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Zika Virus Mucosal Infection Provides Protective Immunity
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ABSTRACT Zika virus (ZIKV) is a major human pathogen. ZIKV can replicate in fe-
male and male reproductive organs, thus facilitating the human-human transmission
cycle. Viral shedding in the semen can increase the risk of ZIKV transmission through
sexual mode. Therefore, the vaginal and anorectal mucosa are relevant sites for ZIKV
infection. However, the pathobiology of ZIKV transmission through the rectal route
is not well understood. Here, we utilize a mouse model system to investigate the
immunopathological consequences following ZIKV infection of the rectal mucosa
compared to a subcutaneous route of infection. We show that ZIKV-rectal inocula-
tion results in viremia with subclinical infection. ZIKV infects the mucosal epithelium
and submucosal dendritic cells, inducing immune and inflammatory cell infiltration.
Rectal transmission of ZIKV resulted in the generation of serum-neutralizing antibody
responses. Mass cytometry analyses of splenocytes showed a significantly reduced
level of inflammatory monocyte and neutrophil cellular responses in the rectal route
group. Furthermore, immunological priming through the rectal mucosa with an at-
tenuated ZIKV strain resulted in significant protection from lethal subcutaneous ZIKV
challenge, further eliciting robust memory CD4-positive (CD4*) and CD8* T-cell and
ZIKV-specific serum-neutralizing antibody responses. Thus, our study provides deeper
immunopathobiological insights on rectal transmission and highlights a rational strategy
for mucosal immunization. This model system recapitulates clinical aspects of human
ZIKV disease outcome, where most infections are well controlled and result in subclinical
and asymptomatic outcomes.

IMPORTANCE Zika virus is a clinically significant human pathogen that is primarily
transmitted and spread by Aedes species mosquitoes but is also sexually transmissi-
ble. The recent pandemic in the Americas led to an unprecedented increase of new-
born babies with developmental brain and eye abnormalities. To date, there is no
licensed vaccine or therapeutic intervention available for the fight against ZIKV. Un-

derstanding the sexual transmission of ZIKV through vaginal and rectal routes is Citation Martinez LE, Garcia G, Jr, Contreras D,

necessary to restrict virus transmission and spread. This study examines the early im- Gong b, Sun R, Arumugaswami V. 2020. Zika
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ZIKV infection using a mouse model. We characterized the primary target cells of 10.1128/JV1.00067-20.

ZIKV infection and the subsequent mucosal immune responses to infection, and we Editor Jae U. Jung, University of Southern

demonstrate the protective effect of mucosal rectal immunization using an attenu- Cellizainie

ated ZIKV strain. This mucosal vaccination approach can be further developed to
prevent future ZIKV outbreaks.
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ika virus (ZIKV) is a major human pathogen which belongs to the family of ?ggf’;ﬁe‘iggg"”script FEECEICTD 17
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Flaviviridae. Vertical transmission of ZIKV in infected mothers causes microcephaly Published 16 April 2020
and congenital eye disease (1-4). Sexual transmission of ZIKV has been reported
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between males to females (5-7) and males to males, (8) and there was a suspected case
of female-to-male transmission (9). Several studies have reported infectious ZIKV in
semen (10-14) months after symptom onset (15-18). The presence of ZIKV in semen
and bodily fluids can enhance the risk of sexual transmission. ZIKV infection of the rectal
mucosa and the mechanisms governing its immunopathogenesis are poorly under-
stood.

Mouse models of Zika virus pathogenesis have shown that mice deficient in type |
interferon (IFN) receptor (Ifnar1—"— or A129) signaling pathway develop neurological
disease in adults and congenital infection in pregnant females (19-22). Adult immu-
nocompetent (wild-type) mice are resistant to ZIKV infection due to a robust innate
immune response that limits infection and spread. Thus, the Ifnar1—"— mouse model
has become a widely used in vivo model system to investigate the pathogenesis of
ZIKV-mediated disease. Subcutaneous or intravaginal ZIKV infection of Ifnar1—/~ female
mice causes the activation of systemic and localized immune responses and the
establishment of congenital and neurological diseases (21, 23, 24). Vaginal exposure of
ZIKV during the first trimester of pregnancy in wild-type mice leads to brain infection,
fetal growth restriction, and, in some cases, loss of pregnancy (24). In Ifnar1—/~ male
mice, ZIKV robustly infects the brain, spinal cord, and testes (20). Others have shown
that ZIKV causes injury in the testes and epididymis, further reducing the levels of
testosterone and oligospermia (25). ZIKV can also cause testicular atrophy following
21 days of subcutaneous infection (26), which may lead to infertility (27). Moreover,
ZIKV-infected epididymal epithelial cells are the predominant source of infectious
cell-free virus shed in the seminal fluid of the murine male reproductive tract (28). ZIKV
is also capable of infecting and efficiently replicating in human Sertoli cells (29, 30).
ZIKV-infected patients have elevated levels of chemokines, including monocyte che-
moattractant protein 1 (MCP-1 or CCL2) and CXCL10 (31, 32).

Intraperitoneally infected AG129 (interferon-a/B and -y receptor knockout) male
mice exhibited persistent testicular infection for more than a month, and the semen
contained infectious ZIKV at 1 to 3 weeks postinoculation (33). In addition, ZIKV
infection was documented in 50% of female mice mated to infected nonvasectomized
male mice (33). These mouse models of ZIKV infection suggest that males carry
infectious virus longer than females. Others have shown that the innate immune cell
responders to acute infection of pigtail macaques are dendritic cells, monocytes, and
neutrophils following subcutaneous ZIKV infection (34). These cell responders are
significantly higher in male macaques and correlate with increased viral persistence in
peripheral lymph nodes and mucosal tissues, such as the colon and rectum.

ZIKV has been detected in rectal swab samples (35) and in a stool sample from an
acutely infected patient (36). In vivo, intrarectal inoculation with ZIKV in rhesus and
cynomolgus macaques leads to detectable viremic levels 21 days postinoculation and
with seroconversion (37). The duration of infectious virus in the blood after a few weeks
suggests that infection in humans could generate viremia sufficient to infect others
through this route. Moreover, Li et al. showed that intra-anal inoculation with ZIKV
leads to robust infection of Ifnar~/— and immunocompetent mice, eliciting innate and
humoral immune responses (36). In addition, rectal inoculation of ZIKV in pregnant
mice results in transplacental infection and delayed fetal development.

Although systemic viral replication kinetics in various tissues following rectal ZIKV
inoculation have been reported, the in vivo primary cell types supporting ZIKV infection
and/or replication at the rectal mucosa and associated early mucosal immune and
inflammatory events, as well as systemic-splenic immune responses, remain largely
unknown. Moreover, it is critical to understand the mucosal immune responses elicited
against ZIKV, which can provide systemic immune protection. This knowledge can lead
to developing effective and preventive immunization strategies against ZIKV.

RESULTS

The rectal route of ZIKV inoculation establishes systemic infection and dissem-
inates to reproductive organs. In this study, we examined the early events following
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rectal and subcutaneous ZIKV inoculations. We used 4- to 6-week-old mice to deter-
mine the pathogenesis of the contemporary Zika virus strain PRVABC59 (isolated in
Puerto Rico in 2015) following rectal inoculation and followed disease progression for
21 days postinoculation (dpi). We utilized the Ifnar1=/— mouse model system, as it
supports ZIKV replication, tissue damage, and an adverse neurological disease pheno-
type that can be used to compare sexual (rectal) and mosquito (subcutaneous) modes
of transmission and their resulting systemic and mucosal response to infection. Because
the virus inoculation site and dose may affect the outcome of ZIKV transmission and
pathogenesis, we inoculated mice via rectal and subcutaneous routes using the same
viral dose (1 X 10 PFU/mouse). Weight loss and neurological signs were monitored at
various times during the course of infection. Rectal inoculation of ZIKV did not cause
mortality in /fnar1—/— mice (Fig. 1A). Two of five infected mice showed lethargy and
transient sickness, with reduced body weight (~12 to 14%) at 10 dpi (Fig. 1B). Mice
steadily recovered body weight by 14 dpi. Rectally infected mice did not show signs of
enteric disease such as diarrhea or soiled hindquarters. In addition, mice had high
viremic levels at 3 and 7 dpi and detectable viremia at 21 dpi (Fig. 1C).

Subcutaneous ZIKV inoculation led to robust systemic viral spread as measured by
significantly higher viremia (10 mean genome copies) (Fig. 1D). Consistent with
previous reports using Ifnar1—/~ mice (38), mice infected by the subcutaneous route
demonstrated significant weight loss and exhibited malaise, incoordination, and neu-
rological signs of posterior hind-leg paralysis (2 of 6 infected mice) requiring euthana-
sia. Rectally infected mice displayed delayed kinetics of infection, where viremic levels
did not increase until 3 dpi (10> mean genome copies) but were sustained at 7 dpi
compared to the subcutaneous infected group (Fig. 1D). To compare ZIKV tissue
tropism and virus dissemination after rectal and subcutaneous inoculations, we mea-
sured ZIKV genome copies in the rectum and various tissues, such as the skin, testes,
seminal vesicles, brain, and lymph nodes at 1, 3, and 7 dpi by reverse transcriptase
quantitative PCR (RT-qPCR). Similar viral loads were observed in the rectum between
the two groups (Fig. 1E). Subcutaneously infected mice showed significantly higher
viral loads in skin tissue near the inoculation site at 1 dpi (Fig. 1F). Distinct infection
kinetics were observed in the testes and seminal vesicles following rectal inoculation
(Fig. 1G and H). The rectal group had reduced viral loads in the brain compared to the
subcutaneous group at 3 and 7 dpi (Fig. 11). Despite detectable infection of the brain at
7 dpi, mice did not exhibit neurological signs of disease (weakness of limbs, hind-limb
paralysis [paraplegia or hemiplegial, and seizures) following rectal ZIKV inoculation.
These results suggest that in our experimental system, ZIKV causes a fundamentally
distinct disease outcome in rectally infected mice with a reduced neuroinvasive phe-
notype. Furthermore, we found that ZIKV disseminates to lymph nodes, including
inguinal (Fig. 1J) and mesenteric lymph nodes and the thymus (data not shown). Viral
loads in the rectum, testes, and brain persisted for at least 21 days following rectal
inoculation (Fig. 1K).

Female mice infected by the rectal route did not show differences from male mice
in ZIKV dissemination to local and distant tissue sites. Thus, comparable viral loads were
observed in the rectum, brain, spleen, and inguinal and mesenteric lymph nodes at
7 dpi (Fig. 1L). In addition, ZIKV disseminated to the uterus (Fig. 1L), implicating the
uterus as a replicative site for ZIKV following rectal transmission, which can increase the
risk for in utero infection during pregnancy. Overall, our data show that ZIKV dissem-
inates to various tissue sites following rectal inoculation, including the skin, lymph
nodes, spleen, and uterus. Similar to Li et al., we found that ZIKV persistently infects the
rectum and testes (36).

ZIKV infects the mucosal epithelium and residential dendritic cells. We evalu-
ated the early events of ZIKV infection and performed immunohistochemistry on serial
rectal tissue sections (7 to 10 um thick) using an antibody against the epithelial cell
adhesion molecule EpCAM and a rabbit polyclonal antibody recognizing the flavivirus
envelope (Env) of ZIKV. We found that ZIKV infects rectal epithelial cells within the
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FIG 1 Rectal inoculation of ZIKV in Ifnar1—/— mice results in a nonlethal, self-limiting, and differential disseminating infection relative to
subcutaneous ZIKV infection. (A) Kaplan-Meier survival plot showing the percent survival of Ifnar1—/— male mice postrectal inoculation with PBS
(n =5) or ZIKV (n = 6) (RR ZIKV) and postsubcutaneous ZIKV inoculation (SC ZIKV) (n = 6). (B) Percent body weight change of mice postrectal
inoculation. Error bars represent the standard deviation (SD). (C) Viremia of infected mice via the rectal route (RR ZIKV) at days 3, 7, and 21
postinoculation (dpi). Each symbol represents one mouse, with means represented by black lines. Broken lines represent the limit of detection
at 10 genome copies per microgram of RNA. (D) Viremia of mice infected through rectal (RR) or subcutaneous routes (SC) at days 1, 3, and 7
postinoculation (dpi). ZIKV genome copies detected in rectum (E), skin (F), testes (G), seminal vesicles (H), brain (I), and inguinal lymph node (J)
tissues by RT-qPCR following 1, 3, and 7 days postrectal or subcutaneous inoculations with ZIKV. Each symbol corresponds to data for an individual
mouse (n = 5 mice per group). Results are representative of one of four independent experiments. Two-tailed, unpaired, nonparametric Mann-Whitney
tests were conducted (¥, P < 0.05; **, P < 0.001; ns, no significance). (K) ZIKV genome copies in rectum, testes, and brain at 21 dpi. (L) Viral loads in rectum,
uterus, brain, spleen, and inguinal and mesenteric lymph node tissues of Ifnar1—/~ female mice at day 7 postrectal ZIKV inoculation.

lamina propria and submucosa layers (Fig. 2A and B). Figure 2B shows specific infection
of nonepithelial cells surrounding glands within the lamina propria, which we hypoth-
esized were residential and/or infiltrating immune cells to the site after a day of
infection. Similar patterns were observed in infected tissue from the subcutaneous
group (Fig. 2C). Rectal epithelial cell infection was also verified by coimmunostaining of
ZIKV and CDX2, which is expressed in the nuclei of intestinal epithelial cells (data not
shown).
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FIG 2 ZIKV infects columnar epithelial cells and dendritic cells in the rectal mucosa 1 day postrectal inoculation. (A, B) Representative
immunofluorescence images of rectal tissue from mice infected via the rectal route (RR) at 1 day postinoculation (dpi). Rectal tissue
sections were immunostained for EpCAM (red) and ZIKV (green), and nuclei were stained with DAPI (blue). Inset in A shows a
magnified view of infected epithelial cells comprising intestinal glands. Inset in B shows a magnified view of infected nonepithelial
cells within the lamina propria. (C) Representative image of rectal tissue infected via the subcutaneous route (SC ZIKV) at 1 dpi. (D, E)
Representative immunofluorescence images of rectal tissue for RR ZIKV at 1 dpi. Tissue was immunostained for ZIKV (green) and with
anti-CD11c (red) or anti-DC-SIGN (red) at 1 dpi. Inset panels show ZIKV-infected CD11c* or DC-SIGN* dendritic cells (yellow) within
the lamina propria. (F) Images of infected rectal tissue sections for RR and SC ZIKV at 1 dpi. Shown are ZIKV-infected cells (green) and
F4/80* macrophages (red). (G) Quantification of CD11b ", CD11c*, and F4/80* cells in the rectal mucosa at 1 dpi. (H) MCP-1+ cells in
rectal tissue from RR and SC ZIKV at 3 dpi. All images for A to F and H are representative of five different animals per group and were
collected at X40 magnification; scale bar, 50 um. (I) Quantification of MCP-1* cells for RR and SC ZIKV at 3 and 7 dpi. Multiple-
comparison two-way analysis of variance (ANOVA) and Tukey tests were conducted (*, P < 0.05; **, P < 0.001; ***, P < 0.0001; ****,
P < 0.00001; ns, no significance).

We then immunostained for multiple immune cell subsets using anti-CD11b for
monocytes, anti-CD11c or anti-DC-SIGN (dendritic cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin) for dendritic cells, anti-F4/80 for macrophages, and
anti-CD4 for CD4-positive (CD4™) T cells. We did not observe any specific staining with
an IgG isotype control monoclonal antibody utilizing the same secondary antibody
used for detection of ZIKV antigen in uninfected (phosphate-buffered saline [PBS]) and
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infected tissue sections (data not shown). In addition, no infection was observed in
rectal tissue examined for the PBS control group. Uninfected rectal tissue sections
revealed immunostaining for residential dendritic cells, monocytes, and macrophages
at 1 dpi. We found that ZIKV specifically infects dendritic cells at 1 dpi (Fig. 2D and E).

The rectal route of ZIKV infection leads to enhanced mucosal immune re-
sponses. We further characterized the immune cells responding to infection of the
rectal mucosa by quantifying the number of monocytes (CD11b™), dendritic cells
(CD11c™), macrophages (F4/80"), CD45" leukocytes, and CD4™ T cells. Serial rectal
tissue sections from uninfected and infected tissue samples were used. We observed an
increased number of F4/80% macrophages within the lamina propria of the rectal
mucosa of rectally inoculated mice at 1 dpi (Fig. 2F). Further quantification of immune
cells within rectal tissue sections revealed increased numbers of CD11b™ monocytes
and F4/80* macrophages in the rectal mucosa of rectally infected mice as early as a day
of infection (Fig. 2G). Moreover, rectal ZIKV infection results in an increased monocyte
chemoattractant protein-1 (MCP-1) response in the rectal mucosa at 3 dpi relative to
the subcutaneous group (Fig. 2H and I). No significant differences in the numbers of
monocytes, dendritic cells, and macrophages were observed between the infected
groups at 3 dpi (data not shown). However, subcutaneous ZIKV infection resulted in a
significant increase in CD11c™ and CD45™" cells in the rectal mucosa at 7 dpi (Fig. 3A
and B). Significant numbers of CD4 " T cells were observed for the rectal group at 7 dpi
(Fig. 3A). It is possible that besides CD11c™* and F4/80* cells, other immune subsets
(e.g., B cells, NK cells) may be affected as well. We then proceeded to measure the
expression of key inflammatory response genes (/L-6 and OAS-T) early after infection of
the rectal mucosa at days 1, 3, and 7, including the anti-inflammatory interleukin 10
(IL-10). No significant differences in the induction of IL-6, OAS-1, and IL-10 were
observed in the rectum of the two infected mice groups at 1 dpi (data not shown).

Collectively, these results suggest that there are increased immune responses in the
rectal mucosa early after infection. Overall, intestinal epithelial cells and dendritic cells
support ZIKV infection in the rectal mucosa following rectal and subcutaneous routes
of infection. The early recruitment and secretion of MCP-1* cells can mediate the
recruitment of additional immune cell infiltrates to the site of infection.

The brain is differentially affected in rectal versus subcutaneous modes of ZIKV
transmission. We then explored the differential brain pathogenesis induced by rectal
and subcutaneous routes of ZIKV infection. We detected fewer infected cells in the
brains of the rectal route (RR) ZIKV group with no remarkable histopathological
alterations (Fig. 4A, bottom). Diffuse and focal areas of ZIKV infection in the brain
parenchyma were observed in the subcutaneous group (Fig. 4A). In addition, reduced
levels of apoptotic brain cells were observed in the RR ZIKV group as determined by
reduced cleaved caspase-3 activity through immunofluorescence assay (Fig. 4B). We
then examined the mice brains at an earlier time point of infection. ZIKV reached the
blood-brain barrier and infected brain microvascular endothelial cells and astrocytes at
1 dpi, as assessed by immunostaining of CD31 and glial fibrillary acidic protein (GFAP),
respectively (Fig. 4C). We also found that MCP-1 was expressed in cells early after
infection at 1dpi and during late-onset acute infection at 7 dpi (Fig. 4D and E). In
addition, GFAP* astrocytes were a main source of cytokine-induced MCP-1 in the brain
(Fig. 4E).

We then observed that ZIKV elicited comparable IL-6, IL-10, and MCP-1 responses in
the brains of RR and subcutaneous (SC) ZIKV mice at 1 and 3 dpi (Fig. 4F). A significantly
higher OAS-7 response was observed at 3 dpi for the SC ZIKV group. Furthermore,
subcutaneous infection resulted in significantly higher IL-10 and MCP-1 responses in
mice by 7 dpi, which correlate with higher inflammatory cell infiltrates and apoptotic
patterns observed at this time point.

Systemic immunophenotyping reveals higher CD4+ and CD8+ T-cell responses
early on following the rectal route of ZIKV infection. Our results indicate that rectal
ZIKV inoculation leads to subclinical infection with a reduced neuroinvasive phenotype
compared to a subcutaneous route of infection. It is possible that differential immune
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FIG 3 Rectal route of ZIKV infection results in increased CD4* T-cell responses in the rectal mucosa. (A)
Quantification of CD11b* monocytes, CD11c* dendritic cells, F4/80* macrophages, CD45* leukocytes,
and CD4+ T cells in the rectal mucosa of uninfected (PBS) and RR and SC ZIKV-infected groups at 7 dpi.
(B) Infected rectal tissue sections immunostained for ZIKV and anti-CD11¢, ZIKV and anti-CD45, or ZIKV
and anti-CD4 for RR and SC ZIKV groups at 7 dpi. For A, multiple-comparison two-way ANOVA and Tukey
tests were conducted (¥, P < 0.05; **, P < 0.001; ***, P < 0.0001; ****, P < 0.00001; ns, no significance).
Data are representative of one of four independent experiments.

responses can contribute to the clinical outcomes following different routes of trans-
mission. Subsequently, we probed the immune response to ZIKV infection in the
spleens of mice, a site important for local and systemic regulation of immunity and
filtering blood-borne pathogens. Significantly greater viral loads were observed in the
SC ZIKV group at 3 dpi but not at 7 dpi (Fig. 5A). However, significantly higher spleen
weights were observed for the RR ZIKV group at 7 dpi, which resulted in splenomegaly
(Fig. 5B and C). We performed mass cytometry for high-dimensional profiling of
different leukocytes (neutrophils, macrophages, dendritic cells, T cells, and B cells)
in response to rectal and subcutaneous routes of infection. Cells were stained with
epitope-specific antibodies (CD3, CD11b, CD11¢, CD45, CD8a, CD4, CD45R, Ly-6C,
Ly-6G, CD80, and CD19) conjugated to transition element isotopes as summarized in
Table 1. Comprehensive analyses of various immune cell populations were summarized
by multidimensional t-distributed stochastic neighbor embedding (t-SNE) plots, which
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FIG 4 Rectal ZIKV inoculation leads to reduced pathology and inflammation in the brain. (A, Top) Immunofluorescence images of uninfected (PBS) and infected
brain tissue sections at 7 dpi (RR versus SC routes). Tissues were immunostained with anti-flavivirus antibody (green), and nuclei were stained with DAPI (blue).
(A, Bottom) H&E images of brain tissue sections at 7 dpi (X 10 objective). (B) Imnmunofluorescence images showing ZIKV infection (green) and cleaved caspase-3
immunostaining (red) of infected brain sections at 7 dpi. Images were collected at X40 magnification; scale bar, 50 um. (C) Images of ZIKV-infected CD31*
endothelial cells (top) and infected GFAP* astrocytes (bottom) for RR ZIKV brain sections at 1 dpi. Images were collected at X20 magnification; scale bar, 20 um.
(D) Immunofluorescence images showing ZIKV infection (green) and MCP-1+ cells (red) in RR or SC ZIKV-infected brains at 1 dpi. Images were collected at X20
magnification; scale bar, 50 um. (E) ZIKV-infected GFAP* astrocytes (left), infected MCP-1* cells (middle), and colocalization of MCP-1+ with GFAP™* cells (right)
at 7 dpi. Images were collected at X20 magnification; scale bar, 50 um. (F) Fold change of IL-6, OAS-1, IL-10, and MCP-1 in the brain relative to the PBS control
group at days 1, 3, and 7. Two-tailed unpaired, nonparametric Mann-Whitney tests were conducted (¥, P < 0.05; **, P < 0.001; ns, no significance). Data are

representative of one of two independent experiments.

show global dynamic changes during mucosal and systemic routes of inoculation at
days 3 and 7 (Fig. 5D). Gating and cell identification strategies recommended for mass
cytometry were implemented. Leukocytes were differentiated by the expression of
CD45, and different immune cell types were subgated from CD45™ cells, based on the
expression of specific immune cell markers.

We found a significantly higher inflammatory response in the subcutaneous ZIKV
group at 3 dpi, where higher percentages of neutrophils, monocytes, and dendritic cells
were observed than those of rectal ZIKV group (Fig. 5E). The SC ZIKV-infected group
showed significantly lower CD4* and CD8™" T-cell responses at 3 dpi but stronger T-cell
responses at 7 dpi (Fig. 5E). Moreover, we found that mucosal infection elicited ZIKV-
specific neutralizing serum antibody responses at 20 dpi (Fig. 5F), which could limit
virus replication and spread and reduce tissue pathology.

Rectal ZIKV mucosal priming results in developing protective immunity. In
order to study the protective nature of mucosal-induced immune responses, we
immunized mice by rectal inoculation for 21 days and then challenged mice with ZIKV
via subcutaneous route. We used a wild-type ZIKV PRVABC59 strain and a previously
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FIG 5 Systemic cellular and humoral immune responses following rectal and subcutaneous routes of ZIKV infection. (A) ZIKV genome copies in the spleen, and
(B) spleen weights determined at days 1, 3, and 7 postrectal (RR ZIKV) or subcutaneous ZIKV (SC ZIKV) inoculations. For A and B, two-tailed unpaired,
nonparametric Mann-Whitney tests were conducted (¥, P < 0.05; **, P < 0.001; ns, no significance). (C) Gross images of uninfected (PBS) and infected (RR ZIKV)
spleens at 7 dpi. (D) Spleen cells were stained with metal-conjugated antibodies and metal intercalators (rhodium and iridium) (as provided in Table 1) and
analyzed by mass cytometry. t-SNE plots showing spatially distinct immune cell populations in the spleens of mice following rectal (RR) or subcutaneous (SC)
ZIKV inoculations at days 3 (D3) and 7 (D7). (E) The percentage of monocytes (CD45+ CD11b*), neutrophils (CD45* Ly6G* CD11b*), dendritic cells (CD45+
CD317 negative [CD317-] CD11c*), B cells (CD45* CD3~ CD19*), and CD8* and CD4* T cells (CD45* CD3") following RR and SC ZIKV inoculations at 3 and
7 dpi. As a reference, splenic cell populations quantified for PBS control mice (day 7 following PBS inoculation via rectal and subcutaneous routes) were
included. (F) Prechallenge serum neutralization titer of control mice (PBS) and ZIKV (PRVABC59)-infected mice via the rectal route (PRV RR) on day 20 (D20).
Two-tailed unpaired, nonparametric Mann-Whitney tests were conducted for A and B. For E and F, student’s t tests were performed for statistical analysis (¥,
P <0.01; **, P<0.001; ***, P < 0.0001; ns, no significance).
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TABLE 1 Metal-conjugated antibodies used for mass cytometry

Metal conjugate

No. (isotopic label) Target epitope Antibody clone Source Identifier
1 152Sm CD3e 145-2C11 Fluidigm 3152004B
2 148Nd CD11b (Mac-1) M1/70 Fluidigm 3148003B
3 142Nd CD11c N418 Fluidigm 3142003B
4 89Y CD45 30-F11 Fluidigm 3089005B
5 168Er CD8a 53-6.7 Fluidigm 3168003B
6 145Nd CD4 RM4-5 Fluidigm 3145002B
7 176Yb CD45R (B220) RA3-6B2 Fluidigm 3176002B
8 150Nd Ly-6C HK1.4 Fluidigm 3150010B
9 141Pr Ly-6G 1A8 Fluidigm 3141008B
10 170Er CD80 (B7-1) 16-10A1 BioLegend 104735

11 149Sm cD19 6D5 Fluidigm 3149002B
12 1475m CD317 eBio927 Fisher (eBioscience) 50-145-15

characterized, attenuated ZIKV PRVABC59 mutant B strain lacking a glycosylation site
(Asn 154 substituted with Thr) in the envelope region (Env-mB) (39, 40). Control mice
received PBS (unprimed group). Subcutaneous infection with Env-mB resulted in a
nonlethal, self-limiting infection with significantly reduced viremia compared to wild-
type ZIKV infection (data not shown).

Following challenge, unprimed control mice lost significant body weight and had up
to a 60% mortality rate by day 12 (Fig. 6A and B). In the PRV-primed mice, we did not
observe weight loss or any neurological symptoms or signs of disease (limb weakness,
partial or total hind-limb paralysis, and seizures). Moreover, this group had 100%
complete protection. Although the Env-mB-primed mice maintained their body
weights at significantly lower levels than PRV-primed mice, 80% of mice were protected
from lethal challenge by day 12 (Fig. 6B). Both PRV- and Env-mB-primed groups showed
reduced viremia at 3 days postsubcutaneous ZIKV challenge (Fig. 6C). PRV-primed mice
were completely protected and had undetectable viremia at 7 days postsubcutaneous
ZIKV challenge compared to the unprimed control group (Fig. 6C). However, 80% of
animals in the attenuated, Env-mB-primed group were protected during challenge and
had a significant 5-log reduction of serum viral titers relative to unprimed mice at 7 dpi
(Fig. 6C). Furthermore, both mucosal-primed groups developed comparable ZIKV-
specific neutralizing serum antibody responses (Fig. 6D). Immunohistochemistry anal-
ysis showed that unprimed mice had significantly higher levels of CD45-expressing cells
in the brain (Fig. 6E and F). Thus, PRV-primed and Env-mB-primed mice were protected
from ZIKV-mediated neuroinflammation. Two animals in the Env-mB-primed group
showed low-grade CD45" inflammatory cell infiltrates in the brain (Fig. 6E and F),
suggesting significant but partial protection from wild-type ZIKV virus challenge.

To further characterize the cellular and humoral immune responses mounted
against ZIKV, we performed mass cytometry on cells isolated from spleens of mice
following mucosal priming and after subcutaneous ZIKV challenge at 3 and 7 days (Fig.
7A). Multidimensional t-SNE plots indicate global dynamic changes of immune cell
populations after ZIKV challenge (Fig. 7A). Unprimed control mice had significantly
higher numbers of monocytes and neutrophils at 3 days postsubcutaneous ZIKV chal-
lenge (Fig. 7B). Mucosal-primed mice had significantly higher CD4* and CD8* T-cell
responses at days 3 and 7 than unprimed mice (Fig. 7B). Env-mB-primed mice had
significantly higher CD4* and CD8* T-cell responses than PRV-primed mice on day 3.
However, a stronger B-cell response was observed for the PRV-primed group at this
same time point. In addition, rectal immunization resulted in higher-memory CD4* and
CD8* T-cell responses at 3 and 7 days postsubcutaneous ZIKV challenge (Fig. 7B).
Interestingly, Env-mB-primed mice showed significantly higher dendritic cell responses
relative to both unprimed and PRV-primed mice groups at 3 and 7 days postsubcuta-
neous ZIKV challenge. These results suggest that glycosylation of ZIKV envelope results
in differential cellular immune responses that could be due to its inefficient infection of
DC-SIGN lectin-expressing dendritic cells (40, 41). Overall, our results show that mucosal
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FIG 6 Mucosal priming with ZIKV via the rectal route leads to developing protective immunity. Percent body weight
change (A) and percent survival (B) of unprimed (PBS) and mucosally ZIKV-primed mice (wild-type ZIKV PRVABC59
[Primed-PRV] or Env-mutant B virus [Primed-mB]) for 21 days via rectal route, followed by subcutaneous wild-type ZIKV
challenge (dose 1 X 10° PFU/mouse; n = 6 mice per group). In the Kaplan-Meier survival graph, lines are nudged slightly
for better visualization. (C) Serum viral titer of unprimed and primed mice at days 3 (D3) and 7 (D7) postsubcutaneous ZIKV
challenge. (D) Serum neutralization titer of PRV- and mB-primed mice 7 days postsubcutaneous ZIKV challenge. (E)
Immunohistochemistry analysis of brain sections for CD45* inflammatory cells (red) and ZIKV-Env antigen-positive cells
(green). The brain tissues of unprimed mice exhibited heavy infiltration of inflammatory cells. A subset of two mice in the

(Continued on next page)
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ZIKV infection elicits protective humoral and cellular immune responses that control
systemic ZIKV replication and spread to restrict neuroinflammation.

DISCUSSION

This study provides a detailed immunopathological characterization of the rectal
route of ZIKV transmission. The outcome of ZIKV infection can be determined by
transmission bottlenecks for virus replication and dissemination from the portal of
entry, thus leading to differences in systemic viral spread, which correlate with the
neuroinvasive pathogenic outcome and increased cell death observed in the brains of
subcutaneously infected mice at 7 dpi. The pathogenic differences observed between
the two routes of infection can be attributed to the delay caused by the mucosal barrier
to viral entry, immune priming at the intestinal-mucosal interface, and the altered
splenic innate and/or adaptive immune responses against ZIKV infection. A caveat of
our study is that the Ifnar1=/— mouse model has a deficient type | IFN innate immune
system. Thus, this model may or may not reflect immunological responses observed in
humans. Although this model lacks type 1 IFN response, it has competent B- and T-cell
responses. Hence, this immunocompromised mouse model is useful in providing
deeper insights into Zika virus pathogenesis and the resulting immunological re-
sponses to infection within different tissue microenvironments and in the development
and testing of potential vaccine candidates. We have previously used this animal model
system to elucidate the role of the Hippo signaling pathway in modulating ZIKV
replication and neuroinflammation (42) and to describe the Zika-mediated metabolic
changes occurring during infection (43). Moreover, the high dose of ZIKV used to
inoculate mice via the subcutaneous route resulted in an accelerated systemic infection
and an acute neuropathological outcome, whereas rectal ZIKV inoculation led to
subclinical, nonneurological disease outcomes. Therefore, the dose of viral inoculum,
duration of exposure, and the route of transmission can contribute to differential viral
dissemination kinetics and disease outcome.

Our results are consistent with a different study which showed that intra-anal
inoculation with ZIKV results in systemic infection of Ifnar1 =/~ mice (36). However, this
study reported that the rectal route of ZIKV infection results in mortality and mice
exhibit neurological signs of disease (36). Differences in clinical and pathological
disease observed may be due to methodological approaches, such as exposure length
to ZIKV via the rectal route (Li et al. reported 5 to 10 min, while we exposed mice for
4 min) and a distinction in the viral strain used. Our study of mucosal ZIKV transmission
through the rectal route may model human ZIKV disease presentation, where 80% of
infected individuals present subclinical and asymptomatic outcomes. In addition, Li
et al. showed that ZIKV-specific IgG and IgM responses were detected at 7 days
post-intra-anal ZIKV inoculation (36). Our study highlights the early cellular innate
immune responses developed in the rectal mucosa following 1 and 3 days of rectal ZIKV
inoculation. We provide evidence that dendritic cells are one of the primary targets of
ZIKV infection in the rectal mucosa. We also determined that significantly higher levels
of MCP-1* cells are observed in the rectal mucosa following 3 days of rectal ZIKV
inoculation, which can further mediate the recruitment of innate immune cells to the
site of infection.

The rectal route of immunization against rotavirus virus-like particles (44) or hepa-
titis A virus vaccine (45) has been shown to elicit strong systemic humoral responses.
Our model system of rectal immunization can be used as a platform to further
understand humoral mucosal immunity and/or related antigen-specific T-cell memory

FIG 6 Legend (Continued)

mB-Primed group (mB-Primed-L) had low-grade inflammation in the brain compared to the unprimed group, and a
representative image is shown. Images were collected at X20 magnification; scale bar, 25 um. (F) The percentage of CD45*
or ZIKV-Env-positive cells quantified in brain sections of mice. IHC images of brain sections from 3 to 5 mice were analyzed
using the ImageJ Cell counter program. The percent positive cells was calculated from over 600 total cells counted per
group. Two-way ANOVA with Sidak multiple-comparison tests were conducted for statistical analysis. ***, P < 0.0001; ns,

no significance.
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FIG 7 Rectal ZIKV immunization leads to protective immune responses against subcutaneous ZIKV challenge. (A) t-SNE plots showing spatially distinct immune
cell populations in the spleens of unprimed and mucosally primed (PVR-Primed and mB-Primed, respectively) mice after 21 days of rectal immunization with
ZIKV, followed by subcutaneous ZIKV challenge for 3 and 7 days. Results are representative of one of two independent experiments. (B) The percentage of
splenic monocytes, neutrophils, dendritic cells, B cells, CD4* T cells, memory CD4* T cells (CD4+ CD27* CD62L*), CD8a™ T cells, and memory CD8* T cells
(CD8* CD27+ CD62L") determined for unprimed and primed animals (PRV-Prm and mB-Prm, respectively) at D3 and D7 postsubcutaneous ZIKV challenge.
One-way ANOVA with Tukey’s multiple-comparison tests were conducted. *, P < 0.01; **, P < 0.001; ***, P < 0.0001; ns, no significance.
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responses developed against ZIKV. The anorectal route could represent an epidemio-
logically relevant transmission reservoir for ZIKV in communities with high prevalence
of unprotected anal sex practices. Further studies that examine the epidemiological
and clinical consequences of the rectal route of ZIKV transmission will be critical for
better understanding the pathophysiology of ZIKV in the mucosal microenvironment of
humans. Mucosal immunization of ZIKV via prime and booster immunization ap-
proaches can be further developed to prevent future ZIKV outbreaks.

MATERIALS AND METHODS

Ethics statement. This study was performed in strict accordance with the recommendations of the
guide for the care and use of laboratory animals (48). All animal experiments were conducted under
approved Institutional Animal Care Use Committee (IACUC) protocols at the Cedars-Sinai Medical Center
and the University of California, Los Angeles.

Cell lines and virus. The Aedes albopictus mosquito C6/36 cell line (CRL-1660 cell line from ATCC)
was used for virus propagation. C6/36 cells were maintained at 28°C in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Gemini), 100 U/ml penicillin (Gibco), and 100 ug/ml streptomycin (Gibco). Vero cells were obtained from
ATCC and were cultured in DMEM supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin
(Gibco), 100 wg/ml streptomycin, 1X GlutaMax (Gibco), and 20 mM HEPES (Gibco). The wild-type ZIKV
PRVABC59 strain was received from the Centers for Disease Control (CDC). A previously characterized
attenuated ZIKV PRVABC59 mutant strain lacking a glycosylation site (Asn 154 substituted with Thr) in
the envelope region (Env-mB) was used (40). Working ZIKV stocks were prepared by infecting C6/36 cells.
Supernatants were collected and centrifuged at 200 X g at 4°C for 10 min to remove cellular debris. The
supernatant was then aliquoted and frozen at —80°C.

Quantification of ZIKV by plaque assay. Vero cells were plated (1 X 10° cells/well) on 12-well
plates. Virus supernatants from C6/36 cells were used to titer virus from 10-fold serial dilutions in DMEM.
Dilutions were added to Vero cell monolayers at 37°C for 4 h. After the incubation time, 400 ul of
complete medium was added. Two days following the infection, plaques were counted, as previously
described (46).

Rectal inoculation of Ifnar1—/— mice. Specific-pathogen-free Ifnar1—/— mice (B6.129S2-Ifnar1tm49t/
Mmijax) of congenic C57BL/6 genetic background were purchased from the Jackson Laboratory (derived
by Mutant Mouse Resource and Research Centers [MMRRC] supported by NIH). Four- to six-week-old
Ifnar1-/~ mice were rectally inoculated with PBS or ZIKV (PRVABC59; isolated in Puerto Rico in 2015)
while anesthetized with isoflurane (n = 6 mice per group). Briefly, a calginate swab was used to remove
fecal stains from the anal orifice. Each mouse was inoculated with 1 X 10 PFU in a volume of 20 ul using
a sterile smooth pipette tip (after passing or penetrating through the anal orifice). Mice were kept with
the rectum facing upwards for 2 to 4 min to reduce leakage of the inoculum. Survival, weight loss, and
clinical symptoms were monitored for 1, 3, 7, and 21 days postrectal inoculation (dpi). At the indicated
times, mice were humanely euthanized by deep anesthesia with isoflurane followed by cervical dislo-
cation. Blood was collected by direct cardiac puncture while the mouse was under isoflurane anesthesia.
The mouse was then subjected to whole-body perfusion through the transcardial route with 1X PBS. To
measure ZIKV viremia, 250 ul of blood was collected. Briefly, blood was centrifuged at 2,000 rpm for 15
min. Serum was stored at —80°C. Total RNA was extracted from serum using the viral RNA minikit
(Qiagen). The rectum, testes, seminal vesicles, spleen, inguinal and mesenteric lymph nodes, and brain
were harvested to measure viral load and cellular gene expression, as well as for immunohistochemistry.
Tissues were removed from uninfected (PBS) or ZIKV-infected mice and dissected in thirds for fixation in
10% neutral buffered formalin for pathology, 4% paraformaldehyde for immunohistochemistry, or
RNAlater (Thermo Fisher Scientific) for RNA isolation.

Subcutaneous inoculation of Ifnar1—/— mice. For subcutaneous infections with ZIKV (SC ZIKV), 4-
to 6-week-old Ifnar1—/— mice (A129) were inoculated with PBS (n = 5 to 6 mice) or ZIKV (1 X 10¢ PFU per
mouse in a total volume of 40 ul) (n =5 to 6 mice) in the hind-limb region. Blood was collected for
viremia, and tissues were collected as described above.

Rectal mucosal ZIKV immunization and subcutaneous ZIKV challenge. At day 0, 12- to 14-week-
old Ifnar1=/— mice (A129) of mixed sex were mucosally primed with wild-type ZIKV PRVABC59 (1 X 10°
PFU/mouse) or with an attenuated ZIKV Env-mB strain (1 X 10° PFU/mouse) through the rectal route
(n =6 mice per group). PBS-inoculated mice were included as the unimmunized control group. At
3 weeks postrectal ZIKV immunization, control and both primed and unprimed groups were challenged
with wild-type ZIKV PRVABC59 virus (1 X 106 PFU/mouse) through the subcutaneous route. Mice were
weighed daily and closely monitored for health conditions and any neurological signs. For survival
studies, animals were followed for 12 days. For assessing immune responses and viral load, blood and
tissues were collected at 3 and 7 days postsubcutaneous ZIKV challenge. Cells isolated from the spleen
were subjected to mass cytometry analysis. Serum was used for neutralization assays or viral titer
assessment.

Histology. Brain tissues were placed in 10% neutral buffered formalin for 3 to 7 days and transferred
to 70% ethanol. Tissue was then processed and embedded in paraffin, and sections were cut at 5 wm and
stained with hematoxylin and eosin (H&E) at the Cedars-Sinai Research Histology and Molecular
Pathology Core. Slides were evaluated in a blinded manner by a pathologist (S.F.) at UCLA. Evaluation
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TABLE 2 RT-qPCR primer sequences

Primer Forward Reverse

ZIKV AAGTACACATACCAAAACAAAGTGGT TCCGCTCCCCCTTTGGTCTTG
Mouse IL-6 CAAAGCCAGAGTCCTTCAGAG GTCCTTAGCCACTCCTTCTG
Mouse OAS-1 AGAGATGCTTCCAAGGTGC ACTGATCCTCAAAGCTGGTG
Mouse IL-10 CCCTTTGCTATGGTGTCCTTTC AGGATCTCCCTGGTTTCTCTTC
Mouse MCP-1 AGTAGGCTGGAGAGCTACAA GTATGTCTGGACCCATTCCTTC

was conducted for uninfected (PBS) and infected brain tissue sections (rectal and subcutaneous routes
of infection) at 7 dpi.

RNA sample preparation and RT-qPCR. To determine levels of virus in tissues of control and
infected mice, tissues were placed in RNAlater (Thermo Fisher Scientific) immediately after harvest and
stored at —80°C. Tissues were homogenized, and RNA was extracted using Trizol as per the manufac-
turer’s instructions (Thermo Fisher Scientific). Total RNA was isolated from each sample. RNA was
quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). cDNA was prepared
from 1 ug of RNA using random hexamer primers and the SuperScript Il reverse transcriptase kit
(Thermo Fischer Scientific). gPCR was performed using SYBR green ROX supermix (Life Technologies) and
an Applied Biosystems QuantStudio 12K flex real-time PCR system (Thermo Fisher Scientific) or SSOAd-
vanced universal SYBR green supermix (Bio-Rad) using a CFX384 touch real-time PCR detection system
(Bio-Rad). Briefly, amplification was performed using 10-ul volume reactions in a 384-well plate format
with the following conditions: 95°C for 30 sec for polymerase activation and cDNA denaturation, then 40
cycles at 95°C for 15 s and 60°C for 1 min, with a melt-curve analysis at 65 to 95°C and 0.5°C increments
at 2 to 5 s/step. The relative concentration of each transcript was calculated using the 2-2¢T method, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) threshold cycle (C;) values were used for normal-
ization. The basal mRNA level in tissue from the PBS-inoculated group was normalized to 1, and the fold
change relative to PBS was determined for each infected tissue type. The qPCR primer pairs for mRNA
transcript targets are provided in Table 2. ZIKV RNA transcript levels were quantified by comparing them
to a standard curve generated using serial 10-fold dilutions (10° to 10'° copies) of a ZIKV NS5
gene-containing plasmid. ZIKV RNA levels were expressed as ZIKV genome copies per 1 ug of RNA using
the standard curve.

Immunohistochemistry. Tissue was fixed in 4% paraformaldehyde (PFA) for an hour, washed once,
and transferred to PBS. Tissues were then submerged in 10% and 20% sucrose for an hour and 30%
sucrose overnight at 4°C. Tissue was then embedded in OCT (Fisher Healthcare) and stored overnight at
—80°C. Tissues were cut (7 to 10 wm thick) using a Leica cryostat microtome and mounted on Superfrost
precleaned microscope slides (VWR) or poly-L-lysine-coated German glass round coverslips (14 mm, no.
1) (Electron Microscopy Services). Sections were washed once with 1X PBS to rehydrate tissue for 10 min.
Three to six drops of Fc receptor blocker (peptide based) were added over each tissue sample for 30 to
60 min at room temperature. Immunostaining was conducted in the presence and absence of an Fc
receptor blocker, and no differences in the staining of immune cells were observed. Tissues were rinsed
once with wash buffer (0.3% Triton X-100 and 0.01% sodium azide in 1X PBS) for 5 min and then
permeabilized using primary or secondary incubation buffer (1% bovine serum albumin [BSA], 0.3%
Triton X-100, and 0.01% sodium azide in 1X PBS) for 1 h at room temperature. Sections were then rinsed
with wash buffer and blocked with 5% normal goat serum (vol/vol) (Cell Signaling Technology), 5%
normal donkey serum (vol/vol) (Jackson ImmunoResearch), or both, depending on the host source for
the fluorescently labeled secondary antibody used. Sequential or simultaneous incubation with unla-
beled primary antibodies was then performed. For ZIKV staining, sections were incubated overnight at
4°C with a rabbit anti-flavivirus group antigen recombinant monoclonal antibody (clone D1-4G2-4-15
[4G2] at 1:1,000), which recognizes the fusion loop of domain Il of the envelope (Env) protein of dengue,
West Nile, Japanese encephalitis, and Zika viruses, or the rabbit polyclonal anti-Zika NS4B antibody
(1:250). Antibodies used to immunostain immune cells in rectal and brain tissues are listed in Table 3.
Anti-CD11b was used to immunostain monocytes, anti-CD11c and anti-DC-SIGN for dendritic cells,
anti-F4/80 for macrophages, anti-CD4 for CD4+ T cells, and anti-CD45 for CD45* leukocytes. Isotype
controls for rabbit, rat, or Armenian hamster were used to measure levels of nonspecific background
signals caused by primary antibodies. A second negative control (without primary antibody) was also
tested.

Sections were rinsed three times with wash buffer and incubated with fluorescently labeled second-
ary antibody for 1 h at room temperature. Sections were then rinsed three times with wash buffer for 5
min and stained with DAPI (4’,6-diamidino-2-phenylindole dihydrochloride) (Thermo Fisher Scientific) at
a dilution of 1:5,000 in 1X PBS for 10 min. Round coverslips with tissue sections were mounted on
precleaned glass slides using Prolong gold antifade mountant (Thermo Fisher Scientific) and sealed with
nail polish. Images were acquired using LSM 700 or LSM 780 confocal microscopes and Zeiss software
programs available at the UCLA Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell
Research Microscopy Core at the Paul I. Terasaki Life Sciences or Center for Health Sciences buildings.

Enumeration of immune cells in the rectal mucosa and the brain. Automated counts of immune
cells in rectal tissue were done for tissue collected days 1, 3, and 7 postinfection. Confocal images were
taken at X20 magnification, and 8 to 15 nonoverlapping regions were acquired for image analysis. Each
area included glands with lamina propria. Images with lymphoid aggregates were excluded from the
analysis, as not all sections had lymphoid aggregates. For results presented in Fig. 2G and | and Fig. 3A,
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TABLE 3 Reagents or resources used in this study

Journal of Virology

Reagent Source Identifier or catalog no.
Rat anti-mouse CD4 (clone GK1.5) monoclonal antibody Bio-Rad MCA4635GA
Rat monoclonal anti-mouse CD8, clone YTS169.4 Abcam ab22378
Purified rat anti-CD11b, clone M1/70 BD Pharmingen 553308
Purified Armenian hamster anti-CD11c¢, clone N418 BioLegend 117302
Mouse DC-SIGN/CD209 antibody R&D Systems MAB83451
Purified rat anti-F4/80, clone BM8 eBioscience 14-4801-81
Leaf purified Armenian hamster anti-MCP-1 antibody BioLegend 505905

Rat anti-mouse CD45 Bio-Rad MCA1031GA
Rabbit flavivirus group primary antibody (D1-4G2-4-15) Novus NBP2-52666
Zika virus NS4B protein antibody, rabbit polyclonal GeneTex GTX133311
Rat anti-EpCAM monoclonal antibody, clone G8.8 Thermo Fisher Scientific 14-5791-81
Cleaved caspase-3 rabbit monoclonal antibody, clone D175 Cell Signaling 9661S
Purified rat anti-mouse CD31, clone MEC 13.3 BD Pharmingen 550274
Polyclonal rabbit anti-GFAP Agilent Dako 7033429-2
Rabbit 1gG isotype control Thermo Fisher Scientific 02-6102

Rat IgG isotype control Invitrogen 31933
Mouse IgG isotype control Invitrogen 10400C
Armenian hamster IgG isotype control BioLegend 400902
Goat anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific A-11008
Goat anti-mouse Alexa Fluor 555 Thermo Fisher Scientific A32727
Goat anti-rabbit Alexa Fluor 647 Thermo Fisher Scientific A32733
Goat anti-rat Alexa Fluor 555 Thermo Fisher Scientific A21434
Donkey anti-rabbit Alexa Fluor 555 Thermo Fisher Scientific A31572
Donkey anti-rabbit Alexa Fluor 647 Jackson ImmunoResearch 711-605-152
Donkey anti-rat Cy3 Jackson ImmunoResearch 712-165-153
Goat anti-Armenian hamster Alexa Fluor 488 Abcam ab173003
CD16/CD32, clone 93 eBioscience (Fisher) 50-124-40

cells were automatically counted from images of rectal tissue collected at X20 magnification (dimen-
sions, 408.2 um by 408.2 um) using the Cell Profiler program. Images were acquired from 2 different mice
of 5 total mice from uninfected (PBS) and infected groups (RR versus SC ZIKV). For Fig. 6F, immunohis-
tochemistry (IHC) images (X 20 magnification) of brain sections from 3 to 5 mice were manually analyzed
using the ImageJ cell counter program. Percent positive cells were calculated from over 600 total cells
counted from four images for each mice group.

Neutralization Assay. Mice serum (15 ul/mouse) samples were heat inactivated at 55°C for 30 min.
Serial 10-fold dilutions (10" to106) were prepared and incubated with 100 PFU of wild-type ZIKV
PRVABC59 virus for 1h at 37°C. Then, 100 ul of serum-virus complexes were added to Vero cell
monolayers (48-well plate) (25,000 cells/well) and incubated for 2 h at 37°C/5% CO,. The inoculum was
removed, and the cells were washed twice (1X PBS) before adding fresh media (250 wl). The cells were
then incubated for an additional 48 h. Viral plaques were then counted using a Leica phase-contrast
inverted microscope.

Mass cytometry. Splenic cell populations were characterized by mass cytometry analysis. Metal-
conjugated antibodies were used for high-dimensional description of immune markers at the single-cell
level to characterize diverse immune cell populations (Table 1). We used the Maxpar cell surface staining
protocol as per the manufacturer recommendations (Fluidigm) with minor modifications (47). Cells were
isolated from the spleen to assess immunological responses under uninfected (mock) and ZIKV-infected
conditions following rectal or subcutaneous inoculations. Briefly, the spleen was incubated in cold 1X
PBS, cut into pieces, and mechanically disrupted using a syringe or 1-ml pipette tip. Homogenates were
filtered through sterile 70-um cell strainers (Falcon cell strainer; Fisher Scientific) with 10 ml of cold 1X
PBS. Red blood cells were lysed using ACK lysing buffer (Gibco) for 2 min at room temperature. The cells
were then resuspended in 8 ml of 1X PBS. Approximately 3 X 10° cells were aliquoted in a 1.5-ml
screw-cap tube. Cells were centrifuged (300 X g for 5 min) and resuspended in 500 ul of 1X PBS with
Cell-ID Cisplatin (Fluidigm) for 5 min. Cells were then resuspended in 50 ul of Maxpar staining buffer with
Fc block solution (0.5 to 1 ug of CD16/CD32, clone 93; eBioscience) and were incubated for an additional
10 min. Subsequently, 50 ul of metal-conjugated antibody cocktail containing the antibodies of interest
(with optimal concentrations), as listed in Table 1, was added and incubated for 30 min at room
temperature. The cells were then subjected to two washes with Maxpar staining buffer before the
addition of cell intercalation solution (Maxpar fix and perm buffer; Cell-ID Intercalator-Ir) and overnight
incubation at 4°C. After the overnight incubation, cells were washed with Maxpar staining buffer,
resuspended in water, and subjected to mass cytometry. Individual cells were ionized and analyzed by
Helios CyTOF mass cytometer. Cell subpopulations were analyzed using the CyTOF software v6.7
(Fluidigm) and FlowJo software program (FlowJo, LLC).

Statistical analyses. All testing was done at the two-sided alpha level of 0.05. Data were analyzed
for statistical significance using Student’s t test or a parametric two-tailed unpaired Mann-Whitney t test
to compare two groups (uninfected versus infected) with Graph Pad Prism software, version 8.3
(GraphPad Software, USA). Kaplan-Meier survival curves were analyzed by the Gehan-Breslow-Wilcoxon
test. P values less than 0.05 were considered significant.
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