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Abstract

The goal of a successful immune response is to clear the pathogen while sparing host tissues from
damage associated with pathogen replication and active immunity. Regulatory T cells (Treg) have
been implicated in maintaining this balance as they contribute both to the organization of immune
responses as well as restriction of inflammation and immune activation to limit immunopathology.
To determine if Treg abundance prior to pathogen encounter can be used to predict the success of
an antiviral immune response, we used genetically diverse mice from the collaborative cross
infected with West Nile virus (WNV). We identified collaborative cross lines with extreme Treg
abundance at steady state, either high or low, and used mice with these extreme phenotypes to
demonstrate that baseline Treg quantity predicted the magnitude of the CD8 T cell response to
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WNYV infection, although higher numbers of baseline Tregs were associated with reduced CD8 T
cell functionality in terms of TNF and granzyme B expression. Finally, we found that abundance
of CD44" Tregs in the spleen at steady state was correlated with an increased early viral load
within the spleen without an association with clinical disease. Thus, we propose that Tregs
participate in disease tolerance in the context of WNV infection by tuning an appropriately
focused and balanced immune response to control the virus while at the same time minimizing
immunopathology and clinical disease. We hypothesize that Tregs limit the antiviral CD8 T cell
function to curb immunopathology at the expense of early viral control as an overall host survival

strategy.

INTRODUCTION

West Nile virus (WNV), a single-stranded, positive-sense RNA virus, represents an
emerging pathogen in the flavivirus genus that can cause a range of clinical outcomes,
including asymptomatic infection and severe disease. WNV often leads to a febrile illness
and can become neuroinvasive, resulting in encephalitis, meningitis, and acute flaccid
paralysis (1). Milder cases might result in chronic illness, which can manifest as long-term
functional and cognitive problems (2). Although endemic to Africa and the Middle East,
WNV has spread to the Western hemisphere, where it has since caused sporadic yet intense
outbreaks (3).

It has previously been demonstrated that an increased frequency of peripheral regulatory T
cells (Tregs) detected after WNV infection correlates with protection against severe disease
in both humans and mice (4). In a retrospective study using WNV* samples screened from
blood donations, WNV-symptomatic individuals were found to exhibit lower Treg
frequencies than asymptomatic individuals. Because these samples were identified through
routine screening of WNV in blood donations, preinfection samples were not available, so it
was not possible to determine if the differences in Treg frequency in asymptomatic versus
symptomatic infection were solely because of infection or if they also existed at baseline. To
address this, next, the frequency of Tregs in C57BL/6 mice and their disease outcome
phenotypes were examined. In this inbred mouse strain, Treg frequency at baseline is
consistent between mice, and the group observed that lower Treg frequencies were later
observed in the blood at day 14 postinfection in mice that would ultimately succumb to
WNYV infection, corresponding to the finding of fewer Tregs in symptomatic humans.
Although this study suggests that elevated numbers of peripheral Tregs postinfection
protects against severe WNV disease in both mice and humans, it is still unclear whether
Treg abundance prior to infection could predict clinical outcomes postinfection and thus
serve as a predictive biomarker.

Foxp3* Tregs promote tolerance and limit autoimmunity (5-7), and altered Treg function is
implicated in several autoimmune conditions, including inflammatory bowel disease,
rheumatoid arthritis, and multiple sclerosis (8). In the full absence of Tregs, such as in Treg-
deficient scurfy mice or individuals carrying nonfunctional Foxp3, life-threatening
multiorgan autoimmunity develops early in life (9, 10), underscoring the critical functions of
Tregs in modulating immunosuppression. In the context of several infections such as HSV-1
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or Leishmania, Tregs limit immunity that could lead to excessive collateral tissue damage (5,
11-15). In the context of other infections such as HSV-2, lymphocytic choriomeningitis
virus, or RSV, Treg ablation prior to infection results in delayed pathogen clearance,
suggesting that the presence of Tregs can be beneficial in facilitating and tuning an
appropriately protective immune response (16-19). Using the Foxp3PTR model of transient
Treg ablation, we previously demonstrated that in the context of WNV infection, Tregs limit
the infection-driven cytokine response from T cells during the effector phase while, at the
same time, allowing for the establishment of a robust memory T cell response in the brain
(20). This study, however, was performed in C57BL/6 mice, and so we were not able to
assess how Tregs contribute to the range of clinical outcomes upon infection as this inbred
mouse strain has a consistent disease response upon WNV infection.

Host genetics have long been recognized as an important determinant in clinical outcomes of
infectious disease (21). Mouse models are commonly used to study and model immune
responses to invading pathogens, yet most commonly used inbred mouse strains lack genetic
diversity and can fail to recapitulate the full spectrum of symptom severities seen during
infection of a human population. The use of the collaborative cross (CC) at least in part
addresses these concerns. The CC is a multiparental mouse reference population that allows
for the study of immune response to infection in a genetically diverse population (22). To
generate the CC, a funnel breeding pattern was used to incorporate all eight founder strains,
followed by inbreeding for a minimum of 20 generations (23). The resulting genetic
diversity is evenly distributed across the genome and accounts for the vast majority of the
variation observed in Mus musculus strains used in laboratory research (23). Thus, the CC
model can be used to investigate the effects of genetic diversity not found in studies using
single traditional inbred laboratory strains while also allowing for genotypic reproducibility
because of extensive backcrossing. In this study, we use recombinant intercross CC mice
(CC-RIX), which are F1 progeny from recombinant inbred CC strains. We designed the CC-
RIX mouse crosses to result in lines that are heterozygous for H-2bP, thereby allowing for
the use of tetramer staining to identify WNV-specific CD8 T cells. Our group and others
have previously used CC-RIX mice to study the range of phenotypes postinfection seen in
humans for a variety of pathogens, including Ebola virus, influenza virus, Zika virus, SARS-
CoV, Aspergillus fumigatus, and WNV (24-33).

Thus, to determine if Treg measures prior to pathogen encounter can be used to predict the
success of an antiviral immune response, we used a screen of genetically diverse mice from
the CC infected with WNV in combination with pre- and postinfection immunophenotyping
and assessment of viral and disease burden. Our correlative studies use natural variation in
the abundance of Tregs at baseline inherent in genetically diverse mice to demonstrate that
the number of Tregs at steady state predict immune and clinical features following infection.
This is consistent with our hypothesis that Tregs assist in tuning an appropriately focused
and balanced immune response upon infection that serves to keep immune activation in
check to limit immunopathology while, at the same time, promoting expansion of the
antiviral T cell response to curb pathogen replication.
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MATERIALS AND METHODS

Mice

Inbred CC mice were obtained from the Systems Genetics Core Facility at the University of
North Carolina Chapel Hill (UNC), and CC-RIX were bred from these animals at UNC
under an approved Institutional Animal Care and Use Committee protocol in the F.P.-M.d.V.
laboratory (34). The 6-8-wk-old F1 hybrid male mice were transferred from UNC to the
University of Washington (UW) and housed directly in a biosafety level 2* laboratory within
a specific pathogen-free barrier facility. Male 8-10-wk-old mice were used for all
experiments, with 3—6 mice per experimental group. All animal experiments were approved
by the UW Institutional Animal Care and Use Committee. The Office of Laboratory Animal
Welfare of National Institutes of Health approved UNC (no. A3410-01) and the UW (no.
A3464-01), and this study was carried out in strict compliance with the Public Health
Service Policy on Humane Care and Use of Laboratory Animals.

Virus and infection

WNV TX-2002-HC (WN-TX) was propagated as previously described (35). Mice were s.c.
inoculated in the rear footpad with 100 PFU WNYV TX-2002-HC. Mice were monitored
daily for morbidity (percentage of initial weight loss) and clinical disease scores (29).

RNA extraction and analysis

Spleen and brain were removed from mice after perfusion, RNA was extracted, and cDNA
was synthesized as previously described (36). WNV expression was detected by SYBR
Green quantitative RT-PCR based on the 2-AACT method and normalized for the individual
GAPDH values in each sample (31). The values represent fold expression over mock. For
WNV, the values represent the fold increase in signal over an arbitrarily low value in the
mock that represents a virus-null sample.

Flow cytometry

Following euthanasia, mice were perfused with 10ml PBS to remove any residual
intravascular leukocytes, and spleens and brains were prepared for flow cytometry staining
as previously described using the Abs listed in Table | (29-33). All Abs were tested using
cells from the eight CC founder strains to confirm that Ab clones were compatible with the
CC mice prior to being used for testing. We used CD4, Foxp3, CCR5, CD25, CD44, CD73,
CTLA-4, CXCR3, GITR, and ICOS in our Treg panel. In the T cell panel, we used CD3,
CD4, CD8, CCR5, CD25, CD44, CXCR3, ICOS, WNV tetramer (NS4b epitope), and Ki67.
We used CD3, CD4, CD8, IFN-v, and TNF in our intracellular cytokine staining panel,
along with anti-CD3/CD28 polyclonal stimulation or NS4b peptide stimulation. Gating
schemes were used as reported previously (30). Tetramer-positive, WNV-specific (NS4b
epitope) T cells were identified after gating on CD8* cells. All flow cytometry data were
acquired on a BD LSR Il and analyzed with FlowJo software.
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Statistical analysis

RESULTS

Statistical analyses were performed using GraphPad Prism. When comparing groups, ¢tests
or Mann-Whitney tests were employed. Outliers were identified using the robust regression
and outlier removal method (ROUT) (Q = 1%). Error bars are + SD.

Genetically diverse mice present with arange of Treg numbers in the spleen and brain at

steady state

Using 103 CC-RIX lines (Table II), we conducted a comprehensive screen to identify the
diversity in immune responses to WNV infection resulting from natural genetic variation.
We have previously reported on the range of phenotypes that exist in the spleen at steady
state (30), including variation in the frequency of T cell subsets, proportions of those T cells
expressing various activation markers, and frequency of cells expressing tissue migration
markers or producing inflammatory cytokines within the spleen. In this study, we first
examined the average number of splenic Tregs at the baseline in each of the 103 CC-RIX
lines in the screen, rank ordering the lines from the least to the greatest number of Tregs at
baseline (Fig. 1A). This demonstrates a wide range (from 3 x 10%-8 x 10) in splenic Treg
numbers based on CC-RIX line, similar to the differences that we previously demonstrated
for Treg frequency across these same CC-RIX (30). Next, we identified CC-RIX lines with
the top 10% (/7= 10) and bottom 10% (/7= 10) number of splenic Tregs at baseline, shown
in Table Il and Fig. 1B. There was a more than 10-fold difference in the number of baseline
Tregs in the top 10% group compared with the bottom 10% group, thereby validating this
extreme phenotype approach and demonstrating that the CC is a novel resource to study the
effect of various baseline numbers of baseline Tregs on the course of disease and immunity
upon subsequent infection.

Higher Treg numbers at baseline correlate with an activated Treg phenotype postinfection

After identifying differences in preinfection Treg abundance at steady state, we next wanted
to further characterize the Treg number and phenotype over the course of WNV infection
both in the spleen and in a peripheral viral target tissue, the brain.

Although Treg numbers do increase postinfection in the Treg-low group in both spleen and
brain, the number of Tregs in the Treg-low group remain below the Treg-high group over the
time course of infection in both spleen and brain and in fact do not expand over the course of
infection (Fig. 1C). Furthermore, at baseline in the spleen, the Treg-high group has increased
numbers of Tregs that are CCR5, CD25, CD44, CD73, CTLA-4, CXCR3, GITR, or ICOS-
positive compared with the Treg-low group. These numbers of activated Tregs persist over
the time course of infection in the spleen (Fig. 2A). Splenic Treg numbers at baseline also
predicts Treg phenotype postinfection in the brain, with the Treg-high group also
maintaining increased numbers of activated Tregs over the time course of infection (Fig.
2B). These differences in the brain Treg numbers are particularly strong at both 21 and 28 d
postinfection. Collectively, baseline splenic Treg humbers correlated with Treg abundance
and phenotype after infection in both lymphoid tissue and the brain following infection with
WNV.
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Baseline Treg numbers correlate with the T cell phenotype in lymphoid and peripheral
tissues at steady state and following infection

After observing that higher Treg numbers at baseline correlated with an activated Treg
phenotype postinfection, we next wanted to examine the conventional T cell phenotypes in
both spleen and brain at steady state and following infection between our extreme Treg
groups. As with Treg activation, higher Treg numbers at baseline correlated with an
increased frequency of CD44* memory phenotype CD8 T cells at baseline and 7 d
postinfection in the spleen (Fig. 3A). In the brain, mice in the Treg-high group also had a
significantly elevated frequency of CD8 T cells with a memory CD44" phenotype at
baseline, although not at day 7 (d7) postinfection (Fig. 3A). Mice in the Treg-high and Treg-
low groups had similar proportions of CD4 T cells expressing CD44 in the spleen and brain
both at baseline as well as d7 postinfection (Fig. 3B). We also assessed the frequency of
Ki67* T cells as an indication of cells that have recently undergone proliferation and are thus
likely to be active in the immune response. In both the spleen and brain, there was no
significant difference in the baseline frequency of CD8 or CD4 T cells expressing Ki67 in
the Treg-high or Treg-low groups, and whereas the frequency of Ki67* cells increased
considerably by d7 postinfection, the increase was largely similar between Treg-high and
Treg-low groups (Fig. 3C, 3D). Notably, however, mice in the Treg-high group had
significantly more CD8 T cells expressing Ki67 as compared with mice in the Treg-low
group in the spleen at d7 postinfection (Fig. 3C). Finally, we also assessed the magnitude of
the WNV-specific CD8 T cell response as detected by NS4b tetramer stain. Mice in the
Treg-high group had a significantly higher fraction of CD8 T cells specific for this
immunodominant WNV epitope at d7 postinfection in both the spleen and the brain as
compared with animals in the Treg-low group (Fig. 3E), suggesting a positive association
between the number of Tregs at baseline and the magnitude of the WNV-specific CD8 T cell
response in different tissues following infection. Overall, the presence of elevated numbers
of splenic Tregs at baseline is associated with increased numbers of activated CD8 T cells in
the spleen and brain, both at steady state and postinfection.

Elevated numbers of Tregs at baseline are associated with altered CD8 T cell cytokine
responses upon infection

Thus far, we have observed that mice from CC-RIX lines with elevated numbers of splenic
Tregs at baseline have increased frequencies of activated Treg and CD8 T cells, including
WNV-specific CD8 T cells, in both the spleen and brain following infection. Therefore, we
next wanted to examine the CD8 T cell cytokine response postinfection to characterize not
only the magnitude of the CD8 T cell response but also the quality of effector function.
Thus, total lymphocytes from either spleen or brain excised d7 postinfection were stimulated
with WNV NS4b peptide or anti-CD3/CD28 to assess the WNV-specific or polyclonally
induced cytokine response, respectively. Unsurprisingly, the magnitude of the CD8 T cell
cytokine response was stronger with polyclonal stimulation than NS4b peptide (Fig. 4).
There was no difference in the proportion of CD8 T cells in the spleen that expressed IFNg
in response to either viral or polyclonal stimulus (Fig. 4A, 4B). In mice from the Treg-low
group, we observed a significant increase in the proportion of CD8 T cells from the spleen
that expressed TNF following stimulation with NS4b peptide (Fig. 4A), demonstrating that
lower numbers of Tregs at baseline are associated with an elevated TNF response driven by
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virus postinfection, although there was no difference following polyclonal stimulation (Fig.
4B). Similarly, in the brain, mice from the Treg-low group had a significant increase in the
frequency of CD8 T cells that expressed TNF following polyclonal stimulation, although not
with NS4b peptide (Fig. 4C, 4D). Uniquely, in the brain, mice from the Treg-high group had
a significantly increased fraction of CD8 T cells that expressed IFNg in response to NS4b
peptide stimulation as compared with the Treg-low group (Fig. 4C). Overall, our data
demonstrate that mice with a lower baseline number of splenic Tregs have elevated
frequencies of TNF-expressing CD8 T cells in the spleen and brain after WNV infection,
thereby demonstrating that steady-state Treg abundance assists in tuning the antipathogen
CD8 T cell functional capacity.

Elevated baseline Treg numbers predict elevated viral loads following WNV infection

After identifying extreme phenotype Treg-high and Treg-low cohorts that associate with
differing CD8 T cell outcomes upon infection, we next wanted to examine how the baseline
Treg number correlates with postinfection clinical score and disease measurements as well
as viral titers. Plotting the WNV loads, detected by PCR, against the number of splenic
Tregs at baseline, we found that increased numbers of Tregs preinfection correlated with a
higher viral load (VL) at days 4 and 7 postinfection, but there was no significant correlation
between Treg number and West Nile VL at d2 or day 12 postinfection (Fig. 5A).
Furthermore, there was no association between the number of splenic Tregs at baseline and
the brain VL at d7 or day 12 postinfection (Fig. 5B). When we assessed average weight loss
at day 10 (d10) postinfection, we found a significant correlation with increased numbers of
splenic Tregs at baseline and increased weight loss following infection (Fig. 5C). However,
there was no association between baseline splenic Treg number and maximum clinical score
or mortality following WNV infection (Fig. 5C). Taken together, preinfection Treg
abundance predicts higher splenic VL at days 4 and 7 postinfection as well as increased
clinical disease as indicated by weight loss but not clinical score. Previously, it has been
observed that elevated postinfection Treg frequency was associated with enhanced survival
from WNV in C57BL/6 mice (4), although we note that use of inbred mice in that study
precluded an assessment of how steady-state variability in Treg numbers impacts viral
kinetics and disease progression upon WNV infection as there is essentially no variability in
Treg abundance within individual mice of C56BL/6 background compared with variability
between CC-RIX lines (Fig. 1A). Finally, we also assessed the relationship between spleen
or brain VL and disease progression by plotting average VL against average weight loss at
d10 postinfection for all of the CC-RIX lines examined. Notably, although spleen VL at day
2 (d2) postinfection was not correlated with weight loss, spleen VL at day 4 and d7
postinfection, as well as brain VL at d7 and day 12 postinfection, was positively correlated
with weight loss postinfection (Fig. 5D). Thus, it appears that elevated VL later in the time
course of infection are associated with a higher burden of disease but that the very earliest
VL in the spleen can be tolerated without necessarily leading to clinical disease.

Lower baseline number of Tregs is associated with a subsequent cytotoxic phenotype of
WNV-specifc CD8 T cells upon infection

Given our finding that a higher number of baseline splenic Tregs is associated with increased
splenic VL at days 4 and 7 postinfection (Fig. 5A), we reasoned that this heightened level of
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Treg-mediated immunosuppression could additionally dampen the antiviral immune
response in ways beyond cytokine production (Fig. 4). Thus, we performed a smaller-scale
validation study in which we tested five CC-RIX lines with high (n=2) or low (n= 3)
numbers of splenic Tregs at baseline (Fig. 6A) for an additional CD8 T cell functional
marker that was not included in the original screen: granzyme B expression. This additional
immunophenotyping study revealed that having a higher baseline number of splenic Tregs
was associated with a reduced cytotoxic phenotype of WNV-specific CD8 T cells 7 d
postinfection (Fig. 6B). Additionally, higher numbers of splenic Tregs prior to infection was
associated with a statistical trend toward reduced numbers of bulk CD8 T cells in the spleen
that expresses granzyme B (Fig. 6C). Thus, our data suggest that elevated numbers of Treg
preinfection may lead to an inhibitory tuning of the antiviral immune response toward a
reduced capacity of splenic CD8 T cells to express TNF (Fig. 4A) plus a reduced cytotoxic
CD8 T cell response, both Ag specific as well as overall.

Homeostatic Treg phenotype and abundance contributes to disease tolerance upon
infection with WNV

Given our finding that a larger Treg population at steady state is associated both with a
reduction in CD8 T cell production of TNF (Fig. 4) as well as granzyme B (Fig. 6), yet also
with enhanced VL at d7 postinfection (Fig. 5A, 5B), we hypothesized that Tregs balance the
immune response to WNV to best spare the host from disease if not virus replication. We
demonstrated that the very early VL in the spleen did not predict disease in terms of weight
loss (Fig. 5D), and so we hypothesized that Tregs tune the immune response to avoid excess
immunopathology, even at the expense of early viral clearance. This concept, which has
been termed “disease tolerance,” has previously been discussed as a possible mechanism
whereby the host tolerates some degree of infectious burden to limit immunopathology as an
overall survival strategy (37). Thus, we wanted to further investigate how Tregs may play a
role in disease tolerance during WNV infection. To this end, we identified CC-RIX lines
with extreme phenotypes (Fig. 7A): 1) lines that had a high splenic VL at d2 postinfection
but had little to no evidence of disease throughout the course of infection (VL-no disease; 1
=6 lines) or 2) lines that had low splenic VL at d2 postinfection and beyond but did have
evidence of disease in terms of mortality and/or mean weight loss > 10% (disease low VL; n
= 6 lines). When we examined the preinfection baseline number of Tregs in these two
groups, we found that there was no difference in the overall number of Tregs (Fig. 7B).
However, when we assessed the number of Tregs expressing select phenotypic markers, we
found that there was a statistically significant increase in the number of CD44* Treg and
CD25* Treg in the spleen at baseline in mice from CC-RIX lines in the VL-no disease group
that had high splenic VL at d2 postinfection without developing disease throughout the
course of WNV infection (Fig. 7B). Finally, we also examined the relationship between the
number of splenic CD44* Tregs at baseline in all of the CC-RIX lines examined and the d2
splenic VL and found a positive correlation, yet with no association between CD44" Tregs
and weight loss, clinical score, or mortality (Fig. 7C). Altogether, this suggests that CD44*
Tregs may play a role in mediating disease tolerance by tuning the immune response to
tolerate higher early VL, at least in part by reducing the functional potential of CD8 T cells
S0 as to spare the host excessive clinical disease.
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DISCUSSION

A hallmark of a so-called successful immune response results in clearance of the pathogen
while at the same time sparing host tissues from damage associated with pathogen
replication and active immunity. This balance is exceptionally critical to achieve in the
context of neuroinvasive WNV infection as the virus is ideally cleared prior to neuroinvasion
or, barring that, cleared from the CNS without resulting in injury to nonregenerating
neurons. Our previous studies demonstrated that Tregs play a role in balancing immunity to
virus infection and WNV in particular (4, 17, 19, 20, 31, 32), so in this study, we used data
from a screen of genetically diverse mice from the CC to evaluate how baseline Treg
abundance contributes both to organization of the antipathogen immune responses as well as
to restricting inflammation and immune activation to limit immunopathology. Importantly,
use of the CC allows for an assessment of diversity in Treg numbers rather than complete
ablation of the population and so better reflects the diversity in this subset reported in
humans. Consistent with our previous studies, at steady state, we observed a range of Treg
abundance in the spleen in mice from different CC-RIX lines [Fig. 1 and (30)], and we used
this diversity to demonstrate that preinfection Treg abundance and phenotype correlated with
VL upon infection, with increased numbers of Tregs preinfection correlating with a higher
VL at days 4 and 7 postinfection. Previous studies were conducted using samples from the
postinfection period rather than prospectively collected samples (4), and so it was unclear
from that previous study if the identified association of reduced Tregs with symptomatic
WNV infection was predictive of severe disease or a manifestation of severe disease. Results
from our study suggest that preinfection “set point” Treg abundance and phenotype
differentially affects disease severity upon infection as compared with the postinfection
frequency.

The underlying reason for elevated numbers of Tregs in some CC-RIX is presumed to be at
least in part because of genetic factors, although we have not yet identified quantitative trait
loci associated with high or low numbers of Tregs at steady state. Thus, our findings rely
largely on correlative studies at present, although future studies will aim to identify host
genetic regions associated with Treg abundance at steady state. Furthermore, it is likely that
genetic differences between CC-RIX lines contribute directly to diversity in other immune
phenotypes in addition to Treg number, and so we acknowledge that this is a potential
confounding factor in our study. Along these lines, we have found that higher numbers of
baseline Tregs correlate with elevated numbers of activated CD8 T cells (Fig. 3), which
raises the question of which came first; does T cell activation lead to Treg conversion or
expansion, possibly through increased availability of IL-2, or perhaps host genetics controls
both phenotypic traits? Regardless of the answer, it is possible that these activated T cells are
not able to appropriately participate in anti-WNV immune responses as increased VL in the
spleen were found to be associated with increased numbers of baseline Tregs (Fig. 5),
thereby suggesting that these Tregs are restricting or tuning the antipathogen immune
response. Indeed, we demonstrated that higher numbers of baseline Treg were associated
with CD8 T cells with reduced functional potential in terms of TNF and granzyme B
expression (Figs. 4 and 6), and it has been previously demonstrated that CD8 T cell
cytotoxic function is required for clearance of WNV from the CNS of infected mice (38,
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39). We found the reduced CD8 T cell expression of granzyme B association with higher
baseline Treg abundance in the case of both polyclonal or WNV-specific T cells (Fig. 6B),
which could be the result of altered priming of T cells in the context of higher numbers of
Tregs as Tregs can outcompete with T cells for access to APCs through their high-affinity
interactions with B7 molecules via CTLA-4. In addition, in the case of total CD8 T cells
(Fig. 6C), it is possible that increased Treg-mediated immunosuppression leads to a
reduction in inflammatory cytokine production that can then drive bystander activation of
memory T cells. In both cases, this reduced cytotoxic activity may at least in part explain the
increased splenic viral titers observed in mice with higher numbers of Tregs, although the
mechanism whereby Tregs restrict CD8 T cell cytotoxic function in the context of WNV
needs to be further investigated.

Finally, to further investigate our hypothesis that Tregs promote disease tolerance in the
context of WNV infection, we identified CC-RIX lines with high early VL but no disease
and lines with disease but low VL throughout the course of infection. Because of our finding
that mice from lines without disease but with a high early VL had more CD44* Tregs prior
to infection (Fig. 6B), we hypothesized that these Tregs actively restrain immune activation
to limit collateral damage and WNV disease, even at the expense of rapid viral control. This
appears to be a successful host survival strategy as there is not an associated cost in terms of
clinical score, weight loss, or mortality (Fig. 7C). CD44 costimulation has previously been
shown to promote expression of Foxp3, in addition to increasing the production of IL-10 and
TGFb expression (40), suggesting that CD44* Tregs have an enhanced suppressive function.
Although we predict that these abundant CD44* Tregs play a role in dampening both innate
immune activation, such as bystander T cell activation, and the Ag-specific adaptive immune
response, further investigation is needed to identify the mechanisms whereby CD44* Tregs
serve to limit early immunity to promote disease tolerance. However, our study, although
largely correlative in nature, points to a critical role for Tregs in achieving an appropriately
focused and balanced immune response upon infection that serves to keep immune
activation in check to limit immunopathology while, at the same time, promoting expansion
of the antiviral T cell response to curb pathogen replication. Altogether, we propose that
Tregs promote disease tolerance by tuning the immune response to curb immunopathology,
at least in part by limiting antiviral CD8 T cell function. Although this occurs at the expense
of early viral control, this is tolerated to provide the host with an overall host survival
strategy by minimizing viral disease.
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FIGURE 1. Genetically diverse mice display a range of frequenciesand numbersof Tregsin the
spleen and brain at steady state and postinfection.

(A) Average baseline Treg number (Foxp3*CD4* T cells) in the spleen are plotted in rank
order for each CC-RIX line. Red dotted line indicates lines with the top 10% number of
Tregs (=10 CC-RIX lines), and blue dotted line indicates lines with the bottom 10%
number of Tregs (7= 10 CC-RIX lines). (B) Number of splenic Tregs at baseline in CC-RIX
lines with the top 10 (red) and bottom 10 (blue) average number of splenic Tregs. Cohorts of
age-matched CC-RIX male mice were infected with 100 PFU WNV. At the indicated times
postinfection, cohorts of 3-6 mice were euthanized, and the number of CD4*Foxp3* Tregs
in the spleen or brain was determined by flow cytometry (C). The indicated p values were
determined using unpaired #test. The pvalues from 0.01 to 0.05 are significant (*), p=
0.001 to 0.01 are very significant (**), and both p=0.001 to 0.0001 (***) and p < 0.0001
(****) are extremely significant.
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FIGURE 2. Higher Treg numbersat baseline correlate with an activated Treg phenotype
postinfection in the spleen and brain.

Cohorts of age-matched CC-RI1X male mice were infected with 100 PFU WNV. At the
indicated times postinfection, cohorts of 3-6 mice were euthanized, and the number of
CD4*Foxp3™ Tregs expressing the indicated activation markers in the spleen (A) or brain
(B) was determined by flow cytometry. Numbers in the heat map cells represent the mean
number of the indicated cell type in CC-RIX lines with the top 10 baseline average number
of splenic or brain Tregs (Top 10%) or the bottom 10 baseline average number of splenic
Tregs (Bottom 10%).
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FIGURE 3. Baseline Treg numberspredict the T cell phenotype in lymphoid and peripheral
tissues at steady state and following WNV infection.

Cohorts of age-matched CC-RI1X male mice were infected with 100 PFU WNV. At the

indicated times postinfection, cohorts of 3-6 mice were euthanized, and the frequency of

CD4" or CD8* T cells expressing the indicated phenotypic markers in the spleen was
determined by flow cytometry. Mice in Treg-high groups are from CC-RIX lines with

baseline splenic Treg numbers in the top 10% (red), and mice in the Treg-low groups are

from CC-RIX lines with baseline splenic Treg numbers in the bottom 10% (blue). (A)
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Frequency of splenic or brain CD8 T cells expressing CD44 either at baseline (mock
infected) or at d7 postinfection. (B) Frequency of splenic or brain CD4 T cells expressing
CDA44 either at baseline or at d7 postinfection. (C) Frequency of splenic or brain CD8 T cells
expressing Ki67 at baseline or d7 postinfection. (D) Frequency of splenic or brain CD4 T
cells expressing Ki67 at baseline or d7 postinfection. (E) Frequency of splenic or brain CD8
cells that are WNV NS4b tetramer* at d7 postinfection. The indicated p values were
determined using the Mann-Whitney test.
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FIGURE 4. Elevated numbers of Tregs at baseline associated with reduced capacity of CD8 T
cellsto express TNF postinfection.

Cohorts of age-matched CC-RI1X male mice were infected with 100 PFU WNV. At the
indicated times postinfection, cohorts of 3-6 mice were euthanized, and single cell
suspensions from the indicated tissue was stimulated ex vivo with WNV NS4b peptide (A)
or anti-CD3/CD28 (B) for intracellular cytokine staining assessment of the frequency of
CD8™ T cells expressing the indicated cytokines in the spleen (A and B) or brain (C and D).
Mice in Treg-high groups are from CC-RIX lines with baseline splenic Treg numbers in the
top 10% (red), and mice in the Treg-low groups are from CC-RIX lines with baseline splenic
Treg numbers in the bottom 10% (blue). The indicated p values were determined using the
Mann—Whitney test. Outliers were identified by ROUT (Q = 1%).
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FIGURE 5. Baseline Treg numbers predict high VL following WNV infection.
Cohorts of age-matched CC-RI1X male mice were infected with 100 PFU WNV. (A and B)

At the indicated times postinfection, age-matched male mice were euthanized, and spleens
and brains were harvested and prepared for quantitative RT-PCR to quantify WNV load. A
second cohort of age-matched, uninfected CC-RIX male mice were euthanized, and the
number of Foxp3* Tregs in the spleen was determined by flow cytometry. Linear regression
was performed using the mean number of splenic Tregs at baseline and the mean WNV VL
in the indicated tissue and time postinfection. (C) Mortality, clinical score, and average
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weight loss at d10 postinfection were monitored continuously following infection, and linear
regression was performed using this data in combination with the number of splenic Tregs at
baseline. (D) Spleen VL at d2, day 4, or d7 postinfection or brain VL at d7 or day 12
postinfection are plotted against the average weight loss at d10 postinfection for all CC-RIX
lines examined in the screen. Outliers were identified by ROUT (Q = 1%). Linear regression
was performed using GraphPad Prism.

Immunohorizons. Author manuscript; available in PMC 2021 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Graham et al. Page 21

A B

# Tregs Spleen # NS4b+ GrzB+ CD8
Baseline Day 7 Spleen
10" g p=0.0050 100000 ¢  p=0.0012
1054 = ~ -
=1 = 10000 TR
105 ' I
10 1000

100

# GrzB+ CD8
Day 7 Spleen

1000000 .
P=0.058 Treg-high

B Treg-low
100000

10000

1000

FIGURE 6. Lower basdline number of Tregsis associated with a subsequent cytotoxic phenotype
of WNV-specific CD8 T cells upon infection.

A separate validation study of select CC-RIX lines with extreme phenotypes of high or low
numbers of Treg at baseline was performed. (A) Age-matched male CC-RIX mice with a
high or low number of splenic Tregs at baseline were used to determine (B) the number of
granzyme B* NS4b tetramert CD8 T cells in the spleen at d7 post-WNYV infection and (C)
the number of granzyme B* CD8 T cells in the spleen at d7 post-WNV infection. The
indicated p values were determined using the Mann—Whitney test.
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FIGURE 7. Homeostatic Treg abundance contributes to disease tolerance upon infection with

WNV.

Cohorts of age-matched CC-RI1X male mice (7= 103) were infected with 100 PFU WNV.
CC-RIX lines with extreme phenotypes were selected for further analysis based on splenic
VL, mortality, and weight loss postinfection. Lines that had a high splenic VL at d2
postinfection but had little to no evidence of disease throughout the course of infection (7=
6) are termed VL-no disease, and lines that had low splenic VL at d2 postinfection (and
through to day 12 postinfection) but did have evidence of disease in terms of mortality
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and/or mean weight loss >10% (= 6) are termed disease-low VL. (A) Mortality, mean
weight loss, and spleen VL at d2 postinfection are shown for the two groups, VL-no disease
and disease-low VL. (B) The number of splenic Tregs, splenic CD44* Treg, or splenic
CD25" Treg at baseline are shown for mice in the VL-no disease and disease-low VL
groups. The indicated p values were determined using the Mann—-Whitney test. (C) Outliers
were identified by ROUT (Q = 1%). Linear regressions were performed using GraphPad
Prism to test the association of the number of splenic CD44* Treg at baseline with the d2
spleen VL, weight loss, peak clinical score, and mortality in all CC-RIX lines tested.
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TABLE L.

Ab clones used for flow cytometry

Ab Clone
Foxp3 FJK-16s
CD3e 145-2C11
CD4 RM4-5
CD8 53-6.7
CD25 PC61
CCR5 HM-CCR5
CD44 M7
CD73 TY/11.8
Ki67 SolA15
CTLA-4 UC10-4B9
CXCR3 CXCR3-173
GITR DTA-1
ICOS TE.17G9
IFN-y XMG1.2
TNF MP6-XT22
Live/dead N/A
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CC-RIX lines and Treg baseline categories

CC-RIX Line Baseline Treg Numbers ~ Group

CCO061 x CC026 508577 Treg-high
CC001 x CC055 514793 Treg-high
CC015 x CC018 559053 Treg-high
CC043 x CC033 583323 Treg-high
CC046 x CC068 634010 Treg-high
CC033 x CC046 657883 Treg-high
CCO055 x CC006 694561 Treg-high
CC030 x CC061 745622 Treg-high
CCO051 x CC005 755278 Treg-high
CCO052 x CC014 799264 Treg-high
CC008 x CC010 30701 Treg-low
CC065 x CC072 108387 Treg-low
CC006 x CC039 115838 Treg-low
CCO074 x CC058 134000 Treg-low
CCO075 x CC035 137471 Treg-low
CC072 x CC063 140108 Treg-low
CC063 x CC001 142478 Treg-low
CC068 x CC035 148502 Treg-low
CCO033 x CC046 149147 Treg-low
CC019 x CC027 150957 Treg-low
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