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Abstract

High-level and persistent viruria observed in patients infected by Zika virus (ZIKV) has been well documented. However, renal
pathology in acutely infected, immunocompetent patients remains subclinical. Moreover, the long-term impact of ZIKV infec-
tion, replication, and persistence in the renal compartment of adults and infants as well as immunosuppressed patients and solid
organ transplant (SOT) recipients is unknown. Mechanisms involving host and viral factors that limit or control ZIKV patho-
genesis in the renal compartment are important yet unexplored. The observation that long-term viral shedding occurs in the renal
compartment in the absence of clinical disease requires further investigation. In this review, I explore Zika virus-induced renal
pathology in animal models, the dynamics of virus shedding in urine, virus replication in glomerular cells, ZIKV infection in
human renal transplantation, and the potential impact of long-term persistent ZIKV infection in the renal compartment.
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Introduction

Zika virus (ZIKV) is a positive sense single-stranded RNA
virus of the Flaviviridae family, which belongs to the genus
Flavivirus. The genus Flavivirus also includes dengue, West
Nile, Japanese encephalitis, and yellow fever viruses [1, 2].
ZIKV is transmitted to humans primarily through bites by
infected Aedes mosquitoes [3, 4]. ZIKV was first isolated in
1947 from sentinel monkeys in the Zika Forest of Uganda
during surveys conducted for yellow fever [5]. The earliest
cases of ZIKV infection were identified in three patients dur-
ing a jaundice outbreak in Eastern Nigeria in 1954 [6]. ZIKV
infections remained low and sporadic until the outbreak in
Yap Islands of Micronesia in 2007 then spreading to the
Pacific Islands in 2013-2014 [7-9]. These outbreaks were
found to be mild and self-limiting without adverse clinical
outcomes. In 2015, ZIKV spread to Brazil, causing severe
congenital disease in infants born to ZIKV-infected mothers.
These impairments included microcephaly, intrauterine
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growth restriction, congenital contractures, fetal demise, ocu-
lar abnormalities, neurodevelopmental disorders, and
Guillain-Barre syndrome [10-15]. Currently, there is no
FDA-approved vaccine for preventing ZIKV infection.
Several clinical studies have demonstrated high levels of
excreted infectious ZIKV in the urine of acutely infected pa-
tients [16—18]. ZIKV can be detected in the urine of both adult
and infant patients and can be cultured directly from the urine
samples [19, 20]. Viremia as demonstrated by quantitative
reverse transcription-polymerase chain reaction (QRT-PCR)
was observed 2 days after disease onset; however, there was
persistent shedding of high levels of ZIKV RNA into the urine
for up to 15 days after the onset of symptoms [18, 21]. Chan
et al., using qRT-PCR assays targeting the ZIKV-5"-UTR, ob-
served a relatively low viral load of 2.35 x 107 in urine sam-
ples from human patients, with a range of 1.25 x 10%-5.56 x
10% [22]. However, Gourinat et al. examined urine samples
from six ZIKV-infected patients from New Caledonia and
found high viral loads with a range of 0.7-220 x
10° copies/ml. They also reported the use of urine samples
for diagnostics because viral titers were found to be higher
and present for a longer duration in the urine than in the serum
[19]. In a study by Terzian et al., they revealed long-term
intermittent viruria in ZIKV-infected pregnant women for up
to 7 months after the onset of symptoms [23]. Interestingly,
viruria was no longer detected post-partum, suggesting that a
reservoir for ZIKV was maintained in the fetal tissue rather
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than in the infected mother [23]. The pathological effects and
long-term consequences of ZIKV shedding in the urinary tract
are unknown. The subclinical nature of viral shedding in the
renal compartment is also largely unknown. The effects of
long-term viruria in pregnancy and fetal outcomes have not
been reported. To the best of my knowledge, no obvious renal
disease or abnormalities have been observed to date in ZIK V-
infected patients, and no comprehensive studies have been
performed on renal biopsies from patients infected with
ZIKV. Therefore, a comprehensive examination of cellular
targets for ZIKV replication in the renal compartment is
required.

In 2017, 1 published a study reporting that the high viral
burden in the renal compartment correlated directly with
ZIKV infection of glomerular parenchymal cells in vitro that
includes podocytes, glomerular endothelial cells, and
mesangial cells [24]. These cells are highly permissive to
ZIKV and likely serve as ZIKV amplification reservoirs,
resulting in long-term persistent viral shedding in the urine
[24]. A report by Chen et al. showed that ZIKV infection of
renal proximal tubular epithelial cells (hRPTEpiCs) resulted
in prolonged persistent infection and ZIKV cytopathology in
immunodeficient mice in vivo as well as in immortalized
(hRPTEpiCs) [25].

In this review, I examine the renal pathology found in
ZIK V-infected murine and non-human primate models,
in vitro ZIKV infection of the glomerular cells, the potential
long-term effects of ZIKV infection of the kidney, and the
potential impact of ZIKV infection on renal transplantation.
My goal is to provide a literature review of published findings
on ZIKV pathogenesis in the kidney and highlight the urgent
need for future studies in this area.

ZIKV infection and renal pathology in animal
models

Mouse models

Mouse models for ZIKV infection have been used extensively
because they are relatively inexpensive, have short gestation
times, produce large litters, and are suitable for vaccine studies
and therapy evaluations. However, most susceptible mouse
strains are deficient in interferon (IFN) responses and may
display pathologies that are not normally observed in immu-
nocompetent humans [26]. There are a limited number of
studies that used murine models to examine the renal pathol-
ogy associated ZIKV infection. A recent report by Chen et al.
showed that ZIKV infection of renal proximal tubular epithe-
lial cells resulted in prolonged persistence and ZIKV cytopa-
thology in immunodeficient mice in vivo [25]. In this study,
the authors used AG6 mice, which are C57BL/6 mice defi-
cient in type I and type I IFN receptors, as a model for in vivo
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ZIKV renal infection. The authors detected ZIKV infection in
both the glomeruli and tubules of the AG6 mice on day 7 post-
infection with the SZ01 Asian strain of ZIKV using in situ
hybridization for ZIKV RNA [25]. The degree of infection
was higher in the glomeruli than in the tubules. This observa-
tion suggests that the initial ZIK'V penetrance occurred in the
glomeruli, followed by dissemination to the tubules during
renal filtration [25]. The authors also found ZIKV-induced
swelling of the mouse kidneys and apoptosis of renal cells
as indicated by caspase-3 induction, as well as the dysregula-
tion of IFN signaling and antiviral response genes [25].
Ferreira et al. observed ZIKV infection in the blood plasma,
spleen, kidney, and brain of Swiss albino mice infected with
the African (MR766) and Brazilian strains of ZIKV [26].
ZIKV RNA reached its peak titer of 7 x 10* copies/10° cells
in the kidney 3 days after infection, as determined by qRT-
PCR performed on RNA extracted from kidney homogenates
[26]. Zmurhko et al. detected high levels of ZIKV RNA in the
spleen, liver, and kidneys of AG129 mice, which are 129/Sv
mice deficient in IFN-o/3 and IFN-y receptors [27]. Aliota
et al. reported that infection of AG129 mice with the French
Polynesian strain of ZIKV resulted in high viral loads in mul-
tiple organs including the kidneys, liver, and spleen 7 days
after infection [28]. ZIKV titers observed in the kidney as
determined by qRT-PCR ranged from 10° to 10° copies/g of
tissue. However, no significant histopathology or obvious tis-
sue damage associated with ZIKV infection was observed
[28]. A study by Chan et al., employing a mouse model for
ZIKV infection of dexamethasone-immunosuppressed ani-
mals, demonstrated that mice whose kidneys were infected
by the Puerto Rico ZIKV strain PRVABCS59 suffered from
acute tubulitis and inflammatory exudation in tubular lumens
with interstitial inflammation [29]. Studies using immunosup-
pressed animals by Lazear et al., and Rossi et al., also showed
high ZIKV viral loads in the spleen, liver, kidneys, serum,
testes, brain, and spinal cord of infected animals [30, 31].

Non-human primate models

Non-human primates are natural hosts for ZIKV and have
been used to mimic ZIKV infection in humans. Non-human
primates (rhesus, cynomolgus, and pig-tailed macaques) are
highly permissive for multiple strains of ZIK'V, can be infected
by multiple routes including vector-borne transmission, and
are virologically and clinically similar to humans. Dudley
et al. showed that rhesus macaques infected with ZIKV via
mosquito bites exhibited altered tissue tropism and replication
kinetics [32]. In macaques infected via mosquito bites, the
authors observed a delay in the appearance of peak viral loads,
and viral dissemination was limited to hemolymphatic tissues,
female reproductive tract tissues, kidney, and liver [32]. The
dissemination pattern was similar to that observed in asymp-
tomatic humans infected via mosquito bites [32]. A study by
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Hirsch et al. uncovered viruria and viral RNA in the kidney
and bladder of ZIKV-infected rhesus macaques 7 days after
infection, although the virus was not detected in the testes or
prostate by this time [33].

Additionally, Hirsch et al., Newman et al., Kublin et al.,
and Osuna et al. have published comprehensive reviews on
the use of non-human primates to model ZIKV infection
[33-36]. However, to the best of my knowledge, the non-
human primate studies described in these reviews did not ex-
tensively examine the glomerular tissue during acute and con-
valescent phases of the disease after ZIKV infection.

ZIKV infection of human glomerular
parenchymal cells

ZIKYV has been shown to replicate in glomerular parenchymal
cells of the adult human kidney. Chan et al. showed that hu-
man embryonic kidney (HEK) cells are permissive for ZIKV,
which may explain the high viral loads in urine of ZIKV-
infected patients [37]. However, the high viral loads and ex-
pression level of ZIKV-NS1 protein in the absence of ZIKV
cytopathology suggest that the kidney could be a preferred site
of persistent ZIKV replication [37]. I have determined that
human glomerular podocytes, renal glomerular endothelial
cells, and mesangial cells, collectively referred to as the glo-
merular vascular unit (GVU), are permissive for ZIKV infec-
tion and lytic replication in vitro (Fig. 1) [24]. In this study, I
concluded that ZIKV infection of podocytes, glomerular en-
dothelial cells, and mesangial cells likely contributes to the
high-level persistent viruria observed in ZIKV-infected pa-
tients [24]. If the same high degree of lytic infection I observed
in vitro after ZIKV infection also occurred in ZIK V-infected
patients, it would cause podocyte destruction, severe protein-
uria, and ultimately end-stage renal disease [38—40] (Fig. 1). I
also observed the highest infection burden in podocytes and
that the induction of the pro-inflammatory cytokine RANTES
correlated with virus replication in the glomerular cells [24].

My current hypothetical model for ZIKV dissemination in
the glomerulus of human kidney begins with virus access via
the bloodstream after a bite by an infected mosquito (Fig. 2).
ZIKV then enters the glomerulus via the afferent arterioles and
glomerular capillaries, leading to infection of the renal corpus-
cle and subsequently the glomerular endothelial cells (Fig. 2).
The virus spreads from the infected glomerular endothelial
cells to the glomerular parenchyma. Mesangial cells,
podocytes, and hRPTEpiCs then become highly exposed to
infectious ZIKV (Fig. 2). Podocytes, mesangial cells, and
hRPTEpiCs are highly permissive for ZIKV and likely serve
as ZIKV amplification reservoirs in the glomerulus, resulting
in high-level persistent viruria (Fig. 2), [24].

On the other hand, findings by Peralta-Aros et al. suggest
that ZIKV infection of the renal compartment may induce host

cell factors that support renal function [41]. In this study, the
authors showed that ZIKV infection induced prolonged remis-
sions in children with idiopathic nephrotic syndrome (INS)
[41]. This phenomenon occurred in only two patients, who
achieved complete remission of the disease after acute ZIKV
infection. Therefore, the authors concluded that disease remis-
sion could be a random event unrelated ZIKV infection [41].
Nonetheless, the underlying mechanisms that may support a
direct role for ZIKV infection in INS remissions warrant fur-
ther investigation.

Potential long-term impact of ZIKV infection
in the kidney

ZIKV cytopathology in glomerular cells is likely controlled by
immune surveillance because patients recover from the infec-
tion and viruria subsides over time. There are likely host im-
mune factors that limit viral infection and dissemination in the
glomerulus, resulting in a self-limiting disease that remains
subclinical throughout the disease course (Fig. 3). However,
long-term effects of ZIKV replication in the glomeruli of
adults and infants as well as immunocompromised patients
are unknown. Obtaining fresh renal tissue from ZIKV-
infected patients with acute disease has been difficult.
However, using in situ hybridization (ISH) and electron mi-
croscopy, Chimelli et al. performed postmortem analysis on
human fetal autopsy tissue of 10 pregnancies (stillborn or new-
born babies who died in the first 37 h of life) from 10 ZIKV-
infected mothers in Brazil [42]. Upon examination of renal
tissue, they observed the presence of ZIKV infection mainly
in the renal tubular cells in four out of eight fetal kidneys
examined [42]. There is a great need for more comprehensive
studies using renal biopsies or archived renal tissues from
ZIK V-infected adults and infants with congenital Zika syn-
drome (CZS) to determine viral dissemination patterns and
possible long-term persistence of viral genomes within the
glomeruli. Studies using animal models to examine long-
term exposure of glomerular cells to ZIKV in vivo in the pres-
ence and absence of immunosuppression are essential. Careful
examination of the renal tissues from these animals to detect
long-term persistence of viral genomes is also crucial.
Identification of biomarkers in animals and humans infected
with ZIKV is also needed. These biomarkers can be used to
detect ZIKV infection and to monitor glomerular function.

I am also aware that acute renal disease has not been ob-
served in ZIKV-infected patients. Although I have observed
full lytic replication of ZIKV in primary human glomerular
cells in vitro, I have not encountered reports on immunocom-
petent patients having renal disease that is directly associated
with ZIKV infection. However, a recent study by Costa-
Monteiro et al. reported on the development of neurogenic
bladder in 21 pediatric patients with CZS [43]. All 21 patients
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Fig. 1 ZIKV lytic replication in
the cellular components of the
glomerular vascular unit (GVU).
a Immunofluorescence antibody
assay (IFA) using the flavivirus
4G-2 antibody. ZIKV lytic repli-
cation was observed in primary
human glomerular endothelial
cells 72 h post-infection. b IFA
using the 4G-2 antibody showing
ZIKV lytic replication in human
glomerular podocytes. ¢ IFA
using the 4G-2 antibody showing
ZIKV lytic replication in primary
human mesangial cells. Cells
positive for ZIKV stained green
(FITC). ZIKV is depicted by
black dots. All images were taken
on a Nikon TE2000S microscope
mounted with a charge-coupled
device (CCD) camera at x 200
magnification. For the fluorescent
images, 4',6-diamidino-2-
phenylindole (DAPI) was used to
stain the nuclei blue
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Fig. 2 Hypothetical model for ZIKV dissemination in the glomerulus of
the human kidney. A hypothetical model for ZIKV entry and presence in
the glomerulus (modified with permission from Pearson Education Inc.
2013 [unpublished data]). ZIKV, depicted by black dots, enters the
bloodstream via a bite by an infected mosquito. In the viremic phase of
the infection, blood containing ZIKV enters the glomerulus via the
afferent arterioles and glomerular capillaries, leading to infection of the
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I
Juxtaglomerular apparatus

renal corpuscle and subsequently the glomerular endothelial cells in the
kidney. The virus spreads from the infected glomerular endothelial cells
to the glomerular parenchyma. Mesangial cells, podocytes, and renal
proximal tubular epithelial cells (hRPTEpiCs) become highly exposed
to infectious ZIKV. Podocytes, mesangial cells, and proximal tubular
cells are highly permissive to ZIKV and likely serve as ZIKV amplifica-
tion reservoirs in the glomerulus, resulting in high-level persistent viruria
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Fig. 3 Proposed defense mechanisms in the human kidney against ZIKV
infection that result in a subclinical disease in immunocompetent hosts. A
model for ZIKV dissemination in the glomerular vascular unit (GVU) and

clinically presented with an overactive bladder, with reduced
bladder capacity and elevated detrusor pressure [43]. All pa-
tients were tested and confirmed to have neurogenic bladder. If
left untreated, it could lead to recurrent urinary tract infections,
urinary incontinence, and ultimately chronic and end-stage re-
nal diseases. To the best of my knowledge, this is the first report
that confirms a diagnosis of neurogenic bladder in infants with
CZS [43]. The high incidence of neurogenic bladder observed
in this study implies that all infants born with CZS should be
screened for this condition in order to provide early treatment
interventions to improve long-term clinical outcomes. In im-
munocompetent adults, there are likely underlying host defense
mechanisms that limit ZIKV pathology in the glomerulus (Fig.
3). These currently unidentified host factors may limit ZIKV
pathogenesis in the absence of immunosuppression and could
be important for the development of novel antiviral strategies to
prevent ZIKV transmission during pregnancy.

ZIKV infection and implications for renal
transplantation

The risk of ZIKV infection in solid organ transplant
(SOT) patients has not been fully examined. Disease

Endothelial
fenestrations

Immunocompetent Host

Interferon responses
from infected glomerular

Glycolax cells
EZT’JEZWZT' Antibody that
effectively neutralize
ZIKV

Unknown host factors present
in the human kidney that limit
ZIKV replication

proposed mechanisms that result in subclinical disease in immunocom-
petent individuals. ZIKV is depicted by red ovals

severity associated with ZIKV infection in the context of
immunosuppression for allograft maintenance is un-
known. The impact of ZIKV-associated disease on allo-
graft function has not been reported. Nogueira et al. re-
ported on the first series of cases of ZIKV infection in
SOT patients who tested positive for ZIKV and negative
for other arboviruses, including dengue virus and
chikungunya virus [44]. In this study, ZIKV infection in
both liver and renal transplant patients resulted in clinical
complications, most notably bacterial infections [44].
While none of the ZIK V-infected patients presented with
a rash, conjunctivitis, or other neurological symptoms,
three of the four patients examined were anemic and all
of them had thrombocytopenia [44]. These patients pre-
sented at admission with fever, myalgia, and adynamia
along with signs of acute liver or renal damage [44].
Unfortunately, the sampling for this study was small and
is not sufficient to illustrate the impact of ZIKV infection
in SOT patients. Therefore, future studies with larger sam-
ple sizes are required. The incidence of ZIKV pathology
in SOT patients will likely increase over time. Mandatory
screening of allograft donors and recipients from ZIKV
endemic regions may be warranted to prevent ZIKV in-
fection during organ transplantation.
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Conclusion

The cause of subclinical pathology coupled with high-level
and persistent viruria during acute ZIKV infection in immu-
nocompetent patients is unclear [45, 46]. I propose that ZIKV
infection may specifically induce proinflammatory cytokines
that limit virus replication and glomerular injury (Fig. 3). The
IFN responses induced by ZIKV infection in the glomerular
microenvironment may be sufficient to limit or control virus
dissemination (Fig. 3). I am aware that ZIKV only replicates
effectively in the peripheral organs of mice when type I IFN
signaling is interrupted [47, 48]. There could be mechanisms
in the glomeruli in humans that circumvent this restriction.
There may also be pre-existing or cross-neutralizing antibod-
ies that effectively neutralize ZIKV in the kidney over time
[49] (Fig. 3). It is also possible that some unidentified host
factors in the human kidney limit ZIKV lytic replication and
prevents overt clinical disease (Fig. 3). Additionally, some
individuals may have experienced prior subclinical exposure
to ZIKV and have developed immunity against the virus (Fig.
3). Lastly, it is possible that the glomeruli in humans have
acquired some form of adaptation to facilitate viral clearance
before ZIKV infection and clinical disease can be established

(Fig. 3).
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