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ABSTRACT Gammaherpesviruses, such as human Epstein-Barr virus (EBV) and murine
gammaherpesvirus 68 (MHV68), are species-specific, ubiquitous pathogens that are asso-
ciated with multiple cancers, including B cell lymphomas. These viruses have a natural
tropism for B cells and usurp B cell differentiation to drive a unique and robust polyclo-
nal germinal center response to establish a long-term latent reservoir in memory B cells.
The robust polyclonal germinal center response driven by gammaherpesvirus infection
increases the risk for B cell transformation. Unsurprisingly, many gammaherpesvirus can-
cers are derived from germinal center or post-germinal center B cells. The viral and host
factors that influence the gammaherpesvirus-driven germinal center response are not
clearly defined. We previously showed that host interleukin 17 receptor A (IL-17RA) sig-
naling promotes the establishment of chronic MHV68 infection and the MHV68-driven
germinal center response. In this study, we found that T cell-intrinsic IL-17RA signaling
recapitulates some proviral aspects of global IL-17RA signaling during MHV68 infection.
Specifically, we found that T cell-intrinsic IL-17RA signaling supports the MHV68-driven
germinal center response, the establishment of latency in the spleen, and viral reactiva-
tion in the spleen and peritoneal cavity. Our study unveils an unexpected finding where
the T cell-specific IL-17RA signaling supports the establishment of a latent reservoir of a
B cell-tropic gammaherpesvirus.

IMPORTANCE Gammaherpesviruses, such as human EBV, establish lifelong infection in
>95% of adults and are associated with B cell lymphomas. Gammaherpesviruses
usurp the germinal center response to establish latent infection, and the germinal
center B cells are thought to be the target of viral transformation. We previously
found that global expression of IL-17RA promotes the establishment of chronic
MHV68 infection and the MHV68-driven germinal center response. In this study, we
showed that T cell-intrinsic IL-17RA signaling is necessary to promote the MHV68-
driven germinal center response by supporting CD4™ T follicular helper cell expan-
sion. We also found that T cell-intrinsic IL-17RA signaling contributes to but is not
solely responsible for the systemic proviral role of IL-17RA signaling, highlighting the
multifaceted function of IL-17RA signaling during MHV68 infection.
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uninfected B cells (4, 7, 8). In contrast, virus reactivation, the switch from latency to lytic
replication, occurs when infected B cells differentiate into plasma cells (4, 9, 10).
Importantly, in the context of murine gammaherpesvirus 68 (MHV68) infection, the differ-
entiation of infected germinal center B cells into either memory B cells or plasma cells
requires the presence of T follicular helper cells (11, 12).

Unlike that observed in most viral infections, the germinal center response induced by
gammaherpesvirus infection is unique in that germinal center B cells actually support the
majority of the latent viral reservoir, particularly during the early stages of chronic infection
(7, 13). Interestingly, the germinal center stage of B cell differentiation is susceptible to cel-
lular transformation, as germinal center B cells rapidly divide while downregulating tumor
suppressors (14) and increasing expression of mutagenic enzymes (15, 16). Consequently,
many gammaherpesvirus-driven B cell lymphomas are of germinal center or post-germinal
center origin (17). Importantly, increased viral reactivation often precedes tumorigenesis
(18-21). The mechanisms by which gammaherpesviruses induce the robust polyclonal ger-
minal center response that seeds viral lymphomagenesis and the factors that promote vi-
ral reactivation that contributes to lymphomagenesis are poorly understood.

In vivo study of chronic EBV or KSHV infection is challenging given that these viruses
have coevolved with their host and are thus species specific. Thus, to overcome the
limitations of species specificity, the current study utilized MHV68, a natural rodent
pathogen that is genetically and biologically related to EBV and KSHV (22). MHV68
offers a tractable animal model of chronic gammaherpesvirus infection and pathoge-
nesis that benefits from powerful tools of host and virus genetics along with mouse
immunology (23-25). This model allows for the study of host mechanisms that facili-
tate or attenuate the germinal center response as well as viral reactivation and latency
during gammaherpesvirus infection.

Interleukin 17A (IL-17A) is the founding member of the IL-17 family, which consists
of IL-17A through IL-17F (26). IL-17A signals through a heterodimeric receptor complex
of IL-17 receptor A (IL-17RA) and IL-17RC (27-29). IL-17A is a functionally diverse cyto-
kine that is associated with multiple autoimmune diseases and is critical for the
immune response to bacterial and fungal pathogens in part via the recruitment of
microbicidal neutrophils (30-34). We previously found that global expression of IL-17RA
supports the establishment of chronic MHV68 infection and the virus-driven germinal
center response (35). Prior to our published study (35), the role of IL-17RA signaling in
gammaherpesvirus infection was unknown, with the exception of an observation that
herpesvirus saimiri (HVS), a simian gammaherpesvirus, encodes a viral IL-17, which sig-
nals similarly to host IL-17A in cultured cells (36-38). Other gammaherpesviruses, includ-
ing EBV and MHV68, do not encode a discernible IL-17A homologue, which suggests
that these gammaherpesviruses usurp host IL-17A. In support of this, we found that
MHV68 infection induces multiple cell types to produce IL-17A (35). Our findings in the
animal model were corroborated by clinical observation that EBV-infected infectious
mononucleosis patients display significantly elevated numbers of CD4* T cells producing
IL-17A, with these IL-17A-positive T cells persisting for at least T month following the re-
solution of clinical symptoms (39). The clinical data along with our discovery that global
IL-17RA signaling promotes the establishment of chronic gammaherpesvirus infection
indicate that IL-17A production and subsequent IL-17RA signaling engages multiple cell
types to support gammaherpesvirus infection.

In this study, we defined the role of T cell-intrinsic IL-17RA signaling by generating
a mouse model of T cell-specific IL-17RA deficiency. T cell-specific IL-17RA deficiency
had no impact on the number of CD3* T cells in naive animals. Interestingly, mice with
T cell-specific IL-17RA deficiency had significantly lower MHV68 latent reservoir and
reactivation in the spleen along with reduced reactivation in the peritoneal cavity;
however, this attenuation of MHV68 parameters was to a lesser extent compared to
that observed in global IL-17RA deficiency. Further, there was a significant attenuation
of the MHV68-driven germinal center response in mice with T cell-specific IL-17RA defi-
ciency. Interestingly, this attenuation of the germinal center response selectively
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FIG 1 Mouse model of T cell-specific IL-17RA deficiency. (A) Representative PCR products of genotyping reactions designed to detect the presence of the LoxP
sites for the conditional IL-17RA allele and presence of the dLck Cre allele. For the floxed IL-17RA allele, the wild type (WT) is at ~304 bp and the mutant is at
~350 bp. The internal positive control is at 200 bp in the dLck Cre reaction, while the transgene is at 300 bp. C57BL/6 (BL6) mice were genotyped as a negative
control (B). Cellular expression of IL-17RA in CD3* T cells and CD3~ cells from the spleen was determined by flow cytometry. (C and D) Absolute numbers of
CD3" T cells in the spleen (C) and peritoneal cavity (D) isolated from naive dLck Cre-positive and dLck Cre-negative littermates. Data were pooled from 4 to 6

independent experiments, with each symbol representing an individual mouse.

correlated with a significant reduction in the titers of irrelevant and self-directed, but
not total or virus specific immunoglobulins induced by MHV68 infection. In summary,
our findings reveal a novel proviral role of T cell-intrinsic IL-17RA signaling that pro-
motes the MHV68-driven germinal center response and production of irrelevant and
self-directed antibodies. This study also indicates that IL-17RA expression by other cel-
lular populations, to be defined in the future, is required to fully support the establish-
ment of chronic gammaherpesvirus infection.

RESULTS

Mouse model of T cell-specific IL-17RA deficiency. Having discovered a proviral
role of global IL-17RA signaling during gammaherpesvirus infection (35), we next investi-
gated the effect of T cell-intrinsic IL-17RA signaling. T cell-specific IL-17RA deficiency was
generated by crossing IL-17RAM™ mice (40) with a mouse strain in which expression of the
Cre recombinase is driven by a distal promoter of the lymphocyte protein tyrosine kinase
gene (dLck Cre) (41, 42). Because the dLck promoter becomes active after positive selec-
tion of T cells in the thymus, dLck-driven Cre expression allows for the recombination of
the conditional IL-17RA allele at the later stages of T cell development. Successful genera-
tion of the T cell-specific IL-17RA-deficient mice was confirmed by genotyping for the IL-
17RA flox and dLck Cre alleles (Fig. 1A) and examining cellular expression on CD3* T cells
from the spleen via flow cytometry (Fig. 1B) (40). Loss of IL-17RA in T cells had no impact
on the absolute numbers of CD3* T cells in the spleens (Fig. 1C) and peritoneal cavities
(Fig. 1D) of naive dLck Cre-positive compared to Cre-negative littermates.

T cell-specific IL-17RA deficiency leads to attenuated establishment of chronic
MHV68 infection. After infection of a naive mouse, acute MHV68 replication occurs at
several anatomical locations and is controlled by 12 days postinfection. Concurrent
with lytic virus clearance, MHV68 switches to latency, with peak splenic latent reservoir
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FIG 2 T cell-specific IL-17RA deficiency leads to attenuated establishment of chronic MHV68 infection.
dLck Cre-positive and dLck Cre-negative mice were intranasally infected with 1,000 PFU of MHV68.
Splenocytes and peritoneal cells were collected at 16 and 42 days postinfection and subjected to
limiting-dilution assays to determine the frequency of MHV68 DNA-positive cells (A, C, E, and F) or the
frequency of ex vivo viral reactivation (B and D). Each experimental group consisted of 3 to 5 animals;
data were pooled from 2 or 3 independent experiments. SEM is displayed. For the limiting-dilution
assays, the dotted line is drawn at 63.2% and the x coordinate of intersection of this line with the
sigmoid graph represents an inverse of frequency of positive events.

established by 16 days postinfection. We previously found that global IL-17RA signal-
ing supports the establishment of chronic MHV68 infection while having no effect on
acute MHV68 replication (35). The T cell-intrinsic role of IL-17RA during the establishment of
chronic MHV68 infection was defined by measuring parameters of MHV68 latency in the
spleens and peritoneal cavities of dLck Cre-positive and Cre-negative littermates at 16 days
postinfection. Consistent with that observed in mice with global IL-17RA deficiency (35), the
frequency of MHV68 DNA-positive splenocytes (Fig. 2A) and the frequencies of MHV68 reacti-
vation from splenocytes (Fig. 2B) and peritoneal cells (Fig. 2D) were reduced in dLck Cre-posi-
tive mice compared to dLck Cre-negative littermates. In contrast, the frequency of MHV68
DNA-positive peritoneal cells was minimally affected in dLck Cre-positive mice (Fig. 2C). Thus,
T cell-intrinsic IL-17RA signaling supports the establishment of chronic MHV68 infection.
Between 16 and 42 days postinfection, the MHV68 latent viral reservoir subsides and
stabilizes, with concomitant contraction of the MHV68-driven germinal center response
and decrease in MHV68 reactivation to undetectable levels. Similar to observations in mice
with global IL-17RA deficiency (35), there was no longer a difference in the frequencies of

July 2022 Volume 96 Issue 14

Journal of Virology

10.1128/jvi.00639-22

4


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00639-22

T Cell-Intrinsic IL-17RA Deficiency in MHV68 Infection

16 days post infection

A. Mock MHV68 B. Germinal Center B cells
o 5 Jedek
S n
+ 54
© 3 s o
o+
8%.] #*
35 +
| L
©° 0 —
MHV68 - + - +
dLck Neg dLck Pos
C. Mock MHV68 D-  Trollicular helper cells
X 20 —_——
+ 0 u
T ® 15
£ e
+ < 10 ]
w0 o ]
50 5 % a %
L
o
MHV68 - + - +

dLck Neg dLck Pos

42 days post infection

E. Germinal Center B cells F. T follicular helper cells
203 X 10
Qo + 2 —
°3 . . T3 .
+ 2 Qo ]
0o o | |
2 7 - % 5 (== e
om -.. oo hY=] == o©
o1 ° xo (=22 %
% &9 = =
- o # O X © ©
0= LO% —_—0 3 ol—, . . .
MHV68: - + - + MHV68: - + - +
dLck Neg dLck Pos dLck Neg dLck Pos

FIG 3 T cell-specific IL-17RA signaling supports MHV68-driven germinal center response during the
establishment of latency. dLck Cre-positive and dLck Cre-negative mice were infected as for Fig. 2.
The germinal center response was measured at 16 and 42 days postinfection, with germinal center B
cells (A, B, and E) defined as B220" GL7* CD95" cells and T follicular helper cells (C, D, and F)
defined as CD3* CD4* CXCR5™" PD-1*cells. Each experimental group consisted of 3 or 4 animals; data
were pooled from 2 or 3 independent experiments. Means and standard errors of the means are
shown. ***, P < 0.001.

MHV68-positive splenocytes (Fig. 2E) and peritoneal cells (Fig. 2F) in long-term (42 days)-
infected dLck Cre-positive and dLck Cre-negative littermates. Thus, T cell-intrinsic IL-17RA
signaling promotes peak levels of MHV68 latency at 16 days postinfection but does not
contribute to the long-term maintenance of the latent viral reservoir.

T cell-specific IL-17RA signaling supports gammaherpesvirus-driven germinal
center response during the establishment of latency. Given the significance of the
germinal center response for the establishment of chronic MHV68 infection (4-6) and
the decrease in viral latency at 16 days postinfection in the dLck Cre-positive mice (Fig. 2),
the germinal center response was examined next. Loss of IL-17RA in T cells resulted in a
significant reduction in the frequency of germinal center B cells (Fig. 3A and B) and T fol-
licular helper cells (Fig. 3C and D) at 16 days postinfection. The decrease in germinal cen-
ter B cells of dLck Cre-positive mice occurred despite the expression of IL-17RA by B cells
in this model, indicating that T cell-intrinsic IL-17RA signaling functions in trans to support
expansion of germinal center B cells. Following transition to long-term infection (42 days),
there was no longer a difference in the frequency of germinal center B cells (Fig. 3E)
between dLck Cre-positive and dLck Cre-negative littermates. The frequency of T follicular
helper cells, however, remained significantly decreased in long-term-infected dLck Cre-

July 2022 Volume 96 Issue 14

Journal of Virology

10.1128/jvi.00639-22 5


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00639-22

T Cell-Intrinsic IL-17RA Deficiency in MHV68 Infection Journal of Virology

16 days post infection

A Totallgc  B. Totaligm ~ C-. aMHVesdgc D aMHV68-IgM
ok E £
2500 [——— 1000 °® g 1.0 - g 1.0 - o
2000 L] 800 = s
£ 1500 ° £ 00 '£ 304 )
£ k) n® 2 8 0.6 3 0.5
2 1000 S 400] B 50 € 0.4 el
[ R ©
500 200 .g 0.2 .g Hems
r T 200 200
MHVes- _* = MHVeS___*  -_*  f MHves.___+ -+ o MHVeS-___+ - 4
dick- dLck+ dLck Neg dLck Pos dLckNeg dLck Pos dLckNeg dLck Pos
E' dLck Neg Mock
# F. G.
L ANA 2. «dsDNA - IgG
o £
ok 4 £ 0.8
=0 I
oY 3 <06
NO @
dlck Pos Mock g Em 2 o e 04
©
) - o
: 52 1 %ﬂ = ® 5 0.2
B 200
= MHves:-___+ - + o MHVes-. __ + -+
S dLck Neg dLck Pos dLck Neg dLck Pos

FIG 4 T cell expression of IL-17RA selectively supports irrelevant and self-directed class-switched antibodies stimulated by MHV68
infection. dLck Cre-positive and dLck Cre-negative mice were infected as for Fig. 2 and serum was collected at 16 days
postinfection. Sera were used to determine total IgG (A) and IgM (B), MHV68-specific I1gG (C) and IgM (D), and dsDNA IgG (G)
antibody titers. (E) Reactivity of mouse sera with HEp-2 monolayers (ANA) using anti-mouse IgG fluorescein isothiocyanate (FITC)-
conjugated antibody for detection, with corrected total cell fluorescence (CTCF) quantified in panel F. Data were pooled from 2 or
3 independent experiments, with each symbol representing an individual mouse. Means and standard errors of the means are
shown. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

positive mice (Fig. 3F). Thus, T cell-intrinsic IL-17RA signaling supports the expansion of T
follicular helper cells throughout chronic MHV68 infection.

T cell expression of IL-17RA selectively supports irrelevant and self-directed
class-switched antibody titers stimulated by MHV68 infection. Having observed
the decreased germinal center response in MHV68-infected mice with T cell-specific IL-
17RA deficiency (Fig. 3), we next measured the humoral response, an outcome of B cell
differentiation. Similar to observations by several groups in mice with global IL-17RA
deficiency (35, 43), dLck Cre-positive mice had a baseline increase in 1gG levels (Fig. 4A)
(P = 0.0034), indicating that T cell-intrinsic IL-17RA signaling suppresses elevated base-
line production of class-switched IgG. Further, there was no significant difference in
total and MHV68-specific IgG (Fig. 4A and C) and IgM (Fig. 4B and D) levels between
infected dLck Cre-positive and dLck Cre-negative littermates.

Gammaherpesviruses, including EBV and MHV68, drive a uniquely robust non-virus-spe-
cific B cell differentiation leading to a rapid (albeit transient) increase in antibody titers
directed against self-antigens and foreign-species (irrelevant) antigens (44, 45). In the case of
recent EBV infection in humans, this induction of antibodies against irrelevant antigens
forms the basis of a diagnostic assay, which detects antibodies against horse red blood cells
(46). To fully capture the range of self-antigen and irrelevant-antigen-directed antibodies
produced in response to MHV68 infection, a clinical assay used in the diagnosis of autoim-
mune diseases (antinuclear antibody [ANA]) was repurposed to examine sera from mock-
and MHV68-infected mice (45). As expected, MHV68 infection of control Cre-negative mice
induced robust levels of antibodies directed against multiple antigens expressed by human
HEp-2 cells (Fig. 4E). In contrast, T cell-specific deficiency of IL-17RA resulted in minimal
MHV68-driven induction of antibodies directed against self-antigens and irrelevant antigens
(Fig. 4E and F). Similar to observations in mice with global IL-17RA deficiency, the titers of
MHV68-induced anti-double-stranded DNA (anti-dsDNA) antibodies were significantly lower
in dLck Cre-positive than in dLck Cre-negative littermates (Fig. 4G). Taken together, our
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FIG 5 Impact of T cell-specific IL-177RA expression on the CD8" T cell response during MHV68
infection. dLck Cre-positive and dLck Cre-negative mice were infected as for Fig. 2 with splenocytes,
and peritoneal cells were analyzed at 16 days postinfection. (A and B) Frequency of CD8" T cells,
defined as CD3* CD8" cells, in the spleen and peritoneal cavity. (C and D) Frequency of MHV68-
specific CD8* T cells, defined as CD3* CD8" CD44* Orf6é (MHC class | tetramer)® cells, in the spleen
and peritoneal cavity. (E and F) Frequency of IFN-y-producing CD8" T cells, defined as CD3* CD8"
IFN-y" cells, following ex vivo restimulation with MHV68 immunodominant peptides in the spleen and
peritoneal cavity. Data were pooled from 2 or 3 independent experiments, with each symbol
representing an individual mouse. Means and standard errors of the means are shown. *, P < 0.05;
** P < 0.01.

findings show that T cell-intrinsic IL-17RA signaling selectively supports the induction of
irrelevant and self-directed, but not virus-specific, antibodies during MHV68 infection.
Impact of T cell-specific IL-17RA expression on the CD8* T cell response during
MHV68 infection. IL-17RA signaling promotes CD8* T cell recruitment, survival, and
cytotoxicity in other experimental systems (47-50). Further, CD8* T cells are needed to
control latency and reactivation during MHV68 infection, particularly in the peritoneal
cavity (51-53). Having observed decreased MHV68 reactivation from the peritoneal
cells (Fig. 2D), we next quantified the CD8* T cell response. At 16 days postinfection,
loss of IL-17RA signaling in T cells had no impact on the frequency of CD8* T cells in
the spleen (Fig. 5A). Interestingly, infected dLck Cre-positive mice had significantly
fewer CD8* T cells in the peritoneal cavity (Fig. 5B). In contrast, T cell-intrinsic IL-17RA
signaling did not impact the abundance of MHV68-specific CD8* T cells in the spleen
(Fig. 5C) or peritoneal cavity (Fig. 5D). The functional ability of CD8* T cells to produce
gamma interferon (IFN-y) in the absence of IL-17RA signaling was examined next.
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Splenocytes and peritoneal cells from dLck Cre-positive and dLck Cre-negative litter-
mates were restimulated ex vivo with MHV68-derived peptides (ORF6,5,.49s and
ORF615,,55,) and the frequency of IFN-yproducing CD8* T cells was determined.
There was a significant decrease in the frequency of IFN-yproducing CD8* T cells in
the spleens, but not the peritoneal cavities, of infected dLck Cre-positive compared to
dLck Cre-negative littermates (Fig. 5E and F). Thus, despite attenuated MHV68 reactiva-
tion from the peritoneal cells (Fig. 2D), the abundance of MHV68-specific CD8 T cells
and their ability to express IFN-y were not altered in the peritoneal cavities of dLck Cre-
positive mice. Conversely, decreased ability of MHV68 specific CD8" T cells to express
IFN-ywas observed in the spleen, without loss of control of splenic latency (Fig. 2A).

Impact of T cell-specific IL-17RA expression on the CD4* T cell response during
MHV68 infection. In the context of autoimmune mouse models, IL-17RA signaling nega-
tively regulates expression of IL-17A by CD4* T cells (54-56). Thus, we next determined the
extent to which T cell-specific loss of IL-17RA led to increased expression of IL-17A and/or
affected expression of IFN-y, a critical antiviral cytokine, by CD4* T cells. T cell-intrinsic IL-
17RA signaling had no impact on the overall frequency of CD4* T cells in either the spleen
(Fig. 6A) or peritoneal cavity (Fig. 6B) in naive or infected mice. Next, cells were ex vivo
restimulated with MHV68 immunodominant major histocompatibility complex (MHC) class
Il epitope (gp150¢,.4; [571). Similar to observations for the splenic CD8™ T cells (Fig. 5E), IL-
17RA signaling in T cells supported the production of IFN-y by CD4* T cells in the spleen fol-
lowing MHV68 infection (Fig. 6C). Interestingly, despite what was observed in autoimmune
mouse models (54-56), a lack of T cell-intrinsic IL-17RA signaling during MHV68 infection
decreased IL-17A production by CD4* T cells in the spleen (Fig. 6E). Loss of T cell-specific IL-
17RA signaling in the peritoneal cavity, however, had no impact on the ability of CD4* T
cells to produce IFN-y (Fig. 6D) or IL-17A (Fig. 6F).

DISCUSSION

This study uncovered the proviral T cell-intrinsic role of IL-17RA signaling during
MHV68 infection by generating a mouse model of T cell-specific IL-17RA deficiency.
Despite B cell tropism of MHV68, T cell-intrinsic IL-17RA signaling supported the estab-
lishment of chronic MHV68 infection as well as the MHV68-driven germinal center
response and subsequent increase in irrelevant and self-directed class-switched anti-
bodies, unveiling an intriguing connection between T cells responding to IL-17A and
viral and B cell parameters of chronic gammaherpesvirus infection.

T cell-intrinsic function of IL-17RA during MHV68 infection. Our previous study
was the first to demonstrate a proviral role for global IL-17RA signaling during the
establishment of chronic MHV68 infection (35). Global loss of IL-17RA significantly atte-
nuated MHV68 latent reservoir and reactivation in the spleen and peritoneal cavity
along with the MHV68-driven germinal center response. Further, global IL-17RA signal-
ing facilitated the expansion of MHV68-specific and self-directed class-switched antibod-
ies driven by MHV68 infection (35). To better understand the mechanisms underlying
the proviral role of IL-17RA signaling during MHV68 infection, this study examined the T
cell-intrinsic role of IL-17RA signaling. Loss of IL-17RA signaling in T cells was sufficient to
attenuate MHV68 latency and reactivation in the spleen (Fig. 2A and B). In contrast to
the case with global IL-17RA deficiency, T cell-intrinsic IL-17RA signaling had little to no
impact on viral latency (Fig. 2C) in the peritoneal cavity during MHV68 infection.

Interestingly, despite the intact IL-17RA gene in the B cells, T cell-intrinsic loss of IL-17RA
attenuated the MHV68-driven germinal center response (Fig. 3) and production of irrelevant
and self-directed class-switched antibodies (Fig. 4E to G). T cell-intrinsic IL-17RA signaling,
however, had no impact on MHV68-specific class-switched antibodies (Fig. 4C and D), Thus,
given that both MHV68-specific and irrelevant antibody titers were decreased in the context
of global IL-17RA deficiency (35), IL-17RA signaling in B cells may facilitate the generation of
MHV68-specific class-switched antibodies during infection, a hypothesis to be tested in the
future studies. Intriguingly, results of the current study indicate that T cell-intrinsic IL-17RA
signaling supports the production of irrelevant and self-directed antibodies driven by
MHVE8 infection.
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FIG 6 Impact of T cell-specific IL-177RA expression on the CD4" T cell response during MHV68
infection. dLck Cre-positive and dLck Cre-negative mice were infected as for Fig. 2 with splenocytes,
and peritoneal cells were analyzed at 16 days postinfection. (A and B) Frequency of CD4" T cells,
defined as CD3* CD4" cells, in the spleen and peritoneal cavity. (C to F) Splenocytes and peritoneal
were ex vivo restimulated with MHV68 gp150 peptide. (C and D) IFN-y»producing CD4" T cells,
defined as CD3* CD4" IFN-y" cells, in the spleen and peritoneal cavity. (E and F) IL-17A-producing
CD4* T cells, defined as CD3" CD4* IL-17A" cells, in the spleen and peritoneal cavity. Data were
pooled from 2 or 3 independent experiments, with each symbol representing an individual mouse.
Means and standard errors of the means are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

The reduction of viral latency and reactivation observed in the spleen (Fig. 2A and B)
of dLck Cre-positive mice is likely due to the attenuated MHV68-driven germinal center
response (Fig. 3A to D), which is critical for the establishment of chronic infection (4-6). T
follicular helper cells are necessary to support the expansion of germinal center B cells
during MHV68 infection (12), and this study found that T cell-intrinsic IL-17RA signaling
supports expansion of T follicular helper cells (Fig. 3D and F) and expression of IL-17A by
CD4* T cells in the spleen (Fig. 6E), offering a plausible explanation for the proviral role
of IL-17RA signaling in the MHV68-driven germinal center response.

Interestingly, despite the attenuation of viral reactivation in the peritoneal cavities
of infected dLck Cre-positive mice (Fig. 2D), T cell-intrinsic IL-17RA signaling had no
impact on the antiviral CD8" or CD4* T cell function in the peritoneal cavity, as meas-
ured by the IFN-y production (Fig. 5 and 6). We have previously shown that IL-17A can
promote MHV68 reactivation ex vivo; however, expression of IL-17A by peritoneal CD4™ T
cells was not affected by the deficiency of IL-17RA (Fig. 6F) (35). In contrast, decreased IL-
17A production by splenic CD4 T cells (Fig. 6E) could contribute to the attenuated MHV68
reactivation. In a nonexclusive alternative, decreased splenic reactivation could also result
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from the attenuated latent reservoir and MHV68-driven B cell differentiation in the ab-
sence of T cell-specific IL-17RA expression.

This study revealed that many of the proviral effects of global IL-17RA signaling (35)
during MHV68 infection can be attributed to T cell-intrinsic IL-17RA expression, which
was necessary to support the establishment of viral latency and viral reactivation in the
spleen, the MHV68-driven germinal center response, the generation of irrelevant and
self-directed class-switched antibodies driven by MHV68 infection, and viral reactiva-
tion in the peritoneal cavity. Though T cell-intrinsic IL-17RA signaling contributed to
these proviral functions, it is clear when comparing the extents of MHV68-dependent
phenotypes between the global (35) and T cell-specific IL-17RA deficiency mouse mod-
els that T cells are not the only cell type that is responsible for the proviral effects of
IL-17A signaling. Nowhere is this highlighted better than in the peritoneal cavity,
where loss of T cell-intrinsic IL-17RA signaling has no impact on viral latency (Fig. 2C),
in contrast to the attenuation observed in mice with global loss of IL-17RA signaling
(35). The additional cell type(s) relying on IL-17RA signaling to promote the peritoneal
MHV68 latent reservoir will be identified in future studies.

T cell-intrinsic function of IL-17RA in the germinal center response and autoan-
tibody production. The production of IL-17A and subsequent IL-17RA signaling promote
the germinal center response in autoimmune models, with both germinal center B cells and
T follicular helper populations capable of IL-17RA expression (58-62). In an autoimmune
mouse model, global loss of IL-17RA did not diminish T follicular helper cell numbers but did
disrupt T follicular helper cell localization in and migration to the germinal center (59). We
found that both global (35) and T cell-specific deficiency of IL-17RA during MHV68 infection
significantly reduced the frequency (Fig. 3D and F) and number (data not shown) of T follicu-
lar helper cells in addition to the reduction in germinal center B cells (Fig. 3B), highlighting
the significance of T cell-intrinsic IL-17RA signaling for the MHV68-driven germinal center
response. Additionally, it is not yet clear whether the contribution of T cell-intrinsic IL-17RA
signaling to the germinal center response is selective for MHV68 infection or if the observed
germinal center phenotype is a general function of T cell-intrinsic IL-17RA signaling.

IL-17A is associated with multiple autoimmune diseases (33), and there is evidence that
in the context of autoimmune mouse models, IL-17RA signaling contributes to the genera-
tion of autoantibodies against self-directed antigens (59, 62, 63). A hallmark and a unique
feature of gammaherpesvirus infection is a significant, though transient, increase in irrele-
vant and self-directed antibody titers (44, 45). This study is the first to identify a T cell-
intrinsic role for IL-17RA signaling in the generation of irrelevant and self-directed, but not
antiviral, antibodies during MHV68 infection (Fig. 4). Importantly, IL-17RA signaling does
not contribute to autoantibody production in every mouse model, as IL-17RA-deficient
mice in a model of autoimmune lymphoproliferative syndrome (ALPS) and systemic lupus
erythematosus (SLE) do not display any difference in antinuclear antibody (ANA) titers (64).

Importantly, this study is, to our knowledge, the first to examine the significance of
T cell-intrinsic IL-17RA signaling for the germinal center response and production of
irrelevant and self-directed class-switched antibodies, as all published studies to date
have relied on mouse models of global IL-17RA deficiency or used IL-17RA neutralizing
antibodies (58-64). The mice generated in this study provide an excellent tool to
uncover the significance of T cell-intrinsic IL-17RA signaling in an abundance of auto-
immune and infection models.

MATERIALS AND METHODS

Animals used. All experimental manipulations of mice were approved by the Institutional Animal Care
and Use Committee of the Medical College of Wisconsin (MCW) (protocol number: AUA971). C57BL/6J mice,
dLck-hcre””® [B6/Cg-Tg(Lck-icre)3779Nik/J stock 0128371 mice (41, 42), and IL-17RAV® (B6.Cg-IL-17ratm2 el
J stock 031000) mice (40) were obtained from The Jackson Laboratories (Bar Harbor, ME). The dLck-hcre37°
mice were bred to the IL-17RA" mice in order to generate T cell-specific IL-17RA-deficient mice (Fig. 1A).
The presence of the conditional IL-17RAM allele was detected using the following primer pair:
GCCTCCAAGTCTAGCTTTGCTTGGC (forward) and AGGCCCCTGAGAGCGGTTCA (reverse) (40). The dLck-
hcre®””® allele was detected using ATGGTGCCCAAGAAGAAGAG (forward), CAGGTGCTGTTGGATGGTCT
(reverse), CAAATGTTGCTTGTCTGGTG (internal positive control, forward), and GTCAGTCGAGTGCACAGTTT

July 2022 Volume 96 Issue 14

Journal of Virology

10.1128/jvi.00639-22

10


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00639-22

T Cell-Intrinsic IL-17RA Deficiency in MHV68 Infection Journal of Virology

(internal positive control, reverse) (41, 42). All mice were housed and bred in a specific-pathogen-free facility
at MCW. Both male and female mice were used, with no gender-specific phenotypes noted.

Infections. Between 6 and 10 weeks of age, mice were intranasally inoculated with 1,000 PFU of MHV68
(WUMS) diluted in sterile serum-free Dulbecco’s modified Eagle’s medium (DMEM) (15 uL/mouse), under light
anesthesia. MHV68 viral stock was prepared and titers were determined on NIH 3T12 cells. The spleens and
peritoneal cells were harvested from euthanized mock-treated and MHV68-infected animals at the indicated
times postinfection. Mice were euthanized by CO, inhalation from a compressed gas source in a nonover-
crowded chamber. Mice were bled prior to euthanasia via the submandibular route, and serum was isolated
using BD Microtainer blood collection tubes (Becton, Dickinson and Company, Franklin Lakes, NJ).

Limiting-dilution assays. The frequency of cells harboring viral DNA was determined by limiting-
dilution PCR analysis, while the frequency of ex vivo reactivation was determined by limiting-dilution
assay as previously described (65). Briefly, to determine the frequency of cells reactivating virus ex vivo,
serial 2-fold dilutions of splenocytes or peritoneal cell suspensions harvested from infected mice were
plated onto monolayers of mouse embryonic fibroblasts (MEF) immediately following harvest, at 24 rep-
licates per dilution. To control for preformed infectious virus, 2-fold serial dilutions of mechanically dis-
rupted splenocytes or peritoneal cells were plated as described above. MHV68 was allowed to reactivate
from explanted cells, and virus was further amplified within the same well via subsequent replication in
MEF. At 21 days postplating, all replicates were scored in a binary fashion for the presence of live fibro-
blasts (no viral reactivation/replication) or absence of such (cytopathic effect driven by lytic replication).
Because primary MEF were used to amplify the virus, the sensitivity of limiting-dilution reactivation assay
was below a single PFU of MHV68 defined using a 3T12 cell-based plaque assay. Because the endpoint
of viral amplification in MEF was measured, the limiting-dilution reactivation assay was not susceptible
to variability of titers released from primary cells upon viral reactivation ex vivo (66).

Flow cytometry. Single cell suspensions of splenocytes and peritoneal cells from individual mice were
prepared in fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered saline [PBS] plus 2% fetal calf
serum [FCS] plus 0.05% sodium azide) at 1 x 107 nucleated cells/mL. A total of 1 x 10° cells were treated with
Fc block (24G2) prior to extracellular staining for 30 min on ice. For T cell phenotyping, single cell suspensions
of splenocytes and peritoneal cells were plated at 6 x 10° nucleated cells/mL in a 96-well plate and stimulated
either nonspecifically with 10 ng/mL of phorbol 12-myristate 13-acetate (PMA; P8139-5MG; Sigma-Aldrich, St.
Louis, MO), 1 wg/mL of ionomycin (10634-1MG; Sigma-Aldrich), and 10 wg/mL of brefeldin A (420601;
BioLegend, San Diego, CA) in DMEM with 10% FBS for 4 h at 37°C or with relevant virus-specific peptides and
10 wg/mL of brefeldin A (420601; BioLegend) in DMEM with 10% FBS for 6 h at 37°C. For virus-specific CD4* T
cells, 2.5 pwg/mL of MHV68-specific viral peptide GP150 (57) (GenScript, Piscataway, NJ) was utilized, while
10 wg/mL of ORF6 and ORF61 viral peptides (Thermo Fisher Scientific, Waltham, MA) were used to stimulate vi-
rus-specific CD8" T cells. Following restimulation, cells were washed in FACS buffer before being treated with
Fc block (24G2) and subjected to extracellular staining with an optimal antibody concentration for 30 min on
ice. After extracellular staining, the cells were fixed and permeabilized using the BD Cytofix/Cytoperm kit
(554714; Fisher Scientific, Hampton, NH). The cells were then intracellularly stained with an optimal antibody
concentration for 30 min on ice. Data acquisition was performed on an LSR Il flow cytometer (BD Biosciences,
San Jose, CA) and analyzed using FlowJo software (Tree Star, Ashland, OR). The following antibodies were pur-
chased from BioLegend (San Diego, CA) for use in this study: CD3 (17A2), CD4 (RM4-5), CD8a (53-7.3), CD95
(Jo2), PD-1 (29f.1A12), B220 (RA3-6B2), GL7 (GL-7), IL-17A (TC11-18H10.1), and IFN-y (XMG1.2). CXCR5 (2G8) was
purchased from BD Pharmingen (San Jose, CA). IL-17Ra (PAJ-17R; catalog number 12-7182-82) was purchased
from Thermo Fisher Scientific (Waltham, MA). Allophycocyanin-conjugated major histocompatibility complex
(MHQ) class | tetramers specific for MHV68 epitope DP/ORF6,; o5 (AGPHNDMEI) were obtained from the NIH
Tetramer Core Facility (Emory University, Atlanta, GA). Compensation controls were done using OneComp
eBeads (Thermo Fisher Scientific). Briefly, a negative control (beads alone) was used to establish a baseline pho-
tomultiplier tube (PMT) voltage and fluorescent background. Positive controls for each fluorochrome (beads
with a single fluorochrome) were used to establish spillover of the individual fluorochrome into the other chan-
nels being used. PMT values are adjusted for each fluorochrome to minimize spillover. Gating strategies fol-
lowed what has been previously described (35).

ELISA. Total, MHV68-specific, and dsDNA immunoglobulin levels were determined as previously
described (67). Briefly, Nunc Maxisorp plates (Fisher Scientific, Pittsburgh, PA) were coated with anti-lgG
(heavy plus light) or anti-IgM antibodies (Jackson ImmunoResearch, West Grove, PA), UV-irradiated
MHV68 virus stock in PBS (740,000 wJ/cm? x 2) (Stratalinker UV cross-linker 1800; Agilent Technologies,
Santa Clara, CA) or dsDNA from Escherichia coli (12.5 pg/mL; Sigma-Aldrich, St. Louis, MO) overnight at
4°C. Plates were washed with PBS-Tween (0.05%), blocked for 1 h with PBS-Tween (0.05%)-bovine serum
albumin (BSA; 3%), incubated with 5-fold serial dilutions of serum in PBS-Tween (0.05%)-BSA (1.5%) for
2 h, and washed with PBS-Tween (0.05%). Bound antibody was detected with horseradish peroxidase
(HRP)-conjugated goat anti-mouse total IgG (heavy + light chain [H+L]) or IgM (Jackson ImmunoResearch,
West Grove, PA) using 3,3',5,5'-tetramethylbenzidine substrate (Life Technologies, Gaithersburg, MD). HRP
enzymatic activity was stopped by the addition of 1 N HCI (Sigma-Aldrich, St. Louis, MO), and the absorbance
read at 450 nm on a model 1420 Victor®V multilabel plate reader (PerkinElmer, Waltham, MA).

ANA panels. Antinuclear antibodies (ANAs) were assessed with an ANA test kit (Antibodies Inc.,
Davis, CA). Following the manufacturer’s protocol, serum was diluted (1:40 in PBS) and incubated over
slides coated with fixed HEp-2 cells. Following serum incubation, the slides were rinsed and stained with
anti-mouse IgG Alexa Fluor 488 (H+L) (Thermo Fisher Scientific, Waltham, MA). Fluorescent images were
captured using NIS Elements software. Corrected fluorescence was quantified using ImageJ software
from a randomly chosen field of ~20 cells in each sample.
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Statistical analyses. Statistical analyses were performed using Student’s t test (Prism; GraphPad
Software, Inc.).
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