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ABSTRACT Rift Valley fever virus (RVFV) is an arbovirus found throughout Africa. It
causes disease that is typically mild and self-limiting; however, some infected individ-
uals experience severe manifestations, including hepatitis, encephalitis, or even
death. Reports of RVFV encephalitis are notable among immunosuppressed individu-
als, suggesting a role for adaptive immunity in preventing this severe complication.
This phenomenon has been modeled in C57BL/6 mice depleted of CD4 T cells prior
to infection with DelNSs RVFV (RVFV containing a deletion of nonstructural protein
NSs), resulting in late-onset encephalitis accompanied by high levels of viral RNA in
the brain in 30% of animals. In this study, we sought to define the specific type(s) of
CD4 T cells that mediate protection from RVFV encephalitis. The viral epitopes tar-
geted by CD4 and CD8 T cells were defined in C57BL/6 mice, and tetramers for both
CD4 and CD8 T cells were generated. RVFV-specific CD8 T cells were expanded and
of a cytotoxic and proliferating phenotype in the liver following infection. RVFV-spe-
cific CD4 T cells were identified in the liver and spleen following infection and phe-
notyped as largely Th1 or Tfh subtypes. Knockout mice lacking various aspects of
pathways important in Th1 and Tfh development and function were used to demon-
strate that T-bet, CD40, CD40L, and major histocompatibility complex class Il (MHC-
I) mediated protection from RVFV encephalitis, while gamma interferon (IFN-)) and
interleukin-12 (IL-12) were dispensable. Virus-specific antibody responses correlated
with protection from encephalitis in all mouse strains, suggesting that Tfh/B cell
interactions modulate clinical outcome in this model.

IMPORTANCE The prevention of RVFV encephalitis requires intact adaptive immunity.
In this study, we developed reagents to detect RVFV-specific T cells and provide evi-
dence for Tfh cells and CD40/CD40L interactions as critical mediators of this
protection.

KEYWORDS CDA4T cells, CD40, CD40L, RVFV, Tfh, Th1, encephalitis, Rift Valley fever
virus

ift Valley fever virus (RVFV) is an arbovirus endemic to Africa that poses a serious
threat to public health. RVFV causes disease in both humans and livestock; hence,
outbreaks have economic, agricultural, and human health consequences (1). RVFV has
an estimated overall mortality rate of 1 to 3%, and severe disease typically manifests as
hepatitis, hemorrhagic fever, or encephalitis (2). RVFV encephalitis has been reported
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in 10 to 20% of cases that present for clinical care (3) and manifests as seizures, altered
mental status, paresis, hyperreflexia, and ataxia (4-6). Not only are patients with central
nervous system (CNS) disease 7 times more likely to die than those without CNS
involvement, but those who survive RVFV encephalitis can be left with devastating
neurologic sequalae. Despite these consequences, very little is known about RVFV CNS
disease. Risk factors for developing RVFV CNS disease in humans have not been rigor-
ously studied. However, individuals with altered adaptive immunity (e.g., those with
chronic myelogenous leukemia or HIV) are notable among the cases of RVFV CNS dis-
ease (5, 7, 8), suggesting a role for adaptive immunity in preventing RVFV encephalitis
in humans.

Adaptive immunity consists of humoral (antibody-mediated) and cellular arms. CD8
T cells, also known as cytotoxic T cells, control viral infections by identifying and
destroying infected cells. CD4 T cells are multifaceted and have different functions,
depending on the subtype (9). Typically, specific pathogens or antigens induce the de-
velopment of different CD4 T cell subtypes. Viral infections generally activate Th1 cells,
fungal infections or autoimmunity activates Th17, and allergic responses induce Th2,
and providing B cell help in most antigen-specific responses falls to Tfh cells (9).

In studies to date, wild-type (WT) RVFV is almost uniformly lethal in inbred mice,
which tend to succumb to fulminant hepatitis within a week of infection (10-16).
Conversely, RVFV missing the interferon (IFN)-inhibiting nonstructural protein NSs,
known as DelNSs RVFV, does not cause any pathology in mice when administered pe-
ripherally (17). However, when given intranasally, the same DelNSs RVFV causes acute,
lethal encephalitis (18). This demonstrates that the mutant virus is still pathogenic, but
the host immune response can control the infection and prevent disease after periph-
eral exposure. Prior studies have evaluated the role of various host innate and adaptive
immune mechanisms that render DeIlNSs RVFV infection apathogenic (17, 19, 20).
These studies have collectively demonstrated that while type | IFN prevents acute hep-
atitis, cellular immunity is largely responsible for preventing late-onset encephalitis.
When CD4 T cells were depleted prior to infection with DelNSs RVFV, 30% of mice suc-
cumbed to late-onset encephalitis. Since CD4 T cells can have many different subtypes
and functions, we sought to determine which aspects of CD4 T cell function were most
important for providing protection from RVFV encephalitis. In order to define the CD4
T cell subtype(s) involved, the RVFV epitopes targeted by CD4 and CD8 T cells in
C57BL/6 mice were defined, and then tetramers were developed to identify virus-spe-
cific cells. After phenotyping virus-specific cells, various mouse knockout (KO) models
of Th1- and Tfh-focused pathways were used to identify the activities of those CD4 T
cell subtypes that were important for preventing encephalitis.

RESULTS

Epitope mapping and tetramer development. Epitope mapping was performed
by intracellular cytokine staining of splenocytes from mice vaccinated with attenuated
strains of RVFV using overlapping peptide pools in an ex vivo stimulation assay.
Positive pools were deconvoluted to generate a list of individual peptides that were
positive. No peptides were identified that stimulated the production of interleukin-4
(IL-4) or IL-17 from CD4 T cells, but many peptides were identified that stimulated the
production of gamma interferon (IFN-y) from CD4 and CD8 T cells. These peptides
were compared to a list of predicted binding epitopes from www.I[EDB.org (21) for
both major histocompatibility complex class | (MHC-I) (H-2-Db or H-2-Kb) and MHC-I
(H-2-1Ab). Twenty-eight peptides that were both in the top 30% predicted for MHC-II
binding using the IEDB consensus algorithm and positive in the empirical screening
assay were selected for IAb in vitro binding assays. For class I, 49 peptides of 8 to 11
residues with percentile scores of <1.5% for either or both H-2-Kb and H-2-Db using ei-
ther the IEDB consensus or NetMHCpan algorithms, and derived from a set of 14 differ-
ent 15-mers positive in the empirical screening assay, were selected for H-2-Kb and
-Db in vitro binding assays. If no H-2-Db or H-2-Kb was identified with the requisite
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TABLE 1 /n vitro binding affinity of each downselected RVFV peptide for H-2-IAb

Sequence Length (aa) Protein Position 1C,, (nM) for H-2-1Ab?
MDNYQELAIQFAAQA 15 N 1 2,605
VREFAYQGFDARRVI 15 N 25 578
AYQGFDARRVIELLK 15 N 29 533
YGGADWEKDAKKMIV 15 N 45 3,304
DAKKMIVLALTRGNK 15 N 53 19,430
MIVLALTRGNKPRRM 15 N 57 -
ALTRGNKPRRMMMEKM 15 N 61 -
AALAGWTCQALVVLS 15 N 109 -
QALVVLSEWLPVTGT 15 N 117 -
VLSEWLPVTGTTMDG 15 N 121 20,396
WLPVTGTTMDGLSPA 15 N 125 -
AATFTQPMNAAVNSN 15 N 193 189
NSNFISHEKRREFLK 15 N 205 12,821
KRREFLKAFGLVDSN 15 N 213 -
FLKAFGLVDSNGKPS 15 N 217 -
FGLVDSNGKPSAAVM 15 N 221 20,243
DSNGKPSAAVMAAAQ 15 N 225 8,048
LPALAVFALAPVVFA 15 Gn 9 2,776
EDATCKPVTYAGACS 15 Gn 45 -
YECTAQYANAYCSHA 15 Gn 293 -
STEITLKYPGISQSS 15 Gn 389 386
AHGLINYQCHTALSA 15 Gn 441 38,705
EGVNTKCRLSGTALI 15 Gc 17 -
GAEACLMLKGVKEDQ 15 Gc 37 -
CLMLKGVKEDQTKFL 15 Gc 41 -
GSLPQTRNDKTFAAS 15 Gc 289 -
SGLMSWFGGPLKTIL 15 Gc 457 2,261
TGLSKMWLAATKKAS 15 Gc 493 31,329

9Dashes indicate IC,,s of >50,000 nM. Boldface indicates peptides with IC;;s of <1,000 nM.

threshold for a cognate 15-mer, the peptide with the highest predicted affinity was
selected. The results of the binding assays for both MHC-Il and MHC-I are depicted in
Tables 1 and 2, respectively. Based upon the binding assay data, 4 peptides with affin-
ities of 1,000 nM or better (boldface in Table 1) were chosen for MHC-II tetramer gener-
ation. For MHC-I tetramer generation, 9 peptides with affinity of 500 nM or better
(boldface in Table 2) were chosen; in cases where multiple candidates were nested
within a contiguous sequence, the optimal binder was selected. The 1,000 nM and
500 nM selection thresholds utilized for class Il and class |, respectively, were chosen
based on previous analyses that showed them to be associated with the vast majority
of CD4 and CD8 epitopes (22, 23).

MHC-I tetramers were evaluated using cryopreserved splenocytes from DelNSs RVFV-
infected mice isolated at various days postinfection (dpi). Three low-frequency MHC-| tet-
ramers (FFD, IGL, and ISG; all located in Gc) and one high-frequency MHC-I tetramer
(NAA, located in N) were identified as epitopes recognized by CD8 T cells in C57BL/6
mice (Fig. 1A and B). A previous study identified a peak of functionally activated (Ki-67+
granzyme B*) CD8 T cells in the liver 7 days after DelNSs RVFV infection (19), so RVFV-
specific CD8 T cells (NAA MHC-I tetramer positive) in the liver were examined for Ki-67
and granzyme B expression. There was a marked expansion in total CD8 T cells, activated
CD8 T cells, and NAA MHC-I tetramer-positive CD8 T cells in the livers of DelNSs RVFV-
infected mice compared to mock-infected mice 7 dpi (Fig. 1C). The NAA MHC-| tetramer-
positive cells were highly represented in the Ki-67* granzyme B* population, but not all
tetramer-positive cells expressed these activation markers (Fig. 1D).

Two high-frequency MHC-II tetramers, AYQ and VRE, were identified using cryopre-
served splenocytes obtained 36 dpi with DelNSs RVFV (Fig. 2A). Since these tetramers
contained the same core epitope, VRE was used in all subsequent studies. Fresh cell
preparations from the liver, spleen, and popliteal lymph node of DelNSs-infected mice
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TABLE 2 In vitro binding affinity of each downselected RVFV peptide for H-2-Db and H-2-Kb

1C5, (M) fore:
Sequence Protein Position Length (aa) H-2-Db H-2-Kb
LAIQFAAQAV N 7 10 - 2,087
IQFAAQAV N 9 8 12,222 679
MHPSFAGM N 145 8 29,217 119
FAGMVDPSL N 149 9 - 20,949
AGMVDPSL N 150 8 - -
PSLPGDYL N 155 8 - -
YLRAILDAHSL N 161 1 - -
RAILDAHSL N 163 9 278 1,227
AILDAHSL N 164 8 18,411 196
TQPMNAAV N 197 8 501 -
TQPMNAAVN N 197 9 20,234 -
PMNAAVNSNFI N 199 1 7,781 -
MNAAVNSNFI N 200 10 876 -
MNAAVNSNFIS N 200 1 - -
NAAVNSNFI N 201 9 4.2 28,721
NAAVNSNFIS N 201 10 1,198 -
AAVNSNFI N 202 8 68 10,678
ISHEKRREFL N 209 10 1,750 418
VVFAEDPH Gn 20 8 - -
VVFAEDPHL Gn 20 9 - 1,895
NRPGKGHNYI Gn 160 10 - -
GISGSNSFSFI Gc 206 1 162 25,930
ISGSNSFSF Gc 207 9 70 8,419
ISGSNSFSFI Gc 207 10 12 -
GSNSFSFI Gc 209 8 - 1,206
NSFSFIES Gc 211 8 - 653
RAPNLISYKPM Gc 259 1 1,409 902
PNLISYKPM Gc 261 9 - 7,457
SGSWNFFDWF Gc 447 10 2,459 -
GSWNFFDWF Gc 448 9 3,484 12,537
GSWNFFDWFSG Gc 448 11 12,334 26,518
SWNFFDWF Gc 449 8 2,200 -
SWNFFDWFSGL Gc 449 11 - 5,217
WNFFDWFSGL Gc 450 10 28,283 9,131
WNFFDWFSGLM Gc 450 1 - 230
NFFDWFSGL Gc 451 9 - 488
NFFDWFSGLM Gc 451 10 - 5,190
NFFDWFSGLMS Gc 451 1 - -
FFDWFSGL Gc 452 8 23,705 197
IGLFFLLI Gc 481 8 19,200 63
IGLFFLLIYL Gc 481 10 1,930 4,590
LFFLLIYL Gc 483 8 - -
LIYLGRTGL Gc 487 9 - 178

aDashes indicate IC,,s of >30,000 nM. Boldface indicates peptides with IC,,s of <500 nM.

were obtained 6 and 13 dpi for tissue-specific MHC-II tetramer analysis (Fig. 2B). The
highest frequency of RVFV-specific CD4 T cells was found in the liver, consistent with
the liver being a main target of RVFV infection (24). The spleen contained the highest
numbers of RVFV-specific CD4 T cells: the average mouse spleen contains approxi-
mately 1 x 108 total splenocytes, and 2 x 106 were used in the assay.
Immunophenotyping of RVFV-specific CD4 T cells. With the ability to identify
RVFV-specific CD4 T cells in hand, the next step was to define the subtype of RVFV-spe-
cific CD4 T cells generated following infection. Regulatory T (Treg) (CD44* FoxP3™), Tfth
(CD44+ CXCR5™), Th1 (CD44* IFN-y"), and Th2 (CD44+ IL-13*) cells were the focus of
the subsequent studies. RVFV-specific cells from the liver and spleen were identified by
allophycocyanin (APC) and phycoerythrin (PE) double-labeled VRE MHC-II tetramers as
in Fig. 2A Stimulation using phorbol myristate acetate (PMA)/ionomycin identified
>50% of tetramer-positive CD4 T cells in the liver as CD44* IFN-y*, but <5% were
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FIG 1 Use of MHC-I tetramers reveals that RVFV-specific CD8 T cells are activated and proliferating in the livers of DeINSs RVFV-infected mice. Four MHC-I
tetramers (named according to the first 3 amino acids present in the peptide sequence) that recognize RVFV-specific CD8 T cells were identified in the
spleens of DelNSs RVFV-infected C57BL/6 mice (A). The P values from a two-way ANOVA with post hoc comparisons to mock infected are shown for
statistically significant associations. Each symbol represents one mouse. The NAA tetramer exhibited a high CD44" tetramer-positive frequency in the
spleen at various time points during acute infection (B). Expansion of total CD8 T cells and activation of CD8 T cells and virus-specific CD8 T cells were all
noted in the livers of DelNSs RVFV-infected mice 7 dpi (C). The P values from Student’s t test are given for statistically significant associations. Each symbol
represents one mouse. While many CD8 T cells in the livers of infected mice demonstrated an activated phenotype (Ki-67" granzyme B* [middle panel])
compared to mock-infected mice (left panel), NAA MHC-I tetramer-positive cells were highly represented among the activated CD8 T cells (right panel) (D).

CD44+ IL-13* (Fig. 2Q), consistent with a Th1 phenotype among the majority of virus-
specific CD4 T cells. Approximately 16% of tetramer-positive CD4 T cells in the liver
were CD44% CXCR5*, but <1% were CD44* FoxP3* (Fig. 2C), demonstrating that
some of the virus-specific CD4 T cells in the liver were of a Tfh phenotype. Evaluation
of RVFV-specific CD4 T cells in the spleen demonstrated the same predominance of Tfh
and Th1 cells, but with a skewing toward the Tfh phenotype.

Evaluation of Th1 pathways in preventing RVFV encephalitis. The majority of
the RVFV-specific CD4 T cells were identified as Th1, so various genetic mouse models
containing gene-specific knockouts of proteins important for mediating the Th1 phe-
notype were evaluated. IL-12 signaling leads to activation of the transcription factor T-
bet, which reprograms naive CD4 T cells into Th1 CD4 T cells (25). Th1 CD4 T cells often
exert their effects via cytokine signaling, most prominently IFN-y. Therefore, initial stud-
ies focused on IL-12a KO, IL-12p40 KO, T-bet KO, IFN-y KO, and IFN-R KO mice.
Animals were infected with DelNSs RVFV and monitored for weight loss and survival.
Two (20%) DelNSs RVFV-infected T-bet KO mice required euthanasia at 19 dpi: one for
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FIG 2 MHC-II tetramers reveal that RVFV-specific CD4 T cells in the liver and spleen are Th1 and Tfh focused. Two MHC-II tetramers
(AYQ and VRE) with the same core epitope identified RVFV-specific CD4 T cells from the spleen of an infected mouse, while a
control tetramer (PVS) was negative (A). The MHC-II VRE tetramer was used to quantitate the frequency and number of virus-specific
CD4 T cells in various tissues following DelNSs RVFV infection (B). Each symbol represents one mouse. Liver mononuclear cells and
splenocytes isolated 7 days postinfection with DelNSs RVFV were stimulated ex vivo with PMA/ionomycin, followed by staining with
IL-13, IFN-y, CXCR5, and FoxP3. VRE" CD4 T cells from both the liver and the spleen were identified as largely Th1 and Tfh subtypes.
Phenotyping of total CD4 T cells is shown for comparison.
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FIG 3 Most Th1 CD4 T cell pathways are not critical for preventing RVFV encephalitis. Mice with genetic deletions of proteins important in
the generation and activity of Th1 CD4 T cells did not exhibit a statistically significant difference in survival following DelNSs RVFV infection
(Mantel-Cox test, P = 0.3977) (A). Twenty percent of T-bet KO mice met euthanasia criteria and were found to have viral RNA loads in the
brain (B). Each symbol represents one mouse. The number of animals included in each group is noted next to the group name. Geometric
means are depicted with a horizontal bar, and the P values from a two-way ANOVA with post hoc comparisons to WT C57BL/6 mice are
shown for statistically significant associations. RVFV-specific endpoint ELISA titers were not statistically different between the groups (mixed-
effects analysis interaction, P = 0.4926). Geometric mean titers are depicted with a horizontal bar. Notably, the two mice that met euthanasia
criteria had undetectable RVFV-specific ELISA titers on the day of euthanasia (day 19 for both animals, as noted on the graph) (C). Ex vivo
stimulation of cryopreserved splenocytes obtained at time of euthanasia with an RVFV peptide pool revealed a statistically significant
difference in IFN-y expression between WT C57BL/6 mice and IFN-)R KO mice and IFN-y KO mice in both CD4 and CD8 T cells, but only CD4
T cells demonstrated decreased RVFV-specific IFN-y production in T-bet KO mice (D). The mean value is plotted with a horizontal line, and P
values from a one-way ANOVA with post hoc comparisons to WT C57BL/6 mice are shown for statistically significant associations.

>20% weight loss and one for LT hindlimb paralysis (Fig. 3A). Both mice had high viral
RNA loads in the brain consistent with encephalitis (Fig. 3B), and all T-bet KO mice
exhibited a trend toward poorer viral load control than other KO strains. All other mice
survived infection with DeINSs RVFV without any clinical signs or symptoms. No statis-
tically significant difference in outcome was seen between the different groups of
mice, and all mice had RVFV-specific enzyme-linked immunosorbent assay (ELISA) titers
similar to those observed in WT mice, with the exception of the 2 mice that required
euthanasia on day 19 (Fig. 3C).

RVFV-specific T cell function was measured by IFN-y expression following ex vivo stim-
ulation of splenocytes with an RVFV peptide mix. RVFV-specific IFN-y expression in both
CD4 and CD8 T cells was increased in IFN-R KO mice, as might have been anticipated
given the lack of a negative feedback loop, while, appropriately, no IFN-y expression was
detected in IFN-y KO mice in either cell type (Fig. 3D). In contrast, only CD4 T cells, and
not CD8 T cells, showed a lack of RVFV-specific IFN-y expression in T-bet KO mice, dem-
onstrating a true loss of CD4 Th1 function in the absence of T-bet. While there was no
statistically significant difference in outcome in T-bet KO versus WT mice, the fact that
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20% of T-bet KO succumbed to late-onset encephalitis suggests that T-bet-directed ac-
tivity does play some role in preventing RVFV encephalitis. In contrast, IFN-y production
by Th1 CD4 T cells was not necessary for preventing RVFV encephalitis.

Evaluating Tfh pathways in prevention of RVFV encephalitis. Tfh cells are known
to induce class switching and affinity maturation by providing signals to antigen-specific
B cells (25). These signals largely consist of cell-cell contacts, primarily MHC-II/T cell re-
ceptor (TCR), augmented by costimulation via CD40/CD40L, CD80/CD28, and/or ICOSL/
ICOS. Cytokine signaling from T cells to B cells via IL-21 is required for memory B cell for-
mation but is dispensable for acute-phase responses (26). Readily available CD40L KO,
CD40 KO, and MHC-II KO mice were infected with DelNSs RVFV and monitored for
weight loss and survival; 60% of MHC-II KO, 30% of CD40 KO, and 20% of CD40L KO
mice required euthanasia for hindlimb paralysis or weight loss of >20% (Fig. 4A). All
mice euthanized for disease had high viral RNA loads in the brain consistent with en-
cephalitis (Fig. 4B). All other mice survived infection with DelNSs RVFV without any clini-
cal signs. Notably, RVFV-specific ELISA titers were significantly lower in CD40L KO, CD40
KO, and MHC-II KO mice (Fig. 4C). In WT C57BL/6 mice, RVFV-specific ELISA titers tended
to increase over time, while in CD40L KO, CD40 KO, and MHC-Il KO mice, mean RVFV-
specific titers declined between blood collection on day 21 and the terminal blood col-
lection. All animals that required euthanasia are noted by the day of euthanasia on the
graph, and the corresponding data points are indicated by a connecting line. When an
animal was euthanized prior to the day 21 bleed, only the terminal bleed is indicated.
For all mice euthanized due to disease, RVFV-specific ELISA titers both on day 21 (when
available) or at the time of euthanasia were largely undetectable.

In contrast to the clear association between clinical RVFV disease and a lack of
RVFV-specific ELISA titers, no statistically significant difference was seen in RVFV-spe-
cific CD8 T cell activity between WT C57BL/6 mice and CD40L KO, CD40 KO, or MHC-II
KO mice, although there was a trend toward lower RVFV-specific IFN-y production in
CD8 T cells in MHC-II KO mice. RVFV-specific IFN-y production in CD4 T cells was signifi-
cantly lower in MHC-Il KO mice than in WT C57BL/6 mice (Fig. 4D). This of course
occurs in the setting of significantly reduced total CD4 T cells due to lack of MHC-II-
mediated selection in the thymus (27). In fact, the typical 23% of CD8 T cells and 40%
of CD4 T cells observed in the spleens of WT C57BL/6 mice changed to 45% CD8 T cells
and 7% CD4 T cells in MHC-Il KO mice. Additionally, CD4 T cells identified in DelNSs
RVFV-infected MHC-II KO mice that managed to escape thymic selection in the absence
of MHC-II exhibited higher levels of expression of CD25, CD44, and CD69, suggestive of
autoreactivity (data not shown), similar to original reports of this model (27).

Given the importance of Tfh cells in inducing class switching of antibodies (28), we
evaluated RVFV-specific antibody isotype levels in strains of KO mice that exhibited a
clinical phenotype in these studies, including a historical sample from CD4-depleted
mice (19) (Fig. 5). All mice included in this analysis had been infected with DelNSs RVFV
but had survived to the end of the experiment with detectable RVFV-specific antibodies
(4 to 5 weeks postinfection). The IgG locus in C57BL/6 mice is ordered in the following
way: IgG3, IgG1, IgG2b, then IgG2c. Thus, the most class-switched antibodies would be
of the IgG2c class. We saw no differences in RVFV-specific IgG3 levels between WT mice
or any of the other strains examined, but WT mice had significantly more IgG2b and
IgG2c than CD4-depleted, T-bet KO, CD40 KO, and CD40L KO mice. T-bet KO mice had
higher levels of RVFV-specific IgG1 than WT mice and similar levels of total RVFV-specific
IgG, despite having very little IgG2c. Consistent with observations in other models of vi-
ral infection, this finding suggests a role for T-bet in class switching to IgG2c (29).

DISCUSSION

Previously, CD4 T cells were identified as a critical component of adaptive immunity
that prevented RVFV-mediated encephalitis (17). In this study, we sought to define the
CD4 T cell subtypes that were generated following peripheral DelNSs RVFV infection in
mice, with the goal of identifying specific functions of CD4 T cells that mediate
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FIG 4 Disruption of cellular pathways that alter the production of RVFV-specific antibodies leads to increased frequency of RVFV encephalitis. Mice with
genetic deletions of proteins important for the interaction of CD4 T cells with B cells exhibited a statistically significant difference in survival following
DelINSs RVFV infection (with Mantel-Cox test P value shown on the graph), most notable in MHC-II KO mice (A). Animals that required euthanasia had high
viral RNA loads in the brain (B). Each symbol represents one mouse. The number of animals included in each group is noted next to the group name.
Geometric mean data are shown for each strain with a horizontal line; there were no statistically significant associations by a two-way ANOVA with post
hoc comparison to WT C57BL/6 mice. In blood samples collected at day 21 and terminal time points, CD40L KO, CD40 KO, and MHC-Il KO mice all had
lower RVFV-specific ELISA titers than WT C57BL/6 mice (C). The geometric mean for each data set is depicted with a horizontal line, and P values from a
two-way ANOVA with post hoc comparisons to WT C57BL/6 mice are shown for statistically significant associations. The day of euthanasia for any mouse
that required it is noted next to the respective data points. Ex vivo stimulation of cryopreserved splenocytes (obtained at the time of euthanasia) with an
RVFV peptide pool demonstrated a statistically significant difference in IFN-y expression between WT C57BL/6 mice and MHC-Il KO mice in CD4 T cells (D).
The mean value is plotted with a horizontal line, and the P value from a one-way ANOVA with post hoc comparisons to WT C57BL/6 mice is plotted for
statistically significant associations.

protection from RVFV encephalitis. To do so, we identified RVFV-specific epitopes in
the C57BL/6 mouse and generated tetramers. Given the magnitude of the work
involved in identifying virus-specific epitopes, MHC-I epitopes were included as well as
MHC-II epitopes. One high-frequency MHC-I epitope was identified (NAAVNSNFI); this
epitope is contained within the viral nucleocapsid protein and had the highest binding
affinity for H-2-Db of all of the tested peptides (Table 2). The NAA MHC-| tetramer iden-
tified a high frequency of virus-specific CD8 T cells in the livers of mice infected with
DeINSs RVFV. These virus-specific CD8 T cells were all CD44*, and many were also Ki-
67" and granzyme B*, suggesting that these activated CD8 T cells might play a role in
controlling DelNSs RVFV infection in the liver to render the virus nonpathogenic in the
C57BL/6 mouse. Identification of this MHC-I tetramer could be useful to the field for
assessing correlates of protection in vaccine studies.

One immunodominant core MHC-II epitope was identified; this epitope is also
located within the nucleocapsid protein but, notably, was not the peptide with the high-
est binding affinity for H-2-I1Ab (Table 1). Two peptides (VRE and AYQ) with the same
core epitope (AYQGFDARRVI) gave similar results in both in vitro binding assays and ex
vivo tetramer assays. Using the VRE tetramer, RVFV-specific CD4 T cells were identified.
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FIG 5 Class switching of RVFV-specific antibodies is altered following DelNSs RVFV infection in CD4-
depleted, T-bet KO, CD40 KO, and CD40L KO mice. Terminal serum from mice that survived DelNSs
RVFV infection was tested on isotype-specific RVFV ELISAs. Raw optical density at 450 nm (OD,s,)
values are shown at a 1:300 dilution for each sample with mean titers and standard deviations. Each
symbol represents one mouse. In the tested mouse strains, a two-way ANOVA with post hoc
comparisons to WT demonstrated statistically significant differences (¥, P < 0.05) in IgG1, IgG2b,
1gG2¢, and total IgG titers, but not 1gG3 titers.

They expressed high levels of IFN-y or CXCR5 but little IL-13 or FoxP3, indicating that
they were largely Th1 or Tth cells. Further studies using various genetic KO mouse mod-
els suggested that Tfh cells, with their role in augmenting antigen-specific humoral im-
munity, were likely the CD4 T cell type critical for preventing RVFV encephalitis. The
increased frequency of encephalitis in MHC-I1 KO, CD40 KO, and CD40L KO mice supports
this conclusion, since all of these molecules modulate the interaction between Tfh and B
cells, and these interactions control the generation of high-affinity, class-switched anti-
bodies. CD40/CD40L and MHC-II/TCR interactions also play a role in other functions of
CDAT cells, such as their role in activating macrophages, so this role cannot be excluded.
In contrast, while CD4 T cells are known to help CD8 T cells form memory (30), a study in
a lymphocytic choriomeningitis virus model demonstrated that CD40L/CD40 interactions
between CD4 T and CD8 T cells were completely dispensable for forming memory CD8 T
cells (31). This is consistent with our detection of RVFV-specific memory CD8 T cells in
CD40L KO and CD40 KO mice. Initially, the finding that a subset of T-bet KO mice suc-
cumbed to DelNSs RVFV encephalitis was confusing, since T-bet is the transcription fac-
tor associated with Th1 skewing. However, work by Weinstein et al. from 2018 demon-
strated that T-bet expression occurs in Tfh cells during viral infection and is required for
proper follicular migration and CD40L expression, thus influencing the quality and quan-
tity of virus-specific antibodies (29). We were able to confirm a unique class-switching
defect in T-bet KO mice: these mice generated RVFV-specific IgG1 and IgG2b antibodies,
but had very few RVFV-specific IgG2c antibodies. These data, combined with the obser-
vation that all mice that developed encephalitis had low or undetectable levels of virus-
specific antibodies at the time of euthanasia, suggest that Tfh CD4 T cells play a greater
role than Th1 cells in preventing RVFV encephalitis.

Early induction of type | IFNs has been associated with Tfh polarization and the pro-
duction of highly neutralizing antibodies in mice infected with vesicular stomatitis vi-
rus (VSV) (32). Certainly, an early and robust type | IFN response occurs during DelNSs
RVFV infection (20). Similar to what we report in this study, a subset of CD40L-deficient
mice succumbed to VSV-induced meningoencephalitis, presumably due to reduced
antibody responses (33), since WT mice normally survive VSV infection just as WT mice
survive DelNSs RVFV infection. This suggests that similar antibody-mediated protective
mechanisms work to prevent CNS infection by other viruses.

Future work will focus on the role of antibodies in preventing RVFV encephalitis. Do
antibodies function to prevent CNS access, or can they work after the virus has entered
the nervous system? This has implications for when antibody therapy might be useful clini-
cally. Postexposure antibody prophylaxis seems likely to be successful to treat RVFV, as it
has for other viral infections, such as varicella-zoster and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). However, treatment with antibodies once symptoms
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have developed is a much higher bar. Antibodies as therapy have shown efficacy in treat-
ing Ebola virus disease, so they are certainly worth evaluating further in the case of RVFV.

MATERIALS AND METHODS

Biosafety and ethics. Research with live virus was conducted at the Center for Vaccine Research’s
Regional Biocontainment Laboratory or at the Centers for Disease Control and Prevention (CDC) under
biosafety level 3 (BSL3) conditions. Institutional Animal Care and Use Committee approval was provided
by the University of Pittsburgh (protocol no. 17080998 and 19044158) or CDC (protocol no.
2577MCEMOUC or 2629MCEMOUCQ). All recombinant virus work was approved by the respective institu-
tional biosafety committees.

Animals, sample collection, and qRT-PCR. Mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). All mice were female (no sex-based differences in outcome following RVFV infection were
noted in a prior study [10]) and between 4 and 12 weeks of age at time of infection. The following
strains were used: C57BL/6J (000664), B6.12956-Tbx21™'¢!m/J (004648), B6.129S1-I112a™"™/J (002692),
B6.12951-1112b"™"™/J (002693), B6.129S7-Ifng"™"™/J (002287), B6.129S7-Ifngr1'™'A9Y/J (003288), B6.12952-
Cd40lg'™'"™/) (002770), B6.129P2-Cd40'™'Kik/J (002928), and B6.12952-H24'4P1-a/) (003584). Mice were
group-housed in HEPA-filtered containment caging with ad lib access to food and water. After infection,
mice were weighed and assessed for clinical signs of disease daily. Any mouse with a clinical score
greater than 10 (scoring system previously described [10]) was euthanized, and liver, spleen, brain, and
blood were collected for various assays. Twenty-one days post-infection (dpi), blood was drawn via a lat-
eral saphenous bleed. Surviving mice were euthanized 32 to 36 dpi, and the same samples were col-
lected. Quantitative reverse transcription-PCR (qRT-PCR) using a primer/probe set specific to the RVFV L
segment (34) was run, and results were analyzed as previously described (10). Splenocytes, liver mono-
nuclear cell preparations, and lymph node preparations were performed as previously described (19).

Virus. Using a reverse-genetics system based upon RVFV ZH501 (35), viruses missing either the NSs
gene (DelNSs RVFV) or both NSs and NSm genes (DelNSs/DelNSm RVFV) were generated. Viruses were
propagated to passage 2, quantitated using the 50% tissue culture infective dose (TCID5,) method (36),
and fully sequence confirmed. For peptide mapping studies, mice were infected with 2 x 10° TCID,,
DelINSs/DelNSm RVFV either subcutaneously (s.c.) or via footpad (FP) injection. For all other experiments,
mice were infected with 2 x 10° TCID,, DelNSs RVFV via FP injection.

Epitope mapping. Overlapping peptides (15-mers with 11-amino-acid [aa] overlap) were generated
based on the ZH501 strain sequence of the viral structural proteins, nucleocapsid (N) and glycoproteins
(Gn and Gc), purified to >70%, and suspended in dimethyl sulfoxide (DMSO) (GenScript). Two-dimen-
sional maps were made using the peptides for N (59 peptides), Gn (140 peptides), and Gc (124 peptides),
and peptide pools were generated as described previously (37). The pools were evaluated in an ex vivo
stimulation assay using splenocytes from C57BL/6 mice that had been infected with either DeINSs RVFV
or DelNSs/DelNSm RVFV 5 to 6 weeks prior. Approximately 7 x 10°¢ splenocytes were incubated for 6 h
in the presence of 5 ug/ml of brefeldin A (BioLegend), with each pool containing each peptide at a final
concentration of at least 2 ug/ml. Following ex vivo stimulation, staining was performed as described in
the “Flow cytometry” section. A peptide pool was considered positive if any of the cytokine readouts (IL-
4, IL-17, or IFN-)) was 3 standard deviations above the average of 4 negative-control (DMSO alone) sam-
ples. Staphylococcus enterotoxin B (SEB) stimulation was included as a positive control.

Flow cytometry. Cells were washed in phosphate-buffered saline (PBS) and then stained with LIVE/
DEAD 780 (eBioscience) or LIVE/DEAD Near IR (Thermo Fisher) for 10 min, washed in PBS with 2% fetal
bovine serum (FBS), and incubated in Fc block (BioLegend). Surface stain was added for 20 min, and cells
were washed, fixed in BD Fix/Perm, washed again, and then incubated for 45 min in intracellular stain.
Events were acquired on either a STOOOEXi (Stratedigm) or an LSRII (BD) flow cytometer, and data were
analyzed using Flow Jo. Antibodies were obtained from BioLegend or BD and include the following:
CD3, Alexa Fluor 488 (AF488)-, APC-, or BV510-conjugated 17A2; CD4, peridinin chlorophyll protein
(PerCP)-Cy5.5- or fluorescein isothiocyanate (FITC)-conjugated RM4-4; CD8, BV510- or PE-Cy7-conjugated
53-6.7; IFN-y, PE- or BV421-conjugated XMG1.2; IL-4, APC-conjugated 11B11; IL-17, BV605-conjugated
TC11-18H10; CD19, APC-Cy7-conjugated 6D5; CD14, APC-Cy7-conjugated Sal4-2; CD44, BV421- or
AF700-conjugated IM7; CD4, BUV395-conjugated RM4-5; Ki-67, FITC-conjugated 16A.8; granzyme B,
APC-conjugated QA18.A28; streptavidin conjugated with PE-Cy7; CXCR5, biotin-conjugated 2G8; IL-13,
AF488-conjugated eBio13A; and FoxP3, CF594-conjugated MF23.

Binding assays. Classical competition assays to quantitatively measure peptide binding to mouse
class | H-2-Kb and -Db and class Il H-2-IAb MHC molecules were based on the inhibition of binding of
high-affinity radiolabeled peptides to purified MHC molecules and performed as detailed elsewhere (38).
Briefly, 0.1 to 1 nM radiolabeled peptide was coincubated at room temperature with purified MHC in the
presence of a cocktail of protease inhibitors and, for class | assays, B2-microglobulin. Following a 2-day
incubation, MHC-bound radioactivity was determined by capturing MHC/peptide complexes on Lumitrac
600 plates (Greiner Bio-One, Frickenhausen, Germany) coated with either Y3 (anti-H-2-Kb), 28-14-8s (anti-
H-2-Db, Ld, and Dq), or Y3JP (anti-H-2-IAb,s,u) monoclonal antibodies; bound counts per minute were
measured using the TopCount (Packard Instrument Co., Meriden, CT) microscintillation counter. The con-
centration of peptide yielding 50% inhibition (IC,,) of binding of the radiolabeled peptide was calculated:
under the conditions utilized, where [label] < [MHC] and ICy, = [MHC], measured IC,, values are reasona-
ble approximations of the true dissociation constant (K,) (39, 40). Each competitor peptide was tested at 6
different concentrations covering a 100,000-fold range and in 3 or more independent experiments. As a
positive control, the unlabeled version of the radiolabeled probe was also tested in each experiment.
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MHC-I tetramer assays. Peptides were generated by Genscript at >70% purity and sent to the NIH
Tetramer Core for tetramer generation. MHC-I tetramers were labeled with PE. Splenocytes or liver
mononuclear cell preparations were obtained at various times after C57BL/6 mice were infected with
DelNSs RVFV as previously described (19). Following LIVE/DEAD stain, cells were washed and incubated
for 30 min with PE-labeled MHC-I tetramers diluted to 26 to 28 wg/ml in PBS. Cells were washed, and
staining proceeded as described in the “Flow cytometry” section.

MHC-II tetramer assays. Peptides were generated by Genscript at >70% purity and sent to the NIH
Tetramer Core for tetramer generation. MHC-II tetramers were generated with either a PE or an APC
label. Splenocytes (2 x 10°), entire liver mononuclear cell preparations, or entire draining popliteal
lymph node preparations were obtained at various time points after infection of C57BL/5 mice with
DelINSs RVFV as previously described (19). Cells were incubated for 2 h at 37°C with both PE- and APC-la-
beled MHC-II tetramers at concentrations of 13 to 15 wg/ml in RPMI 10 medium. Cells were washed, and
staining proceeded as described in the “Flow cytometry” section.

Phenotyping of MHC-II tetramer-positive cells. Seven days after mock infection or infection with
DelNSs RVFV, livers, and spleens were processed from 5 mice. The combined liver mononuclear cell
preparations or 2 x 10° splenocytes were incubated with Cell Activation Cocktail (PMA plus ionomycin;
BioLegend) containing brefeldin A or a negative DMSO control for 4 h at 37°C. MHC-II VRE or control PVS
tetramer was then added, and cells were incubated for another 2 h at 37°C. Following LIVE/DEAD stain,
cells were incubated with CXCR5 biotin for 45 min before proceeding with the rest of staining as
described in the “Flow cytometry” section with the following modifications: surface stains included
streptavidin with PE-Cy7, and FoxP3 Fix/Perm was used.

ELISA. Enzyme-linked immunosorbent assays (ELISAs) were performed and analyzed as previously
described (10) using the following secondary antibodies (all from Jackson Immunoresearch, West Grove,
PA) at a concentration of 1:5,000: donkey anti-mouse total I9G (715-035-150), goat anti-mouse I9G Fc,
subclass 1 (115-035-205), goat anti-mouse IgG Fe, subclass 2b (115-035-207), goat anti-mouse IgG Fe,
subclass 2c (115-035-208), and goat anti-mouse IgG Fc, subclass 3 (115-035-209).

Ex vivo stimulation assays. Cryopreserved splenocytes were thawed, and 2 x 10° cells were incu-
bated with DMSO (negative control), Cell Activation Cocktail without brefeldin A (positive control), or
RVFV stim mix (a panel of 13 RVFV peptides that encompass the MHC-I and MHC-Il immunodominant
epitopes targeted in the C57BL/6 mouse [in boldface in Tables 1 and 2]) for 6 h at 37°C in the presence
of 5 ug/ml of brefeldin A. Staining was performed as described in “Flow cytometry” section.

Data presentation and statistical analyses. All graphs were generated using GraphPad Prism. The
specific statistical test applied to each data set is noted in the respective figure legend.
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