to initial antigen encounter. uges T cellout of the paracortex, into
more peripheral regions of draining lymph nodes. This migration directsraeli®gions
rich in antigen with new opportunities foellularinteractionghat are not available within
the paracortexThe pecise understanding of how this is spatially regulated and how this
promotes effector differentiatias only beginning to emergé&his section will detail our
current understanding of T cell positioning within lymph nodes and how dynamic movements
between specific sdbrgan niches determines the outcome of T cell fate decisions for both

CD4" and €D8 T cells(Figure 1)

3.1 Spatialrequirements for the differentiation of effector CD4ells

Following aetivationCD4" T cells can differentiate into a heterogeneous population of
effector T eells that control immune outcomes. These T helper (Th) subsets, whide inc
Thl, Th2, ThLZ]I follicular helper cells (Tfhandinduced Tregulatory cells (Treg

facilitate the generation of speciad immune responses to mediate clearance of diverse
pathogen$’. The differentiation of CD4T cells into Th subsets is driven by cytokines and
instructed by master transcription factarbe cyokine factors that control this process have

been well elucidatedh vitro and rely on unique instruction from antigen presenting cells,
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primarily DCs /n vivo*?2 Work from us and others has identified how this process is
temporally and spatially orchestrated within draining lymph nddéglly we found that
antigenspecific T cells upregulate the CXCR3 following initial DC engagement. This
chemokine receptavaswell established to facilitate migration of cells out of lymphoid
organs andsintorperipherally inflamed tiss@iesherefore, we werimtrigued to find that cells
stayed within draining lymph nodes for over 48 hours following initial CXCR3 expression.
By combining T cell tracking witla Thtinducing vaccine strategy, we found that T cefie
CXCRS3 togmove rapidly out of the T cell paoaex irto more peripheral regions of draining
lymph nodes, the medulla and IERThis process was tightly controlled through expression
of the CXCR3 ligands, CXCL9 and CXCL10 which we found expressed in these peripheral
zones. Importantly, following both vaccination and viral infection protocols, we found that T
cell migration t6 these peripheral zones strongly correlated with increased differentiation int
Th1 effectors, as maekl bythe production of IFN, TFNa, and IL-2 % This work was the

first to demonstrate the unique spatial requirement§tiarcell differentiation within

draining lymph nodes.

A major question following this work, is how universathis migration pathwajor other
CD4" T helper lineagesPhere exists scant information regarding the positioning of newly
activated h2.and TR7 migration within drainindymph nodes. One study has demonstrated
themigration of T2 cells out of the paracortex into téRs directed by CXCRS5 following
Heligmosamoides polygyrirafection®®. The relocation of cells into this suivgan niche,
providedthe signaldo increase effector differentiatipim this setting, increasemoduction

of IL-4. Another studyras demonstrated tltemmitment of 1l-17 producing innate
lymphocytes.in.this region, followinigteraction with SCS macrophageiowever, no such
studies yet.detail thimcalizationfor Th17 cells. The most convincinines of evidence for a
shared CD4T.cell migration pathway, exist f@ffector lineagethat occur in parallel with
Thl cells,the™Th'and Tegfates(Figure 1).

Followinggviral infection, Th and Thlcells differentiate under similar inflammatory cues
and upregulateharedranscriptional progranfs?® Notably, this expression includdse

Th1l lineagespecifying transcription factor,-bet, which transcriptionally regulates CXCRS3
232731 The point of bifurcation between these cell fatemisrea of intense research

however the spatial location of where these effector fates diverge has nétlyeen
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reconciled. Several studies have proposed a common precursor thaat®iksactivation
3032 \while, others propose these differentiation processes are intrinsicallgtsepaor to
initial proliferation eents®. Intriguingly, themigrationpathway for newly activatedff

cells parallels that described above fodTcells, wherey newly activated cells rapidly
migrateout ofthe T cell paracortex and align at the T:B cell boafetar Tth cells, this
occursprior to travellingdeepeinto the follicle to participate in germinal center (GC)
reactions"**#"While not directly tracking T cells following CXCR@ependent interactions,
Woodruff et al, demonstratethat these interactions the draining lymph node medulla and
IFRs correlate with GC formation and protective antibody responses. This work subgests
CXCR3CXCL10 interaction®utside the paracortex are atsdical for Tth cell
differentiation/follaving vaccinatior?®. Countetto thisargumentthe upregulation of PD-1
by Tfh cells'Wasshown to directly suppress the expression of CX&R®&/hile not
specifically discounting a shared requirement for CX@IR8cted migration in the
differentiation of Th1l andfh cells, this implies tha€XCR3-dependent interactions need to
beblockedto allow Tfth accumulaibn within GCs*’. However, CXCR3 can highly expressed
by Tth cellsfellowing viral infection®', andthus the precise rolef CXCR3 on Th cell
differentiationremainsunresolved. Further, several studies have highlighted the potential
shared differentiation path for Tfth and Th2 cells, followiig/igmosomoides polygyrus
infection or heuse dust mite challerf§&® Combined these worlssiggest that Tth cells
adopt different migration strategies depending on the infectious or allerdgazights

however this is yet to be fully appreciatétbw CXCR3 alter Tfh function is also currently
under debate. Several studies have used CXCR3 expression on human circfiiatelis as
a biomarker of vaccine efficacy and B cell memdr. In contrastCXCR3 TFH have been
shown to be superior helpers of B cells compared to CXGRBI “**3. Therefore, it remains
unclear howCXCR3'" Tfh cellsimpactprotective humoral responsésitimately (as
discussed'below) the relevance of CXCR3 @imdifferentiation and functiomaybe

impacted bythetinfection environment.

Another CR4'T cell subset thavhose differentiation istertwinedwith Thi cells, is that of
the effector Tegcell. Functionalspecialization occurs within thedg lineage to enable
contextspecific tailoring of suppressidfi The differentiation of Th1Freg cells peallels
that of TH. cellsandthese cells specifically suppresdésl cellsresponse&>*®

Interestingly, as Tregellsact within lymph nodes to shorten the length of stable T:DC

interactions, one mechanism of suppression during early primin¢senen be taalter the
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positioning of cellsnto different lymph node niches, or suppress thed2@ved chemokines
4’ Th1Tregcells arechiefly identifiedby their expression of bet andCXCR3 suggesting
similar migration and cellular positioningad to this fate outconf&“® While the specific
positioning of Th1¥reg cells has not bed¢racked during their differentiation, in comparison
to circulating Tregs, effector Tregs exhibit lower CCR7 and increaX€R3 expression
suggesting they are capable of migrating out of the T cell paracortex and into the cortical
ridge and IFRS of draining lymph nodEsTh1-Tregs upregulate-Betvia IFNy stimulation,

in a manner similar tdh1 cells®®. However, they exhibit reduced responsiveness to IL-12,
due to deficieney in IL-12B2 expression. \Wetherthe absence of 122, whichdrives ths
fate decision,towardsegulatory cellsather than effector Thls determined prior to or at the
point of initial/activation their decisiois unclear®.

3.2 Chemokine receptor control of CDB effector differentiation

While it is undecidedf all CD4" T effector lineages share the intranodal positioning
observed for. Thl cell differentiatioseveralines of evidence indicate thaifferentiation
pathway forshertived CDS' effectors.The direct priming of CD8T cellshas been shown
to occur in‘thexeortical ridge and IFRs of draining lymph s8dé Following this, sveral
studiesdescribedhat CXCR3 expression plays a critical role in the T cell fate decisions of
CD8' effectoreellfollowing viral infection.Combined, iesestudies demonstratdie
differentiation of effector cells is curtailed f6XCR3-deficient CD8 T and differentiation

is instead skewed towards the generation of memory precafsark addition,an increase
in surface expression of memompxpression of CD127 and reduced KLRG1), CXCR3-
deficient T cells exhibited reduced production of CD&erived inflammatory cytokines
IFNy, TFNagang I1-2 >3, These studiesorrelatel the CXCR3dependent differentiation of
effector,cells,with CXCL9 expression in theargnal sinus of the spleemhere virus was
also detected™>3 Further,over-expression of CCR7 promoted T cgjuesténg in theT

cell zone, blockingCXCR3-dependenmigration andexacerbating the increase in memory
differentiation®® However, these studies did not examine the presence of inflammatory
gradientsrand movement of antiggmecificT cells within draining lymph nodes. Subsequent
to these studied; cell priming CD8 T cells with high affinity antigewas shown to be
associated with theapid relocation out of the lymph node paracortex and into the IFRs,
similar to what we have demonstrated for Th1 differentigt®nThis study used an antigen-
pulsed DC transfer model without additional inflammatory stimulasarprisingly
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illustratingthat viratinduced inflammation was naeededor theintranodal migration of
CDS8' T cells This experimentasystemwasalsounable tadetermire the differentiation
between effector and memory precursors or rehdtanodal migration to the production of
effector cytokinesHowever,combined with the previous work demonstrating reliance of
CXCRS forTcell effector differentiation, it is likely these the migration path described by
Orgaet a/in lymph nodes is an essential requirement for this fate out¢bidewever, this

still remains to beonfirmed

3.3Positioning,of T cell memory

Where memorydymphocytes reside within lymph nodes is an area of intengeheséian
with contraversial and conflicting outcomes. Recently, the subcapsoléerative foci
(SPF),a novel structure positioned between the subcapsular(8@&and B cell follicle

was described in draining lymph nod&sin this site, memory B cells are prepositioned and
found together with memoryfif CD4" T cells®>>*® Upon secondary challenge, both these
cell typeswere reactivatedral interact within te SPFwith further interactions between both
cell types and.CD16%BCS macrophage®hile a subset ofnemory B cells residing within
the SPF express€iiXCR3, it remains unclear if this receptor is required for this location in
the absence ofinflammatio8imilarly, it is unknown if other CD4memory T cells, in
addition to Th.eells also residavithin this niche. One study has described CD8nemory
cells prepositioned in the cortical ridge of lymph nodes, adjacent to the B cell follicle, albeit
notdirectly adjacent to the SG& shown for memory B cells an¢hT®. Again, whilethese
CD8" memory T cellsalso expresse@XCR3, this expression, nor that of other inflammatory
chemokine receptors, could explain residency in this zone. Further, this prepositiaging w
not found in other experimental models, where Cm@moryT cells have been observed
residing within the T cell paracortekongsidenaive cells’. Despite these differences in
initial positioning of memory cells, these studies both described theR3XiEpendent
recruitmentofmemory T cells to tiieRsrapidly following secondary challend&®®

Indeed, unlikesnaive cells that require time for CXCR3 upregulahenmmediate
recruitmentsof memory cells correlates with increased effector fundtiong memory
responsesThese studies highlight the abilityrapidly move into théFR of draining lymph
nodesasa key feature of T cell memory allowing prompt eradication of viral pathagems
secondary challengés discussed below, the IFroduced by memory cells during

secondary challenge leads to a positive feedback whereby CXCL9 expisssmrased by
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SCS macrophages. This in turn, increases the accumulation of memory cells dedpi t

in contact with SCS macrophagé@$® At first, these results appear counterintuitive, with the
studies suggesting that the absence of CXCR3 promotes memory cell dédfererand
function at the expense of effectdts®. However, this work is can be unified in a model
where CXCR3plays a multifaceted role, which appears to be differentially required at each
antigen encountem support of this modelhe increased cell dynamics of migration for
memory résponses compared to naive TD8ell priming implies a striking difference in

the DCs with which naivand memory cells interatt This differencegeographical priming
locations of suggestiistinct DC subsets prime naive and memory egltbwvould reduce
competition between these populatiGhsrurther, the differentiation &D8" memoryT

cellsin the@absence of CXCR3 interactions, may allow compensmechanismby

alternative chemokine receptpssich as CCR3hatenabledFR recruitment in CXCR3

deficient cells*®,

4. Why.is spatial redistribution important for effector differentiation?
A major and.unresolved question for the field is vanglFRs such powerful promoters of
effector differentiation? Is it alue to the increasetknsity of antige? Or are therdistinct
cellular interactions occurring within this compartment to facilitate this differentiation path?
It is likely a combination of both these factors sum to determine T cell effector
differentiation.

4.1 Antigendose and affinity influerescell fate decisions

Both antigen-loaded migratory DCs and free viral particles arrive at draymmghinodes
through the SCS. Herfree antigen particles are sequestered by the cells of the SCS and IFR
%, Indeed the capture of virus by CD16SCS macrophages is important to preveriesys
disseminatior®#?° The migration of cells into the cortical ridge and IFRereforebrings
them closertottheddgh antigen deposits. Interestingly, Chahd CDS cells require
different antigen doses for the activation, such that'CD&llIs require a higher antigen
dose to upregulate CDB8 Further, persistent antigen such as that seen during chronic
infection pushes CO4T cells down the Tfh lineag&>® This feature could help explain the
different geographical priming location and DCs responsible for priming tledsearly
during infection**>%® CXCR3 drivesT cells into lymphoid regionthat arehighestin
antigen™>1%! Thisincreases the contact of between T cells and infectedarellpotentially

the duration or number of DCs that these cells encounterrupted exposure to antigen
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reduces the cytokine production and effector functiaméle insteadgpromoting memory
formationof both CD4 and CD8 T cells®*® Combined, thisvork suggests that increased
antigen dose is a key mechanism for acquisition of effector status followiniR&#iGcted

migration.

In addition'to antigen dose, affinity for antigen also plagsyarole for the cell fate decisions
of T cells. ForCD8T cells, the link between high affinity responses and CX@iRS:ted
migration has been demonstrated in an elegant study by&zga”. In this study, DCs
loaded with.antigen of different affinities were transferred into host mice aiggm@apecific
T cell positioning was tracked in 3D. High affinity antigen stimulation led to the CXCR3
dependentirelocation of Blts into the IFRslInterestingly, there is conflict over the role of
TCR signal'strength in the determination of fate choice between Thl and Tth dalks. W
some have shown that high TCR signals favors Tfh, the reverse has alsieimesstrated
3384 1t is likely other environmental factors, including but not limited t&lsensitivity and
upregulation of CXCR3 also influence the bifurcation of these cell fates depending on the
infection and.exp@emental setting

4.2 Peripheral'lymph node nichestes for unique cellular interactions

In additionthestrapping and increased exposure of antigen, the SCS and IFRs of draining
lymph nodes offer T cells an abundant supply of proinflammatory cytokines and unique
cellular interactions that may promote T cell effector funct®@Sand IFRmacrophages are
rapidly infécted by lymptborne viruses and can relay antigen into the B cell foftit}2

While these cells participate in theaetivation of memory cell®® it is unclear how they
individually contribute towards increased effealdferentiation In mice depleted of all DC
subsés, T cells can stably interact with infected macrophages, howeveeshiss in
suboptimal.cell.proliferation or IFNproductior®. This however, does not discount an
additive effectwhen both lymph node DCs and macrophages are phetarpstigly

CD169 SES'macrophages may play an indirect priming role in IFRs, via the presentation of
lipid antigens to NKT cell§®. The presence afctivated NKT cells in these regions may then
either act to premote T cell recruitment through induction of CXCRS3 ligands, otlgirec
influence T cell activatiorSimilarly, along withCXCR6" NKT cells, other innate
lymphocytes can be found in IFRslgiph nodes at steady st&térhese include CCR6
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IL-17 producing innate lymphocytdsK cells andysT cells”®. In contrastall these innate

lymphocytesaresparsely located in the T cell paracortex of steady state lymph hodes

5. T cell cellular partners: chemokine providers and fate regulators
A key strategyto identify the cellular plays importantébemokinedependent cell fate
decisionshas been thgeneration and study of chemokine reporter rhiciven the
complexity of the chemokine superfamily, this approach allows the celaulares of
multiple related ch@aokine ligands to simultaneously evaluated in time and spage.
chemokine.reperter strains have so far been desctibeREX3 transgenigeports the
expression.of CXCR3 ligands, CXCL9 and CXCL1@yhile the REC3 transgenic thatports
the expressior of C&8 ligands, CCL1 and CCL3". This approach is set to be widely
adopted for other chemokine families. While these strains have been valuableilmrdesc
the positioning of the cellular sources of chemokimegvo, future work will create a map of
these cellular sources and delserhow they individually and collaboratively impact T cell

fate decisions and detail the regulation of these ligands (Figure 2).

4.1 Dendritie cell sources of chemokine

DCs aréamajor source of CXCR3 ligands within draining lymph rfodésing a DC

transfer model;"we originally observed that DC-derived CXCL10 acts taaseitbe number
and duration of T cell:DC contacts during T cell primifigis increased contact time was
associated with differentiation into effectbnl cells”. The conventional DC (cDC) subset
performing this function was not identified and probably consisted of both cDC1 and cDC2
subsets. Itis now realized that lymph noedgident cDCs subseatsenot only functionally
specialized, buareuniquely positioned and individually atct facilitatethe complex
choreography of T cell priming*"°°®® Initial priming of CD8 T cells occurs in the IFR

and corticalridgé of draining lymph nod&s? In this area, CD8T form clusters with
infectedcDC2salthough, it is worth noting that during inflammation, the markers of cDC2s
overlap with»@D11bmonocyte-derived DCY °®%° Theseinitial CD8' T cell:DC clusters

did not include CDAT cells which were primed rapidly by migratory DCs, also within the
IFR ®%%8 | atérininfection,CD4" andCDS8' T cells cluster with XCRICDS" cDC1s°%%8

This subset is known to be thest efficient at crospresenting antigens to cytotoxic CD8

T cells, they producimcreased levels of HL2 and act as conduits for CD# cell help and

promote CD8 T cellmemory*”® In contrast to the initial cell priming that occurred in
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IFRs, CD8:CD4" T cell:cDC1 clusters were spatially distinct, in the T cell paracSPt&
Thus multiple, sequential T cell:DC encounters are required as T cells differentiate and their

final fate probably results of the sum of these encounters.

Multiple ehemoking and their receptoese upregulated at the time of T cell fate decisions,
which may€ontrol the spatial and temporal organizatio®6finteractions"** "2,
Interactons'in'the IFR and cortical ridge appear similar to the upregulation of CX@&1L9 a
CXCL10 in this regiorf. Although the precise DC-source of these ligands in this niche has

not been elucidated, deficiency in CXCR3 for both CB8d CD4 T cells reduces clustering

and contact time with antigen presenting cells, suggesting a critical role of in T cell priming
281 |n contrast, 'CCR5 ligands have been shown to determine the clustering 'o€OBST

cell:DC within the paracortex and as such may mediate the interactions that promote memory
differentiation’*"* However, CD8T cells can differentiate towards a memory fate in the
absence of CCR%. Within tumors, it appears that cDC1s express CXCL9 predominantly,
however itiis unknown if this is similar within lymph nodes, as the tumor microenvironment
can act to suppress and perturb chemokine expre¥siithus, the dote-dot map of

chemokines that move T cells betwesmguential D&ncounters has not been articulated.

The uséiefehemokine reporter mig#l assist in resolving these questiéns

For CD4 T cell'effector differentiation,idcrepancy has arisen over the primary and required
cellular sources that determine priming of Thl verses Tth cells. While someésariéed

that Tth differentiation can occur independent of any priming DC population, othei/spe
the cDC2s at the T:B boarder are required and sufficient for this patAiwaintriguingly,

this is the same cellular site of REXBCs that induce Thi While this is again suggestive a
shared pathway for these CDRB cell fates in some settings the role of CXCR3 ligands in the
differentiation.of Tfh has not been tested. Combintealhypears that Thl verses Tth fate
decisions arefar more dependent on inflammatory status and infection type, tsamdeci
regarding GD8T cell effector priming.

4.1 Stromal cells

The second major cellular source of CXCR3 ligands is the lymph node stréhese cells
provide the structure and scaffold of lymph nodes to facilitate cell positioninghabteer

cell migration and interactioh We have described that the stromal cells located in the IFRs

upregulate both CXCL9 and CXCL10 following vaccinatfohese chemokines work
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together to facilitate CD4T cell recruitmeninto this area. SubsequentyXCL9 was

shown to be produced by an activateticular fibroblaspopulation thatesides in both the
paracortex and IFR of resting lyin nodes®. While the role of the stromal network in
facilitating cellular interactions is widely appreciated, fascinating new research has
demonstratedrthat stromal cells can directly alter T cell proliferation and differenffation
Therefore{it is currently unclear if stromal egérivedchemokines adolelyto bring T cells
within range of unique DC populations or other cells within the IFRs, or if they thesgabtr
cells directiinfluence T cell fate changes within lymph nodes.

5 Targeting lymph nodes to optimize T cell effector differentiation

Vaccines have been the single most effective public health intervention ever developed,
savng the lives‘of millions worldwideDespite successes, considerable challenges remain for
the development of vaccines against recalcitrant global infections and to adwéiraacer
vaccine€?® |n particulay vaccine development for cancer, AIDS, tuberculosis and malaria,
will require.cellular immune responses, especially a strong" G22Il respons&”®2

Insights inte.the/spatial regulation of T cell fate decisions has led to strategies that target
vaccine delivery to lymph nod&% Several vaccine vehicles can be used to target delivery to
lymph riede$® These predominantly fall into two categories of vehicle. Firstlgaied

“hitch hiking.vaccines” such as those containing an albumin binding site attached to the
vaccine cargo. These hijack the roleatifumin as a fatty acid transporter, drain through the
lymphatics to arrive and be captured in the lymph {88& This approach applied to a

cancer vaccine strategy has demonstratedfal@0ncrease in T cell priming with sustained
tumor growth regressioif. The second approach is via the use of nanoparticles, including
silica nanoparticlesfor targeted lymph node delivery of subunit vaccfié3® These

particles are rapidly taken up by lymph node Di€adling toocalization within the IFR and
potent activationyoprimarily CD8 cDC1s%®". Again, this lymph node tgeting strategy

leads to improved vaccine efficacy with increased antggetific T cell proliferation and
effector differentiation resulting in protective immunityterestingly, nanoparticle targeting

of vaccine.eomponents to lymph nodes has been associatedKvitbll expansion and
activation, along, with CDBIFNy induction®’. Further, nanoparticle delivery targeted to
tumor draining lymph nodes is also associated wittaeodd efficacy of anticancer vaccines
81 Compared to soluble vaccinéisese methods substantially reduce the systemic side

effects of TLR agonist vaccine components, reflecting their low concemsatitsidette
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lymph node$*®¢. The increased efficacy and safety of these vaccine approaches was found
to lie in the ability of antigen to deposit and activate DCs within the IFR, in a similar manner

to that as shown for viral particl&&®*%°

In addition tervaccine machinery systemstigens must be associated with appropriate
adjuvant systems to upregulate appropriate chemokine ligands with th€HiSRs essential

in order to"draw newly activated cells into these regions and promote beneficial T cell:DC
interactions. @ndidatammunostimulatory methodsuch as Clec9Awhich target antigen to
cDC1s for cross presentation, andCiyclic dinucleotides, which are potent indusef IFN
geneshold'promise tact in atargeted fashioand optimiz CXCR3dependent interactions
6386 Furthef, the activation of KALAMED as a DNA vaccine carri¢ras duel functionality

to increase DNA delivery to DCs and act as an immatimeslant®

. This leads to strong
induction of DC-derived CXCL9 and CXCL10 and when used as a DNA vaccine packaging
system results in reduced tumor burden. Thus, rigorous testing of TLR ligands and adjuvant
systems intie context of CXCR3 ligands would be beneficiatiédermine optimal

stimulation.that.drives T cell migratidawards protective T cell responses.

6 Environmental cues that determine migration

A cornerstone-of immunity is its flexibility and adaptability. It is interesting to speculate how
diverseimmune responses affect cell migration and cell fate decidhatsogerdirected
diversity likely occurs at both the level of regulation of chemokine receptor andtiegudf
ligand induction. In this way theaghogen typ@nd cytokine milieu together amrdinatethe

outcome of T cell fate decisioby controling cell location and interactior(&igure 3.

6.1 Environmental control oeceptor expression

The molecular.control of CXCR3-dependent movement is through the regulation of T-box
transcription-factorsprimarily T-bet (encoded by Tbhx21) and a related factor, Eomesodermin
(encoded bysEome$}®° Notably, the defect in effector cell differentiatiandreciprocal
increase_insmemory precursor differentiation is similar between mice defici€XGR3, T-

bet and IFNAR 3992 This suggests that these factors work in conedngrebyviral

induction of type-I IFNs leads to the inductiohT-bet which transcriptionally regulates
CXCRS3 expression. The regulation and requirement lo¢fTis interesting in thisystem, as

it exhibits graded upregulation, depending on the infectious challenge and cytokine

(primarily IL-12 and IFNY) milieu ®*. Further, in siings where Tbet is over expressed,
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either experimentally or due to a loss of COi4cell help, the effector differentiation of
CD8' T cells is reinforced witheciprocalloss ofmemory precursor®°% While not directly
observed/n vivothis maybe due to greater CXCREependent interactions in the peripheral
zones of draining lymph nodes. Althouigits difficult to separate the intrinsic role offiet

in controlingeffector differentiation, these results may suggest that CXd&p@ndent
interadions reinforceand stabilizeT-bet expressiof”®* The reversef this model suggests
that following pathogen encounteheretype| IFN, IFNy or IL-12 inductionis lacking such
as those skewed to Th2 or Th17 milieuféfand CXCR3 are insufficiently induced and
cell positioningsand T:DC interactions that would otherwise proiG&8" or Thleffector
differentiation_do not occur. This idea is supported by the heightened Th2 and Th17
responses’of Betdeficient cells’**°. However, itis unclear if other chemokine receptors
are inducedn thesesettingsin vivoleadng to therelocaton of T cells out of the paracortex
into the IFR of draining lymph nodes.

The expression of betis regulated by transcription factors BATF and IRE4These act in

the first 2472:hours of initial TCR activation and their upregulation depends cexteaded

T cell-DC interaction®bserved with presentation ligh affinity cognate antigelf. CXCR3
upregulation inthis setting drives cells into the IFRs to promote increased effector
differentiation®* While increased antigen affinity and abundance leads to increased CXCR3
expression anghcreased effector function, it is interestilognote that this is altered during
persistent antigerin these settings, such as in cancer or chronic viral infegteaistent
antigenleads to down regulation of Bet®’*® While overexpression of et restores CD8

T cellsin chronic infection, whether the mechanism for this is primarily through cell intrinsic
transcriptional programing or through upregulation of CXCR3 and altered ceibpwsy, or
both, is currently unclear.

6.2 Environmental control of chemokine ligands

The upregulation and cellular sources of CXCR3 ligands act as an instructior rpaijolet
newly activated T cells around lymph nodes. We currently have limited undenstarfidi
how these ligands are regulated beyond Thl-inducing vaccination and primary viral

infections.
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All CXCR3 ligands are strongly induced by IFN In addition each ligand is differentially
regulated by typeédFNs, where CXCL3s poorly induced by either IFdNor IFNB, while,

both CXCL10 and CXCL11 are induced by these cytokinBsiring viral infection ttese
differencedranslate tovariancesn chemokine expression between primary and secondary
challengeCXCL9 is minimally expressed in primakyCMV infection, but strongly induced

in secondary infection due to the increased and rapid induction gfolfFiemory T cells

and NK cells®*° The expression of CXCL9, in addition to CXCL10, in secondary responses
furtheracceleratethe rapid relocation of memory cells into the IFRs adjacent to the SCS
thus creating asfeebrwardchemokine loop to ensure additiomatruitment of memory
cellsto this'site®®* In addition CD8 T cells themselves may participate in this
inflammat@ry/loap, through their own expression of CXCt40Importantly,in vivo,
blockingIFNy and IFNx has the sameffect on T cell location as hosts deficient in CXCL10,

illustrating_the reliance of these cytokines for ligand inducifon

Differencesiinslxcell fate changes seen in different infections, such as chronic persistent
infections,/suggests altered induction and cellular sources of CXCR3 ligands, wiesh var
the migration map for T celléndeed it is well established that tlyenph nodestructure is
significantly.altered in HIV infection®’. Despite ongoing antetroviraltherapy, this affects

T cell fate.de€isions following vaccinatioff. Interestingly in this setting CXCR3 is

increased CD4T cells, and Tfh differentiation was reduced following vaccinatiarrhe
elevation of IFN in HIV perturbs CXCL10 expression in a SLAMF7-dependent manner and
alters the cellular sources of CXCR3 chemokitffésFurther, blocking of IFR during

chronic LCMV.infection improve€D4" and CDS8 T cell differentiationdefects leading to

protection:>#

Combined these studies suggest significant alterations in the regulation of
CXCR3ligands during chronic infection, however this has not be dissected in detail. W
have recently studied the inducers of the CXCR3 ligands in DC subset® using REX3
transgeniaeporter micé®®. This work highlighted differences in the potential of cDC1,
cDC2 and pDC populations &xpressither CXCL9 or CXCL10. Specifically, we found
that, following TLR7 stimulation, conventional DCs (cDC1 and cDC2s) uniformly
upregulate CXCL10. CXCL9 expression was induced in all cDC1s but only in half of the
cDC2cells. Induction of both CXCL9 and CXCL19 this system wasntirely dependent on
signaling through IFNAR, as either antibody blocking or receptor deficietayned

chemokine expression to baseline. In contratftechemokine induction observed in cDC
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populations, production withinQpCs wassubstantialljess No CXCL9 expression was
observed in pDCs and stable populations of CXClakl CXCL10were distinguished
Indeed, we show that heterogeneity within DC compartments can be defined by chemokine
expression, suggesting that DCs with different chemokine expression poteaytial m
differentially=eontribute to T cell fate decisiomsvivo. While this is a beneficiapproacho
understand the induction of chemokine ligands in different cell types, our resalts al
exposedlifferences'in chemokine expressionmisvoisolated andn vitro derived DC
populations™®>. This suggests theitical next step iso determine how these ligands are
differentially, regulatedrn vvo, following differentinflammatorystimulation These
investigations aressential to establish if thieduction of these ligandgo awry during
chronic conditions and contribute inefficient effector responses during infection, cancer
and autoimmune disease. Indeed, perturbations of infectioprasence or absence of
inflammatory signals not only changes the chemokine mapyibulso alter the makeup of
chemokinecellular sourced®™19¥%51% Greater knowledge of the cytokine regulation of
chemokine.ligand inductioim these differensettings may highlight new avenues to return
ligand expressioto thatobserved following acute viral infection, where CXCR3 ligands
induce a balancef effector and memory T callifferentiationleading topathogen

eradicatiorestablish londasting protection.

7 Balancing the multiple migration cues that influence T cell fates

Complexity within the chemokine superfamily means thatlevel of regulation and
interactions in three dimensions is difficult to resolve. Inddezipalance of multiple
migration cues is complicated byeeseparate, but not mutually exclusive, features of the
chemokine superfamilfFigure4).

7.1 Biased ligand signalingithin chemokine families

The first major:consideration is that the number of chemokines outnumber their receptors
leading to competition withimdividual receptor familie&. For this reason, it has been
somewhat.easier to determine overall function of individual chemokine receptors, using
knockoutreportermice, rather than pinpointingspecificfunction for each ligand.

Much d work within individual chemokine systems assumes that multiple ligands for any
given receptor act together to promote similar receptor functions. Howeiferent
experimental and disease settings, the role for multiple ligands maybe sharedratliabo

redundant or antagonistic. This is true of the CXCR3 family, weacbkligand binds and
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interacs with CXCR3 via aunique mechanismnd can elicit distinct responsed herefore

it is the expression oheligands andnot the receptor thattimatelydetermines T cell
differentiation outcomes. As discussed above,dkisndshe requirement to understattn
precise cytokinenilieu that differentially upregulates each ligand, by individual cellular
playe's inssettings that establish appropriate T cell differentidffdThe hierarchy of
bindingandhow this impacts individual, competitive and balanced migrationwiib

lymph nodes olléWig infectionor vaccination is not well understobdThe generation of
chemokine chimeras in the CCR2 system have proven valuable to determine how selective
binding influences®’. This strategylong with the mutation of receptor binding pockeils

proof an eleganivay to identify targets of small molecutehibitorsthat mediatespecific

chemokinefufiction"1%8

7.2 Bias between chemokine receptors

The complexity of the chemokirseiperfamily is additionally complicated by the binding of
single chemokines to multiple receptors. Tinsanghe absence or presendeatiernate
receptors can.impact tilsggnaling and function of chemokine. Recently the impact otidess
begun to beppreciated in the context of atypical chemokine receptors. Unlike typical
chemokine receptors, these do not couple fwd@eins and therefore do not mediate cell
migration. While'it was originally proposed that this inhibited migration by mopping up
chemokine. It is now clear that atypical chemokines work alongside their tyghieenokine
receptor counterparts to shape chemokine gradientgo, in effect improvinghe
directionality ofmigration®'*® Again, a sophisticated approactdetermire the function of
individual receptors in this setting is the generation of chimeric chemokinebinating
specific to an individual receptor. Recently a chimeric chemokine was described that
specifically.binds to the atypical chemokine receptor ACKR3 (previously CXERT)se

of this chemokine botin vitro andin vivo will help determine the function of this receptor,
with the exelusion of interference from both CXCR3 and CXER4ross talk between
CXCR3 and-ACKR3 will be important to determine in the context of T caldatisions

within draining lymph nodes.

7.3 Competitive ligand signalingetweemmultiple chemokineeceptors
Finally, T cells do not upregulate chemokine receptors in isolation. During lymph rtede fa
decisions, CD4and CD8 T cells downand upregulatenultiple chemokines dynamically

following their different cellular encounterBhis incompletely understood phenomeiimn
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critical for our understanding of how T cells sequentially move between different DCs
subsets during lymph node priming events. Asd$sed, often these DC contacts are
determined by unique chemokine receptors, making it unclear how T cells move between
these DC encounters. Competing receptor expressicals@aesult in the formation of
chemokinereceptor heterodimers, which exhibit unique binding, internalizatigh and
arrestin re€ruitment compared to individual recepttr§? Combined, this complexity in
receptor expression may lead T cells to be pushed and pauleadd different cellular

interactionsdepending on the combination of receptors on the cell surface.

Migration of activated T cells out of the paracortex relies on the downregutatCCR?7.

This occurs simultaneously with upregulation of inflammatory cells to release ties with the
paracortex and facilitatmovement into peripheral lymph node zoh&s**!¢ Upon
activationCD8" T cells upregulate CXCR3 in concert with CCR8**%? How these
chemokine_receptors either work toget{mragainst each othetio direct cell contacts and
determine cell fate outcomes is uncléatriguingly, CCR5-dependent interactions may lead
to enhancedymemory precursor differentiation, while CXCR3-dependent interactomster
shortterm ‘effectors™>%°%"? Potentially this indicates that each chemokine family
differentially regulates different fate outcomes. Although how this is regulated when both
receptors areniformly upregulated by COST cells upon activation is unclear. In addition,
this differential fate outcomes do not always segregate with each recepkmhimeieret al
has demonstrated a shapathway to promote effector fate differentiation with a loss of
memory>2. Anotherexamplewhere the expression of multipieceptors play an essential
role in the fate decision between Th1 and Tfh cblwly activated CD4T cells express
bothCXCR3.and CXCR **> While both may be important threct cells to the cortical

ridge and T.B boarder of draining lymph nodes, what happens beyond this peinfdcce
each fate.is.uncleafs discussed above, work by Stia/ highlights that CXCR3
interactions"need to be actively suppressed to allow the Tfffatais can occur through
PD-1 suppression, howevehe presence of CXCRJfh cells demonstratehis is not always
the casePotentiallysuppression of CXCR3 ligandsthe cortical ridgalsoallows for entry
into GCssomessettings.

8. Moving autside the lymph node
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While the precise chemokirexpressing cellular partners that facilitate T cell effector
differentiation are still be elucidated and optimifedimprove vaccine approaches, the
opportunity has also arisen to apply our knowledge of lymph node dynamics into peripheral

tissues and tumors settings.

8.1T cell priming in peripheral tissuegeneration of efficient memory
Long-term'tissueresident (Trm)ells maintain residence in peripheral tissues at the site of
cleared infection and have been identified in the stasal and vaginal mucosa, central
nervous system, salivary gland, lung and intestind his strategic tissue positioning allows
Trm an enhanced capacity to fight reinfectmrer circulating memory T celf$®. Thus,

there is mych‘interest in how to optimize the local differentiation and effiectotion of

Trm cellsin‘order to protect peripheral barrier sites from recurrent infedfibnle CXCR3
deficient cells show a defect in Trm differentiation anduenulation within the skin

following HSV-1 infection, this chemokine system does not appear to play a role in the
continued 'scanning and cellular dynamics following local differentiatich® However,

these study.did.not determine how CXCR3 may alter local protection upon secondary
challengeHowever, his has been determined in a study investigating Trm recall responses
within the"hasal associated lymphoid tissues (NA*T)While these tissues are not a site for
peripheral priming of naive T cells, recall responses are rapidly intheceth a CXCR3
dependent'mannét®. Interestingly, h addition to providing local protection from

reinfection, a recent studiemonstratethat Trm cells also play a central role in tumor

surveillance andontrol*?°

8.2T cellrecruitment angbriming withintumor microenvironments

A central strategy for the development and improvement of immune checkpoint thiesape
in canceris.to.inease the recruitment of NK cells CDBcells to the local tumor
microenvironment®!. Smilar mechanismsnayregulate the priming of CO&ffector T by
DC populatiens‘within lymph nodes and the tumor microenvironniémttargeting of
chemokinesnetworks towardis optimize recruitment and NK and T celffector function
within tumors isarea of current intense reseatth The expression of CXCR3 has emerged
as a critical regulator of CO& cell recruitment into tumors? Indeed, tumors can down
regulate expression of CXCR3 ligands epigenetically, reducing the number of tumor

infiltrating CD8' T cells and tumor outcomé3 However the effect cEXCR3 ligand
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expression may depend on the cellular source, as cancer stroma expressiohtd CXC

correlates with poopatientsurvival**

The interplay between RD and CXCR3 expression is highly relevant to the functionality of
tumor-infiltrating' T cells and their responsancer therapeutics. The before mentiotean
regulation/of CXCR3 by PD-1 durintfh differentiation, maylsooccurwithin the tumor
microenvironment, 'where PD-1 is highly expressed by exhaGi&i T cells*”. However,
this may also be reciprocally regulated, T-bet can repress the induction of R2tering

the responsiveness of Cb&ffector T cells during chronic infectidh Recently it was
determined,that’'anf?D-1 treatment acts to increaédNy andcDC1-producedL-12 within

the tumor microenvironmenimportantly,this is a critical mechanisof therapeutic success
124 As described above, both these cytokines arengisl regulators of CXCR3 and its
ligands.Increasing tk IFNy inflammatory milieu of tumors promotes the CXCRiBected
recruitment.of,chimeric antigen receptor (CAR) T cElfsFurther, checkpoint inhibition
through TIM3 blockadéeads tdL-12 induction of CXCL9 by cDC1s and subsequent
CXCR3-dependen€D8" T cell recruitmentAgain, this mechanism synergizetith
chemotherapyodmprove tumor clearandé Combined, his work leads to an attractive
hypothesis. where CXCR3 and its ligands play a critical role in the effeesgeof
checkpoint.inhibition during cancer therapy. However, how this révolary treatment
strategydirectly impacts intraumoral priming of T cells in a CXCR8&ependent manner
remains to,be fullglucidated Approacheshat increase the expression of CXCR3 by either
natural or CAR tumospecific T cellsandbr increase thexpression of CXCR3 ligands in
tumor-resident DC populations are likely to yield additional therapeutic benefit

9. Conclusion
Multiple studies-have now demonstrated that CXCR3 migration cues are requireatiar sp
positioning of T'cells within draining lymph nodes. For both CBdd CD8 T cells this
migration drives T cell:DC interactions and movement out of the T cell paraeordexto
peripheralzones of lymph nodes, primarily the IFRs. This relocation and iniesate
critical for T cells to beame effectors following viral challenge and vaccination.
Development of chemokine reporters has and will continue to advance our understanding of
these critical event# vvo and provide answers as to why this path is required for effector

differentiation.Essential future work will (1) dissect how chemokine ligands work
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individually and in concert to influence cell fate decisions, (2) describe how thekimne

map that directs fate decisions variesing unique infectious onslaugf®) determineénow

to furtherexploit lymph node targetinigr vaccinedesign and(4) apply this knowledge

outside the lymph node, to enhance effector function within cancers and memory residency

within peripheral tissues.

Figure Legends

Figure 1 Intranodal T cell migrationetermines T cell effector differentiation. (1) Naive T
cells are located in the T cell paracortex, memory cells may either be located here, or
adjacent, in.the cortical ridge. (2) Cbdnd CDS8 T cells migrate out of the paracortex and
into the interfollicular regions (IFRs), between B cell follicles. (3) IFR migration correlates
with increased ‘effector function for CD8ytotoxic lymphocytes and CD4ffectors Thi,

Tfh and Th2. Chemokine receps mediating IFR recruitment for each effector lineage is

shown.

Figure 2 The use of chemokine reporters is a key strategy to determine cellular source and
location of.ehemokines. Micrograph shows 3D Light sheet of REX3 transgenic mouse
inguinal lymphnoddollowing LCMV -Armstronginfection (intravenous route, day 6 of
infection). Chemokine cellular sources are shown in red (CXCL9) and blue (CXCL10).
Lymphatic vessels are shown in white (CD31 staining).

Figure 3 Shared inflammatory cytokines determine the expression of both CXCR3 and its
ligands following viral infection and Th1 skewed vaccination. High affinitygemtj IL-12

and IFN lead to the upregulation of the transcription factor T-bet, which then directs
expression.of CXCR3. Combinations of H-ahd IFNu/p upregulate CXCL10 and CXCL9,
where CXCL9+is more strongly induced by H=Nmportantly, in alternate inflammatory
settings that fack this cytokine milieusbEt and CXCR3 and its ligands are not upregulated.
However other migran cues in these settings may still move cells into the IFR of draining
lymph nedes.

Figure 4 Comgexity within the chemokine superfamily that may influence T cell fate

decisions. T cells need to integrate and balamakiple migration cues (1) within the same
chemokine family, (2) with multiple ligands binding different receptors, withpedimng
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migration outcomes, (3) between different chemokine families when multiple receptors are

simultaneously expressed.
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