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Background. Zika virus (ZIKV) infection has been associated with prolonged viral excretion in human semen and causes tes-
ticular atrophy and infertility in 10-week-old immunodeficient mice.

Methods. Male IFENAR™~ mice, knockout for type I interferon receptor, were immunized with GLS-5700, a deoxyribonucleic
acid-based vaccine, before a subcutaneous ZIKV challenge with 6 x 10° plaque-forming units at 13 weeks of age. On day 28 post-
infection, testes and epididymides were collected in some mice for histological and functional analyses, whereas others were mated
with naive female wild-type C57BL/6].

Results.
and survived infection. On day 28 postinfection, none of the unvaccinated, infected mice (9 of 9) exhibited abnormal spermatozoa
counts or motility. However, 33% (3 of 9) and 36% (4 of 11) of mated males from this group were infertile, from 2 independent stud-
ies. Contrarily, males from the noninfected and the vaccinated, infected groups were all fertile. On days 75 and 207 postinfection,
partial recovery of fertility was observed in 66% (2 of 3) of the previously infertile males.

Conclusions. 'This study reports the effects of ZIKV infection on male fertility in a sublethal, immunodeficient mouse model and
the efficacy of GLS-5700 vaccination in preventing male infertility.
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Although all mice challenged with ZIKV developed viremia, most of them were asymptomatic, showed no weight loss,

Zika virus (ZIKV) was first identified in 1947 from a sentinel
monkey in Uganda [1]. After an extended epidemiological lull,
ZIKV was reported in Pacific Islands and then confirmed to be
actively circulating in Brazil in 2015 before spreading through-
out the Americas [2]. After the reports of neurological disorders
such as Guillain-Barré syndrome and microcephaly that were
temporally associated to ZIKV infection [3], the World Health
Organization (WHO) stated on February 1, 2016, that the epi-
demic was a Public Health Emergency of International Concern
[4], a status subsequently lifted on November 18, 2016. These
events led to a huge research effort being conducted on this
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re-emerging pathogen. Although vector-based transmission is
predominant, it was rapidly reported that ZIKV transmission in
humans could occur via sexual contact and that virus excretion
in semen could last for weeks [5-7]. Sexual transmission was
reported in male-to-female and male-to-male relationships and
also suspected in a female-to-male case [3, 7-16]. These clinical
observations were further studied in animal models, and ZIKV-
induced histological damage was found in the genital tract of
infected mice of both sexes [17-21]. It was also established that
exposure of both immunocompetent and immunodeficient
mice to ZIKV through the vaginal route led to virus replication
in the genital mucosa and to fetal transmission [22]. Further
studies in male mice revealed that the genital damage resulting
from ZIKV challenge correlated with reduced fertility [23, 24].
Finally, it was shown that vasectomized immunodeficient mice
shed reduced amounts of infectious ZIKV in semen [25].

In an effort to reduce ZIKV propagation and associated
disease burden, several experimental vaccines have been
developed (approximately 40 as of March 2018), with 3 deoxy-
ribonucleic acid (DNA) vaccines, 3 inactivated ZIKV vaccines,
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1 messenger ribonucleic acid (RNA) vaccine, 1 peptide vac-
cine, and 1 recombinant viral vector vaccine having entered
into Phase I or II clinical trials [26, 27]. GLS-5700, a DNA-
based vaccine that encodes the premembrane and envelope
antigenic regions of ZIKV, is currently being assessed in 2
Phase I clinical studies (Clinical Trials Gov NCT02809443
and NCT02887482). GLS-5700 was shown to confer complete
protection against death and infection-associated weight loss,
as well as virus-induced pathology in the brain and testes of
IFNAR™~ mice [19, 28].

In the current study, we sought to investigate ZIKV-induced
fertility loss in male IFNAR™~ mice that developed viremia
without clinical signs of disease after infection at 13 weeks of
age. GLS-5700-vaccinated and infected mice were compared
with uninfected and ZIKV-infected counterparts. This study
demonstrates the loss and partial recovery of fertility in a sub-
lethal model of male IFNAR™'~ mice, as well as its prevention by
vaccination with GLS-5700.

METHODS

Ethics Statement

Animal experiments were performed at the animal facility of
the Research Center of the CHU de Québec - Université Laval.
All animals were used in accordance with the Canadian Council
on Animal Care guidelines, and all protocols were approved
by the Animal Care Ethics Committee of the Université Laval
under protocols nos. 2016011 and 2017054.

Animal Experiments

Male B6.129S2-Ifnar1"™4s//Mmjax (referred to as IFNAR™"),
deficient for type I interferon receptor, were purchased from The
Jackson Laboratories (Mutant Mouse Resource and Research
Center) at 8 weeks of age. Female wild-type C57BL/6] were
purchased from The Jackson Laboratories and were used for
mating with males. Male IFNAR™'~ mice were given intramus-
cular (IM) injections at 9 (day 28 before infection) and 11 (day
14 before infection) weeks of age with 50 pg (in 30 pL of inject-
able sterile water) of GLS-5700, an optimized synthetic DNA-
based vaccine (GeneOne Life Science), or with 30 uL sterile
0.9% saline for nonvaccinated animals. After IM injection, the
CELLECTRA adaptive constant current electroporation device
(Inovio Pharmaceuticals, Plymouth Meeting, PA) was used at
the site of injection to enhance efficacy of DNA vaccination,
as described previously [28]. Mice were infected subcutane-
ously, 2 weeks after the last immunization, with 150 uL ZIKV
(strain ZIKV/Homo sapiens/PRI/PRVABC59/2015, GenBank:
KX087101.2) in each leg (total dose of 6 x 10° plaque-forming
units [PFU]). The mock group was composed of 12 nonvacci-
nated, noninfected mice (labeled 1-1 to 1-12), the ZIKV group
consisted of 18 nonvaccinated and infected mice (labeled 2-1
to 2-18), and the GLS-5700 group consisted of 12 vaccinated
and infected mice (labeled 3-1 to 3-12). Blood samples were

collected from male IFNAR™~ mice on days 2, 4, 6, 8, 10, 14,
21, 28, and 91 postinfection. Because the early timepoints were
close, mice were divided into 2 groups of equal number, which
were bled alternately every 2 days. Half of the IFNAR™'~ mice
(mock, 1-7 to 1-12; ZIKV, 2-10 to 2-18; GLS-5700, 3-7 to 3-12)
were sacrificed on day 28 postinfection to collect epididymi-
des and testes, whereas the remaining animals were used for
mating studies. Mating studies were validated in a second
experiment consisting of 12 male IFNAR™~ mice (labeled R-1
to R-12) infected with 6 x 10°> PFU of a new virus stock at 13
weeks of age.

Determination of Viral Ribonucleic Acid Load by Reverse-Transcriptase
Droplet Digital Polymerase Chain Reaction

For serum, RNA was extracted from 70 pL of sample with
the MagNA Pure LC total nucleic acid isolation kit (Roche
Molecular System, Laval, Quebec, Canada) and eluted in
100 pL. Some samples were adjusted to 70 pL with ster-
ile H,0, and the dilution factor was taken into account. The
right testis was weighed and homogenized using the OMNI
International TH homogenizer (OMNI International, Ottawa,
Ontario, Canada) in a 15-mL Falcon tube containing 1 mL
phosphate-buffered saline (PBS) with phosphatase (PhosSTOP,
Roche) and protease (cOmplete, Mini, EDTA-free Protease
Inhibitor Cocktail; Roche) inhibitors. Homogenized samples
were centrifuged for 10 minutes at 1455 xg at 4°C. The RNA
extraction was performed on 200 pL supernatant with the same
isolation kit and protocol, but elution was done in 50 uL elu-
tion buffer. The digital droplet PCR (ddPCR) workflow and
data analyses were performed with the One-Step RT-ddPCR
Advanced Supermix per the manufacturer’s instructions. In
brief, 20 uL reaction mix were used for producing droplets
with the QX200 droplet generator (Bio-Rad, Mississauga,
Ontario, Canada). Primers and probes (ie, ZIKV 1086
[1086-1102], 5-CCGCTGCCCAACACAAG-3’; ZIKV 1162c
[1162-1139], 5-CCACTAACGTTCTTTTGCAGACAT-3’;
ZIKV  1107-FAM  [1107-1137], 5-6 FAM/AGCCTAC
CTTGACAAGCAGTCAGACACTCAA/ZEN-3’IBFQ-3’)
targeting the membrane and envelope genes of ZIKV were
previously described [29]. The ddPCR allows for absolute quan-
tification of nucleic acids without the need for a standard curve.
Droplet-partitioned samples were then transferred to a 96-well
plate, sealed, and cycled in a C1000 deep-well thermocycler
(Bio-Rad) under the following cycling protocol: 50°C for 60
minutes (Reverse transcription) and 95°C for 10 minutes (DNA
polymerase activation), followed by 45 cycles of 95°C for 30 sec-
onds and 56°C for 1 minute, followed by postcycling steps of
98°C for 10 minutes (enzyme inactivation) and an infinite 10°C
hold. The cycled plate was then transferred and read in the FAM
channel using the QX200 droplet reader (Bio-Rad), and data
analysis was performed using the QuantaSoft software (version
1.7.4; Bio-Rad).
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Evaluation of Sperm Counts and Motility

Mature sperm was collected from the right caudal epididymis
obtained from IFNAR™~ mice. Each epididymis was placed into
1 well of a 24-well plate containing 1 mL sterile PBS and dis-
sected using 23-gauge needles. Sperm was allowed to swim out
for 30 minutes at 37°C. Counts and motility were evaluated as
described in the fifth edition of the “WHO Laboratory Manual
for the Examination and Processing of Human Semen” [30].
Motility was evaluated after a wet preparation of 20.1 um in
depth as per the protocol established by WHO [30].

Histology and Immunohistochemistry Techniques and Evaluation

The left testis and epididymis were collected and kept in for-
malin. Four-pum-thick histologic sections were obtained from
formalin-fixed, paraffin-embedded testicular and epididymal
tissues and stained with hematoxylin-eosin for conventional
histology. For immunohistochemistry (IHC), the paraffin sec-
tions were quenched for 10 minutes in aqueous 3% H,0, and
rinsed in MilliQ water. Epitopes were retrieved using Dako
Target Retrieval Solution pH high (Dako, Glostrup, Danemark)
in a Pre-Treatment Link module (Dako). The staining was car-
ried out using a Dako autostainer Link 48. Tissues were blocked
with Flex peroxidase block (Dako). The primary antibody was
an a-Flavivirus (D1-4G2-4-15) rabbit monoclonal antibody
(Absolute Antibody Ltd, Oxford, UK) used at a dilution of 1:400
at room temperature for 20 minutes. Tissues were then visual-
ized using a horseradish peroxidase-labeled polymer, FLEX
(Dako), for 20 minutes and reacted with the chromogen diam-
inobenzidine (DAB). The sections were then counterstained
with Mayer’s hematoxylin (Dako). Scoring of histology and IHC
was performed by a pathologist (C.C.), blind to experimental
groups. Testicular histology was assessed for spermatogenesis
and evaluated as complete or absent/atrophic, whereas epididy-
mal histology was assessed for the presence of spermatozoids or
azoospermia. For THC, a semiqualitative scale was used (0, no
staining; 14, weak staining; 2+, moderate staining; 3+, intense
staining) in epididymides, seminiferous tubules, and Leydig cells.

Mating Studies

Mating studies were performed in 2 independent experiments.
In the first experiment, female C57BL/6] mice at 16 weeks of
age were placed in contact with the IFNAR™~ males (mock, 1-1
to 1-6; ZIKV, 2-1 to 2-9; GLS-5700, 3-1 to 3-6) at a ratio of 2
females per male on days 28 and 75 postinfection (males were
17 weeks and 23 weeks old, respectively), whereas 9-week-old
female C57BL/6] mice were placed in contact with IFNAR™/~
males on day 207 postinfection (males were 42 weeks old). In
the second experiment, mating of ZIKV-infected males (R-1 to
R-12) with 9-week-old C57BL/6] female mice was performed
on days 14 and 28 postinfection (males were 15 weeks and 17
weeks old). Animals were kept together for 2 weeks, and then
females were removed to follow up on gestation for another 3

weeks, starting on the day of separation from the males. Females
were sacrificed before giving birth when possible to assess the
number of fetuses. Male infertility was defined as a lack of preg-
nancies of both females in each cage, whereas a male was con-
sidered fertile when at least 1 female became pregnant in each
cage. Fertility of all males was confirmed either on day 14 post-
infection of the first experiment or on day 14 before infection of
the second experiment.

Data Analysis

Generated results were analyzed using Prism 7 (version 7.02;
GraphPad Software Inc.). Statistical analyses were performed
using one-way analysis of variance with Tukey’s multiple com-
parison posttests. A P value <0.05 was considered as statisti-
cally significant. Grubb’s test to identify outliers in the data
recorded for size and weight of testes was performed using the
QuickCalcs on www.graphpad.com (accessed March 8, 2018),
by selecting a level of significance alpha = 0.01.

RESULTS

Induction of a Sublethal Zika Virus Infection in IFNAR-- Mice

To establish a sublethal animal model, male IFNAR™~ mice
were infected with 6 x 10° PFU of ZIKV at 13 weeks of age.
The other 2 groups consisted of uninfected animals as well as
mice vaccinated with GLS-5700 2 weeks before ZIKV challenge
using a prime-boost regimen with a 2-week interval between
injections (days 28 and 14 before infection). In the first exper-
iment, all challenged and control male IFNAR™~ mice had no
significant weight loss, nor clinical signs of the disease, and all
animals survived to infection (Figure la). In the second study,
17% of ZIKV-infected mice (2 of 12) exhibited a transient
weight loss by day 8 postinfection, and 1 animal was found
dead on the same day (Supplementary Figure S1). In the first
experiment, viral load was detected in both infected groups on
day 2 postinfection, with a maximal value at 1.1 x 10° genome
copies/mL serum in vaccinated mice (Figure 1b). It is interest-
ing to note that the viral RNA load in serum was controlled in
all vaccinated animals and was below the detection limit of the
assay by day 8 postinfection. The nonvaccinated group exhib-
ited an increasing viral load until day 4 postinfection, peak-
ing at 3.5 x 10° genome copies/mL serum, and maintained a
low viral RNA load up to day 28. On day 91 postinfection, the
viral RNA load in serum had reached undetectable levels in the
ZIKV group (data not shown). The time evolution of viral RNA
load in serum of ZIKV-infected mice was comparable in both
independent experiments (Figure S1). Viral loads were also
measured in the testes of animals on day 28 postinfection in
the first experiment. Viral RNA load, ranging from 1.5 x 10° to
6.6 x 10° genome copies/g, was detected in the testes of 44%
(4 of 95 2-13, 2-15, 2-17, and 2-18) of the ZIKV mice, whereas
none of the GLS-5700 counterparts had detectable RNA levels
(Figure 1c, Table 1).
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Figure 1.  Clinical parameters of male IFNAR”~ mice. (a) Percentage of weight change, (b) viral load in serum, and (c) viral load in the testes on day 28 postinfection of mock
(@), Zika virus ([ZIKV] A), and GLS-5700 (m) groups of male IFNAR~ mice.

Table 1. Histological and Immunohistochemical Findings and Viral Load in Testis of Male IFNAR"- Mice?

Viral Load,
Spermatozoa in Testes (Genome IHC, Seminiferous IHC, Leydig
Group Male ID Spermatogenesis Epididymides Copies/g) IHC, Epididymides Tubules Cells
Mock 1-7 Complete + - - - 0
1-8 Complete + - - - 0
1-9 Complete + - - - 0
1-10 Complete + - - - 0
-1 Complete + - - - 0
1-12 Complete + - - - 0
ZIKV 2-10 Complete + - - - 2+
2-1 Absent (atrophied testis) - - - 3+ 2+
2-12 Complete + - - - 2+
2-13 Complete + 6.63E+05 - - 3+
2-14 Complete + - - - 2+
2-15 Complete + 3.01E+03 - - 3+
2-16 Complete + - - - 3+
2-17 Complete + 1.54E+03 - - 3+
2-18 Complete + 8.44E+04 - - 2+
GLS-5700 3-7 Complete + - - - 2+
3-8 Complete + - - - 3+
3-9 Complete + - - - 2+
3-10 Complete + - - - 3+
3-1 Complete + - - - 1+
3-12 Complete + - - - 1+

Abbreviations: ID, identification; IHC, immunohistochemistry; ZIKV, Zika virus.

aFor IHC, a semiqualitative scale was used (0 = no staining; 1+ = weak staining; 2+ = moderate staining; 3+ = intense staining) in epididymis, seminiferous tubules, and Leydig cells.
“+" = Presence; "-" = Absence.

368 « JID 2019:219 (1 February) « de La Vega et al



Sublethal Challenge With Zika Virus Leads to Limited Gross

Testicular Damage

In the first experiment, half of the animals in each group were
sacrificed for collection of the testes and epididymides on day
28 postinfection. Macroscopic evaluation of the testes did not
reveal any statistically significant differences in the mean values
for length, width, and weight for both vaccinated and nonvac-
cinated animals, when compared with the noninfected group
(Figure 2), except the left testis of mouse 2-11 and the right tes-
tis of mouse 2-13, which belong to the ZIKV group, that were
significantly smaller in length and width, and lighter than their
counterparts (Supplementary Table S1). Spermatogenesis was
complete, and the epididymides contained spermatozoa in all
mock (6 of 6) and GLS-5700 animals (6 of 6). Regarding the
ZIKV group, 89% (8 of 9) had completed spermatogenesis,
whereas 1 animal (2-11) exhibited azoospermia (Table 1). No
statistically significant differences were observed between the
sperm counts and progressively motile spermatozoa of the 3
groups on day 28 postinfection (Figure 3). Likewise, histolog-
ical analyses of the testes and epididymides showed no appar-
ent microscopic differences between the 3 groups, including
for Leydig and Sertoli cells (data not shown). An absence of
inflammatory cells was also noted, except in the testis of mouse
2-11. It is interesting to note that IHC analyses confirmed the
presence of ZIKV antigens in Leydig cells of the testes from all
ZIKV-infected mice (9 of 9) and GLS-5700 animals (6 of 6), but
the staining for viral antigens seemed to be reduced in the vac-
cine group (Figure 4, Table 1). No viral antigens were detectable
in the epididymides or the seminiferous tubules of all infected

groups, except for the azoospermic animal (2-11) where viral
antigens were identified in the seminiferous tubules (Figure 4c).

Partial Recovery of Fertility in IFNAR"- Mice After Sublethal Zika Virus
Infection

In the first experiment, each remaining IFNAR™~ male mouse
from the 3 groups was placed in contact with 2 naive C57BL/6]
female mice on days 28, 75, and 207 postinfection to eval-
uate their fertility. On day 28 postinfection, a significant 36%
(P = .033) decrease in fertility was observed for the nonvac-
cinated and infected animals, when compared with the mock
group, whereas a 44% decrease was observed when compared
with vaccinated animals (P = .007) (Figure 5a). Fertility of vac-
cinated animals post-ZIKV challenge was similar to uninfected
mice. More specifically, on day 28 postinfection, 3 of 9 males
(33%; 2-2, 2-6, and 2-8) from the ZIKV group were unable to
induce pregnancy in both females. After mating on day 75 post-
infection, a partial recovery of fertility was observed in 2 of 3
males (2-6 and 2-8) previously identified as infertile, leaving 1
infertile male (2-2) (Figure 5b, Table 2). This infertile male still
had not recovered by day 207 postinfection (Figure 5c, Table 2).
At sacrifice on day 267 postinfection, mouse 2-2 exhibited 2
atrophied testes, whereas both 2-6 and 2-8 had their left testis
atrophied (data not shown). In the second experiment, 2 of 11
males (18%; R-3 and R-6) were infertile on day 14, whereas
4 of 11 males (36%; R-2, R-3, R-6, and R-7) were infertile on
day 28 postinfection, confirming the percentage of fertility loss
observed in the first experiment. It is important to note that all
male IENAR™~ mice used in this study were fertile as assessed
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on day 14 postinfection (first experiment; data not shown) or
on day 14 before infection (second experiment; Supplementary
Table S2). In the first experiment, mean litter sizes for fertile
males, defined here by at least 1 pregnant female in each cage,
were of 7.7, 7.9, and 7.6 pups on days 28, 75, and 207 postin-
fection, respectively, with no statistically significant differences

between the mating periods (Table 2). Similar mean litter sizes
for fertile males were determined in the second experiment,
which were of 7.1, 6.9, and 7.9 pups on days 14 before infec-
tion and days 14 and 28 postinfection, respectively, with no
statistically significant differences between the mating periods
(Supplementary Table S2).

Testes

Epididymides

ZIKV -
No damage

ZIKV -

Damage

GLS-
5700

Figure 4. Histopathological and immunohistochemical analysis of the testes and epididymides in male IFNAR~- mice. (a) Histology and immunohistochemistry (IHC) of
a representative testicle and epididymis of mock IFNAR-~ mice (mouse 1-7). (b) Histology and IHC of a representative testicle and epididymis of Zika virus (ZIKV)-infected
IFNAR- mice that did not experignce any damage to reproductive organs (mouse 2—13). (c) Histology and IHC of a representative testicle and epididymis of ZIKV-infected
IFNAR- mice with damage to reproductive organs (mouse 2—11). (d) Histology and IHC of a representative testicle and epididymis of GLS-5700-vaccinated IFNAR”~ mice
(mouse 3-7). All photographs were obtained from the left testis of each animal collected on day 28 postinfection and taken at a magnification of x200; Scale bar = 100 ym.

Abbreviation: HE, hematoxylin and eosin staining.
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DISCUSSION

The current study reports the deleterious effects of ZIKV on
fertility of male IFNAR™~ mice infected at 13 weeks of age in
a sublethal model of infection in the absence of clinical man-
ifestations. This study also reports an efficacious prophylactic
countermeasure to prevent these effects and the partial recovery
of fertility in male mice previously unable to induce pregnancy.

Previous studies reported that, in a lethal model of ZIKV infec-
tion in IFNAR™~ mice, surviving males exhibited alterations to
reproductive organs (ie, testicular atrophy, reduced sperm count,
and motility), which could lead to infertility but be prevented
by GLS-5700, a DNA-based vaccine [19, 23]. The IFNAR™/~
mouse has been previously established as a lethal model for

ZIKV infection when challenge is performed at a young age

Table 2. Number of Fetuses Collected in Naive C57BL/6J Female Mice Mated With Male IFNAR-- Mice?

Mating 1 (28 dpi)

Mating 2 (75 dpi) Mating 3 (207 dpi)

Female 1 Female 2 Female 3 Female 4 Female 5 Female 6
Group Male ID Number of Fetuses
Mock 1-1 8 7 10 8 2 7
1-2 8 9 8 © N/A N/A
1-3 9 - 8 5 9 10
1-4 6 8 9 6 8 8
1-5 5 8 7 9 7 6
1-6 9 9 1 8 7 7
Average 75 8.2 8.8 75 6.6 76
ZIKV 2-1 7 9 9 1 9 7
2-2 -2 -2 -2 -2 -2 -2
2-3 1 7 9 9 7 9
2-4 9 1 10 9 9 6
2-5 - N 6 9 - 9
2-6 -2 -2 - 9 8 6
2-7 2 - 6 9 N -
2-8 -2 -2 5 6 8 6
2-9 9 10 9 8 7 5
Average 76 76 77 8.8 8.4 6.9
GLS-5700 3-1 10 9 7 8 8 8
32 6 6 6 7 7 9
3-3 7 10 5 6 8 8
3-4 10 9 7 5 7
3-5 2 8 7 10 9
3-6 8 10 8 7
Average 73 8.2 6.8 7.5 77 8.0

Abbreviations: dpi, days postinfection; ID, identification; NA, data not available due to natural death of the animal.

aThe males that were considered infertile, defined by the lack of pregnancies of both females in each cage. -, no pregnancy.
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(under 8 weeks), whereas older individuals remained suscepti-
ble to infection in the absence of mortality [31]. Therefore, we
sought to establish a sublethal model of ZIKV infection in older
IFNAR™~ mice that did not develop clinical signs of disease but
that nevertheless led to overall fertility loss.

In our model, only 1 nonvaccinated mouse succumbed to
infection, despite elevated viremia in all animals. Mice infected
with ZIKV did not demonstrate any observable signs of dis-
ease, except for 2 animals from the second experiment that
exhibited a transient weight loss. Furthermore, gross pathol-
ogy of the reproductive organs did not reveal any macroscopic
alterations in terms of length, width, or weight of the testes,
except for 5 of 18 (28%) nonvaccinated, infected animals. All
other infected animals did not exhibit tissue or cellular dam-
age to the testes, even though THC did reveal the presence of
ZIKV antigens in Leydig cells. Although reproductive organs
seemed unaffected and sperm counts and motility were sim-
ilar between each experimental group, fertility was nonethe-
less significantly reduced on day 28 postinfection in the ZIKV
group. In our study, male infertility was defined as a lack of
pregnancy of both females in each cage during a 2-week mat-
ing period that allowed for 3 estrus cycles to occur. Because we
did not check for the presence of a copulatory plug, we cannot
exclude the possibility that there was no mating. However, the
3 animals that were unable to induce pregnancy in their female
cagemates were exhibiting 1 or both atrophic testes at the time
of euthanasia. It is interesting to note that male fertility loss
was prevented by immunization with GLS-5700. Although
this ZIKV-induced infertility has been documented before in
IFNAR™~ mice [23, 24], this is the first time, to our knowl-
edge, that a study evaluates the long-term effects on fertility
and reports partial recovery.

In the current study, the male that remained infertile
had most likely irreversible damage to reproductive organs.
However, males that recovered could shed light on the patho-
genicity of ZIKV. A recent study used electron microscopy
to highlight not only the physical attachment of ZIKV viri-
ons to mature sperm, but also to epididymal residual bod-
ies. Sperm of infected mice was also found to contain more
spermatozoa with residual bodies than control animals [32].
These bodies, or cytoplasmic droplets, have been associated
with reduced fertility in multiple animal species [33]. Another
article suggested that dysregulation of the hypothalamic-pitu-
itary-gonadal axis could be an explanation for infertility [34].
Although this region has not been described as a target yet,
the tropism of ZIKV for cells of the nervous system has been
described before [35] and could lead to a disruption of the
production or transport of gonadotropin-releasing, luteiniz-
ing, or follicle-stimulating hormones resulting in infertility
[36]. Therefore, complete virus clearance from these organs
over an extended period could explain why fertility was recov-
ered at a later time point.

CONCLUSIONS

Even if it is sublethal, this mouse model is immunodeficient
regarding type I interferon receptor function, and thus these
observations do not necessarily reflect the situation prevail-
ing in humans. Indeed, no reports have been published so far
regarding damage to the testes or infertility in infected humans.
Therefore, one can only speculate whether spermatozoa-re-
lated parameters such as counts or motility are affected in
male individuals. However, this remains a preoccupying con-
cern because infectious ZIKV was found to linger in human
sperm up to 69 days in 1 recorded case, whereas viral RNA
was detectable from 3 to 188 days after the onset of symptoms
[14, 37]. Identification of the mechanism(s) responsible for the
reduction in fertility remains paramount in our understand-
ing of ZIKV infection, because more sensitive methods might
need to be developed to detect potential signs of infertility in
humans. Altogether, our understanding of the pathogenesis of
ZIKYV infection is still incomplete, and surveillance of the long-
term effects on human fertility should be carefully monitored
in individuals identified as infected, whether they are symp-
tomatic or not. Finally, this study also highlights the role of the
synthetic DNA GLS-5700 vaccine as a prophylactic option in
a scenario in which male fertility could be compromised after
ZIKV infection.
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