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Overview

Animal Models of Zika Virus

Michael P Bradley'” and Claude M Nagamine®

Zika virus has garnered great attention over the last several years, as outbreaks of the disease have emerged throughout the Western
Hemisphere. Until quite recently Zika virus was considered a fairly benign virus, with limited clinical severity in both people and
animals. The size and scope of the outbreak in the Western Hemisphere has allowed for the identification of severe clinical disease
that is associated with Zika virus infection, most notably microcephaly among newborns, and an association with Guillian-Barré
syndrome in adults. This recent association with severe clinical disease, of which further analysis strongly suggested causation
by Zika virus, has resulted in a massive increase in the amount of both basic and applied research of this virus. Both small and
large animal models are being used to uncover the pathogenesis of this emerging disease and to develop vaccine and therapeutic
strategies. Here we review the animal-model-based Zika virus research that has been performed to date.

Abbreviations: dpi, days postinfection; E, embryonic day

The history of Zika virus dates back to 1947, when the virus
was initially discovered during experiments aimed at identify-
ing the arboreal vector of yellow fever virus in the Zika forest of
Uganda.’® One sentinel rhesus macaque (Macaca mulatta) devel-
oped a slight fever (peaking at 40 °C) of 4 d duration. No other
signs of illness were seen. Serum taken during the 3rd day of the
fever was inoculated intracerebrally and intraperitoneally into 5-
to 6-wk-old Swiss mice and subcutaneously into a second rhesus.
Only intracerebrally inoculated mice became sick, and the first
Zika virus strain (MR766) was subsequently isolated from brain
suspensions of the sick mice.’**” This virus caused minimal to no
symptoms when introduced into macaques, although they devel-
oped neutralizing antibodies against Zika virus.'® A second Zika
virus strain (E/1) was subsequently isolated from Aedes africanus
mosquitoes trapped in this forest, suggesting that this insect may
be the arthropod vector.

Zika virus is a single-stranded positive-sense RNA virus in the
genus Flavivirus, which includes a variety of arthropod-vectored
viruses such as dengue, yellow fever, Japanese encephalitis, West
Nile, and tick-borne encephalitis.* Throughout the 1950s and
1960s, serologic data from humans suggested widespread distri-
bution of Zika virus throughout Africa and Southern Asia.” Zika
virus was subsequently isolated from A. aegypti mosquitoes, in
Malaysia, the first isolation of this virus outside of Africa.*® De-
spite the widespread seroprevalence, only 13 documented cases
of natural Zika virus infection existed prior to 2007, although the
current thought is that this number grossly underrepresents the
actual number of Zika virus infections, given the absence of Zika-
virus—specific clinical signs and diagnostics, and the confounding
effect of antigenic crossreactivity among flaviviruses.* In 2007, an
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outbreak of Zika virus occurred in the Yap Islands in the Feder-
ated States of Micronesia, and subsequent outbreaks occurred in
several South Pacific islands including French Polynesia (2013),
Cook Islands (2014), New Caledonia (2014), and Easter Island
(2014), which led into the current outbreak in the Americas.!>*%
This outbreak began in coastal Brazil (2014) and has spread rap-
idly throughout South and Central America and the islands of the
Caribbean, primarily due to 2 factors: the prevalence of A. aegypti
mosquitoes and an immunologically naive, dense, urban popula-
tion.? Sequence analysis of Zika virus has revealed 2 lineages,
African and Asian, and analysis has shown that the recent out-
breaks in the Pacific and the Americas are of the Asian lineage.*
Comparison of isolates from Brazil and French Polynesia show
87% to 90% sequence similarity to the original MR766 strain from
Uganda,®*** and the severity of clinical and research outcomes
due to Zika virus infection may vary between these lineages.

The recent outbreaks have greatly increased our understand-
ing of the clinical signs associated with Zika virus. An estimated
75% to 80% of Zika virus infections are asymptomatic.®>* When
clinical signs are noted, the infection is generally associated with
mild symptoms such as fever, rash, arthralgia, headache, con-
junctivitis, and lethargy. Recently, Zika virus has been associated
with increases in Guillian-Barré syndrome and microcephaly,
as well as case reports of other manifestations of CNS and ocu-
lar disease.”***> There is some concern that microcephaly is the
extreme manifestation of infection during pregnancy and that
milder neurologic impairments might emerge as the affected in-
fant population ages.® Furthering the concern is that Zika virus
can be transmitted not only by mosquitoes and vertically but
also through sexual transmission,”* and blood transfusions;” in
addition, there is a single case report of Zika virus transmission
through a monkey bite,*! although mosquito transmission could
not be ruled out.

As a result of the widespread outbreak of Zika virus associated
disease, the World Health Organization declared Zika virus a
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Public Health Emergency of International Concern on 1 Febru-
ary 2016. In addition, several branches of the US Department of
Health and Human Services have published a notice to prioritize
Zika virus research.®! The virus’s presumed low pathogenicity has
contributed to a paucity of basic research on Zika virus. During
the initial discovery of Zika virus, animal studies in NHP (Cercopi-
thecus aethiops centralis, M. mulatta, and C. ascanius schmidti), mice
and other rodents (for example, cotton rats [Sigmodon hispidus]),
guinea pigs (Cavia porcellus), and rabbits (Oryctolagus cuniculus)
produced equivocal results, with some animals manifesting clini-
cal signs ranging from mild fever and rash to death.' Initial stud-
ies of the virus showed that Zika virus is neurotropic, although
these studies were confounded in many cases by the use of intra-
cerebral inoculations.®!® Much more extensive research has been
performed on similar flaviviruses and tropical diseases, for which
reviews of animal models exist,*"*** and knowledge gained from
those studies has been and will continue to serve as a starting
point for Zika virus research. Future research should highlight
the underlying pathogenesis of Zika virus in both mature and
embryonic infections, target potential therapeutics and vaccines,
as well as uncover the lineage-associated differences in Zika virus
that may have led to the recent outbreaks. Here we summarize
the animal models that have been used to study Zika virus during
this initial wave of increased research focus.

Small Animal Models

The development of small animal models of Zika virus infec-
tion has been and will continue to be an important step in un-
derstanding the pathophysiology of this virus. Mouse models, in
particular, allow for large sample sizes, the use of spontaneous
and induced mutations on defined genetic backgrounds, and the
ability to perform detailed and broad prospective research stud-
ies. These advantages support in-depth analyses of the immuno-
logic and pathologic characteristics of Zika virus infection as well
as quick screening of potential therapeutics and vaccines.

Models of Zika virus infection in adults. After the discovery of
Zika virus, initial studies in mice required many serial passages
of the virus in mice to produce consistent phenotypes.’® With the
advancement of genetic engineering, mouse models can now be
developed more readily, and several mouse models of Zika virus
infection have been described recently. Several of these models
have altered interferon responses, which are an important com-
ponent of antiviral defense.® These mouse models include single
and double knockouts of the receptors for the type I (Ifnarl) and
type II (Ifngr1) interferons on either the 129/Sv or C57BL/6 ge-
netic background.3**” These inbred strains have been designated
A129 and AG129 for the single and double knockouts, respec-
tively, on the 129 genetic background and IFNARI, for the single
knockout on the B6 genetic background.

Mice that lack receptors for type I interferon, IFNo./B—includ-
ing the inbred strain A129 (12952 Ifnar1'™#¢")*—have been previ-
ously described as models of disease due to Dengue virus®%7
and other viruses.****”? In a study where 5- to 6-wk-old A129 mice
were inoculated with an African lineage of Zika virus (MP1751,
Aedes africanus isolate) subcutaneously in the leg, high viral loads
and criteria for euthanasia were reached within 6 d postinfec-
tion (dpi), with pathologic lesions noted primarily in the CNS
and spleen.?? Compared with the A129 mice, 129Sv/Ev normal
controls displayed decreased viral loads, with no clinical pheno-
type observed.? This lethal phenotype in A129 mice is similar to
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that observed in studies with other arboviruses.>”'9¢”7> Another
study investigated the A129 strain in response to a Zika virus
of Asian lineage (FS513025, Cambodia) after inoculation at 3, 5,
and 11 wk of age.” All groups displayed signs of illness, such as
hunched posture and ruffled fur, but the most severe disease and
lethality were observed only in the 3-wk-old group.” In contrast,
CD1 and C57BL/6] normal controls and sham-infected controls
displayed no appreciable phenotype.” The investigators of this
study” also examined the effect of Zika virus on AG129 mice
(129/Sv Ifnar1™Aet [fngrl™Ast), which lack both type I (IFNa./3)
and type II (IFNY) interferon receptors.” This model was previ-
ously used to investigate Dengue” and yellow fever® viruses, as
well as many others. In the study, 3-wk-old AG129 mice infected
with Zika virus through either the intraperitoneal or intradermal
route displayed neurologic signs including tremors and ataxia,
with subsequent humane endpoints reached at 6 dpi.”* Analysis
of the tissues from both strains demonstrated that the highest
viral loads were in testes and brain. The presence of virus in the
testes is consistent with the reports in human literature of sex-
ual transmission of Zika virus.”# Comparing A129 and AG129
revealed that AG129 mice were more susceptible to Zika virus,
demonstrating neurologic signs and hindlimb paralysis (Figure 1),
although both models still resulted in a lethal phenotype.”” In a
related study, both 3- to 4-wk-old and 8-wk-old AG129 mice were
inoculated with various doses of Zika virus (H/PF/2013, French
Polynesia, Asian lineage), ranging from 10° to 1 pfu.® All of the
mice, regardless of dose, became moribund and were euthanized.
The mice exhibited signs of illness by 5 dpi, typified by weight
loss, lethargy, and a hunched posture. Histopathologic lesions
were most severe in the muscles and brain.? Interestingly, no neu-
rologic signs or paralysis were reported in this study,® in contrast
to an earlier study.” This difference may be attributable to the
different Asian lineage viral strains used, Cambodian compared
with French Polynesian.

AG129 mice were used in another study, where they were in-
fected with Zika virus (MR766, African lineage) at 8 to 14 wk of
age and displayed a dose-dependent onset of neurologic signs,
including paralysis, and subsequent lethality.”® The mice experi-
enced worsening clinical signs, which started at 10 dpi,”® a later
time point than reported for the same mouse strain in other re-
ports.>” However the mice were older than those in other studies
and were infected with a lower dose of an African lineage Zika
virus. The study®® also evaluated the use of an inhibitor of viral
RNA-dependent RNA polymerase, 7DMA, in AG129 mice; the
drug delayed the course of disease compared with that in controls
(23 dpi compared with 14 dpi). Finally, compared with AG129
mice, infection of 8- to 9-week-old SCID mice produced delayed
clinical signs and lethality, averaging 40 dpi for SCID mice.”®

Another Zika virus investigation® examined several strains
of mice that have alterations in both the type I and type II inter-
feron responses. AG129, Ifnarl~~, Irf3~/~Irf5~/~Irf7-/~ interferon
regulatory factor triple-knockout mice, and Irf3~/~ and Irf5~/~ sin-
gle-knockout mice (the latter 4 strains on the C57BL/6 genetic
background) yielded the most notable findings.* These mice
were inoculated at 4 to 6 wk of age with Zika virus (both Asian
and African lineages). The AG129, Ifnar1~/~, and triple-knockout
mice displayed neurologic signs such as hindlimb weakness and
paralysis when injected with Zika virus of an Asian lineage (H/
PF/2013), and all mice eventually succumbed to illness. This find-
ing is in agreement with another report, in which 5- to 6-wk-old
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Figure 1. Uninfected and Zika-virus-infected AG129 mice. An example
of bilateral hindlimb paralysis in AG129 provided by one of the authors
(CMN). The affected mouse was inoculated retroorbitally 7 d previously
with 1 x 10* pfu of the MR766 Zika virus strain.

triple-knockout mice displayed hindlimb weakness at 6 dpi after
retroorbital injection of Asian lineage Zika virus (FSS13025).* In-
terestingly, Ifnar1~/~ mice inoculated with the original African
lineage isolate of Zika virus (MR766) showed marked reduction
in clinical signs and lethality in comparison.* B6, CD1, and Irf5~/~
single-knockout mice demonstrated no clinical signs when inocu-
lated at similar ages, but when 1-wk-old B6 mice were infected,
33% succumbed to infection within 24 h, thus suggesting that
Zika virus pathology is highly age-dependent.® To that effect,
Ifnar1~/- mice were inoculated with Zika virus (H/PF/2013) at
3,4, and 6 mo and demonstrated a reduction in lethality at these
ages compared with the earlier inoculation time points.* Further-
more, B6 WT mice inoculated with Zika virus concurrent with
the administration of an IFNAR1-blocking antibody displayed
no clinical signs but established an elevated viremia.* These ex-
periments with older mice and with blocking antibodies might
serve as animal models for vaccine efficacy studies. Analysis of
Zika virus RNA in a previously mentioned study” showed high
viral loads in a variety of tissues, including CNS and testes, con-
sistent with other recent reports. Additional experiments with the
following strains reported no adverse outcomes: Mavs™, Irf37,
Irf5, Ifnlyl-, Ifitl -, Ifit2 ", Ifitm3~-, Isg15~", Ubell”~, Mb21d",
and Tmem1737-(STING).* A related study investigated 7-wk-old
C57BL/6 mice that were treated with an IFNAR1-blocking an-
tibody and were inoculated with both Asian (H/PF/2013) and
African (Senegal 1984) lineages into the footpad.* Mice displayed
Zika virus RNA within testis, epididymis, and related fluids; al-
teration of the testicular architectural structure; and decreased
testicular size, with more severe lesions noted with the African
lineage.* The experiment was repeated in Rag1~~ mice, and simi-
lar lesions were noted, however the damage to Leydig cells was
decreased compared with those in C57BL/6 mice, implying that
both direct viral infection and adaptive immune responses cause
testicular damage after Zika virus infection.* When Ifnarl~/~ and
C57BL/6 mice were inoculated intraperitoneally with Asian
lineage Zika virus (SMGC1),* Ifnar1~/~ mice displayed lethality
(20%), and surviving animals had substantial epididymitis and
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orchitis but no lesions in the prostate or seminal vesicles.” These
models may serve in the future to investigate the effects of Zika
virus on the male reproductive tract.

In addition, several recent studies have clarified the role of
the female reproductive tract in Zika virus pathogenesis. One
study using an Asian lineage (FS513025) inoculated intravagi-
nally showed that AG129 and LysMCre*IFNAR" (which lack IF-
NAR in myeloid cells) mice experienced worsening clinical signs
and weight loss, with AG129 mice having a poorer outcome.*
Interestingly, this phenotype was observed only when the mice
were inoculated during induced diestrus and not during induced
estrus, demonstrating the effect of the estrous cycle on the vi-
rus’s pathogenic potential.# Zika virus was detected until 10 dpi
in vaginal washes of AG129 in induced diestrus, indicating that
the virus may replicate within the vaginal mucosa.* Corrobo-
rating this study is another that used the same Zika virus strain
(FS513025) in C57BL/6 mice at 8 to 10 wk of age, demonstrating
that viral RNA persisted in the vagina until 4 dpi after intravagi-
nal inoculation of these mice.” These results were compared with
those from several knockout strains, which showed that Rag2~"-
mice were no different than WT in regard to vaginal viral RNA
load but that Ifnarl~/~ and Irf3-/-Irf7~/~ mice had increased viral
RNA levels intravaginally.” High-dose (5.2 x 10° pfu) intravagi-
nal inoculation of Ifnar1~/- mice resulted in lethality by 9 dpi,®
consistent with other studies®?03485571.76% that have identified the
importance of the interferon pathway in Zika virus pathogenesis.
In addition, compared with intraperitoneal administration, intra-
vaginal inoculation of C57BL/6 mice achieved higher Zika virus
titers in the spleen.”

In another report on Ifnarl~/- mice, both WT and Ifnar1~/~ 4-wk-
old mice infected with Asian lineage Zika virus (Paraiba 2015,
Brazil) shed viral RNA within tears at 7 dpi.® Further analysis at
28 dpi showed that viral RNA persisted in several tissues, includ-
ing eyes, brain, and spleen, long after Zika virus RNA was unde-
tectable in serum. To determine the infectious capability of Zika
virus in tears, ocular secretions and eye tissue homogenates were
injected intraperitoneally into AG129 mice. Ocular homogenates
harvested at 7 dpi uniformly resulted in lethality in AG129 mice
by 10 dpi, but AG129 mice infected with tears collected on 7 dpi
or ocular homogenates prepared on 28 dpi did not display clinical
signs of Zika virus infection.®® Despite the lack of clinical evidence
of Zika virus infection, intraperitoneal injection of tears from in-
fected mice resulted in serum titers similar to those obtained after
direct inoculation of Zika virus,”® thus providing evidence that
tears may serve as a reservoir and source of infection in Zika-
infected mammals. Similar concerns were recently brought to
light during the Ebola virus outbreak,® although whether tear
transmission actually contributes to an outbreak scenario is still
undetermined.

In an attempt to recapitulate the effects of Zika virus in im-
munosuppressed humans, including fatal disseminated infec-
tion, an immunosuppressed mouse model of Zika virus infection
was established recently.® To this end, 6- to 8-wk-old BALB/C
mice were immunosuppressed with dexamethasone and then
challenged intraperitoneally with a Puerto Rican clinical isolate
(PRVABC59). Compared with controls, the immunosuppressed
mice displayed high viral loads at 5 dpi in blood and most tissues,
with minimal accompanying inflammation.!* When the dexa-
methasone treatment was tapered off, infected mice experienced
weight loss and various clinical signs, suggesting that the clinical
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deterioration was a combination of the disseminated Zika virus
infection and subsequent immune reconstitution after secession
of immunosuppressive therapy. Prominent inflammation was
noted in various organs on postmortem analysis. Using this mod-
el, the investigators then treated infected and immunosuppressed
mice with recombinant type I interferons. Treated mice were as-
ymptomatic and had minimal inflammation and detectable Zika
virus within tissues, demonstrating that interferon treatment was
effective in greatly reducing Zika virus infection this model.’® This
study demonstrates an approach to developing an animal model
of Zika virus that uses immunosuppressive therapy.

As seen in studies examining intrauterine effects of Zika virus,"
viremia and clinical signs have been compared between different
immunocompetent strains of mice. One study has shown vari-
able susceptibility in 10- to 12-wk-old mice after challenge with
Zika virus (Brazil ZKV2015).* In that study, both BALB/c and
SJL mice displayed a significantly higher viremia than C57BL/6
mice.* In addition, both inactivated virus and plasmid DNA vac-
cines were protective in all three strains of mice that were inves-
tigated,*® correlating with similar findings in rhesus macaques’
and offering encouragement for the plausibility of human Zika
virus vaccines. Another study showed that both 4- and-8 wk-old
129 Sv/Ev mice exhibited transient but widespread viremia af-
ter inoculation with a clinical isolate of Asian lineage Zika virus
(GZ01).%¢ Swiss mice, which were used in one of the initial Zika
virus experiments in 1971,° have also been investigated recently.
Injection of 1-d-old mice either intracerebrally or subcutaneously
with a Brazilian clinical isolate (SPH 2015) led to clinical signs
that eventually required euthanasia, including lethargy, ataxia
and paralysis, in all mice, with the intracerebral group exhibiting
signs first.?* Extensive inflammation was present in the brains of
both infected groups, with the cerebral cortex as the main area
affected. Interestingly, 2 of the 4 mice inoculated subcutaneously
had atonic urinary bladders, presumed secondary to spinal cord
lesions;* atonicity of the urinary bladder has also been reported
in a human case of Zika virus.?> Atonic bladders have not been
reported in other studies, and because the subcutaneous injection
was near the lumbar vertebrae,” this lesion cannot be interpreted
as evidence of preferred site for Zika virus. Figure 2 provides a
summary of the results from all of these experiments in mice.

Models of intrauterine Zika virus infection. The embryologic
effects of Zika virus have gained widespread acceptance in the
human medical field, thus highlighting the usefulness of mouse
models, in that rodents and primates both exhibit hemochorial
discoid placentation. Despite their broad similarities in placental
classification, unique differences during fetal development do
exist between these 2 species.”” The gestational age between these
2 species is vastly different, complicating the study of specific
embryologic inoculation time points in mice.”” Furthermore, well-
established differences in embryologic neural development exist
between mice and humans,” such that the brain development of
a mouse pup at postnatal day 1 is comparable to that of a human
brain at midgestation.” Studies examining genes related to micro-
cephaly have shown milder phenotypes in mice compared with
humans,*# with this finding perhaps attributable to the relatively
smaller cerebral cortex in mice. The infection of chicken embryos
with Zika virus (Mexican isolate) to study its effect on the devel-
oping brain induced a microcephaly-like phenotype in surviving
embryos.” In another study, the injection of Asian lineage Zika vi-
rus (SZ01) into the lateral ventricles of ICR mouse fetuses in utero
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caused marked deregulation of microcephaly-associated genes,
cortical thinning, and induction of an immune response within
the brain.® In addition, Zika virus titers were highest in neural
progenitor cells within the brain.*® Using the same experimental
mouse model, convalescent serum from a Zika virus-infected hu-
man was injected intraperitoneally, after which treated animals
showed a marked reduction in the number of Zika-virus-infected
cells in brain, suggesting that convalescent serum may have ther-
apeutic potential for decreasing the embryologic effects of Zika
virus.” Intracerebral injection of a Mexican clinical isolate of Zika
virus (MEX1-44) into embryonic (E) day 14.5 embryos of either
C57BL/6] or 12951 /SvIm] mice led to microcephaly, cortical thin-
ning, and neural progenitor cell infection as seen in other studies,
but the authors also reported neuronal death, a leaky blood brain
barrier, and astrogliosis in the brains of infected embryos.”” This
study adds to the collective understanding of the widespread ef-
fects of Zika virus on the developing brain.

Several recent studies have shown that Zika virus infection can
be vertically transmitted in immunocompetent mice."*** How-
ever, these 2 studies used different Asian-lineage strains of Zika
virus. In one,” a clinical isolate of Zika virus that originated in
Samoa was injected into pregnant C57BL/6 dams at E13.5 either
intraperitoneally or into the lateral ventricle of the embryo and
showed that Zika virus has a tropism for radial glial cells, an
embryologic neural progenitor cell type. Real-time PCR analy-
sis of the fetal brains demonstrated similar alterations in gene
expression as have been noted in human neural cultured cells
that were infected with Zika virus.®2* The absence of apprecia-
ble microcephaly in the mice may be due to the difference in the
number of radial glial cells between mice and humans.” Of the
intraperitoneally injected dams, 5 of 9 placentas had Zika virus
RNA at 3 dpi, showing that the virus has the capability of cross-
ing the placental barrier.” In a similar experiment, a Brazilian
clinical isolate of Zika virus administered intravenously yielded
differing results, in that for SJL pregnant mice, Zika virus pro-
duced transplacental infection and induced profound intrauter-
ine growth restriction, decreased cortical thickness, and ocular
abnormalities in the pups; analysis of the SJL pups demonstrated
upregulation of genes associated with autophagy and autolysis.”
In contrast, C57BL/6 pups showed no appreciable change, and
the researchers were unable to detect Zika virus in the embryos
by using quantitative PCR analysis.” Differences in viral suscep-
tibility between SJL and C57BL/6 occurred in another Zika virus
study® and was previously described in regard to Theiler murine
encephalomyelitis virus,* another virus that interacts with in-
terferon pathways.®! In particular, C57BL/6 mice express higher
levels of interferon-stimulated genes than do SJL, and this differ-
ence may account for the varied susceptibility to the virus, with
SJL mice subject to and C57BL/6 resistant to clinical signs from
Theiler murine encephalomyelitis virus.® Interstrain differences
in susceptibility appear to exist after Zika virus infection as well.

A study examining the transplacental infection of embryos
used B6 Ifnar1~/~ dams crossed to B6 WT sires, and infection of
these dams with Zika virus (H/PF/2013) resulted in fetal demise
and intrauterine growth restriction of the embryos.> Tissue analy-
sis revealed high viral loads within placenta and fetal brains.>
In a related study from the same group, a blocking antilFNAR
antibody was administered to Zika-infected B6 WT dams; the
resulting embryos exhibited mild intrauterine growth restriction
without evidence of fetal demise.* In addition, pregnant dams
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Mouse model Virus lineage Route Age Outeome R

Al29 MP1751 (African) sC 5-6wk Weight loss, lethargy and death after & dpi; viral 20
RNA highest in spleen and brain.

FSS13025 (Asian) I, 1D 3,5, and 3-wk-old mice displayed tremors, lethargy, 71

11wk anorexia, and lethality by & dpi; older mice
displayed mild symptoms, with 50% mortality in
Sewk group and 0% in the 11-wk mice,

AGI29 FS513025 (Asian) 1P, 10 3wk Mice displayed neurologic discase, tremors, loss 71
of balance, and lethality by & dpi.

FSS513025 (Asian) WG 8-12 wk Mice inoculated after induced diestrus presented 83
with worsening clinical signs and lethality by 22
dpi. This phenotype was not observed in mice
inoculated after induced estrus.

H/PF/2013 (Asian) FP, 1P 3-4 wkand Lethargy, hunched posture, and lethality by 8dpi; 3

Bwk wviral titers highest at 2 dpi.

MR766 (African) r B-14 wk Hunched back, lethargy, hindlimb paralysis, and 98
eventual lethality by 18 dpi on average; discase
severity was dose-dependent.

Rag1™ Senegal 1984 (African) FP 7wk Mice treated with IFNARI blocking antibody 1d 30
before inoculation demonstrated the presence of
Zika virus in testes and epididymis and testicular
involution, although Leydig cells were less
damaged than in other experiments by the same
group. The results imply that the testicular insult
was caused by Zika virus and resulting adaptive
immune response.

Ifiar1™ MR766 (African), FP, IV 56 wk; Hindlimb weakness, paralysis, and 100% lethality 39

H/PF/2013 (Asian) 3 4,and6mo by 10 dpi with Asian lineage. Mice had reduced
phenotypic severity and some survived with
African lineage. Older mice inoculated with Asian
lineage had reduced phenotype, and most
survived infection in an age-dependent manner.

H/PF /2013 (Asian), FP 4-8 wk Zika virus viral shedding was noted in tears until 55

Faraiba 2015 (Asian) 7 dpi.

ZIKA-SMGC-1 (Asian) P Bwk Resulted in lethality in 20% of mice; remaining 48
mice had profound orchitis and epididymitis.

FSS513025 (Asian) WG 8-10 wk Higher Zika virus RNA levels in vagina than in 95
WT. High-dose IVG challenge resulted in lethality
by 9 dpi.

Inf37" Inf7 FS513025 (Asian) wo B-10wk Higher Zika virus RNA levels in vagina when 95
compared with WT.

Inf3™"Inf5™ Infr MR766 (African), FP IV 4-6wk Hindlimb weakness, paralysis, and 100% lethality 39

H/PF /2013 (Asian) by 12 dpi with both lineages.

F5513025 (Asian) w 5-0wk Mice display worsening clinical signs and 44
hindlimb paralysis by 6 dpi.

SCID MR766 (African) P -9 wk Hunched back, lethargy, hindlimb paralysis, and 98
eventual lethality by 40 dpi on average; delayed
compared with AG129 on same study

1295w/ Ev GZ01 (Asian) I 4-8 wk No clinical signs reported; viremia was higherin 96
younger animals

MP1751 (African) 5C 5-6 wk Mo elinical signs reported. 20

SIL Brazil ZKV2015 (Asian) w 10-12 wk Virus replicated efficiently; no overt clinical signs. 38

[ab)] F5513025 (Asian) 5C 3wk No clinical signs reported; no viremia detected. 71

41519, 41667, FP 4wk No clinical signs reported. a9

and 41671 (African)

C57BL/6 MR766 (African), SC IV 5-bwk Mo clinical signs reported. 39

H/PF/2013 (Asian)

FS513025 (Asian) SC, FP 6wk No elinical signs reported; no viremia detected. 71

F5513025 (Asian) WGP 8-10wk Zika virus RNA persisted in the vagina until 95
4 dpi, suggesting local replication. Splenic Zika
virus RNA levels were higher after IVG than IP.

ZIKA-SMGC-1 (Asian) P 6wk No clinical signs reported. 48

Brazil ZKV2015, v 10-12 wk Viremia was detectable, but at a much lower level 38

Puerto Rico PRVABCS9 than in S]L and BALB/c mice on the same study.

{Asian)

H/PF /2013 (Asian), FP 7wk Mice treated with IFNARI blocking antibody 1d 30

Senegal 1984 (African) before inoculation demonstrated the presence of
Zika virus in testes and epididymis and testicular
involution. Lesions were more severe with
Senegal 1954 strain,

SPH 2015 (Asian) 1C, 5C 1d All mice exhibited neurologic signs and paralysis, 26
with IC-inoculated mice exhibiting signs first.
Profound inflammation noted in CNS, primarily
within cerebral cortex.

BALB/c Brazil ZKV2015, w 10-12 wk Virus replicated efficiently; no overt clinical signs. 38

Puerto Rico PRVABCS9

{Asian)

BALB/c, PRVABCS9 (Asian) i 6-8 wk Viremia widespread in i PP d mice, 10

immunosuppressed clinical signs and inflammation increase rapidly

as immunosuppressive therapy wanes. Treatment
with type [ interferons greatly decreases Zika
wvirus infecti

Figure 2. Mouse models of Zika virus pathogenicity. FP, footpad; IC, intracerebral; IVG, intravaginal.
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infected with Dengue virus lacked evidence of intrauterine
growth restriction, and placentas were virus-free, supporting the
idea that the tropism of Zika virus for placental tissue is greater
than that of other flaviviruses.>*

Continuing their work investigating intravaginal inoculation
of Zika virus, one group inoculated WT dams at E4.5 and E8.5
and demonstrated that when dams were infected on E4.5, devel-
oping embryos at E18.5 had mild but significant overall growth
defects.”® Examination of the embryonic brains demonstrated the
presence of Zika virus at both time points, illustrating that in-
travaginal inoculation can result in embryonic infection, even
when the gross appearance of the embryo is unaltered. In a re-
lated study, this group inoculated pregnant Irf3~/~Irf7-/~ mice and
Ifnar1~/~ dams crossed to WT sires at E4.5 and E8.5. Inoculation at
E4.5 resulted in significant fetal weight reduction in Irf3*/~Irf7+/~
mice and fetal resorption of Ifnarl*- mice. These data support the
notion that early embryonic exposure to Zika virus is deleterious
and suggest that the intravaginal route can cause embryonic in-
fection.”®

In total, the presented studies have produced several animal
models of varying phenotypic severity that can be used for study-
ing the effects of Zika virus on developing embryos through verti-
cal transmission, intrauterine, or intraembryo inoculation. Studies
like these have the potential to help elucidate the pathophysi-
ologic mechanisms of Zika-virus—associated microcephaly that
occurs in humans. The results of the intrauterine experiments are
summarized in Figure 3.

Large Animal Models

Previous serologic data has shown that a wide array of large
animals have an immunologic response to Zika virus, includ-
ing water buffalo, goats, NHP, lions, sheep, and wildebeest.***
Despite these seroprevalence data in other large animal species,
NHP have been an integral component of Zika virus knowledge
since the initial isolation of Zika virus from a rhesus macaque
in 1947 in Uganda.!® Seroprevalence data have demonstrated
that several species of NHP can seroconvert,**%” and some in-
vestigators theorize that Zika virus is maintained in a sylvatic
cycle within NHP in the wild,* similar to other flaviviruses.®*
Similarly, NHP are well established as animal models of disease
pathogenesis, vaccine development, and therapeutic research for
similar tropical viruses.®!'?¢ Because of their similarity to humans,
readily available resources, and known infectivity with Zika vi-
rus, NHP have become the large animal model of choice for the
current wave of Zika virus research.

Rhesus macaques, and to a lesser extent cynomolgus macaques
(M. fascicularis), are the species of NHP that are predominantly
used as Zika virus research models. The majority of the work
to date has been to establish Zika virus infections with various
strains of the virus and to document the physical and viral char-
acteristics after infection. Because of the outbreak and urgent
need for the development and dissemination of knowledge about
Zika virus, several primate research institutions have presented
their research online prior to formal publication.t3#067

Studies out of the Oregon and California National Primate Re-
search Centers using Zika virus isolated from Puerto Rico and
Brazil, respectively, have demonstrated that clinical signs in in-
fected adult rhesus macaques are generally mild and consist of
erythema, mild fever, and transient lymphadenopathy in some
animals.®*% Another group has investigated a Chinese clinical

Animal models of Zika virus

isolate of Zika virus (GZ01) and report similar clinical findings
and extent of viremia as in other reports, with the presence of
Zika virus in lacrimal fluid, saliva, and urine.* Necropsy of sev-
eral macaques in the acute stage of viremia (up to 10 dpi) dem-
onstrated Zika virus RNA in the CNS, gastrointestinal tract, and
various other organs.* Spleen and lymph nodes contained higher
levels of Zika virus RNA at 10 dpi compared with 5 dpi, suggest-
ing that the virus may replicate for a longer time period within
these organs.* The group at the Southern Research Institute has
infected cynomolgus macaques with Puerto Rican (PRVABC59),
Cambodian (FSS13025), and Nigerian (IBH0656) isolates of Zika
virus and have demonstrated an absence of clinical signs despite
viremia lasting as long as 14 dpi.*® Studies from the Wisconsin
National Primate Research Center have shown that infection with
Zika virus of both Asian and African lineages (FP and MR766)
can cause a viremia that lasts until 21 dpi, and virus is present
in various body fluids including saliva, urine, vaginal fluid, and
cerebrospinal fluid.?%” Their work also has shown that Zika virus
can be acquired by macaques through mucosal exposure.”

To understand whether Zika virus infection results in acquired
immunity, infected macaques were rechallenged 10 wk after
initial infection. This reinoculation resulted in an absence of de-
tectable virus in plasma, saliva, or urine, suggesting protective
immunity.” Another study from the same group has shown that
infection with an African lineage Zika virus (MR766) in rhesus
macaques confers protection when the animals are subsequently
challenged with an Asian lineage (FP), as evidenced by a lack of
viremia and clinical signs in the macaques.**” This finding sug-
gests that strain selection for vaccine development may not be
critical, given the cross protection between lineages.* On a differ-
ent note, several studies have shown that previous exposure to
dengue virus has little effect on Zika virus infectivity and patho-
genicity, conferring neither protection nor antibody-dependent
enhancement.®*”

The immunogenicity of Zika virus has also been tested by us-
ing several vaccines in rhesus macaques. One study investigated
a DNA vaccine of Asian lineage Zika virus (H/PF/2013) and
showed that single-dose vaccination reduced viremia after sub-
cutaneous administration of Zika virus, whereas 2-dose vaccina-
tion conferred protection in 94% of rhesus macaques.” In another
study, vaccines comprising purified inactivated virus, plasmid
DNA, and a recombinant adenovirus expressing Zika virus all in-
duced Zika-virus—specific neutralizing antibodies and protected
animals from viral challenge with both Brazilian and Puerto Ri-
can isolates.! Purified immunoglobulins from these vaccinated
rhesus conferred passive protection in other animals when ex-
posed to Zika virus.! A vaccine challenge study in mice produced
similar results,® and together, these studies offer promise for the
successful production of a Zika virus vaccine for humans.

Several studies to date have investigated the effects of Zika vi-
rus infection in pregnant NHP. In one study; 2 first-trimester preg-
nant rhesus macaques that were infected with Asian lineage Zika
virus (H/PF/2013) had a persistence of their viremia until 29 and
71 dpi, and 1 of 2 rhesus infected in the 3rd trimester had viremia
at 36 dpi, which is notably longer than has been observed in non-
pregnant rhesus (approximately 10 to 12 dpi).” This prolonged
viremia during pregnancy has been reported in humans as well
although the underlying mechanism is yet to be fully understood.
Another study evaluated a pigtail macaque (M. nemestrina) inocu-
lated subcutaneously with an Asian lineage virus (FS513025) at
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Mouse model  Virus lineage Route  Age Qutcome Reference
Ifnar1 H/PF/2013 (Asian) FP E6.5-7.5 Knockout dams crossed to WT to produce 54
Ifnar1- pups resulted in fetal demise and
resorption or IUGR. Zika virus RNA was
abundant within placental tissue
FSS13025 (Asian) IVG E4.5,E85  E4.5 mice underwent fetal resorption by 9 dpi; 95
EB8.5 embryos demonstrated [UGR.
If3Inf7 FSS13025 (Asian) IVG E4.5, E85  E4.5 embryos demonstrated [IUGR; high levels 95
of Zika virus RNA were present in placenta
and fetus at both time points.
SJL Clinical isolate from patient IV E10-13 Pups displayed IUGR, cortical malformations 13
in Brazil (Asian) similar to microcephaly, and ocular
abnormalities
C57BL/6 Clinical isolate from patient IV E10-13 Pups displayed no clinical signs; no virus 13
in Brazil (Asian) detected in pups, in stark contrast to results
from SJL mice in same study.
Clinical isolate from patient  IP, IC E13.5 Zika virus infection was able to cross the 93
in Samoa (Asian) placenta in some dams and infect neural
progenitor cells. Intraventricular injection
produced much more profound CNS infection
than IP inoculation.
FSS13025 (Asian) VG E4.5, E8.5 E4.5 inoculation resulted in moderate IUGR; 95
both time points showed Zika virus in CNS.
MEX1-44 (Asian) IC E14.5 Microcephaly, cortical thinning, neural 77
progenitor cell infection, extensive neuronal
death, a leaky blood-brain barrier, and
astrogliosis were reported.
ICR SZ01 (Asian) IC E13.5 Zika virus replicated efficiently within 43,90

embryos and infected neural progenitor cells.
Treatment with convalescent serum decreased
Zika virus viral load in the embryo.

Figure 3. Mouse models of Zika virus pathogenicity in embryos. E, embryonic day; FP, footpad; IC, intracerebral; IUGR, intrauterine growth restriction;

IVG, intravaginal.

119 d gestation.? The fetus underwent ultrasonographic examina-
tion weekly, which revealed that the biparietal diameter (a mea-
sure of head size and often gestational age) displayed decreased
growth when compared with species-specific published data.
In addition, MRI of the fetal brain displayed multiple changes in
image intensity throughout pregnancy. At time of delivery, 162 d
gestation, both the dam and fetus were necropsied, and Zika vi-
rus was present in the placenta, fetal brain and liver, and maternal
brain, eyes, spleen, and liver.? Alterations in the posterior white
matter, gliosis, and axon injury were among lesions noted on his-
topathologic exam of the fetus.” This study is the first to report
fetal CNS lesions in a Zika-virus-infected pregnant macaque, and
further work on this topic is necessary given its translatability to
the lesions observed in human fetuses.

Despite all of the current NHP research being done in several
species of macaques, analyzing other NHP models infected with
Zika virus may be valuable. Studies have shown that New World
monkeys, specifically howler monkeys of the genus Aloutta, dis-
play more severe clinical signs when infected with yellow fever
virus than do Old World monkeys.>**” Studies of both wild and
captive New World monkeys exposed to Zika virus may dem-
onstrate a similar outcome. In a related manner, studies inves-
tigating the different outcomes in NHP and other species after
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exposure to various Zika virus lineages may help to uncover
the differences between these lineages and, moreover, help to
explain why the current Zika virus outbreak has occurred. The
African lineage of Zika virus was initially derived from an NHP
source, whereas the Asian lineage has become more adapted to
human-to-human transmission over the past several decades.”
This host adaptation was exquisitely demonstrated in one study
that infected brain organoid cell cultures derived from chimpan-
zee pluripotent stem cells.” In the study, the Brazilian lineage did
not replicate in the chimpanzee cells, whereas the African lineage
replicated well.” This result shows the ability of the virus to adapt
to different primate hosts over time, and such adaptation is a fac-
tor to consider when choosing a Zika virus lineage to use for NHP
experiments.

Conclusions
Over the last several years, a myriad of research studies on
Zika virus have used both large and small animal species. This re-
search has initially focused on detailing the pathogenesis of Zika
virus and establishing an understanding of the tissue tropism of
the virus. Animal studies mentioned here have demonstrated that
the virus has a strong tropism for neural progenitor cells, among
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other cell types, consistent with the human clinical findings of
Zika-virus—associated neurologic disease. Furthermore, sev-
eral studies in mice have shown that Zika virus has a tropism
for placental tissue and can infect embryos, results that are also
consistent with clinical findings noted in people. Other studies
mentioned in this review demonstrate the utility of certain strains
of mice, as well as NHP, for Zika virus vaccine and therapeutic
development. Antivirals that have shown efficacy against other
flaviviruses have also shown efficacy within a mouse model of
Zika virus,?7% and currently available antiviral therapeutics
should continue to be tested in Zika virus animal models. Similar
to what has been seen in other flaviviruses, the interferon path-
ways play an important role in Zika virus pathogenesis and im-
mune protection.

Zika virus can be from either the Asian or the African lineage,
with specific sublineages depending on the location of initial viral
isolation. The high mutation rate of RNA polymerases® results
in nonhomogeneous populations of RNA viruses. Therefore,
given different mosquito vectors, bottlenecks during its spread,
and nonstandardized in vitro propagation methods, it is not
surprising that Zika virus isolates differ. The first Asian lineage
Zika virus was isolated in 1966, and genomic analysis has dem-
onstrated consistent viral evolution over time, leading into the
recent outbreaks.?* Additional evidence shows that Zika virus has
experienced recombination events, which are unusual among fla-
viviruses.?” Some of the studies mentioned in this review have
demonstrated a variable phenotype that was dependent on Zika
virus lineage. To date, no specific lineage is considered the ‘gold
standard’ for testing, and as such, we recommend careful consid-
eration of the literature when choosing a lineage for investigation.
The recent availability of Zika virus infectious cDNA clones will
aid in resolving this lineage variability.”*>*' Moreover, an array of
phenotypes can be observed within different mouse strains, and
this variability is dependent on the specific mouse strain, mouse
age, and route and dose of viral inoculation. All of these factors
should be considered in future research studies of Zika virus.

Acknowledgments
This research was funded in part by The Unit for Laboratory Animal
Medicine at The University of Michigan (MPB), an NIH U19 Center for
Excellence in Translation Research: ViRx@Stanford administrative
supplement (CMN), the Stanford Discovery Innovation Fund in Basic
Biomedical Sciences (CMN), and the Stanford Department of
Comparative Medicine (CMN).

References

1. Abbink P, Larocca RA, De La Barrera RA, Bricault CA, Moseley
ET, Boyd M, Kirilova M, Li Z, Ng’ang’a D, Nanayakkara O,
Nityanandam R, Mercado NB, Borducchi EN, Agarwal A,
Brinkman AL, Cabral C, Chandrashekar A, Giglio PB, Jetton D,
Jimenez J, Lee BC, Mojta S, Molloy K, Shetty M, Neubauer GH,
Stephenson KE, Peron JP, Zanotto PM, Misamore J, Finneyfrock B,
Lewis MG, Alter G, Modjarrad K, Jarman RG, Eckels KH, Michael
NL, Thomas SJ, Barouch DH. 2016. Protective efficacy of multiple
vaccine platforms against Zika virus challenge in rhesus monkeys.
Science 353:1129-1132.

2. Adams Waldorf KM, Stencel-Baerenwald JE, Kapur RP, Studholme
C, Boldenow E, Vornhagen J, Baldessari A, Dighe MK, Thiel J,
Merillat S, Armistead B, Tisoncik-Go J, Green RR, Davis MA,
Dewey EC, Fairgrieve MR, Gatenby JC, Richards T, Garden GA,
Diamond MS, Juul SE, Kuller L, Shaw DW, Ogle J, Gough GM,
Lee W, English C, Hevner RE Dobyns WB, Gale M Jr, Rajagopal L.

10.

11.

12.

13.

14.

15.

16.

17.

18.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27

Animal models of Zika virus

2016. Fetal brain lesions after subcutaneous inoculation of Zika virus
in a pregnant nonhuman primate. Nat Med 22:1256-1259.

Aliota MT, Caine EA, Walker EC, Larkin KE, Camacho E, Osorio
JE. 2016. Characterization of lethal Zika virus infection in AG129
mice. PLoS Negl Trop Dis 10:e0004682.

Aliota MT, Dudley DM, Newman CM, Mohr EL, Gellerup DD,
Breitbach ME, Buechler CR, Rasheed MN, Mohns MS, Weiler AM,
Barry GL, Weisgrau KL, Eudailey JA, Rakasz EG, Vosler L], Post
J, Capuano S 3rd, Golos TG, Permar SR, Osorio JE, Friedrich TC,
O’Connor SL, O’Connor DH. 2016. Heterologous protection against
Asian Zika virus challenge in rhesus macaques. PLoS Negl Trop Dis
10:e0005168.

. AokiK, Shimada S, Simantini DS, Tun MM, Buerano CC, Morita K,

Hayasaka D. 2014. Type I interferon response affects an inoculation-
dose-independent mortality in mice following Japanese encephalitis
virus infection. Virol J 11:105.

Bell TM, Field EJ, Narang HK. 1971. Zika virus infection of the cen-
tral nervous system of mice. Arch Gesamte Virusforsch 35:183-193.
Bereczky S, Lindegren G, Karlberg H, Akerstrom S, Klingstrom J,
Mirazimi A. 2010. Crimean—Congo hemorrhagic fever virus infection
is lethal for adult type I interferon receptor-knockout mice. ] Gen
Virol 91:1473-1477.

Broeckel R, Haese N, Messaoudi I, Streblow DN. 2015. Nonhu-
man primate models of Chikungunya virus infection and disease.
Pathogens 4:662-681.

Cao-Lormeau VM, Blake A, Mons S, Lastere S, Roche C,
Vanhomwegen J, Dub T, Baudouin L, Teissier A, Larre P, Vial
AL, Decam C, Choumet V, Halstead SK, Willison HJ, Musset
L, Manuguerra JC, Despres P, Fournier E, Mallet HP, Musso D,
Fontanet A, Neil J, Ghawche F. 2016. Guillain-Barre syndrome
outbreak associated with Zika virus infection in French Polynesia:
a case-control study. Lancet 387:1531-1539.

Chan JF, Zhang AJ, Chan CC, Yip CC, Mak WW, Zhu H, Poon VK,
Tee KM, Zhu Z, Cai JP, Tsang JO, Chik KK, Yin F, Chan KH, Kok
KH, Jin DY, Au-Yeung RK, Yuen KY. 2016. Zika virus infection
in dexamethasone-immunosuppressed mice demonstrating dis-
seminated infection with multi-organ involvement including orchitis
effectively treated by recombinant type I interferons. EBioMedicine
14:112-122.

Chan KW, Watanabe S, Kavishna R, Alonso S, Vasudevan SG.
2015. Animal models for studying dengue pathogenesis and therapy.
Antiviral Res 123:5-14.

Chang C, Ortiz K, Ansari A, Gershwin ME. 2016. The Zika outbreak
of the 21st century. ] Autoimmun 68:1-13.

Cugola FR, Fernandes IR, Russo FB, Freitas BC, Dias JL, Guimaraes
KP, Benazzato C, Almeida N, Pignatari GC, Romero S, Polonio
CM, Cunbha I, Freitas CL, Brandao WN, Rossato C, Andrade DG,
Faria Dde P, Garcez AT, Buchpigel CA, Braconi CT, Mendes E,
Sall AA, Zanotto PM, Peron JP, Muotri AR, Beltrao-Braga PC. 2016.
The Brazilian Zika virus strain causes birth defects in experimental
models. Nature 534:267-271.

Darwish MA, Hoogstraal H, Roberts TJ, Ahmed IP, Omar F. 1983.
A sero-epidemiologic survey for certain arboviruses (Togaviridae)
in Pakistan. Trans R Soc Trop Med Hyg 77:442—445.

de Almeida MA, Dos Santos E, da Cruz Cardoso J, da Fonseca DF,
Noll CA, Silveira VR, Maeda AY, de Souza RP, Kanamura C, Brasil
RA. 2012. Yellow fever outbreak affecting Alouatta populations in
southern Brazil (Rio Grande do Sul State), 2008 to 2009. Am ] Primatol
74:68-76.

Dick GW. 1952. Zika virus. II. Pathogenicity and physical properties.
Trans R Soc Trop Med Hyg 46:521-534.

Dick GW. 1953. Epidemiologic notes on some viruses isolated in
Uganda: yellow fever, Rift Valley fever, Bwamba fever, West Nile,
Mengo, Semliki Forest, Bunyamwera, Ntaya, Uganda S, and Zika
viruses. Trans R Soc Trop Med Hyg 47:13-48.

Dick GW, Kitchen SF, Haddow A]J. 1952. Zika virus. I. Isola-
tions and serological specificity. Trans R Soc Trop Med Hyg 46:
509-520.

249



Vol 67, No 3
Comparative Medicine
June 2017

19. Dowall SD, Findlay-Wilson S, Rayner E, Pearson G, Pickersgill J,
Rule A, Merredew N, Smith H, Chamberlain J, Hewson R. 2012.
Hazara virus infection is lethal for adult type I interferon receptor-
knockout mice and may act as a surrogate for infection with the
human-pathogenic Crimean-Congo hemorrhagic fever virus. ] Gen
Virol 93:560-564.

20. Dowall SD, Graham VA, Rayner E, Atkinson B, Hall G, Watson
R]J, Bosworth A, Bonney LC, Kitchen S, Hewson R. 2016. A sus-
ceptible mouse model for Zika virus infection. PLoS Negl Trop Dis
10(5):e0004658.

21. Dowd KA, Ko SY, Morabito KM, Yang ES, Pelc RS, DeMaso CR,
Castilho LR, Abbink P, Boyd M, Nityanandam R, Gordon DN,
Gallagher JR, Chen X, Todd JP, Tsybovsky Y, Harris A, Huang YS,
Higgs S, Vanlandingham DL, Andersen H, Lewis MG, De La Bar-
rera R, Eckels KH, Jarman RG, Nason MC, Barouch DH, Roederer
M, Kong WP, Mascola JR, Pierson TC, Graham BS. 2016. Rapid
development of a DNA vaccine for Zika virus. Science 354:237-240.

22. Driggers RW, Ho CY, Korhonen EM, Kuivanen S, Jaaskelainen AJ,
Smura T, Rosenberg A, Hill DA, DeBiasi RL, Vezina G, Timofeev
J, Rodriguez FJ, Levanov L, Razak J, Iyengar P, Hennenfent A,
Kennedy R, Lanciotti R, du Plessis A, Vapalahti O. 2016. Zika
virus infection with prolonged maternal viremia and fetal brain
abnormalities. N Engl ] Med 374:2142-2151.

23. Dudley DM, Aliota MT, Mohr EL, Weiler AM, Lehrer-Brey G,
Weisgrau KL, Mohns MS, Breitbach ME, Rasheed MN, Newman
CM, Gellerup DD, Moncla LH, Post J, Schultz-Darken N, Schotzko
ML, Hayes JM, Eudailey JA, Moody MA, Permar SR, O’Connor
SL, Rakasz EG, Simmons HA, Capuano S, Golos TG, Osorio JE,
Friedrich TC, O’Connor DH. 2016. A rhesus macaque model of
Asian-lineage Zika virus infection. Nat Commun 7:12204.

24. Faria NR, Azevedo Rdo S, Kraemer MU, Souza R, Cunha MS,
Hill SC, Theze J, Bonsall MB, Bowden TA, Rissanen I, Rocco
IM, Nogueira JS, Maeda AY, Vasami FG, Macedo FL, Suzuki A,
Rodrigues SG, Cruz AC, Nunes BT, Medeiros DB, Rodrigues
DS, Nunes Queiroz AL, da Silva EV, Henriques DF, Travassos
da Rosa ES, de Oliveira CS, Martins LC, Vasconcelos HB, Casseb
LM, Simith Dde B, Messina JP, Abade L, Lourenco J, Carlos Junior
Alcantara L, de Lima MM, Giovanetti M, Hay SI, de Oliveira RS,
Lemos Pda S, de Oliveira LF, de Lima CP, da Silva SP, de Vascon-
celos JM, Franco L, Cardoso JF, Vianez-Junior JL, Mir D, Bello G,
Delatorre E, Khan K, Creatore M, Coelho GE, de Oliveira WK,
Tesh R, Pybus OG, Nunes MR, Vasconcelos PF. 2016. Zika virus
in the Americas: early epidemiologic and genetic findings. Science
352:345-349.

25. Faye O, Freire CC, Iamarino A, Faye O, de Oliveira JV, Diallo M,
Zanotto PM, Sall AA.2014. Molecular evolution of Zika virus during
its emergence in the 20th century. PLoS Negl Trop Dis 8(1):e2636.

26. Fernandes NC, NogueiraJS, Ressio RA, Cirqueira CS, Kimura LM,
Fernandes KR, Cunha MS, Souza RP, Guerra JM. 2017. Experimen-
tal Zika virus infection induces spinal cord injury and encephalitis
in newborn Swiss mice. Exp Toxicol Pathol 69:63-71.

27. Foy BD, Kobylinski KC, Chilson Foy JL, Blitvich BJ, Travassos
da Rosa A, Haddow AD, Lanciotti RS, Tesh RB. 2011. Probable
nonvector-borne transmission of Zika virus, Colorado, USA. Emerg
Infect Dis 17:880-882.

28. Geschwind DH, Rakic P. 2013. Cortical evolution: judge the brain
by its cover. Neuron 80:633-647.

29. Goodfellow FT, Tesla B, Simchick G, Zhao Q, Hodge T, Brindley
MA, Stice SL. 2016. Zika virus induced mortality and microcephaly
in chicken embryos. Stem Cells Dev 25:1691-1697.

30. Govero J, Esakky P, Scheaffer SM, Fernandez E, Drury A, Platt
DJ, Gorman MJ, Richner JM, Caine EA, Salazar V, Moley KH,
Diamond MS. 2016. Zika virus infection damages the testes in mice.
Nature 540:438-442.

31. Haddow AD, Schuh AJ, Yasuda CY, Kasper MR, Heang V, Huy R,
Guzman H, Tesh RB, Weaver SC. 2012. Genetic characterization of
Zika virus strains: geographic expansion of the Asian lineage. PLoS
Negl Trop Dis 6:1-7.

250

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Henderson BEHL, Lule M. 1968. Serology of wild mammals, p
48-51. In: Virus Research Institute annual report. Nairobi (Kenya):
East African Printer.

Holland J, Spindler K, Horodyski F, Grabau E, Nichol S, VandePol
S. 1982. Rapid evolution of RNA genomes. Science 215:1577-1585.
Huang S, Hendriks W, Althage A, Hemmi S, Bluethmann H,
Kamijo R, Vilcek J, Zinkernagel RM, Aguet M. 1993. Immune
response in mice that lack the interferon y receptor. Science
259:1742-1745.

Imperato PJ. 2016. The convergence of a virus, mosquitoes, and hu-
man travel in globalizing the Zika epidemic. ] Community Health
41:674-679.

Julander JG. 2016. Animal models of yellow fever and their applica-
tion in clinical research. Curr Opin Virol 18:64-69.

LaMonica BE, Lui JH, Wang X, Kriegstein AR. 2012. OSVZ progeni-
tors in the human cortex: an updated perspective on neurodevelop-
mental disease. Curr Opin Neurobiol 22:747-753.

Larocca RA, Abbink P, Peron JP, Zanotto PM, Iampietro M]J,
Badamchi-Zadeh A, Boyd M, Ng’ang’a D, Kirilova M, Nityanandam
R, Mercado NB, Li Z, Moseley ET, Bricault CA, Borducchi EN,
Giglio PB, Jetton D, Neubauer G, Nkolola JP, Maxfield LF,
Barrera RA, Jarman RG, Eckels KH, Michael NL, Thomas S]J,
Barouch DH. 2016. Vaccine protection against Zika virus from Brazil.
Nature 536:474-478.

Lazear HM, Govero J, Smith AM, Platt DJ, Fernandez E, Miner
JJ, Diamond MS. 2016. A mouse model of Zika virus pathogenesis.
Cell Host Microbe 19:720-730.

Lessler J, Chaisson LH, Kucirka LM, Bi Q, Grantz K, Salje H,
Carcelen AC, Ott CT, Sheffield JS, Ferguson NM, Cummings DA,
Metcalf CJ, Rodriguez-Barraquer I. 2016. Assessing the global threat
from Zika virus. Science 353:aaf8160.

Leung GH, Baird RW, Druce ], Anstey NM. 2015. Zika virus infection
In Australia following a monkey bite in Indonesia. Southeast Asian
J Trop Med Public Health 46:460—464.

Lever MS, Piercy TJ, Steward JA, Eastaugh L, Smither SJ, Taylor
C, Salguero FJ, Phillpotts R]J. 2012. Lethality and pathogenesis of
airborne infection with filoviruses in A129 o./ p ~/~ interferon receptor-
deficient mice. ] Med Microbiol 61:8-15.

Li C, Xu D, Ye Q, Hong S, Jiang Y, Liu X, Zhang N, Shi L, Qin CF,
Xu Z. 2016. Zika virus disrupts neural progenitor development and
leads to microcephaly in mice. Cell Stem Cell 19:120-126.

Li H, Saucedo-Cuevas L, Regla-Nava JA, Chai G, Sheets N, Tang
W, Terskikh AV, Shresta S, Gleeson JG. 2016. Zika virus infects
neural progenitors in the adult mouse brain and alters proliferation.
Cell Stem Cell 19:593-598.

Li L, Ulrich R, Baumgartner W, Gerhauser I. 2015. Interferon-stim-
ulated genes—essential antiviral effectors implicated in resistance to
Theiler’s virus-induced demyelinating disease. ] Neuroinflammation
12:242.

Li XF, Dong HL, Huang XY, Qiu YF, Wang HJ, Deng YQ, Zhang
NN, Ye Q, Zhao H, Liu ZY, Fan H, An XP, Sun SH, Gao B, FaYZ,
Tong YG, Zhang FC, Gao GF, Cao WC, Shi PY, Qin CF. 2016.
Characterization of a 2016 clinical isolate of Zika virus in nonhuman
primates. EBioMedicine 12:170-177.

Lizarraga SB, Margossian SP, Harris MH, Campagna DR, Han
AP, Blevins S, Mudbhary R, Barker JE, Walsh CA, Fleming MD.
2010. Cdkbrap2 regulates centrosome function and chromosome
segregation in neuronal progenitors. Development 137:1907-1917.
MaW, LiS, MaS$, JiaL, Zhang F, Zhang Y, Zhang J, Wong G, Zhang
S,LuX, LiuM, Yan J, Li W, Qin C, Han D, Qin C, Wang N, Li X,
Gao GF. 2016. Zika virus causes testis damage and leads to male
infertility in mice. Cell 167:1511-1524.

Malassine A, Frendo JL, Evain-Brion D. 2003. A comparison of
placental development and endocrine functions between the human
and mouse model. Hum Reprod Update 9:531-539.

Marchette NJ, Garcia R, Rudnick A. 1969. Isolation of Zika virus
from Aedes aegypti mosquitoes in Malaysia. Am ] Trop Med Hyg
18:411-415.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

McCrae AW KB, Tukei PM. 1970. Summary of an apparent epizootic
of Zika virus: pattern of incidence from Aedes africanus collected from
the Zika Forest, 1969 t01970, p 20-21. In: Virus Research Institute
annual report. Nairobi (Kenya): East African Printer.

Mecharles S, Herrmann C, Poullain P, Tran TH, Deschamps N,
Mathon G, Landais A, Breurec S, Lannuzel A. 2016. Acute myelitis
due to Zika virus infection. Lancet 387:1481.

Meier KC, Gardner CL, Khoretonenko MV, Klimstra WB, Ryman
KD. 2009. A mouse model for studying viscerotropic disease caused
by yellow fever virus infection. PLoS Pathog 5:1000614.

Miner JJ, Cao B, Govero J, Smith AM, Fernandez E, Cabrera
OH, Garber C, Noll M, Klein RS, Noguchi KK, Mysorekar
IU, Diamond MS. 2016. Zika virus infection during pregnancy
in mice causes placental damage and fetal demise. Cell 165:
1081-1091.

Miner JJ, Sene A, Richner JM, Smith AM, Santeford A, Ban N,
Weger-Lucarelli J, Manzella F, Ruckert C, Govero J, Noguchi KK,
Ebel GD, Diamond MS, Apte RS. 2016. Zika virus infection in
mice causes panuveitis with shedding of virus in tears. Cell Reports
16:3208-3218.

Mlakar J, Korva M, Tul N, Popovic M, Poljsak-Prijatelj M, Mraz J,
Kolenc M, Resman Rus K, Vesnaver Vipotnik T, Fabjan Vodusek
V, Vizjak A, Pizem J, Petrovec M, Avsic Zupanc T. 2016. Zika virus
associated with microcephaly. N Engl ] Med 374:951-958.

Moreno ES, Spinola R, Tengan CH, Brasil RA, Siciliano MM,
Coimbra TL, Silveira VR, Rocco IM, Bisordi I, Souza RP, Petrella
S, Pereira LE, Maeda AY, Silva FG, Suzuki A. 2013. Yellow fever
epizootics in nonhuman primates, Sao Paulo state, Brazil, 2008 to
2009. Rev Inst Med Trop Sao Paulo 55:45-50.

Muller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, Zinkernagel
RM, Aguet M. 1994. Functional role of type I and type Il interferons
in antiviral defense. Science 264:1918-1921.

Musso D, Nhan T, Robin E, Roche C, Bierlaire D, Zisou K, Shan
Yan A, Cao-Lormeau VM, Broult J. 2014. Potential for Zika virus
transmission through blood transfusion demonstrated during an
outbreak in French Polynesia, November 2013 to February 2014.
Euro Surveill 19:20761.

Musso D, Roche C, Robin E, Nhan T, Teissier A, Cao-Lormeau VM.
2015. Potential sexual transmission of Zika virus. Emerg Infect Dis
21:359-361.

National Institutes of Health. [Internet]. 2016. Notice of NICHD,
NINDS, NIDCR, and NIAD's interest to prioritize Zika virus research
areas.[Cited 18 October 2016]. Available at: https:/ /grants.nih.gov/
grants/guide/notice-files/NOT-HD-16-004.html

Oliveira Melo AS, Malinger G, Ximenes R, Szejnfeld PO, Alves
Sampaio S, Bispo de Filippis AM. 2016. Zika virus intrauterine
infection causes fetal brain abnormality and microcephaly: tip of
the iceberg? Ultrasound Obstet Gynecol 47:6-7.

Oregon Health and Science University. [Internet]. 2016. ONPRC
Zika virus NHP model development pilot project. [Cited 18 January
2017]. Available at: https:/ /www.ohsu.edu/xd/research/centers-
institutes/onpre/scientific-discovery /accessing-research / zikv-nhp-
pilot.cfm.

Orozco S, Schmid MA, Parameswaran P, Lachica R, Henn MR,
Beatty R, Harris E. 2012. Characterization of a model of lethal dengue
virus 2 infection in C57BL/6 mice deficient in the o/ interferon
receptor. ] Gen Virol 93:2152-2157.

Pan American Health Organization/World Health Oganization
(PAHO/WHO) Implications for Public Health in the Americas.
[Internet]. 2015. Epidemiological alert. Neurologic syndrome,
congenital malformations, and Zika virus infection. Implications
for public health in the Americas. [Cited 18 December, 2016].
Available at: http://www.paho.org/hq/index.php?option=com_
docmané&task=doc_download&ltemid=270&gid=32405

Pantoja P, Pérez-Guzman EX, Serrano C, Rodriguez IV, Arana T,
Cruz L, Martinez MI, Hodara V, Giavedoni L, Sariol CA. [Internet].
2016. Secondary Zika virus infections do not support evidence of
antibody-dependent enhancement in vivo in dengue-preexposed

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27

Animal models of Zika virus

rhesus macaques. [Cited 18 January, 2017.] Available at: http://
nprcresearch.org/primate /hot-topics / CPRC-Zika-Virus-Research-
Page.pdf.

Partidos CD, Paykel J, Weger J, Borland EM, Powers AM, Seymour
R, Weaver SC, Stinchcomb DT, Osorio JE. 2012. Cross-protective
immunity against o'nyong-nyong virus afforded by a novel recom-
binant chikungunya vaccine. Vaccine 30:4638—4643.

Prestwood TR, Morar MM, Zellweger RM, Miller R, May MM,
Yauch LE, Lada SM, Shresta S. 2012. y interferon (IFNY) receptor
restricts systemic dengue virus replication and prevents paralysis
in IFNo./ B receptor-deficient mice. J Virol 86:12561-12570.

Pulvers JN, Bryk ], Fish JL, Wilsch-Brauninger M, Arai Y, Schreier
D, Naumann R, Helppi J, Habermann B, Vogt J, Nitsch R, Toth A,
Enard W, Paabo S, Huttner WB. 2010. Mutations in mouse Aspm
(abnormal spindle-like microcephaly associated) cause not only
microcephaly but also major defects in the germline. Proc Natl Acad
Sci USA 107:16595-16600.

Ramos da Silva S, Gao SJ. 2016. Zika virus update II. Recent de-
velopment of animal models: proofs of association with human
pathogenesis. ] Med Virol 88:1657-1658.

Rossi SL, Tesh RB, Azar SR, Muruato AE, Hanley KA, Auguste AJ,
Langsjoen RM, Paessler S, Vasilakis N, Weaver SC. 2016. Charac-
terization of a novel murine model to study Zika virus. Am ] Trop
Med Hyg 94:1362-1369.

Ryman KD, Meier KC, Gardner CL, Adegboyega PA, Klimstra WB.
2007. Nonpathogenic sindbis virus causes hemorrhagic fever in the
absence of 0./ and vy interferons. Virology 368:273-285.

Schul W, Liu W, Xu HY, Flamand M, Vasudevan SG. 2007. A dengue
fever viremia model in mice shows reduction in viral replication
and suppression of the inflammatory response after treatment with
antiviral drugs. ] Infect Dis 195:665-674.

Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-
Haeusslein LJ. 2013. Brain development in rodents and humans:
identifying benchmarks of maturation and vulnerability to injury
across species. Prog Neurobiol 106-107:1-16.

Seymour RL, Rossi SL, Bergren NA, Plante KS, Weaver SC. 2013.
The role of innate versus adaptive immune responses in a mouse
model of o'nyong-nyong virus infection. Am ] Trop Med Hyg
88:1170-1179.

Shan C, Xie X, Muruato AE, Rossi SL, Roundy CM, Azar SR, Yang
Y, Tesh RB, Bourne N, Barrett AD, Vasilakis N, Weaver SC, Shi PY.
2016. An infectious cDNA clone of Zika virus to study viral virulence,
mosquito transmission, and antiviral inhibitors. Cell Host Microbe
19:891-900.

Shao Q, Herrlinger S, Yang SL, Lai F, Moore JM, Brindley MA,
Chen JF. 2016. Zika virus infection disrupts neurovascular devel-
opment and results in postnatal microcephaly with brain damage.
Development 143:4127-4136.

Shresta S, Kyle JL, Snider HM, Basavapatna M, Beatty PR, Harris
E. 2004. Interferon-dependent immunity is essential for resistance
to primary dengue virus infection in mice, whereas T- and B-cell-
dependent immunities are less critical. ] Virol 78:2701-2710.
Simon-Loriere E, Holmes EC. 2011. Why do RNA viruses recombine?
Nat Rev Microbiol 9:617-626.

Southern Research. [Internet]. 2016. Cynomolgus macaque model
for Zika virus research. Available at: http:/ /www.southernresearch.
org/news/southern-research-demonstrates-zika-virus-infection-in-
cynomolgus-macaques/.

Stavrou S, Feng Z, Lemon SM, Roos RP. 2010. Different strains of
Theiler’s murine encephalomyelitis virus antagonize different sites
in the type I interferon pathway. J Virol 84:9181-9189.

Tang H, Hammack C, Ogden SC, Wen Z, Qian X, Li Y, Yao B, Shin
J, Zhang F, Lee EM, Christian KM, Didier RA, Jin P, Song H, Ming
GL. 2016. Zika virus infects human cortical neural progenitors and
attenuates their growth. Cell Stem Cell 18:587-590.

Tang WW, Young MP, Mamidi A, Regla-NavaJA, Kim K, Shresta S.
2016. A mouse model of Zika virus sexual transmission and vaginal
viral replication. Cell Reports 17:3091-3098.

251



Vol 67, No 3
Comparative Medicine
June 2017

84.

85.

86.

87.

88.

89.

90.

91.

252

Thibodeaux BA, Garbino NC, Liss NM, Piper J, Blair CD, Roehrig
JT.2012. A small animal peripheral challenge model of yellow fever
using interferon-receptor—deficient mice and the 17D-204 vaccine
strain. Vaccine 30:3180-3187.

Tsetsarkin KA, Kenney H, Chen R, Liu G, Manukyan H, Whitehead
SS, Laassri M, Chumakov K. 2016. A full-length infectious cDNA
clone of Zika virus from the 2015 epidemic in Brazil as a genetic
platform for studies of virus-host interactions and vaccine develop-
ment. MBio 7:e01114-16.

UC Davis California National Primate Research Center. [Internet].
2016. The University of California Zika virus project. [Cited 18 Janu-
ary, 2017.] Available at: http:/ /www.cnprc.ucdavis.edu/zika-data/.
van den Broek MF, Muller U, Huang S, Zinkernagel RM, Aguet
M. 1995. Immune defense in mice lacking type I and/or type II
interferon receptors. Immunol Rev 148:5-18.

Varkey JB, Shantha JG, Crozier I, Kraft CS, Lyon GM, Mehta AK,
Kumar G, Smith JR, Kainulainen MH, Whitmer S, Stroher U,
Uyeki TM, Ribner BS, Yeh S. 2015. Persistence of Ebola virus in
ocular fluid during convalescence. N Engl ] Med 372:2423-2427.
Wang QYY, Zheng H, BiY, Song J, LiL, Gu WPW, Li S, Liu S, Zhao
Y, Liu L, Gao GF, Lio Y. 2016. Genetic and biologic characterization
of Zika virus from human cases imported through Shenzhen Port.
Chin Sci Bull 61:2463-2474.

Wang S, Hong S, Deng YQ, Ye Q, Zhao LZ, Zhang FC, Qin CF, Xu Z.
2017. Transfer of convalescent serum to pregnant mice prevents Zika
virus infection and microcephaly in offspring. Cell Res 27:158-160.
Weger-Lucarelli J, Duggal NK, Bullard-Feibelman K, Veselinovic
M, Romo H, Nguyen C, Ruckert C, Brault AC, Bowen RA, Stenglein
M, Geiss BJ, Ebel GD. 2016. Development and characterization of

92.

93.

94.

95.

96.

97.

98.

99.

recombinant virus generated from a new world Zika virus infectious
clone. J Virol 91:e01765-¢16.

Wikan N, Smith DR. 2016. Zika virus: history of a newly emerging
arbovirus. Lancet Infect Dis 16:119-126.

Wu KY, Zuo GL, Li XF, Ye Q, Deng YQ, Huang XY, Cao WC, Qin
CF, Luo ZG. 2016. Vertical transmission of Zika virus targeting the
radial glial cells affects cortex development of offspring mice. Cell
Res 26:645-654.

Yauch LE, Zellweger RM, Kotturi MF, Qutubuddin A, Sidney J,
Peters B, Prestwood TR, Sette A, Shresta S. 2009. A protective role
for dengue virus-specific CD8* T cells. ] Immunol 182:4865-4873.
Yockey L], Varela L, Rakib T, Khoury-Hanold W, Fink SL, Stutz
B, Szigeti-Buck K, Van den Pol A, Lindenbach BD, Horvath TL,
Iwasaki A. 2016. Vaginal exposure to Zika virus during pregnancy
leads to fetal brain infection. Cell 166:1247-1256.

Zhang NN, Tian M, Deng YQ, Hao JN, Wang H]J, Huang XY, Li
XF, Wang YG, Zhao LZ, Zhang FC, Qin CF. 2016. Characterization
of the contemporary Zika virus in immunocompetent mice. Hum
vaccin immunotherap. 12: 3107-3109.

Zika Open-Research Portal. [Internet]. 2016. Zika Experimental
Science Team (ZEST) data portal. [Cited 18 January 2017.] Available
at: https:/ /zika.labkey.com /project/ OConnor /begin.view?
Zmurko J, Marques RE, Schols D, Verbeken E, Kaptein SJ, Neyts J.
2016. The viral polymerase inhibitor 7-deaza-2"-c-methyladenosine is
a potent inhibitor of in vitro zika virus replication and delays disease
progression in a robust mouse infection model. PLoS Negl Trop Dis
10:0004695.

Zompi S, Harris E. 2012. Animal models of dengue virus infection.
Viruses 4:62-82.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



