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ABSTRACT Gammaherpesviruses establish lifelong infection and are associated
with a variety of cancers, including B cell lymphomas. These viruses manipulate the
B cell differentiation process to establish lifelong infection in memory B cells.
Specifically, gammaherpesviruses infect naive B cells and promote entry of both
infected and uninfected naive B cells into germinal centers, where the virus usurps
rapid proliferation of germinal center B cells to exponentially increase its cellular
latent reservoir. In addition to facilitating the establishment of latent infection, ger-
minal center B cells are thought to be the target of viral transformation. In this
study, we have uncovered a novel proviral role of host interleukin 17A (IL-17A), a
well-established antibacterial and antifungal factor. Loss of IL-17A signaling attenu-
ated the establishment of chronic gammaherpesvirus infection and gammaherpesvi-
rus-driven germinal center response in a route of inoculation-dependent manner.
Further, IL-17A treatment directly supported gammaherpesvirus reactivation and de
novo lytic infection. This study is the first demonstration of a multifaceted proviral
role of IL-17 signaling.

IMPORTANCE Gammaherpesviruses establish lifelong infections in a majority of
humans and are associated with B cell lymphomas. IL-17A is a host cytokine that
plays a well-established role in the clearance of bacterial and fungal infections; how-
ever, the role of IL-17A in viral infections is poorly understood. In this study, we
show that IL-17A signaling promoted the establishment of chronic gammaherpesvi-
rus infection following the mucosal route of infection, viral lytic replication, and reac-
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Importantly, host and viral mechanisms that facilitate or attenuate germinal center
response during gammaherpesvirus infection remain poorly understood.

Interleukin 17A (IL-17A) is the founding member of the IL-17 cytokine family, which
consists of IL-17A through IL-17F (6). IL-17A and IL-17F are the best characterized fam-
ily members, they form covalent homodimers and heterodimers that bind and signal
through a heterodimeric receptor complex of IL-17 receptor A (IL-17RA) and IL-17 re-
ceptor C (IL-17RC) (7-9). IL-17 cytokines were first associated with Th17 cells as IL-17A
expression is the defining feature of the Th17 subset of CD4* T cells (10, 11). While
Th17 population is the best characterized source of IL-17, other T cell subsets and
some innate immune populations can produce IL-17 family cytokines (12-14). IL-17A/F
are important antimicrobial cytokines that are induced in response to and contribute
to the clearance of multiple bacterial and fungal pathogens (15, 16). Persistently ele-
vated IL-17A/F levels are also associated with several autoimmune diseases, including
psoriasis, rheumatoid arthritis, and Crohn’s disease (17). In contrast, the role of IL-17 in
viral infection is less understood. Overexpression of IL-17A increases vaccinia virus viru-
lence, and endogenous IL-17 exacerbates corneal inflammation during herpes simplex
virus 1 (HSV-1) infection without any effect on HSV-1 replication (18, 19). Similarly,
while IL-17 does not alter acute HSV-2 replication in the female genital tract, it contrib-
utes to the maintenance of CD4* tissue resident memory T cells (20) and supports sur-
vival of peripheral neurons during HSV-2 reactivation (21).

The role of IL-17 signaling during gammaherpesvirus infection has not been
defined. Intriguingly, herpesvirus saimiri (HVS), a simian gammaherpesvirus, encodes a
viral homologue of host IL-17, which functions similar to host IL-17A in culture (22, 23).
Importantly, the role of viral IL-17 (vIL-17) in HVS infection of its natural host is not
known. Because other gammaherpesviruses are not known to encode a viral homo-
logue of IL-17A, it is intriguing to speculate that such IL-17-less gammaherpesviruses
may usurp host IL-17A signaling. Indeed, in this study, we show a significant attenua-
tion of chronic gammaherpesvirus infection and virus-driven germinal center response
in the absence of IL-17RA, a critical IL-17A receptor of the host. Further, ex vivo stimula-
tion of latently infected splenocytes or primary macrophages with recombinant IL-17A
stimulated gammaherpesvirus reactivation and de novo lytic replication, respectively.
This study highlights a novel and multifaceted proviral role of host IL-17 signaling dur-
ing gammaherpesvirus infection.

RESULTS

IL-17RA signaling facilitates the establishment of chronic gammaherpesvirus
infection. Exquisite host specificity of human gammaherpesviruses EBV and KSHV and
the intricate manipulation of B cell differentiation by these viruses significantly hinder
studies of chronic infection. In contrast, genetically and biologically related murine
gammaherpesvirus 68 (MHV68) offers a highly tractable experimental system to define
virus-host interactions during chronic gammaherpesvirus infection of an intact host
(24-26). Following infection of a naive animal, MHV68 acutely replicates at multiple
anatomic locations, with lytic replication controlled by 12 days postinfection and the
peak of viral latency observed at 16days postinfection. Similar to EBV and KSHY,
MHV68 does not encode a discernible IL-17 homologue. To define the role of IL-17A/F
signaling during chronic gammaherpesvirus infection, wild-type mice or mice geneti-
cally deficient in IL-17 receptor A (IL-17RA~/7), a moiety critical for IL-17A and IL-17F
signaling (9), were intranasally infected with MHV68. Parameters of MHV68 latency
were assessed 16 days later in the spleen and peritoneal cavity, two major anatomic
locations of latent MHV68 infection.

The frequencies of MHV68 DNA-positive splenocytes and peritoneal cells were sig-
nificantly decreased in IL-17RA~/~ mice (Fig. 1A and C; summary of all viral phenotypes
in Table 1) along with decrease in the frequency of ex vivo reactivation (Fig. 1B and D).
Low levels of persistently replicating, preformed MHV68 were further decreased in the
lungs and spleens of IL-17RA~/~ mice compared to wild-type mice (Fig. 1E and F), and
preformed lytic virus was undetectable in peritoneal cells of both groups (data not
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FIG 1 IL-17RA signaling facilitates the establishment of chronic gammaherpesvirus infection. BL6 and
IL-17RA~/~ mice were intranasally infected with 1,000 PFU of MHV68. Splenocytes (A and B) and
peritoneal cells (C and D) were harvested at 16 days postinfection and subjected to limiting dilution
assays to determine the frequency of MHV68-positive cells (A and C) and the frequency of ex vivo
viral reactivation (B and D). To determine the impact of IL-17RA deficiency on persistent MHV68

(Continued on next page)
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TABLE 1 Frequency of cells harboring MHV68 genomes

Mouse Avg frequency of MHV68
strain Route of infection Cell population dpi“ genome-positive cells®
BL6 Intranasal Splenocytes 16 <1/40

IL-17RA~/~ Intranasal Splenocytes 16 1/1,399

BL6 Intranasal Peritoneal cells 16 1/1,300

IL-17RA~/— Intranasal Peritoneal cells 16 >1/10,000

BL6 Intranasal Splenocytes 42 1/2,972

IL-17RA~/~ Intranasal Splenocytes 42 1/1,275

BL6 Intranasal Peritoneal cells 42 1/1,533

IL-17RA~/— Intranasal Peritoneal cells 42 1/3,319

BL6 Intraperitoneal Splenocytes 16 1/160

IL-17RA~/~ Intraperitoneal Splenocytes 16 1/119

BL6 Intraperitoneal Peritoneal cells 16 1/160

IL-177RA~/~ Intraperitoneal Peritoneal cells 16 1/149

adpi, days postinfection.
bAverage frequency of cells harboring MHV68 genomes. The average frequencies derived from two to six
independent experiments are shown.

shown). The observed decrease in MHV68 latency and reactivation was not accompa-
nied by the increased presence of gamma interferon (IFN-y)-expressing MHV68-specific
CD4 and CD8 T cells in IL-177RA~/~ mice (see Fig. STA and B in the supplemental mate-
rial). Further, acute MHV68 titers were similar in the lungs of BL6 and IL-17RA~/~ mice
(Fig. 1G). Thus, attenuated establishment of chronic MHV68 infection in IL-17RA~/~
mice revealed an unexpected proviral role of IL-17RA signaling during the establish-
ment of latent gammaherpesvirus infection.

Following the peak of MHV68 splenic latency and reactivation observed at 16 days
after intranasal infection, the latent viral reservoir in the spleen contracts and stabilizes
by 42 days postinfection to be maintained for the life of the host. Concurrently, there is
a significant reduction in viral reactivation to below detection levels. To determine the
extent to which IL-17RA signaling alters long-term gammaherpesvirus infection, pa-
rameters of MHV68 latency were assessed at 42days postinfection. Unlike that
observed at the peak of MHV68 latency, there was no longer a difference in the fre-
quency of MHV68 DNA-positive splenocytes and peritoneal cells between IL-17RA™/~
and wild-type mice (Fig. 1H and I). Further, MHV68 reactivation was below the level of
detection in IL-177RA~/~ and wild-type mice (data not shown). Thus, while IL-17RA sig-
naling promoted the establishment of peak levels of MHV68 chronic infection, the
maintenance of long-term MHV68 latent reservoir was independent of IL-17RA
signaling.

Gammaherpesvirus infection stimulates IL-17 expression in diverse B and T cell
populations. Given the well characterized role of Th17 CD4 T cells in the production
of IL-17A along with reports of other immune cell populations capable of IL-17A

FIG 1 Legend (Continued)

replication, lungs (E) and splenocytes (F) were physically disrupted and subjected to limiting dilution
assays to determine the presence of preformed virus. (G). Acute MHV68 titers in lungs of mice with
the indicated genotypes collected at 9days postinfection. Each symbol represents the value for an
individual lung. The dashed line represents the limit of detection. Splenocytes (H) and peritoneal cells
(I) were harvested at 42 days postinfection and subjected to limiting dilution assays to determine the
frequency of MHV68-positive cells. In the limiting dilution assays, the dashed line is drawn at 63.2%,
and the x coordinate of intersection of this line with the sigmoid graph represents an inverse of the
frequency of positive events. Each experimental group consists of three or four animals; data are
pooled from two to six independent experiments. Means * standard errors of the means (error bars)
are shown. Values that are significantly different in this figure and subsequent figures are indicated
by asterisks as follows: *, P < 0.05; **, P < 0.001; ***, P < 0.001.
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expression (12-14, 27-30), IL-17A-producing immune populations were defined in
wild-type mice at 16days after MHV68 infection using gating strategies defined in
Fig. S2. As expected and consistent with the proviral role of IL-17RA signaling, MHV68
infection triggered an increase in MHV68-specific CD4 T cell population expressing IL-
17A following ex vivo restimulation with immunodominant MHV68 epitopes (Fig. 2A
and B). Interestingly, MHV68-infected mice also showed an increase in the MHV68-spe-
cific CD8 T cells that expressed IL-17A following ex vivo restimulation with the MHV68
epitopes (Fig. 2C and D). While B cells are not a conventional source of IL-17A, we were
surprised to find that MHV68-infected animals demonstrated an increased abundance
of IL-17A-expressing splenic B cells (Fig. 2E and F) and, particularly, germinal center B
cells (Fig. 2G and H), with the latter population not previously appreciated as the
source of IL-17A. Unlike IL-17A expression by T cells that required ex vivo stimulation to
become detectable, intracellular IL-17A was detectable in B cells immediately upon iso-
lation from the spleens. In summary, MHV68 infection stimulated IL-17A expression by
diverse immune cell populations at 16 days postinfection.

Given similar parameters of long-term MHV68 infection in wild-type and IL-17RA~/~
mice (Fig. TH and 1), expression of IL-17A was defined at 42 days postinfection. The
abundance of IL-17A-expressing CD4 T cells, as revealed by ex vivo restimulation with
MHV68 immunodominant epitopes, continued to remain elevated in long-term
infected compared to naive mice (Fig. 2I). However, the number of MHV68-specific
CD4 T cells producing IL-17A at 42days postinfection was significantly lower (P =
0.023) compared to the number of CD4 T cells producing IL-17A at 16 days postinfec-
tion (compare Fig. 2B and I). Further, there was no longer a statistically significant dif-
ference between naive and long-term infected mice in terms of CD8 T cells producing
IL-17A following ex vivo restimulation with MHV68 peptides (Fig. 2J). Thus, a significant
induction of multiple IL-17A producing immune populations observed at 16 days post-
infection was subdued in long-term infected mice, consistent with the IL-17RA-inde-
pendent nature of long-term MHV68 latency.

IL-17RA signaling supports gammaherpesvirus-driven germinal center response
during the establishment of viral latency. Gammaherpesviruses usurp germinal center
B cell differentiation in order to establish long-term latent infection in memory B cells.
At the peak of MHV68 latency, the majority of latent viral reservoir is hosted by the ger-
minal center B cells (3, 31), with CD4 T follicular helper cells (Tfh) playing a critical role
in the MHV68-driven germinal center response (32). Having observed attenuated sple-
nic MHV68 latency in IL-17RA~/~ mice, germinal center responses were assessed next.
IL-17RA deficiency led to a significant decrease in the frequencies of germinal center B
cell and Tfh populations at 16 days postinfection (Fig. 3A to D), consistent with the
attenuated frequency of MHV68 positive splenocytes (Fig. 1A). In contrast, the more
subdued germinal center response at 42 days postinfection was similar in wild type
and IL-17RA~/~ mice (Fig. 3E and F). Thus, IL-17RA signaling supported MHV68-driven
germinal center response during the establishment of MHV68 latency.

IL-17RA signaling facilitates infection of germinal center/activated B cells.
Having observed a decrease in MHV68-driven germinal center response and the fre-
quency of MHV68-positive splenocytes, the efficiency of germinal center B cell infec-
tion was examined next using a recombinant MHV68 that expresses a fused mLANA-
B-lactamase protein in latently infected cells (33, 34). As expected, significantly fewer
splenic B220* B cells were also positive for B-lactamase activity in IL-17RA~/~ mice
compared to BL6 mice (Fig. 4A and B). Interestingly, the frequency of B-lactamase-
positive B220* GL7* B cells was also decreased approximately sixfold in IL-17RA~/~
spleens (Fig. 4C and D), indicating that IL-17RA signaling promotes the latent infection
of activated/germinal center B cells.

IL-17RA signaling is dispensable for the establishment of MHV68 latency
following the intraperitoneal route of infection. Viral and host requirements for
the establishment of MHV68 latency are frequently dependent on the route of inocula-
tion. While gammaherpesvirus entry through the host mucosa represents the natural
route of infection, bypassing mucosal entry via direct inoculation into the body cavities
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FIG 2 Gammaherpesvirus infection stimulates IL-17 expression in diverse B and T cell populations. BL6 mice
were infected as described in the legend to Fig. 1, and the indicated splenic immune populations were
analyzed at 16 and 42days postinfection. Gating strategies are outlined in Fig. S2 in the supplemental
material. MHV68-specific CD4" T cells producing IL-17A cells were defined as CD3" CD4* IL-17A* cells
following restimulation with GP150 MHV68 peptide (A, B, and I). MHV68-specific IL-17A-producing CD8* T
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or circulation has offered valuable insights into the biology of host and viral latency-
defining factors that guide the course of natural infection. Having observed a signifi-
cant attenuation of the MHV68 latent reservoir in IL-17RA~/~ mice following the
intranasal route of infection, viral and host parameters were next examined follow-
ing intraperitoneal inoculation.

Similar to that observed for other host and MHV68 virus mutants (35-37), intraperi-
toneal inoculation of wild-type and IL-17RA~/~ mice resulted in similar frequencies of
MHV68 DNA-positive splenocytes and peritoneal cells (Fig. 5A and C) at 16 days postin-
fection. Similar frequencies of ex vivo reactivation were also observed in splenocytes
(Fig. 5B) and peritoneal cells (Fig. 5D) of IL-17RA~/~ and wild-type mice. Further, intra-
peritoneal inoculation led to comparable frequencies of germinal center B cells (Fig. 5E
and F) and T follicular helper cells (Fig. 5G and H). Thus, IL-17RA signaling selectively
supported the establishment of chronic MHV68 infection following the intranasal, but
not intraperitoneal, route of inoculation.

Lack of IL-17RA expression reduces levels of MHV68-specific and self-directed
class-switched antibodies stimulated by gammaherpesvirus infection. Having
observed a reduction in the germinal center response in IL-17RA~/~ mice infected
via the intranasal route (Fig. 3A to D), humoral responses were measured next.
Gammaherpesviruses uniquely induce a robust non-virus-specific B cell differentia-
tion, leading to a rapid (albeit transient) increase in antibody titers against irrele-
vant and self-antigens (38), along with a delayed rise in virus-specific antibody titers
(39). As demonstrated by other groups (40), baseline 1gG levels were significantly
elevated in IL-17RA~/~ mice (Fig. 6A) to the extent that MHV68 infection did not
induce any further increase in total IgG serum levels compared to BL6 mice that
showed significant elevation in circulating 1gG induced by MHV68 infection.
Further, total serum IgG and IgM levels were similar in MHV68-infected IL-17RA~/—
and BL6 mice (Fig. 6A and B). In contrast, MHV68-specific IgG and IgM titers were
modestly decreased (1.6- and 1.3-fold, respectively) in IL-T7RA~/~ mice compared
to BL6 mice (Fig. 6C and D).

Gammaherpesviruses, including EBV and MHV68, induce a uniquely robust polyclo-
nal increase in immunoglobulins directed against self-antigens and antigens of foreign
species (38, 41). This induction of virus-nonspecific polyclonal antibody response forms
the basis for the diagnostic assay, where high levels of antibodies directed against
horse red blood cells are indicative of a recent EBV infection in humans (42). To capture
the breadth of self- and foreign-antigen-directed antibody response induced by
MHV68, sera from mock- and MHV68-infected mice were subjected to a clinical assay
used in the diagnosis of autoimmune diseases (antinuclear antibody or ANA) (41).
MHV68-infected IL-17RA~/~ mice showed significantly less overall self-antigen reactiv-
ity compared to BL6 mice (Fig. 6E and F). Interestingly, the pan-cellular staining pattern
produced by sera from infected BL6 mice appeared to be modified when sera from IL-
17RA~/~ mice were used, the latter producing decreased intensity of nuclear staining
(Fig. 6F). To determine potential reason for the decreased nuclear staining, anti-dou-
ble-stranded DNA (anti-dsDNA) antibodies were measured. In contrast to a significant
increase in the anti-dsDNA titers in MHV68-infected BL6 mice, anti-dsDNA titers
remained at baseline levels in MHV68-infected IL-17RA~/~ mice (Fig. 6G). Thus, IL-17RA
signaling promoted both virus-specific and self-directed B cell differentiation, particu-
larly antibody response against dsDNA stimulated by MHV68 infection.

IL-17RA signaling facilitates de novo lytic infection and MHV68 reactivation.
Having observed proviral effects of IL-17RA signaling in vivo, we next wanted to deter-

FIG 2 Legend (Continued)

cells were defined as CD3" CD8" IL-17A" cells following restimulation with Orf6 MHV68 peptide (C, D, and
J). Total splenic B cells producing IL-17A directly ex vivo, without additional restimulation, were defined as
CD3~ B220* IL-17A" (E and F), while germinal center B cells producing IL-17A were defined as CD3~ B220*
CD95" GL7* IL-17A* (G and H). Each symbol represents the value for an individual animal. Means and

standard errors are shown, with statistical significance derived from Student’s t test. SSC, side scatter.
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FIG 3 IL-17RA signaling supports gammaherpesvirus-driven germinal center response during the
establishment of latency. BL6 and IL-17RA™/~ mice were infected as described in the legend to Fig. 1.
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 consists of three or four
animals. Data are pooled from two or three independent experiments. Means and standard errors of
the means are shown.

mine the extent to which IL-17A directly promotes MHV68 replication and reactivation.
IL-17RA receptor is ubiquitously expressed, including by bone marrow derived macro-
phages. MHV68 lytic titers were similar in IL-17RA~/~ and BL6 primary macrophages
(Fig. 7A), indicating that MHV68 does not rely on IL-17RA for viral entry or subsequent
stages of the replication cycle. However, addition of exogenous IL-17A enhanced
MHV68 replication in primary BL6 macrophages (Fig. 7B), indicating that at least some
of proviral effects of IL-17RA signaling observed in vivo may be mediated via direct
effects on infected cells. To determine the extent to which proviral effects of IL-17A
were cell type specific, reactivation of MHV68 was assessed in BL6 splenocytes har-
vested from latently infected mice and stimulated with increasing concentrations of
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FIG 4 IL-17RA signaling supports gammaherpesvirus infection of B cells. BL6 and IL-17RA™/~ mice were
intranasally infected with 1,000 PFU of MHV68.0RF73pla. At 16days postinfection, splenocytes were
isolated, pooled within each group, and stained for surface markers B220 and GL7. The cells were
then loaded with CCF2-AM, the fluorescent B-lactamase substrate, for 1h at room temperature
Pooled splenocytes were examined for mLANA expression (B-lactamase activity) via flow cytometry,
as indicated by the fluorescent signal of cleaved CCF2-AM. (A and B) The frequency of mLANA-
positive (MLANA+) B cells as defined by B220" cells. (C and D) The frequency of mLANA+
germinal center B cells as defined by B220* GL7* mLANA™ cells. Data are representative of three
independent experiments.

recombinant IL-17A ex vivo. There was a significant increase in the frequency of viral
reactivation following ex vivo stimulation with 100ng/ml of recombinant IL-17A
(Fig. 7C). Given that plasma cells support the majority of MHV68 reactivation from
wild-type splenocytes (43) and ubiquitous expression of IL-17RA, these data suggest
that IL17A proviral effects on MHV68 infection are not restricted to a single cell type.

DISCUSSION

In this study, we uncovered an unanticipated proviral role of IL-17A/F signaling
pathway during the establishment of gammaherpesvirus latency. Genetic deficiency of
IL-17RA, the classical IL-17A/F receptor, produced a significant attenuation of peak
gammaherpesvirus latency and gammaherpesvirus-driven germinal center response, a
B cell differentiation stage that is key for both viral latency and lymphomagenesis.
Results of our study and the fact that HVS, a simian gammaherpesvirus, encodes a
functional viral IL-17 (22, 23) suggests that the gammaherpesvirus—IL-17 cross talk
operates across species. Other gammaherpesviruses, including EBV and KSHV, do not
encode a discernible IL-17 homologue, suggesting that these gammaherpesviruses,
similar to MHV68, may usurp host IL-17. In support of this hypothesis, EBV-positive in-
fectious mononucleosis patients display a significant increase in IL-17A-producing
CD4* T cells, an increase that persists at least 1 month following the resolution of clini-
cal symptoms (44). This clinical observation in conjunction with our study opens the
possibility that existing FDA-approved IL-17A neutralizing antibodies and other IL-17-
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targeting therapies could be repurposed for the control of gammaherpesvirus infec-
tion in susceptible patients.

How might IL-17-less gammaherpesviruses induce host IL-17? While the IL-17
cytokine family was initially associated with Th17 cells (10, 11), many other cell types
such as 8 T cells (14), aB innate cells (30), CD8* T cells, natural killer T (NKT) cells (12),
natural killer (NK) cells, group 3 innate lymphoid cells (ILC3s) (13), and even B cells (28,
29) can express IL-17. We also observed heterogenous immune populations expressing
IL-17A in MHV68-infected animals, including germinal center B cells, a population that
has not yet been identified as producers of IL-17A. Various immune cell types produce
IL-17A downstream of differing combinations of IL-1, IL-6, IL-21, IL-23, and transform-
ing growth factor B (TGF-) via the transcription factor RORyt (15, 45). Interestingly, B
cell production of IL-17A is independent of those factors, at least in the context of par-
asitic infection (28).

While IL-23 induces IL-17A production in many experimental systems (27, 46),
MHV68 infection of IL-23p19~/~ mice surprisingly showed no difference in IL-17A-pro-
ducing CD4" T cells (data not shown), indicating that IL-23 is not critical for IL-17A
induction during MHV68 infection. IL-1 is another cytokine that can stimulate IL-17A
expression (47, 48). We showed an attenuated germinal center response in MHV68-
infected IL-TR1~/~ mice (49), suggesting that IL-1 signaling may contribute to IL-17A
expression induced by MHV68. Other possible facilitators of IL-17A expression include
IL-6, as it is increased during MHV68 infection (50), or IL-21, as IL-21 signaling is
required for efficient establishment of MHV68 latency and germinal center response in
infected mice (51). In addition to classical inducers of IL-17A expression, novel mecha-
nisms might stimulate IL-17A expression in germinal center B cells, potentially includ-
ing viral factors, as germinal center B cells host the majority of the latent viral reservoir
at the peak of viral latency.

Why is IL-17 proviral for MHV68? Classically, IL-17 cytokines facilitate clearance of
multiple bacterial and fungal pathogens (15, 52). During infections with extracellular or
intracellular bacterial pathogens, such as Klebsiella pneumoniae and Francisella tularen-
sis, IL-17 facilitates the recruitment of neutrophils and production of antimicrobial pep-
tides (52). Similar to its role in bacterial infection, IL-17-driven expression of antimicro-
bial peptides is important for the clearance of fungal infections, such as Candida
albicans (53). In contrast, the role of IL-17 cytokines during viral infections is less under-
stood. Host IL-17 promoted vaccinia virus dissemination and inflammatory disease in a
mouse model of atopic dermatitis, and transgenic expression of IL-17 by recombinant
vaccinia virus promoted its virulence in wild-type mice (18, 54). Similarly, IL-17
enhanced corneal inflammation and stromal keratitis during HSV-1 infection without
an effect on viral replication (19, 55). In contrast, IL-17 family cytokines plays a protec-
tive role during other viral infections by inhibiting rhinovirus replication (56) as well as
enhancing Th1 immunity in the female genital tract (20) and survival of peripheral neu-
rons during HSV-2 infection (21). These contradicting observations indicate that unlike
bacterial and fungal infections where IL-17 uniformly promotes pathogen clearance,
the role of IL-17 during viral infection is more nuanced.

Gammaherpesviruses are unique in that they induce a robust germinal center
response, which supports a majority of the latent viral reservoir (3, 4). These viruses
also drive an increase in polyclonal immunoglobulins directed against nonrelevant
antigens from foreign species and even self-directed antigens (38, 41). Interestingly, IL-
17RA signaling has been found to promote the germinal center response and the de-
velopment of antibodies driven by self-antigens in autoimmune mouse models (57,

FIG 6 Legend (Continued)

antibody titers. (E) Reactivity of mouse sera with Hep-2 monolayers (ANA) using anti-mouse IgG
fluorescein isothiocyanate (FITC)-conjugated antibody for detection (representative images), corrected
total cell fluorescence (CTCF) quantified in panel F. Data are pooled from two or three independent
experiments, with each symbol representing value for an individual mouse. Means and standard
errors of the means are shown. aMHV68 1gG, anti-MHV68 IgG.
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FIG 7 IL-17RA signaling facilitates de novo lytic MHV68 infection and reactivation. (A and B) Bone
marrow-derived macrophages (BMDM) were generated from BL6 and IL-17RA™/~ mice and infected at
0.01 PFU/cell. MOI, multiplicity of infection. In panel B, BL6 macrophages were treated with 100 ng/ml
of recombinant IL-17A or vehicle control added to the infected cultures immediately after viral
adsorption for the remainder of the experiment, without any replenishment. Viral titers were
determined at indicated time postinfection (A and B). (C) The frequency of ex vivo reactivation was
determined using splenocytes collected from BL6 mice at 16 days after MHV68 infection. Reactivating
cultures were treated with vehicle control (not stimulated [NS]), 10 ng/ml or 100 ng/ml of recombinant
IL-17A. Data are pooled from two or three independent experiments. Differences in reactivation
between not stimulated and 100 ng/ml IL-17A-stimulated groups are significant, with P = 0.0021. Means
and standard errors of the means are shown.

58), in part by orchestrating the localization of T follicular helper cells into the germinal
center light zone (59). In humans, IL-17RA is expressed on germinal center B cells and
is thought to promote the germinal center B cell migration. Further, IL-17A stimulation
of primary B cells from non-Hodgkin lymphomas promoted proliferation in vitro, while
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stimulation also enhanced tumor proliferation and angiogenesis in vivo (60). These
data indicate that the impact of IL-17A signaling is conserved across species and high-
lights the significant ways in which IL-17A signaling could impact gammaherpesvirus
infection and, possibly, lymphomagenesis. Not surprisingly, gammaherpesviruses may
usurp some of the physiological host IL-17A functions during B cell differentiation,
especially if the virus lacks its own IL-17A homologue. The fact that EBV-positive infec-
tious mononucleosis patients have a significant increase in IL-17A-producing CD4* T
cells for at least a month following symptoms (44) supports the idea that gammaher-
pesviruses that lack an IL-17A homologue usurp host IL-17A signaling to promote
infection.

Interestingly, the proviral effects of IL-17A signaling on MHV68 infection, including
germinal center response, were selective for the intranasal, but not intraperitoneal,
route of inoculation. This observation is not unprecedented, as other host and MHV68
mutants share the same phenotype. For example, MHV68-encoded M2 protein, while
playing a minimal role during acute replication, is critical for the establishment of sple-
nic latency following intranasal, but not intraperitoneal, infection (35). Further, B cell-
specific deficiency of STAT3, while leading to profound attenuation of MHV68 peak
latent splenic reservoir following intranasal inoculation, presents with a significantly
more modest viral phenotype following intraperitoneal infection (36). Interestingly, we
also observed that IL-17RA deficiency had no effect on the germinal center responses
driven by chronic infection with lymphocytic choriomeningitis virus (LCMV) that was
inoculated via the intraperitoneal route (data not shown). Given the critical role of
STAT3 and MHV68 M2 in the regulation of B cell biology and differentiation, it is con-
ceivable that the route of infection qualitatively alters the nature of the B cell differen-
tiation induced and manipulated by MHV68 infection. One possibility could be the dif-
ference in mucosa-localized versus peritoneal cavity-based antigen-presenting cells
that polarize the adaptive immune response, including B cell differentiation, during
early stages of MHV68 infection. Consistent with this possibility, we and others have
shown that MHV68 preferentially infects peritoneal macrophages following the intra-
peritoneal, but not intranasal, route of inoculation (61-63). Given that the natural route
of gammaherpesvirus infection involves the mucosal interface, it will be important to
define the differential host responses initiated at the mucosa versus body cavities dur-
ing MHV68 infection to decipher the biology of viral and host mutants that selectively
support the establishment of MHV68 latency following mucosal inoculation.

In addition to the possible effects on MHV68-driven B cell differentiation, we show
that recombinant IL-17A stimulated MHV68 replication in primary macrophages and
MHV68 reactivation from splenocytes, with the latter primarily supported by the
plasma cells (43). This, combined with the ubiquitous expression of IL17RA, suggests
that the proviral role of IL-17A signaling during gammaherpesvirus infection is not lim-
ited to a single cell type. In support of this idea, HVS, the only gammaherpesvirus
known to encode viral IL-17, is T cell tropic. Interestingly, lytic MHV68 titers were not
decreased in the lungs of acutely infected IL-17RA~/~ mice. Because epithelial cells rep-
resent the majority of MHV68-infected cells in the lungs (64, 65), this result also sug-
gests that proviral effects of the IL-17RA signaling are not pervasive.

Finally, we have found similar frequencies of latently infected splenocytes and peri-
toneal cells in long-term infected BL6 and IL17RA~/~ mice, along with decreased abun-
dance of IL-17A-producing T cells. Infection of developing B cells in the bone marrow
contributes to the maintenance of long-term, but not peak, MHV68 latent reservoir (66,
67), a process that may be independent of IL-17A signaling. However, it is also possible
that diminished expression of IL-17A is no longer sufficient to influence the parameters
of long-term infection. In the latter possibility, it is tempting to speculate that physio-
logical or pathological conditions resulting in increased IL-17A production in vivo may
also promote gammaherpesvirus reactivation. IL-17A is strongly associated with certain
autoimmune diseases, such as psoriasis, rheumatoid arthritis, and Crohn’s disease, with
FDA-approved inhibitors of IL-17A used in treatment of some of these conditions (15,
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17). Thus, in the future, it will be interesting to determine the extent to which chronic
EBV and KSHV infections in these patients are modulated by IL-17A-targeting therapy.

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) (AUA971). C57BL/6J mice were
obtained from The Jackson Laboratories (Bar Harbor, ME). IL-17RA™~ mice were provided by Amgen
(68). 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 either intranasally or intraperitoneally inocu-
lated with 1,000 PFU of MHV68 (WUMS) diluted in sterile serum-free Dulbecco’s modified Eagle’s me-
dium (DMEM) (15 ul/mouse for intranasal, 300 ul/mouse for intraperitoneal), under light anesthesia.
MHV68 viral stock was prepared, and the titers of the virus on NIH 3T12 cells were determined. The
spleen and peritoneal cells were harvested from euthanized mock-treated and MHV68-infected animals
at indicated times postinfection. Mice were euthanized by CO, inhalation from a compressed gas source
in a nonovercrowded chamber. Mice were bled prior to euthanasia via the submandibular route, and se-
rum was isolated using BD Microtainer blood collection tubes (Becton, Dickinson and Company, Franklin
Lakes, NJ). For acute studies, lungs were harvested at 9 days postinfection, and viral titers were measured
as previously described (69).

Limiting dilution assays. The frequency of virally infected cells (cells harboring viral DNA) was
determined by limiting dilution PCR analysis, while the frequency of ex vivo reactivation to identify cells
capable of producing infectious virus was determined by limiting dilution assay as previously described
(37). Briefly, to determine the frequency of cells reactivating virus ex vivo, serial twofold dilutions of sple-
nocytes or peritoneal cell suspensions harvested from infected mice were plated onto monolayers of
mouse embryonic fibroblasts (MEF) immediately following harvest, at 24 replicates per dilution. In order
to control for any preformed infectious virus, twofold serial dilutions of mechanically disrupted lungs,
splenocytes, or peritoneal cells were plated as described above. MHV68 was allowed to reactivate from
primary cells, and virus was further amplified within the same well via subsequent replication in MEF. At
21 days postplating, all replicates and dilutions were scored in a binary fashion for the presence of live
fibroblasts (no viral reactivation/replication) or absence of such (dead fibroblasts as a result of 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 3T12-based plaque
assay. Because the endpoint of viral amplification in MEF was measured, the limiting dilution reactiva-
tion assay was not susceptible to variability of titers released from primary cells upon viral reactivation
ex vivo (31).

Flow cytometry. Single cell suspensions of splenocytes and peritoneal cells from mock-infected and
infected mice were prepared in fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered sa-
line [PBS] plus 2% fetal calf serumand0.05% 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 with an optimal antibody
concentration for 30 min on ice. To determine IL-17A production in B cells, single cell suspensions of
splenocytes were treated with Fc block and directly stained for extracellular markers, prior to intracellu-
lar staining for IL-17A. To intracellularly stain, cells were fixed and permeabilized using the BD Cytofix/
Cytoperm kit (catalog no. 554714; Fisher Scientific, Hampton, NH). The cells were then intracellularly
stained with an optimal antibody concentration for 30 min on ice. For T cell phenotyping, single cell sus-
pensions of splenocytes and peritoneal cells were plated at 6 x 10° nucleated cells/ml in a 96-well plate
and stimulated with relevant virus-specific peptides and 10 wg/ml Brefeldin A (catalog no. 420601;
BioLegend, San Diego, CA) in DMEM with 10% fetal bovine serum (FBS) for 6 h at 37°C. For virus-specific
CD4* T cells, 2.5 ug/ml of an MHV68-specific viral peptide GP150 (70) (GenScript, Piscataway, NJ) was
utilized. IL-17A expression by MHV68-specific CD8 T cells was measured following stimulation with
10 ug/ml of ORF6 and ORF61 viral peptides (Thermo Fisher Scientific, Waltham, MA). B cells expressing
IL-17A were detected directly ex vivo, without additional restimulation. Following restimulation, cells
were washed in FACS buffer before treatment with Fc block (24G2) prior to extracellular staining with an
optimal antibody concentration for 30 min on ice. After extracellular staining, the cells were intracellu-
larly stained using optimal antibody concentrations for 30 min on ice as described above. Data acquisi-
tion was performed on a LSR Il flow cytometer (BD Biosciences, San Jose, CA) and analyzed using FlowJo
software (Tree Star, Ashland, OR). The following antibodies were purchased 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-4 (11B11), and IL-17A (TC11-18H10.1). CXCR5 (2G8) was purchased from BD
Pharmingem (San Jose, CA). Compensation controls were done using OneComp eBeads (Thermo Fisher
Scientific, Waltham, MA). Briefly, a negative control (beads alone) was used to establish a baseline PMT
(photomultiplier tube) voltage and fluorescent background. Positive controls for each fluorochrome
(beads with a single fluorochrome) are used to establish spill-over for the individual fluorochrome into
the other channels being used. PMT values are adjusted for each fluorochrome to minimize spill-over.
Gating strategies are displayed in Fig. S2 in the supplemental material.

MHV68.0RF73fla studies. Mice were infected intranasally with 1,000 PFU MHV68.0RF73Bla. Mice
were euthanized at 16 days postinfection, with splenocytes pooled from each group (three mice/group).
Cells (2 x 107) from each group were Fc blocked and then stained with B220 and GL7 for 30 min on ice
as described above. The cells were washed twice and loaded with CCF2-AM (GeneBLAzer kit;
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ThermoFisher Scientific, Waltham, MA) at room temperature for 1h. The cells were then washed twice
and suspended in FACS buffer prior to analysis via flow cytometry.

Enzyme-linked immunosorbent assay (ELISA). Total, MHV68-specific, and dsDNA immunoglobulin
levels were determined as previously described (49). Briefly, Nunc Maxisorp plates (Fisher Scientific,
Pittsburg, PA) were coated with antigen of interest, either anti-lgG (heavy and light) or anti-lgM antibod-
ies (Jackson ImmunoResearch, West Grove, PA), UV-irradiated MHV68 virus stock in PBS (740,000 micro-
joules/cm? x 2) (Stratalinker UV Crosslinker 1800; Agilent Technologies, Santa Clara, CA), or dsDNA from
Escherichia coli (12.5 ng/ml; Sigma-Aldrich, St. Louis, MO) overnight at 4°C. Plates were washed with PBS
containing Tween (PBS-Tween) (0.05%) and blocked for 1 h with PBS-Tween (0.05%)-BSA (3%), incubated
with fivefold serial dilutions of serum in PBS-Tween (0.05%)-BSA (1.5%) for 2 h and then washed with
PBS-Tween (0.05%). Bound antibody was detected with horseradish peroxidase (HRP)-conjugated goat
anti-mouse total IgG (heavy and light chain [H+L]) or IgM (Jackson ImmunoResearch, West Grove, PA)
using 3,3',5,5'-tetramethylbenzidine substrate (Life Technologies, Gaithersburg, MD). HRP enzymatic ac-
tivity was stopped by the addition of 1 N HCI (Sigma-Aldrich, St. Louis, MO), and the absorbance was
read at 450 nm on a model 1420 Victor®V Multilabel plate reader (PerkinElmer, Waltham, MA).

ANA panels. Antinuclear antibodies were assessed with an antinuclear antibody (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 labeled with Alexa Fluor 488 (H+L) (ThermoScientific, 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.

Primary cell isolation, viral infection, and cell treatment. Bone marrow was harvested from male
and female mice between 3 and 10 weeks of age. Primary bone marrow-derived macrophages were gen-
erated as previously described (71). Bone marrow-derived macrophages were infected with MHV68 at
indicated multiplicity of infection (MOI) for 1 h to allow for adsorption and washed two or three times
with PBS prior to medium replenishment. For IL-17A (catalog no. 421-ML-025; R&D Systems, Inc.,
Minneapolis, MN) stimulation experiments, IL-17A was added to infected macrophage cultures immedi-
ately following virus adsorption or immediately after isolation of splenocytes, just prior to plating the
cells on MEF monolayers. IL-17A was not replenished during either assay.

Statistical analyses. Statistical analyses were performed using Student’s t test (Prism; GraphPad
Software, Inc.).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.3 MB.
FIG S2, PDF file, 1.4 MB.
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