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Abstract

End-stage renal disease (ESRD) is described by four primary diagnoses, diabetes, hypertension, glomerulone-
phritis, and cystic kidney disease, all of which have viruses implicated as causative agents. Enteroviruses, such
as coxsackievirus (CV), are a common genus of viruses that have been implicated in both diabetes and cystic
kidney disease; however, little is known about how CVs cause kidney injury and ESRD or predispose indi-
viduals with a genetic susceptibility to type 1 diabetes (T1D) to kidney injury. This study evaluated kidney
injury resulting from coxsackievirus B4 (CVB4) inoculation of non-obese diabetic (NOD) mice to glean a better
understanding of how viral exposure may predispose individuals with a genetic susceptibility to T1D to kidney
injury. The objectives were to assess acute and chronic kidney damage in CVB4-inoculated NOD mice without
diabetes. Results indicated the presence of CVB4 RNA in the kidney for at least 14 days post-CVB4 inoculation
and a coordinated pattern recognition receptor response, but the absence of an immune response or cytotoxicity.
CVB4-inoculated NOD mice also had a higher propensity to develop an increase in mesangial area 17 weeks
post-CVB4 inoculation. These studies identified initial gene expression changes in the kidney resulting from
CVB4 exposure that may predispose to ESRD. Thus, this study provides an initial characterization of kidney
injury resulting from CVB4 inoculation of mice that are genetically susceptible to developing T1D that may one
day provide better therapeutic options and predictive measures for patients who are at risk for developing
kidney disease from T1D.
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Introduction

END-STAGE RENAL disease (ESRD) is the ninth leading
cause of death in the United States and can result from
four primary diagnoses: diabetes, hypertension, glomerulo-
nephritis, and cystic kidney disease (38). While viruses are
thought to cause kidney diseases (10,21,28,35,40), little is
known about the role viruses play in their onset and pro-
gression. Coxsackievirus (CV) is one virus that has been
identified in clinical reports to cause both diabetes and acute
kidney injury (AKI) (4,27,48); however, the impact of CV on

the kidney and its contribution to ESRD in each of these
diagnoses (diabetes and AKI) are yet unknown.

Coxsackievirus B4 (CVB4), a common childhood virus
causing hand, foot, and mouth disease, was first associated
with AKI in a 1973 case report of a 9-year-old boy with
acute glomerulonephritis, proteinuria, and high blood urea
nitrogen (8). Since then, other cases of CVB infections re-
sulting in AKI and sometimes death have been reported
(27); however, it remains elusive why some individuals lack
kidney injury from exposure to CV, while others experience
severe kidney damage.
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Some insight into how viruses lead to kidney injury has
come from studies using enteroviruses. For example, it was
found that CVs have the capacity to infect both human and
mouse kidneys and cause injury through direct and indirect
mechanisms (10,20) [reviewed in Pasch and Frey (27)].
Direct mechanisms include viral-mediated cell lysis, cellular
repair, cell death, or activation/suppression of other gene or
signaling pathways in response to the virus in the cell (7,13).
Indirect mechanisms include immune cell-mediated injury
by the bystander effect or immunoglobulin deposition from
normal kidney filtration, which elicits a kidney injury re-
sponse (16,20,22,47).

While multiple studies identified pathological changes
resulting from CV infection (20,22,47), Conaldi et al. first
characterized some of the functional changes in vitro (10).
They demonstrated that infection of human cells with
CVBI1-6 reduced the contractile and phagocytic properties
of mesangial cells. Furthermore, CVB1, 3, 4, and 5 infection
resulted in a persistent mesangial cell infection, while glo-
merular epithelial cells (podocytes) and proximal tubular
epithelial cells quickly died. While Conaldi’s studies pro-
vided promising data on what could be expected with CVB
infection and some functional changes, their studies do not
provide details on how whole kidney function is affected by
the presence of virus in the kidney, the role of the immune
system, or why individuals have differing responses.

Some insight may be gleaned by considering the initiating
factors of ESRD, such as diabetes. While both type 1 dia-
betes (T1D) and type 2 diabetes (T2D) can be triggered by
genetic and environmental factors, obesity is the primary
trigger of T2D, whereas environmental factors such as
viruses can trigger T1D in genetically susceptible individ-
uals (3,5,6,12,15,18,19,23,30,33,34,41,46). We hypothesize
that environmental factors (i.e., viruses) may also trigger
kidney injury in genetically susceptible individuals. For
these reasons, we first sought to describe the kidney phe-
notype in response to CVB4 inoculation before the devel-
opment of T1D in mice that are prone to develop T1D, in an
effort to identify a mechanism for predisposal to future
kidney disease.

This study evaluated the effects of a one-time CVB4 in-
oculation on the kidneys of non-obese diabetic (NOD) mice,
a strain of mice that are genetically vulnerable to CVB4-
induced acceleration of T1D (12,26,33,34), before onset of
TI1D, to define the viral-mediated component of kidney in-
jury in the context of T1D susceptibility. Characterizing the
short- and long-term effects of CVB4 on the kidneys of
NOD mice may contribute to a better understanding of how
otherwise ‘“‘innocent’” viruses such as CVs may have a more
important impact on the development of chronic kidney
disease (CKD) and ESRD than previously thought, as well
as provide insight into why some individuals develop CV-
induced kidney damage while others do not in the face of
other diseases that lead to kidney disease, such as T1D.

Methods

Ethics statement

All experiments were performed in accordance with the
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) guidelines and standards set by
federal, state, and local authorities and approved by the Ohio
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University Institutional Animal Care and Use Committee
(TACUC) under protocol numbers 16-H-008, 13-H-043, and
12-H-001. Ohio University’s animal care program is main-
tained in accordance with the Public Health Service (PHS)
policy and meets the standards for care and housing set by
the “Guide for the Care and Use of Animals” published by
the National Research Council. The program also maintains
accordance with all regulations of the United States De-
partment of Agriculture. The animal care program is fully
accredited by the AAALAC, International.

Mice

Female TIr3™* (9,12,25,26,33,34,36) and TIr3™~ (1,43)
NOD/ShiLt] mice were used for this study due to their
susceptibility to CVB4-accelerated TI1D (12,26,33,37).
TIr3** and TIr3~~ NOD mice received either intraperitoneal
inoculation of 500,000 plaque forming units of unpurified
CVB4 Edwards strain (GenBank: S76772.1) (46) or sterile
phosphate-buffered saline (PBS) as a stress (noninoculated)
control at 8 weeks of age. Mice were randomly selected for
euthanasia at 0, 2, 3, 5,7, 9, 10, and 14 days postinoculation
(n=4-8). Time points were based on the natural progression
of known viral titers in renal cells (10) and pancreas (26).
Additional TIr3** NOD mice were inoculated with either
CVB4 or PBS control at 10 weeks of age and euthanized at
3,7, 12, and 17 weeks after CVB4 inoculation (n=6-14).

A target sample size of six was used for all time points of
this study; however, variability in the number of mice that
either developed T1D (and were thus removed from the
study) or died from virus inoculation is represented by the
variation in mouse numbers at each time point. Moreover,
based on previous studies using NOD mice, sample sizes
ranging from 3 to 13 were deemed acceptable (25,32,44).
Mice were housed under sterile/pathogen-free conditions in
a temperature-controlled (18-22°C) vivarium with a 14/10-h
light/dark cycle and fed standard laboratory chow ad libitum
for the course of the study (#D12450B; Research Diets).

Body weight and blood glucose were measured once a
week for the course of the study. Tail vein blood glucose
was measured via a handheld glucometer (FreeStyle Free-
dom Lite Blood Glucose Monitoring System). All mice with
a nonfasting blood glucose level 2250 mg/dL, confirmed by
measurement of glycosuria on Diastix (#2806; Bayer)
before euthanasia, were excluded from this study. After
euthanasia, both kidneys were collected, the capsule was
removed by gently rubbing with a Kimwipe (#06-666;
Kimberly-Clark), and the left kidney weight was recorded.
Left kidney poles were removed, flash frozen with the whole
right kidney in liquid nitrogen, and stored at —80°C. The
remainder of the left kidney was prepared for histology as
described below.

Histological analysis

Kidney tissue was fixed in 10% neutral buffered formalin
(#SF98-20; Fisher) for 24h and embedded in paraffin
(#EG1160; Leica Biosystems). Formalin-fixed paraffin-
embedded (FFPE) kidney sections (4 um) were stained with
periodic acid-Schiff (PAS). Images of five glomeruli per
sample were obtained at 400 x magnification on a Nikon
Eclipse 80i microscope (Nikon) using Image Pro software
(Media Cybernetics). Individual glomeruli were isolated
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from images and total area measured using a freehand se-
lection tool using ImageJ 1.48v software (31). Total PAS-
positive area was measured as previously described (31).

In situ hybridization

FFPE kidney sections (4 um) were probed for (+) CVB4
RNA (#481341; Advanced Cell Diagnostics). In situ hybrid-
ization (ISH) was performed using the RNAscope Intro Pack
2.5 HD Reagent Kit Brown-Mm (#322371; Advanced Cell
Diagnostics) according to the manufacturer’s protocol with
10-min peroxidase, 8-min retrieval, and 15-min protease
treatment. Slides were evaluated for (+) CVB4 RNA loca-
tion and presence/absence over time.

Immunohistochemistry/fluorescence

FFPE tissue sections (4 um) from noninoculated day 3
and CVB4-inoculated days 3, 7, 10, and 14 were subjected
to heat-mediated antigen retrieval at high pH (proliferating
cell nuclear antigen [PCNA], cCAS3) or proteinase K
(#ab64220; Abcam) (TLR3). Fluorescent sections were
blocked 1min at room temperature with TrueBlack lipo-
fuscin autofluorescence quencher (#32007; Biotium) diluted
to 1 xin 70% ethanol. Sections were blocked with 10% goat
serum (#ab138478; Abcam) and 1% bovine serum albumin
(BSA, (#A7906; Sigma-Aldrich) in PBS 30min at room
temperature.

Primary antibodies to cCAS3 (#9661; Cell Signaling
Technology), PCNA (#sc-56; Santa Cruz), and TLR3
(#ab59918; Abcam) were diluted to 1.3, 4, and 5 pug/mL,
respectively, with 1% BSA in PBS and incubated overnight
at 4°C in a humidified chamber. Secondary antibodies were
diluted in 1% BSA in PBS for 1h at room temperature.
Fluorescent slides were counterstained with 1:1,000 4’,6-
diamidino-2-phenylindole (DAPI, #62248; Thermo-Fisher)
diluted in PBS for 5 min at room temperature and mounted
with ProLong Gold Antifade (#P36934; Thermo-Fisher).
The 3,3” diaminobenzidine (DAB) substrate (#D3939;
Sigma-Aldrich) was incubated for 3 min on nonfluorescent
slides, dehydrated in reverse order as hydration, and
mounted with Permount (#SP15; Thermo-Fisher).

To evaluate proliferation in kidney sections, three images
per sample were taken at 200X magnification. PCNA-
positive cells were counted using Imagel cell counter and
expressed as a percent relative to total cells (counted as
DAPI positive) (31). Apoptosis was evaluated by visually
scanning each kidney section and counting the total cCAS3-
positive cells. Representative fluorescent images were taken
at 600 x magnification on a Nikon A1R confocal microscope
(Nikon, Tokyo, Japan). Since no TLR3 was detected, no
quantification was performed.

Western blot analysis

Total protein was isolated from the cortex of flash frozen
kidney using the Tissue Protein Extraction Reagent (TPER,
#78510; Fisher) plus protease/phosphatase inhibitors
(#05892791001, #04906837001; Sigma) and Bullet Blender
homogenizer with 0.5mm ZrO, beads (Next Advance).
Proteins were immunoprecipitated (IP) with either phos-
phoserine or phosphothreonine (#sc-81514, #sc-5267; Santa
Cruz) antibodies.

WALTER ET AL.

One-third of IP protein samples (200 ug starting) and
20 pg total protein from the same samples were separated by
SDS-PAGE on 4-12% Bis-Tris polyacrylamide gels
(#NP0323; Fisher) and transferred to nitrocellulose mem-
branes (#LC2009; Fisher). Membranes were blocked with
Odyssey blocking buffer (#927-40000; LI-COR) and im-
munoblotted for PKR (1:1,000, #sc-708; Santa Cruz), IRF1,
IRF3, IRF5 (1:1,000, #8478, 4302, 4950; Cell Signaling
Technology), and IRF7 (1:1,000, #ab109255; Abcam) fol-
lowed by anti-mouse or rabbit secondary antibodies
(1:15,000, #926-32211 and #827-08364; LI-COR). Blots
were imaged on an Odyssey Infrared Imager (LI-COR).
Image Studio v5.2 software was used to quantify the signal
intensity of each protein band (LI-COR).

Normalization was performed by dividing the signal in-
tensity of experimental bands by the signal intensity of the
loading control, either ACTB or TUBA1A. IP quantification
was evaluated by dividing the signal intensity of the phos-
phorylated band by the loading control (ACTB or TUBAI1A)
or the total protein (phosphorylated plus nonphosphorylated
form) corresponding to the amount of total protein lysate.

Reverse transcription real-time polymerase
chain reaction

RNA was isolated from the cortex of flash frozen whole
kidney using RNA STAT-60 (#CS-110; Tel Test) and Bullet
Blender homogenizer with 0.5mm ZrO, beads (Next Ad-
vance). DNase treatment and RNA cleanup were performed
using the RNA Clean and Concentrate kit following the
manufacturer’s protocol (#R1016; Zymo Research). Reverse
transcription was performed using the High-Capacity cDNA
Reverse Transcription kit (#4368814; Life Technologies).
Reverse transcription real-time polymerase chain reaction
(RT-qPCR) was performed using iTaq Universal SYBR
green Supermix (#172-5122; BioRad) and a StepOne Plus
Real-Time PCR System (Applied Biosystems) or CFX384
(BioRad). All SYBR green primers and TagMan primers are
listed in Table 1. Results were calculated using the relative
quantity equation for multiple housekeeping genes: relative

ene expression=[(Egon™"  “°"/{GeoMean[(Eggr)*“"

El:]} (2,17,39) and normalized to the geometric mean of
glyceraldehyde 3-phsophate dehydrogenase (Gapdh) and
gamma-actin (Actgl) based on a previous control gene
analysis (11).

Urinary albumin and creatinine ratio
and serum creatinine

Urine albumin and creatinine were measured according to
the manufacturer’s protocols using a mouse albumin ELISA
(#E90-134; Bethyl Laboratories) and the creatinine compan-
ion (#1012; Exocell), respectively. Both assays use a stan-
dard curve to calculate pg/mL (albumin) and mg/mL
(creatinine). The pg/mg urinary albumin creatinine ratio
(UACR) was then calculated by dividing albumin by cre-
atinine. Mouse serum collected at the time of euthanasia
from 3, 7, 12, and 17 weeks post-CVB4 inoculation was sent
to the University of Massachusetts Mouse Metabolic Phe-
notyping Core (Worchester, MA) for evaluation of serum
creatinine (SrCr) concentration on a Cobas Clinical Chem-
istry Analyzer (Roche).
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TABLE 1. PRIMER NAMES, SEQUENCES, AND REFERENCES

Name Full name Strand Sequence 5'-3' Reference

CVB4 Coxsackievirus B4 +  CCCACAGGACGCTCTAATA (45)
—  CAGAGTTACCCGTTACGACA

Nfkbl (p50) Nuclear factor kappa B1 subunit p50 +  CGGCAACTCACAGACAGAGA (45)
—  ACGATTTTCAGGTTGGATGC

Rigl Retinoic acid inducible gene 1 + AAGAGCCAGAGTGTCAGAATCT (45)
—  AGCTCCAGTTGGTAATTTCTTGG

Mda5 Melanoma differentiation- associated protein 5 + AGACACAAGTTTGGCAGAAGG (45)
—  GGCCACTTCCATTTGGTAAGG

Tir3 Toll-like receptor 3 +  AATCCTTGCGTTGCGAAGTG (45)
-  GGTTCAGTTGGGCGTTGTTC

Ifnbl Interferon-beta + ATAAGCAGCTCCAGCTCCAA 45)
—  CTGTCTGCTGGTGGAGTTCA

Irfl Interferon regulatory factor 1 +  ATGCCAATCACTCGAATGCG (45)
—  TTGTATCGGCCTGTGTGAATG

Irf3 Interferon regulatory factor 3 +  GAGAGCCGAACGAGGTTCAG (45)
—  CTTCCAGGTTGACACGTCCG

Irf5 Interferon regulatory factor 5 +  GGTCAACGGGGAAAAGAAACT (45)
—  CATCCACCCCTTCAGTGTACT

Irf7 Interferon regulatory factor 7 +  CCTCTTGCTTCAGGTTCTGC (45)
—  GCTGCATAGGGTTCCTCGTA

Tnfa Tumor necrosis factor-alpha +  CGGTCCCCAAAGGGATGAG (45)
—  CCTTGAAGAGAACCTGGGAGTA

Actgl Gamma actin + ACCAACAGCAGACTTCCAGGAT (24)
—  AGACTGGCAAGAAGGAGTGGTAA

Gapdh Glyceraldehyde 3-phosphate dehydrogenase +  TGTGTCCGTCGTGGATCTGA (14)

CCTGCTTCACCACCTTCTTGA

Statistical analyses

All statistical analyses were performed using R Statistical
software (29). Shapiro—Wilk test and Levene’s test were
calculated to test for normality and equal variance, respec-
tively. Data not falling within a normal distribution were
transformed (log or square root) to best approach normality.
Main effects were tested using two-way analysis of vari-
ance with CVB4 inoculation and time as factors. Tukey’s
post hoc test was performed when a main effect was found.
Pearson’s correlation coefficient was calculated to test for
significant correlations. Student’s ¢-test (two-tailed) was used
for two-factor comparisons. Alpha was set at 0.05 for all sta-
tistical tests. Graphs were generated using GraphPad Prism
7.0. Dots depict individual samples, center line indicates the
mean, and whiskers indicate standard error.

Results

CVB4 abundance and localization within the NOD
mouse kidney

To study CVB4 inoculation in the kidneys of NOD mice,
the presence and location of the virus in the kidney after a
single intraperitoneal inoculation of CVB4 were assessed
over time. Renal CVB4 abundance peaked 2 to 3 days post-
inoculation and was significantly reduced, but not com-
pletely cleared (did not return to baseline), by 14 days
postinoculation (Fig. 1A). Moreover, renal CVB4 abundance
was highly variable at each time point (between time points
and within the same time point). For example, viral abun-
dance 3 and 14 days postinoculation had a 171- and 5,000-
fold difference between the kidneys with the most and least
viral abundances at the indicated time point, respectively.

ISH detecting CVB4 (genomic) RNA was performed to
identify the specific regions of the kidney where CVB4 was
localized 2, 5, 9, and 14 days postinoculation. CVB4 RNA
was found in glomeruli of all virus-inoculated NOD mouse
kidneys examined (Fig. 1B and Table 2) and in the inter-
stitial region of all virus-inoculated NOD mouse kidneys 2
days postinoculation (Fig. 1B and Table 2); however, after
this time point, the presence of CVB4 RNA in the interstitial
region varied (Table 2). At 5 days postinoculation, 25%
(1/4) of the mice no longer had CVB4 RNA in the inter-
stitial region, while at 9 days postinoculation, 50% of mice
(2/4) no longer had CVB4 RNA in this region. It was not
until 14 days postinoculation that CVB4 RNA was totally
absent in the interstitial region of all kidney samples ex-
amined (Fig. 1B and Table 2).

In accordance with our RT-qPCR results, ISH also re-
vealed variability in the amount of CVB4 RNA present at all
time points examined (Supplementary Fig. S1). No CVB4
RNA was detected by ISH in noninoculated mouse kidneys
2 days postinoculation (data not shown).

Renal morphological and functional changes following
CVB4 inoculation

Histological evaluation of the kidneys of NOD mice by
PAS staining was performed 3, 7, 10, and 14 days post-
CVB4 inoculation to identify viral-induced alterations. No
alterations, e.g., glomerulonephritis, glomerular tuft swell-
ing, increased glomerular area, increased glomerular cellu-
larity, tubular dilation, mesangial expansion, immune cell
infiltration, proliferation, or apoptosis, were observed (Sup-
plementary Fig. S2). Moreover, UACR, kidney weight, and
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CVB4 abundance and location in the kidney over time. (A) RT-qPCR of CVB4 RNA normalized by the geometric

mean of Gapdh and Actgl (n=4-8; *p<0.05 compared with day 0, “p <0.05 compared with day 2, ¥p<0.05 compared
with day 3). (B) Representative images from ISH analysis of +ssCVB4 RNA (genomic) 2 days (upper two panels) and 14
days (lower two panels) postinoculation. CVB4 RNA was detected in the glomerular (eff) and tubulointerstitial (right)
regions of the kidneys of inoculated mice 2 days postinoculation; however, 14 days postinoculation, CVB4 was only found
in the glomerular region. Arrowheads point to labeled CVB4 RNA (representative images taken at 400 X magnification;
n=4). Actgl, gamma-actin; CVB4, coxsackievirus B4; Gapdh, glyceraldehyde 3-phsophate dehydrogenase; ISH, in situ
hybridization; RT-qPCR, reverse transcription real-time polymerase chain reaction.

body weight were measured; however, significant differ-
ences, but not meaningful differences, were observed at any
time point following CVB4 inoculation (Supplementary
Fig. S3).

Effects of CVB4 inoculation on viral pattern
recognition receptors

Because CVB4 RNA was detected in the kidney, but no
readily apparent, histological alterations were observed via
PAS staining, CVB4-mediated effects on pattern recognition
receptor (PRR) expression were assessed via RT-qPCR to
identify any viral-induced molecular alterations that might
underlie impending renal pathology.

Ifnb1 upregulation, indicating viral-mediated activation of
the MyD88-independent branch of PRR signaling, was de-
tected in the kidneys of seven of eight virus-inoculated mice
at 3 days postinoculation and in the kidneys of one of four
virus-inoculated mice at 5 days postinoculation (Fig. 2A).
Moreover, there was a 130-fold variation in [fnbl expression
3 days postinoculation. Tnfa, a proinflammatory cytokine
induced by the MyD88-dependent branch of PRR signaling
(mediated via NF-kB), was upregulated in the kidneys of all
CVB4-inoculated mice at all time points, peaking at day 3
postinoculation (Fig. 2B).

TABLE 2. REGION AND NUMBER OF KIDNEY SAMPLES
CoNTAINING CVB4 RNA PER ToTAL NUMBER
OF MICE ANALYZED

Region 2 Days 5 Days 9 Days 14 Days
Glomerulus 4/4 4/4 4/4 4/4
Interstitium 4/4 3/4 2/4 0/4

CVB4, coxsackievirus B4.

To further demonstrate the presence of viral-induced PRR
activation in the kidneys of CVB4-inoculated NOD mice,
upstream PRR signaling that precedes Tnfa and Ifnbl up-
regulation was also evaluated. The RNA expression of the
transcription factors that upregulate type I interferon ex-
pression was evaluated by RT-qPCR.

Irf3 expression was unaffected by CVB4 inoculation at any
time point (Fig. 2C); however, Irfl, Irf5, and Irf7 were sig-
nificantly upregulated 2 and 3 days postinoculation (Fig. 2D-
F). Irf5 and Irf7 returned to baseline by 5 days postinoculation
(Fig. 2E, F, respectively), while Irfl was still significantly
upregulated at 14 days postinoculation (Fig. 2D).

IRF activation (measured by serine phosphorylation) at 3
days postinoculation was also evaluated by immunoprecip-
itation of phosphoserine (pSer) proteins from kidney lysates,
followed by Western blot analysis (Fig. 3). IRF5 could not
be reliably detected, even in the positive control pancreas of
an NOD mouse inoculated with CVB4 for 3 days (Supple-
mentary Fig. S4). IRF1 was not detectable in the kidney
(Fig. 3A) and IRF3 was not significantly activated (Fig. 3B,
D) compared with kidneys from noninoculated mice; how-
ever, phosphorylated IRF7 (pIRF7) was significantly in-
creased in the kidneys of CVB4-inoculated mice compared
with the kidneys of noninoculated mice (Fig. 3C, E).

This increase in activated IRF7 appears to be driven by an
increase in total IRF7 protein, with a proportional increase in
phosphorylation (Fig. 3E). While levels of total and pIRF7
were quite variable, a Pearson’s correlation coefficient com-
paring total IRF7 (IRF7/Actin) and pIRF7 (pIRF7/Actin) re-
sulted in a significant correlation with an r value of 0.95 (data
not shown). The level of pIRF7 and total IRF7 protein returned
to baseline by 7 days postinoculation (Supplementary Fig. S4),
which was similar to the Irf7 expression pattern (Fig. 2F).

We next assessed the DNA binding activity for the ca-
nonical NF-kB pathway, which results in the transcription of
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FIG. 2. Viral PRR expression and downstream targets. RT-qPCR of (A) Ifub, (B) Tnfa, (D) Irf3, (B) Irfl, (C) Irf5, and
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Only seven of eight kldneys at3 days and one of four kidneys at 5 da¥L

s postinoculation had detectable levels of Ifnb (n=4—

8; *p<0.05 compared with day 0, ®p<0.05 compared with day 2, “p<0.05 compared with day 3). PRR, pattern recog-

nition receptor.

Tnfa. DNA binding of the canonical NF-xB pathway subunit
containing a transcriptional activation domain, RELA, as
well as its coactivating subunit, NFKB1, was not detectable
by TransAM assay. NF-kB pathway activation, however,
can participate in a positive feedback loop that induces the
expression of NF-xkB genes (36); therefore, expression of
Nfkbl was evaluated by RT-qPCR. Nfkbl expression was
upregulated 3 days post-CVB4 inoculation and returned to
baseline by 10 days postinoculation (Fig. 4).

In an attempt to identify the PRR pathway responsible for
the upregulation of Ifnubl and Tnfa expression in CVB4-
inoculated NOD mouse kidneys, the presence and/or expres-
sion of different PRRs (PKR, Tir3, Rigl, and Mda5) were

evaluated. There was no significant change in phosphorylated
PKR (pPKR) or total PKR when normalized by TUBAIA in
the kidneys of CVB4-inoculated compared with noninoculated
NOD mice at 3 days postinoculation (Fig. 5A, B). There was a
significant decrease in pPKR relative to total PKR in the
kidneys of CVB4-inoculated compared with noninoculated
NOD mice at 3 days postinoculation (Fig. 5A, B).
Expression of PRRs T1r3, Rigl, and Mda5 was significantly
upregulated 2 and 3 days postvirus inoculation and returned to
baseline by 5 days postinoculation (Fig. SC-E); however, we
were unable to detect the proteins of each gene or positive
control by Western blot analysis (all three tested) or immu-
nofluorescence (only TLR3 tested) (Supplementary Fig. S5).
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FIG. 3. IRF activation following CVB4 inoculation. Wes-

tern blot analyses of 200 ug of total protein IP with pSer
antibody and probed for (A) IRF1, (B) IRF3, and (C) IRF7.
Separately, 20 ug of total protein was probed with total IRF1,
IRF3, IRF7, and TUBA1A (Tubulin) or ACTB (Actin) as
protein loading controls. V¥ and V™ indicate kidneys from
CVB4-inoculated and noninoculated NOD mice, respectively.
The final V' lane contains 10 ug lysate from CVB4-inoculated
NOD pancreas. Densitometry analysis of phospho/total,
phospho/loading control, and total/loading control are de-
picted for (D) IRF3 and (E) IRF7 (n=6; *p<0.05). IP, im-
munoprecipitated; IRF, interferon regulatory factor; NOD,
non-obese diabetic.

Correlation of PRR signaling pathways
and CVB4 inoculation

Because CVB4 abundance was highly variable between
mice, and to better understand the relationships between
renal CVB4 abundance and PRR signaling pathways, a
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Pearson’s correlation coefficient was calculated for many of
the parameters evaluated in this study. Renal CVB4 abun-
dance was positively correlated to Irf5, Irf7, Nfkbl, and Tnfa
expression (Table 3, down) and to PRR expression of Tir3,
Rigl, and Mda5 (Table 3, across). Tlr3, Rigl, and Mda5
expression was also all positively correlated with Irfl, Irf3,
Irf7, Nfkbl, and Tnfa expression. However, Tlr3 expression
was the only PRR positively correlated with Ifnbl expres-
sion and was also the only PRR to correlate with all PRR
signaling pathway members. No correlation was found be-
tween renal CVB4 abundance and body weight, kidney
weight, normalized kidney weight, or UACR.

The effect of TLR3 knockout on CVB4 abundance

To determine if TLR3 could be the PRR responsible for
the upregulation of Tnfa, Ifnbl, Irfl, Irf5, Irf7, and Nfkbl
following CVB4 inoculation, a cohort of TIr3~~ NOD mice
were inoculated with CVB4 at 8 weeks of age, and renal
CVB4 abundance was evaluated via RT-qPCR to detect
CVB4 RNA. Renal CVB4 abundance (i.e., renal CVB4
RNA abundance) in 7/r3~~ NOD mice was highest at 2 and
3 days postinoculation (Fig. 6A, B, upper panels), in a trend
similar to that observed in TIr3*"* NOD mice (Fig. 1A).
Interestingly, renal CVB4 abundance in 7/r3”~ NOD mice
returned to baseline levels by 9 days postinoculation
(Fig. 6A), whereas renal CVB4 abundance in TIr3"* NOD
mice was still elevated (Fig. 1A).

As was seen in the kidneys of 7Ir3"* NOD mice, renal
CVB4 abundance in TIr3~~ NOD mice was highly variable,
with a 640- and 139-fold difference between the highest and
lowest CVB4 abundance at 3 and 14 days postinoculation,
respectively. ISH also revealed that at 2 days postinocula-
tion, CVB4 RNA is located in the glomerulus and interstitial
regions (Fig. 6B, top row); however, unlike T/r3"* NOD
mouse kidneys, CVB4 was still present in both locations in
kidneys of 7Ir3™"~ NOD mice, although barely detectable in
the interstitial region, at 14 days postinoculation (Fig. 6B,
bottom row).

When CVB4 abundance in 7/r3"* and TIr3”~ NOD
mouse kidneys was directly compared within the same
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FIG. 4. Gene expression of NF-«B subunits. RT-qPCR of
Nfkbl (p50) 0, 2, 3, 5, 7, 9, 10, and 14 days post-CVB4
inoculation, normalized to the geometric mean of Gapdh
and Actgl (n=4-8; “p<0.05 compared with day 3).
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experiment, renal CVB4 abundance was not significantly
different between TIr3"" and TLR3™~ NOD mouse kidneys
at day O; at all other time points, there was significantly
more CVB4 in TIr3~~ NOD mouse kidneys compared with
TIr3*"* NOD mouse kidneys (Fig. 7).

Chronic effect of a one-time CVB4 inoculation

To investigate longer term renal consequences of a one-
time CVB4 inoculation, kidneys of 71r3*"* NOD mice 3, 7,
12, and 14 weeks after a single CVB4 inoculation were
evaluated. While many of the visual signs of CVB4 infection
(diarrhea, dehydration, decreased mobility) were no longer
apparent, CVB4-inoculated NOD mouse body weight and
kidney weight were significantly reduced by 20% 3 weeks
postinoculation in comparison with age-matched, noninocu-
lated controls, and returned to normal by 7 weeks postinoc-
ulation (Supplementary Fig. S6). However, these changes
were proportional; kidney weight normalized to body weight
did not differ between inoculated and noninoculated mice at
any time point post-CVB4 inoculation. Correspondingly,
CVB4 inoculation had no effect on UACR or SrCr at any of
these later time points (Supplementary Fig. S6).
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Long-term renal CVB4 abundance

CVB4 abundance was measured by RT-qPCR 0 and
3 days and 3, 7, 12, and 17 weeks post-CVB4 inoculation
to determine how long after inoculation the CVB4 RNA was
detectable in T/r3*"* NOD mouse kidneys. CVB4 abundance
returned to baseline 3 weeks postinoculation (Fig. 8A).
While CVB4 abundance by week 3 and onward was not
significantly different from week 0, kidneys of 12 of 13 mice
at 3 weeks, 5 of 9 mice at 7 weeks, 1 of 6 mice at 12 weeks,
and 0 of 11 mice at 17 weeks postinoculation had higher
CVB4 abundance than any kidney of week 0 mice (Fig. 8A).

Histopathological changes after CVB4 inoculation

PAS staining was performed on kidneys from CVB4-
inoculated and noninoculated NOD mice 12 and 17 weeks
post-CVB4 inoculation to assess chronic histological alter-
ations, such as mesangial matrix expansion, following a
one-time CVB4 inoculation. PAS-positive areas were ob-
served at varying intensities in some, but not all, glomeruli
and in only some portions of an individual glomerulus, in-
dicating possible initiation of focal segmental glomeru-
losclerosis following CVB4 inoculation (Fig. 8B). To
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FIG. 5. PRR activity and gene expression. (A) Western blot analysis of 200 ug of total protein IP with pThr antibody and
20 ug of input lysate probed with anti-PKR and anti-TUBA1A (Tubulin). Lysates were from noninoculated (V™) and CVB4-
inoculated (V") NOD mouse kidneys. V* indicates 10 ug lysate from CVB4-inoculated NOD pancreas. (B) Densitometry
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and Actgl (n=4-8; *p<0.05 compared with day 0, ®p<0.05 compared with day 2, ¥p <0.05 compared with day 3).
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TABLE 3. SIGNIFICANT PEARSON’S CORRELATION
CoOEFFICIENTS BETWEEN CVB4, TLR3, RIGI, AND MDAS
GENE EXPRESSION AND VARIOUS MEASURED
PARAMETERS FOLLOWING CVB4 INFECTION (P<(.05)

CVB4 TIr3 Rigl Mda5
CVB4 0.52 0.50 0.46
Infl 0.72 0.55 0.62
5 0.33 0.74 0.67 0.66
If7 0.56 0.89 0.95 0.93
Ifnbl 0.72
Nfkb1 0.35 0.60 0.50 0.50
Tnfa 0.51 0.75 0.53 0.61

determine if the observed PAS-positive area was a result of
CVB4 inoculation and not aging, since positive staining was
observed in both virus-inoculated and noninoculated mouse
kidneys, PAS-positive area relative to total glomerular area
was quantified in five randomly selected glomeruli from
each kidney section and expressed as a percentage (Fig. 8C).

Percentages were calculated for each individual glomer-
ulus, not averaged per mouse, and all 5 glomeruli were re-
presented as individuals in the graph, making the sample
size for each time point rise from 6-13 mice per group to
30-65 glomeruli per group (e.g., 6 mice times 5 glomeruli
equals 30, 13 mice times 5 glomeruli equals 65). There was
no significant difference in PAS-positive area between
noninoculated and CVB4-inoculated NOD mouse kidneys at
12 weeks postinoculation; however, at 17 weeks postin-
oculation, CVB4-inoculated NOD mouse kidneys had sig-
nificantly more PAS-positive area per glomerulus than
noninoculated, age-matched controls.

Glomerular area was also evaluated to ensure that the
increase in PAS-positive area was not an artificial finding
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due to a reduction in glomerular size (Fig. 8D). There was
no significant difference in glomerular area at 12 or 17
weeks postinoculation between noninoculated or CVB4-
inoculated NOD mouse kidneys (Fig. 8D).

Discussion

CV exposure in humans is rarely reported to result in
significant renal damage; however, when it is reported, the
impact on the kidney is considerable (8,9,27). Currently, it is
unknown why the majority of patients who become infected
with CV do not have obvious negative renal outcomes,
while others respond with renal injury and failure that can
lead to death. Moreover, there is a dearth of knowledge
regarding the short-term or long-term effects of CV expo-
sure on the kidney. Thus, this study is the first to evaluate
the short-term (i.e., acute) effects of a one-time CVB4 in-
oculation on the kidneys of NOD mice and how the presence
of CVB4 in the kidney may set the stage for the develop-
ment and/or acceleration of CKD.

The finding that CVB4 RNA is still present in the glo-
merulus 14 days postinoculation provides the first piece of
evidence that CVB4 may predispose the kidney to future
CKD. While the ISH studies could not delineate the glo-
merular cell types with persistent CVB4 RNA at 14 days
postinoculation, Conaldi et al. previously demonstrated in
human cell culture studies that mesangial cells, but not
podocytes or proximal tubule cells, are able to maintain the
presence of CVB4 greater than 50 days in culture (10).

These data suggest that CVB4 found in the glomeruli of
NOD mouse kidneys 14 days postinoculation is most likely
maintained by mesangial cells. Furthermore, at 17 weeks
postinoculation, we observed more PAS-positive area in glo-
meruli of CVB4-inoculated mouse kidneys than noninoculated
mouse kidneys, suggesting that a one-time inoculation initiated
an increase in mesangial area. While this increase was subtle,

FIG. 6. CVB4 abundance and location over time in TIr3~'~ NOD mouse kidneys. (A) RT-qPCR of CVB4 RNA nor-
malized by the geometric mean of Gapdh and Actgl (n=4-8; *p <0.05 compared with day 0, ®p <0.05 compared with day
2, “p<0.05 compared wiht day 3). (B) Representative images from ISH analysis of +ssCVB4 RNA 2 days (upper two
panels) and 14 days (lower two panels) post-CVB4 inoculation. CVB4 was detected in the glomerular (leff) and tubu-
lointerstitial (right) regions of CVB4-inoculated mouse kidneys 2 and 14 days post-CVB4 inoculation. Arrowheads point to
labeled CVB4 RNA (images taken at 400 X magnification; n=4).
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FIG. 7. The absence of TLR3 increases CVB4 abundance
in the kidney. Plot of RT-qPCR of CVB4 RNA normalized
by the geometric mean of Gapdh and Actgl 0, 2, 3, and 14
days post-CVB4 inoculation (n=4-8; *p<0.05 compared
with TIr3™" at the same time point).

it may indicate the initiation of CKD or an increased suscep-
tibility to a future insult that might lead to CKD.

Perhaps some of the most clinically important findings of
this study were the large variations of CVB4 abundance and
clearance in NOD mouse kidneys. All mice were inoculated
with the same amount of CVB4; however, at various time
points after inoculation, the amount of detectable virus in
the kidney was highly variable, ranging between 5,000-fold
(14 days) and 2-fold (5 days) differences in abundance
(most and least variable time points postinoculation, re-
spectively). Moreover, while all kidneys 2 days postinocu-
lation had observable CVB4 RNA in the glomerular and
tubular regions, CVB4 location and timing of clearance
from the kidney were highly variable at all subsequent time
points.

This variability suggests the following: (i) CVB4 can
travel to and remain in the kidney more readily in some
animals than others, (ii) some animals are able to clear
CVB4 more rapidly and efficiently than others, and/or (iii)
CVBA4 is able to evade clearance and persist in some animals
better than others. Consideration of each of these possibil-
ities will be important in determining individual patient
susceptibility to CVB4-induced kidney injury.

After establishing that CVB4 RNA was present in the
kidney in the absence of any readily apparent acute histo-
logical alterations, functional decline, or immune cell infil-
tration, we next wanted to determine if the kidney was
responding locally to the presence of CVB4 via a PRR re-
sponse. TIr3, Rigl, and Mda5 were upregulated following
CVB4 inoculation and evidence of their downstream sig-
naling was also observed via an elevation in total and
phosphorylated IRF7, as well as an elevation of Tnfa and
Ifnbl expression.

Since Tir3 expression correlated with CVB4 abundance
along with expression of Irfl, Irf5, Irf7, Nfkbl, Tnfa, and
Ifnbl, while Rigl and Mda5 expression correlated with
expression of those same genes except Ifubl, but did cor-
relate with CVB4 abundance, it is tempting to hypothesize
that TLR3 might be the primary PRR activated by CVB4 in
the kidneys. This is of note since Ifnbl expression was
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difficult to detect at any time point other than 3 days post-
inoculation and TIr3 was the only PRR gene whose ex-
pression was correlated with Ifnbl expression.

If TLR3 is one of the primary PRRs activated in response
to CVB4 and responsible for its renal clearance, we would
expect to see a higher abundance of CVB4 in the kidneys of
TIr3™~ NOD mice compared with T/r3"* NOD mice, be-
cause this critical PRR response would be absent and unable
to elicit a sufficient immune response to clear the virus from
the kidney. Indeed, CVB4 abundance was significantly
higher in the kidneys of Tlr3™'~ NOD mice 2, 3, and 14 days
post-CVB4 inoculation compared with that in the kidneys of
age-matched TIr3"" NOD mice (Fig. 7), suggesting that
TLR3 does play an important role in renal CVB4 clearance.
This finding is in agreement with a prior report that CVB4
viral titers are significantly higher in the pancreas of TIr3™~
NOD mice at 3 days postinoculation than in 773" NOD
mice inoculated with the same amount of virus (26).

Future studies will aim to evaluate other acute kidney
parameters in 7173~ mice, which may provide more insight
into the precise role(s) TLR3 signaling plays in this process.
For example, since T/r3~"~ mice have a higher abundance of
CVB4 at day 3 postinoculation, does this result in any key
histological or functional alterations? Moreover, are the
same IRFs activated in the absence of TLR3 and are type I
interferons transcribed? Answering these questions may
help identify a more distinct role of TLR3 in the kidney
following CVB4 inoculation.

We must note that our findings are not without limitation.
While we supplied evidence to suggest mesangial cells are
the primary renal cell type affected by CVB4 inoculation
[presence of CVB4 in the glomeruli and increased me-
sangial area 17 weeks postinoculation, Conaldi’s persistent
infection data (10)], further cell-type-specific analysis is
required to confirm this. Moreover, we were unable to de-
termine why some animals had a strong innate immune
response and others did not or why no immune cells were
found in the kidney following PRR activity.

In addition, we did not purify CVB4 before using it to
inoculate NOD mice; therefore, it is possible that the im-
mune response we observed may have been influenced by
cell lysate components from the virus preparation. Finally,
while we can speculate that an increase in mesangial area
could result in a CVB4-induced susceptibility to future
kidney injury, further studies to confirm these findings are
warranted.

While many questions remain, the key findings presented
here include the following: (i) CVB4 does elicit a response
in the kidneys of NOD mice, (ii)) CVB4 and the subsequent
response are highly variable between animals, (iii) there is a
PRR response to CVB4 within the kidney, (iv) the presence
of CVB4 and some CVB4-stimulated gene expression
persists in the kidney at 14 days postinoculation, and (v) a
one-time CVB4 inoculation results in a subtle increase in
PAS-positive glomerular area 17 weeks postinoculation.

Together, these data suggest that CVB4 may be predis-
posing the kidney for susceptibility to future development of
CKD and that TLR3 may play a pivotal role in this process.
Studies in NOD mice will help us to better understand the
reasons why some patients who are predisposed to develop
TID are protected from CVB4-induced kidney damage
while others are not. Our findings do, however, indicate that
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CVB4 may play a larger role in the kidney than previously
thought, and studying the effect of otherwise ‘‘innocent’
viruses may provide insight for overall kidney health in
individuals susceptible to T1D.
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