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Abstract

The co-stimulatory molecule CD40 enhances immunity through several distinct roles in T cell
activation and T cell interaction with other immune cells. In a mouse model of immunity to liver
stage Plasmodium infection, CD40 was critical for the full maturation of liver dendritic cells,
accumulation of CD8+ T cells in the liver, and protective immunity induced by immunization with
the P. yoelii fabb/f- genetically attenuated parasite. Using mixed adoptive transfers of polyclonal
wild type (WT) and CD40-deficient (CD40-/-) CD8+ T cells into WT and CD40-/- hosts, we
evaluated the contributions to CD8+ T cell immunity of CD40 expressed on host tissues including
antigen-presenting cells (APC), compared to CD40 expressed on the CD8+ T cells themselves.
Most of the effects of CD40 could be accounted for by expression in the T cells” environment,
including the accumulation of large numbers of CD8+ T cells in the livers of immunized mice.
Thus, protective immunity generated during immunization with fabb/f- was largely dependent on
effective APC licensing via CD40 signaling.

Introduction

Despite the recent success of public health measures, malaria remains widespread in sub-
Saharan Africa, Southeast Asia, and South America, and continues to cause morbidity and
mortality and impede socioeconomic progress. Climate change threatens to extend the range
of Plasmodium-infected Anopheles mosquitoes and the complexity of vector control and
swift spread of drug resistance make development of an effective vaccine imperative (1).
Live, attenuated Plasmodium vaccines against liver stage infection have shown great
promise in the mouse model and are now being optimized in preliminary human clinical
trials (1-3). These attenuated strains are invaluable as a model of effective sterilizing
immunity and can be used to determine the mechanisms that must be triggered during
immunization to generate a protective and long-lasting response that can prevent
symptomatic blood stage infection.
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Radiation-attenuated sporozoites (RAS) and genetically-attenuated parasites (GAP) elicit
strong CD8+ T cell responses that protect immunized mice from infectious challenge (4-6).
It is unclear by which cells CD8+ T cells are primed; hepatocytes, liver dendritic cells (DC),
and antigen-presenting cells (APC) in the skin-draining lymph node have all been implicated
(7-9). Though they are not involved in the effector response, CD4+ T cells are required
during immunization to induce protective immunity (6, 10). Recent studies indicate that
during immunization with RAS, CD4+ T cells are needed to generate optimal numbers of
CD8+ T cells, though they appear not to shape the quality of effector function or memory
response (11).

There are several routes by which CD4+ T cells provide help to CD8+ T cells including
licensing APC to better prime CD8+ T cells and signaling CD8+ T cells directly via
cytokines or surface molecules. Interaction between CD40, a co-stimulatory molecule
expressed on APC and CD8+ T cells, and CD40L expressed on CD4+ T cells is a core
mechanism of CD4+ T cell help (12, 13). Frequently used to improve responses in anti-
pathogen or anti-tumor vaccine studies (14, 15), CD40 stimulation induces APC to secrete
inflammatory Th1 cytokines such as IL-12 and IFN-vy, and to upregulate antigen presentation
and co-stimulatory molecules, enhancing the cells’ ability to recruit and prime T cells (16).
IL-12, IFN-v, and Th1 responses have been strongly implicated in protection against liver
stage Plasmodium infection and other intracellular parasites (17-20). IL-4-secreting CD4+ T
cells, a hallmark of Th2 responses, may also be required for protective immunity conferred
by RAS, throwing into question whether Th2 or Th1 responses aid immunity against liver
stage infection (21, 22).

CD40 signaling also promotes CD8+ T cell activation, proliferation, and can influence the
memory program and prevent T cell exhaustion (23, 24). In non-inflammatory model
systems, CD40 expressed on the CD8+ T cell is critical for the development of an effective
memory response, whereas in viral and bacterial infections it is not required, and CD40 on
the APC drives the CD8+ T cell response (25-27). Whether immunity to an intracellular
eukaryotic parasite such as the liver stage of Plasmodium relies on CD40 as a route of CD4+
T cell help is unclear. Here we explore the role of CD40 in generating a protective immune
response during primary immunization with the late-arresting attenuated strain P. yoelii
fabb/f- (28). Rather than using a single T cell specificity to investigate the response to
fabb/f- immunization, we chose to examine the total CD8+ T cell response to be able to
draw conclusions that would apply to the full range of polyclonal responses to the parasite’s
many antigens. An alternative approach to using antigen-specific T cell clones or tetramers
would be to examine activated, antigen-specific CD8+ T cells that are CD11a CD8a/©
(29), however, the high frequency of activated T cells present in both the resting and the
immunized liver makes this method difficult to apply to cells collected from the liver (30,
31). We find that without CD40, mice normally protected by P. yoelii fabb/f- immunizations
are not able to withstand infectious challenge. Moreover, CD40 signaling is a key
requirement for multiple components of the response induced by fabb/f- immunization and
CDA40 expressed on the CD8+ T cell has a distinct function from that of CD40 expressed on
the APC.
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Materials and Methods

Ethics Statement

Mice

The animal experiments described here were performed according to the regulations of the
Institutional Animal Care and Use Committee and the Office of Laboratory Animal Welfare,
under the protocol NC-06 approved by the Seattle BioMed Animal Care and Use
Committee. Liver perfusions were performed under terminal anesthetization with Avertin
(tribromoethanol). Animals were monitored daily and every effort was made to minimize
suffering.

The study used female mice on the C57BL/6 background, between 8-10 weeks of age. WT
C57BL/6 and MuMT mice were purchased from the Jackson Laboratory, (Bar Harbor, ME)
and housed in the Seattle Biomedical Research Institute vivarium. MHCII-/- and CD40-/-
mice originated from Jackson Laboratory, (Bar Harbor, ME) and were bred in-house at
Seattle Biomedical Research Institute.

Parasites and immunizations

The fabb/f- parasite has been previously described (28). Parasites were grown in Swiss
Webster mice and Anopheles stephensi mosquitoes. Sporozoites were dissected from the
salivary glands of mosquitos immediately prior to injection into mice via the tail vein. For
experiments in which mice were immunized once and lymphocytes were analyzed 5-7 days
later, a dose of 5x10% live fabb/f- sporozoites was used. For the immunization-challenge
experiments in Figure 1A and C, mice were immunized twice two weeks apart with 1x10%
live fabb/f- sporozoites. Immunized mice and naive controls were challenged with 100 WT
P. yoelii sporozoites one month after the last immunization and were monitored for blood-
stage parasitemia by Giemsa-stained blood smear during days 3-14 after challenge. 100 WT
P. yoelii sporozoites is a dose we previously found to be infectious to 100% of naive
C57BL/6 mice (32). CD4-depletion was accomplished by injecting mice intraperitoneally
with GK1.5 antibody on Days -3, —1, and +1 surrounding each immunization and/or
challenge. Successful depletion of >95% of CD4+ T cells was determined by flow
cytometric analysis staining for CD4 and CD8 in peripheral blood from each mouse on Day
0.

Cell isolation for adoptive transfer

For the experiments depicted in Figures 5-6, CD8+ T cells were separated from whole
spleen by negative depletion using a MACS column and CD8+ T cell isolation kit (Miltenyi
Biotec Inc). The cells were injected into WT and CD40—/- host mice in a 1:1 ratio via the
tail vein. Each mouse received 5 x 106 cells total. Host mice and transferred cells expressed
different congenic markers to distinguish them by flow cytometry. Host WT mice expressed
CD45.1 and CD90.2, transferred WT cells expressed CD45.2 and CD90.1, and CD40-/-
mice and transferred cells expressed CD45.2 and CD90.2. (We were unable to differentiate
transferred CD40—/- cells from CD40-/- host cells and did not analyze that population, but
gave WT and CD40-/- mice the same cell mixture for control purposes).
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Cell collection and liver perfusions

Cells were collected from liver, lymph nodes, and spleen using an established method
developed in our laboratory (33). While mice were under terminal anesthesia, the liver was
exposed and a catheter was inserted into the portal vein. The liver was perfused slowly with
5mL of HBSS containing 5mM Hepes and 5mM EDTA to flush out circulating blood. A
small piece of the lower left liver lobe was placed in Trizol for gene expression analysis.
The liver was then perfused with 6-8mL of collagenase buffer (HBSS, 5mM Hepes, 5mM
CaCly, .05% type IV Collagenase (Sigma Aldrich)). The gal bladder was removed and the
liver dissociated into a single cell suspension in PBS with 5% FBS and spun at low speed to
remove hepatocytes. The supernatant was applied to a 20% iodixanol (Optiprep) gradient
and spun at 2500rpm for 25 minutes to isolate non-parenchymal cells for flow cytometric
and gene expression analysis. Several lymph nodes (the inguinal, coeliac, and portal vein
lymph nodes) and the spleen were collected and made into separate lymph node and spleen
single cell suspensions for flow cytometric analysis.

Cell staining for flow cytometry and cell sorting

Lymphocytes from the liver, spleen, and lymph nodes were stained and interrogated using
panels that included the following antibodies from Biolegend: anti-CD3 (145-2C11), anti-
CD8 (53-6.7), anti-CD4 (RM4-5), anti-CD90.2 (53-2.1), anti-CD62L (MEL-14), anti-CD44
(IM7), anti-CD11b (ICRF44) anti-CD122 (5H4), anti-CD86 (GL-1), anti-CD80 (16-10A1),
and anti-1A/IE (M5/115.15.2); from BD Biosciences: anti-CD45.1 (A20), anti-IFN-y
(XMG1.2), anti-CD25 (7D4), and anti-CD11c (N418); and from eBioscience: anti-KLRG1
(2F1). Intracellular anti-1IFN-y staining was performed using a Cytofix/Cytoperm kit (BD
Biosciences) after cells were stimulated with ionomycin and PMA for 4 hours and treated
with Brefeldin A to inhibit protein transport.

To conduct surface marker expression analysis and to sort liver CD8+ and CD4+ T cells and
DC into separate populations for gene expression analysis, antibodies from the list above
were used in addition to anti-NK1.1 (PK136). Classical DC were identified from high
forward- and side-scatter cells that were CD11c", CD11b!°, and MHC class 11", The mean
number of DC analyzed per mouse was 4,278 cells. CD8+ T cells were identified as CD3+
and CD8+, and adoptively transferred WT and CD40-/- cells were further differentiated by
CD45.1 and CD90.2 staining. CD4+ T cells were identified as CD3+, NK1.1- and CD8-,
and CD4+. The mean number of CD8+ T cells analyzed per mouse was 6,362 cells, ranging
from 675 cells (a low number of WT CD8+ T cells in CD40—/- hosts) to 31,331 cells. The
mean number of CD4+ T cells analyzed per mouse was 35,220 cells. Lymphocytes were
analyzed using a Beckton-Dickenson LSRII and Beckton-Dickenson FACSDiva software.
Liver lymphocytes were sorted using a Beckton-Dickenson FACS Aria Il. Data were
analyzed using FlowJo software (Tree Star, Inc, Ashland, OR).

Q-RT-PCR Gene expression analysis

Liver tissue or sorted cells were stored in TRIzol (Invitrogen) at —80C. RNA was isolated

from TRIzol after treatment with Proteinase K (Qiagen) using chloroform (Sigma-Aldrich)
and washed using sodium acetate (Sigma-Aldrich). Complimentary DNA was made using
the QuantiTect Reverse Transcription kit (Qiagen) and pre-amplified using TagMan Real-
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Time PCR Master Mix and the TagMan assays for genes of interest (Applied Biosciences).
Quantitative real-time PCR was performed on pre-amplified RNA using the same TagMan
assays in a BioMark HD microfluidics system (Fluidigm, South San Francisco, CA). Cycle
thresholds where calculated using Fluidigm Real-Time PCR Analysis software. Using
Microsoft Excel, gene expression values were calculated using the delta delta CT method
and were normalized to the housekeeping gene Hprt. Fold changes in immunized mice were
calculated using the median value of strain-specific naive control mice for each gene.

Statistical analysis

Results

Data were analyzed using Prism6 software (GraphPad). Asterisks represent significant p
values obtained by the following statistical tests: Kaplan-Meyer survival curve analysis was
used in Figure 1A and C. The Mann-Whitney rank sum test was used for all analyses
comparing cells or genes from different host mice (unpaired data). * indicates p < .05, ** p
<.01, *** p <.001. Graphs in figures 1-5 depict one representative experiment of 2-3
experiments that each used 4-5 mice per group. The Wilcoxon matched pairs test was used
for analyses comparing WT and CD40-/- CD8+ T cells that were primed in the same host
mouse (paired data) (Figure 6 lower panels and 7C only), and these graphs show data pooled
from 2-3 experiments.

CD4+ T cells and the co-stimulatory molecule CD40 are needed for sterile immunity

Two immunizations of 1 x 104 P. yoelii fabb/f- sporozoites given two weeks apart can
protect C57BL/6 mice against an infectious challenge of 100 wild-type (WT) P. yodlii
sporozoites one month later [Fig. 1A]. To determine whether CD4+ T cell help was
necessary for this protective response, we depleted CD4+ T cells with anti-CD4 antibody
during each immunization, just prior to challenge, or both. Immunized, non-depleted mice
were protected against blood-stage infection, whereas MHC class I1-deficient mice, which
completely lack CD4+ T cells, and WT mice that had been CD4-depleted during
immunization or during immunization and challenge became infected. In agreement with
previous work (6, 10), mice depleted just prior to infectious challenge did not lose protective
immunity, indicating that CD4+ T cell help was necessary during the primary response but
was not required for the recall response [Fig. 1A].

Because CDA40 signaling is a major mechanism of CD4+ T cell help, we investigated
whether the molecule was involved in protection conferred by fabb/f- immunization. CD40
was upregulated along with MHC class 11 molecules in whole liver from mice 7 days after
immunization [Fig. 1B]. We immunized CD40-deficient (CD40-/-) mice and observed that
they failed to generate protective immunity; they became infected upon challenge. Because
both MHCII-/- and CD40-/- mice lack normal antibody responses (34), we also tested
protection in B cell-deficient MUMT mice. Immunized MuMT mice were protected against
challenge indicating that the lack of protection in MHCII-/- and CD40—-/- mice was due to
missing CD4+ T cell help and not a failed antibody response [Fig. 1C].
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We next examined the change in CD40 expression at the protein level on a variety of
immune cells isolated from the liver. Several types of professional and non-traditional
antigen presenting cells can be found in the liver, including dendritic cells, liver sinusoidal
endothelial cells (LSEC), liver macrophages called Kupffer cells (KC), and CD11b+
myeloid cells that infiltrate the liver upon infection (35). We found that KC and LSEC —
both generally recognized as immunosuppressive cell types (36) — downregulated CD40
surface molecule expression upon immunization, whereas DC isolated from the liver
upregulated CD40 expression [Fig. 1D]. CD11b+ myeloid cells and CD8+ and CD4+ T cells
showed little change in their low-level CD40 expression in response to immunization.

CD40-deficiency results in fewer CD8+ T cells in the liver

Depleting CD4+ T cells during immunization with RAS resulted in a diminished clonal
burst of transgenic CD8+ T cells specific for circumsporozoite protein (CS) (11). As CD40
is a main route of CD4+ T cell help, we wished to examine whether CD40 was critical for
CD8+ T cell accumulation in the liver. We examined the total CD8+ T cell response in order
to capture the entire polyclonal T cell response to immunization. To do this we immunized
WT or CD40-/- mice once with fabb/f- sporozoites and analyzed lymphocytes from the
liver, spleen, and lymph nodes 7 days later at the peak of the CD8+ T cell response [Fig.
2A]. CD8+ T cells primed in CD40-/- and WT mice expressed similar levels of the
activation markers CD44 and CD62L [data not shown]. However, the livers of immunized
WT mice contained significantly more CD8+ T cells compared to immunized CD40-/-
mice [Fig. 2B]. Because the total number of cells isolated from the murine liver via
collagenase perfusion can vary greatly, we chose to analyze T cells as a percentage of total
isolated cells in order to be able to make comparisons between organs, individual mice, and
experiments performed on different days. This approach is non-standard for lymph node and
spleen cells, where the isolation of essentially all lymphocytes is straightforward, but has
been adopt widely for cells isolated from tissues where full recovery is impossible, such as
the intestine (37). We find that for liver lymphocytes, the percentage is more reproducible
than an effort to estimate total numbers of any cell type.

CD40-deficient dendritic cells fail to become fully licensed and upregulate a different set of
chemokine genes

Given the dramatically lower numbers of CD8+ T cells in the liver and lack of protective
immunity in CD40-/- mice, we investigated another key outcome of CD40 signaling: APC
licensing. We isolated CD11c+ MHCIIN DC from the livers of immunized mice [Fig. 3A]
and measured expression of genes and surface markers associated with APC activation and
T cell priming. On Day 5 after immunization, we found that while certain inflammatory
genes (Ifng, Nos2) were expressed equally by CD40—-/- and WT DC, genes encoding
chemokines involved in recruiting inflammatory cells and lymphocytes (Ccl2, Ccl5, Ccl7,
Cx3cl1) were induced differently in WT DC and CD40-/- DC [Fig. 3B]. This is striking
because CD40 was not simply acting as a rheostat, modulating all T cell functions in
parallel. Instead, its effects were specific. Interestingly, it does not appear that lower CD8+
T cell numbers in the livers of CD40—/- mice were due to reduced expression of
chemokines that promote T cell recruitment, Ccl5 and Cx3cl1. Additionally, liver DC from
WT mice had upregulated surface expression of MHC class Il and CD86 at Day 5, but DC
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from CD40-/- mice expressed lower levels of these molecules [Fig. 3C and D], indicating
they had not been licensed to the same extent as WT DC. Expression of CD80 was similar
between WT and CD40-/- DC [not shown]. Interestingly, splenic DC did not appear to
upregulate these molecules as much as liver DC.

CD40 is necessary for full CD4+ T cell activation and production of IFN-gamma

MHC class 1l and CD86 expressed on DC are crucial to forming immunological synapses
that prime CD4+ T cells (38), thus we investigated whether CD40 deficiency also resulted in
suboptimal CD4+ T cell activation during fabb/f- immunization. CD4+ T cells appeared to
proliferate similarly in WT and CD40-/- mice after a single immunization with fabb/f- [Fig.
4A], though we did note that CD40-/- mice had significantly more CD4+ T cells prior to
immunization, making it hard to definitively conclude that the response was quantitatively
similar between groups. CD4+ T cells expressed similar levels of CD44 and CD62L in WT
and CD40-/- mice [not shown].

To determine the effect of CD40 deficiency on CD4+ T cell activation and differentiation,
we examined expression of several genes in CD4+ T cells isolated from the livers of mice
immunized once with fabb/f- sporozoites. CD4+ T cells from CD40-/- mice expressed
lower levels of the Th1l-associated genes I1112rb2 and 1fng [Fig. 4B]. Additionally, the
proportion of IFN-y* CD4+ T cells increased upon immunization in WT mice, and there was
a significantly lower percentage of IFN-y* cells in CD40—/- mice at Day 5 [Fig. 4C]. Taken
together, CD4+ T cells appeared to be less activated in CD40—/- hosts by some measures,
seeming to lack the proper co-stimulation that would drive them toward Th1 effector cell
differentiation.

CD40 expressed on APC drives CD8+ effector cell differentiation and accumulation

CDA40 can be expressed both on APC and on CD8+ T cells, providing two possible modes of
CDA40:CD40L interaction. Because the importance of CD8+ T cell-autonomous CDA40 is
under considerable debate, we addressed this question in the context of immunity to liver
stage Plasmodium infection. To do this, we transferred a 50:50 mixed population of
polyclonal WT and CD40-deficient CD8+ T cells into either WT or CD40—-/- host mice
prior to immunization. This allowed us to examine the effects of APC CD40-deficency by
analyzing WT CD8+ T cells in WT and CD40-/- hosts, while also interrogating the effect
of CD40 deficiency in CD8+ T cells by comparing WT and CD40—-/- CD8+ T cells primed
in the same WT host. Upon collecting cells from the liver and spleen at Day 7 post-
immunization, we found that CD8+ T cell accumulation in the liver depended on CD40
expressed on APC; the defect in numbers was still present in WT CD8+ T cells primed in
CD40-/- hosts but accumulation was normal when CD40—-/- CD8+ T cells were primed in
WT hosts [Fig. 5A].

We then examined expression of genes associated with effector cell activation and memory
precursor differentiation in CD8+ T cells isolated from the livers of mice in the experiment
above. WT CD8+ T cells primed in WT hosts appeared to downregulate genes associated
with memory precursor effector cells (MPEC) formation, Bcl2, Eomes, and Spi2a compared
to those primed in CD40-/- hosts [Fig. 6A, top]. CD40-/- CD8+ T cells primed in WT
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hosts appeared to upregulate Spi2a, but downregulated the effector-associated gene Prdml
(Blimpl) [Fig. 6A, bottom]. CD8+ T cells primed by CD40—/- APC expressed lower levels
of 1112rb2, KIrgl, and the activation-associated genes Itgam (CD11b) and Itgax (CD11c) at
Day 5 post-immunization [Fig. 6B, top]. CD40-/- CD8+ T cells primed in WT hosts also
upregulated Itgam and Itgax less than WT CD8+ T cells, but intriguingly, CD40-/- CD8+ T
cells upregulated 1112rb2 and Kirgl even more than WT cells primed in WT hosts [Fig 6B,
bottom]. Expression of the IL-12 receptor and I1L-12 signaling have been associated with
effector cell development but are also needed for survival and recall responses by CD8+ T
cells (39, 40). Taken together, these data indicate that activation and differentiation of
effector CD8+ T cells relied on CD40 expressed on the APC and not CD8+ T cell-
autonomous CD40. Of note, both CD8+ T cells primed in CD40—-/- hosts, and those missing
CD40-/- themselves, failed to downregulate genes associated with exhaustion, Pdcd1
(PD1), Havcr2 (Tim3), and Lag3, as much as WT CD8+ T cells in intact mice [Fig 6C].

CD40 is required for differentiation of effector cells

We next investigated expression of cell surface markers associated with differentiation of
effector cells and memory precursor effector cells (MPEC), which we defined on the basis
of CD127/KLRG1 and CD122 expression. We first observed that significantly more CD8+
T cells primed in WT hosts were expressing KLRG1, a marker expressed by terminally
differentiated effector cells, compared to those primed in CD40-/- hosts [Fig. 7A and B].
Surprisingly, more CD40-/- CD8+ T cells expressed KLRG1 than WT CD8+ T cells
primed in WT hosts [Fig. 7C]. We also observed that CD25 was upregulated on CD8+ T
cells in WT hosts at Day 5 but not on liver CD8+ T cells primed in CD40—-/- hosts. In the
spleen, CD25 was upregulated in all three groups of mice, but expressed at a higher level on
CD8+ T cells primed in WT hosts [Fig. 7D, E].

Given higher proportions of effector cells in WT hosts, we were surprised to see equal or
higher proportions of CD127+ and CD122+ memory precursor cells in WT hosts as well.
There were no significant differences in levels of CD127 between groups of CD8+ T cells
[summary data not shown], which is expressed early in the primary response by cells that
will form the memory population (41, 42). Additionally, CD8+ T cells primed in WT hosts
upregulated CD122 to a greater extent than those primed in CD40-/- hosts [Fig. 7F, G].
CD122 is a subunit of the IL-15 receptor and its expression on CD8+ T cells during the
primary response has been associated with the formation of Tcm as well as long-term
survival of those cells in the memory population (43, 44).

Taken together, our observations suggest that CD40 expressed on the APC drives
differentiation of effector CD8+ T cells in fabb/f-immunized mice, and that CD40 expressed
on the CD8+ T cell itself may serve to limit effector cell differentiation.

Discussion

The role of CD40 stimulation and nature of CD4+ T cell help during immunization with the
fabb/f- GAP has not been investigated. We set out to answer three questions: i) Whether
CDA40 signaling is required for protective immunity, ii) what components of the primary
immune response, such as CD4+ T cell lineage or CD8+ T cell differentiation, are regulated
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by CD40 signaling, and iii) whether any of CD40’s effects are mediated through CD8+ T
cell-autonomous CD40 expression. We found that during fabb/f- immunization, CD40
signaling plays key roles in licensing liver DC, generating an effector Th1 response, and
driving robust CD8+ T cell activation and differentiation of both effector and memory
precursor cells. We observed a clear compartmentalization of CD40 function when
expressed on different cell types. While CD8+ T cell accumulation in the liver, CD4+ T cell
activation, and DC licensing depended on CD40 expressed on the APC, CD8+ T cell-
autonomous CD40 was critical to limit terminal differentiation in CD8+ T cells.

Much insight into the immune response to RAS has been gained though experiments
performed with circumsporozoite protein (CS)-specific transgenic CD8+ T cells (9, 45, 46).
In the study described here, we chose to examine the polyclonal CD8+ T cell response in its
entirety instead of focusing on a single T cell specificity with a transgenic clone or tetramer.
The reasons for this are two-fold. First, the late-arresting P. yoelii fabb/f- strain induces a
broader T cell repertoire than early-arresting RAS, perhaps due to the increasing variety of
antigens expressed later in liver stage development (6). The response of CD8+ T cells to
stimuli is often clone-dependent and can vary greatly depending on TCR affinity for a
particular epitope and what signals the APC provides in response to that antigen (47, 48),
thus the quality of response made by CS-specific T cells may only represent part of the
broad CD8+ T cell response to immunization with fabb/f- sporozoites. Other non-CS
antigens may be important in generating sterile immunity against liver stage infection. While
immunization with CS protein alone can protect mice against infectious challenge (49), a
sub-unit vaccine based on CS, called RTS, S, is only partially successful in humans (50) and
a response against CS is not required in mice to confer protective immunity (49, 51). As the
immunodominant antigen on sporozoites, CS may actually act as a decoy antigen, drawing
the immune response away from more protective antigens expressed later in liver stage
development (49, 52). An alternative to studying specific T cells would be to examine
activated or antigen-experienced CD8+ T cells recognized by their upregulation of CD11a
(29), however, we found that the vast majority of CD8+ T cells collected from the liver were
activated even in naive mice, in line with previous studies (30, 31). Secondly, recent
experiments describe the importance of innate-like activation of non-antigen-specific CD8+
T cells during various models of infection (53, 54) and our approach allows us to examine
both the adaptive and innate T cell responses to GAP immunization. Innate inflammatory
responses driven by unrelated antigen, such as RNA from Hepatitis C Virus or the TLR9
ligand CpG, or induced by a primary Plasmodium infection can prevent or reduce liver stage
Plasmodium infection in mice 24-48 hours later (20, 55-57) and these innate responses are
likely important in generating a long-lived memory T cell response.

CD4+ T cell help is necessary for an effective CD8+ T cell memory response against non-
inflammatory antigens, such as tumor cells and certain pathogens that may not carry
sufficient danger signals (48). The liver is a tolerogenic environment, tasked with
modulating immune responses to harmless food antigen or components of commensal
bacteria carried from the gut. Liver pathogens such as Hepatitis C virus appear to exploit
this bias, resulting in chronic infection characterized by inflammation but ineffective host
defense (58). Better disease outcomes and clearance of HCV are associated with robust
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CDA4+ T cell responses, suggesting that CD4+ T cell help is needed to overcome tolerance in
the liver (59). Against liver stage Plasmodium, mice depleted of CD4+ T cells during
immunization with RAS failed to experience robust CD8+ T cell expansion and were not
protected against challenge (10, 11). In the current study, we found that CD4+ T cell help
was also necessary to induce protection during immunization with the fabb/f- GAP. Of note,
while we found that sterile immunity conferred by fabb/f- sporozoites against iv challenge
did not require a B cell response, antibodies induced by attenuated parasites can provide
protection against mosquito bite challenge (60, 61).

While some studies have implicated Thl cells in protective immunity, several recent studies
using the RAS immunization model instead support the concept that CD8+ T cell response
requires IL-4 produced by CD4+ T cells and expression of IL-4R on CD8+ T cells,
suggesting Th2 cells are important (21, 22). In the current study, we found that CD4+ T cells
had upregulated 114 transcript but not other genes associated with the Th2 lineage. Instead,
they were expressing genes and cytokines associated with the Thl lineage- Tbhx21 (Thet),
[112rb2, Cxcr3, and IFN-y. This suggests a resolution between the apparently conflicting
previous studies, based on the idea that anti-liver stage CD4+ T cell help involves Thl-like
cells that nevertheless make IL-4. We found that CD40-/- led to decreased expression of
[112rb2 and IFN-y, increased expression of the Th2 cytokine 115, and a trend toward
increased expression of Gata3, a Th2 transcription factor, suggesting that it is Th1 responses
that are needed for protective immunity. Similar to our findings here, Th1 responses have
been associated with protection against several intracellular parasitic infections (62—64), but
variations in T helper cell responses may be due to the different mouse and parasite strains
used in various studies.

As a principle mechanism of CD4+ T cell help, the requirement for CD40 is similarly
contingent upon the type of infection or model system studied. Experiments using bacterial
or viral models have produced conflicting results as to whether CD4+ T cells and CD40 are
needed at all to prime an effective CD8+ T cell response. In studies that demonstrate it is
required, CD40 expressed on the APC was responsible for CD8+ T cell priming and
memory formation but CD8+ T cell-autonomous CD40 played no appreciable role (23, 25).
However, using a model in which female CD8+ T cells respond to male HY antigen — a
system which presumably does not carry as many danger signals as bacterial or viral
infection — CD40 was required on both the APC and the CD8+ T cell to generate effective
memory responses. Specifically, CD40 expressed on the APC was necessary for clonal
expansion while CD40 on the CD8+ T cell itself was required for memory CD8+ T cell
formation (26, 27). Whether CD40 plays any role in liver-stage Plasmodium infection has
never been examined and thus we were interested in whether the requirement for CD40
mirrored that of bacterial and viral models or that of non-inflammatory antigens.

The best-known effect of CD40 stimulation is licensing APC to better prime T cells. At Day
5 post-immunization we observed that compared to WT mice, DC in CD40-/- mice
expressed less cell surface MHC class Il and CD86, which are markers of activation and are
required to fully prime CD4+ T cells. CD40-/- DC also upregulated a different set of
chemokines. While WT DC upregulated the chemokine genes Ccl2 and Ccl7 more than
CD40-/- DC, CD40-/- DC upregulated genes for T cell recruitment chemokines Ccl5 and
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Cx3cl1 more than WT DC. From these data, we surmise that the drastically lower numbers
of CD8+ T cells found in the livers of CD40-/- mice are not directly due to a defect in DC
recruitment of lymphocytes, but it remains unclear whether reduced CD8+ T cell
proliferation or increased cell death results in the lower numbers seen in CD40-deficient
hosts. The differences in activation and chemokine expression profile in CD40—-/- DC likely
result in sub-optimal priming of T cells, leading to the lack of protective immunity we saw
in CD40-/- mice immunized with fabb/f-.

Of note, liver APC generally considered to be immunosuppressive — KC and LSEC —
downregulated CD40 while liver DC upregulated CD40. Though there are many fewer DC
in the liver than KC and LSEC, it appears that enough DC become licensed during fabb/f-
immunization in WT mice to prime a protective immune response. We also found it
intriguing that fabb/f- immunization induced higher levels of CD86 and MHCII expression
by DC in the liver than by DC in the spleen. The majority of CD8+ T cells specific for CS
are primed in the lymph node draining the site of mosquito bite inoculation during
immunization with RAS (9, 49). However, some evidence suggests that DC in the livers of
RAS-immunized mice acquire parasite antigen from dying, infected hepatocytes and confer
protection against low-dose challenge when transferred to naive mice (8, 65). Local T cell
priming in the liver may be an important component of immunity conferred by late-arresting
vaccine strains such as the fabb/f- GAP. Immunization with fabb/f- sporozoites results in a
broader T cell repertoire and more robust protection against infectious challenge than early-
arresting RAS (6, 9). Intravenous administration of attenuated parasites, which allows
sporozoites easier transport to the liver, provides better protection than intradermal or
intramuscular routes (2). Additionally, dead sporozoites provide no protection at all,
suggesting that parasite development in the liver is critical to inducing a robust response
(66). Whether T cells are primed in the liver during fabb/f- immunization remains unclear,
but our observation that liver DC in particular upregulated antigen presentation and co-
stimulatory molecules suggests that this question merits further examination.

CD40 stimulation is known to induce IL-12 production in DC and macrophages, and 1L-12
signaling in turn drives Th1 and effector cell differentiation and promotes cell survival in
both CD4+ and CD8+ T cells (16, 67, 68). We found that both CD4+ and CD8+ cells
upregulated 1122rb in response to fabb/f- immunization and that this was abolished in
CD40-/- mice, suggesting these cells were unable to receive IL-12 signals. Importantly,
IL-12 signaling is required for protection against liver stage Plasmodium infection. 1L12rb2-
deficient and IL-12-deficient mice are not protected by immunization with attenuated
sporozoites. These effects have been partially explained by IL-12 inducing a Th1 response
(19, 69), but could also reflect the role of IL-12 signaling in cell survival and programming
effective memory CD8+ T cell responses.

In both CD8+ and CD4+ T cells, IL-12 signaling has been linked to better memory
responses. IL-12-deficient and IL-12 receptor-deficient cells do not survive well after
immunization and they exhibit poor recall responses upon secondary stimulation (40, 67,
70). Increased expression of the 1112rb2 gene in CD4+ and CD8+ T cells in response to
immunization with fabb/f- sporozoites could lead to increased cell survival and thus
contribute to protective immunity. However, IL-12 signaling appears to be a double-edged
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sword. Recent work suggests that while a small amount of IL-12 is required to form memory
cells, IL-12 is also responsible for driving terminal differentiation of effector CD8+ T cells
(71). IL-12 induces transcription factors associated with effector cell differentiation while
repressing those associated with memory in a dose-dependent manner (39). IL-12 signaling
also leads to upregulation of CD25 (72), the high-affinity subunit of the IL-2 receptor, and
IL-2 induces T cell activation and proliferation (73-75). We observed that CD8+ T cells
primed in WT hosts upregulated [112rb2 transcript and expressed more CD25 on their
surface than cells primed in CD40-/- hosts. It is likely that lower expression of these
molecules resulted in the severe reduction of CD8+ T cells in the liver and reduced KLRG1
expression that we observed in CD40-/- mice.

Unexpectedly, when we investigated whether CD8+ T cell-autonomous CD40 played a role
in generating an effective CD8+ T cell response, we found that CD40-/- CD8+ T cells
expressed even higher amounts of 1112rb2 transcript than WT cells. Concordantly, CD40-/-
CD8+ T cells expressed higher levels of KLRG1 and Prdm1 (which encodes the
transcription factor Blimp1) than WT cells, indicating a higher portion of CD40-/- cells had
become terminally differentiated effector cells. Interestingly, CD40—/— CD8+ T cells failed
to upregulate Itgax, which encodes CD11c, upon immunization despite showing increases in
[112rb2 and KLRG1 expression. CD11c is expressed by multi-functional short-lived effector
cells upon immunization with attenuated parasites (76). This may indicate that although
CD40-/- CD8+ T cells appear to become effector cells, they are unable to become fully
activated. It is unclear whether the same population of CD40—/- CD8+ T cells that
upregulated effector-associated genes also accounted for the observed difference in Spi2a
expression, which is associated with memory cell formation (77).

Though it is impossible to detect truly “exhausted” cells during the primary response, we
found the expression of genes associated with exhaustion in CD40-deficient hosts and CD8+
T cells intriguing. While WT CD8+ T cells in WT hosts downregulated Pdcdl, Lag3, and
Havcrl (which encode the inhibitory receptors PD1, LAG3, and TIM3), WT CD8+ T cells
in CD40-/- hosts didn’t downregulate these genes as much, and CD40-/- CD8+ T cells
appear to have upregulated Havcr2 and Lag3. CD40-/- CD8+ T cells have been observed to
become unresponsive to stimuli over time, characteristic of exhausted cells (27). In line with
our results, CD40 expressed on CD8+ T cells has been implicated in the rescue of exhausted
T cells in chronic Hepatitis B virus and Toxoplasma gondii infections (24, 78). Though
never investigated in liver stage Plasmodium infection, blockade of exhaustion molecules
PDL1 and LAG3 speeds clearance of blood-stage infection (79).

Interestingly, we did not observe a correspondingly low proportion of CD127+ or CD122+
memory precursor cells in the WT host mice, even though their CD8+ T cell responses
seemed to be largely dominated by effector cells. Instead, WT hosts appeared to prime more
effector cells and just as many or more MPEC than CD40-/- hosts.

Large numbers of CD8+ T cells are needed during the primary response to RAS to generate
protective immunity (80), likely because a more robust primary CD8+ T cell response
means a greater number of memory precursor cells survives to form solid populations of
memory cells that can protect against future infection (39, 81). Additionally, recent reports
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describe the importance of KLRG1+ “long-lived effector cells”, which, despite a lack of
prolonged self-renewal, can protect against secondary infection (39, 82). In the current
study, we saw a severe reduction in CD8+ T cells in the livers of CD40-/- mice. We also
observed reduced expression of genes and surface receptors — such as 1112rb2, CD25, and
CD122 —that are indicative of adequate CD4+ T cell help and are required during the
primary response for effective CD8+ T cell secondary responses or for the survival of
memory cells (43, 44, 73, 83-85). Given these defects in CD40-deficient hosts, it is
unsurprising that protective immunity induced by fabb/f- immunization was abrogated in
CD40-/- mice.

Taken together, these results suggest that CD40 expressed in the host environment drives
APC licensing, CD4+ T cell activation, and robust CD8+ T effector cell responses during

fabb/f- immunization. Thus, protective immunity conferred by late-arresting parasite
vaccines and mediated by CD8+ T cells relies heavily on APC licensing and strong co-
stimulatory signals.
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(A) Groups of WT C57BL/6 mice were immunized twice with 1x10% fabb/f- sporozoites
then challenged one month later and monitored for blood-stage parasitemia. Each group was
either depleted of CD4+ T cells just prior to each immunization, just prior to challenge,

both, or left untreated. (B) Gene expression in the livers of fabb/f- immunized mice

measured by g-RT-PCR. WT mice were immunized once with 5x10* fabb/f- sporozoites and
7 days later RNA was isolated from a section of whole liver. VValues were normalized to
Gapdh and are shown as fold-change over naive control liver. (C) Groups of WT or gene-

deficient C57BL/6 mice were immunized twice with 1x10% fabb/f- sporozoites then

challenged one month later and monitored for blood-stage parasitemia. (D) Kupffer cells
(KC), CD11b+ infiltrating myeloid cells, liver sinusoidal endothelial cells (LSEC), dendritic
cells (DC), CD8+ and CD4+ T cells were isolated from the livers of fabb/f-immunized mice
on Day 7 and stained for CD40 surface molecule expression. Representative samples are
shown in the top panel and summarized data are shown below. The MFI, right, is based on
the entire histogram and percent CD40 high, left, is based on the CD40-bright peak of the
dendritic cells. Asterisks represent significant differences between naive and immunized

within one cell type.
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Figure 2. CD8+ T cells primed in CD40-/- mice fail to expand and express markers of

exhaustion

WT or CD40-/- C57BL/6 mice were immunized once with 5x10% fabb/f- sporozoites.

Lymphocytes were collected from the liver, lymph nodes, and spleen on Day 7 post-
immunization. (A) Strategy for gating CD4+ and CD8+ T cells from non-parenchymal cells
isolated from the liver. (B) Number of CD8+ T cells per 100,000 total live cells recovered

from liver, lymph nodes and spleen.
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Figure 3. CD40-deficient dendritic cells fail to become fully licensed
WT or CD40-/- C57BL/6 mice were immunized once with 5x10% fabby/f- sporozoites and

dendritic cells were collected from the liver 5 days later. (A) Gating strategy. Liver DC were
defined as the CD11b!® CD11c" MHCIIM population within the non-parenchymal cell
(NPC) gate which excludes most lymphocytes. (B) Inflammatory and lymphocyte
recruitment genes expressed by liver DC as measured by g-RT-PCR. Values are normalized
to Hprt and shown as fold change over naive controls. (C) Representative histograms of
MHC class 1l and (D) CD86 expressed on liver DC, left, and mean fluorescence intensity

(MFI) from livers and spleens.
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Figure 4. CD4+ T cells primed in CD40-/- mice fail to become fully activated
WT or CD40-/- mice were immunized once with 5x10* fabb/f- sporozoites and

lymphocytes from the liver and spleen were collected on Day 7 (A) or Day 5 (B, C). (A)
Number of CD4+ cells collected per 100,000 total live cells. (B) Gene expression of liver
CDA4+ T cells as measured by g-RT-PCR shown as fold change over naive controls. (C)
Representative plots showing intracellular IFN-y staining in liver CD4+ T cells and
aggregate data from the liver and spleen.
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Figure 5. CD40 expressed on APC drives effector CD8+ T cell differentiation and accumulation
in the liver

CD8+ T cells were isolated from congenically marked WT or CD40—/- mice and transferred
in a 50:50 mix into naive WT or CD40-/- hosts. Two weeks later the recipients were
immunized once with 5x104 fabb/f- sporozoites, then lymphocytes were collected from the
liver and spleen on Day 7 after immunization. (A) Left panel: representative plots of CD8+
T cells isolated from livers on Day 7. Oval gates surround transferred WT CD8+ T cells and
rectangular gates surround transferred CD40—/- CD8+ T cells (KO). Right panel: aggregate
data shown as number of isolated CD8+ T cells per 100,000 live cells. ‘Intact’ are WT
CD8+ T cells primed in WT hosts, ‘CD40—/- Host” are WT CD8+ T cells primed in
CD40-/- hosts, and ‘CD40-/- CD8s’ are CD40—/- CD8+ T cells primed in WT hosts.
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Figure 6. CD40 expressed on CD8+ T cells may limit effector cell differentiation
Mice were treated as in Figure 5 and cells were collected on Day 5 post-immunization.

Expression of genes related to CD8+ T cell differentiation and survival (A), effector
activation (B), and exhaustion (C) in CD8+ T cells primed in WT or CD40-/- mice shown
as fold change over naive controls. Upper panels (bar graphs) compare WT CD8+ T cells in
WT and CD40-/- hosts (Mann-Whitney test) and lower panels depict paired comparisons of
WT and CD40-/- CD8+ T cells primed in WT mice (Wilcoxon matched pairs test).
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Figure 7. Host CD40 drives differentiation of effector cells
Mice were treated as in Figure 5 and cells were collected on Day 5 post-immunization. (A)

Representative plots of KLRG1 and CD127 expression on liver CD8+ T cells and (B)
aggregate KLRG1 expression data from liver and spleen. Panel (B) compares WT CD8+ T
cells in WT and CD40-/- hosts (Mann-Whitney test) and panel (C) compares WT and
CD40-/- CD8+ T cells in WT hosts (Wilcoxon matched pairs test). (D) Representative plots
of CD25 expression on splenic CD8+ T cells and (E) aggregate data from liver and spleen.
(E) Representative plots of CD122 expression on liver CD8+ T cells and (F) aggregate data
from liver and spleen.
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