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Malariais caused by Plasmodium species transmitted by Anopheles
mosquitoes. Following amosquito bite, Plasmodium sporozoites migrate
fromskin to liver, where extensive replication occurs, emerging later as
merozoites that caninfect red blood cells and cause symptoms of disease.
Asliver tissue-resident memory T cells (Trm cells) have recently been
shown to control liver-stage infections, we embarked on a messenger RNA
(mRNA)-based vaccine strategy to induce liver Trm cells to prevent malaria.

Although astandard mRNA vaccine was unable to generate liver Trm or protect

against challenge with Plasmodium berghei sporozoites in mice, addition

of anagonist that recruits T cell help from type I natural killer T cells under
mRNA-vaccination conditions resulted in significant generation of liver Trm
cells and effective protection. Moreover, whereas previous exposure of mice
to blood-stage infection impaired traditional vaccines based on attenuated

sporozoites, mRNA vaccination was unaffected, underlining the potential for
such arational mRNA-based strategy in malaria-endemicregions.

With the advent of the COVID-19 pandemic, vaccines based on mRNA
have had a major impact on human death and suffering. By contrast,
the contribution of malaria to human morbidity and mortality has
increased, and various intervention strategies for malaria have been
negatively affected by the pandemic'. Development of a highly effective
malaria vaccine remains a major goal.

Malaria is caused by a variety of Plasmodium species, with sev-
eral capable of infecting humans®. There were 241 million cases of
malariain 2020 and over 627,000 associated deaths, the majority of
which were caused by Plasmodium falciparum infection of children
under Syears old'. Plasmodium species have a complex lifecycle that
includes a sexual stage of replication in mosquitos and two asexual
stagesinvertebrates’. Once introduced into the skin by mosquito bite,

sporozoites make their way to the liver, where they infect and replicate
extensively in hepatocytes. This stage is asymptomatic in humans;
however, withinabout 1week, merozoites are released into the blood,
where they cause cyclic reinfection of red blood cells (RBC) and all
symptoms of disease.

Although morbidity and mortality associated with malaria have
been reduced significantly in the past two decades, largely through
interventions that control mosquitos or by administration of drugs
that limit human infection, these interventions have been disrupted
by the COVID-19 pandemic, resulting in recent increases in disease
and death’. Even without the devastating effects of the pandemic,
drug resistance in parasites and insecticide resistance in mosquitos
necessitate development of an effective malaria vaccine’.

A full list of affiliations appears at the end of the paper.
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Malariavaccination strategies can be grouped by the parasite life-
cycle stage they target. For vaccines targeting migrating sporozoites
or blood-stage infection, antibodies have been the primary effector
mechanism. Several vaccination approaches have been used toinduce
antibodies against sporozoite surface proteins to impair parasites
before they infect hepatocytes. This is the basis of the first licensed
malaria vaccine, RTS,S, which has been broadly approved for human
use but is only moderately effective®. The limited efficacy of RTS,S is
in part due to the very short time window available for antibodies to
impair sporozoites during their migration to the liver; however, there
are also effects of antigen polymorphism and suboptimal vaccine
design’. Anewer related vaccine, R21, appearsto offer superior efficacy
butisatanearlier stage of assessment®’. Vaccines against blood-stage
antigens have been extensively examined and are being developed but
have been hampered by issues including antigen polymorphism and
redundant invasion pathways’. The third major vaccination strategy
involves generation of CD8 T cellimmunity capable of killing infected
hepatocytes, thereby preventing the parasite egress that results in
blood-stage infection and associated disease. Subunit vaccines against
antigens expressed during the liver stage have shown some efficacy
but have again been limited by antigen polymorphism; they are also
hampered by their probable failure to generate the most effective
form of CD8 T cell immunity, that is, liver tissue-resident memory?.
Oneapproachthat hasbeen highly effective experimentally is the use
of attenuated sporozoites that cannot progress to aninfectious blood
stage (the sporozoites are attenuated by irradiation, gene modifica-
tions or drug administration)”'°, When injected intravenously (i.v.),
attenuated sporozoitesinduce efficient protection thatislargely medi-
ated by memory CDS T cells". Although circulating memory CD8 T cells
may contribute to this protection®, liver CD8 Trm cells are the most
important effector population®'>". These cells reside permanently
in the liver, patrolling the liver sinusoids to assess for infection of
underlying hepatocytes®*. The crucial role of liver Trm cells has been
demonstrated by loss of protection after Trm cell depletion of mice
vaccinated with attenuated sporozoites®. Indirect evidence also sup-
ports a major role for Trm cells in humans protected by vaccination
with RAS™. Although this vaccination strategy has shown efficient
protection of malaria-naive humans in clinical trials™', its efficacy
hasbeensomewhatless promisingin the field, particularly in the face
of endemic infection™" ", Experimentally, this has been attributedin
part to immunosuppression caused by preexposure to blood-stage
infection, a potential barrier to vaccination®.

Considering the prominent protective role of liver CD8 Trm cells,
weand others have developed prime-and-trap®” and prime-and-target®
vaccination strategies that favor liver CD8 Trm cell induction. More
recently, we have used a glycolipid-peptide vaccination strategy*
thatrecruits help from type I naturalkiller T (NKT) cells, aninnate-like
T cell population that is enriched in the liver and found in various
other lymphoid and nonlymphoid tissues*, to generate large numbers
of liver CD8 Trm cells. These strategies induce effective protection
against liver-stage malaria but are limited by their complexity or their
peptide-epitope dependence. Peptide-based vaccination approaches
require knowledge of, and the ability to combine, sufficient human
leukocyte antigen (HLA)-restricted epitopes to ensure population
coverage. Currently, the relatively limited knowledge in this area”,
together with the prominent polymorphism of malaria antigens, makes
this strategy difficult toimplement. By contrast, nRNA-based vaccines
enable whole-gene (and protein) expression, potentially providing
awealth of epitopes capable of greater population coverage. Given
the rapid advancement and translation of mRNA-based vaccines in
response to COVID-19, we aimed to develop a protective malaria vac-
cine, using conserved genes, for generation of liver Trm cells.

Here, we show that although mRNA vaccination can induce cir-
culating memory CD8 T cells (effector memory (Tem) and central
memory (Tcm) cells), it is relatively inefficient at inducing liver Trm

cells or protecting against malaria. However, this deficiency can be
overcome by addition of an NKT cell agonist. The prototypical NKT cell
agonist a-galactosylceramide (¢GC), also known as KRN7000 (ref. 26),
was arelatively poor adjuvant for liver Trm cell induction; however,
chemical modifications to this molecule yielded efficient responses
and sterile protection against sporozoite challenge. Furthermore,
whereas previous exposure to blood-stage infectionimpaired vaccina-
tion with attenuated sporozoites, mRNA vaccination was unaffected
by this pretreatment, indicating that the mRNA approach may be more
effective in malaria-endemic regions.

Results

Trm cellinduction requires adjuvant

To test whether mRNA vaccines could induce CD8 Trm cells in the
liver, mRNA encoding the model antigen chicken ovalbumin (OVA)
was complexed in liposomes to form a lipoplex mRNA vaccine (see
Methods for preparation); this was then used to vaccinate micei.v., a
route shown to favor the induction of this T cell subset’. To efficiently
monitorimmunity, initial experiments used CD45.2 C57BL/6 (B6) mice
thathad undergone adoptive transfer of CD45.1-expressing CD8 T cells
from the OVA-specific TCR transgenic mouse, OT-I (Fig. 1a)”’. Seven
days after vaccination, analysis of blood from mice immunized with
the standard OVA mRNA (mOVA) vaccine revealed a robust increase
in OT-Icells (Fig. 1b, middle group), indicatingimmunogenicity. How-
ever, analysis of memory subpopulations from the liver (Fig. 1c-f) and
spleen (Fig.1g-i) on day 30 showed that mOVA alone induced circulat-
ing T cells (Tem and Tcm) but very few liver Trm cells. As our previous
studies using aglycolipid-peptide conjugate vaccine had shown that
help from type INKT cells enables efficient liver Trm cell formation?®,
we tested whether incorporating an active fluorescent derivative of
aGC, BODIPY-aGC (aGCg)*®, into our mRNA vaccine might improve
this response. Whereas relatively similar responses were seen with
this adjuvanted vaccine on day 7 in the blood (Fig. 1b, right group),
greatly enhanced memory T cell responses were seen on day 30
(Fig.1d-i), with astrong shift toward generation of Trmcellsin the liver
(Fig. 1e,f). Challenge of these B6 mice with OVA-expressing P. berghei
ANKA (PbA) sporozoites, which infect the liver, showed that nearly all
mice were protected from development of blood-stage infection when
givenasingle dose of mRNA vaccine, provided the vaccine contained
the NKT cell agonist (Fig. 1j). In this model, such sterile protection is
extremely difficult to achieve, but areductionin parasitemiaonday 7
can be used to measure more subtle parasite killing in the liver. Here,
there was no evidence of significant parasite killing unless the mRNA
vaccine was adjuvanted by the NKT cell agonist aGC; (Fig. 1k). Together,
these data suggest that NKT cell-mediated help is required for mRNA
vaccination to promote protective liver Trm cell formation.

Modification of aGC increases numbers of liver Trm cells

As our initial preparation of adjuvanted vaccine incorporated aGCj,
we investigated whether aGC itself was able to act as a Trm-inducing
adjuvant. We therefore compared memory T cell responsesin the liver
after vaccination with mRNA vaccines containing either xGC or aGCy
in mice that had undergone adoptive transfer of CD45.1" OT-I cells
(Fig. 2a,b). This showed that aGC; was vastly superior to «GC with
respecttoits capacity toinduce liver Trmcells. This outcome prompted
further investigation of alternative modifications to «GC and their
effects on its adjuvant activity (Fig. 2c). As «GC, differed by the addi-
tion of a large fluorescent BODIPY moiety that was attached via a
thiol installed at the 6-position of the galactose, we tested a simpler
structure that included the introduced 6-thiol without further modi-
fication (aGCs)* and another that had an amino group installed at
this position (aGCy)*° (Fig. 2¢). Either of these simple modifications
to the galactosyl-ring primary hydroxyl of aGC enhanced the capac-
ity of mRNA to induce liver Trm cells (Fig. 2b). This coincided with an
improved capacity to stimulate type INKT cells residentinboth the liver
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Fig.1| Adjuvanted mRNA vaccines caninduce liver Trm cells and protect
against sporozoite challenge. a, Scheme of experiment. Female B6 mice
underwent transfer of 50,000 OT-1.CD45.1 cells 1 day before vaccination with a
lipoplex vaccine containing 5 ug mRNA encoding mOVA alone or with adjuvant
oaGCg. Gating parameters for analysis of OT-I cells are shown in Supplementary
Fig.1.b, Percentages of OT-I cells within CD8 T cells of the blood assessed by flow
cytometry on day 7 postvaccination. Values for individual mice are shown, with
mean +s.e.m., reflecting combined data from two independent experiments
with one naive mouse and three vaccinated mice per group. ¢, Expression of
various cell surface markers on OT-IT cells isolated from the livers of mice
vaccinated with mOVA + aGC, on day 30.d-f, OT-I cellsin the liver: total OT-1
cells per liver (mean + s.e.m.) with individual values shown (d), percentage of
eachmemory T cell subset (mean + s.e.m.) (e) and cell counts for each subset
(mean = s.e.m.) (f). Dataare combined from three experiments, each with two
naive mice and five vaccinated mice per group. Individual values for e and fare
shownin Supplementary Fig. 2. g-i, Analysis of OT-1 cells in spleen: total OT-1 cells

[ Protected Ml Not protected

(mean *s.e.m.) with individual values shown (g), percentage of each memory
Tcell subset (mean +s.e.m.) (h), and cell counts for each subset (mean +s.e.m.)
(i). Individual values for hand i are shown in Supplementary Fig. 2. j, Percentages
of mice protected (white) or not protected (black) against challenge with 200
OVA-expressing PbA sporozoites, as measured by blood parasitemia up to day

12 postchallenge. Numbers above bars indicate numbers protected of total mice
challenged, derived from three independent experiments. k, Blood parasitemia
at day 7 after sporozoite challenge for mice showninj, presented as percentage
ofinfected RBC (iRBC) per mouse; values for individual mice are shown, with
mean +s.e.m. Datashowninb, d, f, g, iand k were log-transformed and compared
using one-way analysis of variance (ANOVA) with Tukey’s multiple comparison
post-test. Subset data in e and h were compared by two-sided unpaired Student’s
t-tests. Groups in j were compared using Fisher’s exact test. Individual Pvalues
for significant differences are shown, colored to correspond to memory T cell
subsets where relevant; ****P < 0.0001. max., maximum; spz., Sporozoites.

(Fig.2d-g) and spleen (Extended DataFig.1), asindicated by enhanced
downregulation of their TCR complex (Fig. 2d,e and Extended Data
Fig.1a,c) and upregulation of PD-1 (Fig. 2f,g and Extended Data Fig.
1b,d) at thismemory time point, effects that were also seen with aGCj.
To confirm that liver CD8 Trm cell induction by the aGC;-adjuvanted
mRNA vaccine was indeed NKT cell dependent, we compared memory
OT-1CD8 T cellresponses in the livers of wild-type and TrajI8” B6 mice,
thelatter lacking type INKT cells. Only mice containing type INKT cells
were able to generate efficient liver Trm cell responses (Fig. 2h).

Examination of the binding interaction between the TCR of a murine
type INKT cell and murine CD1d complexes containing aGC; showed a
K40f39.3+13.9 nM (Extended Data Fig. 2), revealing amodestly higher
affinity than we previously reported for «GC (K, =102 nM)*, potentially
explaining the improved adjuvancy of aGC.

Further mechanistic analysis showed that liver OT-I Trm cell
responses induced by aGCg-adjuvanted mRNA vaccination were
dependent on CD40 and type 1 conventional dendritic cells (cDC1),
as indicated by impaired responses in Cd407" and Batf3” mice,
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Fig.2|Defining the ideal adjuvant for liver Trm cell induction. a, Scheme

of experiment. Male B6 mice received transfer of OT- CD45.1 cells 1day before
vaccination with mOVA vaccine alone or with 80 pmol of the indicated adjuvants.
Datainb, e and g are combined from two independent experiments, giving
n=10 mice per group. b, Cell count (mean +s.e.m.) for each memory T cell
subsetin the liver at day 28. Data from vaccinated groups (that is, excluding the
PBS group) were log-transformed and then compared by one-way ANOVA with
Tukey’s multiple comparison post-test; ****P < 0.0001. Individual counts for

each mouse are shown in Supplementary Fig. 3a. ¢, Chemical structures of the
adjuvants (created using ChemSketch). d, Example flow cytometry plots showing
expression of TCR on liver NKT cells at day 28. Gating for NKT cells is shownin
Supplementary Fig. 4. e, Percentages of liver NKT cells (TCRB* CD1d-tetramer*)

at day 28, displayed as mean * s.e.m., with individual values shown. Groups

were compared with the GC group by one-way ANOVA with Dunnett’s multiple
comparison post-test; ***P < 0.000L1. f, Examples of CD69 (left) and PD-1 (right)
expression on liver NKT cells. g, Geometric mean fluorescence intensity (GMFI)
of PD-1onliver NKT cells. Data are displayed as mean + s.e.m., and groups were
compared with the aGC group by one-way ANOVA with Dunnett’s multiple
comparison post-test; ****P < 0.0001. h, Analysis of OT-lmemory subsets in male
B6 (n=8) or Trajl8” mice (n = 7) vaccinated with mOVA + aGCj. Cell counts
(mean *s.e.m.) for each memory subset are shown. Data were log-transformed
then compared by two-sided unpaired Student’s ¢-tests. Pvalues are shown for
significance tests, colored to correspond to the memory T cell subsets compared.
Individual cell counts for each mouse are shown in Supplementary Fig. 3b.

respectively (Fig. 3a,b). Antibody-mediated blocking of CD40L dur-
ing the priming phase alsoimpaired responses (Fig. 3¢, first two bars),
although not as efficiently as in Cd40” mice. MHC II”” mice (IA™"),
which lack CD4 T cells, responded to the adjuvanted vaccine (Fig. 3c,

third bar), indicating that CD4 T cells are not essential for this response.
However, the response in these animals could be impaired by block-
ing of CD40L (Fig. 3¢, fourth bar), consistent with the CD40L signal
originating from NKT cells activated by aGC;. Splenectomy partially

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-023-01562-6

a P=0.0015 b c kK d
5 :::: 5 P=0.0008 6 - rrn
—== P=0.0067 P=0.0035 xxss 2.0 1 %
*kkk — =
N N — Trm 7~ I Trm —~ D —
‘S 4 Bl Trm 5 44 - ‘© & T
X X X — [
bt ~ Tem ~ Tem X 15
5 B Tem 5 =] 5 4 (] X Bl Tem
2 3 2 34 = (g
Z 2 ETem = [ Tem 2 B Tem
o B Tecm 5 ) l
Q Q o 8_ 1.0 H
2 2 ©2 24 2 %)
8 9 T 24 3
- - - - 0.5
= - - = [
o o o 5
- - 0 - 0-
WT  Ccd407- WT  Batf37" WT WT IA7" 1A Sham  SplX
+ +
anti- anti-
CD40OL  CD4OL
e *kkk f *kkk g h
150 kK 150 *kkk s 154 1,000
g 3 P=0.0142 g 37 P =0.0265 2 P=0.0024 [ Trm w00 ® Naive
o £ o o CRS o = Ea & mOVA
c « 100 - © % c w1004 8 o 2 1.0 Bl Tem o
S & 9 S e 85? s 5 °° & mOVA-GGC
L o [T} o D
= = © o 3 ETm 2, & MOVA-aGC,
Oc 50 o Ot 50 2 054 <
o8 © 8 d 3 4
o 2 o 2 o = %00
oo oo —_
83 o 23 2
0 T T T o T T T O o- 0 S G o +o—©
& Vo Ve & Ve e & 1224 8
& sECe & sECE S Time (h)
X X

Fig. 3 | Dissection of the mechanistic basis for vaccine activity. a,b, Female
B6 mice (n=10) and male Cd40” mice (n =7) (a), or female B6 mice (n =10) and
female Batf3”" mice (n=10) (b), received transfer of 50,000 OT-1.CD45.1 cells
1day before vaccination with mOVA + aGCg, and memory OT-1T cell subsets
were quantified in liver 28-34 days later. Sample sizes and analyses were
generated by combining two independent experiments. Cell counts are shown
as mean +s.e.m. ¢, Analysis of vaccine-induced OT-l memory subsets in female
B6 mice versus male and female IA” mice with or without treatment with anti-
CD40 ligand monoclonal antibody (mAb) or isotype control (wild type (WT)
andIA”" +aCD40L, n=10 per group; WT + aCD40L and IA”", n = 9 per group;
derived by combining two experiments). Cell counts are shown as mean + s.e.m.
d, Analysis of vaccine-induced OT-lmemory subsets in male B6 mice that had
been either splenectomized (Splx; n=9) or sham treated (n =10) 7 days before
vaccination; data from two combined experiments. Mean +s.e.m. for cell counts
areshown. e,f, Male B6 mice (n =9 mOVA, n=10 mOVA + aGC/aGCg per group)
were vaccinated with mOVA alone or with adjuvant aGC or aGCjg; 24 h later,

splenic cDCl cells were assessed for expression of CD80 (e) and CD86 (f). The
gating strategy is shown in Supplementary Fig. 5. Data were combined from
two experiments and expressed as the percentage of maximum (% of max.),
determined by dividing the GMFI of each sample by the maximum mean GMFI
of the highest mean of all groups from each experiment. The mean + s.e.m. is
shown. g, Analysis of vaccine-induced OT-Imemory subsets in male B6 mice
treated with IL-4-blocking mAb (n =10) or anisotype control (n =9); data from
two combined experiments. Mean + s.e.m. of cell count is shown. h, Serum IL-4
levels (mean * s.e.m.) in male B6 mice at the indicated times after vaccination
with mOVA alone or with adjuvant aGC or aGC;. Data from a single experiment
(n=5per group) representative of two are shown. Data were log-transformed
and compared by two-sided unpaired Student’s t-tests (a, b, d and g) or one-way
ANOVA with Tukey’s multiple comparison post-test (c). Data in e and fwere
compared by one-way ANOVA with Tukey’s multiple comparison post-test.
Pvalues are shown; ***P < 0.0001. Individual values for datain bar graphs are
shownin Supplementary Fig. 6.

impaired the liver CD8 T cell response (Fig. 3d), suggesting that this
organis the major site for priming. Assessment of costimulatory mole-
culeexpressionby splenic cDC1 (Fig. 3e,f) and liver cDC (Extended Data
Fig.3) 24 hafter vaccinationshowed thatboth aGC; and aGC increased
CD80 and CD86 expression; aGCyinduced the greatest increase, con-
sistent withitsimproved capacity to activate NKT cells. Finally, assess-
ment of cytokine dependence during the priming phase using blocking
antibodies revealed a significant role for IL-4 (Fig. 3g), a cytokine
induced by both aGC and aGC; very early afterimmunization (Fig. 3h).
Nosignificant role for IL-15,IL-12, IFN-y or GM-CSF was apparent during
priming (Extended DataFig. 4a); however, as expected, /[I57 mice did
not maintainaliver memory T cellresponse (Extended DataFig.4b), as
this cytokine is essential for memory T cell survival®. Inhibition of type
IIFN signaling appeared to moderately enhance responses (Extended
DataFig. 4c). Takentogether, these datasuggest that addition of aGCy
to the mRNA vaccine leads to induction of an NKT cell-dependent
response that signals CD40 on cDC1toincrease costimulation for CD8
T cells.Italsoinduces NKT cell-derived cytokines, particularly IL-4, that
help generatealiver CD8T cell response. Notably, IL-4 dependence of
the CDS T cell response to malaria sporozoites has been reported™.

Endogenousliver Trminduction
Allwork described up to this point was conducted in mice with adop-
tive transfer of OT-I cells for ease of cell tracking. To assess whether
endogenous T cells were also able to generate liver Trmcellsin response
to adjuvanted mRNA vaccines, B6 mice were vaccinated with mOVA
vaccines alone or incorporating aGC or GC, and then examined for
antigen-specific effectorand memory CD8 T cell responses by staining
with MHC-peptide pentamers (Fig.4a). Onday 7, the blood fromeach
group contained a high proportion of OVA-specific CD8 T cells (Fig. 4b).
After 30 days, however, significantly more OVA-specific liver Trm cells
were evidentin mice that had received the aGC;-adjuvanted mRNA vac-
cine, although those receiving a«GC also showed moderate induction
(Fig.4c). The spleens and lungs of mice receiving adjuvanted vaccines
also showed increased memory T cell numbers, although these were
largely Tem cells, with few Trm cells found in either tissue (Fig. 4d,e).
To explore whether the difference between aGCz and aGCin terms
of their capacity to induce liver Trm cells was a consequence of the
available dose of the NKT cell adjuvant, we examined the endogenous
response to OVA using a range of doses of each adjuvant incorpo-
rated into our vaccines (Fig. 4f). Although responses to both adjuvants
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Fig.4|Endogenous T cell response to adjuvanted mRNA vaccination.

a, Scheme of experiments in b-f. Male B6 mice were vaccinated i.v. with mOVA

alone or with adjuvants aGC or aGCg. b, Percentages of CD8 T cells that were
OVA 5,564 Specificin blood on day 7 postvaccination, with mean + s.e.m. Gating
parameters are described in Supplementary Fig. 9. Data were log-transformed
and compared by one-way ANOVA with Tukey’s multiple comparison post-test.
c-e, Assessment of total number of each memory T cell subset of OVA 55,
specific T cells onday 30 in the liver (c), spleen (d) and lung (e). Data were
combined from two independent experiments, giving n = 12 mice per group,
displayed as mean cell count + s.e.m. Data from vaccinated groups (that s,
excluding the PBS group) for Trm cell numbers in ¢ and for Tem or Tcm cell
numbersind and e were log-transformed then compared by one-way ANOVA
with Tukey’s multiple comparison post-test. Individual values for each mouse
inc-eareshown in Supplementary Fig.10a-c. f, Total number of each memory

T cell subset of OVA,s;_,,-specific T cells in the liver 30 days after vaccination
with mOVA together with titrated dose of aGC or aGC; (0.8-80 pmol). Data

are presented as mean + s.e.m. from one experiment (n =5 per group). Data
were log-transformed, and Trm counts from the GC and aGCg groups were
compared by one-way ANOVA with Tukey’s multiple comparison post-test. For
simplicity, statistical differences between the two adjuvants at different doses
are not shown. Individual values for each mouse in f are shown in Supplementary
Fig.10d. g, Total number of each subset of OVA,;s, ,,-specific T cells in the liver
onday 60 after initial priming with mOVA + aGC; (n =15 prime, n =13 prime-
boost), with or without homologous boosting at day 30. Sample size and analysis
generated from combining two independent experiments. Cell count is shown
asmean +s.e.m. Data were log-transformed then compared using two-sided
unpaired Student’s ¢-tests. Individual values for each mouse are shown in
Supplementary Fig.10e. pent., pentamer.

plateaued at about 8 pmol per mouse, aGCy induced more liver Trm
cellsthan aGC, suggesting that this modification was more efficacious.

Finally, to assess whether endogenous T cell responses to
aGCg-adjuvanted mRNA could be boosted, B6 mice were primed
and then boosted on day 30 and examined for liver CD8 Trm cell
responses on day 60 (Fig. 4g). This revealed a significant increase

in OVA-specific liver Trm cells following boosting, together with an
increase in circulating Tem cells in the liver. Although our primary
goal was to assess induction of liver Trm cells, antibody responses
can impair liver-stage infection when target antigens are expressed
on the sporozoite surface". It was therefore noteworthy that serum
OVA-specific antibody responses were induced in a prime-boost
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Fig. 5| Vaccination with adjuvanted mRNA caninduce protection against

an authentic parasite antigen. a, Scheme of experiment. Female B6 mice were
vaccinated i.v. with 5 pg of mRPL6 alone or with aGC or aGC,. Memory T cell
responses were measured 30 days later, with the gating parameters described in
Supplementary Fig. 11. b,c, K°-RPL6,,,_,,, memory CD8 T cell subsets in the liver
(b) and spleen (c). Data are presented as mean + s.e.m. cell count per subset from
fourindependent experiments (n = 3 total for naive group; n =18, mRPL6 alone;
n=19, mRPL6 + aGC; n =19, mRPL6 + aGCg). Trm cell data (b) and Tem and Tcm
cell data (c) from vaccinated groups were log-transformed and compared by
one-way ANOVA with Tukey’s multiple comparison post-test. Individual values

for each mouse inb and c are shown in Supplementary Fig.12.d, Percentages

of mice protected (white) and not protected (black) against a challenge with

200 PbA sporozoites on day 35, as measured by blood parasitemia up to day 12.
Numbers above bars indicate the proportions of protected mice to total mice,
accumulated from three independent experiments. Data were analyzed using
Fisher’s exact test. e, Blood parasitemia at day 7 after sporozoite challenge in
mice from d. Percentages of iRBC for individual mice are shown, withmean + s.e.m.
per group. Data were log-transformed and compared by one-way ANOVA with
Tukey’s multiple comparison post-test. ****P < 0.0001.

setting, although addition of either NKT cell agonist appeared to
reduce potency (Extended Data Fig. 5).

Induction of Trm cells to PbA antigens

To assess the capacity of aGCg-adjuvanted vaccines to protect against
malaria challenge under conditions where an authentic malaria antigen
was used, we generated an mRNA lipoplex vaccine encoding the large
ribosomal subunit protein L6 (RPL6) of P. berghei. The gene for RPL6
is highly conserved, showing almost no strain polymorphism in the
human pathogen P, falciparum®*, making it ideal for vaccine develop-
ment. Mice were vaccinated with the RPL6-mRNA vaccine (mRPL6)
alone or adjuvanted with either aGC or aGC; and then examined
for memory T cell responses in the spleen and liver (Fig. 5a-c). This
revealed superiorinduction of RPL6,,,_;,;-specificliver Trm cells by the
aGCg-adjuvanted vaccine (Fig. 5b), withaGC alsoinducing some liver
Trmells, and both adjuvantsincreasing circulating T cell responsesin
the spleen (Fig.5c). To assess whether these vaccines protected against
sporozoite challenge, mice were infected with 200 PbA sporozoites and
assessed for onset of blood-stage infection (Fig. 5d,e). Eighty per cent
of mice giventhe aGCg-adjuvanted vaccine showed no parasitemiaand
were thus sterilely protected. By contrast, neither the aGC-adjuvanted
vaccine nor the vaccine lacking the NKT cell agonist was highly protec-
tive. The aGC-adjuvanted vaccine did, however, prevent infection in
26% of mice, with most mice showing areductioninblood-stage para-
sitemia on day 7 (Fig. 5e), indicative of a partially protective response
intheliver. Overall, these data show that the aGCy-adjuvanted mRNA
vaccine encoding RPL6 is highly protective.

Protection depends onliver Trm cells
Next, we showed that RPL6-specific liver Trm cell numbers could be
furtherincreased by antigen-specific boosting after 30 days (Fig. 6a).
Boosting also increased the number of circulating memory T cells in
the spleen (Fig. 6b) and protected a high proportion of mice from chal-
lenge with 200 PbA sporozoites (Fig. 6¢). To explore whether protection
was mediated by liver Trm cells and/or circulating memory T cells,
we first confirmed that it was mediated by CD8 T cells. B6 mice were
primed withan aGCy-adjuvanted mRPL6 vaccine and treated ~30 days
later with depleting monoclonal antibodies specific for either CD8 or
acombination of CD4 and NK1.1, to deplete either CD8 T cells alone or
the group of CD4 T cells, NKT cells and NK cells (Fig. 6d). Upon chal-
lenge with 200 PbA sporozoites, protection was ablated in the CD8
T cell-depleted group only (Fig. 6e), indicatingthat CD8 T cells but not
CD4 T cells, NKT cells or NK cells are essential effectors of protection.
Todeterminethe subset(s) of CD8 T cells responsible for protection,
vaccinated mice were depleted of Trm cells by injection of amonoclonal
antibody against the surface marker CXCR3, as previously described?®,
orweredepleted of circulating T cells by injection of an anti-Gr-1mono-
clonal antibody, as previously described® (Fig. 7a—c). When these mice
were challenged with200 PbA sporozoites, they all maintained effective
protectionexcept those depleted of liver Trmcells (Fig. 7d,e), indicating
amajorrole for liver CD8 Trm cells in this protection.

No impairment by previous parasitemia
Previous studies have shown that exposure to the blood stage of
malaria can have detrimental effects on the ability to generate
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Fig. 6 | Protective responses can be boosted and require CD8 cells. a,b, Female
B6 mice were vaccinated with mRPL6 + aGC, vaccine and boosted 30-60 days
later with either mRPL6 + aGC, (homologous prime-boost) or mOVA + aGC,
(heterologous), or primed for the first time with mRPL6 + aGC,. Memory T cell
responses were measured in a subset of mice 30 days after boosting (n = 24 mice
for the homologous vaccine group; n = 9 for the heterologous group; n =23 for
the prime-only group; derived by combining 2-4 independent experiments).
The remaining mice were challenged with 200 PbA sporozoites to assess vaccine
efficacy. KP-RPL6,,,_,, memory CD8 T cell responses were assessed in the liver (a)
andspleen (b). Data are presented as mean + s.e.m. of cell count. ¢, Proportions
of mice protected (white) and not protected (black) against challenge with 200
PbA sporozoites as measured by blood parasitemia up to day 12. Numbers above
barsindicate the numbers of protected mice from 2-3 independent experiments.
Datainaandb were log-transformed and compared by one-way ANOVA with
Tukey’s multiple comparisons post-test. Groups in ¢ were compared using

MRPL6 + aGC,

Fisher’s exact test. In one challenge experiment (n = 5), no mice including

those in naive control groups became infected; data from this experiment were
notincluded, but mice were rechallenged with viable sporozoites on day 69,

and these datawere included in the pooled data; ****P < 0.0001. Individual
values for each mouse inaand b are shown in Supplementary Fig.13a,b.

d, Scheme of experiment shown in e. Groups of B6 mice (n =10) were primed with
mRPL6 + aGCjg vaccine and then either depleted of CD8 T cells using anti-CD8
antibodies or depleted of CD4, NK and NKT cells using anti-CD4 and anti-NK1.1
antibodies, with control groups of mice treated with the relevant isotype control
antibodies. Thirty-four days after priming, mice were challenged with200 PbA
sporozoites. e, Percentages of mice protected (white) and not protected (black)
against sporozoite challenge as measured by blood parasitemia up to day 12.
Numbers above bars indicate the proportions of protected mice to total mice
from two independent experiments. Groups were compared using Fisher’s exact
test; ***P<0.0001.

liver-stage-specific immunity*. We confirmed this here by examin-
ing the response of OT-I cells to radiation-attenuated sporozoites
(RAS) expressing OVA (Fig. 8a,b). Mice were either left untreated or
were first exposed to blood-stage Plasmodium chabaudiinfection for
1 month before clearing of parasites by treatment with chloroquine.
Infection with P. chabaudi was used instead of PbA as, unlike PbA, it
doesnot cause acute lethal infection. Nine days after treatment to cure
P.chabaudiblood-stage infection, mice underwent adoptive trans-
fer of naive OT-I cells and were then vaccinated with OVA-expressing
RAS to examine induction of memory OT-1 populationsin the liver. A
dramatic reductionin T cell responses was observed in P. chabaudi
blood-stage-exposed mice (Fig. 8b), consistent with published find-
ings™. This type of impaired immunity is potentially highly deleteri-
ous to the vaccination of humans in malaria-endemic regions and

may explain the disappointing efficacy of attenuated sporozoite vac-
cinesin the field compared with the success seen in controlled trials
in naive humans' ™. To determine whether liver Trm cell responses
induced by an aGCg-adjuvanted mRNA vaccine were also affected by
previous blood-stage exposure, mice pretreated as above were vac-
cinated with an aGCg-adjuvanted mOVA vaccine, and liver memory
T cell responses were examined (Fig. 8a,c). Similar induction of liver
Trm cell populations was seen in the two groups of mice. To ensure
that responses induced after blood-stage infection were functional,
mRNA-vaccinated mice were challenged with200 OVA-expressing PbA
sporozoites, revealing effective protection despite preexposure to
blood-stage malaria (Fig. 8d,e). Together, these results indicate that
the suppressive effects of blood-stage preexposure seen for attenuated
sporozoite vaccines do not extend to immunization by adjuvanted
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Fig.7|Protectionis largely dependent onliver Trmcells. a, Scheme of
experiment shown in a-e. Female B6 mice were primed and boosted with
mRPL6 + aGCj, vaccine, with a30-60 day interval. Boosted mice were depleted
of either Tem and Tcm cells using anti-Gr-1or Trm cells using anti-CXCR3
antibodies, and control mice were treated with isotype antibodies. Memory T cell
responses were measured in the spleen and liver in a subset of mice 41 days after
boosting, and the remaining mice were challenged with 200 PbA sporozoites.

b, K°-RPL6,,_,,, memory CD8 T cell numbers for liver Trm cells and combined
liver + spleen (total) Tem and Tcm cells (n = 6 mice for isotype group; n = 4, anti-
Gr-1; n=7,anti-CXCR3; derived from 2-3 independent experiments). Data are
displayed as mean + s.e.m. and were log-transformed and compared by one-way

MRPL6 + aGCq

ANOVA with Tukey’s multiple comparison post-test. Individual values for each
mouse in b are shown in Supplementary Fig.13c. ¢, Phenotype of K°>-RPL6,,0_1,;
memory CD8T cellsin the liver. d, Blood parasitemia at day 7 after 200 PbA
sporozoite challenge (n = 15 naive mice; n =16, isotype; n=11, anti-Gr-1,n =16,
anti-CXCR3; derived from three combined experiments). Data are displayed as
mean + s.e.m. with points for individual mice shown. Data were log-transformed
and compared by one-way ANOVA with Tukey’s multiple comparison post-test;
****p < (0.000L1. e, Percentages of mice protected (white) and not protected (black)
against sporozoite challenge as measured by blood parasitemia up to day 12.
Numbers above bars indicate proportions of protected to total mice. Fisher’s
exacttest; ***P<0.0001.

mRNA vaccines, potentially a major advantage for translation into
the field.

Discussion

The lipoplex mRNA vaccine format used here has previously been
shown to prime T cell responses in preclinical models of cancer®*3*
and has been successfully used to induce T cell responses in cancer
patients®. Those vaccines were administered i.v. to allow mRNA access
to antigen-presenting cells within the lymphoid compartment, notably
the spleen*®, with multiple doses of vaccine administered over short
intervals. Inmice, this regimen was typically aminimum of three doses
3-5daysapart; in humans, aminimum of five doses 1 week apart were
administered, with the interval then increasing to a monthly booster
schedule that—in some cases—reached a full year of treatment. In our
study, wealsoused ani.v. route of administration, which had the added
advantage of facilitating access of the vaccines to the NKT cell-rich
regions of the spleen and liver. However, in a prophylactic setting,
multiple doses over a short interval would be impractical, so we ini-
tially evaluated one dose. This regimen was sufficient toinduce meas-
urable CD8T cell responses, irrespective of inclusion of an NKT cell
agonist, achievinglevelsinthe blood at day 7 that were in keeping with

thosereportedinastudy of asimilar OVA-encoding vaccine that used
ashort-interval two-dose schedule*’. However, inclusion of 6-modified
aGC-based agonists such as aGCginthe vaccine altered memory forma-
tion, resulting in significantly enhanced accumulation of liver Trm cells
by day 30. Furthermore, ahomologous prime and boost, usingamore
practical extended interval of at least amonth, was able to substantially
increase T cell responses while retaining a strong propensity for liver
Trm induction. Using our adjuvanted vaccine, we were able to tailor
immunity toward liver Trm cell generation and achieve substantial
sterile protection against sporozoite challenge with a singleimmuniza-
tion, but protection was improved by boosting.

Although modest protection against sporozoite challenge has
beenreportedforalipid-nanoparticle-based mRNA vaccine encoding P.
falciparum circumsporozoite protein, thisapproach required multiple
vaccinations for efficacy and was designed with antibody generation
as its primary effector mechanism*. No assessment of liver Trm cells
was undertaken; however, given our results with unadjuvanted vac-
cine here, induction of this T cell subset was likely to have been poor.
By contrast, adjuvanting an mRNA vaccine with an NKT cell agonist to
favor liver Trm cell generation allowed us to achieve high levels of sterile
protection with a single dose of vaccine and even greater protection
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Fig. 8| Vaccination with adjuvanted mRNA is not impaired by preexposure
toblood-stage malaria. a, Scheme of experiment. Female B6 mice were left
untreated or infected i.p. with 50,000 P. chabaudi parasitized RBC (iRBC) then
treated with chloroquine (CQ) from days 30-36 to remove residual parasites. On
day 39, pretreated and naive mice received adoptive transfer of 50,000 purified
OT-1.CD45.1 cells; the mice were vaccinated the following day with either 50,000
irradiated OVA-expressing sporozoites (RAS) or mOVA + aGCy vaccine. Memory
T cell responses were measured in a subset of mice 30 days after priming, and
the remaining mice were challenged with 200 PbA sporozoites to assess vaccine
efficacy. b, Total numbers of OT-I cells in the livers of RAS-vaccinated mice (n =15
mice for RAS-only group, n =13 for iRBC + RAS; derived by combining three
independent experiments). Data are displayed as mean + s.e.m. ¢, Total numbers
of OT-1cellsin the livers of lipoplex mRNA-vaccinated mice (n = 15 mice for mRNA
vaccine alone, n =14 foriRBC + mRNA vaccine; derived by combining three

independent experiments). Data are displayed as mean +s.e.m.Datainband ¢
were log-transformed and compared using two-sided unpaired Student’s ¢-tests.
Individual values for each mouse in b and c are shown in Supplementary Fig. 14.
d, Blood parasitemia at day 7 after challenge with 200 PbA sporozoites (n =10 mice
for naive group, n =10 for mRNA vaccine alone, n = 9 for iRBC + mRNA vaccine;
derived by combining two independent experiments). Data are displayed as
mean + s.e.m., with points for individual mice shown. Data were log-transformed
and compared by one-way ANOVA with Tukey’s multiple comparison post-test.
Pvalues are shown; ***P < 0.0001. e, Percentages of mice protected (white) and
not protected (black) against sporozoite challenge in d as measured by blood
parasitemia up to day 12. Numbers above bars indicate proportions of protected
to total mice. Groups were compared using Fisher’s exact test. Pvalues are shown;
P <0.0001.

with subsequent boosting. Although our approach is highly effica-
cious, itadds alevel of complexity for translation, with aspects such as
safety and efficacy still to be explored in detail. NKT cell agonists have,
however, been used to activate NKT cells in humans***, with evidence
of adjuvant activity**, supporting their translation potential.

The inclusion of unmodified aGC in the vaccine was sufficient
to induce enhanced circulating T cell responses (mainly Tem cells)
in the blood, spleen, lung and liver. An enhancing effect of including
aGC ini.v. administered mRNA vaccines has also been reported in
mice*>*, resulting inimproved antitumour activity. However, here we
found that unmodified aGC was associated with only asmall to modest
increasein liver Trm cells, which was generally insufficient to provide
overt protection from sporozoite challenge. The use of 6-modified
a«GC agonists similarly enhanced circulating T cell responses, but the
memory responses in liver were markedly different, with proportion-
ally more Trm cells. The modified agonists also induced a qualitatively
different NKT cell response to aGC, with sustained downregulation
of the TCR-CD3 complex and upregulation of activation markers.
As glycolipid agonists accounted for only a minor proportion of the
injected lipoplexes (-0.06% mol/mol of lipids), it is unlikely that the
modifications caused immediate changes in biodistribution of the
injected material that would explain this altered NKT cell activity.
We have some evidence for a modest increase in avidity for NKT TCR
interactions withaGCzbound to CD1d, compared with the equivalent
for aGC, which may account for theimproved adjuvantactivity. CD40
signaling, most likely in cDC1, was crucial for induction of liver CD8
T cell responses, with upregulation of CD80 and CD86 on c¢DCl cells
being probable downstream effects of the CD40 signal. The significant

increase in expression of these costimulatory molecules induced by
aGCyrelative to aGC may contribute toimproved responses. IL-4 also
played animportant part, though no differences were observed inIL-4
expression or kinetics between agonists. Thus, whereas the enhanced
adjuvancy of aGC over aGCis reflected in increased NKT cell activa-
tion, andincreased levels of cDC1 costimulatory molecule expression,
improved Trm formation may involve additional and perhaps subtle
properties. These could include: cytokine bias”; differential release
from lipoplexes; differences in processing for loading onto CD1d; or
evendifferent clearancerates, where enzymesinvolvedin degradation
of aGC may be affected by 6-modifications*. Increased stability could
lead to more sustained NKT cell responses, with those in the liver then
promoting appropriate signals to facilitate local Trm cell formation.

Oneinteresting aspect to come from the assessment of protective
effector mechanisms for this vaccine was that despite the relatively
large pool of Tem cells generated, protection was largely mediated by
Trm cells. Depletion of Trmcellsled to acomplete loss of sterile immu-
nity, which was unaffected by depletion of Tem cells. Notably, however,
the level of parasitemia on day 7 trended lower in the Trm-depleted
group compared with the naive controls (although not significantly),
potentially suggesting a partial contribution by Tem cells*and reiterat-
ing the need for generation of large numbers of these cells to achieve
substantial protection*. Our findings highlight the importance of
designing vaccines that favor liver Trmcellinductionin the challenge
to develop an effective malaria vaccine.

mRNA vaccines are being rapidly implemented and accepted
worldwide, facilitating translation of this developing technology. One
major advantage of these vaccinesis that they provide the opportunity
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toinclude whole parasite genes or even multiple genes, enabling sup-
ply of adiverse array of potentialimmunogenic epitopes to cover the
broad spectrum of human HLA. Use of whole genes in mRNA vaccines
also enables immunity to be directed to the best antigenic targets,
particularly antigens such as RPL6, which shows almost no strain vari-
ation*, avoiding the problems with other more polymorphicantigens,
such as thrombospondin-related adhesion protein. It also avoids the
complication seen with the use of attenuated sporozoite vaccines,
whererepeated doses biasimmunity to sporozoite-expressed antigens
over those expressed in the liver™. Finally, as clearly demonstrated
here, vaccination with adjuvanted mRNA is not adversely affected by
preexposure to blood-stage infection, a major issue with the use of
attenuated sporozoite vaccines®. It is not clear why preexposure to
blood-stage parasites affectsimmunity generated by irradiated sporo-
zoites, but alteration in dendritic cell function has been proposed®.
Our own studies have suggested that phagocytosis may be impaired
by exposure to blood-stage infection®, which may not be a critical
factor in mRNA vaccination if vaccines simply fuse with presenting
cells to introduce mRNA into the cytosol. Whatever the reason, this
approach offershope that some of the factors that make immunization
difficultin malaria-endemic regions may be overcome by advances in
mRNA vaccination.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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ability are available at https://doi.org/10.1038/s41590-023-01562-6.
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Methods

Experimental work (vaccination, tissue processing, flow cytometry and
sporozoite challenges) correspondingto Figs.1,3a-cand 5-8 was per-
formed atthe University of Melbourne, whereas the work (vaccination,
tissue processing and flow cytometry) corresponding to Figs.2,3d-h
and 4 was performed at the Malaghan Institute of Medical Research.

Mice

Mice were sex matched and used between 6 and 12 weeks of age,
and were from either the Bioresources Facility at the Department of
Microbiology and Immunology, The University of Melbourne, Aus-
tralia, or the Biomedical Research Unit at the Malaghan Institute of
Medical Research, New Zealand. Experiments were carried out under
pathogen-free conditions, with mice kept at20-26 °C, 45-65% humidity
and al2-hday-nightlight cycle. Animals used for the generation of the
sporozoites were 4-5-week-old male Swiss Webster mice purchased
from Monash Animal Services (Melbourne, Victoria, Australia) and
maintained at the School of Botany, The University of Melbourne,
Australia. Vaccine studies used C57BL/6) mice (B6) (Jackson Labora-
tories); TrajI8”~ mice, which are devoid of type I NKT cells*? (Jackson
Laboratories); Cd407~ mice, which lack expression of CD40 (ref. 53);
Batf3” mice, which lack cDCI (ref. 54); Ly5.1* /[1I57 mice, which lack
expression of IL-15 (ref. 55); IA”~ mice, which lack all IA and IE genes’;
and OT-I mice, which express a transgenic TCR that recognizes resi-
dues 257-264 of the model antigen chicken OVA%”; these mice were
maintained on aB6.SJL background (CD45.1%).

Ethics

Allanimal experiments were inaccordance with the Prevention of Cru-
elty to Animals Act 1986, the Prevention of Cruelty to Animals Regula-
tions 2008, the National Health and Medical Research Council (2013)
Australian code for the care and use of animals for scientific purposes,
or the Animal Welfare Act of New Zealand (1999). The protocols were
approved by the Melbourne Health Research Animal Ethics Committee,
University of Melbourne (ethics protocols:1714302,1914923) or by the
Victoria University of Wellington Animal Ethics Committee (AEC23784
and AEC26384)

Adoptive transfer of OT-1.CD45.1 cells

For the experiments corresponding to Figs. 1, 3a—-c and 8, naive OT-I
CDS8 T cells were enriched from spleens by negative selection. The
tissue was first teased through a 70-pm filter, and the cell suspension
wasincubated in RBC lysis solutionat 20-22 °C for 5 min, before being
washed with RPMI and incubated in 1 ml of a cocktail containing rat
anti-mouse antibodies (anti-Ly-76, clone TER119; anti-MHCII, clone
M5-114; anti-CD4, clone GK1.5; anti-Gr-1, clone RB6-8C5; anti-Mac-1,
clone M1/70; clone F4/80) for 30 min on ice. After a further wash, the
cells were incubated with goat anti-rat IgG magnetic beads (QIAGEN,
1:10 cell/bead ratio) for 20 min on aroller at 4 °C. The tube was then
placed near amagnet to retain bead-bound cells, and the supernatant
containing unbound cells was collected. Enriched naive CD8 T cells
were counted, and their purity was analyzed by staining with anti-CD8«
andanti-Va2 TCRantibodies. Cell counts were adjusted t0 2.5 x 10° cells
per mlin phosphate-buffered saline (PBS), and mice were injected i.v.
with 200 pl of cell suspension. For the experiments corresponding to
Figs.2,3d,gand 4, naive OT-ICDS8T cells were pooled fromlymph nodes
thathad beenteased through a 70-pum filter, washed and resuspendedin
Iscove’s modified Dulbecco’s medium (IMDM; Gibco). The proportion
of naive (CD8* CD44"° CD62L") CD8 T cells (OT-I cells) was established
by flow cytometry, with 5 x10* OT-I cellsinjectedi.v.into each host.

Vaccine preparation

Genes for OVA (NP_990483) and the malaria antigen RPL6
(PBANKA 135190)® were codon-optimized for mammalian expres-
sion based on the most abundant transfer RNAs using bioinformatics

software Geneious Prime 2023.1.2 (Biomatters Ltd.). A consensus Kozak
sequence/start codon and two stop codons after the gene of interest
were included in the sequence. DNA for both genes was synthesized
by Twist Bioscience and cloned into pVAX1 (Thermo Fisher Scientific)
containing a T7 RNA polymerase promoter, with restriction enzymes
EcoRI/Notland BamHI/EcoRI (New England Biolabs), respectively. NotI
enzyme (New England Biolabs) was used for template linearization
before purification with silicachromatography usinga DNA Clean and
Concentrator-5kit (Zymo Research), and invitro transcription was con-
ducted using aHiScribe T7 High Yield RNA Synthesis Kit (New England
Biolabs). DNase I (New England Biolabs) was used to remove template
DNA before precipitation of the RNA product using 2 M LiCl, followed
by incubation at —20 °C for 30 min and centrifugation at 16,000g for
20 minat4 °C. Am’GpppG mRNA cap was added to the RNA using the
Vaccinia Capping System (New England Biolabs), and a polyA tail was
added with an Escherichia coli polyA polymerase (New England Bio-
labs). RNA integrity and polyA tail length (200 bp) were confirmed
using agarose gel electrophoresisand RNA ScreenTape analysiswith an
Agilent4200 TapeStation (Agilent Technologies Ltd.). For preparation
of lipoplex mRNA vaccines, liposomes were first produced using an
adaption of the thin-film hydration method*’. Briefly, the appropri-
ate amount of a 3:1 molar ratio of DOTMA [1,2-di-O-octadecenyl-3-tr
imethylammonium propane (chloride salt)] and DOPE [dioleoyl phos-
phatidylethanolamine] (Avanti Lipids) was dissolved in ethanol or
chloroform and transferred to a round-bottomed flask or test tube.
The appropriate adjuvants were added to 0.06 mol.% of the total lipid
amount (for the standard 80 pmol dose) as a solution in ethanol or
hexafluoroisopropanol. For dose titration, the amount of adjuvant
was reduced to 0.006% (8 pmol dose) and 0.0006% (0.8 pmol dose).
Solvent was removed under vacuum or a stream of argon gas and fur-
ther dried under vacuum. The resulting thin film was hydrated with
UltraPure DNase/RNase-Free distilled water (Thermo Fisher Scientific)
by overnightincubation at 4 °Cto afinallipid concentration of 6 mM.
The material was then sonicated and extruded with 11 passes through
a200 nm polycarbonate membrane using a Mini-Extruder (Avanti
Lipids) or 200-nm NanoSizer MINI Liposome Extruder (T&T Scien-
tific Corp.). For preparation of lipoplexes, RNA (1mg ml™) in 100 mM
HEPES-buffered solution (pH 7.2-7.5) with 1.5 M NaCl was complexed
with liposomes using a lipid-to-mRNA phosphate molar ratio of 9:1, to
afinal concentration of 10 mM HEPES, 150 mM NaCl. Lipoplex size was
determined by dynamic light scattering using a Malvern Zetasizer Nano
ZS (Malvern Panalytical). Lipoplexes were typically 260 nm in size (Z
average) with apolydispersity index of 0.2 and zeta potential of 60 mV.
The lipoplex—-mRNA vaccine was diluted two-fold in PBS (Thermo
Fisher Scientific) before i.v. injection in the tail vein.

NKT agonist preparation

The NKT cell agonists aGC, aGCy and aGCg were synthesized as
reported previously”’. Briefly, an N-Boc and acetonide-protected
a-galactosylphytosphingosine intermediate was treated
with 40% trifluoroacetic acid in dichloromethane to give
a-galactosylphytosphingosine, which was in turn reacted with an
activated form of cerotic acid to give aGC. Alternatively, the protected
a-galactosylphytosphingosine intermediate was reacted with triiso-
propylbenzenesulfonyl chloride to selectively protect the O-6 posi-
tion of the galactose moiety. Subsequent per-O-acetylation gave a
substrate suitable for installing the required S- or N-heteroatoms at
position 6 of the galactose ring. For aGCy, the sulfonate intermediate
was treated with sodium azide, followed by removal of the protecting
groups to afford 6’-azido-6’-deoxy-a-galactosylphytosphingosine; this
was N-acylated with cerotic acid, followed by H,/Pd-mediated azide
reduction. «GC; was formed by treating the sulfonate with potassium
thioacetate, followed by global deprotection. The resulting thiol was
protected as a pyridyl disulfide, allowing N-acylation with cerotic
acid. TCEP-mediated disulfide reduction afforded aGCs. GCy was

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-023-01562-6

synthesized according to published procedures®, whereby aGCg
wasreacted with 1,3,5,7-tetramethyl-8-phenyl(4-iodoacetamido)-dif-
luoroboradiaza-s-indacene and N,N-diisopropylethylamine in a 1:1
mixture of dry dimethylformamide and chloroform.

mRNA vaccination
For all experiments, mice were injected i.v. with 5 pg mRNA in the
relevant mRNA vaccine in 200 pl PBS.

Invivo antibody-mediated inhibition

Anti-CD40L (CD154) (clone MR-1) or polyclonal Armenian hamster IgG
(BioXCell) (0.5 mg) was administered intraperitoneally (i.p.) on day
-1and day O of vaccination. Anti-IFNaR1 (clone MAR1-5A3) or mouse
IgGl (clone MOPC-21) isotype control (BioXCell) (1.2 mg) was admin-
isteredi.p.4 hbefore vaccination (day O) and ondays1and 3. Anti-IL-4
(clone 11B11) or mouse IgGl1 anti-HRP (clone HRPN) isotype control
(BioXCell) (0.5 mg) was administered i.p. 4 h before vaccination (day
0) and on days 1 and 3. Anti-IL-12p35 (clone C18.2), anti-IL-15 (clone
AlO.3), anti-GM-CSF (clone MP1-22E9), anti-IFNyR1 (clone GR-20) or
mouse IgG2a anti-trinitrophenol (clone 2A3) isotype control (BioXCell)
(0.5 mg) was administered i.p. 4 h before vaccination (day 0) and on
daysland3.

Mosquitoes and sporozoite challenge

Anopheles stephensi mosquitoes (strain STE2/MRA-128 from BEI
Resources, The Malaria Research and Reference Reagent Resource
Center) were reared as described previously®. A. stephensi mosqui-
toes (STE2, MRA-128, from BEI Resources) were reared in an insectary
approved by the Australian Department of Agriculture, Fisheries and
Forestry, which was maintained at 27 °Cand 75-80% humidity ona12-h
light-dark cycle. The larvae were bred in plastic food trays (P.0.S.M.
Pty Ltd.) containing 300 larvae in filtered drinking water (Frantelle
beverages) changed every 3 days and fed with Sera vipan baby fish food
(Sera). Upon ecloding, adult mosquitoes were transferred to aluminum
cages (BioQuip Products, Inc.) and kept in a secure incubator (Con-
viron) in the insectary at the same temperature and humidity, main-
tained on10% sucrose. The Plasmodium species used to raise infectious
mosquitoes were PbA wild-type Cl15cy1 (BEI Resources, NIAID, NIH:
MRA-871) and PbA-expressing OVA under the HSP70 promoter®. Naive
Swiss mice were inoculated i.p. with infected RBC from an infected
syngeneic donor, with parasitemia then confirmed by Giemsa smear
and exflagellation quantified 3 days postinfection. Adult A. stephensi
mosquitoes were then allowed to feed on anaesthetized mice, and 22
days later sporozoites were dissected from mosquito salivary glands
andresuspended in cold PBS. For challenge experiments, 200 freshly
dissected sporozoites werei.v.injected. Blood samples were assessed
for parasitemiaondays 6,7,8,10 and 12 by flow cytometry after stain-
ing with Hoechst 33258 dye (Thermo Fisher) for 1h at 37 °C. An LSR
Fortessa (BD Biosciences) with a violet laser (405 nm) was used to
excite the dye in infected RBC, and percentages of Hoechst-positive
cells were compared with those from uninfected controls. Values of
>0.1% were considered to indicate positivity for parasites, and mice
positive for two consecutive days were euthanized. Those remaining
parasitemia-negative on day 12 were considered to be protected®.

RAS vaccination

CS*M OVA-expressing sporozoites® (5 x 10*) were irradiated with
20,000 rads using a gamma °°Co source and then i.v. injected into
recipient mice®.

Exposure to P.chabaudiblood stage and curing

Donor B6 mice were injected with frozen stabilates of blood-stage
P. chabaudi parasites. Three to seven days later, the mice were bled,
their parasitemia was measured, and recipient mice were injected
i.p. with 50,000 P. chabaudi-infected RBC diluted in 0.2 ml PBS.

For curing of infections, mice were injected i.p. with 0.8 mg chloro-
quine for 5 consecutive days, starting at day 30, followed by provision
of drinking water containing 600 mg 1™ chloroquine from the day of
lasti.p.injection for 3 days.

Immune cell depletionin vivo

For depletion of T cell subsets, B6 mice were treated i.v. with 250 pg
anti-CXCR3 (clone CXCR3-173), anti-mouse Ly6G/Ly6C [(Gr-1)
NIMP-R14], or Isotype RatIgG2b, k (BioXCell) and polyclonal Armenian
hamster IgG at the indicated time points as previously described®*.
Depletion of cells was assessed 5 days later by flow cytometry. For
depletion of CD8 cells, mice were injected i.v. with 100 pg anti-CD8
antibody (clone 2.43) orisotype control (GL117,1gG2a) 1day before chal-
lenge. For depletion of CD4 T cells, NK cells and NKT cells, mice were
injected with two doses of 100 pg anti-CD4 (clone GK1.5) or isotype
control (IgG2b k) on days 6 and 2 before challenge and three doses of
100 pganti-NK1.1(clone PK136) orisotype control (IgG2ak) on days 3,
2and1before challenge, as previously described®.

Splenectomy

For splenectomy, mice were anesthetized by isoflurane inhalation (3%
for induction, 1.5-2.0% for maintenance), with 0.1 mg kg™ buprenor-
phine givenviasubcutaneousinjection for analgesia (Sigma-Aldrich).
Lacrilube (Allergan) was applied to corneas to prevent desiccation. The
surgical areawas sterilized withiodine, and then anincision was made
on the left flank and peritoneum to access the spleen. The primary
artery and vein were tied using sutures (Ethicon Prolene 7/0 Blue P1
45 cm, Amtech), the spleen was removed, and the incision was closed
by suture. Shamsurgeries were performed where the peritoneumwas
cut and then closed by suture. Postoperative analgesia with 5 mg kg™
carprofen (Norbrook Laboratories) was given subcutaneously for 2
days after surgery.

Tissue processing for flow cytometry

Blood was either collected from the tail veins of mice in tubes contain-
ing 10 U heparin (Fig. 1) or collected from the submandibular vein
punctured with a 4-nm Goldenrod Animal Lancet and collected into
200 pl 10 mM EDTA/PBS (Fig. 4). Tubes were centrifuged at 1503g for
4 min, and cellswereresuspendedin1 mlRBClysis solution (QIAGEN).
After20 minat 37 °C, leukocytes were harvested by centrifugation and
resuspended in200 pl FACS buffer (PBS with 5 mM EDTA, 2.5% bovine
serum albumin) for antibody stainingin a 96-well plate.

Livers were collected into tubes containing RPMI, 2% fetal calf
serum (FCS) and 10 U heparin. Each liver was teased through a 70-pm
cell strainer and washed with RPMI, and the cell suspension was resus-
pended in 30 ml 35% Percoll (GE Healthcare) before centrifugation at
500g for 20 min at 20-22 °C, with no brake. The cell pellet was incu-
bated in 5 mI RBC lysis solution for 5 min at 20-22 °C before being
washed with 30 ml RPMI and resuspended in 1 ml of FACS buffer for
flow cytometry. One-fifth of the cell suspension was used for antibody
staining.Spleenlymphocytes wereisolated by teasing tissue througha
70-um strainer, washing in RPMI, 2% FCS, incubating cells in RBC lysis
solution for 1-2 min at 20-22 °C, washing again and resuspending in
5 ml FACS buffer. Approximately 1/25 of the final volume was used for
antibody staining. Lung tissue was incubated for 45 min at 37 °C in
0.1mg ml™Liberase TL (Roche) and 0.2 mg mI™ DNase I (Roche) in1ml
RPMI, before 50 pl of EDTA (0.5 M solution) was added for a further
5 min. Each lung sample was passed through a 3-ml syringe, teased
through 70-um mesh, incubated in 2 mIRBC lysis solution for 10 min at
20-22 °Candresuspendedin1 mlFACS buffer;1/10 of the final volume
was used for antibody staining.

For the assessment of splenic dendritic cells (DC) by flow cytome-
try,spleenswereinjected at4-5points with 0.5 ml IMDM supplemented
with 0.3 mg ml™ Liberase TL and 0.2 mg ml™ DNase 1, digested in this
mix for 30 min at 37 °C and then mechanically dissociated through a
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70-pm sieve with 20 ml IMDM. Samples were centrifuged at 572g for
4 min, supernatants were discarded, and pellets were resuspended in
2 mIRBClysis buffer. Samples were centrifuged and resuspendedin1 ml
FACS buffer,and 100 pl was transferred to a 96-well plate for staining.

Tissue was prepared for assessment of liver DC populations as
previously decribed®'. Briefly, livers were perfused with collagenase
type IV (Sigma) and then digested in collagenase for 45 min at 37 °C.
Cell suspensions were passed through 70-pum sieves, washed with
PBS and resuspended ina33% Percoll solution (Sigma). Samples were
centrifuged at 693gfor 12 min, with no brake. RBC were removed using
lysis buffer, and one-fifth of isolated cells were stained for flow cytom-
etry analysis.

KP°-RPL6,50_1,; production

The H2-K° (K®) heavy chain (1-275) with a BirA tag for biotinylation was
producedin E. coli cells, as well as the human 32 microglobulin (32m)
asperapreviously described method®?. The KP-RPL6,,,_,,; complex was
thenrefolded with 30 mg of heavy chain, 10 mg of f2mand 4 mgofthe
RPL6,,, 1,; peptide®. The final protein was purified and biotinylated
before tetramerization.

Antibody staining and flow cytometry

Antibody panels used for staining were optimized elsewhere® and
are provided in Supplementary Table 1. Methods for flow cytometry
of T cells in liver, spleen and lung samples have been described else-
where®. For the experiments corresponding to Figs. 5-7, lymphocytes
were stained with K®-RPL6,,,_1,,-specific tetramers for 1 h at 20-22 °C
before staining with surface antibodies. For experiments correspond-
ing to Fig. 4, lymphocytes were stained with K>-OVA,,_,.,-specific
pentamers at optimal concentrations for the tissue type (1 pl for blood,
2 plforspleenandlung, and 3 plfor liver, in 10 pl FACS buffer) for 15 min
at 20-22 °C before staining with surface antibodies. Flow cytometry
datawere collected onan Aurora (Cytek) cytometer using SpectroFlo
v.3 software (Cytek) or an LSRFortessa cytometer (BD Biosciences)
using FACSDiva v.9 software (BD Biosciences). Flow cytometry data
were analyzed using FlowJo v.9 and v.10 (Treestar).

Production of mouse CD1d and the 2C12 TCR

The recombinant mCD1d was expressed in Hi5 insect cells using the
baculovirus expression system and purified by nickel-affinity and size
exclusion chromatography techniques as previously described®. The
2C12 TCRa and TCRp chains were expressed in E. coli and purified as
inclusionbodies, and the 2C12 TCR heterodimer wasin vitro refolded
and purified as previously described™.

Loading of aGCginto CD1d

aGCywas dissolved in 0.5% tyloxapol at 1 mg ml™. The solution was then
sonicated for 30 minand immediately transferred toa 60 °Cwater bath
for 1 min and left to cool at 20-22 °C for 1 min. aGC was then added
directly to mCD1d at a 6:1 molar ratio and incubated in 10 ml TBS150
(Tris-buffered saline, 150 mM NaCl, 10 mM Tris pH 8.0) at 20-22 °C for
15 h. The mCD1d-aGCg binary complex was then purified using size
exclusion chromatography.

Affinity measurements of the 2C12 TCR against mCD1d-aGC;

The affinity between the 2C12 TCR and mCD1d loaded with aGC,
was measured by surface plasmon resonance using a Biacore3000
(GE Healthcare). mCD1d-aGCg was biotinylated and passed over a
streptavidin-coated chip in HEPES-buffered saline (150 mM NaCl,
10 mM HEPES, pH 7.4 and 0.5% bovine serum albumin) until 3000
response units of biotinylated mCD1d-aGC; had been captured onthe
chip surface. A series of 12 two-fold dilutions of the 2C12 TCR ranging
from4.5nMto 5 pMin HBS buffer at 25 °Cwas used to examine the affin-
ity formCD1d-aGCg. The TCR was passed over the streptavidin-coated
chip for 120 s at a flow rate of 5 pl min™. BlAevaluation 3.1 software

(Biacore AB) was used to estimate steady-state K, values, and Graph-
Pad Prism 9 was used for statistical analysis, curve fitting and graphic
presentation.

SerumIL-4 detection

Blood was collected in Microvette S00 Z-Gel tubes (Sarstedt) and centri-
fuged for 5 minat10,000gto produce serum. Levels of IL-4 were meas-
ured using the BioPlex Pro Mouse Cytokine 23-plex assay (Bio-Rad).

Serum anti-OVA IgG enzyme-linked immunosorbent assay
Nunc-Immuno MicroWell 96-well solid plates (Sigma) were coated
with20 pg mlI™ EndoGrade OVA (Lionex Therapeutics and Diagnostics)
in 0.1 M sodium carbonate buffer overnight at 4 °C. After blocking
with 10% FCS for 1 h at 20-22 °C, eight ten-fold dilutions (102 t0 10~°)
of each sample were added to the plates, followed by incubation for
2hat20-22°C. Plate-bound IgG was detected using 1:1000 dilution
goat anti-mouse IgG HRP conjugate (Thermo Fisher Scientific) for1h
at 20-22 °C. Plates were developed with a BD OptEIA TMB Substrate
Reagent Set (BD Biosciences) and2 M H,SO, stop solution. Absorbance
maximum at 450 nm was used for enzyme-linked immunosorbent
assay plate readings.

Statistics

Treatments were assigned to separately caged litter groups. No sta-
tistical methods were used to predetermine sample sizes, but our
sample sizes were similar to those reported in previous publications®?,
Numerical data from FlowJo were exported to Excel 16.73 (Microsoft)
for calculations of cell counts and percentages. Data are shown as mean
values + s.e.m., and plots of individual data points (individual mice)
are provided for all experiments to show distribution. Data analyzed
included outliers unless these could be explained by technical error.
Data collection and analysis were not performed blind to the conditions
of the experiments. Data were assumed to be normal, but this was not
formally tested because the sample sizes used were not well powered
for normality testing. The statistical tests performed on the data are
indicated in the figure legends, along with sample sizes. Individual
Pvaluesare providedinthefigures; ****P < 0.0001. Prism v.9 (GraphPad)
was used for statistical tests and graphs.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data to support the findings of study are available from the corre-
sponding author upon request without restrictions. Source data are
provided with this paper.
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Extended DataFig.1| Vaccine-induced activation of splenic NKT cells. Male
B6 mice were transferred OT-1.CD45.1 cells one day before vaccination with
mOVA vaccine alone, or mOVA with 80 pmol of indicated adjuvants. Dataare
combined from two independent experiments, giving n =10 mice per group with
the exception of the mOVA + aGCy group which contains 9 mice. a, Example flow
cytometry plots showing expression of the TCR on splenic NKT cells at day 28.
Gating shown in Supplementary data Fig. 4. b, Examples of CD69 (left) and PD-1

(right) expression on splenic NKT cells. ¢, Percentage TCR* CD1d-tetramer”
spleencellsas gatedin (a). Dataare displayed as mean * s.e.m. and individual mice
(circles) and compared to the mOVA + aGC group by one-way ANOVA analysis with
Tukey’s multiple comparison post-test. d, Geometric mean fluorescence intensity
of PD-1on NKT cells. Data are displayed as mean * s.e.m. from two independent
experiments and compared to the mOVA + aGC group by one-way ANOVA analysis
with Tukey’s multiple comparison post-test. ****P < 0.0001.
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derived from duplicate runs from n = 3independent experiments. Error bars on
mCD1d-aGC, using surface plasmon resonance (SPR). a, Equilibrium curves lower graph show mean + SD.
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compared by aone-way ANOVA with Tukey’s multiple comparison post-test (a, b).

Extended Data Fig. 3| Effect of vaccination on expression of costimulatory
molecules onliver DC. Female B6 mice were vaccinated with mOVA vaccine
alone or mOVA with adjuvants aGC or aGCg. Livers were harvested 24 h later
and DC (CD11c* MHCII* cells) assessed for relative expression of CD80 (a) and
CD86 (b). Data are expressed as percent of maximum (% of max) determined by P < (0.0001.
dividing the GMFI of each sample by the maximum mean GMFI of the highest
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Extended DataFig. 4| The role of cytokines in responses to mRNA
vaccination. a, Male B6 mice were transferred OT-1.CD45.1 cells one day
before vaccination with mOVA + aGC;. Groups of these mice were injected with
mAb specific for blocking either IL-12p35, IL-15, GM-CSF or IFN-yR1, or with
anisotype control mAb on days 0,1and 3 and then left to day 30 before OT-I
memory T cell subsets were quantified in the liver. Gating parameters for OT-1
cells are described in Supplementary data Fig. 1. Data are expressed as mean
cell count +s.e.m. for each subset. Individual values for each mouse are shown
in Supplementary Fig. 8a. b, Female B6 mice or IL-157" mice were transferred
OT-1.CD45.1 cells one day before vaccination with mOVA + aGCg., and 36 days
later OT-Imemory T cell subsets were quantified in the liver. Mean cell count
+s.e.m.for each subset shown. Individual values for each mouse are shown in

Supplementary Fig. 8b. ¢, Male B6 mice were OT-1.CD45.1 cells one day before
vaccination mOVA + aGC,. Groups of these mice were injected with specific mAb
for blocking IFNaR1or anisotype control on days 0,1and 3 and then left to day
30 before OT-Ilmemory T cell subsets were quantified in the liver. Mean cell count
+s.e.m. for each subset shown. Individual values for each mouse are shown in
Supplementary data 8c. Datain a were log-transformed and compared to the
isotype group by one-way ANOVA with Tukey’s multiple comparison post-test.
Datainband c were log-transformed and compared by two-sided unpaired
Student’s t tests. Two independent experiments were performed for each

panel (a,b, n =10 mice per group; ¢, n = 7 mice per group). ***P < 0.0001. Bars
indicating significance are coloured to correspond to each memory T cell subset.
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Extended Data Fig. 5| Assessment of total anti-OVAIgGin sera 3 weeks 10 mice per group with the exception of the aGC group which contains 11 mice.
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ondays 0and 21, with sera collected 3 weeks after the boost analysed for total comparison post-test. ****P < 0.0001.

anti-OVA IgG by ELISA. Two independent experiments were combined to give
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Antibodies 5
Antibodies used Antigen/Fluorophore Identifier Source Concentration used (ug/mL) %
CD19 eFluor 450 Clone 103, AB_2734905 eBioScience 0.4 o
CD44 BV750 Clone IM7, AB_2871973 Biolegend 1.66 ©]
CD62LPE-Cy7 Clone MEL-14, AB_31310 Biolegend 0.33 gﬁ
KLRG1 APC Clone 2F1, AB_10641560 Biolegend 0.33 6_
CD8 AF700 Clone 53-6.7, AB_494005 eBioscience 2.5 _
H-2Kb/OVA257-264 pentamer PE Prolmmune 1-3 ul/sample =
Viability Zombie NIR Biolegend 1 8
TCRB FITC Clone H57-597, AB_313429 Biolegend 2.5 )
CD4 AF532 Clone RM4-5, AB_11218891 Invitrogen 0.22 g
CD49a B8700 Clone Ha3118, AB_2861198 BD Optibuild 0.33 (@]
PD-1 PerCP-eFluor710 Clone RMP1-30, AB_11151142 eBioscience 2 ‘E
CD103 PE-Dazzle594 Clone 2E7, AB_2566492 Biolegend 2 3
CD69 PE-Cy5 Clone H1.2F3, AB_313112 Biolegend 0.67 3
CD101 PE-Cy7 Clone Moushil01, AB_2573378 Invitrogen 0.33 =
KLRG1 APC Clone 2F1, AB_10641560 Biolegend 0.33 =
CD64 AF647 Clone X54-5/7.1, AB_2566561 Biolegend 1.67
CD62L AF700 Clone MEL-14, AB_493719 Biolegend 1.67
CD45.2 APC-Fire750  Clone 104, AB_2629723 Biolegend 0.67
CDId/PBS-57 tetramer BV421 NIH tetramer core facility 1in 300 dilution
Ly6C APC Clone AL-21, AB_I727554 BD 0.1
CD19 PerCPCy5.5 Clone ID3/CD19, AB_2629815 Biolegend 0.1
CD8 BV711 Clone 53-6.7, AB_2562100 Biolegend 0.1
NK1.1 PECy7 Clone PK136, AB_394507 BD 0.1
NK1.1 FITC Clone PK136, AB_39467 BD 0.25
CXCR6 BV421 Clone SA051D1, AB_2616760 Biolegend 0.1
CXCR6 APC Clone SA051D1, AB_2572143 Biolegend 0.1
Ly6C FITC Clone HK1.4, AB_1186135 Biolegend 0.05
Ly6G V450 Clone 1A8, AB_1727564 BD 0.1
CD4 FITC Clone GK1.5, AB_395013 BD 0.15
CX3CR1 BV785 Clone SAO11F11, AB_2565938 Biolegend 0.2
CX3CR1 APC Clone SAO11F11, AB_2564492 Biolegend 0.1
PD-I PE-Cy7 Clone 29F.1A12, AB_10689635 Biolegend 0.1
CD62L PerCPCy5.5 Clone MEL-14, AB_2285839 Biolegend 0.1
CD62L BV605 Clone MEL-14, AB_2563058 Biolegend 0.1
CD44 AF700 Clone IM7, AB_493713 Biolegend 0.25
TCRB APC-Cy7 Clone H57-597, AB_893624 Biolegend 0.2
CD69 PE-Cy5 Clone H1.2F3, AB_468772 eBioscience 0.25
CD45.1 PE-Cy7 Clone A20, AB_1727488 BD 0.05
CD45.2 FITC Clone 104, AB_313443 Biolegend 0.25
CDId/PBS-44 tetramer BV421, PE In house 1 in 400 dilution
H-2Kb/ RPL6120-127 tetramer PE In house 1in 300 dilution
CD45 BUV395 Clone 30-F11, AB_2651134 BD 0.1
CD3PerCPCy5.5 Clone 17A2, AB_1595492 Biolegend 0.1
CD11c PECy7 Clone N418, AB_493568 Biolegend 0.1
Ly6C APCCy7 Clone HK1.4, AB_10640120 Biolegend 0.1
MHC Class I AF700 Clone M5/114.15.2, AB_494009  eBioscience 0.2
F4/80 BV421 Clone BMS, AB_11203717 Biolegend 0.1
CD11b BV650 Clone MI/70, AB_2566568 Biolegend 0.2
XCR1 BV785 Clone ZET, AB_2783119 Biolegend 0.2
CD40 PECy5 Clone 3/23, AB_2075922 Biolegend 0.1
CD80 BUV661 Clone 16-10A1, AB_2870964 BD 0.1
CD86 PE Clone 24F, AB_394180 BD 0.1
CD70 APC Clone FR70, AB_2738336 BD 0.1
PD-L1 AF488 Clone MIH5, AB_2811871 eBioscience 0.2
CD19 BUV395 Clone 103, AB_2925256 eBioscience 1.0
CD11b BUV737 Clone MI/70, AB_2895933 eBioScience 0.2
CD80 BV421 Clone 16-10A1, AB_10900989 Biolegend 0.25
MHC Class Il eF450 Clone M5/114.15.2, AB_1272204  eBioScience 0.2
XCR1 BV650 Clone ZET, AB_2566410 Biolegend 1.0
SIRPa BV711 Clone P84, AB_2740429 BD 1.0
CD11c BV786 Clone HL3, AB_2738394 BD 1.0
Siglec-H PerCP-eF710  Clone eBio440C, AB_1834443 eBioScience 1.0
CD40 PE Clone 3/23, AB_2539239 Invitrogen 0.5
PD-LI PE-Dazzle594 Clone 10F.9G2, AB_2565638 BioLegend 1.0
CD64 AF647 Clone X54-5/7.1, AB_2566560 BiolLegend 1.6
CD86 APC-R700 Clone GU, AB_2739258 BD 0.3
CD45 BUV395 Clone 30-F11, AB_2651134 BD 0.1
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Validation

All antibodies are from commercial sources and have been validated by the vendors. Validation data are available on the
manufacture’s website, summarized below. Antibodies have been titrated by the authors to find the optimal dilution (amount) for
staining.

Invitrogen and eBioscience antibodies for flow cytometry from Thermofisher Scientific undergo target validation with a two-part
system that includes target specificity verification and functional application validation. Target specificity verification can involve one
or more method, examples include but are not limited to target knockout using CRISPR-Cas9 and neutralization using blocking
antibodies. Functional application validation assesses performance in the given application (i.e. flow cytometry). https://
www.thermofisher.com/nz/en/home/life-science/antibodies/invitrogen-antibody-validation.html. Antibodies are tested with mouse
bone marrow cells, splenocytes and/or thymocytes.

Antibodies used for flow cytometry from Biolegend were validated by the supplier for specificity using 1-3 cell lines that are
target-positive or -negative using single- or multi-colour flow cytometry analysis. Each new lot of antibody undergoes QC analysis by
confirming brightness by MFI compared to the in-date reference lot. https://www.biolegend.com/en-us/quality/quality-control.

BD Biosciences antibodies (including BD OptiBuildTM antibodies) undergo multiple methodologies including flow cytometry,
immunofluorescence, immunohistochemistry or western blot on a combination of primary cells, cell lines or transfectant models to
confirm specificity. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/quality-
and-reproducibility.

The H-2Kb/OVA257-264 pentamer and H-2Kb/RPL6120-127 tetramer were tested against peptide-specific TCR transgenic T cells
(OT-I and PbT-I cells, respectively). The CD1d/PBS-57 tetramer was tested in wild-type and TRAJ18-/- strains for confirmation of
staining of type | NKT cells. As well as the CD1d/PBS-44 tetramer made in-house, an unloaded tetramer control was tested beside the
PBS-57-loaded tetramer to ensure specific staining with low background, as in Fig. 3 . https://doi.org/10.4049/jimmunol.167.3.1164

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Mouse strains used were Swiss Webster, C57BL/6J, Traj18-/-, CD40-/-, Batf3-/-, IAE-/-, IL-15-/- and OT-I. Experiments were performed
on mice aged between 6 and 12 weeks of age.
Adult Anopheles stephensi mosquitoes strain STE2/MRA-128.

This study did not involve the use of wild animals
Mice were sex matched for experiments
This study did not involve field collected animals

The protocols were approved by the Melbourne Health Research Animal Ethics Committee, University of Melbourne (ethics protocol
IDs: 1714302, 1914923) or by the Victoria University of Wellington Animal Ethics Committee (AEC23784 and AEC26384).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Blood was either collected from the tail veins of mice in tubes containing 10 U heparin (Fig. 1) or collected from the
submandibular vein punctured with a 4 nm Goldenrod Animal Lancet and collected into 200 uL of 10 mM EDTA/PBS (Figure
2). Tubes were centrifuged at 1503 x g for 4 min and cells resuspended in 1 mL of RBC lysis solution (QIAGEN). After 20 min at
37 °C leucocytes were harvested by centrifugation and resuspended in 200 pL of FACs buffer (PBS with 5 mM EDTA, 2.5 %
BSA) for antibody staining in a 96-well plate.

Livers were collected into tubes containing RPMI, 2 % FCS and 10 U heparin. Each liver was teased through a 70um cell
strainer, washed with RPMI, and the cell suspension resuspended in 30 mL of 35% Percoll (GE Health care) before
centrifugation at 500 x g for 20 min at 20-22 °C, with no brake. The cell pellet was incubated in 5 mL RBC lysis solution for 5
min at 20-22 °C, before being washed with 30 mL RPMI and resuspended in 1 mL of FACS buffer for flow cytometry. One fifth
of the cell suspension was used for antibody staining. Spleen lymphocytes were isolated by teasing tissue through a 70 um
strainer, washing in RPMI, 2 % FCS, incubating cells in RBC lysis solution for 1-2 min at 20-22 °C, washing again and
resuspending in 5 mL FACS buffer. Approximately 1/25th of final volume was used for antibody staining. Lung tissue was
incubated for 45 min at 37 °Ciin 0.1 mg/mL Liberase TL (Roche) 0.2 mg/mL DNAse | (Roche) in 1 mL RPMI before 50 pL of
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EDTA (0.5 M solution) was added for a further 5 min. Each lung sample was passed through a 3 mL syringe, teased through
70 um mesh, incubated in 2 mL RBC lysis solution for 10 min at 20-22 °C, and resuspended in 1 mL FACS buffer: 1/10th of
final volume was used for antibody staining.

For the assessment of splenic DCs by flow cytometry, spleens were injected at 4-5 points with 0.5 mL IMDM supplemented
with 0.3 mg/mL Liberase TL and 0.2 mg/mL DNAse 1, digested in this mix for 30 min at 37 2C and then mechanically
dissociated through a 70 um sieve with 20 mL of IMDM. Samples were centrifuged at 572 x g for 4 min, supernatants were
discarded, and pellets were resuspended in 2 mL RBC lysis buffer. Samples were centrifuged, resuspended in 1 mL FACs
buffer and 100 plL was transferred to a 96-well plate for staining.

Tissue preparation for assessment of liver DC populations was as previously decribed (Beattie L et al 2013 Cell Host Microbe).
Briefly, livers were perfused with collagenase type IV (Sigma) and then digested in collagenase for 45 min at 37 oC. Cell
suspensions were passed through 70 um sieves, washed with PBS and resuspended in a 33 % Percoll solution (Sigma).
Samples were centrifuged at 693 g for 12 mins, no brake. RBC were removed using lysis buffer and 1/5th isolated cells were
stained for flow cytometry analysis.
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Instrument BD LSR Fortessa or Cytek Aurora
Software BDFACS Diva or Spectroflo
Cell population abundance OT-1.Ly5.1 cells used for cell transfer experiments (Fig 1, 2, 3 and 8) were counted, and their purity was analyzed by staining

with anti-CD8a and anti-Va2 TCR antibodies. For Fig 2. the proportion of naive (CD8+CD44loCD62Lhi) CD8 T cells (OT-I cells)
was established by flow cytometry.

Gating strategy For all analyses cells were gated on using FSC x SSC for lymphocytes, singlet discrimination gates (SSC-A vs SSC-H and/or FSC-
A vs SSC-A) and live cells (propidium iodide negative or Viability Zombie NIR negative). In figure 1,2, 3 and 8, donor OT-I.Ly5.1
cells were then selected by gating on CD45.1+ cells followed by cells expressing the activation/memory marker CD44.
Memory subsets were delineated using antibodies against CD69 and CD62L. For Figure 2, prior to selecting NKT cells using
PBS-57 loaded CD1d tetramers, B cells and macrophages and OT-1.CD45.1 cells were removed from the analysis using
antibodies specific for CD45.1, CD19 and CD64. For Figure 4, CD8+ Kb-OVA257-264-specific cells were assessed after
removing cells binding to CD64, CD19 and PBS-57 loaded CD1d tetramers, and gating on cells expressing CD45.2, TCRB and
CD44. Memory subsets of CD8+ OVA257-264-specific T cell were delineated using antibodies to CD69 and CD62L. For Figure
5, 6 and 7, B cells were excluded by selecting CD19 negative cells and NKT cells were excluded using PBS-44 loaded CD1d
tetramers. Kb-RPL6120-127 tetramer+ cells were analysed by selecting on CD8+ tetramer+ cells and memory subsets were
delineated using antibodies against CD69 and CD62L.

To assess splenic dendritic cells in Figure 3, CD45.2+ cells were gated and then selected for lack of expression of CD64 and
CD19 before gating on cells expressing MHC Il and CD11c. Expression of XCR1 and lack of expression of SIRPa identified as
cDCL1. For liver dendritic cells, CD45+ cells were selected before removal of Ly6C and F4/80+ populations. Liver dendritic cells
were selected by gating on CDllc+/MHC Class 1+ cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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