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ABSTRACT Zika virus (ZIKV), which can cause devastating disease in fetuses of in-
fected pregnant women, can be transmitted by mosquito inoculation and sexual
routes. Little is known about immune protection against sexually transmitted ZIKV.
In this study, we show that previous infection through intravaginal or subcutaneous
routes with a contemporary Brazilian strain of ZIKV can protect against subsequent
intravaginal challenge with a homologous strain. Both routes of inoculation induced
high titers of ZIKV-specific and neutralizing antibody in serum and the vaginal lu-
men. Virus-specific T cells were recruited to and retained in the female reproductive
tract after intravaginal and subcutaneous ZIKV infection. Studies in mice with ge-
netic or acquired deficiencies in B and/or T cells demonstrated that both lympho-
cyte populations redundantly protect against intravaginal challenge in ZIKV-immune
animals. Passive transfer of ZIKV-immune IgG or T cells significantly limited intravagi-
nal infection of naive mice, although antibody more effectively prevented dissemina-
tion throughout the reproductive tract. Collectively, our experiments begin to estab-
lish the immune correlates of protection against intravaginal ZIKV infection, which
should inform vaccination strategies in nonpregnant and pregnant women.

IMPORTANCE The recent ZIKV epidemic resulted in devastating outcomes in fetuses
and may affect reproductive health. Unlike other flaviviruses, ZIKV can be spread by
sexual contact as well as a mosquito vector. While previous studies have identified
correlates of protection for mosquito-mediated infection, few have focused on im-
munity against sexual transmission. As exposure to ZIKV via mosquito bite has likely
occurred to many living in areas where ZIKV is endemic, our study addresses
whether this route of infection can protect against subsequent sexual exposure. We
demonstrate that subcutaneous ZIKV infection can protect against subsequent vagi-
nal infection by generating both local antiviral T cell and antibody responses. Our
research begins to define the immune correlates of protection for ZIKV infection in
the vagina and provides a foundation for testing ZIKV vaccines against sexual trans-
mission.

KEYWORDS Zika, sexual transmission, immunity, Zika virus

ika virus (ZIKV), a member of the Flaviviridae family of positive-stranded RNA
viruses, has caused a recent epidemic of congenital malformations in the Americas.
Historically, ZIKV infection was associated with a mild febrile illness that resolved within
1 to 2 weeks of mosquito inoculation (1, 2). However, ZIKV now is associated with
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adverse outcomes in pregnant women, as transplacental transmission causes a devas-
tating fetal syndrome, including intrauterine growth restriction, microcephaly, and
other neurodevelopmental abnormalities (3-8). Additionally, ZIKV infection is linked to
a rise in cases of Guillain-Barré syndrome, a polyneuropathy that can result in paralysis
(9, 10).

While transmission of ZIKV by Aedes species mosquitoes is well studied, human-to-
human transmission can occur through a sexual route. Although most sexual transmis-
sion is male to female (11-15), male-to-male (16) and female-to-male (17) transmission
has been reported. ZIKV persists in the reproductive tissues of both males (18-20) and
females (21, 22) for prolonged periods of time. In mice, infected males transmitted ZIKV
sexually to naive females at rates as high as 50% during the acute phase of infection
and as late as 19 days postinfection (p.i.) (23). Intravaginal infection with RNA viruses
elicits dampened innate immune responses in the lower female reproductive tract
(FRT), which likely facilitate ZIKV replication (24). Vaginal infection of mice with ZIKV
during pregnancy has teratogenic effects that are similar to those observed after
subcutaneous (s.c.) infections (7). Furthermore, the contribution of sexual transmission
to the spread of ZIKV during the recent epidemic may have been substantially under-
estimated (25). Thus, mounting evidence points to sexual acquisition of ZIKV as an
important transmission route that can have consequences as severe as after mosquito
inoculation.

Studies in mice and nonhuman primates have begun establishing immune corre-
lates of protection against ZIKV infection after subcutaneous inoculation. High titers of
serum neutralizing antibodies block infection, and many protective antibodies against
the ZIKV envelope (E) protein have been identified (26-33). CD8* T cells also can
mediate protection against ZIKV after subcutaneous or intravenous administration both
in immunocompetent mice and when there are defects in type | interferon (IFN)
signaling (34-37). In rhesus macaques, primary subcutaneous infection completely
protected against reinfection through a homologous route (38, 39). It remains unclear
whether immune responses elicited by prior ZIKV exposure through systemic infection
can protect against subsequent exposure through the genital mucosa.

To begin to address these questions, we evaluated immune protection against
intravaginal ZIKV challenge after previous subcutaneous infection. We focused on
understanding protection against reinfection with a homologous virus, as most ZIKV-
infected patients are likely to be at risk of reexposure to the same or highly similar strain
of ZIKV. Using a mouse model of infection with a ZIKV isolate from Brazil (40), we found
that subcutaneous ZIKV infection conferred robust protection against secondary vag-
inal challenge. Genital and subcutaneous infection elicited strong neutralizing antibody
responses in the serum and ZIKV-specific antibody in the lumen of the vagina. Intra-
vaginal and subcutaneous infection led to virus-specific T cell infiltration of the FRT
during the acute phase, and these cells established populations of resident memory T
cells (Tgp)- Transfer of ZIKV-specific IgG or circulating memory T cells was sufficient to
limit viral replication after intravaginal infection, with greater protection provided by
the humoral immune response.

RESULTS

Suppression of type | IFN responses leads to ZIKV replication throughout the
FRT after intravaginal infection. Wild-type (WT) C57BL/6 mice were first injected with
depot medroxyprogesterone acetate (DMPA; Depo-Provera) to place females in the
diestrous phase of the estrous cycle, as this hormonal stage is required in models of
intravaginal viral infections of virgin mice, including ZIKV infection (7, 24, 41, 42).
DMPA-treated mice were inoculated intravaginally (ivag) with 10 PFU of a Brazilian
ZIKV isolate. Because ZIKV blocks type | IFN signaling efficiently in human but not
mouse cells (43), 1 day prior to infection, mice were intraperitoneally (i.p.) treated with
1 mg of a blocking anti-IFNAR1T monoclonal antibody (MAR1-5A3, anti-IFNART mAb) or
with an isotype control mAb (44). In animals treated with anti-IFNAR1 mADb, infectious
ZIKV was detected in the vaginal lumen beginning at day 1 postinfection (p.i.) until day
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FIG 1 Replication of ZIKV throughout the FRT after intravaginal infection. Five-week-old female C57BL/6 mice were injected
subcutaneously (s.c.) with DMPA and inoculated intravaginally (ivag) with 10* PFU of ZIKV. One day prior to infection, mice
were treated intraperitoneally (i.p.) with 1 mg anti-IFNAR1 mAb or an isotype control. (A) Vaginal washes were collected daily
after infection, and replicating ZIKV was measured by plaque assay. Day 1, n = 15 to 17; day 2, n = 22 to 25; day 3, n = 13;
days4to 6,n = 12;day 7, n = 7; day 8, n = 4; days 9 to 10, n = 2. (B to E) At days 2, 6, 8, and 10 p.i.,, mice were sacrificed,
and the vagina (B), cervix (C), uterine horns (D), and ovaries (E) were harvested for virus titration by plaque assay. (F) Viremia
was measured by plaque assay. Isotype, n = 5 to 6; anti-IFNAR1, n = 4 to 10. Data in panels A to F were pooled from three
independent experiments. Statistical significance was measured by two-way ANOVA with Bonferroni’s post hoc test. *, P < 0.05;
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Horizontal bars indicate the means, error bars show SD, and dashed lines show
the limit of detection. (G) Representative images of ZIKV RNA detected by in situ hybridization in uninfected or ZIKV-infected
mice at day 6 p.i. using ZIKV-specific or negative-control probes. The first three columns on the left show x40 magnification,
and the rightmost images show the inset outlined in red at X63. The top row shows images for the vagina, and the bottom
row shows images for the uterine horns. Arrows point to the lumenal edge of epithelium. All images are counterstained with
hematoxylin. Scale bars, 50 um in 40X images and 20 um in 63X images. Data are representative of 3 animals per group.

9 p.i. (Fig. TA). Infectious ZIKV also was detected in the vaginal lumen of mice treated
with the isotype control antibody, as reported previously (7), although the amount was
less than in animals treated with the anti-IFNART mAb and lasted for a shorter duration
(Fig. TA). Remarkably, infectious ZIKV was detected in the vaginal tissue at relatively
similar levels in the isotype control and anti-IFNAR1T mAb-treated animals (Fig. 1B),
consistent with the observation of dampened type I IFN responses in this tissue (24). In
contrast to what was found in the vagina, we noted differences in the spread of ZIKV
throughout the FRT in isotype control and anti-IFNART mAb-treated mice. ZIKV was
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detected in both the lower (vagina and cervix) and upper (uterine horns and ovaries)
FRT of most mice treated with anti-IFNAR1T mAb, whereas only a small subset of animals
treated with the isotype control mAb had ZIKV in the cervix, with none in the uterine
horn or ovaries (Fig. 1C to E). In all FRT tissues, infectious virus was cleared almost
completely by day 10 p.i. regardless of anti-IFNAR1T mAb treatment. To determine
whether treatment with anti-IFNART mAb led to dissemination of infectious virus
beyond the FRT, we also measured viral titers in the serum (Fig. 1F). We found that
intravaginal infection led to a transient viremia in a small subset of animals that was
cleared by day 8 (Fig. 1F); this suggests that hematogenous dissemination to peripheral
tissues was not a strong feature of our model. We next examined the distribution of
virally infected cells by in situ hybridization (ISH) with ZIKV-specific probes in the lower
(vagina) and upper (uterine horns) FRT from uninfected or ZIKV-infected animals
treated with anti-IFNAR1 Ab. The majority of ZIKV RNA in the vagina was localized to
the lumenal edge of the epithelium, which was suggestive of the sloughing of dead
cells (Fig. 1G). In the uterine horns, ZIKV RNA was detected in patches of cells
throughout the tissue parenchyma (Fig. 1G). Thus, our data show that while immuno-
competent C57BL/6 mice treated with isotype control antibody supported viral repli-
cation in the vagina after genital infection, dissemination to the upper FRT required
suppression of the type | IFN response.

Primary intravaginal or subcutaneous ZIKV infection protects against subse-
quent intravaginal challenge. We next evaluated whether prior inoculation through
a homologous (intravaginal) or heterologous (subcutaneous) route could confer pro-
tection against secondary intravaginal challenge. As our model of infection with a
Brazilian strain of ZIKV does not cause overt disease with central nervous system
(CNS)-related symptoms or lethality as described for intravaginal ZIKV infection of mice
with more severe immunodeficiencies (7, 42), we defined protection as the rapid
control of viral replication. DMPA-treated female mice were given a single dose of
anti-IFNART mAb i.p. and then inoculated with 103 PFU of ZIKV subcutaneously through
the footpad or 10% PFU of ZIKV through the intravaginal route; different doses were
used based on published studies (7, 44). Three weeks later, mice were either sacrificed
or treated again with anti-IFNART mAb and challenged intravaginally 1 day later with
a higher, more stringent 10> PFU dose of ZIKV (Fig. 2A). At day 4 postchallenge, viral
titers in the vagina, the portal of entry (Fig. 2B and D), and in the uterus, a site of
dissemination (Fig. 2C and D), were analyzed after tissue perfusion. We measured viral
RNA in the tissues by quantitative reverse transcription-PCR (qRT-PCR) to increase the
sensitivity of detection. Due to the persistence of low levels of ZIKV RNA in FRT tissue
after primary infection (22), we compared viral RNA levels in the tissues of intravaginally
challenged animals (2° ivag) to a parallel cohort of unchallenged mice at day 21 after
the initial infection (2° none). As expected, naive animals without primary infection
(mock) were susceptible to intravaginal ZIKV challenge. However, mice that were
previously infected via the intravaginal or subcutaneous route were protected from
secondary challenge. No statistically significant differences in ZIKV RNA levels were
found between unchallenged and intravaginally challenged cohorts in the vagina (Fig.
2B) or uterus (Fig. 2C) of mice that were initially infected via subcutaneous or intra-
vaginal routes. Plaque assays performed after challenge did not detect any infectious
virus in the vagina or uterine horns of mice previously infected subcutaneously (Fig.
2D). These data suggested that the low level of viral RNA detected in the FRT after
intravaginal challenge likely was residual from the primary infection. Mice also were
challenged up to 6 weeks after primary intravaginal or subcutaneous infection and
remained protected, with no detectable increase in viral RNA in the vagina (Fig. 2E) or
uterine horns (Fig. 2F). Thus, prior exposure to ZIKV induced protective immunity
against secondary intravaginal ZIKV infection regardless of whether the primary infec-
tion was through a homologous or heterologous route.

Local T cell responses are generated in the genital tract after intravaginal and
subcutaneous ZIKV infection. As the FRT is the portal of entry and primary site of viral
replication after intravaginal infection (42), we focused on immunity within this organ.
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FIG 2 Previous intravaginal (ivag) or subcutaneous (s.c.) ZIKV infection protects against secondary intravaginal challenge. (A)
Five-week-old female C57BL/6 mice were injected with DMPA and inoculated with ZIKV ivag (10* PFU) or s.c. through the
footpad (103 PFU). One cohort was left uninfected (mock). One day prior to infection, mice were treated i.p. with 1 mg of
anti-IFNART mAb. Three to 6 weeks after infection, mice were either sacrificed (no anti-IFNART mAb treatment) or again treated
with 1 mg anti-IFNART mAb and challenged intravaginally with 105 PFU ZIKV and then sacrificed at day 4. Viral RNA was
measured by qRT-PCR in the vagina (B and E) or uterine horns (C and F). Viral titers were also measured by plaque assay in the
vagina and uterine horns on day 4 after the 3-week challenge (D). (B) For no secondary (2°) challenge (2° none), n = 5 to 12;
for secondary intravaginal challenge (2° ivag), n = 6 to 25. (C) For 2° none, n = 4 to 8; for 2° ivag, n = 6 to 25. (D) All groups,
n = 8. (E and F) For 2° none, n = 4 to 8; for 2° ivag, n = 5 to 9. Statistical significance was analyzed by the Kruskal-Wallis test
with Dunn’s post hoc test. Data were pooled from two to four independent experiments. Horizontal bars show the means, error

bars show SD, and dashed lines show the limit of detection. **, P < 0.01; ***, P < 0.001; ****, P < 0.000

We evaluated the total and virus-specific cellular immune response in the vagina and
uterine horns after ZIKV was administered via intravaginal or subcutaneous routes.
Virus-specific CD8™" T cells were identified with two major histocompatibility complex
(MHC) class | tetramers bound to peptides derived from ZIKV E protein (34) (Fig. 3A).
Perfusion of tissues prior to collection was sufficient to remove intravascular T cells,
thus limiting our analysis to tissue-specific populations (data not shown). At day 8 p.i.
by either route, we detected an increased total number of CD4* and CD8* T cells in
the vagina (Fig. 3B and C). The ZIKV-specific CD8* T cell response also was increased
at day 8 p.i. and sustained through day 21 p.i. (Fig. 3D). In the uterine horns, subcu-
taneous and intravaginal ZIKV infection led to a large influx of CD4* and CD8™* T cells
(Fig. 3E and F). Similar to the findings in the vagina, ZIKV-specific CD8" T cells were
detectable in the tissue at day 8 after intravaginal or subcutaneous infection and were
retained through day 21 p.i. (Fig. 3G). We also examined the expression of cell surface
CD103, an integrin that can be highly expressed by T, (45), at a later time point during
infection in both the vagina and uterine horns (Fig. 3H). A substantial fraction of vaginal
ZIKV-specific CD8* T cells expressed CD103 at day 21 p.i. after intravaginal or subcu-
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FIG 3 ZIKV-specific T cells are recruited to the FRT. Primary infection of mice was performed as described
in the legend for Fig. 2A. Mice were then sacrificed at the indicated time points on the graphs. (A)
Example of tetramer staining in the vagina (top) and uterine horns (bottom) at 21 days p.i. Plots are gated
on live cells, and gates show the combination of two ZIKV-specific populations (two tetramers). CD4+* (B
and E) and CD8* (C and F) T cells were counted in the vagina (B and C) and uterine horns (E and F). After
ivag infection, for both tissues: CD4, n = 6 to 11; CD8, n = 9 to 22. After s.c. infection, for both tissues:
CD4,n = 6t0 9; CD8, n = 9 to 19. The numbers of ZIKV-specific CD8* T cells in the vagina (D) and the
uterine horns (G) were measured on the indicated days. After ivag infection, for both tissues: n = 9 to
14. After s.c. infection, for both tissues: n = 7 to 14. (H) Example of CD103 staining in the vagina (top)
and uterine horns (bottom). Plots are gated on CD3* CD8* cells. The numbers in the plots indicate the
percentages of tetramer-positive cells that are CD103*. The frequency of CD103" ZIKV-specific CD8* T
cells was measured at day 21 p.i. in the vagina (l) and uterine horns (J) (n = 6 to 7). Statistical significance
was measured by two-way ANOVA with Bonferroni’s post hoc test (B to G) or by one-way ANOVA with
Bonferroni’s post hoc test (I and J). Horizontal bars show the means, error bars show SD. Data for panels
B, C, E, and F were pooled from seven independent experiments. Data for panels D, G, |, and J were
pooled from four independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

taneous inoculation (Fig. 3I), indicating that virus-specific CD8* T cells retained in the
tissue likely were differentiating into Tgy,. Although the frequency of CD103-expressing
CD8™* T cells was lower in the uterine horns (Fig. 3J) than in the vagina (Fig. 3l), there
was a significant increase in CD103 expression in the virus-specific CD8" T cell
population in infected animals compared to that in uninfected controls. Thus, recruit-
ment of effector T cells to the FRT occurs after both subcutaneous and intravaginal

April 2018 Volume 92 Issue 7 e00038-18

Journal of Virology

jviasm.org 6

SN0 1S ul Ausianiun uojbulysep) Aq gL0Z ‘gl udy uo /610 wse’IAlj/:dpy wouy papeojumoq



Immunity against Vaginal Zika Virus Infection

routes of ZIKV infection, and virus-specific CD8* T cells that accumulate in the FRT are
capable of differentiating into Tgy,.

Antibody responses are elicited by intravaginal and subcutaneous ZIKV infec-
tion. We next measured the ZIKV-specific antibody response after subcutaneous and
intravaginal infection. Mice were treated with anti-IFNAR1 mAb and inoculated intra-
vaginally or subcutaneously with ZIKV. At 3 weeks postinfection, neutralizing antibody
responses in the serum were evaluated using a focus reduction neutralization test
(FRNT). As expected, serum from uninfected animals had minimal levels of ZIKV
neutralizing activity. Serum from animals infected through intravaginal or subcutane-
ous routes had strong neutralizing antibody responses (mean 50% effective concen-
trations [ECs,s] of 1:1,270 and 1:2,128) after intravaginal and subcutaneous infection,
respectively (Fig. 4A). For other sexually transmitted viruses (e.g., herpes simplex virus
[HSV]), high titers of circulating antiviral antibodies are insufficient for protection (46,
47); rather, the titer of virus-specific antibodies in the vaginal lumen correlates with
protection (48, 49). To determine whether neutralizing antibodies in serum correlated
with ZIKV-specific antibodies in the vaginal lumen, we measured ZIKV E protein-specific
IgG in vaginal washes collected from animals at 3 weeks postinfection (26), as IgG is the
predominant isotype within the vaginal secretions of both mice and humans (49, 50).
Due to the intrinsic antiviral activity of vaginal mucus (51), we measured ZIKV-specific
IgG by enzyme-linked immunosorbent assay (ELISA) rather than neutralizing activity. As
expected, uninfected animals had low levels of ZIKV-specific IgG in the lumen of the
vagina (Fig. 4B). In contrast, animals inoculated intravaginally or subcutaneously de-
veloped measurable levels of ZIKV-specific IgG in the vaginal washes (mean ELISA
endpoint titers of 1:108 and 1:257, respectively) (Fig. 4B). Of note, CD19* B cells (Fig.
4C and E) and CD138* antibody-producing plasma cells (Fig. 4D and F) were not
recruited substantially to the FRT after intravaginal or subcutaneous infection, suggest-
ing that antibody in the vaginal lumen was not produced locally. Collectively, these
data show that potent neutralizing antibody responses against ZIKV can be induced
after intravaginal or subcutaneous infection and that ZIKV-specific antibodies can
accumulate in the vaginal lumen.

Compensatory T cell and B cell responses protect against intravaginal ZIKV
infection. To begin to identify the immune determinants of protection against sexually
transmitted ZIKV after subcutaneous inoculation, we evaluated the requirement of
individual arms of the adaptive immune response. To test the role of T cells, WT mice
were injected i.p. with CD4" or CD8* T cell-depleting antibodies prior to anti-IFNAR1
mADb treatment and primary subcutaneous infection with ZIKV (Fig. 5A and B). Since Ty,
populations are refractory to depletion by antibody injection (52-54), we treated
animals with the depleting antibodies prior to infection, as this prevents the induction
of a virus-specific T cell response and seeding of the FRT by Tgy, precursors (Fig. 5C and
D) (54-56). To assess the role of B cells, B cell-deficient wuMT mice were inoculated
subcutaneously with ZIKV after treatment with a lower dose (0.75 mg) of anti-IFNAR1
mADb; this dose was used to reduce dissemination and minimize lethality in the uMT
mice. At 3 weeks postinfection, T cell-depleted or B cell-deficient mice were challenged
intravaginally with ZIKV, and viral titers were measured 4 days later in the vagina (Fig.
5E) and uterine horns (Fig. 5F). Unexpectedly, mice depleted of CD4* T cells, CD8" T
cells, or B cells remained protected, with no increase in viral burden compared to that
of unchallenged controls (Fig. 5E and F).

To determine whether antibody responses were intact in the T cell-depleted ani-
mals, we evaluated serum neutralizing activity and ZIKV-specific antibody levels in the
vaginal lumen of mice prior to intravaginal challenge. Mice depleted of CD8" T cells
had serum and vaginal lumen antibody levels comparable to those of isotype control-
treated mice, indicating that antibody-mediated protection likely could compensate for
the loss of CD8* T cells (Fig. 5G and H). Despite full protection against intravaginal
challenge, the CD4" T cell-depleted mice had less serum neutralizing activity and
ZIKV-specific vaginal antibodies than the isotype control-treated animals (Fig. 5G and
H). Thus, CD4* T cell help is required for optimal neutralizing antibody responses
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FIG 4 Virus-specific antibodies are present in circulation and the vagina after ZIKV infection. Mice were
infected ivag or s.c. with ZIKV after anti-IFNAR1 mAb injection as described in the legend for Fig. 2A. At
3 weeks p.i, neutralizing antibody was measured in the serum by FRNT (n = 10 to 21) (A), and E
protein-specific IgG in the vaginal lumen was measured by ELISA (n = 9 to 14) (B). Graphs on the left
were used to generate EC,,s and endpoint titer dilutions. Each curve represents data from an individual
animal. Total B cells (C and E) and antibody-secreting cells (D and F) were measured in the vagina (C and
D) and uterine horns (E and F) on the indicated days. For CD19" cells and both tissues and infection
routes, n = 5 to 8. For CD138™ cells and both tissues and infection routes, n = 4 to 6. Horizonal bars show
the means, and error bars show SD. Statistical significance was determined by one-way ANOVA with
Bonferroni’s post hoc test for panels A and B and by two-way ANOVA with Bonferroni’s post hoc test on
log-transformed data for panels C to F. Data were pooled from four independent experiments. ****, P <
0.0001.

against ZIKV, but CD8" T cells and the lower levels of circulating neutralizing antibody
were sufficient to protect against intravaginal ZIKV challenge. To determine the pro-
tective capacity of the B cell response in the absence of any T cells, we depleted animals
of both CD4" and CD8* T cells. These mice failed to control primary subcutaneous
infection, as FRT viral titers at 3 weeks postinfection were comparable to acute viral
titers measured at day 4 postinfection in naive, immunologically intact animals inocu-
lated intravaginally with ZIKV (Fig. 5 and J). When adaptive immune responses were
eliminated by depleting CD4* and CD8* T cells in wMT mice prior to the primary
subcutaneous infection, viral titers in the FRT were even higher, suggesting that B cells
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FIG 5 T and B cells have redundant roles in protecting against intravaginal ZIKV infection. (A) DMPA-treated wild-type (WT) female
mice were injected with 250 ug of isotype control or depleting anti-CD4 or anti-CD8 antibodies at day —3 and day —1 prior to s.c.
inoculation with ZIKV. uMT animals also were infected. All WT mice were treated with 1 mg anti-IFNART mAb prior to infection,
whereas wMT mice were treated with 0.75 mg. At 3 weeks p.i, mice were challenged ivag with ZIKV as described in the legend for
Fig. 2. (B) The percentages of CD4* (left) and CD8" (right) T cells were measured in the blood on the day of primary infection after
depleting antibody treatment. At 3 weeks after primary infection, the percentages of CD4* (left) and CD8* (right) T cells in the vagina
(C) and ZIKV-specific CD8* T cells in the spleen (left) and vagina (right) (D) also were assessed. Plots are gated on total lymphocytes.
Data are representative of two to four independent experiments. Viral titers were measured by qRT-PCR in the vagina (E) or uterine
horns (F). For primary (1°) s.c. infection/no secondary (2°) challenge (1° s.c./2° none), n = 4 to 9; for primary s.c. infection/secondary
intravaginal challenge (1° s.c./2° ivag), mock, n = 7 to 19. Prior to challenge, serum neutralizing antibodies were measured by FRNT
(n = 7 to 15) (G), and E-protein specific IgG was measured by ELISA (n = 7 to 10) (H). wuMT or WT mice were treated with DMPA and
injected with 250 ug each anti-CD4 and anti-CD8 antibody at day —3 and day —1 prior to infection. Mice also were given 0.75 mg
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in the absence of CD4* T cell help could reduce primary subcutaneous infection (Fig.
51 and J). Together, these studies reveal the compensatory nature of cellular and
humoral responses in protecting against intravaginal ZIKV challenge after primary
subcutaneous infection in mice.

ZIKV-specific antibodies or T cells are sufficient to protect against intravaginal
infection. We next tested the sufficiency of immune IgG or memory T cells in protec-
tion against intravaginal infection. To examine the activity of T cells, ZIKV-experienced
T cells were isolated from the spleens of mice subcutaneously infected 3 weeks earlier
or from naive mice. Equal numbers of immune or naive T cells were adoptively
transferred to naive, DMPA-treated C57BL/6 recipients at a ratio of 60% CD4* to 40%
CD8™* T cells (Fig. 6A and B). Recipient mice were treated with anti-IFNART mAb and
inoculated intravaginally with ZIKV. Four days later, viral titers were measured in the
vagina and uterine horns. Notably, transfer of T cells from ZIKV-immune donors resulted
in a small but significant reduction (10-fold, P < 0.05) of viral replication in the vagina
compared to transfer of naive T cells (Fig. 6C). However, ZIKV-experienced T cells did
not protect against viral dissemination into the uterine horns. (Fig. 6D).

To test whether antibodies could confer protection, we purified ZIKV-immune IgG
from the serum of mice 21 days after subcutaneous infection. Equal amounts of
immune or naive IgG were transferred passively to naive recipients that were then
treated with anti-IFNART mAb and inoculated intravaginally with ZIKV (Fig. 6E). Passive
transfer of ZIKV-immune IgG led to an increase in the neutralizing activity of recipient
serum compared to that of recipients of naive IgG as well as an increase in detection
of ZIKV-specific antibodies in the vaginal lumen (Fig. 6F). Remarkably, passive transfer
of ZIKV-immune IgG resulted in ~1,000- and 10-fold reductions in ZIKV RNA levels in
the vagina (Fig. 6G) and uterine horns (Fig. 6H), respectively, at day 4 postinfection.
Thus, passive transfer of memory T cells or antibody alone is sufficient to confer
protection against intravaginal infection with ZIKV.

DISCUSSION

We evaluated the requirements for protection against intravaginal infection of ZIKV
in mice and showed that primary infection through an intravaginal or subcutaneous
route induced B and T cell immunity that protected against secondary intravaginal ZIKV
challenge with the homologous strain. Low-level persistence of viral RNA, but not
infectious virus, was detected in the FRT after primary subcutaneous and intravaginal
ZIKV infection; however, this small RNA reservoir did not appear to impede protective
immunity against subsequent vaginal ZIKV infection. While adaptive immune responses
are not required for controlling ZIKV infection in mice in the context of an intact type
I IFN response (7), we found that both B and T cells were required to restrict ZIKV when
type | IFN was suppressed. CD4* and virus-specific CD8* T cells were recruited to the
FRT after intravaginal and subcutaneous inoculation, and CD8* T cells began differen-
tiating into Ty, after the acute phase of infection. Both intravaginal and subcutaneous
ZIKV infection elicited neutralizing serum antibody and ZIKV-specific IgG in the vaginal
lumen, although B cells and antibody-secreting plasma cells were not recruited to the
FRT in high numbers. Depletion of CD4* T cells and CD8™" T cells or a genetic deficiency
of B cells did not result in a significant loss of protection against secondary intravaginal
ZIKV challenge, suggesting redundancy in the adaptive immune response. However,
transfer of immune IgG led to control of viral replication in the vagina and diminished
viral dissemination into the upper FRT. Transfer of immune T cells also led to a reduction
of viral replication in the vagina, but protection was not as robust as observed with transfer

FIG 5 Legend (Continued)

(uMT) or 1 mg (WT) of anti-IFNAR1 mAb i.p. 1 day before s.c. infection with 10® PFU ZIKV. At 3 weeks p.i., viral RNA was measured
by gRT-PCR in the vagina (l) and uterine horns (J). Viral RNA from naive wild-type mice treated i.p. with 1 mg of anti-IFNAR mAb and
infected ivag with 10° PFU ZIKV is shown as a control (1° ivag d4). Data were analyzed by the Kruskal-Wallis test with Dunn’s post hoc
test (E and F) or by one-way ANOVA with Bonferroni’s post hoc test (G to J). Error bars show SD. Curves in panels G and H represent
individual animals. Data were pooled from four independent experiments. Horizontal bars show the means, error bars show SD, and
dashed lines show the limit of detection. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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FIG 6 Transfer of memory T cells or ZIKV-immune IgG protects against intravaginal infection. (A) A total
of 107 T cells isolated from naive or ZIKV-immune mice (3 weeks p.i.) were adoptively transferred into
5-week-old DMPA-treated naive female recipients. Mice then were treated with 1 mg of anti-IFNAR1
mAb, and recipients were inoculated ivag with ZIKV 6 days after DMPA injection. (B) The numbers in the
plots are percentages of total cells that are CD3* (left) and percentages of CD3* T cells that are CD4+
or CD8* (right) of transferred T cells. Viral RNA was measured by qRT-PCR at day 4 p.i. in the vagina (C)
and uterine horns (D) (n = 9 to 10 for both tissues). (E) Serum IgG was isolated from naive or
ZIKV-immune mice (3 weeks p.i.). Four hundred micrograms of antibody was injected intraperitoneally
into DMPA-treated naive female recipients. Mice were infected as described for panel A. (F) Serum
neutralizing titers of recipient mice were measured by FRNT (bottom left), and ZIKV-specific IgG in the
vaginal lumen of recipient mice was measured by ELISA 1 day posttransfer (bottom right) (n = 4 to 5).
Viral RNA was measured by qRT-PCR at day 4 p.i. in the vagina (G) and uterine horns (H) (n = 9 to 10).
Data were pooled from two to four independent experiments. Statistical significance was measured by
an unpaired two-tailed t test. Horizontal bars show the means, error bars show SD, and dashed lines show
the limit of detection. *, P < 0.05; **, P < 0.01; *** P < 0.001; ****, P < 0.0001; ns, not significant.
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of immune IgG. These results suggest that circulating T cell and/or antibody responses may
protect against sexual transmission of ZIKV infection (32).

There has been great interest in understanding the pathways that establish local
immunity in the FRT, and particularly Tg,,, as a tool to develop better vaccines against
sexually transmitted viruses (57). While recruitment of virus-specific CD8* T cells into
the FRT during the effector phase of the response after ZIKV infection was high, there
was no decrease in cell number at 3 weeks postinfection indicative of T cell contraction.
It is most likely that our analysis did not capture the peak of the ZIKV-specific CD8* T
cell response. However, contraction of differentiating Tg,, does not occur in the skin
after HSV-1 infection (56), and it is possible that a similar phenomenon might be
occurring in the FRT after ZIKV infection. Furthermore, human CD8" T cell responses
against ZIKV infection appear to peak relatively late after onset of symptoms (58),
suggesting that protracted expansion of T cells could be a natural feature of ZIKV
infection. Unlike the vagina, which was populated by a large pool of CD1037 virus-
specific CD8 T cells, a relatively low frequency of virus-specific CD8* T cells in the uterus
expressed CD103 at 21 days after infection. The CD103~ CD8™" T cells may represent
circulating T cells or bona fide early Tg,, as previous studies have shown that the
majority of CD8* T cells retained in the upper FRT are tissue resident and expression
of CD103 in the lower and upper FRT may not be as high as that in other mucosal
tissues (59). It is unclear whether CD103* and CD103~ uterine Tg,, are distinct subsets
with discrete functional roles, as has been observed in the gut (60). We speculate that
there may be distinct requirements for differentiation of Ty,, in the lower and upper FRT
and that the composition of the early Ty, population at day 21 postinfection may
reflect such requirements. The intravaginal model of ZIKV infection may reveal insight
as to how Tg,, differentiate and are retained in different compartments.

Although passive transfer of immune IgG with neutralizing activity decreased viral
replication in the vagina and prevented dissemination to the upper FRT, it remains
unclear whether this protection was dependent on the inhibitory activity in blood or
the local antibody in the vaginal lumen. Transfer of IgG into the vaginal lumen is
mediated by the neonatal Fc receptor (FcRn) (49). As FcRn-deficient animals have a
significantly decreased half-life of circulating IgG (61), selective deletion of FcRn from
the vaginal epithelium would likely be required to assess the roles of lumenal versus
serum antibodies. As adoptive transfer of T cells, which likely remain in circulation prior
to infection, led to considerable yet incomplete protection against ZIKV infection,
pharmacological induction of Tg,, in the FRT might improve protection (57). Further-
more, while passive transfer of immune IgG led to marked reduction of viral titers
within the FRT, again protection was not complete. Additional studies are needed to
determine whether there is a threshold of serum neutralizing activity above which
antibodies alone can provide sterilizing immunity within the FRT after sexual transmis-
sion of ZIKV and whether augmenting the transfer of antibodies into the vaginal lumen
will enhance protection (49). If a threshold does exist, our data suggest it may be
relatively low (ECso, >1:100). Further study will be required to define the exact
contribution of local antibody and T cells to protection against ZIKV.

Several vaccine formulations against ZIKV (e.g., purified inactivated virus [62, 63],
subunit DNA [62-64], subunit mRNA [65, 66], and live attenuated virus [67]) induce
neutralizing antibody and T cells in mice and nonhuman primates and have entered
clinical trials (68-71). However, none of these vaccines have been evaluated for
protection against sexual transmission of ZIKV in nonpregnant or pregnant female
animals or humans. Such experiments will be important considering the possible
increased risk of fetal malformations after intravaginal infection and the high level of
susceptibility of the lower FRT to ZIKV infection. While our data suggest that current
vaccine designs may protect against sexually transmitted ZIKV in nonpregnant females,
it remains unclear if they will achieve sterilizing immunity in the genital tract. Whether
immunological protection against sexual transmission can be maintained during preg-
nancy also is unknown. In animal models, vaccination does not completely protect the
fetus after a subcutaneous challenge, as low levels of viral RNA can be detected in the
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placenta and fetal head even in the context of high titers of neutralizing antibody (72,
73). Furthermore, “asymptomatic” infection of mice with intact type | IFN signaling prior
to mating achieved robust but not sterilizing immunity against a subsequent subcu-
taneous challenge after mating, as fetuses still harbored low levels of viral RNA (74).
Whether similar outcomes would occur after intravaginal challenge is unknown, and
the consequences, if any, of residual viral RNA in the placenta and fetal head remain
unclear. However, as sexual transmission of ZIKV can result in adverse fetal outcomes
in animal models (75), it will be important to determine the efficacy of vaccines against
this route of transmission. The most recent outbreak of ZIKV has waned, likely due to
high exposure rates in areas of endemicity and the acquisition of immunity (76). Our
work supports the hypothesis that immunity acquired after infection with live virus
provides robust protection against rechallenge with a homologous ZIKV strain. It
remains unknown whether immune responses raised against one strain of ZIKV after
vaccination or subcutaneous infection will protect against sexual transmission of a
distantly related ZIKV strain. In summary, our study begins to reveal the requirements
for immunity against sexually transmitted ZIKV infection and provides a foundation for
evaluating the correlates of vaccine-mediated protection.

MATERIALS AND METHODS

Mice. Three- to 5-week-old female C57BL/6J mice were purchased from Jackson Laboratories, rested
for at least 1 week, and infected at a minimum age of 5 weeks. B cell-deficient uMT mice on a C57BL/6
background were purchased from Jackson Laboratories (B6.12952-Ighmt™9n/J) and bred at Washington
University School of Medicine. This study was carried out in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols were
approved by the Institutional Animal Care and Use Committee at the Washington University School of
Medicine (assurance number A3381-01). Subcutaneous injections were performed under anesthesia
induced and maintained with isoflurane, and all efforts were made to minimize animal suffering. All
animal experiments were performed under biosafety level 2 (A-BSL2) containment. All protocols were
approved by the Institutional Animal Care and Use Committee (IACUC) at Washington University.

Viruses. ZIKV-Brazil (Paraiba 2015 strain) was provided as a gift by S. Whitehead (Bethesda, MD).
Low-passage viral stocks were propagated in Vero cells as previously described (44), and titers of virus
were determined by plaque assay on Vero cells (ATCC). All tissue culture experiments were performed
under biosafety level 2 (BSL2) containment.

Mouse infection studies. All mice were injected subcutaneously in the neck once with 2 mg of
DMPA (Pfizer) 5 to 7 days prior to primary virus inoculation. Secondary challenges occurred 4 weeks after
DMPA treatment. One day prior to primary infection or secondary challenge, mice were injected
intraperitoneally with 1 mg of purified anti-IFNART mAb (clone MAR1-5A3; Leinco Technologies) or
mouse IgG1 isotype control mAb (Leinco Technologies). For experiments that required depletion of
CD4+ or CD8* T cells, 250 ug of anti-CD8 antibody (clone YTS-169.4; Leinco Technologies, BioXCell),
anti-CD4 antibody (clone GK1.5; Leinco Technologies, BioXCell), or an isotype control mAb (Leinco
Technologies, BioXCell) was injected intraperitoneally at 1 and 3 days prior to virus inoculation.

For intravaginal infection, a 10-ul volume with 10* and 10° PFU was used per mouse for primary and
secondary infections, respectively. For infection, a sterile calginate swab (Puritan Medical) moistened
with sterile phosphate-buffered saline (PBS) was used to gently remove mucus from the vaginal cavity.
A pipette tip was inserted into the vagina to deliver the 10-ul viral inoculum. Subcutaneous inoculum
was delivered in a 50-ul volume with 103 PFU administered per mouse.

T cell and antibody transfers. T cells were recovered by negative selection from the spleens of WT
mice 3 weeks after subcutaneous ZIKV infection or from naive animals using an EasySep mouse T cell
isolation kit (Stem Cell Technologies). A total of 107 naive or ZIKV-experienced T cells were injected via
the retro-orbital route into mice 1 day prior to infection. For passive transfer of antibodies, serum was
harvested from WT mice 3 weeks after subcutaneous ZIKV infection or from naive animals. IgG was
purified using NAb Protein G spin columns (Pierce), concentrated with Amicon Ultra-15 centrifugal filter
units (EMD Millipore), and diluted with sterile PBS. Antibody was quantitated on a Nanodrop spectro-
photometer by measuring absorption at 280 nm (Thermo Fisher). Normal mouse gamma globulin
(Jackson ImmunoResearch) also was used as a control for the IgG passive transfer studies. ZIKV-immune
or negative-control antibody (400 wg) was injected intraperitoneally into recipient mice 1 day prior to
infection.

Virus quantification. For titration of virus in the vaginal lumen, 50-ul washes with sterile PBS were
collected using a pipette and a sterile calginate swab and diluted in Dulbecco’s modified Eagle’s medium
(DMEM) with 2% fetal bovine serum (FBS). To measure viral burden in tissues, mice were perfused with
a minimum of 15 ml of PBS after sedation with ketamine and xylazine. FRT tissues were harvested and
snap-frozen on dry ice. If virus was measured by plaque assay, tissues were weighed and homogenized
in 2% DMEM using sterile T-mm zirconia/silica beads (Biospec Products). For viral RNA measurements,
tissues were weighed and homogenized with beads in 2% DMEM or in RLT buffer (Qiagen). RNA was
extracted using the QiAmp viral RNA minikit or the RNeasy minikit (Qiagen). Standards for gRT-PCR were
made by extracting RNA from viral stocks using the QiAmp MinElute virus spin kit (Qiagen). gRT-PCR was
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performed with the iTaq universal probes one-step kit (Bio-Rad) and previously published ZIKV primers
and probes (77): F, CCGCTGCCCAACACAAG; R, CCACTAACGTTCTTTTGCAGACAT; probe, 50-/56-FAM/AG
CCTACCT/ZEN/TGACAAGCAATCAGACACTCAA/3IABKFQ/-30 (Integrated DNA Technologies). gRT-PCR was
performed on a CFX Connect real-time system (Bio-Rad). Plaque assays were performed on Vero cells as
previously described (44).

RNA in situ hybridization. For viral RNA detection by in situ hybridization, tissues were perfused
with PBS and then 4% paraformaldehyde (PFA) in PBS, cryoprotected in 30% sucrose, and frozen in OCT
medium (Sakura) and sectioned on a cryostat. RNA ISH was performed using RNAscope 2.5 (Advanced
Cell Diagnostics) according to the manufacturer’s protocol, as previously described (19).

Measurement of ZIKV antibody response. To measure levels of circulating neutralizing antibodies,
an FRNT was performed as previously described (26). Serum was collected from mice prior to secondary
challenge and heat inactivated at 56°C for 15 min. Serially diluted serum was incubated with 100
focus-forming units (FFU) of ZIKV-Brazil for 1 h at 37°C and then added to Vero cells for 1.5 h at 37°C.
Methylcellulose (1%, wt/vol) was added to the wells, incubated at 37°C for 28 h, and fixed with 1% PFA
for at least 1 h. Infected cell foci were detected using 500 ng/ml of a ZIKV-specific mouse mAb (ZV-2) (26)
and a horseradish peroxidase-conjugated donkey anti-mouse antibody (Jackson ImmunoResearch).
Plates were developed with TrueBlue peroxidase substrate (KPL), and foci were counted on a BioSpot
analyzer (Cellular Technology Limited). EC.,s were generated by a variable-slope (four-parameter)
nonlinear regression analysis. To measure ZIKV E protein-specific antibodies in the vaginal lumen, ELISAs
were performed as previously described (26).

Flow cytometry. Vaginas and uterine horns were digested as previously described (78). Briefly,
tissues were incubated with Dispase (Roche) for 15 min at 37°C and collagenase D (Roche) and DNase
I (Roche) for 30 min and then mechanically disrupted. Cell counts were performed by adding CountBright
beads (Invitrogen) to samples prior to acquisition. Dead cells were excluded using the fixable aqua dead
cell stain kit (Life Technologies). Tetramers were prepared with ZIKV E protein peptides 294 to 302 and
635 to 645 (34) (ABI Peptides) by the Center of Human Immunology and Immunotherapy Programs at
Washington University and conjugated to streptavidin-allophycocyanin (APC) (Invitrogen). Tetramer
staining was performed at 37°C for 20 min in PBS with 2% FBS. The following antibodies were used for
this study: CD3 (clone 145-2C11), CD103 (clone 2E7), CD138 (clone 281-2), CD19 (clone 6D5), CD4 (clone
GK1.5 or RM4-4), CD8a (clone 53-6.7), and CD8b.2 (clone 53-5.8). All antibodies were purchased from
Biolegend. Samples were acquired on an LSR Fortessa (BD Biosciences) and analyzed by FlowJo
(Treestar).

Statistical analysis. All numerical data analysis was performed on GraphPad Prism7 software. Values
were transformed by log,, to normalize distribution and variances where necessary. Viral titers were
analyzed by 2-way analysis of variance (ANOVA), with a Bonferroni post hoc test to correct for multiple
comparisons or an unpaired two-tailed Student'’s t test for normally distributed data, or by Kruskal-Wallis
with Dunn’s multiple-comparison test for nonnormally distributed data. Cell number data were analyzed
by two-way ANOVA or one-way ANOVA with Bonferroni’s post hoc test to correct for multiple compar-
isons. EC5,s and endpoint titers were analyzed by one-way ANOVA with Bonferroni’s post hoc test or by
an unpaired two-tailed Student’s t test. All data are means =+ standard deviations (SD). A P of <0.05 was
considered statistically significant.
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