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Dampened antiviral immunity to intravaginal exposure
to RNA viral pathogens allows enhanced viral replication
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Understanding the host immune response to vaginal exposure to RNA viruses is required to combat sexual transmission of this
class of pathogens. In this study, using lymphocytic choriomeningitis virus (LCMV) and Zika virus (ZIKV) in wild-type mice, we
show that these viruses replicate in the vaginal mucosa with minimal induction of antiviral interferon and inflammatory re-
sponse, causing dampened innate-mediated control of viral replication and a failure to mature local antigen-presenting cells
(APCs). Enhancement of innate-mediated inflammation in the vaginal mucosa rescues this phenotype and completely inhibits
ZIKV replication. To gain a better understanding of how this dampened innate immune activation in the lower female repro-
ductive tract may also affect adaptive immunity, we modeled CD8 T cell responses using vaginal LCMV infection. We show that
the lack of APC maturation in the vaginal mucosa leads to a delay in CD8 T cell activation in the draining lymph node and
hinders the timely appearance of effector CD8 T cells in vaginal mucosa, thus further delaying viral control in this tissue. Our
study demonstrates that vaginal tissue is exceptionally vulnerable to infection by RNA viruses and provides a conceptual
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framework for the male to female sexual transmission observed during ZIKV infection.

INTRODUCTION

Most viral pathogens enter the host via mucosal barriers that
must properly discriminate between harmful and beneficial
antigens. However, when pathogens cross mucosal barriers,
the host must induce an immune response (Belkaid and Naik,
2013; Perez-Lopez et al., 2016), which often involves local-
ized inflammation and recruitment of innate immune cells
that, upon arrival to the draining LN (dLN), instruct adap-
tive and protective immunity (Iwasaki and Medzhitov, 2015).
Therefore, the early events of host response after mucosal viral
infection can play a key role in determining the outcome of
an infection. In particular, we know very little about the early
events that result in protective immunity after vaginal infec-
tion with RNA viral pathogens.

The female reproductive tract (FRT) comprises the
upper FRT (UFRT) and lower FRT (LFRT). The UFRT
(endocervix, endometrium, and the fallopian tubes) is sterile
and consists of type I mucosa with a monolayer of columnar
epithelial cells, whereas the LFRT (vagina and ectocervix)
is nonsterile, directly contacts semen antigens, and consists
of type II mucosa with a multilayer of squamous epithelial
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cells (Iwasaki, 2010). The FRT must induce tolerance against
commensals and semen antigens and also provide protection
against harmful pathogens (Black et al., 2000; Moldenhauer
et al., 2009; Marks et al., 2010; Ochiel et al., 2010; Kumamoto
and Iwasaki, 2012; Stary et al., 2015). Although mouse mod-
els to study vaginal DNA viral infection such as HSV-1 and
HSV-2 are well established, little is understood with respect
to vaginal RNA virus infection because of the lack of suitable
mouse models. In the face of emergent sexually transmitted
RNA-viral pathogens, such as Zika virus (ZIKV) and Ebola
virus (Christie et al., 2015; Musso et al., 2015; Brooks et al.,
2016), and because of the absence of proper small animal
models to study highly prevalent sexually transmitted retro-
viruses such as HIV, we lack a fundamental understanding of
how the cross talk between innate and adaptive immunity
occurs upon vaginal infection with this class of pathogens.

In this study, we established a mouse model of intra-
vaginal (i.vag.) infection with a widely used model patho-
gen, lymphocytic choriomeningitis virus (LCMV), as well as
with the Puerto Rican strain PRVABC59 (2015) of ZIKV in
WT mice. LCMV is an enveloped single-stranded RINA virus
of the Arenaviridae family (Zhou et al., 2012), and ZIKV is
an enveloped single-stranded RINA virus of the Flaviviri-
dae family (Lazear and Diamond, 2016). ZIKV can persist
and retain infectivity in human semen long term (Harrower
et al., 2016; Turmel et al., 2016), and many cases of sexual
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transmission have now been reported (Brooks et al., 2016;
D’Ortenzio et al., 2016). Development of animal models for
better understanding of ZIKV pathogenesis and for evalu-
ating vaccine or therapeutic drug candidates is currently of
utmost importance for formulating strategies to prevent and
treat ZIKV infections. However, systemically and s.c. admin-
istered ZIKV cannot establish disease in WT mice because
of IFN-mediated inhibition of viral replication (Grant et al.,
2016; Lazear et al., 2016; Rossi et al., 2016). Unlike ZIKYV,
mice are the natural hosts for LCMYV, and infected animals
also shed virus in their feces, urine, saliva, breast milk, and
semen (Barton et al.,, 2002). Numerous studies have used
LCMV as a model system to understand the basics of anti-
viral immunity in mice, although vaginal infection with this
virus has not been reported.

Here, we report that upon i.vag. exposure to LCMV or
ZIKYV, antiviral type I and III IFNs and inflammatory me-
diators are poorly induced in WT mouse hosts. This limited
innate-mediated control of virus offers a window of oppor-
tunity for robust viral replication in the vaginal mucosa. In
contrast, ZIKV fails to replicate in the LFRT tissue in the face
of an ongoing systemic viral infection or when inflammation
is artificially induced in the LFRT. To gain a better under-
standing of how this dampened innate immune activation in
the LFRT may also affect adaptive immunity, we modeled
CDS8T cell responses using LCMV for which T cell receptor
transgenic mice are available. Limited early innate immune
response during vaginal infection with LCMV also leads
to significantly delayed maturation of migratory DCs (Mig
DCs), causing delayed priming of CD8T cells compared with
that in i.p., transcervically (t.c.), or s.c. infected mice, thus
ultimately also delaying CD8-mediated viral control in the
LFRT. Our results indicate that minimal induction of antiviral
IFN response in the LFRT dampens innate-mediated early
control of the virus, also dampening the cross talk between
innate and adaptive immunity and thus providing a loophole
for robust viral replication in the vaginal mucosa. These find-
ings have critical implications for understanding the mech-
anisms behind heterosexual male to female transmission of
ZIKV.They also support the already observed enhanced vul-
nerabilities of this particular route of infection, which causes
high viral titers in the vaginal mucosa of pregnant female
mice, enhancing ascending infection into the fetal compart-
ment (Yockey et al., 2016).

RESULTS

Mice are susceptible to vaginal LCMV infection

To determine whether LCMV can be vaginally infected, we
i.vag. inoculated depomedroxyprogesterone acetate (DMPA;
DMPA-Depo-Provera)—treated (1 mg/mouse) WT female
mice with LCMV Armstrong (2 X 10° PFU), without re-
moving the mucous layer or causing any abrasion. We found
that LCMV initially infects the epithelium and then robustly
replicates in the lamina propria of the LFRT in the absence of
notable virus-induced damage to the vaginal tissue (Fig. 1 A).
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Because the i.p.route of LCMYV infection generates protective
immunity within the genital mucosa (Suvas et al.,2007; Casey
et al., 2012; Schenkel et al., 2013), we compared the kinet-
ics and extent of viral dissemination between DMPA-treated
mice infected via 1.p. (positive controls) or i.vag. routes. Using
a quantitative RT-PCR (qQRT-PCR) assay for LCMV (Mc-
Causland and Crotty, 2008), we detected similar levels of
viral RNA per microgram of total RNA from the LFRT
and iliac LN (iLN) of i.p. and i.vag. infected mice, whereas
we observed very low levels of viral RNA in the spleen and
other distant LNs after i.vag. infection (Fig. 1, B and C, top).
Mice in their natural diestrus stage of their estrous cycle can
also be infected vaginally with LCMYV, although the infection
rate is highly variable compared with DMPA-treated animals
(Fig. 1 D).These data are the first demonstration that mice are
susceptible to vaginal infection with LCMV and that LCMV
can replicate in vaginal mucosa with dissemination and repli-
cation of live virus in the draining iLN.

LCMV robustly replicates in the testes after i.p. infection
We next addressed whether systemically infected male mice
harbor LCMV in their testes. We detected high levels of
LCMV RNA copies in testes of WT male mice 3 d after 1.p.
infection (Fig. 1 E). Given that high viral loads were detected
in the testes of type 1 IFN receptor—deficient mice infected
with ZIKV (Lazear et al., 2016), testes may represent an organ
in which these RNA viruses can highly replicate in and serve
as a source for sexual transmission.

LCMV robustly replicates in the LFRT with minimal
induction of type | or Ill IFN response

To determine when and where the host detects vaginally ad-
ministered LCMV, we measured the induction of IFN-f in
the FRT and other peripheral tissues after infection. In i.p. in-
fected mice, we found that IFN-f was robustly induced in the
mediastinal LN (medLN), the dLN for i.p. infection (Olson et
al., 2012), and in the spleen at day 1 after infection and then
in various peripheral LNs at day 2 after infection (Fig. 1 B,
bottom). Surprisingly, although after both i.p. and i.vag. in-
fection viral load increased exponentially in the LFRT, viral
replication resulted in very low level of I[FN-a or -f mRINA
induction (Fig. 1 C, bottom; and Fig. 1 F). IFN-P induction
was similar in the iLNs of 1.p. and i.vag. infected mice, consis-
tent with similar kinetics and magnitude of viral replication
(Fig. 1 C). However, robust IFN-f induction was not ob-
served in the spleen of i.vag. infected animals, consistent with
minimal dissemination of LCMV to the spleen (Fig. 1 C).
All nucleated cells are believed to respond to IFN-a and -f,
but epithelial cells respond largely to IFN-A (type III IFN;
Mahlakoiv et al., 2015). However, IFN-A was also variably
and minimally induced in the LERT after i.p. or i.vag. in-
fection (Fig. 1 F). Furthermore, no significant induction of
IFN-a, -f, or -A was observed in i.vag. LCMV-infected ani-
mals that were infected during their natural diestrus stage of
estrous cycle (Fig. 1 G), demonstrating that the dampened
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Vaginally administered LCMV replicates locally with minimal induction of IFNs in the LFRT. (A-G) Groups of C57BL/6N mice were i.p.

or i.vag. infected with 2 x 10° PFU of LCMV Armstrong. (A) Immunohistochemical detection of LCMV-NP in LFRT with VL-4 monoclonal antibody 2 and 4 d
after i.vag. infection. Bar, 30 um. (B and C) LCMV copies in total RNA from the indicated tissues were determined by qRT-PCR. IFN-B mRNA levels were nor-
malized to GAPDH and expressed as fold-change over uninfected (Ul) controls. ALN, axillary LN; CLN, cervical LN; mLN, mesenteric LN. (D) Groups of female
mice at the indicated stages of estrous cycle or after DMPA treatment were i.vag. infected or were left uninfected. LCMV copies were determined as in B.
(E) Quantification of LCMV copies in male mice 3 d after i.p. infection. (F) IFN mRNA levels from LFRT tissues were determined as in B. (G) Levels of IFN mRNA
from infected mice in D were normalized to GAPDH and expressed as fold-change over the respective group's uninfected controls. Data are represented
from one (A, E, and G), two (B, D, and F), or three (C) independent experiments. n = 3 (A and B; days 0.5-3 LFRT and spleen in C, E, and F), 4 (D and G), or 6
(iLN and day 4 spleen in C). Error bars represent mean + SEM. *, P < 0.05; **, P < 0.01; ™, P < 0.001, unpaired Student's t test.

IFN response is not caused by DMPA treatment of the ani-
mals. Thus, LCMV replicates robustly in the LFRT with lim-
ited induction of antiviral type I or IIT IFN response.

LCMV replication in the LFRT results in minimal induction
of IFN signaling and inflammation

The IFN response is an important component of antiviral
immunity, as it promotes the cross talk between innate and
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adaptive immunity. IFN produced by infected cells results in
enhanced expression of type I IFN and other inflammatory
cytokines in the neighboring cells, which in turn enhance
maturation and antigen presentation by DCs and effector
responses by T cells (Trinchieri, 2010). Although IRF-3 is
constitutively expressed by most cells, IRF-7 is induced in
response to IFN-o/f stimulation, and its induced expres-
sion is required to amplify the type I IFN response (Sato
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et al., 2000). To determine whether the induced levels of
IFN-a/p were sufficient to amplify IFN signaling in in-
fected and neighboring cells, we measured mRNA induc-
tion of IRF7 in LERT tissue. After i.vag. LCMV infection,
we observed poor IRF7 induction in the LFRT (Fig. 2 A).
Interestingly however, even though we detected very low
levels of type I/III IFN mRNA in the LFRT of i.p. in-
fected animals (Fig. 1 C, bottom), IRF7 was induced ~10-
fold in the LFRT (Fig. 2 A). In i.p. infected animals, we also
detected higher induction of other IFN-stimulated genes
(ISGs), including RNA sensors RIG-I and MDA5 (Takeu-
chi and Akira, 2010) and CXCL9 and CXCL10 (Fig. 2 B),
chemokines important for lymphocyte trafficking into in-
flamed tissues (Griffith et al., 2014), as well as those required
for recruitment of monocytes (Fig. 2 C). Higher induction
of various inflammatory cytokines, including IFN-y, TNE
and IL-6, was also observed in the LFRT of i.p. but not i.vag.
infected animals (Fig. 2 D). Furthermore, no significant in-
duction of TNE IL-6, RIG-I, and MDA5 was observed in
i.vag. LCMV-infected animals that were infected during
their natural diestrus stage of estrous cycle (Fig. 2, E and F),
demonstrating that dampened inflammation is not caused
by DMPA treatment of the animals. These data suggest that
the LFRT experiences qualitatively different innate immune
response after LCMV 1.p. versus 1.vag. infection.
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infected with 2 x 10° PFU of LCMV Armstrong.
Levels of mRNA at the indicated time points were
determined with gqRT-PCR, normalized to GAPDH,
and expressed as fold-change over uninfected
controls. (E and F) Groups of female mice at the
indicated stage of estrous cycle or after DMPA
treatment were i.vag. infected. Levels of mRNA for
the indicated cytokines or RNA sensors from the
LFRT of infected mice were normalized to GAPDH
and expressed as fold-change over the respective
group's uninfected controls. Data are represented
from three (A-D; DMPA in E and F) or one (diestrus
and estrus in E and F) experiments. n = 3 (A; RIG-I
and MDAS in B; C; and DMPA in E and F), 4 (estrus
and diestrus in E and F), or 6 (CXCL9 and CXCL10
pulled from two different experiments in B). Error
bars represent mean + SEM. *, P < 0.05; ™, P < 0.01;
** P < 0.001, unpaired Student's ¢ test.
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Innate-mediated viral control is impaired in the LFRT

after vaginal LCMV infection

To determine how limited innate immune activation af-
fects viral control in the LFRT of i.vag. infected animals,
we measured the kinetics of viral control and clearance
in various tissues. At day 1 after infection, viral copy
numbers are very similar in the LFRT and iLN of i.p.
and i.vag. infected mice (Fig. 3, A and B). In i.p. infected
animals, viral replication began to be controlled start-
ing at day 3 after infection in both the iLN and LFRT
(Fig. 3 A). In contrast, the i.vag. infected animals showed
a significant delay in the kinetics of viral control in the
LFRT compared with the iLN (Fig. 3 B). In fact, viral
growth in LFRT of i.vag. infected animals continued ex-
ponentially until day 5 after infection, reaching ~2-log
higher than the peak of viral load in the LFRT of i.p.
infected animals (Fig. 3, A and B, LFRT). Although viral
dissemination to the spleen and UFRT was observed in
i.vag. infected mice (Fig. 3 C), the virus was rapidly con-
trolled in both tissues. Animals infected via either route
achieved viral clearance in the LFRT by day 12 after in-
fection (Fig. 3, A and B). Thus, after i.vag. LCMV infec-
tion, viral replication predominantly occurs in the LFRT
and iLN tissues, with significantly delayed innate-medi-
ated viral control in the LFRT.

Dampened immunity to vaginal RNA virus exposure | Khan et al.
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Figure 3. Vaginal LCMV infection elicits delayed and dampened expansion of virus-specific effector CD8 T cells leading to delayed viral control
in LFRT. (A-C and H-L) Naive CD45.1* P14 CD8 T cells (P14 cells) were isolated, and 500,000 (days 0.5-4) or 20,000 (day 5 onward) P14 cells were adoptively
transferred into CD45.2* WT recipient mice 1 d before i.p. or i.vag. infection with 2 x 10° PFU LCMV. (A-C) Viral copies in total RNA from the indicated tissues
of infected WT mice were determined by gRT-PCR. (D-G) WT, CD8~, MHC-II""~, or RAG1~/~ mice were infected i.vag., and LCMV copies at the indicated
times and in the indicated tissues were determined as in A-C. (H) LFRT tissues from mice in A-C were digested, and extracted immune cells were analyzed
by flow cytometry. Absolute counts of P14 cells at days 4 and 5 are shown. (I) Representative flow cytometry plots showing the abundance of CD45.1* P14
cells in total cells isolated from the LFRT at days 5 and 7 after infection from P14 immune chimeras in A-C. (J) Longitudinal fraction of P14s in the PBMCs
of i.p. or i.vag. infected animals. (K-L) Total number of P14s in indicated tissues at the indicated time points after i.p. or i.vag. infection. Data represent one
of two (A-G and J) or three (H, |, K, and L, days 7-9) independent experiments. n = 3-4 (A-C), 10 (WT in D), 3 (CD8~/~ in D; F; and d4 in H), 4 (MHC™~ in D;
d5in H; K;and L), 7 (i.p. in J), or 5 (i.vag. in J) mice per group. Error bars represent mean + SEM. *, P < 0.05; **, P < 0.01; ** P < 0.001, unpaired Student's

t test. Ul, uninfected.

CD8 T cells requlate viral control and clearance
after vaginal LCMV infection
To determine the contribution of adaptive immunity, in par-
ticular CD8 and CD4 T cells, to LCMYV control and clearance
in the LFRT, we i.vag. infected WT, RAG1™~, CD8™'~, and
MHC-II"'" mice and quantitated the number of viral copies in
the LFRT at day 12 after infection. Although MHC-1I""~ and
WT mice both efficiently cleared the virus, CD8™'~ (Fig. 3 D)
and RAG17™'~ (Fig. 3 E) mice did not, which also led to systemic
dissemination of LCMYV after i.vag. infection (Fig. 3, F and G).
These data demonstrate that CD8T cells control and clear vag-
inally transmitted LCMV independently of CD4 T cells.
Next, we hypothesized that the appearance of CDS8
T cells in the LFRT is required for the clearance of the
virus in this tissue. We adoptively transferred congenically
marked (CD45.1%) P14 CD8 T cells (P14 cells), express-
ing a transgenic TCR that recognizes the gp33 epitope of
LCMV (Pircher et al., 1990), and monitored their appearance

JEM Vol. 213, No. 13

in the LFRT of i.p. and i.vag. infected WT CD45.2 mice.
Although we observed an increase in the number of host
(CD8" CD45.17) and P14 cells (CD8" CD45.17) in the
LFRT of i.p. infected mice as early as day 4 after infection
(Fig. 3 H), we did not see an increase of P14 cells above
uninfected background in i.vag. infected mice until day 7
after infection (Fig. 3 I). Thus, the appearance of CD8T cells
highly correlated with viral control in the LERT of i.vag.
infected mice. Therefore, in addition to a dampened innate
immune control in the LERT of i.vag. infected mice, the de-
layed appearance of virus-specific CD8T cells further belated
viral control in this tissue.

Kinetics of effector CD8 T cell expansion is delayed

after vaginal LCMV infection

To further determine the kinetics and magnitude of the vi-
rus-specific CD8 T cell response, we quantified the adop-
tively transferred P14 cells in blood and various tissues of
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i.vag. and i.p. infected mice throughout the effector and
contraction phases of the T cell response. Expansion of the
P14 cells was significantly slower in the peripheral blood
of i.vag. versus 1.p. infected mice (Fig. 3 J). Similarly, the
peak of P14 cell expansion was delayed in the iLN and
inguinal LN (ingLN) in i.vag. infected mice, even though
the magnitude of the response was similar at later times
(day 9—-15) after 1.p. or i.vag. infection (Fig. 3 K).The mag-
nitude of the CD8 T cell response remained dampened in
the spleen, LFRT, and UFRT at all effector time points
after i.vag. infection (Fig. 3 L). Together, these data sug-
gest that, after i.vag. infection, the delayed expansion and
appearance of antigen-specific effector CD8 T cells to the
LFRT contributes to the delay in adaptive-mediated viral
control at later time points.

Vaginal LCMV infection delays priming

of virus-specific CD8 T cells

To better understand the cause of the delayed CD8 T cell
expansion after i.vag. infection with LCMYV, we compared
CDST cell priming between i.p. and i.vag. infected mice. We
adoptively transferred CFSE-labeled P14 cells into WT hosts
and measured CD69 and CD25 up-regulation and CFSE
dilution in the transferred cells. Once the P14 cells up-reg-
ulated CD25 and down-regulated CD69 (CD69"°CD25M),
they began to proliferate (Fig. 4 A) and up-regulate CD44
(Fig. 4 B). The medLN is the primary dLN after i.p. in-
fection (Olson et al., 2012), whereas the iLN and ingLN
are the dLNs after i.vag. infection (Iwasaki, 2007; Kuma-
moto and Iwasaki, 2012). However, in i.vag. infected mice,
priming only occurred in the iLN by day 3 after infection
but not in the ingLN, medLN, or spleen (Fig. 4 C). These
results are consistent with viral replication in iLNs but
not in other lymphoid tissues after i.vag. LCMV infection
of WT mice (Fig. 1 B).

After i.p. infection, CD69 and CD25 were up-regu-
lated in the spleen as early as day 1 (Fig. 4 D), supported
by early and robust IFN-f induction (Fig. 1 C, bottom).
Even though the iLN had similar amounts of virus and
IFN-P at days 1-3 after i.vag. and i.p. infection (Fig. 1 C),
priming of P14 cells was slower in i.vag. versus i.p. infected
mice (Fig. 4 D). Although P14 cells in the iLN were at
the same stage of activation in 1.p. and i.vag. infected mice
at day 2, priming in i.vag. infected mice remained stalled
at the CD69"CD25" stage for an extra day (Fig. 4 D).
This stall led to a 1-d delay in P14 cell proliferation in
the iLN and an ~2-d delay in effector P14 cells reaching
the circulation, as measured by percentage of CFSE" cells
in the spleen (Fig. 4 E).

To determine whether a difference in the induction of
inflammatory cytokines, other than IFN-f, in the iLN caused
the delay in priming after i.vag. infection, we measured in-
duction of IFN-y and IL-6 throughout the priming phase.
Surprisingly, i.vag. infected mice expressed higher levels of
these cytokines in the iLN than i.p. infected mice (Fig. 4 F),
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suggesting that factors other than viral dose and inflammation
generated in the iLN caused the 1-d delay in CD8 T cell
priming after i.vag. infection.

Vaginal LCMV infection suboptimally activates Mig DCs
Next, we hypothesized that a difference in the quantity and/
or quality of APCs may cause the difference in priming of
CDS8T cells in the iLN at day 3 after 1.p. versus i.vag. infec-
tion. Quantification of total cellularity in the iLN showed
that i.vag. infected mice have larger LNs (Fig. 5 A) with a
greater number of lymphocytes (Fig. 5 B) and innate cells
(Fig. 5 C) than i.p. infected mice at day 3 after infection.
On this day, we found that most of the DC population in
the iLN of both i.p. and 1.vag. infected mice comprised of
migratory CD11b* DCs (CD11¢™ MHC-II"; Fig. 5, D and
E; and Fig. S1, A and B). Importantly, these Mig DCs dis-
played higher surface expression of various activation and
maturation markers in 1.p. infected mice, including signifi-
cantly higher levels of CD25 (Fig. 5 F). CD25 is a known
maturation marker on DCs (Fukao and Koyasu, 2000;
Granucci et al., 2002; Wuest et al., 2011), and its increase on
DCs correlated with the expression of other classical markers
of maturation, including CD40, CD86, and PD-L1 (Fig. S1,
C and D). We also observed a strong correlation between
CD25 expression on Mig DCs and P14 cell proliferation
in the iLN of i.vag. infected mice (Fig. 5 G). Mig DCs in
the iLN of 1.p. infected mice showed faster maturation, as
measured by the kinetics of CD25 up-regulation at days 1—4
after infection (Fig. 5 H). In particular, the difference in ex-
pression of CD25 on Mig DCs at day 3 after i.vag. versus i.p.
infection paralleled the delayed priming of CD8 T cells in
i.vag. mice at this time point; conversely, the sharp increase in
CD25 expression on Mig DCs at day 4 after i.vag. infection
corresponded with the eventual proliferation of P14 cells at
this time point (Fig. 4, D and E).

We hypothesized that Mig DCs show up to the iLN in
a less mature state after i.vag. infection because they do not
properly mature in the LFRT because of limited induction of
antiviral IFN response. We examined the maturation state of
Mig DCs isolated from the LFRT at days 1-2 after infection.
We did not detect differences in the number of Mig DCs in
the LFRT between i.p. and i.vag. infected mice (Fig. 5 I).
However, we found that Mig DCs in the LERT of i.p. infected
mice had up-regulated CD40, CD86, and PD-L1, whereas
those in i.vag. infected mice resembled that of uninfected
mice (Fig. 5 J). These data indicate that the delay in DC
maturation begins in the LFRT, likely because of minimal
induction of IFN response in this tissue after i.vag. infection
(Fig. 1, C and F;and Fig. 2). Therefore, Mig DCs that migrate
from the LFRT to the iLN after i.vag. infection begin their
maturation process only after they reach the inflammatory
environment of the iLN (Fig. 1 C and Fig. 4 F) and, hence,
require more time before they are fully licensed to prime CD8
T cells (Fig. 4,D and E).

Dampened immunity to vaginal RNA virus exposure | Khan et al.
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Figure 4. Vaginal LCMV infection delays priming of virus-specific CD8 T cells. (A-F) P14 immune chimeras were generated by adoptively transferring
500,000 CFSE-labeled CD45.1* P14 cells into naive CD45.2* B57BL/6N mice. (A) CD69 and CD25 expression patterns and CFSE dilutions of P14s in the iLN
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indicated tissues at day 3 (C) or the indicated days (D) after i.p. or i.vag. infection. (D) CFSE dilution of P14 cells is shown on the right. (E) Frequency of CFSE"®
P14 cells from D. Ul, uninfected. (F) IFN-y and IL-6 mRNA levels in iLN samples from D were measured by qRT-PCR, and their levels were normalized to GAP
DH and expressed as fold-change over uninfected controls. Data are represented from one of five (D and E), three (A-C), or two (F) independent experiments.
n =3 (A-C; days 0-4in E and F) or 4 (day 5 in E). Error bars represent mean + SEM. *, P < 0.05; **, P < 0.01; *** P < 0.001, unpaired Student's t test.

DC maturation and CD8 T cell priming is exceptionally mucosal and/or localized viral infection. We compared i.p.
delayed after vaginal LCMV transmission and 1.vag. routes of LCMYV infection with t.c. and s.c. (next to
Next, we wanted to determine whether the delay in DC buttocks) routes of infection. Although the iLN remained the
maturation and CD8 T cell priming is unique to vaginally ~ primary dLN of both t.c. and s.c. infected mice, T cell prim-
infected LCMV or whether it is a more general feature of  ing was also observed in the ingLN of i.p. and s.c. infected
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Figure 5. Vaginal infection with LCMV elicits delayed activation of DCs. (A-J) Female WT mice were infected either i.p. or i.vag. (A) Total cell numbers
in the iLN at day 3 after infection. (B) Absolute counts of various lymphocytes in the iLN at day 3 after infection. B cells: TCRB~ CD19*; CD8 T: TCRB* CD8*;
CD4 T: TCRB* CD4". (C) Absolute counts of various innate immune cells in the iLN at day 3 after infection. EOS: CD19~ TCRB~ EpCAM-1~ Ly6G~ CD11b*
Ly6c™/~ SSC*; PMNs: CD19™ TCRP~ EpCAM-1~ Ly6G* CD11b*; NK: NK1.1*; Ly6c"® monocytic [Mon]: CD19~ TCRB~ EpCAM-1- Ly6G~ CD11b* SSC~ Lyec™~;
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proportion of Mig (CD11¢™ MHC-1I") and resident (CD11c" MHC-1I") DCs and CD11b and CD103 expression on Mig DCs in the iLN at day 3 after infection.
IAIE, MHC-II including both I-A and I-E. (E) Absolute numbers of CD11b* and CD103* Mig DCs in iLN at day 3 after infection. (F) Representative histograms
showing surface expression of activation and maturation markers on CD11b* and CD103* Mig DCs in the iLNs at day 3 after infection. The numbers above
the histogram plots indicate mean + SEM of median fluorescence intensity. Filled light-gray histograms represent Mig DCs from uninfected mice. (G) Linear
correlation analysis showing association of CD25 expression on Mig DCs with CFSE dilution in P14 cells in the iLN at day 3 after i.vag. infection. (H) Kinetics
of CD25 expression on CD116* Mig DCs. (I) Numbers of Mig DCs in the LFRT at day 2 after infection. (J) Activation status of CD11b* Mig DCs at days 1-2
after infection. Day O represents values from uninfected mice. Data are pulled from six (A and G) or two (B, C, E, and H) independent experiments or are
representative of one of five (D), three (F), or two (I and J) independent experiments. n= 18 (A), 6 (B, C, E, and H), or 3 (I and J). Error bars represent mean +
SEM.*, P < 0.05;*, P < 0.01. See also Fig. S1. MedFl, median fluorescence intensity; Ul, uninfected.

mice at day 3 after infection (Fig. 6 A). P14 cell priming
remained significantly delayed in the iLN of i.vag. infected
mice compared with all other groups (Fig. 6, B and C), even
in the presence of similar copy numbers of viral RNA in
the iLNs of 1.p., i.vag., and t.c. infected mice (Fig. 6 D). In-
trigued by the highly significant difference in the priming of
CDS8T cells after i.vag. versus t.c. infection, we hypothesized
that infection of the UFRT may result in higher induction
of local IFN and subsequent inflammation that leads to local
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maturation of APCs. Indeed, significant difference in IFN-3
and IRF7 induction was detected in the FRT 24 h after t.c.
versus 1.vag. inoculation of LCMYV, which also resulted in
significantly higher induction of various inflammatory cy-
tokines and chemokines (Fig. 6 E). Furthermore, high in-
duction of CCL2 in t.c. infected mice correlated with higher
recruitment of Ly6c™ monocytes to both UFRT and LERT
tissues (Fig. 6 F), and the inflammatory environment resulted
in their local activation, as measured by CD86 and CD40

Dampened immunity to vaginal RNA virus exposure | Khan et al.



up-regulation (Fig. 6 G).These higher numbers of activated
CD11b" monocytic cells in FRT of t.c. infected mice con-
tributed to an increase in the amount of activated CD11b"
Mig DCs entering the iLN starting at day 1 after infection
(Fig. 6, H and I), with significantly higher surface expression
of CD25,CD40,and CD86 (Fig. 6 J). These data demonstrate
that local induction of type I IFN and other inflammatory cy-
tokines promotes recruitment and local maturation of mono-
cyte-derived DCs in the FRT. Mature DCs that migrate to the
draining iLN are then licensed to quickly prime CD8 T cells.

Vaginally inoculated ZIKV replicates in the LFRT of WT mice
Intrigued by the findings that innate-mediated immune
control is exceptionally dampened in the LFRT of i.vag.
LCMV-infected mice, we wanted to test whether this was a
unique characteristic of LCMV or was also shared with other
RNA viral pathogens that are sexually transmitted. High rates
of sexual transmission of ZIKV have recently been reported
(Brooks et al., 2016; D’Ortenzio et al., 2016), and it is known
that ZIKV replication is potently inhibited by type I IFNs after
systemic infection in WT animals (Grant et al., 2016; Lazear
et al., 2016; Rossi et al., 2016). We therefore hypothesized that
1.vag. inoculated ZIKV would elicit a similarly dampened in-
nate immune response, allowing viral replication in the LFRT
of WT animals. Thus, we i.vag. inoculated WT animals with
ZIKV and measured the kinetics of viral replication over time.
Using a qRT-PCR assay, we detected an about one-log in-
crease in viral RNA copies in the LFRT at day 2 compared
with day 1 after infection, demonstrating viral replication in
this tissue (Fig. 7 A). Similar to LCMYV, ZIKV replication in
the LFRT resulted in minimal mRNA induction of type I and
III IFNs (Fig. 7 B). This was also consistent with minimal and
variable induction of IRF7 (Fig. 7 C), as well as various ISGs
and inflammatory cytokines (Fig. 7 D), highly reminiscent of
the poor innate response elicited after vaginal LCMV infec-
tion (Figs. 1 and 2). However, unlike minimal innate-mediated
control of viral replication in the LFRT after i.vag. LCMV in-
fection, the induced level of innate response seemed sufficient
to begin controlling ZIKV replication by around day 3 after
i.vag. infection (Fig. 7 A). Furthermore, unlike i.vag. LCMV
infection, significant viral replication and ISG induction could
not be detected in the iLN at day 2 after i.vag. ZIKV infection
(Fig. 7, E and F). Although, similar to the LFRT tissue, we
detected a positive correlation between viral RNA copies and
IRF7 induction in the iLN (Fig. 7 G), suggesting that, similar
to LCMYV, ZIKV can also disseminate from the LFRT to the
iLN. The innate-mediated antiviral response in the iLN is sig-
nificantly faster and stronger than in the LFRT after LCMV
i.vag. infection (Fig. 3 B); it is therefore conceivable that viral
replication was strongly inhibited by a robust innate immune
response as soon as ZIKV disseminated to the iLN. Interest-
ingly, regression analyses showed that the LFRT can tolerate
~60 times more viral load per fold-increase of IRF7 mRINA
than iLN can at day 2 after i.vag. infection (Fig. 7 G). Thus,
although ZIKV can replicate in the LFRT of WT animals,
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once disseminated to the iLN, viral replication is most likely
inhibited by the elicited antiviral innate immune response. To-
gether, these data suggest that, as ZIKV replication in WT mice
is extremely sensitive to inhibition by type I IFNs, the limited
induction of antiviral IFN response in LFRT, or the IFNs pro-
duced upon viral dissemination to the iLN, may be sufficient
to eventually control viral replication in the vaginal mucosa.

ZIKV replication in the LFRT does

not promote APC maturation

Consistent with low induction of ISGs and inflammatory
cytokines (Fig. 7 D) and similar to what we had observed
after i.vag. LCMV infection (Fig. 6, F and G), no signs of
significant monocyte recruitment (Fig. 8, A and B) or their
maturation (Fig. 8 C) were detected in the LFRT. Analysis of
the draining iLN also did not reveal any significant increase in
number or activation of Mig DCs in 1.vag. ZIK V-infected an-
imals (Fig. 8,D and E).Together, these data show that minimal
induction of antiviral inflammation in the LFRT tissue is a
common feature of both LCMV and ZIKV vaginal infection.
This dampened early innate response accompanies significant
viral replication in the LFRT of WT hosts without inducing
APC recruitment or maturation in the vaginal mucosa.

Enhancement of inflammation in the LFRT

inhibits ZIKV replication

To determine whether the enhancement of innate immune
activation in LFRT would bolster ZIKV control in the LEFRT
of WT animals, we took two different approaches. As the
first approach, we i.p. infected mice with LCMYV, knowing
that this route of LCMYV infection generates significant an-
tiviral IFN response and inflammation in the LFRT (Fig. 2),
followed by i.vag. inoculation with ZIKV the next day. As
hypothesized, we found that animals that were i.p. LCMV
infected were able to completely inhibit ZIKV replication in
the LERT (Fig. 9 A).This strikingly high level of protection
correlated with significantly induced mRNA levels of various
ISGs, including RIG-I, MDA5, and IRF7 (Fig. 9 B), as well as
expected activation of Mig DCs in the iLN (Fig. 9 C).

The second approach we took to enhance antivi-
ral innate immunity in the LFRT was to vaginally admin-
ister acitretin, which is a derivative of retinoic acid that
enhances RIG-I signaling (Li et al., 2016). Vaginal treatment
with acitretin transiently induced the expression of RIG-I
and MDAS in the LFRT within 2 h of treatment (Fig. 9 D),
which was followed by transient mRINA induction of type
I and III IFNs (Fig. 9 E) as well as inflammatory cytokines
IL-6 and TNF (Fig. 9 F). Next, we treated the animals vagi-
nally with acitretin 1 d before (—D1) i.vag. ZIKV inoculation.
Strikingly, animals vaginally pretreated with acitretin lacked
any detectable viral replication in the LFRT tissue (Fig. 9 G).
Together, these data show that low level of IFNs and inflam-
mation that is naturally generated by ZIKV in the LFRT is
insufficient to inhibit early viral replication, prolonging local-
ized viral persistence in WT animals.
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Figure 6. Delay in innate and adaptive immune activation is not common to all mucosal or local infections. (A-J) P14 immune chimeras were
generated by adoptively transferring 500,000 CFSE-labeled CD45.1* P14 cells into naive female CD45.2* B57BL/6 mice. (A) CFSE dilution of P14 T cells in
ingLN at day 3 after infection with LCMV via the indicated routes. (B) Representative histogram plots showing CFSE dilution of P14 cells in the iLN at day
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Figure 7. Vaginally inoculated ZIKV replicates in the LFRT of WT mice with minimal induction of IFN response. (A-G) Groups of C57BL/6N female
mice were i.vag. infected with 2 x 10* FFU of ZIKV (PRVABC59). (A) FFU equivalent of ZIKV in total RNA from LFRT tissues was determined by qRT-PCR at the
indicated time points after infection. (B-D) Levels of mRNA for the indicated genes from LFRT were determined from total RNA using qRT-PCR, normalized
to GAPDH, and expressed as fold-change over uninfected controls. (E and F) Viral load or ISGs from iLN at day 2 after infection were determined as in A
and B-D. (G) Linear regression analysis of FFU equivalent of ZIKV and induced IRF7 in the iLN and LFRT tissues after i.vag. infection. Each dot represents one
mouse. n = 3-6 pulled from two independent experiments. Data represent mean + SEM. *, P < 0.05. Ul, uninfected.

DISCUSSION

In this study, we show that upon LCMV or ZIKV vaginal ex-
posure, antiviral IFN response and inflammation is minimally
induced in the LFRT, providing a window of opportunity for
these pathogens to replicate in the vaginal mucosa. Signifi-
cantly, the rescue of the dampened innate immune response
in the LFRT, either by systemic infection with an unrelated
pathogen or vaginal administration of acitretin, resulted in
inhibition of ZIKV replication. These data suggest that the
natural innate immune response that is elicited in response to
ZIKV and LCMYV after vaginal inoculation is not sufficient
to control early viral replication in the LFRT. Furthermore,
using LCMV, we show that the dampened innate immune
response can also delay the formation of an antiviral adaptive
immune response after i.vag. infection.

Limited induction of antiviral immunity, including
type I/III IFNs, is not a common feature of all vaginal viral
infections, as vaginal HSV-2 infection in mice results in
induction of type I and III IFNs (Iversen et al., 2016; Oh
et al., 2016) as well as recruitment of DCs to the vaginal
mucosa that are crucial for initiation of the protective T cell
response (Zhao et al., 2003). Interestingly however, although
vaginal treatment with either TLR3/RIG-I-like receptors
agonist polyinosinic:polycytidylic acid (poly[l:C]) or TLR9
agonist CpG-oligodeoxynucleotide (CpG-ODN) provides
protection against vaginal HSV-2 infection, vaginal poly(I:C)
treatment causes little or no inflammation compared with
CpG-ODN treatment (Ashkar et al., 2004; Gill et al., 2006).
Similarly, although single vaginal treatment with CpG-ODN
results in local and peripheral organ enlargement, repetitive

3 after infection. (C) Percentages of the CFSE-diluted fraction in P14 cells from B. (D) Quantification of LCMV copies by qRT-PCR from total RNA of iLN.
(E) mRNA levels for the indicated genes were determined from total RNA using qRT-PCR, normalized to GAPDH, and expressed as fold-change over unin-
fected controls. (F) Representative flow cytometry plots showing enrichment of monocytes in the UFRT or LFRT tissue 1 d after ivag. or t.c. infection. Cells
were gated on Lineage™ (Lin~; CD19~ TCRB~ NK1.17) Ly6G~ CD11b". (G) Activation kinetics of CD110* populations from D in LFRT and UFRT after ivag. or
t.c. infection. The values at day O are from uninfected mice. (H) Flow cytometry plots showing enrichment of monocytes (top) and the proportion of Mig
and resident DCs within the Ly6c™ MHC-II* gate (bottom) in the iLN 1 d after i.vag. or t.c. infection. (I) Fraction of Mig DCs in the iLN 1 d after i.vag. or t.c.
infection. (J) Activation state of CD116" Mig DCs in the iLN 1 d after i.vag. or t.c. infection. Data represent one of five (i.p. and i.vag. in A-D), four (t.c. in B
and C), or two (D; t.c. in E-J) independent experiments. Data for i.vag. in E, G, |, and J were pulled from two independent experiments. n = 3 (A-D), 4 (t.c. in
E-J), or 6 (i.vag. in E-J). Error bars represent mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001, unpaired Student's t test. IAIE, MHC-II including both I-A
and I-E; MedFl, median fluorescence intensity; Ul, uninfected.
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Figure 8. Vaginally inoculated ZIKV induces minimal APC recruitment and activation. (A-E) Groups of C57BL/6N female mice were i.vag. infected
with 2 x 10* FFU of ZIKV (PRVABC59). (A) Representative flow cytometry plots showing CD11b* monocytic cells in the UFRT or LFRT tissues of uninfected
mice or 3 d after i.vag. ZIKV infection. Cells were gated on Lineage™ (CD19~ TCRB~ NK1.17) Ly6G~ CD11b*. (B) Percentages of different subsets of monocytic
(Mon) cells in LFRT of i.vag. infected mice among total cells at the indicated days. (C) Surface expression of activation markers on different monocytic
populations in A and B. (D) Percentages of different subsets of Mig DCs among total cells in iLN of i.vag. infected mice at the indicated days after infection.

(E) Surface expression of the indicated activation markers on CD116* Mig DCs in

D. n=6 pulled from two independent experiments. Data represent mean +

SEM. IAIE, MHC-Il including both I-A and I-E; MedFl, median fluorescence intensity; Ul, uninfected.

i.vag. treatment with poly(I:C) does not generate the same
effect (Herbst-Kralovetz and Pyles, 2006). Furthermore,
when mice were i.vag. treated with poly(I:C), CpG-ODN,
or TLR7 agonist imiquimod, only CpG-ODN promoted
recruitment of CD11¢” DCs to the vaginal mucosa and
strongly up-regulated MHC-I expression on both leukocytes
and epithelial cells, whereas imiquimod and poly(I:C) induced
weak up-regulation of MHC-I only on the epithelium and
not in the lamina propria (Nurkkala et al., 2007). CpG-ODN
was also the strongest stimuli for chemokine production, and
CCL3 production remained highly elevated in CpG-ODN-
treated animals for up to 7 d after the treatment, whereas
it waned quickly in animals treated with imiquimod and
poly(I:C) (Nurkkala et al., 2007). Collectively, these studies
suggest that DNA ligands have a stronger inflammatory
effect on the vaginal mucosa, and sensing of CpG-ODN
results in recruitment of professional APCs to the vaginal
mucosa, whereas the same effect is not seen with RNA
ligands. These studies indeed support our findings where
we show for the first time that vaginal infection with two
different RNA viral pathogens does not result in significant
induction of type I/III IFNs or recruitment and activation of’
APCs in the vaginal mucosa.

Furthermore, in a recent study that examined early im-
mune response after i.vag. simian immunodeficiency virus in-
fection in nonhuman primates, despite ample viral replication
in the vaginal tissue at day 1 after infection, an absence of
induced antiviral genes, including IFN-stimulated restriction
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factors, was observed. However, the induction of these genes
was observed during peak systemic viral replication (Barouch
et al., 2016), suggesting that an IFN response is elicited only
once virus disseminates to peripheral tissues. In accordance
with these findings, we also detected very limited induction
of type I IFN and various ISGs in the LFRT tissue after i.vag.
LCMV or ZIKV infection, whereas systemic i.p. infection
with LCMV resulted in enhanced expression of various ISGs
in the LFRT, which were sufficient to inhibit ZIKV repli-
cation in this tissue. Therefore, the qualitative difference in
innate immune activation in the LFRT after i.vag. versus i.p.
routes of infection is most likely related to the robust pool of
IFNSs that is generated after systemic infection, which results
in induction of global ISGs in all tissues, including the LERT.
These findings suggest that the natural innate response that is
elicited by these RINA viral pathogens upon vaginal exposure
is too dampened to provide rapid control of viral replication,
which ultimately results in high viral titers in this tissue. It will
be important to further determine the biological reasons and
the exact mechanism causing this dampened innate immune
activation against vaginally inoculated RNA viral pathogens.

In contrast to the LFRT, once LCMV and ZIKV dis-
seminate to the draining iLN, UFRT, or the spleen, the host
rapidly elicits a protective immune response. We also detected
a much stronger innate and faster adaptive immune response
it LCMV was directly inoculated into the UFRT as com-
pared with i.vag. infection of the LFRT.This comparison sug-
gests that the dampened innate response in the LFRT, which

Dampened immunity to vaginal RNA virus exposure | Khan et al.



A LFRT, day 2 ip.(LCMV) ivag.  viralload B LFRT, day 2 C IER, day:2
1054 . oriUI (ZlKV) deteftion 15 » 2000 ok M ip. (LCMV)--->i.vag. (ZIKV)
2 — s = M Ul --->i.vag. (ZIKV)
2§ 10 o, ROHE ¢ . ot 3 = U
S 5 10% v Day -1 0 2 23
8> 10 B
S< ) & ip. (LCMV) = ivag. (ZIKV) 2
&N 107y [Ar—:ql YUl ——»ivag. ZKV) <

10015 T

D E "o IFN-B G LFRT, day 2
RIG-| MDAS5
3 z /?515 15 . 108
— =
3 = g 5 10"
<82 £10 10 22,3
Z3 10
£3 o 52
£ ° > 102
Eo ¢ <5 S
) " s LN 101
0 . % g 10°
QLD 400,00 ZIKV (ivag.)
™
Vo ‘%& v ‘%& Acitretin (-D1) - + -

Figure 9. Systemic or local induction of IFN response prevents vaginal ZIKV infection. (A) WT mice were i.p. infected with 2 x 10° PFU of LCMV or
were left uninfected, followed by i.vag. inoculation with 2 x 10* FFU of ZIKV the next day. LFRT tissues were collected 2 d after i.vag. ZIKV inoculation and
analyzed by qRT-PCR for ZIKV load. The dotted line indicates the level of detection. (B) Levels of mRNA for the indicated genes were determined by gRT-
PCR from LFRT samples in A, normalized to GAPDH, and expressed as fold-increase over uninfected controls. (C) Surface expression of activation markers
on CD11b* Mig DCs in iLN of mice in A and B. (D-F) Mice were vaginally treated with 20 pl of 2 mM acitretin in DMSO, and LFRT tissues were collected at
the indicated time points after treatment. Levels of mRNA were detected as in B. (G) Groups of mice were vaginally treated with 20 pl of 2 mM acitretin
1 d before (=D1) i.vag. inoculation with ZIKV, were untreated but infected, or were left uninfected. Viral load in the LFRT tissues was determined as in A 2
d after infection. (A-C) Data are represented from two independent experiments. (D-G) The acitretin treatment results are represented from two separate
experiments. n = 3 (D-F), 4-9 (G), or 5-6 (A-C). Error bars represent mean + SEM.*, P < 0.05; **, P < 0.01;** P < 0.001. MedFl, median fluorescence intensity;

Ul, uninfected; UT, untreated.

also results in a delayed adaptive immune activation, is an ex-
ceptional feature of the vaginal mucosa that is not shared at
least with this other relevant mucosal route of infection. As
the UFRT and LFRT have different composition of resident
innate and adaptive cells (Wira et al., 2015), it will also be im-
portant to further investigate the exact mechanism by which
the LFRT and the UFRT differentially elicit an antiviral re-
sponse against RNA viral pathogens.

Vaginal treatment with acitretin transiently induced
mRNA expression of RIG-I and MDAS5 in the LFRT, fol-
lowed by mRNA induction of type I/III IFNs and other in-
flammatory cytokines. Importantly, vaginal pretreatment with
acitretin inhibited ZIKV replication in the LFRT of WT mice.
These results provide conceptual proof that induction of the
RIG-I pathway may provide an attractive option for treating
vaginal ZIKV infections. Although acitretin has never been
administered vaginally, oral therapeutic administration for pso-
riasis in pregnant women is known to cause fetal abnormalities
(Yiu et al., 2015). Therefore, it will be important to investigate
whether RIG-I-inducing drugs other than acitretin would
have similar effects in terms of inhibiting vaginal ZIKV in-
fection as well as their propensity to cause fetal abnormalities.

Our findings also suggest that protective immunity may
be dampened and/or delayed during vaginal ZIKV transmis-
sion compared with the immune response that is elicited upon
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systemic spread of the virus through mosquito bites. Impor-
tantly, these findings may have critical implications for fetal
infection and abnormalities observed upon ZIKV infection
(Lessler et al., 2016). During pregnancy, multiple mechanisms
originating from both mother and fetus contribute to the de-
velopment and maintenance of tolerance (Munoz-Suano et
al., 2011; Warning et al., 2011; Erlebacher, 2013), which may
further dampen induction of IFNs in both the LFRT and
UFRT and favor replication of sexually transmitted ZIKV
and potential dissemination to the fetal compartment and
infection of the fetus, as was recently also experimentally
demonstrated (Yockey et al., 2016).

As we currently lack a suitable small-animal model
for studying how innate and adaptive immunity are elicited
against vaginally transmitted RINA viruses, development of
such relevant models and their validation is important toward
gaining the knowledge required to successfully prevent or
treat sexually transmitted infections with this class of patho-
gens. To this end, our study provides the first mouse models
to study vaginal transmission of RINA viral pathogens and
contributes insight into the plausible mechanism by which
the LFRT supports their replication. Our i.vag. ZIKV model
will permit rapid preclinical testing of various microbicides
and their safety and efficacy to inhibit ZIKV replication at
a relevant site of high viral replication in vivo. Furthermore,
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because LCMV has evolved with its natural mouse host and
already serves as an excellent model pathogen to study an-
tiviral CTL immunity, studying i.vag. LCMV will support
modeling both the innate and the CD8 T cell-mediated im-
mune responses that are elicited after vaginal transmission of
RNA viral pathogens. As such, future i.vag. LCMV studies
will foster a better understanding of how a dampened and lo-
calized innate immune response may affect the establishment
of protective immunity in the LFRT, knowledge needed
to develop protective vaccines against current and emerg-
ing RNA viral pathogens.

MATERIALS AND METHODS

Mice

C57BL/6NCr CD45.2° WT (NCI), B6-Ly5.1/Cr CD45.1"
(NCI), Ragl™™™ (Mombaerts et al., 1992), and Tg(TcrL-
CMV)327Sdz (Pircher et al., 1990) mice crossed to CD45.1,
Ragl ™", H24*""¥ (The Jackson Laboratory; Madsen et al.,
1999), and Cd8a"™™** (The Jackson Laboratory; Fung-Leung
et al., 1991) mice were used in this study. Mice were housed
and bred in the Gladstone Institutes’ animal facility. Female
mice (8-20 wk old) were used throughout this study, except
where indicated. Age-matched animals were assigned to var-
ious treatment groups blindly. All animal experiments were
conducted in accordance with guidelines set by the Institu-
tional Animal Care and Use Committee of the University of
California, San Francisco.

Adoptive transfer of T cells and viral infection

Unless stated otherwise, all female mice in all infection groups
or uninfected group were injected s.c. with Depo-Provera
(GE Healthcare) at 1 mg per mouse in a 200-ul volume, 7 d
before infection. To determine the stage of natural estrous
cycle, animals were examined visually for vaginal inflamma-
tion, and daily vaginal smears were also collected by gentle
lavage with 50 pl of sterile PBS using a sterile 200-ul pipet-
ted tip. Stage of estrous cycle was confirmed by examining
the proportion and morphology of leukocytes and epithelial
cells present under a light microscope (Byers et al., 2012).
Animals were followed for a minimum of two cycles, and
those who did not have normal 4-5 d cycles were not used in
this study. P14 chimeras for effector phase experiments were
generated by adoptive transfer of ~2 X 10* naive CD45.1"
P14 CD8* T cells (P14 cells) on a RAG™~ background into
CD45.2" congenic WT recipient mice. For priming experi-
ments, P14 cells were labeled with 0.25 uM CFSE (Molecular
Probes) at 37°C for 10 min, and ~5 X 10° cells were trans-
ferred into each recipient mouse via retroorbital injection. 1 d
later, mice were infected with 2 X 10° PFU of LCMV,4,,, via
i.vag.,1i.p., t.c,or s.c. route. Experiments were performed with
two batches of LCMYV, with similar results. ZIKV strain PRV
ABC59 (Puerto Rico; 2015) was purchased from the ATCC
(VR-1843). Stocks of ZIKV were propagated in Vero cells
(CCL-81; ATCC), and viral titers were determined by fo-
cus-forming assay on LLC-MK2 cells (CCL-7; ATCC). For
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i.vag. infection, mice were anesthetized using isoflurane, and
20 pl of viral suspension was inoculated into the vaginal cavity
using a p200 micropipette, without causing abrasion. For t.c.
infections, the same volume of LCMV ,,, was inoculated into
one arm of the uterus using a gel-loading tip through a cut-oft’
end of a P-200 pipet tip as a speculum, without causing any tis-
sue damage.The same dose of the virus in a 100-pl suspension
was injected s.c. into the buttock next to the rectal opening.

Acitretin treatment

After 6 d of treatment with 1 mg/mouse Depo-provera, 20 pl
of 2 mM acitretin (Sigma-Aldrich) in DMSO (Hsia et al.,
2008) was administered into the vaginal cavity at the indi-
cated times either before or after i.vag. ZIKV inoculation.
All mice were anesthetized in an isoflurane chamber before
administering the drug.

Isolation of immune cells and flow cytometry

LN and spleen tissues were processed into single-cell suspen-
sions. The vagina was separated from the urethra and cervix.
The LFRT consisted of vaginal tissue and the transformation
zone. LEFRT or UFRT tissues from groups of mice (one to
three mice per group) were digested in 1 mg/ml collage-
nase type IV (Worthington Biochemical Corporation) and
75 pg/ml DNase I (Roche) in RPMI medium. Single-cell
suspensions were obtained from the digested tissues using
GentleMACS Dissociator (Miltenyi Biotec) according to the
manufacturer’s protocol. For isolation of DC populations, 100
units/ml of hyaluronidase (Sigma-Aldrich) was combined
with collagenase IV and DNase 1. Cell counts were obtained
using an Accuri cytometer (BD), and cell numbers were nor-
malized before antibody surface staining.

After blocking Fc receptors with anti-CD16/CD32, sin-
gle-cell suspensions were incubated with a mixture of fluores-
cence-conjugated anti-mouse antibodies for 30 min at 4°C.
Stained cells were washed once and acquired with an LSR 11
flow cytometer and FACSDiva software (BD). AF700 CD8«
(YTS169.4), PE-Cy7 CD8a (SK1), Percp-Cy5.5 CD45.1
(A20), AF700 IAIE (MHC-II; M5/114.15.2), PE-Cy7 Ly6c
(HK1.4), biotin EpCAM-1 (epithelial cell adhesion mole-
cule 1; G8.8), and APC-Cy7 CD11c¢ (N418) antibodies were
from BioLegend. BV421 CD40 (3/23), PE PD-L1 (MIH5),
PE-CF594 Ly6G (1A8), PerCP-Cy5.5 CD11b (M1/70),
BV605 CD44 (IM7), BV605 CD86 (GL-1), BV650 NK1.1
(PK136), PE-CF594 CD25 (PC61), APC-Cy7 TCRp (H57-
597), BV510 CD69 (H1.2F3), BV510 CD103 (M290), and
biotin-conjugated NK1.1 (PK136) and TCRf (H57-597)
antibodies were from BD. AF488 CD25 (PC-61) and bio-
tin-conjugated CD19 (1D3) antibodies were from the Univer-
sity of California, San Francisco Monoclonal Antibody Core.

Immunohistology of LFRT tissues

For immunofluorescence staining, 4% paraformaldehyde-
fixed cryosections were treated with 1% SDS, blocked
with Tris-NaCl-blocking (TNB) buffer (Tyramide Signal
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Amplification kit; PerkinElmer) supplemented with 5% don-
key serum, and stained with a rat monoclonal antibody (VL4)
against LCMV-nucleoprotein (LCMV-NP; Bio X Cell). After
neutralizing endogenous peroxidase with 3% H,O,, sections
were incubated with horseradish-peroxidase—coupled don-
key anti-rat immunoglobulin (Jackson ImmunoResearch
Laboratories, Inc.). Epithelial cells were detected using an
A647-conjugated monoclonal antibody (BioLegend) against
EpCAM-1. LCMV-NP was visualized by incubating sections
with tyramide-Cy3 (Tyramide Signal Amplification kit; Per-
kin Elmer). DNA/nuclei were visualized using DAPI. As
negative controls, sections were stained without incubation
with a primary antibody. Stained sections were observed by
fluorescence microscopy (Axiovert 200 inverted microscope;
ZEISS). Green, red, and blue channel images were merged
with AxioVision 4.8 software. Images were enhanced for
color contrast using Photoshop CS2 software (Adobe).

RNA isolation and quantitative real-time PCR

Isolated FRT tissues were chopped into small pieces, collected
in TRIzol tubes filled with 3 mm of zirconium beads, and
homogenized in three 10-s pulses using a Beadbug micro-
tube homogenizer (Benchmark Scientific). RNA was isolated
with TRIzol reagent according to the manufacturer’s in-
structions (Invitrogen). 1-5 pg RNA was reverse transcribed
into cDNA with a Maxima First Strand cDNA Synthesis kit
with dsDNase (Thermo Fisher Scientific). Real-time PCR
was performed using 2x SensiFAST probe Hi-Rox mix
(Bioline) with gene-specific primers (Table S1) and run on an
ABIPrism 7900 sequence detector with the AACt method
from SDS 2.4 software (Applied Biosystems). The relative ex-
pression of genes was calculated with the formula 274, where
ACt = Ct target gene — Ct endogenous control gene. Gapdh
was used as the endogenous control housekeeping gene.Viral
burden was determined from a standard curve produced using
serial 10-fold dilutions of ZIKV RNA or LCMV plasmid.

Statistical analysis

Prism 6.0 (GraphPad Software) was used for data analy-
sis. Statistical significance was determined by two-tailed
Student’s t test for two groups. All experimental data were
included in the statistical analyses. Analyses with a P-value
<0.05 were considered statistically significant. For lin-
ear regression analysis, the linear model was fit using fo-
cus-forming units (FFU) without log, and the log-10
presentation is for visualization.

Online supplemental material

Fig. S1 shows gating strategy and maturation of Mig DCs in
the iLN of LCMV-infected animals. Table S1 lists the primer
sequences used for gqRT-PCR reactions used in this study.
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