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Abstract

Prior to the emergence of Asian genotype Zika virus (ZIKV) in the Western hemisphere, sexual
transmission in humans was documented. Sexual transmission by African genotype ZIKVs has not
been assessed in laboratory animal models, due to rapid and high mortality rates of
immunodeficient mice following inoculation. To overcome these limitations, immunocompetent
C57BI/6 mice were used to longitudinally assess Asian and African genotype ZIKV sexual
transmission potential. Furthermore, to determine if enhanced pathogenesis of African genotype
ZIKVs is due to structural determinants, PRVABC59 prM/E was replaced with African MR766
prM/E (chimeric ZIKV). The African genotype and chimeric ZIKV elicited greater pathogenic
effects in the male reproductive tract and generated higher viremias. Yet, the duration, magnitude
and efficiency of seminal shedding of infectious virus and viral RNA were similar between
chimeric-, African and Asian genotype ZIKV-inoculated mice. These data show that increased
male reproductive tract pathology does not increase sexual transmission potential.
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1. Introduction

Sexual transmission as an alternative non-vector borne transmission route for Zika virus
(ZIKV) was first posited in 2011, after the spouse of an individual returning from Africa
developed a rash and showed serological evidence of ZIKV infection following sexual
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contact (Foy et al., 2011). Subsequent isolation of ZIKV from seminal fluid of a male
experiencing hematospermia was documented during an outbreak in French Polynesia in
2013 (Musso et al., 2015). Consistent with these reports, ZIKV RNA has been detected in
multiple bodily fluids of infected individuals, including urine, saliva, vaginal secretions and
semen (Mead et al., 2018a; Moreira et al., 2017). Long-term persistence of ZIKV RNA in
semen is common, with approximately 50% of infected men shedding ZIKV RNA in semen
for 42-54 days following illness onset. Furthermore, approximately 5% of men shed
detectable ZIKV RNA as far out as 139-186 days post illness onset (Mead et al., 2018b;
Huits et al., 2017; Paz-Bailey et al., 2018; Medina et al., 2019). While semen samples are
more frequently viral RNA positive than positive for infectious virus, infectious virus has
been detected in semen ranging from fifteen to sixty-nine days post illness onset (Mead et
al., 2018b; Medina et al., 2019; Garcia-Bujalance et al., 2017).

Long-term ZIKV RNA shedding in semen also occurs in nonhuman primate (NHP) and
murine models. In rhesus macaques, viral RNA was detected in semen 28 days post
inoculation (dpi) (Osuna et al., 2016) and in type I/l receptor knockout (AG129) mice, viral
RNA persisted for weeks after infectious virus was no longer detected in semen (Duggal et
al., 2017a). The cellular reservoir that leads to persistent viral RNA shedding is unknown,
but NHP models have confirmed the male reproductive tract (MRT) tropism of Asian lineage
ZIKVs (Osuna et al., 2016; Koide et al., 2016). In murine models, both African and Asian
genotype ZIKVs replicate in a variety of cell types/tissues in the MRT (Duggal et al., 2017a;
Govero et al., 2016; McDonald et al., 2018; Chan et al., 2016). In mice, viral replication in
epididymal epithelial cells and infiltrating leukocytes was correlated with sexual
transmission potential (McDonald et al., 2018). Consistent with these data, other studies
have shown that ZIKV can be sexually transmitted, either by copulation between male and
female AG129 mice (Duggal et al., 2017a, 2018), or by a coitus free model of sexual
transmission using fluid from epididymides of ZIKV-inoculated /fnar1™~ mice for
intravaginal inoculations of naive female /frarZ™~ mice (Clancy et al., 2018a). Similar
assessments for direct sexual transmission potential have not been made with African
genotype ZIKYV strains, which elicit rapid and high mortality rates in immunodeficient
mouse models, thus precluding assessment of sexual transmission by inoculated males
(McDonald et al., 2017).

This study assessed shedding of ZIKV in semen following inoculation of immunocompetent
mice with Asian or African genotype ZIKV isolates. Transient knockdown of type | IFN
signaling in C57BI/6 mice resulted in delayed and/or reduced mortality following
inoculation with both African and Asian genotype ZIKV strains compared to similar
inoculations of type I/11 receptor deficient (AG129) mice. Furthermore, the African and
Asian genotype ZIKV strains demonstrated similar sexual transmission potential and
duration of ZIKV RNA shedding in semen. These data confirm that sexual transmission of
ZIKV is not a recent adaptation, but rather is conserved between African and Asian
genotype ZIKV strains. Mice inoculated with a chimeric infectious ZIKV clone, in which
PRVABCS59 prM/E was replaced with MR766 prM/E, demonstrated greater pathogenic
effects in the MRT and higher viremia compared to mice inoculated with Asian genotype
ZIKVs.
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2. Materials and methods

Virus isolates and recombinant viruses.

The virus isolates used in this study were: PRVABC59 (Puerto Rico 2015; Vero passage 3),
P6-740 (Malaysia 1966; suckling mouse passage 6, Vero passage 3), FSS13025 (Cambodia
2010; Vero passage 4), DakAr 41524 (Senegal 1984; AP61 passage 1, C6/36 passage 1, Vero
passage 4), and MR766 (Uganda 1947; suckling mouse brain passage 149, Vero passage 2).
The MR766 isolate used in these studies does not contain a four amino acid deletion in the E
protein common in other passaged isolates (Duggal et al., 2017b). A two plasmid ZIKV
PRVABCS59 infectious cDNA system was used to engineer all mutations and recombinant
viruses (Weger-Lucarelli et al., 2017). The PRVABC59 infectious clone differs from the
original PRVABCS59 isolate by a non-synonymous mutation at E-330 (E-V330L). The
infectious clone (hereafter referred to as E-330L) was mutated using /n Vivo Assembly
cloning (Garcia-Nafria et al., 2016) to make the reverse substitution (E-L330V) and is
referred to as E-330V (Duggal et al., 2019). To generate the chimeric prM/E ZIKV ic, the
nucleotide sequence of prM/E from MR766 (HQ234498) was synthesized as a gene block,
with two synonymous mutations made in the envelope sequence to remove Apal1l
restriction sites (IDT, San Jose, CA). Using the NEBuilder HiFi DNA Assembly Master Mix
(New England Biolabs, Ipswich, MA), this gene block was cloned into the first plasmid of
the two-part ZIKV infectious clone system by Gibson assembly. The structural protein
chimeric virus was generated with the prM/E of MR766 as this African isolate was
previously shown to consistently result in mortality in intracranially inoculated immune
competent mice from a wide age range and to generate high titers and induce rapid mortality
in AG129 mice (McDonald et al., 2017; Duggal et al., 2017b). The assembled product was
transformed into chemically competent £. coli. Clones were verified by sequencing. The two
plasmids were ligated and RNA was transcribed from the full-length infectious clone DNA
using the AmpliScribe T7 High Yield Transcription kit (Lucigen). The RNA transcription
reaction was transfected into Vero cells using MessengerMax Lipofectamine reagent
(ThermoFisher). Supernatant was harvested when cytopathic effect was observed, and virus
titrations were carried out by plaque assay on Vero cells.

Mouse experiments.

12-week-old male C57BL/6 mice (Charles River, Wilmington, MA) were acclimatized for at
least two weeks in the ABSL-2 animal facility at the Division of Vector-Borne Diseases at
the Centers for Disease Control and Prevention (Fort Collins, CO). 14- to 18-week old male
mice were used for the experimental inoculation studies. One day prior to inoculation (-1
dpi) with virus, the mice were injected intraperitoneally (i.p.) with 2.0 mg of anti-mouse
Interferon Alpha/Beta Receptor 1 (MAb-5A3; Leinco Technologies, St. Louis, MO). At dpi
1 and 4, mice were similarly i.p. treated with 0.5 mg of MAb-5A3. This dosing schedule was
described previously and is based on the half-life of MAb-5A3 being 5.2 days when used at
2.0 mg (Smith et al., 2017; Lazear et al., 2016; Sheehan et al., 2006).

C57BL/6 mice were inoculated subcutaneously in their rear footpad with a 10 pL inoculum
containing 103 PFU of ZIKV strain PRVABC59, P6-740, FSS 13025, MR766, DakAr
41524, or ZIKV infectious clone (ic) E-330L, E-330V, or prM/E chimeric virus. Three
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mice from each inoculation group (except from the MR766-and DakAr 41524-inoculated
groups) were chosen randomly and euthanized on dpi 8 to compare to mice from the
MR766-and DakAr 41524 inoculated groups (which met clinical criteria for euthanasia on
dpi 7-12). For the remaining mice in each group, mice were euthanized when clinical
evidence of disease was observed or when dpi 28-33 was reached (terminal end point). Mice
were euthanized by cervical dislocation while under isoflurane-induced deep anesthesia.
Tissues and serum were collected at the time of euthanasia.

Semen from male C57BL/6 mice were collected as previously described (Duggal et al.,
2017a; McDonald et al., 2017). Inoculated male mice were housed individually, and each
evening (beginning on dpi 6) three female CD-1 mice were introduced into the cage. The
following morning, females were examined for evidence of a copulatory plug. Mated
females with a copulatory plug were euthanized and then processed immediately to collect
semen by flushing both horns of the uterus with 500 pL of BA-1 media. Semen was stored at
—80 °C until titrated for infectious titers or RNA was extracted for qRT-PCR.

Viral Quantification.

Brain, testis and seminal vesicle tissues were weighed and then homogenized using a pestle
in an equal volume of BA-1 medium, and then clarified by centrifugation. Eyes were either
resuspended in 25 pL of BA-1 medium or weighed and resuspended in an equal volume of
BA-1 medium, and then homogenized using a pestle, followed by clarification by
centrifugation. The epididymides were minced with a scalpel in 500 pL of BA-1 media.
Clarified tissue homogenates and epididymal cell suspensions and semen collections were
serially diluted for titration by plaque assay. For tissues and serum from mice inoculated
with the ZIKV isolates, E-330L, or prM/E chimeric virus, the secondary overlay containing
neutral red for the Vero cell plaque assay was added four days post-inoculation. For tissues
and serum from mice inoculated with E-330V, the secondary overlay was added five days
post-inoculation due to the small plaque morphology of this virus. The limit of detection for
tissues (brain, testis, and seminal vesicle) was 1.7 logig PFU/gram, the limit of detection for
eye titers was 2.0 logyo PFU/eye, for serum titer was 2.0 log;g PFU/mL and for semen was
0.4 log1g PFU/ejaculate.

ZIKV RNA Quantification.

Semen was denatured in 10 mM DTT, and RNA extracted from the denatured samples using
the MagMAX Viral RNA Isolation Kit (Ambion). ZIKV RNA was quantified using real-
time RT-PCR primers and probe as described previously (Lanciotti et al., 2007). A standard
curve was generated by /n vitro transcription (AmpliScribe T7 High Yield transcription kit)
of a plasmid containing a fragment of ZIKV spanning genomic position nucleotides 859-
1278. The detection limit for this assay was 2.0 logig RNA copies per ejaculate (Lanciotti et
al., 2007).

Time to clearance (of ZIKV RNA in semen) model development.

The data used for model assessment were from C57BL/6 immunocompetent mice pretreated
with monoclonal antibody against IFNAR1 and inoculated with PRVABC59 (n = 5),
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FSS13025 (n = 5), P6-740 (n = 5), MR766 (n = 5), DakAr 41524 (n = 5) or ZIKV ic prM/E
chimeric virus (n = 6).

A male mouse was considered to have cleared ZIKV RNA in their semen once it had two
negative samples in a row, followed by no further positive samples, or if it was negative on
the last day of the study. For mice that were negative by the end of the study, clearance of
ZIKV RNA was assumed to have occurred between the day of the last positive sample and
the day of the next negative sample (interval censoring). For mice that were still positive at
their last collection, time to clearance was right censored at the day of the last positive
sample. A two-parameter Weibull distribution was fit to the time to clearance, allowing both
the scale and the shape parameters to vary by strain. Standard diagnostics were performed to
ensure model fit.

Histopathology and RNA In situ Hybridization.

After mice were euthanized, tissues were immediately placed into 10% neutral buffered
formalin for 3 days and then transferred to and stored in a 70% ethanol solution prior to
processing. Sections were cut at 4 um and stained by routine hematoxylin-eosin or by /n situ
hybridization (ISH). Probe sets targeting the positive-strand ZIKV RNA genome were used
with the ViewRNA ISH tissue assay (ThermoFisher). As a negative control, tissue sections
from a PBS mock-inoculated C57BL/6 uninfected male mouse were stained using the ZIKV
(+) probe set. As a positive control, tissues were stained using probes against the
housekeeping murine mMRNAs GAPDH, PIPB, and B-actin. Tissue sections were de-
paraffinized and underwent an optimized View RNA ISH tissue assay, with pre-treatment
and protease treatments lasting 7 min each. Positive staining (red punctate staining) was
detected using an alkaline-phosphatase label probe. Nuclei were counterstained with Gill’s
Hematoxylin I.

3. Results

African genotype ZIKV isolates are more pathogenic than Asian genotype ZIKV isolates in
immunocompetent mice.

Since the sexual transmission potential of African genotype ZIKV strains could not be
studied in immunodeficient mouse models due to rapid and high mortality rates following
inoculation (McDonald et al., 2017), an immunocompetent mouse model was used to assess
pathogenesis and sexual transmission potential of multiple Asian and African genotype
ZIKVs. Previous studies demonstrated that C57BI/6 mice treated with anti-1fnarl
monoclonal antibody MAb-5A3 and inoculated with African or Asian genotype ZIKVs
develop viremia with subsequent infection of peripheral organs, including the murine MRT
(Govero et al., 2016; Smith et al., 2017). Therefore, immunocompetent C57BL/6 male mice
were treated with MAb-5A3 and inoculated in groups of 8-9 with 103 PFU of Asian
genotype ZIKYV strains (PRVABC59, FSS 13025 or P6-740), African genotype ZIKV strains
(DakAr 41524 or MR766), or infectious clone derived viruses (E-330L, E-330V or prM/E
chimeric virus).
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Only mice inoculated with African genotype ZIKV strains (MR766 or DakAr 41524)
exhibited mortality (Fig. 1A). Mice inoculated with MR766 had a median survival time of
9.8 days, and 75% succumbed to infection. For mice inoculated with DakAr 41524, 43% of
the mice were euthanized after displaying clinical signs of disease (mice were euthanized on
dpi 11 and 12). Mice inoculated with MR766 and DakAr 41524 lost significantly more
weight than mice inoculated with Asian genotype ZIKVs (Fig. 1B-F). Significant weight
loss was first observed on dpi 7 for mice inoculated with MR766 and on dpi 8 for mice
inoculated with DakAr 41524 (p <0.0001 MR766 and DakAr 41524 vs PRVABC59, FSS
13025; p <0.0001 DakAr 41524 vs P6-740; p < 0.01 MR766 vs P6-740). Mice inoculated
with Asian genotype ZIKV strains only lost between 3 and 5% of their initial body weight
and this weight loss occurred early following inoculation (Fig. 1D-F).

Since the African genotype ZIKVs elicited mortality in immunocompetent mice, we
assessed whether the prM/E structural genes from African ZIKVs could confer enhanced
pathogenic effects in an Asian genotype ZIKV. Using a reverse genetics system based on
PRVABCS59, a recombinant chimeric virus was generated in which prM/E was replaced with
prM/E from African MR766 ZIKV (prM/E chimeric virus). prM/E from MR766 was chosen
as previous studies have reported similar neurovirulence of MR766 and DakAr 41524
following intracranial inoculation of immunocompetent CD-1 mice (Duggal et al., 2017b).
Furthermore, there are only four amino acid differences between the prM/E sequence of
MR766 and DakAr 41524 (E-Y158H, E-K283R, E-1341R, E-V343A). This recombinant
prM/E chimeric virus was directly compared to a parental infectious clone derived virus
containing either a non-synonymous variant at E-330 (E-V330L), recently shown to result
in attenuated pathogenesis in immunodeficient mice, or the clone representative of the
original PRVABCS59 isolate (E-330V) (Duggal et al., 2019).

100% of the mice inoculated with prM/E chimeric virus, E-330L, and E-330V survived to
the experimental endpoint (Fig. 1A). Thus, the African prM/E structural genes did not
increase mortality of the Asian genotype virus. Furthermore, mice inoculated with chimeric
virus or the parental infectious clone viruses lost significantly less weight than mice
inoculated with the African ZIKVs (Fig. 1B-C, 1G-I; dpi 7-11; p <0.0001). We did not find
evidence of differential weight loss between mice inoculated with the Asian genotype
ZIKVs versus mice inoculated with the chimeric virus or the infectious clone derived
ZIKVs.

African genotype ZIKV isolates replicate to higher titers in blood, brain, and eye.

Viremia was transient for all groups of mice, with infectious virus being detected on dpi 3
through 7 (Fig. 2A-C). The highest viremia titers were observed in the mice inoculated with
MR766 and DakAr 41524 (Fig. 2A), with significant differences in titer magnitude observed
between MR766 and DakAr41524 at dpi 5 and between both of the African ZIKVs vs all
other groups at dpi 5 (p < 0.0001; p < 0.01 for MR766 vs P6-740). For mice inoculated with
PRVABCS59 or FSS13025, peak viremia occurred on dpi 3 (Fig. 2B). In mice inoculated with
P6-740 or with E-330V/L, peak viremia was delayed until dpi 5 (Fig. 2B-C). Mice
inoculated with the chimeric virus exhibited significantly higher serum titers than ZIKV ic E
—-330V and E-330L on dpi 3 and 5, and higher serum titers than PRVABC59 and FSS 13025
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on dpi 5 (Fig. 2B-C). However, the prM/E chimeric virus titers were significantly lower than
those of mice inoculated with African genotype ZIKVs (Fig. 2A-C).

As early as dpi 7, infectious virus was present in the eyes and brains of C57BI/6 mice
inoculated with African genotype ZIKV strains (Fig. 3A-B). The mean eye titer for DakAr-
inoculated mice was significantly higher than the mean titer of MR766-inoculated mice (6.8
logqg PFU/eye vs 3.5 logyg PFU/eye; p < 0.0001). Only one FSS13025-inoculated mouse
had infectious virus in their eye at dpi 8. Infectious virus was absent from the eyes of prM/E
chimeric-, E-330V- or E-330L-inoculated mice on dpi 8 (data not shown).

All mice in the DakAr 41524- and MR766-inoculation groups had infectious virus present in
the brains from dpi 7 to 12 (4.2 and 5.2 logyo PFU/gram, respectively; Fig. 3B). In contrast,
less than half (4 of 9) of the mice inoculated with Asian genotype ZIKV isolates had
infectious virus in the brain on dpi 8. The mean titers were 1.8 (PRVABC59), 2.0 (FSS
13025) and 3.2 (P6-740) logg PFU/gram of brain tissue. Although there was no significant
difference in brain titers between the two African genotype ZIKV strains (p = 0.6998),
MR766-inoculated mice had significantly higher brain titers than PRVABC59-, FSS 13025-,
prM/E chimeric virus-, E-330V- and E-330L-inoculated mice (p < 0.05).

The epididymides are crucial for sexual transmission potential.

Viral dissemination to the MRT was also assessed. On dpi 8, infectious virus was absent
from the seminal vesicle and testis in mice inoculated with Asian genotype ZIKV isolates,
with the exception of one P6-740-inoculated mouse. Only a subset of prM/E chimeric- and
E-330V-inoculated mice had infectious virus in these tissues, with no significant differences
found. In contrast, the testes and seminal vesicles of mice inoculated with MR766 and
DakAr 41524 were robustly infected and had significantly higher titers (7.3 and 7.9 logyg
PFU/gram of testis and 3.3 and 2.5 logyg PFU/gram of seminal vesicle, respectively) than
the other groups (Fig. 4A-B).

Infectious virus was present in the epididymides from all group of inoculated mice (with the
exception of E-330L), even when infectious virus was absent from the the testes and
seminal vesicles (Fig. 4C). The epididymal titers from mice inoculated with MR766 (6.4
logqg PFU/epididymides), DakAr 41524 (6.4 logyo PFU/epididymides) and the prM/E
chimeric virus (6.8 logyg PFU/epididymides) were significantly higher than epididymal titers
from mice inoculated with PRVABC59 or E-330L (1.9 and 0.7 logyo PFU/epididymides,
respectively). There were no significant differences found in epididymal titers between
prM/E chimeric-inoculated mice vs mice inoculated with African genotype ZIKVs (p = 0.9).

To assess sexual transmission potential of the different ZIKV strains, ejaculates were
collected from inoculated male mice indirectly by flushing the uteri of mated females.
Infectious virus in semen was detected as early as dpi 6 for both the African genotype ZIKV
isolates (Fig. 5A-B). For FSS 13025- and P6-740-inoculated mice, ejaculates contained
infectious virus beginning on dpi 8-12 (Fig. 5D-E). Peak titers in semen for either African
or Asian genotype ZIKV inoculated mice occurred from dpi 9-12 and were similar in titer,
ranging from 2.3 to 4.0 log1g PFU/ejaculate (Table 1; no significant differences found). No
infectious virus was detected in the ejaculates from mice inoculated with the PRVABC59
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isolate, but infectious virus was detected in ejaculates from mice inoculated with E-330L
and E-330V. Despite the lack of infectious virus in the epididymides on dpi 8 from a subset
of the E-330L-inoculated mice, there was infectious virus present in semen from the other
mice in this group, beginning on dpi 9 (Fig. 5H; Table 1). The time period that infectious
virus was found in semen did not differ among the three groups of mice inoculated with the
infectious clone-derived viruses, which ranged from approximately dpi 9 to dpi 19 (Fig. 5A—
H; Table 1).

Persistent viral RNA shedding in semen has been repeatedly observed following ZIKV
infection in humans. Therefore, viral RNA in ejaculates was quantified by gRT-PCR.
Consistent with previous reports, viral RNA was more frequently detected in semen than
was infectious virus: only 12-28% of ejaculates had detectable infectious virus versus 40—
71% that were positive for ZIKV RNA (Fig. 5I-P; Table 1). Viral RNA was detected in some
ejaculates at the experimental end point (dpi 28-33; Fig. 51-P), demonstrating this
immunocompetent mouse model could be useful to study long-term viral RNA shedding in
semen.

Since viral RNA was consistently detected in semen as far out as dpi 26-30 (which
represented the last ejaculates collected before the experimental endpoint), the brain, eye and
MRT tissues from the terminal end point were screened by plaque assay (Supplemental Fig.
1). At the terminal time points, no infectious virus was detected in the eye or brain. In the
MRT, no infectious virus was detected in the seminal vesicles. However, in the testis, two
mice (one PRVABC59- and one P6-740-inoculated mouse) had infectious virus: 5.3 and 4.5
logqg PFU/gram, respectively. In the epididymides, the same PRVABC59-inoculated mouse
had infectious virus (4.0 log1g PFU/epididymides). An MR766-inoculated mouse also had
detectable infectious virus in the epididymides at the terminal time point (3.2. logyg PFU/
epididymides). When the tissues from mice inoculated with the infectious clone derived
viruses were screened, two mice inoculated with E-330V virus had virus in the testis and
epididymis, with an average titer of 3.2 log,g PFU/gram in the testis and 1.5 logyq PFU/
epididymides. Based on these results, the epididymis and/or testis could be a reservoir from
which ZIKV RNA is shed long-term in semen.

African genotype and prM/E chimeric ZIKV cause epididymal pathology.

Histopathologic evaluation and in situ hybridization for ZIKV RNA was performed on male
reproductive tract tissues collected at dpi 8 from mice inoculated with MR766 (n = 2), ZIKV
ic E-330V (n = 2), ZIKV ic E-330L (n = 3) or the prM/E chimeric virus (n = 3) to assess
pathology and viral RNA distribution. Of the tissues examined (testis, epididymis, vas
deferens, and seminal vesicle), the epididymis had the most pronounced histopathologic
alterations and was the only tissue to consistently show viral RNA detection by ISH for all 4
ZIKV strains evaluated. Epididymis tissue from MR766-inoculated animals had patchy
tubular epithelial degeneration and variable tubular dilation with tubulointerstitial
inflammation. These changes were most severe, and sometimes accompanied by tubular
rupture, within the proximal segments of the epididymal head and body (Fig. 6, top left); the
tail was much less affected.
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Epididymides from prM/E chimera-inoculated animals had similar tubular epithelial
degeneration and dilation, with more prominent interstitial, predominantly mononuclear
inflammation, but without tubular rupture as seen in MR766 (Fig. 6, top middle-left).
Changes were again most prominent in the epididymal head and body, with sparing of the
tail. Epididymides from E-330V and E-330L inoculated animals lacked epithelial necrosis,
and had no to minimal interstitial inflammation in epididymal heads (Fig. 6, top right and
middle-right). One E-330V epididymis had scattered sperm granulomas, which were
interpreted as incidental. For MR766-and prM/E chimera-inoculated mice, ZIKV RNA
labeling by ISH was seen in epididymal tubular epithelium and intraluminal sloughed cells,
and generally correlated in amount and localization with necrosis and inflammation. For E
—-330V and E-330L animals, rare, scattered epithelial staining was seen in the proximal
epididymal segments (Fig. 6, middle row).

Testis tissue from MR766-inoculated mice showed rare, scattered, sloughed seminiferous
epithelial cells and moderate staining by ZIKV ISH (Fig. 6, bottom left). Testis tissue from
prM/E chimera showed very rare seminiferous epithelial sloughing, and were negative for
ZIKV RNA by ISH (Fig. 6, bottom middle-left). Testis tissue from E-300V and E-330L
inoculated mice had no histopathologic abnormalities or staining by ZIKV ISH (Fig. 6,
bottom right and middle-right). Sections of vas deferens and seminal vesicle tissue from all
animals in all groups had no histopathologic abnormalities and no staining by ZIKV ISH.

Sexual transmission modeling of mice inoculated with Asian and African genotype ZIKVs
and prM/E chimeric ZIKV.

To determine if there were differences in the mean duration (dpi) of viral RNA shedding in
semen in mice inoculated with African or Asian genotype ZIKVs, a Weibull distribution was
fitted to the data. Male mice that successfully mated were grouped as follows: African
genotype ZIKV group (2 mice inoculated with MR766 and 7 mice inoculated with DakAr),
Asian genotype ZIKV group (21 mice total; 7 mice per group inoculated with either FSS
13025, P6-740 or PRVABC59) and prM/E chimeric virus group (5 inoculated mice). On
average, male mice inoculated with African genotype ZIKVs mated 5.9 times; male mice
inoculated with Asian genotype ZIKVs mated 5.1 times; and male mice inoculated with the
prM/E chimeric virus mated 7.8 times. Fig. 7 shows the fitted time-to-clearance curves in the
upper half of the graph. The lower part of the graph marks the time intervals, in dpi, over
which each mouse was estimated to have cleared ZIKV. The p-value of the likelihood ratio
test comparing the fitted model to the null model is 0.41, and pair-wise comparisons of the
estimated scale and shape parameters of each curve show no statistical differences
(Supplemental Fig. 2 shows the 95% confidence regions for each curve, color coded to the
curve). Thus, the data provide no evidence whether duration of viral RNA shed in semen
differs between mice inoculated with African genotype vs Asian genotype vs prM/E
chimeric ZIKVs.

4. Discussion

In this study, we show that both Asian and African genotype ZIKVs have similar sexual
transmission potential in an immunocompetent mouse model. Here, we demonstrated
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infection of the epididymides is critical for establishing sexual transmission potential, as
infectious virus and viral RNA was detected in the epididymis and in semen days before
infectious virus was detected in the seminal vesicle or testis. Viral RNA was shed in semen
for the duration of the study, which lasted approximately one month. Persistent viral RNA in
semen is a feature described in many human male case reports and has been observed in
many large human cohort studies (Mead et al., 2018b; Paz-Bailey et al., 2018). Furthermore,
in support of previous studies, infectious virus is present for a short period of time in semen
(approximately from day 6-19) following inoculation, but beyond three weeks, only viral
RNA is detected (Duggal et al., 2017a).

In this immunocompetent mouse model, African genotype ZIKV strains were more
pathogenic than Asian genotype ZIKV strains, as evidenced by greater weight loss, more
epididymal pathology and viral RNA staining, and higher viral titers in the serum, testis,
seminal vesicle, eye (MR766 and DakAr) and brain (MR766). Despite greater pathology and
ZIKV RNA staining by ISH, especially in the MRT, following inoculation of African
genotype ZIKVs vs Asian genotype ZIKVs, sexual transmission was not enhanced. To
delineate viral genetic determinants of increased pathogenesis of African ZIKVs, we
generated a recombinant virus in which prM/E from PRVABC59 was replaced with prM/E
from MR766. Although this recombinant prM/E chimeric virus elicited greater tissue
damage and viral RNA staining in the epididymis than the parental PRVABC59 clone virus
(E-330V), sexual transmission potential was not increased. Furthermore, mice inoculated
with the recombinant prM/E chimeric virus had significantly increased viremias compared
to mice inoculated with the PRVABCS59 isolate or the E-330V/E—330L infectious clone-
derived viruses, and thus, the structural genes prM/E are determinants of viremia, but not
sexual transmission.

In AG129 mice, the E-330L mutation was attenuating, as evidenced by decreased
neuroinvasiveness, decreased serum viremia and increased median survival times (Duggal et
al., 2019). The relative effect of sexual transmission potential of E-330V could not be
assessed in AG129 mice due to the extremely high and rapid mortality rate following
inoculation with E-330V. In this current work, we demonstrate decreased pathogenicity of E
—-330L and E-330V vs the African genotype ZIKV MR766 isolate in the murine MRT of
immunocompetent mice. Despite decreased tissue pathogenicity, as demonstrated by
pathology and viral titers in the MRT, including a delay in production of infectious virus in
the epididymides, mice inoculated with E-330V/L still had the capacity to sexually transmit
ZIKV as early as dpi 9.

Infectious virus was cleared from semen by three weeks post-inoculation, similar to previous
reports of seminal shedding in type I/11 IFN receptor deficient mice (Duggal et al., 2017a;
McDonald et al., 2017, 2018). These data indicate that type | interferons and type Il
interferon (IFN-y) are not critical for immune-mediated clearance of infectious virus from
semen. Thus, alternative anti-viral mechanisms in the murine epididymis must be involved,
such as toll-like receptor (TLR) and RIG-1-like receptor (RLR) signaling pathways (Zhu et
al., 1950; Palladino et al., 2007). Signaling through these receptors at mucosal surfaces, such
as in the female and male reproductive tract, induces production of pro-inflammatory
cytokines, including expression of the epithelial-specific type three interferons: IFN-A1,
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IFN-A2 and IFN-A3 (Zhu et al., 1950; Sommereyns et al., 2008; Zanoni et al., 2017).
Epithelial cells, especially those at mucosal surfaces, express IFN-A receptor (IFNLR),
allowing IFN-A to act in a directed and localized manner (reviewed in (Zanoni et al., 2017)).
This is in contrast to type | and type 1l IFNs, which act systemically due to the universal
expression of their respective receptors on nucleated cells.

Type 1 IFNs have an antiviral role in protecting mucosal surfaces. Much of the work
studying the effect of IFN-A on restricting ZIKV has been modeled in the female
reproductive tract (FRT) and in primary cell culture models of the FRT. Primary human
trophoblasts produce IFN-A.1 and do not support replication of ZIKV (Bayer et al., 2016).
IFN-A1 and IFN-A2 are released from 3D cell-line models of human synctiotrophoblasts
and primary synctiotrophoblasts from second trimester placentas (Corry et al., 2017).
Tissues from midgestation human pregnancies, and primary human amniotic, vaginal and
cervical epithelial cells exhibited reduced ZIKYV titers when exogenously treated with IFN-A
(Jagger et al., 2017; Caine et al., 2019; Chen et al., 2017). Treatment of /fnarZ™~ dams with
exogenous IFN-A2 decreased the viral titer in both maternal and fetal tissues (Chen et al.,
2017). In support of a protective role for IFN-A, //n/r”~ mice (treated with an IFNAR1
blocking antibody to establish ZIKV infection) had increased viral titers in the placenta and
fetus (Jagger et al., 2017), although the protective effect of IFN-A in the FRT was dependent
upon the mice being in progesterone high diestrous phase (Caine et al., 2019). A protective
role for IFN-A in attenuating ZIKV pathogenesis in the MRT has not been assessed.

Sexual transmission has not been described for other flaviviruses. Dengue virus is capable of
infecting the murine MRT of transiently immunodeficient mice only when inoculated
directly into the testes. Viral antigen was detected only in the first week following intra-
testicular injection, and the virus did not spread to the rest of the reproductive tract (Ma et
al., 2016). Spondweni virus (SPONV), the most closely related flavivirus to ZIKV, infects
the MRT of AG129 mice, but SPONV RNA was detected in less than 40% of ejaculates and
only rarely was infectious virus detected in semen (McDonald et al., 2017). In 2018, a single
case report of Yellow Fever virus RNA detected in a semen sample from a convalescent
patient was published. Infectious virus was not isolated from the sample, but a complete
virus genome was recovered (Barbosa et al., 2018). Wesselsbron virus causes abortions and
mortality in pregnant sheep, but whether sexual transmission and subsequent /n utero
transmission is feasible is unknown (Diagne et al., 2017). Thus far, ZIKV is unique amongst
flaviviruses in its ability to be sexually transmitted.

Whether long-term persistent infection and subsequent ZIKV RNA shedding has any effects
on the health of the MRT has not been resolved. Murine testicular atrophy during acute
infection has been observed following ZIKV inoculation. In murine models, persistent
infection and immune activation in the tissues of the MRT result in orchitis and/or
epididymitis (Clancy et al., 2018b). This has implications for human pathogenesis, as ZIKV
infection could negatively impact spermatogenesis. In a recent study, total sperm counts and
total motile sperm counts were shown to decrease 60 days after symptom onset in a small
cohort of men with laboratory confirmed ZIKV infection. Sperm counts and motile sperm
counts recovered in the men as early as 90 days post symptom onset (Joguet et al., 2017).
Lastly, although it is established that ZIKV has tropism for the MRT, the potential for
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recrudescence of productive virus replication following local or systemic immune
suppression is currently unknown. This immunocompetent mouse model should serve as a
valuable tool to study the long-term effects of viral infection on the MRT, to discern the
mechanism of action for clearance of infectious virus from semen and to identify the
reservoir(s) for persistent viral RNA shedding in semen.
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Fig. 1. African genotype ZIKV isolates are more pathogenic in immunocompetent mice.
C57BL/6 immunocompetent mice were treated with monoclonal antibody against IFNAR1

one day prior to inoculation with either DakAr 41524 (n = 8), MR766 (n = 8), PRVABC59
(n =8), FSS13025 (n = 8), P6-740 (n = 8), E330V ZIKV ic (n = 8), E330L ZIKV ic (n = 8),
or ZIKV ic prM/E chimeric virus (n = 9). (A) Percent survival of mice post-inoculation. (B—
1) Average weight of mice post-inoculation, represented as a percentage of initial weight.
Error bars represent standard deviations. p-values determined by two-way ANOVA (Tukey’s
multiple comparisons test).

***p < 0.0001 DakAr 41524 vs PRVABC59, FSS 13025, P6-740, E-330V, E-330L, prM/E
chimeric virus.

##p < 0.0001 MR766 vs PRVABC59, FSS 13025, E-330V, E-330L, prM/E chimeric virus.
##p < 0.01 MR766 vs P6-740.
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Fig. 2. Viremia of immunocompetent mice inoculated with ZIKV isolates and ZIKV infectious
clone derived viruses.

Viremia of mice on days 1,3, 5 and 7 post-inoculation with (A) African genotype ZIKV
isolates (n = 7-8 mice per timepoint per group), (B) Asian genotype ZIKV isolates (n = 4-8
mice per time point for PRVABC59; n = 8 mice per time point for other Asian genotype
ZIKV isolates), and (C) infectious clone derived viruses (n = 9 mice per time point per
group). p-values determined by two-way ANOVA (Tukey’s multiple comparisons test).
“"p < 0.01 MR766 vs DakAr 41524,

***n < 0.0001 MR766 and DakAr 41524 vs PRVABC59, FSS 13025, E-330V, E-330L,
prM/E chimeric virus, and DakAr 41524 vs P6-740.

##p < 0.01 MR766 vs P6-740.

&& p < 0.01 prM/E chimeric virus vs E-330L.

&&& p < 0.0001 prM/E chimeric virus vs E-330V.
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Fig. 3. Only African genotype ZIKV isolates infect the eye during acute infection.
ZIKV titer in eye and brain collected on day 8 post-inoculation for PRVABC59-, FSS13025-

and P6-740-, and chimera-inoculated mice (n = 3 each) and on days 7-12 post-inoculation
for MR766-(n = 6) and DakAr 41524- (n = 3) inoculated mice. p-values determined by One-
way ANOVA (Tukey’s multiple comparisons test).

" p<0.05; 7" p<0.01 MR766 vs PRVABC59, FSS 13025, P6-740.

***p < 0.0001 DakAr 41525 vs MR766, PRVABC59, FSS 13025, P6-740.
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Fig. 4. All ZIKYV isolates infect the epididymis during acute infection.

ZIKV titer in seminal vesicles (A), testes (B), and epididymides (C) collected on day 8 post-
inoculation for PRVABC59-, FSS13025- and P6-740-inoculated mice (n = 3 each) and on
days 7-12 post-inoculation for MR766- (n = 6) and DakAr 41524- (n = 3) inoculated mice.
p-values determined by One-way ANOVA (Tukey’s multiple comparisons test).

“p <0.05; 7" p <0.0001 MR766 vs Asian ZIKV isolates and infectious clone derived
viruses.

***p < 0.0001 MR766 and DakAr 41524 vs Asian ZIKV isolates and infectious clone
derived viruses.</p/>&& p < 0.01; &&& p < 0.0001 prM/E chimera vs PRVABC59, E
-330L.
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Fig. 5. Sexual transmission potential of ZIKV isolates in immunocompetent C57BL/6 mice
treated with monoclonal antibody against IFNARL.

Viral titers (A-H) and viral RNA copy number (I-P) in seminal fluids collected from mice
inoculated with ZIKV isolates. Dashed line is limit of detection.
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Fig. 6. Epididymal pathology and epididymal and testicular viral RNA localization by ISH at dpi
8

Top row: Epididymal heads from MR766 and prM/E inoculated animals showing tubular
degeneration and dilation with interstitial inflammation. Epididymidal heads from E-330V
and E-330L animals are un-affected. Middle row: Epididymis from MR766 showing
extensive ZIKV RNA labeling (red staining) within epithelium and luminal cells by in situ
hybridization. prM/E chimera epididymis shows less staining than MR766, but more than
the rare, scattered epithelial staining seen in E-330V and E-330L. Bottom row: Testis from
MR766 inoculated animal showing ZIKV RNA labeling (red staining) within seminiferous
epithelium by in situ hybridization. Testes from prM/E chimera, E-330V, and E-330L
inoculated animals have no staining in the testis by ISH.
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Fig. 7. Estimated proportion of mice shedding ZIKV RNA in semen.
The top portion of the graph shows the estimated proportion of mice that are still shedding

ZIKV RNA in their semen by days post infection. The horizontal segments in the lower part
of the graph indicate time periods (days post infection) over which we know a mouse to have
gone from shedding to not shedding. Each segment represents a different mouse.
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