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SUMMARY

Cytomegalovirus is a promising vaccine vector; however, mechanisms promoting CD4 T cell responses to
challenge, by CMV as a vector, are unknown. The ability of MCMV to prolong immunity generated by
short-lived malaria vaccine was tested. MCMV provided non-specific protection to challenge with Plasmo-
dium and increased interleukin-12 (IL-12) and CD8a* dendritic cell (DC) numbers through prolonged
MCMV-dependent interferon gamma (IFN-y) production. This late innate response to MCMV increased
IL-12 upon challenge and increased the polyclonal CD4 effector T cell response to Plasmodium, protecting
in an IL-12-dependent manner. Although Plasmodium-vaccine-induced protection decayed by d200, MCMV
restored protection through IFN-y. Mechanistically, protection depended on MCMV-induced-IFN-y
increasing CD8a" DCs and IL-12p40. MCMV expressing a Plasmodium epitope increased parasite-specific
CD4 effector and effector memory T cells persisting after malaria vaccination, both phenotypes reported
to protect. Overall, enhanced innate cell status, a mechanism of heterologous protection by MCMV, led to
a stronger T cell response to challenge.

INTRODUCTION provides long-lived immunity.*” Th1-cytokine-producing CD4

T cells and antibody-producing B cells are required for resolution

The development of effective vaccines against human parasitic
diseases has been challenging, partially due to the unknown
mechanisms required to generate strong effector responses
upon challenge.’? Malaria is caused by Plasmodium spp. and
is one of the most dangerous parasitic diseases in the world,
responsible for over 600,000 deaths a year.® Overall, ap-
proaches tested in humans, including the two most advanced
malaria vaccines, RTS,S and R21, show a maximum of 70% ef-
ficacy over a year, which is measured as delaying rather than
preventing the next infection.*® Importantly, despite impressive
progress in malaria vaccine development, including emerging
approaches for live and attenuated parasite vaccine strategies,
and recombinant protein constructs targeting different stages
in the parasite life cycle, none of these vaccine candidates

of the blood stage of Plasmodium infection, which leads to the
disease.®° Specific CD8* T cell responses are required to con-
trol the liver-stage of malaria infection, which is not studied here.
Both natural parasite infection and live malaria vaccine generate
immunity to parasitemia on re-infection that wanes quickly, and
in mice, this is due to a loss of specific T cells over time.” "' Other
parasite vaccines similarly do not generate durable immunity,
leading to the question of what vaccine vector or adjuvant formu-
lation to use to prolong protection.

Adjuvants can induce trained immunity, a concept for
improving innate responses by long-term programming of
increased functionality of innate immune cells to improve the
immune response to heterologous re-stimulation through epige-
netic memory.'?"'* For example, adjuvants targeting Toll-like
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receptor 4 (TLR4), including aluminum salts (ASO1, ASO2,
ASO4) and glucopyranosyl lipid adjuvant (GLA), enhanced
function of myeloid lineage cells through training and have
shown promising results in parasite vaccine trials.'*"'® The
response to the Bacillus-Calmette Guerin tuberculosis vaccine
is a good example of how heterologous infection can induce
innate cell expansion and epigenetically modify macrophages,
suggesting trained immunity that mediates non-specific protec-
tive properties of the vaccine.''” Memory-like innate responses
also occur in pregnancy-associated malaria, where immune
cells from a cohort of infants with a history of malaria in
pregnancy, or during active Plasmodium falciparum infection,
exhibited increased hyperresponsiveness, secreting more in-
flammatory cytokines to subsequent TLR stimulation compared
to unexposed cells.'®?° Given that the innate response can
exhibit memory-like responses, better understanding of adjuvant
mechanisms is a crucial undertaking for parasite vaccine design
to uncover how to rapidly induce a strong adaptive response for
longer.

Both murine cytomegalovirus (MCMV) and rhesus cytomeg-
alovirus (RhCMV) have been tested as vaccine vectors.?'2°
These studies showed that both species of CMV can promote
long-lived CD8 T cell immunity. MCMV vectors expressing
specific antigens have been shown to confer protection medi-
ated by CD8 T cells against L. monocytogenes, SARS-CoV-2
and influenza,”®" as well as humoral protection in influenza.?®
Both MCMV and RhCMV are potent CD8 T-cell-inducing
vectors with efficacy against simian immunodeficiency virus
(SIV), ebolavirus, tuberculosis, cancer, and liver-stage ma-
laria.?>"*°~?> RhCMV-derived vaccine vector (RhNCMV/SIVgag)
completely protects more than half of all vaccinated rhesus
macaques from progressive infection after mucosal challenge
with highly pathogenic SIVmac 239 from 1 to 6 years post-
initial  vaccination.?®**3* Additionally, they revealed that
CMV can induce non-specific protection against other micro-
bial agents. MCMYV infection promotes non-specific protection
to Listeria monocytogenes, Yersinia pestis, and influenza vi-
rus, particularly in the latent phase of MCMV infection.?'3°
These studies showed that the innate immune response to
MCMV generates Stat1-dependent protection, but detailed
mechanism was lacking.

Although CMV has safety issues for immunodeficient patients,
viral engineering to improve the virus as a vector is well under-
way.*® MCMV and RhCMV infection induce sustained or infla-
tionary CD8 T cell responses with an effector memory phenotype
as well as CD4 Thi-type effector function.®’° Therefore, we
investigated whether MCMV can increase the duration of vac-
cine-induced immunity to effectively prolong CD4-dependent
immune protection to Plasmodium infection. We found that inter-
feron gamma (IFN-y) produced during MCMV infection
increased CD8a" dendritic cell (DC) numbers and that inter-
leukin-12 (IL-12) promoted protection upon challenge. Mecha-
nistically, at this late time point, MCMV-induced IFN-y prolonged
a heightened innate state including IL-12 and CD8q«* DCs and
increased IL-12 and an enhanced polyclonal T cell response
upon challenge. Our findings suggest an interesting paradigm
where immunity can be promoted by innate priming due to stim-
ulation by viral vectors, which we found can prolong protection
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elicited by malaria vaccination and improve the adaptive
response to challenge.

RESULTS

MCMV infection elicits immune protection against
Plasmodium chabaudi

To test MCMV as a potential vector useful for future Plasmodium
blood-stage vaccine development, we engineered K181 MCMV
to express the P. chabaudi MSP-1 B5 CD4 T cell epitope
(MCMV-B5), enabling evaluation of Plasmodium-specific CD4
T cellresponses. The B5 epitope was inserted into MCMV interme-
diate early 1 locus with a linker for processing using bacterial arti-
ficial chromosome (BAC) recombineering®® (Figure S1A). We
compared MCMV-B5 with the parental virus to establish its infec-
tivity and immunogenicity. The kinetics and tissue tropism of
MCMV-B5 infection were the same as MCMV K181-BAC as
shown in the plaque assay (Figure S1B) and also by PCR (Fig-
ure S1C). Both viruses were largely cleared from several major or-
gans by day 30, consistent with the establishment of MCMV la-
tency.*"*? The adaptive immune response was comparable, as
polyclonal T cell activation was similar. In order to identify the over-
all MCMV-driven generation of effector T cells (Teff), CD4 T cells
were stained for the IL-7Ra (CD127), which is downregulated on
recently activated T cells and re-upregulated in memory T cells
(Tmem), which were similar for MCMV-BAC and MCMV-B5 at
day 15 post-infection (p.i.; Figure S1D). Viralimmunogenicity in vivo
was confirmed using MCMV-specific MHC tetramers on spleno-
cytes to show specific T cell responses to virus by both CD4 on
day 15 p.i. (Figure S1E) and CD8 T cells on day 6 p.i. (Figure S1F).

MCMV has shown early promise as a vaccine vector against
liver-stage malaria and other infections where protection relies
on CD8 T cells.?”*> However, the mechanisms of heterolo-
gous protective effect of MCMV on infections requiring a
Th1-type response are not well defined. Hence, we tested
whether MCMV-B5 infection affects P. chabaudi immunity
(Figure 1A) in mice when active viral replication was no longer
detectable (60 dpi). BALB/c mice were used in this study to
track Plasmodium-specific B5:1-E® T cell responses and also
MCMYV induces a more sustained infection and CD4 T cell
response in BALB/c than in C57BL/6 mice.”’ Both MCMV-
BAC- and MCMV-B5-infected mice had strongly reduced
parasite growth (Figure 1B) and reduced weight loss (Fig-
ure 1C) upon P. chabaudi infection compared to a primary
infection in age-matched control mice. Prior MCMV infection
thus was sufficient to elicit protective immunity during an
initial exposure to P. chabaudi.

To identify the basis for this effect, we measured several key
cytokines and chemokines present in the serum 2 months
post-MCMV infection (Figure 1D). We observed significantly
increased levels of CXCL9, IFN-vy, and IL-12p40, whereas tumor
necrosis factor (TNF), CCL2, and monocyte chemoattractant
protein 1 (MCP-1) were undetectable in MCMV-infected mice.
Inflammatory cytokine-producing T cells were also assessed
at day 7 post-challenge (p.c.). Prior MCMV infection led to
increased proportions and numbers of IFN-y* and TNF* CD4
and CD8 T cells before P. chabaudi challenge (Figure S2) and
also during challenge (Figure 1E). These data demonstrate
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Figure 1. MCMV prime protects against P. chabaudi infection

BALB/c mice were infected with MCMV-B5 or -BAC and challenged on day 60 post-MCMYV infection with P. chabaudi AS, as shown in (A) experimental
schematic.

(B) Parasitemia and (C) weight loss after challenge.

(D) Graphs show cytokines and chemokines on day 55 post-MCMV-BAC infection, and dotted line represents the limit of detection (LOD).

(E) Plot and graph show quantification of IFN-y* and TNF* CD4 (top) and CD8 (bottom) T cells on day 7 post-P. chabaudi challenge comparing animals with prior
MCMV or not. Data are representative of three independent experiments with five animals per group. Mean shown with error bars representing SEM. Groups were
analyzed using ANOVA followed by Tukey’s post-test or Mann-Whitney test with *p < 0.05; *p < 0.01; **p < 0.001. See also Figures S1 and S2.
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that MCMV infection promotes an enhanced Th1 response to
challenge infection with P. chabaudi.

MCMV enhances DC innate immunity and stimulates
Plasmodium-specific T cell responses
As both MCMV and MCMV-B5 induced protection to
P. chabaudi, we tested whether this effect is promoted by an
innate response rather than an adaptive response. We evaluated
the spleen for changes in innate cell composition during pro-
longed MCMV infection. BALB/c mice were infected with
MCMV-BAC or MCMV-B5, and splenic DCs, macrophages,
and inflammatory monocytes were assessed 15 and 55 days
post-MCMYV infection by flow cytometry (Figure 2A). Phenotypes
of splenic innate cells and Plasmodium-B5-specific CD4* T cell
subsets were identified with gating strategy as schematically
depicted in Figure S3. Both MCMV-BAC and MCMV-B5 pro-
moted an increased proportion and number of DCs on day 15
(Figure 2B). Although this is not reported in acute infection, it is
possible that this is a specific effect of latency.*® The expansion
of CD8a." DC and CD8«.~ DC subsets was maintained until day
55 (Figure 2B). The proportion and number of inflammatory
monocytes (CD11b*Ly6C*) were also increased on day 15 in
MCMV-infected mice compared to uninfected, with anincreased
proportion also at day 55 (Figure 2C). Splenic CD8a." DCs are the
major producers of IL-12p40 in response to various infec-
tions.***> MCMV-infected DCs also produce IL-12.%%* Since
an increase of DCs was observed at day 55, we tested if
MCMV induced an increase in IL-12* DC subsets at day 15
and day 55 post-MCMV infection by intracellular cytokine
staining. The number of CD8«" IL-12* DCs also increased in
MCMV-infected compared to uninfected mice, whereas
CD80o.~ IL-12* DCs were present but did not increase in infection
(Figure 2D). These data suggested that MCMV latent infection
established a heightened innate immune state indicated by
changed proportions of DCs that may affect adaptive responses.
To assess the quality of the specific T cell response induced to
the expressed B5 epitope by measuring their expansion, sur-
vival, and phenotype following MCMV exposure, we adoptively
transferred B5-specific T cells into congenitally marked BALB/
c recipients. The number of donor (Thy1.2+) B5 CD4 T cells
that had proliferated (CTV™) was significantly increased by
both MCMV and MCMV-B5 in comparison to uninfected control
mice, and this increased response capacity lasted through day
55 (Figure 3B). These data suggest that MCMV infection itself
was sufficient to increase CD4 T cell immune responsiveness,
although donor-B5-specific CD4 T cell expansion was most pro-
nounced after exposure to MCMV-B5. Phenotypically, the ma-
jority of expanded donor-B5-specific T cells on day 15 were
effector T cells (Figure 3C, Teff, CD127 CD44"), whereas by
day 55, the fraction of memory T cells (CD127"'CD44™) had
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increased (Figure 3D). A significant number of B5 Teff were
also present at day 55 post-MCMV-infection supporting contin-
uous priming, as suggested by the MCMV-driven increase in
DCs. Together these data demonstrate that MCMV-B5 can
enhance durable Plasmodium-specific CD4 T cells.

MCMV-induced IFN-y drives protection against

P. chabaudi infection

In subsequent experiments, we sought to understand the basis
for MCMV-induced protection. Given the substantial amount of
IFN-vy still present at day 55 of MCMV infection, we first tested
the role of MCMV-induced IFN-y by neutralizing this cytokine af-
ter 40 days of MCMV infection, in the period before P. chabaudi
challenge (Figure 4A). In vivo neutralization of MCMV-induced
IFN-vy was associated with a substantial loss of protection against
P. chabaudi challenge (Figure 4B). The anti-IFN-y-treated mice
had significantly higher parasitemia compared to isotype-treated
controls previously infected with MCMV. The effect of neutralizing
MCMV-induced IFN-y on challenge was also reflected in
increased pathology, as measured by weight loss (Figure 4C)
and hypothermia (Figure 4D). Mice receiving neutralizing antibody
had a peak level of parasitemia similar to a first infection, suggest-
ing that the protection from parasitemia during MCMV was mostly
due to IFN-v.° Evaluation of serum IL-12p40 production
throughout MCMV infection and upon P. chabaudi challenge
showed that IL-12 increased on challenge in an IFN-y-dependent
manner, as shown on days 7, 8, and 15 p.c. (Figure 4E). The che-
mokines CXCL9 and CXCL10 were also significantly reduced on
day 7 p.c. due to IFN-vy neutralization, whereas the level of IL-10
level was increased (Figure 4F). We also measured other cyto-
kinesincluding IL-6, IL-15, IL-18, IFN-a, and IFN-B, which are pro-
duced during MCMV infection.“®*” However, IFN-y neutralization
had no significantimpact on their expression (data not shown). To
better understand the protective effect of MCMV-induced IFN-v,
we next evaluated its effect on the CD4* T cell response induced
by the P. chabaudi challenge. There was a significant reductionin
the fraction of CD4" Teff responding to challenge after pre-treat-
ment with anti-IFN-y (Figure 4G). These data suggest that MCMV
infection promotes protection against P. chabaudi in an IFN-
v-dependent manner including increased serum IL-12 and
CXCR9/10 and an enhanced CD4 T cell response to challenge
infection.

We next investigated the potential caveat that would arise if
the effects of neutralizing IFN-vy at this time point on parasitemia
were due to persistence of the IFN-y neutralizing antibody.
Anti-IFN-y was administered to MCMV-infected or uninfected
mice, which were then challenged with P. chabaudi (Figure S4A).
Control animals were given anti-IFN-y before a first P. chabaudi
infection to test the effect of a full neutralization of the cytokine
on infection. The results clearly show that administration of

Figure 2. MCMV prime induces and maintains myeloid cell numbers

BALB/c mice were infected with MCMV-BAC or MCMV-B5, as shown in (A) experimental schematic. Splenocytes were phenotyped at days 15 and 55 post-
MCMV prime. Plots and graphs show percent and number of (B) dendritic cells and subsets (CD3~MHCII"CD11c™ and CD8u*/"), (C) inflammatory monocytes

(CD3"MHCII*CD11b*Ly6C™).

(D) Plots and graphs show gating and quantification of IL-12-secreting CD84«*'~ DCs. Data are representative of 3-7 animals per group. Mean shown with error
bars representing SEM and analyzed using one-way ANOVA followed by Dunn’s multiple comparisons test. ns, not significant; *p < 0.05; **p < 0.01. See also

Figure S3.
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Figure 3. MCMV-B5 can stimulate and maintain epitope-specific T cell responses

MSP-1-specific B5 TCR Tg CD4 T cells (CTV*Thy1.2*) were adoptively transferred into Thy1.1 mice that were then infected with MCMV-BAC or MCMV-B5, as
shown in (A) experimental schematic. Splenic T cells were gated on B5 TCR Tg (CD4*CTV ™ Thy1.2*) recovered at days 15 and 55 post-MCMV infection.

(B) Plot and histogram show gating of divided B5 T cells, and graphs show percent and number of divided B5 T cells.

(C and D) Plots and graphs show B5 Teff (CD4*Thy1.2*CTV~, CD127-CD44*) and Tmem (CD4*Thy1.2*CTV~, CD127"CD44") (C) on day 15, or (D) day 55. Plots
are concatenated, whereas graphs represent 3-5 animals per group. Data are representative of two experiments. Mean shown with error bars representing SEM
and analyzed using one-way ANOVA followed by Tukey’s post-test; *p < 0.05; *p < 0.01; ***p < 0.001. See also Figure S3.

neutralizing antibody up to 2 days before infection with
P. chabaudi only affects parasitemia significantly, and dramati-
cally, as shown earlier in Figure 4B, if MCMV is given before
infection, and not in the absence of prior MCMV infection
(Figures S4B and S4C), supporting the interpretation that
MCMV-driven IFN-y promotes protection from P. chabaudi bet-
ter than the IFN-y produced in response to parasite alone. The
IFN-y-secreting cell types at this late time point of MCMV infec-

6 iScience 27, 111468, December 20, 2024

tion were quantified by intracellular cytokine staining on day 60
post-MCMV. There is an increased fraction of IFN-y* from CD4
and CD8 T cells and natural killer (NK) and NKT cells, but not
gamma-delta (gd) T cells, in MCMV-infected mice compared to
uninfected mice even at this late time point (Figure S4D). The
largest fraction of IFN-y* cells are CD8 T cells (Figure S4E). We
conclude that the large effect on parasitemia of blocking IFN-y
after MCMV, and before challenge, is mostly due to inhibition
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Figure 4. IFN-y induced by persistent MCMV promotes IL-12 production and protection from P. chabaudi infection
BALB/c mice were infected with MCMV-BAC, and anti-IFN-y or isotype control was administered days 34, 36, and 38 p.i., prior to challenge with P. chabaudi at
day 40, as shown in (A) experimental schematic. Graphs show (B) percentage of parasitemia, (C) weight loss represented as percent change in weight and
(D) hypothermia represented as percent change in body temperature upon P. chabaudi challenge. Graphs show (E) plasma IL-12p40 levels throughout MCMV
infection and upon challenge (on days 7, 8, and 15 p.c.) and (F) CXCL9, CXCL10, IFN-vy, and IL-10 on day 7 of P. chabaudi challenge after MCMV-BAC and
antibody treatment; isotype-treated in white and anti-IFN-y in black bars.
(G) Plot and graph show fraction of polyclonal effector T cells at day 15 p.c. Graphs include 5 animals per group and show mean with error bars representing SEM.
Multiple comparisons Student’s t test, One-way ANOVA and unpaired or Mann Whitney tests were used. “p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.

See also Figure S4.

of MCMV-induced, not P. chabaudi-induced, IFN-vy, from multi-

ple cellular sources.

As IL-12 and IL-18 can induce IFN-y from NK cells or previ-
ously stimulated T cells, we queried the role of these cytokines

in protection from challenge after MCMV. There was no signifi-

cant effect of blocking both IL-12 and IL-18 together, in the
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time period before challenge, on protection from P. chabaudi
by MCMV infection (Figure 5A). As shown earlier, MCMV
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Figure 5. Combined IL-12 and IL-18 neutralization did not affect protection induced by MCMV

BALB/c mice infected (or not) with MCMV-BAC and neutralizing antibody or isotypes were given (A) pre- (d34-38 p.i.) or (B and C) post- (d50-55)-MCMV infection
and then infected with P. chabaudi, as shown in experimental schematics. Line graphs show percentage of parasitemia and weight loss (A) upon combined
neutralization of IL-12p40 and IL-18 before P. chabaudi challenge; (B) IL-12p40 neutralization during P. chabaudi challenge in MCMV-infected mice; and (C) IL-
12p40 neutralization during P. chabaudi infection in the absence of MCMV vaccination. Data shown represent 5 animals per group and mean shown with error
bars representing SEM and analyzed using multiple t test; *p < 0.05; **p < 0.01; **p < 0.001.

infection promotes protection from challenge through an IFN-vy-
dependent effect before challenge. Since MCMV also leads to
more IL-12 production during P. chabaudi challenge compared
to P. chabaudi alone, as shown in previous studies,*®*° we
also evaluated the importance of this increased IL-12 after chal-
lenge. Here, IL-12p40 was neutralized in MCMV-infected ani-
mals starting on the day of P. chabaudi challenge (Figure 5B).
In vivo neutralization of IL-12 during challenge in MCMV-experi-
enced animals resulted in a significant reduction of control of
P. chabaudi parasite growth, of a similar magnitude to neutraliza-
tion of IFN-y before challenge. As a control, we also tested the
effects of neutralizing IL-12 during P. chabaudi infection in the
absence of MCMV and found a much smaller and earlier effect
(Figure 5C). This demonstrates that the MCMV-induced increase
in IL-12 during challenge plays an important role in the protective
potential of MCMV.

MCMV-induced IFN-y promotes IL-12 from DCs but does
not regulate the number of MCMV-driven T cells

To this point, the data support the interpretation that the
increased number of CD8a.* DCs induced by MCMV-induced

8 iScience 27, 111468, December 20, 2024

IFN-y make IL-12 on challenge, which drives improved Th1 re-
sponses and protection. To explore this hypothesis further,
adaptive and innate cell phenotypes including T cells, DCs,
monocytes, macrophages, and NK cells were quantified after
2 months of infection in the presence or absence of anti-IFN-vy.
B5-epitope-specific T cells (CTV-labeled B5 TCR Tg T cells)
were adoptively transferred into congenic (Thy1.1) mice that
were then infected with MCMV-B5. IFN-y was neutralized days
44-48 of MCMV infection (Figure 6A). Blocking MCMV-B5-
induced IFN-y did not change the number of B5 T cells
(CD4*Thy1.2*CTV ") at day 50 p.i. (Figure 6B). B5 T cells induced
by MCMV-B5 include both memory (CD127") and effector
(CD1277) T cells (Figure 6C), with a fraction of effector T cells
that is larger than that seen on day 60 of P. chabaudi infection.'°
However, persistent IFN-y was not the mechanism driving either
the B5 CD127~ effector or memory phenotypes (Figure 6D).

A panel of innate cell markers showed that after IFN-y neutral-
ization on day 50 post-MCMV infection, the number of CD8a*
DCs were reduced, whereas the number of CD8o~ DCs did
not (Figure 6E). Consistent with this finding, the level of IL-
12p40 in the serum on day 50 post-MCMV infection was
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Figure 6. IFN-y induced by MCMV does not affect T cell phenotype but does increase DC number and IL-12p40
CTV-labeled B5 TCR Tg T cells were adoptively transferred into Thy1.1 (BALB/c) mice that were then infected with MCMV-B5 and received anti-IFN-y antibody or
isotype days 44-48 p.i., as shown in (A) experimental schematic. Splenocytes were phenotyped for (B-D) B5 TCR Tg (Thy1.2*) CD4* T cells and (E-G) innate cells
dendritic cells, and inflammatory monocytes) and quantification of serum IL-12p40 level at day 50 p.i.
B) Plot, histogram, and graph show gating and quantification of CD4*Thy1.2*CTV~ B5 T cells.

D) Plot and bar graph show the number within each MCMV-B5-specific Tmem (CD127"CD44") subset (Tcm, TemE, and TemL), as defined by CD27 and CD62L.

(
(
(C) Plots and bar graph show MCMV-B5-specific effector and memory T cell numbers.
(
(

E) Plot and histogram show CD84«*/~ DC population gating and quantification.

(legend continued on next page)
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significantly reduced in the group that received IFN-y neutral-
izing antibody compared to isotype (Figure 6F). We did not
observe significant changes in other innate cell types including
inflammatory monocytes (Figure 6G) or NK cells with IFN-y
neutralization (Figure 6H). Together these data demonstrate
that MCMV-induced IFN-v is indispensable for promoting IL-12
post-parasite challenge, which coincides with higher DC
numbers but not CD4 T cell number or phenotype.

MCMV enhances long-term protection of live malaria
vaccine through prolonged IFN-y

Malaria vaccines so far tested in mice or humans lose their protec-
tive capacity after only 1 to 2 years.”"*? In mouse models, this
short-lived effect has been correlated with the loss of malaria-spe-
cific T cells, not antibodies.” ' CMV is an excellent T-cell-inducing
vaccine vector, which was previously interpreted to mean that it
promotes the Tem phenotype.?#?9°23839 We next tested
whether MCMV-induced IFN-y can prolong immunity, potentially
provided by an enhanced T cell response, as suggested by Fig-
ure 4G. Alive malaria vaccine, which is Plasmodium spp. infection
followed by drug treatment, is an effective vaccination protocol in
C57BL/6 (B6) mice and also in human studies."’ Although this
protocol induces a long-lived B cell response, the protection
shows measurable decay by day 200 in mice accompanied by a
decay of T cell responsiveness.’ "> To determine if MCMV after
P. chabaudi vaccination could prolong protectiveness, we set
up to utilize this vaccination protocol in BALB/c. Firstly, challenge
parasitemia was tested at day 200 after heterologous challenge of
animals first infected with P. chabaudi strain AS with strain AJ
(diagrammed in Figure S5A). P. chabaudi infection induced steril-
izing immunity on day 60 p.i., followed by a measurable decay in
protection that was evident on day 200 (6.6 months) p.i. in
BALB/c (Figure S5B). Secondly, no measurable decay in antibody
concentration was observed between 2 and 6.6 months p.i., as
shown previously in B6 mice (Figure S5C). To test whether
MCMYV can supplement the malaria immunity provided by long-
lived plasma cells induced by live malaria vaccine, mice were
given the live malaria vaccine (P. chabaudi AS quickly treated
with chloroquine; Figure 7A, top) followed or not by infection
with MCMV-BAC or MCMV-B5 140 days later (Figure 7A, bottom).
The mice were challenged by re-infection with the heterologous
strain, P. chabaudi AJ, at day 200 p.v., which was 60 days after
MCMV infection. Plasmodium-vaccinated mice, with or without
MCMV exposure, were challenged with heterologous Plasmo-
dium infection. Mice that experienced MCMV infection had a
lower parasitemia (p.v., average of 0.06% or 0.05% without or
with the B5 epitope, respectively) on day 4 p.c. in comparison to
vaccinated mice that had not experienced MCMV infection
(1.57% on day 4 p.c. and 0.5% on day 6 p.c.; Figure 7B). Para-
site-specific serum antibody to the vaccine and challenge strains
was measured by enzyme-linked immunosorbent assay (ELISA)
at day 7 p.c. and found to be equivalent in all groups (Figure 7C).
We conclude that Plasmodium vaccination efficacy, but not the

iScience

antibody response to challenge, fade with time and that MCMV
infection prolonged protection.challenge.

We next tested if MCMV-induced IFN-v is the factor prolonging
protection in this malaria vaccination protocol, as in MCMV infec-
tion alone seen earlier. Mice were vaccinated against malaria with
P. chabaudiinfection followed by drug treatment and then infected
with MCMV-BAC at day 140. Prior to heterologous challenge with
P. chabaudi AJ at day 200, MCMV-infected mice received IFN-y
neutralizing antibody, or isotype control, at days 194-198 p.v.
(54-58 days post-MCMV booster) (Figure 8A). The control groups
either had nolive vaccine and no MCMV or only MCMV with no ma-
laria vaccine. Although MCMV alone reduced parasitemia by
about half compared to no MCMV, MCMV infection after
P. chabaudi live vaccination reduced parasitemia by a full order
of magnitude (Figure 8B) and also protected against weight loss
(Figure 8C). Blocking IFN-v before challenge significantly reduced
the stimulatory effect of the MCMV-BAC on protection at day 200.
This was measured as a 4-fold increase in parasitemia in the [FN-y
neutralized animals (0.4%), compared to the isotype group
(0.09%), on day 5 p.c. Serum levels of P. chabaudi AJ-specific
immunoglobulin G (IgG) increased after challenge with that para-
site, but there was no significant difference in antibody after
neutralization of IFN-y (Figure 8D). T cell phenotyping on day 15
p.c. showed that blocking IFN-y before reinfection significantly
reduced the fraction of polyclonal T cells with a Teff phenotype
generated during P. chabaudi challenge, corresponding to less
control of parasitemia (Figure 8E). These data demonstrate that
MCMYV infection after malaria live vaccination can prolong protec-
tion to challenge in IFN-y-dependent manner.

Given the power of MCMV infection to enhance durable pro-
tection during malaria challenge by promoting an IFN-y, we
further probed the mechanistic basis by investigating the effect
of MCMV on DCs and T cell immunity. MCMV infection gener-
ates both CD62L'° antigen-specific CD4 and CD8 effector and
effector memory T cells. For some CD8 epitopes, this has
been shown to be due to memory inflation in MCMV infection
models.*®39°%-%6 Tq identify parasite-specific CD4 T cell pheno-
types present after MCMV stimulation of the live vaccine,
Thy1.2* CD4 donor B5 TCR Tg cells (CellTrace Violet [CTV]-
labeled) were adoptively transferred into Thy1.1* congenic re-
cipients, which had been immunized with live vaccine and
then infected with MCMV-B5 at day 140 p.v. (Figure S6A).
P. chabaudi live vaccine induces proliferation of B5 T cells, which
remain at a low level through day 200 in the absence of MCMV
infection. MCMV-B5 specifically and significantly increased the
numbers of donor B5 CD4 T cells (CTV™) remaining on day 200
p.v., whereas MCMV-BAC did not (Figure S6B), indicating an ef-
fect specific to MCMV expression of the B5 epitope. The pheno-
types present due to the MCMV-B5 boost 60 days earlier include
both B5 Teff (CD127 ) and B5 Tmem (CD127™), as well as CD27*
and CD27~ effector memory T cells (CD44"CD127"CD62L",
Tem; Figure S6C). We have previously defined these subsets
as Tem®" or Tem-®*, Central memory T cells (Tcm) were not

(F) Graph shows serum IL-12p40 levels.

(G) Plots and graphs show gating and quantification of inflammatory monocytes CD3~MHCII*CD11b*Ly6C™.
(H) Plots and graph show gating and quantification of CD3~DX5"MHCII~ NK cells. Data shown are representative 5 mice per group and mean shown with error
bars representing SEM. Student’s t test was used; ns, not significant *p < 0.05; *p < 0.01. See also Figure S3.
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Figure 7. MCMV vector prolongs protection of live malaria vaccine

Days post-challenge

Infection and drug-cure live vaccine combined with MCMV boosting strategy for protection to heterologous rechallenge. Mice were infected with P. chabaudi AS
and treated with two subsequent non-curative doses of chloroquine (CQ). Some groups received MCMV-BAC or MCMV-B5 booster at day 140 (bottom timeline).
All mice were challenged with heterologous P. chabaudi AJ strain 200 days after live vaccination, as shown in (A) experimental schematic. Graph showing
(B) parasitemia of P. chabaudi AJ challenge and (C) serum level of P. chabaudi AS- and P. chabaudi AJ-specific IgG antibody at day 7 post-challenge. Data are
representative of two independent experiments with five mice per group showing mean, with error bars representing SEM, and analyzed using ANOVA followed

by Tukey’s post-test with **p < 0.01; ns, not significant. See also Figure S5.

increased. Neither IFN-y nor MCMV-BAC increased B5 T cell
numbers (Figures SED).

To determine what MHCII+ cells present at day 200 of this pro-
tocol were dependent on MCMV-induced IFN-y, we used flow
cytometry on splenocytes before the challenge. Vaccinated
and MCMV-infected animals received IFN-y blocking antibody,
or isotype control antibody, days 194-198 p.v. (days 54-58 after
the MCMV booster) (Figure 8F). Antigen-presenting cell pheno-
types were assessed at day 200 after malaria immunization, in
the absence of P. chabaudi challenge. DCs were still increased
by the MCMV boost at day 200, and in vivo neutralization of
IFN-y significantly reduced DC numbers compared to isotype
control (Figure 8G). This innate effect was seen again most strik-
ingly in the CD8a* DC population (Figure 8H). Blocking MCMV-
B5-induced IFN-vy after vaccination also reduced the serum level
of IL-12p40, although this did not reach significance in this
experiment (Figure 8l). Numbers of NK cells and inflammatory
monocytes were not significantly changed by IFN-y blockade
(Figure 8J). As MCMV-driven IFN-y affected innate cells and
polyclonal effector T cells upon challenge, our data showed
that MCMYV infection significantly enhanced host defense mech-
anisms upon malaria challenge via their enduring effect on innate
immunity. Collectively, these data suggest an innate pathway for
viral vector function through prolonged IFN-vy driving an increase

in CD8a." DCs, which promote both increased protective IL-12
and an increased effector T cell response to challenge.

DISCUSSION

Alternative high-efficacy approaches for malaria vaccination
continue to be developed, but little engineering has been
focused on increasing the longevity of protection. Here, we
show that a basic immune stimulatory mechanism can be
applied to extend the protection provided by a typical short-lived
malaria vaccine. These data show significant promise to prolong
vaccine protection against systemic infections through effects
on the innate immune system. In summary, we demonstrated a
protective effect dependent on persistent MCMV-induced
IFN-y that enhances IL-12 and CD8a* DC numbers and pro-
motes a Th1 response upon challenge.

We observed a strong protective effect of MCMV itself on
P. chabaudi infection. The effect of MCMV alone reduced
P. chabaudi challenge parasitemia by about one-half, a strong
effect. However, it should be noted that specific immunity can
reduce challenge parasitemia by orders of magnitude in addi-
tion, likely the result of long-lived plasma cells and serum anti-
body. Both MCMV and gamma herpesvirus 68 (gHV68) also
have a protective effect against influenza virus and Listeria
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Figure 8. IFN-y induced by MCMV boosts and drives increase in CD8a.* dendritic cells for long-term protection by live malaria vaccine
Infection and drug-cure live vaccine combined with MCMV boosting strategy for protection to heterologous rechallenge testing effect of neutralizing IFN-y on
innate cells and challenge. BALB/c mice were given infection and drug-cure vaccine combined with MCMV boosting strategy for protection to heterologous
rechallenge. Age-matched mice were infected with P. chabaudi AS and then treated with two non-curative doses of chloroquine (CQ). Then they received MCMV
booster at day 140, and some received anti-IFN-y antibody or isotype at indicated days (194, 196, 198) after P. chabaudi vaccination (p.v.). All mice were re-
infected with P. chabaudi AJ strain at 200 days p.v., as shown in (A) experimental schematic. Graphs showing (B) parasitemia curves and (C) weight loss after
P. chabaudi AJ challenge or infection.

(B and C) ## represents significance between groups by ANOVA. Comparisons of parasitemia and weight loss in vaccinated (vaccine_MCMV _isotype and
vaccine_MCMV_alFN-vy) and non-vaccinated groups (No vaccine_MCMV and No vaccine_No MCMV) show a significant difference using ANOVA and Tukey’s

(legend continued on next page)
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monocytogenes, but not West Nile virus, HSV-1, or Sindbis vi-
ruses, indicating some specificity in terms of the viruses that
can do this.?"*® This specificity may be due to viral latency, as
gHV68 with a point mutation in ORF73, a gene required for la-
tency, showed reduced protection from Listeria and also
reduced IFN-y levels and chronic macrophage activation.®”
MCMV-induced cross-protection against influenza lasted thro-
ugh early and established (5-12 weeks), but not long-standing
(9 months), MCMV latency. In terms of mechanism, production
of IFN-y during the latent phase of infection was implicated in
MCMV-induced protection from influenza,?’ and STAT1 expres-
sion was further implicated in protection against Listeria and Yer-
sinia.*® Although we did not specifically test for latency, MCMV-
BAC and MCMV-B5 showed similar kinetics and outcomes to
previous studies, suggesting viral latency was established by
both MCMV strains in our mouse model by day 40.*"** Our
work extends these findings mechanistically by showing that
persistent MCMV-induced IFN-y increased IL-12 and the num-
ber of CD8a* DCs in the spleen. We also showed that these
changes led to differences in the immune response to challenge
that are responsible for immunity, namely that there are more
CD4 Teff in the response, and a stronger induction of IL-12,
which is required for control of the challenge. Both changes dur-
ing the challenge were linked to the presence of IFN-y before
challenge. Additionally, we applied this insight to a highly signif-
icant problem, that of extending protection to malaria.
Neutralization of IFN-y led to a loss of the extended protection
provided by MCMV stimulatory effect and protection from
P. chabaudi infection. Numbers of Teff after challenge were
reduced after neutralization of persistent IFN-y, which is partic-
ularly striking given the reduced protection from parasite growth
in anti-IFN-y pre-treated animals. IFN-y production has been
previously reported in MCMV and HCMV infection during the
period coinciding with latency.”’ We show here that several
cell types are involved in IFN-y production. Persistent infection
protects in general by generating short-lived effector T cells
and promoting their cytokine production with innate cyto-
kines.'%2%°8 This study demonstrates that there are also innate
mechanisms, regulated by IFN-vy, that can strongly contribute
to the protective effect of persistent stimulation. These mecha-
nisms may be at play in parasitic infections as well. We recently
showed that neutralizing IFN-vy also reduces resistance to rein-
fection with P. chabaudi in a phagocyte-dependent manner.*®
Data from our laboratory and others establish that either IFN-vy
expression during persistent P. chabaudi infection or recombi-
nant IFN-y also promote protection from heterologous re-infec-
tion at day 200 and increase the fraction of polyclonal Tem.%:°
Here, Tem numbers are B5 epitope specific and not affected by
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blocking IFN-y. This may depend on the expression pattern in
the two systems; for example, IE1 is reported to be sporadically
expressed throughout the latent phase and to drive CD8 T cell
memory inflation.®’ Our previous work in P. chabaudi infection
showed that both memory T cell differentiation from Tcm and
prolonged infection contribute to the maintenance of CD4 Tem
numbers.®?

Induction of IL-12 upon P. chabaudi challenge was increased
by prior MCMV infection and did not occur in the context of prior
neutralization of IFN-y during the persistent phase of MCMV
before challenge. The role of the enhanced IL-12 production af-
ter challenge in MCMV-infected animals in controlling parasite-
mia during challenge was confirmed by neutralization. This is
consistent with studies showing both that recombinant IL-12 re-
duces P. chabaudi parasitemia and that IL-12-deficient mice
have higher parasitemia than wild type (WT).°%%® Classically,
Th1 differentiation depends on the induction of IFN-y in T cells
by IL-12 from DCs. However, in the context of prolonged antigen
presentation, such as in a tumor, IL-12 production by DCs can
also be reduced by anti-IFN-vy, suggesting a positive feedback
loop.®*®" Neutralization or deficiency of IFN-y also reduced
recruitment of IL-12* DCs to the cornea upon abrasion.®® Our
data suggest a positive feedback mechanism between IFN-vy,
CXCL9/10, and IL-12 to enhance DC function in MCMV infection,
although it is not clear if this is due to migration to the spleen or
differentiation or proliferation of newly generated DCs. IFN-y has
been shown to promote monocyte differentiation into an IL-12-
producing cell type dependent on CCL2 and also to promote
DC production of IL-12 in Toxoplasma infection,®® whereas
IFN-y has been implicated in monocyte differentiation in
P. chabaudi.””"" As each infection appears to be distinct,
the increased DC population and their increased production of
IL-12 may stem from a combination of different factors and
mechanisms that need to be further investigated. The possibil-
ities include enhanced differentiation from common myeloid
precursors in the bone marrow, or enhanced recruitment of
monocytes or DC1 precursors, and maturation within the spleen.

All malaria vaccines tested in human studies thus far, including
the most advanced vaccines RTS,S and R21/matrix, show
insufficient longevity of protection.®’ Natural immunity to both
the parasite and vaccines decays over time, due to a progressive
loss of malaria-specific T cells, limiting long-lived protec-
tion.>"""" The effector memory T cell population generated in
malaria does not re-expand upon rechallenge.””"®> Memory
T cells do produce cytokines in the presence of inflammatory cy-
tokines, due to epigenetic memory.”*"* To our knowledge, there
are no current vaccine formulations that drive long-lived CD4
T cell responses.”’® Therefore, a crucial result here is showing

multiple comparisons (p < 0.01, for all time points of parasitemia (B) and day 9 p.c. for weight loss (C)). There is also a significant difference (p < 0.05) in parasitemia
(B) between vaccine_MCMV _isotype and vaccine_MCMV_alFN-y at day 5 post-challenge.

(D) Graph of serum level of IgG specific to P. chabaudi AJ at indicated days (5, 7, and 15, relative to challenge).

(E) Graph of proportion of polyclonal effector T cells (CD127") after challenge (d15 p.c.) out of CD4™".

(F-J) As above, mice were vaccinated and boosted with MCMV at day 140 followed by anti-IFN-y neutralization at indicated days (194, 196, 198), but not
challenged, before spleen cell recovery for phenotyping at day 200 p.v., as shown in (F) experimental schematic. Plots and graphs show (G) gating and number of
total DC population (CD3~CD11c"MHCII™) and (H) CD8o.~ or CD8a* DCs. (I) Graph of serum IL-12p40 level at day 200 p.v. (J) Plots and graphs show gating and
quantification of inflammatory monocytes (iMo, CD3~CD11b*Ly6C*) and NK cells (CD3~DX5*MHCII ). Data shown are representative of 5 animals per group.
Mean shown with error bars representing SEM. Groups were analyzed using ANOVA followed by Tukey’s post-test or with Student’s t test. *p < 0.05; **p < 0.01;

***p < 0.001; ns, not significant. See also Figure S6.
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the potential of CMV to both enhance innate immunity and pro-
mote an appropriate T cell response upon challenge, extending
vaccine protection. CMV induces a robust and long-lasting T cell
response including both effector and memory components.®®"®
Hansen et al. showed that RhCMV-expressing Plasmodium
knowlesi antigens generated a parasite-antigen-specific im-
mune response that delayed parasite growth upon sporozoite
challenge via generation of CD8 T cell responses.?> However,
whether an MCMV could be used to restimulate pre-existing
CD4 T cell specificities through innate immune effects has not
been tested previously. Here, we show that the MCMV vector
can be used to specifically increase CD4-epitope-specific
effector T cell responses, which is one of the primary gaps in
our current malaria vaccine arsenal. Both CD4 Teff and Tmem
phenotypes are generated in P. chabaudi infection, and both
can promote protection.'®®® Here, we observed that MCMV-
B5 promoted maintenance of the Tem phenotype beyond day
200. CD4 T cells are crucial for protective immunity to
P. chabaudi, as they produce cytokines that promote both
phagocytosis and B cell help.® Our previous findings revealed
the power of Teff in protection from persistent P. chabaudi with
help from B cells. Although P. chabaudi MSP-1-specific B5
CD4" T cells prevented lymphocyte-deficient animals from
dying, they were insufficient to control parasitemia in WT
mice.” Adoptive transfer of B5 effector CD4 T cells with immune
B cells, or in vivo activation of naive T cells before infection,
reduced the peak of P. chabaudi parasitemia by half.?> Although
memory T cells are less effective, CD27~ Tem-**® do reduce par-
asitemia and are the most protective memory phenotype. In this
study, we showed that the MCMV-B5 vector specifically acti-
vated and maintained both adoptively transferred epitope-spe-
cific T cells and MCMV-specific CD4* T cells over 2 months, in
addition to enhancing the effector response to challenge. This
suggests that a more potent set of CD4 epitopes, which need
to be identified for a future malaria vaccine, expressed in a
CMV vector could prolong adaptive immunity along with the sig-
nificant innate effect seen here, possibly in a synergistic fashion.
The study suggests that a two-step vaccine strategy that first
induces a long-lived protective antibody response and then
enhances protection through innate effects on T cells is a
reasonable approach.

Several exciting vaccine studies have used attenuated
MCMV and RhCMV-derived recombinants to study the effects
of various attenuation strategies on vector-induced T cell immu-
nity.?”*""""® These studies address potential safety issues of
potentially virulent CMV vectors to be rectified before this strategy
could be used in humans. However, superinfection, the ability to
re-infect HCMV carriers, and a varied T cell response are two ben-
efits of this approach in addition to the innate and adaptive re-
sponses studied here.””"® Further understanding of the mecha-
nisms of this model could also lead to new adjuvants to prolong
immunity to persistent or recurrent pathogens without introducing
another pathogen. In summary, we have identified mechanisms of
adjuvanting by MCMV, supporting the promise of CMV-based
vaccines and defining a promising line of research for prolonging
protection from Plasmodium infection. In addition, as MCMV is a
chronic viral infection and both P. chabaudi and the human
malaria pathogen P. falciparum can also be both persistent and
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recurrent, this work informs our basic understanding of the immu-
nology and vaccinology of persistent infections.

Limitations of the study

MCMV infection was used here as a surrogate for the CMV vac-
cine vectors being engineered for human trials. Using attenuated
MCMV-derived recombinant viruses instead of MCMV K181-
derived viral recombinants with intact immune evasion mecha-
nisms as this research progresses will enhance the potential
for translation. The goal was to study the effects of long-lasting
antigen and immunity induced by MCMV. Their induction of
prolonged responses including enhanced innate and adaptive
functionality and the ability of HCMV to super-infect and to
continuously express antigen makes them an exciting platform.
While we started the study to define the T cell response to an
epitope when testing MCMV-B5 as a vector, the finding that
MCMV alone reduced challenge led to the exciting finding that
enhanced innate priming by virus could explain improvements
in the adaptive response to parasite challenge that has not
been previously observed.
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Cat#117318; RRID: AB_493568
Cat#117307; RRID: AB_313776
Cat#563063; RRID: AB_2737983
Cat#17-5321-82, RRID: AB_469455
Cat# 11-7311-41; RRID: AB_10718840
Cat#45731180; RRID: AB_1107020
Cat#506324; RRID: AB_2256076
Cat#554479; RRID: AB_395420
Pubmed ID: 29867968

GenBank ID: CCE57242.1

GenBank ID: NP_001020329.1
Cat#BE0312; RRID: AB_2736992

InVivoMADb polyclonal Armenian hamster IgG BioXCell Cat#BEO0091; RRID: AB_1107773
InVivoMADb anti-mouse IL-12 p40 BioXCell Cat#BE0051; RRID: AB_1107698
InVivoMAD rat IgG2a isotype control, anti-trinitrophenol BioXCell Cat#BE0089; RRID: AB_1107769
InVivoMAb anti-mouse IL-18 BioXCell Cat#BE0237; RRID: AB_2687719
Bacterial and virus strains

MCMV-K181-B5 (MHC II-E%-restricted B5 This paper N/A

epitope (ISVLKSRLLKRKKYI)

MCMV-K181-Perth Corbett et al., 2011%° N/A

Chemicals, peptides, and recombinant proteins

Phorbol Myristate Acetate (PMA) Sigma Cat #P1585

lonomycin Sigma Cat No. 10634

CellTrace™ Violet Cell Proliferation Kit Invitrogen Cat #C34571

Chloroquine diphosphate salt Sigma Cat #C6628

BD GolgiPlug (Containing Brefeldin A) BD Bioscience Cat #BDB555029

Ricca Chemical Giemsa stain Fisher Scientific Cat #3250-4

Cell Stimulation Cocktail (500X) eBioscience Cat #00-4970-93

Custom cytokines/chemokines Legendplex Biolegend Cat #900001181

Fugene 6 Transfection Reagent Promega Cat#E2691

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Lipopolysaccharides (LPS) Sigma Cat#lL4391
TAPI2 Biosynth Cat #INH-3852-PI
Experimental models: Cell lines
3T3 cells NIH N/A
Experimental models: Organisms/strains
Plasmodium chabaudi chabaudi AS Laudau et al., 1966°; N/A
Li et al., 1999%
Jean Langhorne,
Crick Institute
P. chabaudi AJ (BEI/MR4, MRA-740) Laudau et al., 1966°; N/A
Li et al., 1999°%
Oligonucleotides (See Table S1)
IE1-Galk Fwd: AGATCCAAGTCTTC N/A
TGAGAATCAACAGCAGCCCAAGA
AGAAGAGCAAGAAGCCTGTTGAC
AATTAATCATCGGCA.
IE1-Galk Rev: TAGTAAAAAAACATTG N/A
TCCATGGTGATGGGTGGGGAGCTG
GGCTTGTGGATATCAGCACTGTCCT
GCTCCTT
IE1 Exon 4 Fwd: AGCTGGAAGGATCACAGC N/A
IE1 Exon 4 Rev: GTGTCTAAGTGGGCAGGTG N/A
B5(leader): (GCGAACCAGAAAGTGAAAGAA) N/A
ATTAGCGTGCTGAAAAGCCGCCTGCTGA
AACGCAAAAAATATATT
MO06 Fwd: TTGGAGCGATACGTTGACAATG Corbett et al., 2011%° N/A
6530 Rev: TCCGTTAGCCTTAGATTCCACCG Corbett et al., 2011° N/A
6147 Fwd: GCCAGCTCCTACTCGTCATC N/A
6631 Rev: TATCGTTCTTGACGCCCTTT N/A
IE1 MG Fwd: AGATCCAAGTCTTCTGAGAA N/A
IE1 MG Rev: TAGTAAAAAAACATTGTCCA N/A
MSP-1; 1157-1171, ISVLKSRLLKRKKY!/I-E Stephens and Langhorne, 2010'°  N/A
Va2 Fwd: GAACGTTCCAGATTCCATGG Stephens and Langhorne, 2010'° N/A
Va2 Rev: ATGGACAAGATCCTGACAGCATCG Stephens and Langhorne, 2010  N/A
vB8.1 Fwd: CAGAGACCCTCAGGCGGCTGCTCAGG Stephens and Langhorne, 2010'°  N/A
vB8.1 Rev: ATGGGCTCCAGGCTGTTCTTTGTGGTTTTGATTC Stephens and Langhorne, 2010'° N/A
MCMV (IE1) Fwd: TCA GCC ATC AAC TCT GCT ACC AAC Wheat et al., 2003%° N/A
MCMV (IE1) Rev: GTG CTA GAT TGT ATC TGG TGC TCCTC  Wheat et al., 2003%? N/A
B-actin Fwd: GCT GTA TTC CCC TCC ATC GTG Wheat et al., 2003%° N/A
B-actin Rev: CAC GGT TGG CCT TAG GGT TCA Wheat et al., 2003%° N/A

Software and algorithms

FlowJo software version 10 package
Qognit LEGENDplex software

FACSDiva software

GraphPad Prism (version 9 and version 10) Software

FlowJo LLC
Biolegend

BD Biosciences

GraphPad

https://cloud.flowjo.com/

https://legendplex.qognit.com/user/
login?next=workflow.workflow

https://www.bdbiosciences.com/en-
us/products/software/instrument-
software/bd-facsdiva-software

https://www.graphpad.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice and parasites

All mice used in our study were maintained in the University of Texas Medical Branch (UTMB) or Rutgers New Jersey Medical
School (NJMS) animal facility under specific pathogen-free conditions with access to food and water ad libitum. Recipient Thy1.1
BALB/cByJ were backcrossed to BALB/cJ (N4; The Jackson Laboratory, Bar Harbor, ME). B5 T cell receptor transgenic (TCR
Tg), which recognizes a peptide from merozoite surface protein-1 (MSP-1; 1157-1171, ISVLKSRLLKRKKY!/I-E%) was backcrossed
to BALB/cJ (N10). B5 TCR Tg mice, and P. chabaudi chabaudi AS stocks, were a kind gift from J. Langhorne (Francis Crick Institute,
London, UK). P. chabaudi AJ (MRA-740, a cloned line that is highly related but heterologous to AS®*®' was purchased from BEI
Resources, formerly MR4. B5 TCR Tg mice were typed using primers Va2, 5'-gaacgttccagattccatgg-3’ and 5'-atggacaagatcctga
cagcatcg-3/, and vB8.1, 5’ cagagaccctcaggeggcetgctcagg-3’ and 5'-atgggctccaggctgtttttgtggttttgattc-3'.'° Both male and female
recipients were used, however no sex differences in infection were noted. All adoptive transfer experiments were done using age-
and sex-matched recipient and donors. All experiments were carried out according to protocol approved by the Institutional Animal
Care and Use Committee (IACUC) of either the UTMB or Rutgers NJMS.

Construction of MCMV and viral infection

To follow Plasmodium-specific CD4 T cells, MCMV-K181-B5 was generated using B5 epitope (ISVLKSRLLKRKKYI) from the
P. chabaudi Merozoite Surface Protein MSP1 cloned into the MCMV IE1 gene as follows (Figure S1A). MCMV-K181-Perth was
genetically modified using bacterial artificial chromosome (BAC) recombineering® to carry the MHC II-E%-restricted B5 epitope
(ISVLKSRLLKRKKY]I) from the P. chabaudi Merozoite Surface Protein MSP1 (1157-1171) in frame with the C-terminus end of
the MCMV IE1 gene (Figure S1A).*' Here the pGalK plasmid was used as a template with primers 1 and 2 (Table S1) to generate
a PCR product containing the Galk gene flanked by 50 bp of target sequence homologous to the insertion site located at the end
of IE1 exon 4. The resulting IE1-GalK PCR product was transformed into SW102 E.coli containing the MCMV pARK25-K181
BAC.%*Single colonies of recombinants containing the GalK gene insert were selected by growth on minimal media containing
galactose and confirmed by PCR using primers 3, 4 (Table S1). The resulting construct was denoted pARK25-IE1-GalK. Next,
a PCR product was amplified using a 171b IE1-B5 minigene (IDT) consisting of a 7 amino acid leader sequence, the B5 epitope®
(Table S1) and the same 50bp target sequences used above, as template with primers 10 and 11 (Table S1).The resulting IE1-B5
PCR product was then transformed into SW102 containing the pARK25-1E1-GalK.Recombinants containing the IE1-B5 sequence
in place of IE1-Galk were obtained by negative selection on minimal media with glycerol and 2-deoxy-galactose and confirmed by
PCR using primers 4 and 5 (Table S1). These BAC recombinants, designated pARK25-1E1-B5, were streaked to give single col-
onies and the IE1 exon 4 region was sequenced to ensure that they contained the correct IE1-B5 sequence. Next, pARK25-1E1-B5
BAC DNA was prepared and used to transfect NIH3T3cells with the Fugene 6 Transfection Reagent (Promega) to generate infec-
tious Tissue Culture Virus (TCV). Excision of the BAC from the viral genome of the reconstituted virus was observed by the
absence of GFP expression in infected cells and confirmed by PCR using primers flanking the region where the BAC was inserted
into the viral genome (Table S1, primers 6-9). RFLP was performed to confirm the absence of gross mutations and sequencing
confirmed the insertion of the B5 gene at the 3’ end of IE1 exon 4 without disruption to the region (Table S1, primers 10, 11).
The resulting virus was denoted MCMV-B5. 3weeks old BALB/c mice were infected with TCV to generate primary and
secondary Salivary Gland Virus (SGV) stocks. A secondary SGV stock was used to infect mice by injecting 5 x 10® PFU i.p. in
0.2mL of PBS.

METHOD DETAILS

Immunization

For infection and drug cure vaccination, the protocol was performed as previously documented in mice and humans.''** Six-to
nine-week old (Age- and sex-matched) mice were infected (10° P chabaudi AS) and treated with two subsequent noncurative
doses of chloroquine (10 mg/kg body weight/day; Sigma-Aldrich), when parasitemia reached 1-2% of erythrocytes. Parasites
were counted by light microscopy in thin blood smears stained with Giemsa (Sigma-Aldrich, St. Louis, MO). The mice were chal-
lenged by re-infection with the heterologous strain, P. chabaudi AJ, at day 200 p.v., which is 60 days after MCMV during the
chronic phase. This timing was chosen on the basis that neither immunity nor the T cell response to live vaccination has
completely decayed by day 120""°°, and that the MCMV infection is below detectable by day 60,*' though we expected it to
show prolonged stimulatory capacity at this timepoint.>> Parasitemia was monitored by microscopic examination of thin blood
smears from the tail. Thin blood smears were stained with Giemsa (Ricca chemical company, Arlington, TX), and parasites
were counted by light microscopy.

Virus quantification

MCMV-B5 or MCMV-BAC viral copy number of CMV/B-actin ratios were determined in different organs in infected BALB/cJ
mice. DNA was purified from tissue (liver, lung, and salivary gland) using the Gentra Puregene Kit (Qiagen, Valencia, CA)
following manufacturer’s instructions. All tissues were stored at —80°C in PBS for DNA, or Trizol (Thermo Fisher Scientific,
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Carlsbad, CA) for RNA purification, until sample processing. gPCR was performed with 50 ng of purified DNA. Specific primers
for MCMV immediate-early (IE1) gene (GenBank: M11788,1) 5-tca gcc atc aac tct gct acc aac-3 and 5-gtg cta gat tgt atc tgg tgc
tcc tc-3 and for murine B-actin (GenBank: M12481.1) 5-gct gta ttc ccc tcc atc gtg —3 and 5-cac ggt tgg cct tag ggt tca-3. Serial
dilutions of a control plasmid were used to generate a standard curve for both MCMV-IE1 and B-actin, as described previously,
and gPCR of viral DNA has been shown to correlate quantitatively with the plaque assay throughout the viral infection.®* All
sample measurements were performed in triplicate. Real-time PCR (VIIA, AB Biosystems, Life Technologies, Carlsbad, CA).

Adoptive transfers and in vivo studies

MACS-purified CD4* T cells from young, uninfected B5 TCR-Tg mouse spleens (Miltenyi San Diego, CA) were labeled with cell trace
violet (CTV) and adoptively transferred (2 x 10°) into Thy1.1 congenic mice. For cytokine neutralization, three doses of anti-IFN-y anti-
body (H22, 0.5 mg) or isotype control antibody (PIP, 0.5 mg); or a combination of anti-IL-12p40 (C17.8, rat IgG2a, 300 ng) and anti-IL-
18 antibody (YIGIF74-1G7, control Rat IgG2a, 200 pg) were given, every other day. All in vivo antibodies were from BioXCell
(Lebanon, NH).

Flow cytometry

Single-cell suspensions from spleens were prepared at the indicated time points after infection in HBSS) with HEPES (Thermo Fisher
Scientific, Waltham, MA) using gentleMACS (Miltenyi, San Diego, CA) and incubated in RBC lysis buffer (eBioscience, San Diego, CA).
Single cells were stained extracellular in PBS, 2% FBS, and 0.1% sodium azide with antibodies. For T cells: anti-CD127 (A7R34), anti-
PD-1 (RMP1-30), anti-CD62L (MEL-14), CD4 (RM4-5), (anti-CD90.2 [30-H12], anti-CD44 [IM7], and anti-CD27 [LG-7F9)) (all from BD
Biosciences, eBioscience/Invitrogen and Biolegend, San Diego, CA). For antigen-presenting cells were stained with anti-Ly6C, anti-
Ly6G (1A8), anti CD11b (M1/70), anti-CD11c (N418), DX5, MHCII/I-A/Eb (M5/114.15.2). Phenotype of phagocytes, polyclonal CD4*
T cell subsets and Plasmodium B5-specific CD4* T cell subsets were identified with gating strategy as schematically depicted in
Figure S3 as polyclonal CD4* T cell subsets including Teff (CD4*CD127~CD44") and Tmem CD4*CD44"CD127"); P. chabaudi B5-spe-
cific cells including proliferated (CD*Thy1.2*CTV™B5); Teff (CD4*Thy1.2*CTV~, CD127-CD44%); Tmem and subsets (Tmem,
CD4*Thy1.2*CTV-CD44"MCD127"; Tcm, CD4*Thy1.2*CTV CD44"CD127" CD62L*CD27*); Tem™Y (TemE, CD4*Thy1.2*CTV~
CD44"CcD127", CD62L'°CD27%); or Tem™™® (TemL, CD4*Thy1.2*CTV-CD44"CD127", CD62L'°CD27") and innate cells including
CD8a* DCs (CD3~CD11c"MHCIIMCD8*); CD8o.~ DCs (CD3~CD11c"MHCIIMCD80. "), inflammatory monocytes (CD3~CD11b*Ly6C™),
NKT (DX5"CD3*) and NK cells (DX5"MHCII"CD3").For intracellular cytokine staining, cells were cultured with PMA and ionomycin
(IFN-v, TNF) or LPS for IL-12 for 5 h at 37°C, 5% CO, in the presence of GolgiPlug (BD Bioscience) before extracellular staining and
then fixed with 2% paraformaldehyde overnight. Cells were then permeabilized using BD 10X Permeability buffer diluted with water
and stained with anti-IFN-y (XMG1.2), anti-TNF (MP6-XT22), anti-IL-2 (JES6-5H4) and IL-12 p40/p70 (C15.6). Virus-specific CD4*
T cells were identified using M78/I-A° tetramers, with peptide (SQQKMTSLPMSVFYS) and CLIP/I-AY as tetramer control
(PVSKMRMATPLLMQA) and CD8* T cells with H-2L(d) MCMV IE1 168-176 YPHFMPTNL (both from NIH Tetramer Core Facility, Emory,
Atlanta, GA). Tetramer staining was performed within 6 months of receiving the reagents at 4C for 1 h before/after surface and intracel-
lular staining. Cells were acquired on an LSR Il Fortessa or Symphony A5 using FACSDiva software (BD Biosciences, San Jose, CA).
Compensation was performed in FlowJo using single-stained splenocytes (with CD4 in all colors). All data analysis was performed using
the FlowdJo software package (version 10, FlowJo, BD San Jose, CA). Cell numbers were calculated as the % of recovered Tg cells/
lymphocytes x the number of lymphocytes using countless 3 (Invitrogen), except for Figures 6 and 8 which the recovered cells were
counted by inclusion of counting beads (Accu-Check, Molecular Probes, Thermo Fisher Scientific) in the FACS sample according to
manufacturer’s instructions and calculated using the equation: Total cell number = ((all cell event count/bead event count) x bead
conc. (per wl) x (bead volume/cell volume)) x volume of original sample. This formula only works if the whole volume of FACS tube is
collected.

Cytokines and antibody measurements

Cytokines and chemokines (CXCL9, CXCL10 (IP-10), CCL2, MCP1, IFN-vy, IFN-B, IFN-a, IL-10, IL-12p40, IL-15, IL-18, IL-6, and
TNF-a) were measured in the plasma by Legendplex according to manufacturer’s protocol (Biolegend, San Diego, CA). Plasma sam-
ples were collected at the indicated days and were stored at —80°C until analysis. All data were acquired on an LSR Il Fortessa flow
cytometer using FACSDiva software, version 8 (BD Biosciences, San Jose, CA). The concentration of each analyte is determined with
cytometric data based on a standard curve using the LEGENDplex data analysis software (Biolegend, San Diego, CA). P. chabaudi
AS and P. chabaudi AJ-specific IgG were evaluated in plasma at indicated days by ELISA, as described previously.®* Plates were
coated with P. chabaudi AS or P. chabaudi AJ parasite lysate overnight at 4°C in PBS with 0.05% Sodium Azide. Plates were blocked
with 1% BSA, 0.3% Tween 20, 0.05% Sodium Azide and then sera were incubated. Bound antibody was detected using Alkaline
Phosphatase-conjugated goat anti-mouse IgG (Southern Biotech, Birmingham, AL). The reaction was revealed with a p-Nitrophenyl
phosphate disodium salt (Sigma, USA) solution (1 mg/ml) in diethanolamine buffer. Plates were analyzed with an Omega plate reader
(FLUOstar Omega BMG LABTECH Inc, Durham, NC, USA).
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QUANTIFICATION AND STATISTICAL ANALYSIS
All data were analyzed by ANOVA, followed by Tukey’s or two-tailed Mann-Whitney test or two-tailed unpaired Student’s t test, where

indicated. All data are presented as mean + SEM. Statistical tests were performed using the statistical software package in Prism
(version 9.2, GraphPad Software, USA): *p < 0.05, **p < 0.01, **p < 0.001 and n.s., not significant.
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