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SUMMARY

Although chronic gastrointestinal dysmotility syndromes are a common worldwide health
problem, underlying causes for these disorders are poorly understood. We show that flavivirus
infection of enteric neurons leads to acute neuronal injury and cell death, inflammation, bowel
dilation, and slowing of intestinal transit in mice. Flavivirus primed CD8" T cells promote these
phenotypes, as their absence diminished enteric neuron injury and intestinal transit delays, and
their adoptive transfer reestablished dysmotility after flavivirus infection. Remarkably, mice
surviving acute flavivirus infection developed chronic gastrointestinal dysmotility that was
exacerbated by immunization with an unrelated alphavirus vaccine or exposure to a non-infectious
inflammatory stimulus. This model of chronic post-infectious gastrointestinal dysmotility in mice
suggests that viral infections with tropism for enteric neurons and the ensuing immune response
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might contribute to the development of bowel matility disorders in humans. These results suggest
an opportunity for unique approaches to diagnosis and therapy of gastrointestinal dysmaotility
syndromes.
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Damage caused to enteric neurons during acute flavivirus infections manifest in the form of
gastrointestinal abnormalities in later life upon challenge with either infectious or non-infectious
inflammatory stimuli

INTRODUCTION

The enteric nervous system (ENS) is comprised of complex neural and glial networks. The
myenteric plexus is situated between inner circular and outer longitudinal muscle layers of
the bowel (muscularis propria) and primarily controls gut motility. The submucosal plexus is
located between the muscularis propria and the mucosa where it regulates intestinal
epithelial function and repair, intestinal blood flow, and responses to sensory stimuli
(Furness, 2012). ENS dysfunction or degeneration causes several intestinal dysmotility
disorders, which present a considerable burden on human health. It is estimated that 10% to
30% of the population of Western countries suffers from some form of intestinal dysmotility
(Knowles et al., 2013). One major diagnostic classification, irritable bowel syndrome (IBS),
affects 10% of the population (Canavan et al., 2014) causing abdominal pain and diarrhea or
constipation. Rare disorders, including chronic intestinal pseudo-obstructive syndrome,
Hirschsprung disease, achalasia, and gastroparesis, also cause substantial morbidity and
mortality. Dysmotility disorders with established organic causes like Hirschsprung disease
typically manifest in childhood (Heuckeroth, 2018; Nurko, 2017), whereas acquired
dysmotility disorders are idiopathic but often appear to follow infections or inflammatory
events (reviewed in (Klem et al., 2017)).
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West Nile virus (WNV) is a mosquito-transmitted flavivirus that causes an acute febrile
illness with a subset of cases progressing to meningitis, encephalitis, and death (Suthar et al.,
2013). WNYV is neurotropic, and infection results in injury to neurons in the cerebral cortex,
brain stem, and spinal cord (Samuel et al., 2007; Shrestha et al., 2003). WNV is related
genetically to several other neurotropic flaviviruses, including Zika virus (ZIKV), which
causes congenital malformations in developing fetuses during pregnancy (Miner and
Diamond, 2017), and Powassan virus (POWYV), an emerging tick-transmitted flavivirus that
causes neuroinvasive disease and long-term neurological sequelae in 50% of survivors
(Hermance and Thangamani, 2017).

Less is known about flavivirus infection of enteric neurons. Mice infected with some
neurotropic flaviviruses develop gastrointestinal (Gl) tract pathology (Kimura et al., 2010;
Nagata et al., 2015). Analysis of selected Gl tissues from infected rodents showed viral
antigen by immunohistochemistry, viral RNA by gRT-PCR (Brown et al., 2007; Nagata et
al., 2015), inflammatory lesions of the myenteric plexus, villus blunting, and enterocyte
necrosis (Kimura et al., 2010; Nagata et al., 2015). Consistent with these findings,
pathological lesions and WNV antigen have been observed in the Gl tract of infected birds
(Steele et al., 2000; Weingartl et al., 2004). Moreover, multiple human case reports describe
Gl symptoms (e.g., vomiting, diarrhea, and/or abdominal pain) in people acutely infected
with WNV (Chowers et al., 2001; Weiss et al., 2001), and WNV antigen has been detected
in the intestine (Armah et al., 2007). However, the consequences of WNV infection on Gl
tract function have not been explored.

Bacterial (Porter et al., 2013), protozoan (Araujo et al., 2015; Soyturk et al., 2007) and
enteric viral (Marshall et al., 2007; Porter et al., 2012; Zanini et al., 2012) agents that cause
infectious gastroenteritis have been implicated in the development of GI dysmotility
disorders (Klem et al., 2017). Multiple herpesviruses (e.g., herpes simplex virus 1 (HSV-1),
varicella-zoster virus, and Epstein Barr virus) also can infect the ENS of humans or
experimentally infected animals (Brun et al., 2010; Chen et al., 2011; Debinski et al., 1997;
Khoury-Hanold et al., 2016). Analysis of Gl tract tissues from human patients with achalasia
(Facco et al., 2008; Villanacci et al., 2010) and experimentally infected animals (Brun et al.,
2010; Brun et al., 2018) showed infection-induced inflammation of enteric ganglia and
immune cell infiltration of the myenteric plexus ganglia and muscularis propria, suggesting
a possible immune-mediated pathogenesis of GI dysmotility disorders.

Given that neurotropic flaviviruses reportedly can target cells of the Gl tract, we evaluated
the consequences of infection. In mice, WNV, ZIKV, and POWV infection of the Gl tract
acutely resulted in dilation of segments of the small and large intestines. High levels of viral
RNA were detected in these tissues, which persisted for weeks in surviving mice. Functional
studies revealed that flavivirus-infected mice developed delayed Gl transit during the acute
phase of infection. Immunohistochemical and flow cytometry analysis of intestinal tissues
from WNV-infected mice showed viral antigen localized to enteric ganglia and infiltration of
CD3* lymphocytes and monocytes into the myenteric plexus and muscularis propria within
6 days of infection. This phase of GI dysmotility was in part immune-mediated, as it was
absent in WNV-infected mice lacking CD8* T cells and could be re-established by adoptive
transfer of WNV-primed but not naive CD8" T cells. Remarkably, survivors of WNV
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infection sustained chronic delayed Gl transit for months, exhibited neuroplastic changes,
and were vulnerable to exacerbations of GI dysmotility after immunization with an unrelated
alphavirus vaccine or exposure to poly(l:C), a non-infectious inflammatory stimulus. These
results suggest that systemic infection by neurotropic viruses can damage the ENS, which
leads to an intestinal dysmotility disorder in mice that models features of acute intestinal
pseudo-obstruction and chronic IBS in humans.

WNV and ZIKV induce segmental dilation of the mouse intestine.

To define the consequences of flavivirus infection in the Gl tract, we inoculated wild-type
(WT) C57BL/6 mice with WNV (New York, 1999) or ZIKV (Dakar, 1984). WNV infected
mice displayed dilatation of intestinal segments that was readily apparent by day 8 and
showed increased penetrance by day 10 (Fig 1A and B). Comparable penetrance of a similar
intestinal phenotype occurred in ZIKV-infected mice that were additionally treated with anti-
Ifnarl monoclonal antibody (mAb) (Fig 1A and C); blockade of type I interferon (IFN)
signaling was necessary to facilitate systemic ZIKV infection (Lazear et al., 2016; Miner et
al., 2016). We noted some degree of regional specificity of intestinal dilation, as the greatest
frequency of lesions occurred in the mid- and distal small intestines of WNV- (Fig S1A-E)
and ZIKV- (Fig S1F-J) infected mice. None of the sham-infected littermate mice showed
evidence of bowel dilation.

Flaviviruses infect the Gl tract and alter intestinal transit.

To determine if the GI pathology was a result of direct intestinal infection, defined segments
of the Gl tract were analyzed after infection to quantify flavivirus RNA (Fig 2A-E and Fig
S2A-G). After extensive tissue perfusion, we measured viral RNA levels because infectious
virus is inactivated by bile acids in the tissue homogenates. As early as day 2 after WNV
infection, viral RNA was detected in regions of the Gl tract of a subset of animals and by
day 4, all mice showed WNYV infection in virtually all regions (Fig 2A-E). Viral RNA levels
peaked at days 6 to 8 days post-infection (dpi), with the highest viral titers observed in the
mid and distal small intestine before declining at 21 dpi. Viral RNA remained detectable
through 56 dpi in all segments of the GI tract, but was more prevalent in the colon at this
time. We also inoculated mice with Kunjin virus (KUNV), a naturally attenuated variant of
WNYV (Scherret et al., 2002), and found more variable infection of the Gl tract at day 6,
although viral RNA was present in the small intestine in most animals (Fig S2A).

We next assessed infection of the Gl tract with other neurotropic flaviviruses. Mice treated
with anti-1fnarl blocking mAb and inoculated with ZIKV had viral RNA detected in all
sections of the Gl tract in the majority of animals (Fig S2B-F). WT mice inoculated with
POWV, a tick-borne flavivirus, also sustained high levels of viral RNA in all Gl tract tissues
tested by 6 dpi (Fig S2G).

As some flavivirus infections are associated acutely with GI symptoms (Sejvar, 2014) and
delayed gastric emptying (Wang et al., 2011), we hypothesized that the dilated bowel
observed after WNV infection might occur because of defects in bowel motility. To test this
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hypothesis, we measured the luminal transit of 70 kilodalton (kDa) FITC-labeled dextran
during the acute phase of WNV (Fig 2F), ZIKV (Fig 2G), POWV (Fig 2H), and KUNV (Fig
21) infections. Since 70 kDa FITC-dextran is poorly absorbed by the intact intestine, luminal
concentrations in each bowel region after oral gavage provide a measure of Gl transit. FITC-
dextran transit was slowed in many of the WNV-infected mice compared to sham-infected
controls at 6 and 10 dpi (Fig 2F). Analogous results were obtained in WT mice treated with
anti-Ifnarl mAb and inoculated with ZIKV (Fig 2G) or in WT mice infected with POWV
(Fig 2H), although the effect was delayed compared to WNV-infected animals. In
comparison, mice administered anti-Ifnarl mAb alone or isotype control mAb and ZIKV
showed no evidence of delayed Gl transit (Fig 2G). Even mice infected with the attenuated
KUNV variant displayed delays in Gl transit time that were comparable to those observed in
WNV-infected animals at 6 dpi, although the effect waned in most mice by 10 dpi (Fig 2I).

To test whether systemic viral infections more generally cause changes in Gl transit, we
inoculated five-week old WT mice with a pathogenic strain of chikungunya virus (La
Reunion, 2006), an unrelated arthritogenic alphavirus that rarely can spread to the central
nervous system (CNS) (Das et al., 2010; Inglis et al., 2016). We then measured viral RNA
levels and Gl transit after FITC-dextran gavage at 6 dpi. CHIKV accumulated in the spleen
(Fig S2H) on 8 and 10 dpi as expected (Hawman et al., 2013), but levels in GI tract tissues
were much lower (Fig S21-M). Moreover, CHIKV-infected mice did not develop intestinal
dilation at 6 or 10 dpi (Fig 1A and 1D). Consistent with this observation, FITC-dextran
transit was not altered at 6 dpi in CHIKV-infected as compared to sham-infected mice (Fig
S2N). Thus, systemic RNA virus infections do not generally dysregulate GI tract motility.

WNV infection alters neuronal structure in the muscularis propria.

To determine the cellular targets of flavivirus infection in the intestine, we analyzed WNV
tropism in the mid- and distal small intestines, the areas of highest penetrance of the
phenotype. Intestinal sections of WNV- or sham-infected mice were stained for viral antigen
and the marker Tuj1 (an antibody to neuron-specific beta-3 tubulin). We detected WNV
antigen that was confined to the ganglia of the myenteric plexus of the distal small intestine
(Fig 3A; white arrow) and throughout the remainder of the small intestine (Fig S3A-B; white
arrows), as well as in isolated neurons of the submucosal plexus (Fig S3B; white arrowhead)
on 6 dpi. WNV and Tuj1 double-positive myenteric ganglia were quantified in a blinded
manner from tissues collected at 6 dpi (Fig 3B). Sections of myenteric ganglia contained
detectable WNV antigen throughout the small intestine. We did not observe viral antigen in
the Gl tract epithelium. These data support the conclusion that WNV preferentially infects
enteric neurons of the myenteric and submucosal plexus.

As histological sections sample only a portion of a ganglion, we stained whole mount
preparations of the distal small intestinal muscularis propria collected on 6 dpi for Tuj1,
GFAP (glial fibrillary acidic protein), and WNV antigen (Fig 3C). While no WNYV antigen
staining was detected in sham-infected mice (Fig 3C, fop row), we observed co-staining for
WNV antigen and Tuj1* enteric neurons with a range of viral antigen-positive cells among
infected animals. Some ganglia showed dispersed clusters of infected neurons (Fig 3C,
middle row;, white arrows) whereas others had WNYV infection in most neuronal bodies
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within the ganglia (Fig 3C, bottom row, white arrows) and in their axons (Fig 3C, bottom
row, white arrow heads). However, WNV antigen staining did not co-localize with glial cell
or macrophage markers (Fig 3C and data not shown).

Despite the severe phenotype in the muscularis propria, high levels of viral RNA, and altered
Gl transit, WNV infection at 6 and 10 dpi did not result in villus blunting, gross or
microscopic hemorrhage, or increased cell death of the epithelium (Fig 3D and S3C)
compared to naive mice. However, leukocyte infiltration of the muscularis propria and
myenteric plexus ganglia was apparent in sections from WNV-infected but not sham-
infected animals. Immune cell infiltration was most pronounced at 6 dpi (Fig 3D and S3C;
aashed lines, muscularis propria; solid lines, myenteric ganglia) with reduced numbers of
immune cells seen at 10 and 28 dpi (Fig 3D and S3C; dashed lines, muscularis propria,; solid
lines, myenteric ganglia). Neurons within the myenteric ganglia displayed nuclear
hypertrophy (Fig S3D) at 28 dpi, suggesting a compensatory response to viral- or immune-
mediated damage to the ENS (Adad et al., 2001; Ekblad et al., 1998).

Leukocyte infiltration of WNV-infected muscularis propria and myenteric ganglia.

We evaluated the composition of the immune cell infiltrate in the intestine associated with
WNV infection in more detail. Immunohistochemical staining showed CD3* T cell
infiltration of the muscularis and myenteric ganglia of the proximal, mid, and distal small
intestine (Fig 4A, S4A and S4C; white arrows). At 6 dpi, the numbers of muscularis-
infiltrating (Fig 4C) and ganglia-associated (Fig 4F) CD3* T cells were higher throughout
the length of the GI tract compared to sections from sham-infected animals and was
statistically significant in the mid and distal small intestine. By 10 and 28 dpi, the numbers
of CD3* T cells were diminished in the muscularis and myenteric plexus ganglia (Fig 4B
and S4B and D) of all intestinal segments (Fig 4D-E and 4G-H), and this finding correlated
with decreased levels of WNV RNA (Fig 2).

Flow cytometry of muscularis propria cells obtained from tissue during the acute (6 dpi) and
chronic (28 dpi) phases of WNV infection (Fig S4E) did not show significant increases in
the total number of CD45* or CD8" cells (Fig 41 and S4F). However, the proportion of
CDS8™ T cells was elevated in infected mice at 6 dpi (Fig 4L). Moreover, the number of
WNV-specific, DP-NS4B peptide tetramert CD8* T cells was elevated at 6 dpi (Fig 4J) and
represented a significant proportion of CD8" T cells in the muscularis layer at both time
points (Fig 4M). Similar to the T cell data, numbers of CD11b* F4/80* CD64* CX3CR1*
macrophages in the muscular layer were not different between sham and WNV-infected
mice at either time point (data not shown), although the proportion of monocytes (CD11b*
Ly6Chi Ly6G™) was higher on 6 dpi (Fig 4N). We did not observe differences in proportions
or numbers of CD4* T cells or neutrophils (CD11b* Ly6C* Ly6G™) at either time point
post-infection (data not shown). These data show that WNYV infection of the Gl tract induces
an immune cell infiltration that includes an influx of antigen-specific CD8" T cells.

WNV-infection induces cell death in enteric ganglion cells.

To determine if WNV infection of the myenteric plexus resulted in death of ENS ganglion
cells, we performed TUNEL staining on sections of distal small intestine collected at 6 and
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10 dpi (Fig 5A). We observed TUNEL-positive cells in the muscularis layer (Fig 5B) and
enteric ganglia of the intestines of WNV-infected mice on both days (Fig 5A; white arrow
and Fig 5C). Blinded quantification showed a significant fraction of myenteric ganglia was
TUNEL-positive after WNV infection (Fig S5A). Additionally, whole mount preparations of
the distal small intestine at 6 dpi showed colocalization of WNV antigen and cleaved
caspase 3 in enteric ganglia (Fig 5D). In comparison, staining for cleaved caspase 3 in sham-
infected animals was not observed. By 28 dpi, the density of Phox2b* neurons in whole
mount sections of the distal small intestine was reduced compared to sham-infected controls
(Fig S5B-C). Thus, WNV infection of the Gl tract results in structural modification of the
ENS including death of myenteric neurons.

CD8* T cells are required for acute WNV-induced G| dysmotility.

We hypothesized that infiltrating WNV-specific CD8* T cells caused immune-mediated
injury of enteric ganglia that led to bowel dilation and delayed Gl transit. To test this
hypothesis, we inoculated Rag1~/=, Terftmi'~, and CD8a™~ mice, which respectively lack B
and T cells, ap and & T cells, or only CD8" T cells. At day 6 after WNV infection, all
three mouse strains had FITC-dextran transit patterns that were comparable to sham-infected
controls (Fig 6A), even though viral RNA levels in their Gl tract were equivalent to or higher
than WT mice (Fig S5D-H). To confirm their contribution to WNV-induced acute Gl
dysmotility, we adoptively transferred CD8* T cells (5 x 10° cells per mouse) harvested
from lymphoid tissues (Fig S51) of sham (haive) and WNV-infected (day +7) donor mice to
WN V-infected recipient CD8a~/~ mice (Fig 6B) and analyzed FITC-dextran transit. Animals
injected with PBS or administered naive T cells did not display delayed Gl transit, whereas
those given CD8™ T cells from WNV-infected donors exhibited delayed Gl transit (Fig 6C).

Analysis of the distal small intestine from CD8a~~ mice at 6 dpi showed an absence of
cellular infiltration of the myenteric ganglia (Fig 6D; dashed lines. muscularis propria, solid
lines: myenteric ganglid) and few detectable muscularis and ganglia-associated TUNEL-
positive cells (Fig 6E). Blinded quantitation of the muscularis and myenteric ganglia
revealed no differences between sham and WNV-infected CD8a~~ mice at 6 dpi in the
number of TUNEL-positive cells (Fig 6F) or proportion of TUNEL-positive myenteric
ganglia (Fig 6G). These data support the hypothesis that CD8* T cells contribute to the early
phase of GI dysmotility in WNV-infected mice. We did not evaluate whether CD8" T cells
modulated the later phase of acute Gl transit dysfunction in WNV- or ZIKV-infected mice
because by that time greater than 95% of CD8a"/~ mice succumb to uncontrolled infection
in the brain and spinal cord (Elong Ngono et al., 2017; Shrestha and Diamond, 2004).

WNYV infection causes persistently delayed Gl transit that is exacerbated by unrelated
immune stimuli.

We performed longitudinal studies of Gl transit on cohorts of WNV- and sham-infected mice
using passage of carmine red dye in feces at multiple times post-infection. A defect in Gl
transit secondary to KUNV and WNYV infection was maintained as far out as 4 and 7 weeks
post-infection, respectively (Fig 7A-B). Most WNV-infected mice showed delayed transit of
dye during the acute stages of infection. Animals surviving WNV infection sustained
persistent dysmotility in the convalescent phase (days 21 to 49). Mice that ultimately
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succumbed to WNV developed the most severe delays in Gl transit during the acute phase of
infection (transit time > 5 h post-gavage) (Fig 7A, blue symbols). We tested if this clinical
phenotype could be mitigated by treating WNV-infected mice with hE16, a humanized anti-
WNV mAb (Oliphant et al., 2005). Therapy was initiated at 4 dpi when high levels of WNV
RNA already were present in all segments of the Gl tract (see Fig 2A-E). Compared to
isotype control mAb-treated mice, hE16-treated animals did not develop GI dysmotility by
10 dpi (Fig S6A) or succumb to infection through 21 dpi (Fig S6B).

A hallmark of some GI dysmotility disorders in humans is the intermittent nature of
symptoms with diarrhea and/or constipation and abdominal pain occurring episodically
(Cashman et al., 2016). Moreover, symptom exacerbation may be associated with
intercurrent infection or inflammation (Liebregts et al., 2007; O'Malley et al., 2011). We
tested if mice surviving WNV infection were sensitized to inflammation-induced bowel
dysmotility using stimuli that do not slow transit in sham-infected mice (Fig 7C). We
inoculated mice in the convalescent stage with either a live-attenuated viral vaccine
(\VVenezuelan equine encephalitis [VEEV], TC-83 strain (Phillpotts and Wright, 1999), Fig
7D) at 4 weeks post-WNV infection or a non-infectious immune stimulus (poly(1:C), Fig
7E) at 8 weeks post-WNV infection. Bowel transit was assessed by gavage of carmine red
dye on days 3 and 10 after VEEV TC-83 infection or poly(l:C) treatment. Remarkably, at
both 4 and 8 weeks post-infection, surviving WNV-infected mice showed slower Gl transit
in response to VEEV TC-83 or poly(l:C). In comparison, sham-infected mice administered
VEEV TC-83 or poly(l:C) did not show altered Gl transit times. Analysis of intestinal
tissues collected on day 3 after VEEV TC-83 infection showed VEEV RNA levels that were
predominantly below the limit of detection (Fig S6C), suggesting that delayed transit did not
result from infection of the Gl tract by this attenuated virus. Thus, systemic infection by
WNV induces chronically delayed Gl transit that is exacerbated by unrelated inflammatory
stimuli.

To determine if the secondary inflammatory stimulus resulted in immune cell infiltration of
the muscularis propria, we performed flow cytometry analysis of T cell and myeloid cell
populations (Fig 7F-K) on mid and distal small intestine tissue 11 dpi with VEEV TC-83.
Despite confirming that Gl transit was still delayed 10 days after VEEV TC-83 infection in
mice previously infected with WNV (Fig S6D), we did not observe an increase in number of
CD45™" leukocytes, CD8* T cells, WNV-specific CD8* T cells, or Ly6C* monocytes
compared to age-matched, sham-infected controls (Fig S6E and Fig 7F-K). This suggests
that the exacerbated slowing of Gl transit induced by VEEV TC-83 in the chronic phase
after WNV infection is not caused by new immune cell infiltration.

DISCUSSION

GI motility disorders in humans often occur following episodes of acute protozoan,
bacterial, and viral gastroenteritis, termed post-infectious IBS (Klem et al., 2017). Prior
studies have demonstrated that viruses can infect the cells of the ENS and induce immune
cell infiltration into the myenteric plexus (Brun et al., 2010; Facco et al., 2008; Khoury-
Hanold et al., 2016). Although viral infection is a postulated cause of human dysmotility
disorders, causality has not been proven. Our findings are consistent with recent studies in
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mice (Brun et al., 2018; Khoury-Hanold et al., 2016) demonstrating that infection of the
ENS by HSV can induce acute GI dysmotility, although Khoury-Hanold et al. described
toxic megacolon and Brun et al. showed intestinal dysmotility was due to infiltrating
macrophages. In comparison, WNV RNA persisted in the bowel of surviving animals, and
this was associated with chronic delays in Gl transit times. WNV infection of neurons of the
ENS induced CD3* T cell infiltration of the myenteric plexus, which occurred throughout
the length of the small intestine, but was more prominent in the mid and distal segments, and
correlated with increased cell death within the muscularis propria and ganglia of the
myenteric plexus.

The dysregulated Gl transit that we observed following multiple flavivirus infections in mice
shares features of acquired intestinal dysmotility syndromes in humans including post-
infectious IBS (Klem et al., 2017). Animals developed a chronic motility disorder that lasted
for weeks to months after acute infection with WNV or even the attenuated variant, KUNV.
Remarkably, WNV-infected animals became vulnerable to exacerbated delays in Gl transit
time in response to unrelated secondary systemic inflammatory stimuli including
administration of a live-attenuated vaccine or non-infectious poly(l:C). Thus, infections by
WNV and possibly other neurotropic viruses targeting the ENS can induce an acute, chronic,
and potentially relapsing motility disorder, which might serve as a model for study and
evaluation of therapies for acquired human Gl disorders including IBS. Indeed, treatment of
WNV-infected mice at 4 dpi with a single dose of hE16 mAb prevented the acute
dysmotility syndrome. As several neurotropic flaviviruses can infect non-human primates
productively, confirmatory studies are planned to test whether similar Gl transit disorders
occur in animals more closely related to humans.

Our experiments in immune deficient mice suggest that CD8" T cells contribute to the acute
phase of Gl tract dysmotility. At 6 dpi, when transit defects were seen in WT WNV-infected
mice, intestinal transit was normal in WNV-infected Rag1™'~, Tertm™'~, and CD8a™'~ mice,
all of which lack CD8* T cells. Consistent with this data, adoptive transfer of WNV-primed,
but not naive, CD8" T cells into recipient CD8a™'~ mice resulted in delayed Gl transit in the
context of WNV infection. WNV-infected CD8a7/~ mice did not show increased TUNEL-
positive staining within the muscularis propria and myenteric ganglia of the distal small
intestine, indicating that CD8* T cell-mediated cell death of ENS neurons correlates with
development of acute Gl tract dysmotility. The specific CD8" T cell effector functions (e.g.,
perforin and granzyme secretion, Fas ligand expression, or cytokine production) required to
mediate ENS damage remain to be elucidated. We were unable to evaluate the impact of
CD8™ T cells on the chronic phase of Gl tract transit dysfunction because mice lacking
CD8* T cells succumb too rapidly to WNV and ZIKV (Elong Ngono et al., 2017; Shrestha
and Diamond, 2004).

High levels of WNV RNA were measured within all Gl tract regions tested during the acute
phase, and this was associated with bowel dilation, injury to ENS neurons, and infiltration of
antigen-specific CD8* T cells. Gradual clearance of WNV RNA from the intestines in
surviving animals correlated with improved Gl transit times and diminished immune cell
infiltration. Notwithstanding this improvement, surviving mice still exhibited delayed Gl
tract transit 49 days after infection and did not return to baseline relative to sham-infected
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animals. As some of these animals had persistent WNV RNA throughout their intestines
even at these late time points, the long-term presence of viral pathogen-associated molecular
patterns (PAMPs), antigen, or immunogenic peptides could sustain inflammation and
chronic GI dysmotility. Although we did not observe persistent T cell infiltration of the
muscularis or myenteric plexus in surviving animals at 28 dpi by microscopy, we did detect
WNV-specific CD8" T cells within the small intestine by flow cytometry. However, upon
administration of secondary, systemic inflammatory stimulus that exacerbated Gl transit
delays, the number and proportion of WNV-specific CD8* T cells remained comparable to
control animals, suggesting that the secondary bouts of GI dysmotility may not be caused by
further CD8" T cell infiltration of the myenteric plexus. The possible role of WNV
persistence in maintenance of chronic Gl dysfunction remains unclear. Viral- and T cell-
mediated structural changes to the ENS also could lead to a distinct response by myenteric
neurons to inflammatory or neuroendocrine signals that exacerbate GI dysfunction even after
viral infection is cleared.

Flavivirus infection in the Gl tract of mice provides a possible model for defining
mechanisms that cause persistent and relapsing G motility disorders in humans. Whereas
microbial agents that cause acute viral gastroenteritis (e.g., noroviruses and rotaviruses)
infect cells in the mucosa of the Gl tract, systemic infection with neurotropic viruses that
target the neurons of the ENS may be a source of acute and persistent GI pathology and
dysmotility. We wish to highlight that neurotropic flaviviruses are unlikely to be the major
cause of common GI dysmotility syndromes in humans like irritable bowel syndrome
because of their low incidence. Rather, our data suggests that systemic infection by viruses
(e.g. enteroviruses, herpesviruses, astroviruses, and flaviviruses) targeting neurons of the
ENS may be an underappreciated cause of acquired bowel motility disorders or could cause
some cases of more serious, but less common GI motility disorders. A limitation of the
current study is the exclusive reliance of experiments in mice. Ultimately, establishing the
roles of neurotropic viral infections in the development of human Gl transit disorders will
require a rigorous, multi-institutional, and likely large serological study with well
characterized affected cohorts and matched controls.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact author Michael S. Diamond (diamond@wusm.wustl.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Viruses.—WNV New York 1999 (clone 382-99 (Beasley et al., 2005)), KUNV (cDNA of
FLSDX clone (Liu et al., 2003)) and VEEV vaccine strain (cDNA of TC-83 clone
(Petrakova et al., 2005)) were produced by electroporation of /n vitro transcribed RNA into
BHK21-15 cells (Anishchenko et al., 2004; Liljestrom et al., 1991). Mouse-adapted ZIKV
(Dakar clone 41525) was produced as described (Govero et al., 2016; Platt et al., 2018), and
CHIKYV (strain La Reunion OPY1 p142) and POWYV (Spooner strain (Ebel et al., 1999))
were propagated on Vero cells (Fox et al., 2015; Platt et al., 2018). To generate viral stocks
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(passage 1) for infections, Vero cells were inoculated at a multiplicity of infection (MOI) of
0.01, and culture supernatants were collected at 48 h, clarified by centrifugation (1,500 x g,
5 min) and aliquotted for storage at —80° C. Viral stocks were titrated by focus forming
assays on Vero cells (Lazear et al., 2013).

Ethics statement.—This study was carried out in strict accordance with the
recommendations in the Guide for Care and Use of Laboratory Animals of the National
Institutes of Health. The protocols were approved by the Institutional Animal Care and Use
Committee at Washington University School of Medicine (Assurance number: A3381-01).
All dissections and inoculations were carried out under anesthesia induced and maintained
by ketamine hydrochloride and xylazine, and all efforts were made to minimize suffering.

Mouse infection studies.—Wild type C57BL/6J and congenic RagZ™"~, TerBtm, and
CD8a™!~ mice were obtained commercially (Jackson Laboratories: 000664, 002216, 002122,
and 002665, respectively) and bred under pathogen-free conditions at Washington
University. Nine to ten-week mice were inoculated with 102 focus-forming units (FFU) of
WNV or POWV or 103 FFU of ZIKV in 50 ul of PBS by subcutaneous injection in the
footpad. Four and a half to five week mice were inoculated with 104 FFU of KUNV in 100
ul PBS by intraperitoneal injection. For ZIKV infections, mice were treated one day before
with 1 mg of isotype control or anti-Ifnarl mAbs (MAR1-5A3 (Sheehan et al., 2006)) by
intraperitoneal injection. In some experiments, mice were treated with a single 500 pg dose
of isotype control (human 1gG1, Bio X Cell) mAb or hE16 anti-WNV mAb (Oliphant et al.,
2005) by intraperitoneal injection at 4 dpi. In other experiments, naive or surviving WNV-
infected mice were inoculated with 108 FFU of attenuated VEEV TC-83 vaccine strain by
subcutaneous injection in 50 pl PBS in the footpad. Other mice were injected at five weeks
of age with 10° FFU of CHIKYV in 50 ul PBS subcutaneously in the footpad. For adoptive T
cell transfer experiments, spleens and mesenteric lymph nodes were collected from donor
naive mice or at 7 dpi from WNV-infected WT mice. CD8* T cells were enriched using the
CD8* T cell isolation kit (Miltenyi Biotec) according to the manufacturer’s instructions. At
least 5 x 10° cells were injected intravenously by retro orbital injection into recipient WNV-
infected CD8a™'~ mice at 2 dpi, and GI motility was assessed four days later as described
below. At indicated times post-infection, mice were anesthetized, perfused extensively with
15 ml of PBS, and specified organs were collected, weighed and stored at —80°C.

METHOD DETAILS

Viral RNA extraction and titration.—Frozen sections of Gl tract tissue were
homogenized in 1 ml of DMEM supplemented with 2% FBS containing ceramic beads using
a MagNA Lyser tissue homogenizer (Roche). RNA was extracted from 100 pl of
homogenate using RNeasy 96 well RNA isolation kits (Qiagen) according to the
manufacturer’s instructions. Absolute levels of WNV, ZIKV KUNYV, and POWV genomic
RNA were quantified using E protein sequence-specific TagMan primers and probes and
compared to a standard curve of purified viral genomic RNA (Daffis et al., 2011; Govero et
al., 2016; Miner et al., 2016; Platt et al., 2018). All viral RNA titrations were performed
using one-step gRT-PCR on a 7500 Fast Real Time-PCR system (Applied Biosystems).
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Genome copies were normalized by tissue weight and expressed as logig genome copies of
RNA or FFU equivalents per gram of tissue.

Immunohistochemistry and whole mount staining.—Sections of Gl tract tissue
were removed at indicated times after infection, opened along the mesenteric border, pinned
to Sylgard® silicon plates, and fixed in 10% neutral buffered formalin overnight at 4°C.
Following three washes with 70% ethanol, the tissues were blocked in 2% agar and stored in
70% ethanol at 4°C until paraffin embeddi ng, sectioning, and staining with H & E
(Histology Core Facility, Washington University School of Medicine). For analysis of WNV
antigen and immune cell infiltration, tissue sections were deparaffinized by three sequential
incubations in xylene followed by three sequential washes in isopropanol. Antigen retrieval
was performed by boiling sections in Dako Target Retrieval Solution (Dako) or Trilogy
antigen retrieval solution (Cell Marque) for 20 min followed by a 10-min incubation at room
temperature. Slides were blocked for 30 min at room temperature in Tris-HCI (25 mM, pH
7.4) or PBS buffered solutions containing 1% bovine serum albumin (BSA), 5% normal
donkey serum, and 0.05% Tween 20. Sections were incubated overnight at 4°C with rat anti-
WNV hyperimmune serum (1:400, (Diamond et al., 2003)), rabbit anti-CD3 polyclonal
serum (1:100, Abcam), rabbit anti-Tuj1 polyclonal serum (1:500, Sigma Aldrich), and goat
anti-GFAP polyclonal serum (1:100, Abcam) diluted in blocking buffer. Primary antibodies
were detected with Cy3-conjugated donkey anti-rat or anti-rabbit antibodies and FITC-
conjugated donkey anti-goat antibody (1:500, Jackson Laboratories) diluted in blocking
buffer for 60 min at room temperature. Following counter-staining with Hoechst 33342 dye
(Thermo Fisher), tissue sections were mounted in ProLong Gold anti-fade (Thermo Fisher)
and stored at 4°C until imaging. For cell death quantification, antigen retrieval and
permeabilization was performed as described above prior to TUNEL staining using In Situ
Cell Death Detection kit (Roche) according to the manufacturer’s instructions followed by
Tujl staining as described above. H & E and fluorescence-stained slides were imaged on a
Zeiss Observer.D1 and Imager M2 microscope, respectively, and analyzed using Zeiss Zen
software suite.

For whole mount staining, pinned tissues were fixed in Zamboni’s fixative (American
Master Tech) at 4°C overnight. Following three washes in 70% ethanol and three washes in
PBS, the muscularis propria was dissected from the mucosa under a dissecting microscope
and stored at 4°C in PBS + 0. 02% NaNs. Tissue sections were incubated with 0.001%
trypsin (Sigma Aldrich) at room temperature for 2 min, blocked for 2 h at room temperature
(Blocking buffer: 25 mM Tris, pH 7.4 + 5% donkey serum + 1% BSA + 1% Triton X-100

+ 0.02% NaN3) and incubated overnight with primary antibodies (Tujl, GFAP, anti-WNV
polyclonal serum listed above, cleaved caspase 3 (1:400; Cell Signaling) and Phox2b (1:30;
R&D Biosystems)) at 4°C. Following three washes in PBS + 1% Triton X-100, the tissues
were incubated overnight with secondary antibodies (listed above) at 4°C, washed three
times in PBS + 1% Triton X-100 and mounted in ProLong Gold anti-fade reagent with DAPI
(Invitrogen) before imaging with a Zeiss LSM880 Laser Scanning Confocal microscope.
8-10 uM thick Z-stacks were processed using Zen2 Blue Edition (Zeiss) to produce
maximum intensity projections and adjust the brightness and contrast of images.
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Flow cytometry analysis.—The distal small intestine from mid-jejunum to the ileocecal
junction was removed at day 6 (acute) or days 28-35 (chronic) after WNV infection and
placed in ice cold PBS. Mesenteric fat was dissected away, and the tissue was cut into
approximately two-inch pieces, flushed with PBS, and opened along the mesenteric border.
Tissue sections were pinned to Sylgard® plates, and the mucosa and lamina propria were
removed mechanically from the muscularis, which was placed in ice cold DMEM + 2% FBS
until weighing and processing. Single cell suspensions were produced by mincing the tissues
and transferring to 10 ml of digestion media (RPMI supplemented with 8% FBS, 10 mM
HEPES, 100 pg/ml kanamycin, glutamine, sodium pyruvate and NEAA) supplemented with
100 U/ml collagenase IV (Sigma Aldrich) and 10 pg/ml DNase | and incubated at 37°C for 1
h with agitation. Digested tissues were filtered through a 100 pum filter, washed with 10 ml of
digestion buffer, and the resulting cells were pelleted, washed with 10 ml HBSS
supplemented with 15 mM HEPES, and resuspended in 7 ml of 30% Percoll (GE
Healthcare), and pelleted by centrifugation at 1,200 x g for 30 min. Cells were split into two
equal volumes and stained with panels for T cell and myeloid cell population analysis (see
Key Resources Table) using a FoxP3 intracellular staining kit (ThermoScientific). Stained
cells were analyzed on a Fortessa X-20 (BD Biosciences), and the data was analyzed using
FlowJo (FlowJo) software suite.

Gl motility measurements.—/n vivo bowel motility was assessed by two methods as
described (Avetisyan et al., 2015). Whole bowel transit time was determined by
administration of 300 pl of 6% (w/v) carmine red dye (Sigma-Aldrich) dissolved in distilled
water containing 0.5% methyl cellulose (Sigma-Aldrich) by oral gavage. Gavaged mice were
placed in individual containers with white bottoms and checked at 10-min intervals through
6 h for the passage of carmine-containing, red fecal pellets. In separate studies, proximal
intestinal motility was measured by oral gavage administration of 100 pl of non-absorbable,
high molecular weight fluorescein isothiocyanate-dextran (FITC-dextran, average molecular
weight 70,000; Sigma-Aldrich) dissolved in distilled water containing 2% methylcellulose.
Gavaged mice were sacrificed after 120 min and segments of the Gl tract were collected
without removal of luminal contents; the small intestine was divided into eight sections, and
the cecum and the colon into two sections each. Gl tract tissues were frozen at —80°C. For
analysis of FITC-dextran distribution within the GI tract, thawed sections were placed in 1
ml of PBS, minced with surgical scissors, and vortexed extensively to release luminal
contents. Following clarification by centrifugation (10,000 x g for 5 min), 100 pl of FITC-
dextran-containing supernatant was transferred to a 96-well plate and heat-treated for 30 min
at 56°C to inactivate residual WNV. Samples were diluted 1:100 and 1:1000 in PBS, and 100
ul of each dilution was used for fluorescence quantification on a SynergyH1 plate reader
(BioTek). Bowel transit of luminal contents was determined by calculating the geometric
center (geometric center = ((Z fluorescence x segment number)/total fluorescence) of FITC-
dextran in the GI tract. To test mice for susceptibility to recurrent GI dysfunction, mice were
treated with 100 ug of high molecular weight poly(l:C) (InvivoGen) administered by
intraperitoneal injection once daily for three days or inoculated with VEEV TC-83 (as
described above) three days prior to assessment of GI motility on indicated days post initial
WNYV infection.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis.—The proportion of animals displaying Gl disease was analyzed by Chi
squared test. Differences in WNV antigen-positive ganglia, TUNEL-positive cells,
myenteric neuron nuclear volume and density, infiltrating CD3* T cells, CD8* T cells,
NS4B tetramer* T cells, and monocytes were analyzed by Mann-Whitney test. GI motility
differences in FITC-dextran motility and carmine red dye transit assays were analyzed by
one-way ANOVA with Kruskal-Wallis multiple comparison correction. Differences in WNV
titers in Gl tissues in different mouse strains were analyzed by an ordinary one-way
ANOVA. All statistical analysis was conducted using GraphPad6 software. For
quantification of WNV-positive myenteric ganglia, apoptotic cells, CD3" cellular
infiltration, myenteric neuron cell size and neuron density, slides were blinded for both
imaging and counting.

DATA AND SOFTWARE AVAILABILITY

All data is available upon request to the lead contact author. No proprietary software was
used in the data analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Infection with multiple flaviviruses causes delayed gastrointestinal transit

Dysmotility and neuronal death are caused by infiltrating antiviral CD8* T
cells

Surviving animals exhibit long term chronic dysmotility

Chronic dysmotility is exacerbated by exposure to unrelated inflammatory
stimuli
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Figure 1. Flavivirus-induced Gl tract pathology.
(A) Macroscopic Gl tract pathology exhibited at day 10 after CHIKV, WNV, or ZIKV

infection. GI tracts from naive and uninfected anti-Ifnarl mAb injected mice are shown as
controls. Black and red arrows: regions of intestinal dilation and adjacent more normal
appearing regions, respectively. Black boxes: regions magnified in images to the right. Data
are representative of three experiments. (B-D) Proportions of mice with dilated bowel after
WNV (B), ZIKV (C) or CHIKV (D) infection. Results are from three experiments with 7=
10 (both day 8 and 10, sham), 7= 13 and 12 (day 8 and day 10, WNYV, respectively), n=and
13 (day 8 and day 10 isotype mAb, ZIKV), n= 15 (day 8 and day 10 anti-Ifnarl mAb,
ZIKV) and n= 10 (day 10 sham and CHIKV) mice per group. Proportions were compared to
sham-infected or isotype control-treated animals (Chi-squared test; ****, £< 0.001). See
also Fig S1.
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Figure 2. Flavivirus infection and motility of the GI tract.
Sections of (A) stomach, (B) proximal, (C) mid, (D) distal small intestine and (E) proximal

colon were collected after WNV infection. Viral RNA was quantified by gRT-PCR from
tissue homogenates. Dotted lines: limit of detection of assay. (F-1) Gl tract motility in WNV-
infected (F), isotype- and anti-Ifnarl-mAb treated, ZIKV-infected (G), POWV-infected (H),
and KUNV-infected (I) WT mice was measured by FITC-dextran fluorescence transit 2 h
post-oral gavage on 6 or 10 dpi. Data are mean + standard deviation (SD) of FITC-dextran
distribution (see STAR Methods). Results are from three experiments with 7= 11 to 20
animals per time point (A-E) and with 7= 10 (day 6, sham), 7= 15 (day 6, WNV), n= 10
(day 10, sham) and = 14 (day 10, WNV) (F); n= 12 (day 6 isotype mAb + ZIKV), n= 14
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(day 6 anti-Ifnarl mAb + ZIKV), n= 8 (day 10 isotype mAb + ZIKV), n= 14 (day 10 anti-
Ifnarl mAb + ZIKV) and n= 15 (day 10 anti-Ifnarl mAb only) (G); n=7 (day 6, sham), n
= 8 (day 6, POWV), n=9 (day 10, sham) and 7= 11 (day 10, POWV) (H); and n= 10 (day
6, sham), n= 20 (day 6, KUNV), n=12 (day 10, sham) and 7= 13 (day 10, KUNV) (I).
Motility was compared using a Kruskal-Wallis one-way ANOVA with Dunn’s test (F-1) (ns,
P>0.05; *, P<0.05; **, P<0.01). See also Fig S2.
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Figure 3. Microscopic analysis of WNV-infected distal small intestine.
Sections of paraffin embedded bowel (A-B) and muscularis propria whole mount

preparations (C) from distal small intestine were analyzed by immunofluorescence
microscopy for WNV antigen or stained with hematoxylin and eosin (H & E) (D). (A) Sham
and WNV-infected sections from distal small intestine at 6 dpi were stained for neuronal cell
bodies and nerve fibers (Tuj1; green), WNV antigen (red), and cell nuclei (Hoechst; blue).
White boxes: areas shown at higher magnification in panels beneath each image. White
arrows: representative WNV-infected ganglia. (B) Total and WNV antigen-positive
myenteric ganglia were quantified in indicated tissue sections for a distance of 100 crypt
units and expressed as percentage of ganglia infected with WNV. (C) Whole mount
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preparations of distal small intestine muscularis propria were stained for neurons and nerve
fibers (Tuj1; green), enteric glial cells (GFAP; magenta) and WNYV antigen (red). (D) H & E
stained sections from naive, day 6, day 10, or day 28 after WNV infection. Black boxes:
areas shown at higher magnification in panels beneath. Dashed lines: muscularis propria;
Solid lines: myenteric ganglia. Images are from three experiments with 7= 8 (day 6, sham),
n=11 (day 6, WNV), n=7 (day 10, sham), n= 14 (day 10, WNV), two experiments with 7
=4 (day 28, sham) and =8 (day 28, WNV) (A and D) and three experiments with n=6
(sham) and n=5 (day 6, WNV) (C) mice per group. Scale bars: 100 um (A, top row and C)
50 pm (A, bottom row and D, top row), and 20 um (D, bottom row). Results in B are from
three experiments (Mann-Whitney test: *, £< 0.05; **, P< 0.01; ***, < 0.001). See also
Fig S3.

Cell. Author manuscript; available in PMC 2019 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

White et al.

Distal S|

Ganglia-associated CD3*

PR
6x10% ns ns
H -
232 ax104
g
825
g .
858 0 ¢ == o e
®5 o
=2 —tg [
oo Py % Tm
Sham  WNV  Sham  WNV
(Day6) (Day6) (Day28) (Day28)
25+
_ - ns
T ™ —y
28
815 o
» 0 -
80 o
oz 1 —_— o
=3F . —aet-
5 59 - -‘b—
o Q) %50

Sham  WNV  Sham  WNV
(Day6) (Day6) (Day28) (Day28)

#NS4B tetramer+ cells
(per gram tissue)

% NS4B tetramer* cells

Ganglia-associated CD3*

a o w
.3

(of total CD8* cells)
4

S

b, o
Sham  WNV  Sham  WNV
(Day6) (Day6) (Day28) (Day28)

-:.
Sham  WNV  Sham  WNV
(Day6) (Day6) (Day28) (Day28)

Ganglia-associated CD3*
2 N W
> o &

°

2.5%10%
2.0x1044
1.5x10%4

1.0x10%

# Monocytes
(per g tissue)

5.0%10%4

0.0d

2
3

% Monocytes
(of total CDA5* cells)
n a
3 3

°

Page 25

Sham  WNV  Sham  WNV
(Day6) (Day6) (Day28) (Day28)

* ns
ey ——
.
® L]
. " 8
s J
mam
Sham  WNV Sham  WNV

(Day6) (Day6) (Day28) (Day28)

Figure 4. Immune cell infiltrate of the myenteric plexus in WNV-infected distal small intestine.
Sections of the distal small intestine from sham- and WNV-infected mice were stained for

enteric glia (GFAP; green), infiltrating T cells (CD3; red), and cell nuclei (Hoechst; blue) at
6 and 10 dpi (A) and 28 dpi (B). The number of CD3* T cells within the muscularis layer
(C-E) or GFAP* myenteric ganglia (F-H) was quantified along a length of indicated Gl
tissues of 100 crypts. I-N. Flow cytometry quantification of cells per gram of tissue (1-K)
and proportions (L-N) of CD8* T cells, WNV NS4B-specific CD8" T cells, and Ly6Ch
Ly6G™ monocytes per gram of small intestinal tissue from sham, 6 dpi, and 28 dpi. (C-H)
Data are from three experiments with 7= 8 (day 6 sham), 7= 11 (6 dpi), 7= 7 (day 10
sham), n=14 (10 dpi), 7= 4 (day 28 sham) and = 8 (28 dpi) mice per group. White arrows
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(A): CD3™ T cells; Scale bars: 100 pm and 50 um (A-B; top and bottom rows, respectively).
Flow cytometry data (I-N) is from three experiments with 7= 6 (day 6 sham), 7=9 (6 dpi),
n=6 (day 28 sham) and /7= 8 (28 dpi). Data in C-N were analyzed by Mann-Whitney test
(ns, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001). See also Fig S4.
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Figure 5. WNV infection induces cell death in the GI tract.
(A) Sections of distal small intestine from sham and WNV-infected mice (6 and 10 dpi) were

stained with TUNEL (red), for neurons and nerve fibers (Tuj1; green) and cell nuclei
(Hoechst; blue). White boxes: areas shown at higher magnification in panels beneath each
image; White arrows: ganglia-associated apoptotic cells. Total number of TUNEL-positive
(B) and ganglia-associated TUNEL-positive cells (C) were quantified in distal small
intestine tissue sections for a distance of 100 crypts. (D) Whole mount preparations of
muscularis propria were stained for enteric glial cells (GFAP; magenta), WNV antigen (red),
and cleaved caspase 3 (Cas3; green). Images are representative of three experiments with 7=
8 (day 6, sham), n= 11 (day 6, WNV), n=7 (day 10, sham), n= 14 (day 10, WNV) (A-C)
and 7= 6 (sham) and n=5 (day 6, WNV) (D) mice per group. Scale bars: 100 pm (A, top
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row and D) and 50 um (A, bottom row). Results in B and C are from three experiments
(Mann-Whitney test: *, < 0.05; **, < 0.01; *** P<0.001). See also Fig S5.
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Figure 6. CD8" T cells are required for acute G| transit delays after WNV infection.
FITC-dextran fluorescence Gl transit measurements in (A) Ragl™~, Tcr/i’z‘m‘/‘, and CD8a

=/~ orin (B and C) recipient CD8a”'~ mice that were adoptively transferred at 2 dpi CD8* T
cells from sham (naive) or WNV-infected WT donors harvested at day 7. Data are mean +
SD. (D-E) Sections of distal small intestine were collected on 6 dpi from CD8a~~ mice and
stained with H & E (D) or with TUNEL and Tuj1 antibody (E). Total number of TUNEL-
positive (F) and ganglia-associated TUNEL-positive cells (G) were quantified for a distance
of 100 crypts. Black boxes (D): areas shown at higher magnification in panels beneath each
image. Dashed lines: muscularis propria; Solid lines: myenteric ganglia. Scale bars: 100 pm
(E, top row), 50 um (D, top row and E, bottom row), and 20 um (D, bottom row). The
results are from three experiments with 7= 11 (RagZ™'~ sham), n= 11 (RagZ™~ + WNV), n
=17 (TerBtn™!~ sham), n= 11 (Terftm™= + WNV), n= 9 (CD8a '~ sham) and n= 11
(CD8a™~ + WNV) (A); n=8 (CD8a'~ mock), n=9 (CD8a™'~ + sham naive donor) and 7=
12 (CD8a™'~ + WNV donor) (C); and n=5 (CD8&~ sham) and n= 8 (CD8a™'~ WNV) (D-
G) mice per group. Motility in infected mice was compared to sham-infected mice using a
Kruskal-Wallis one-way ANOVA test, and total numbers of muscularis and ganglia-
associated TUNEL-positive cells were compared by Mann-Whitney test (ns, 2> 0.05; *, P<
0.05). See also Fig S5.
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Figure 7. Delayed Gl transit in WNV-infected mice during the chronic phase.
Gl tract transit was evaluated by oral gavage of carmine red dye prior to and during the acute

and convalescent phases of WNV (A) and KUNV (B) infection. Blue data points represent
individual mice that succumbed to WNV infection. Surviving mice were monitored for Gl
tract dysmotility on 28 and 56 dpi (C, scheme) and subsequently immunized subcutaneously
with live-attenuated VEEV TC-83 vaccine at 32 dpi (D) or administered via an
intraperitoneal route 100 pg of poly(1:C) at 60 dpi (E). Black lines: median time when
carmine red appears in fecal pellets. Total numbers and proportions of CD8* T cells (F and
1), WNV-specific CD8* T cells (NS4B tetramer*; G and J) and Ly6CNi Ly6G™ monocytes
(H and K) were assessed by flow cytometry from the distal small intestines of mice at 11

Cell. Author manuscript; available in PMC 2019 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

White et al.

Page 31

dpi with VEEV TC-83 or PBS treatment. Data are presented as total (F-H), percent of
CD45™ cells (1 and K) and percent of CD8* T cells (J). Results are from three (panels A, B,
E and F-K) or five (panel D) experiments with 7= 15 (sham), 7=25 (WNV) (A); n=13
(day 28 sham) and 7= 14 (28 dpi, KUNV) (B); n= 15 (day 28 sham + VEEV TC-83), n=
15 (28 dpi, WNV + VEEV TC-83) (D); n= 15 (day 56 sham + poly(l:C)) and n= 16 (57
dpi, WNV + poly(l:C)) (E); and n=5 (sham + PBS), n=8 (WNV + PBS), 7= 6 (sham +
VEEV TC-83) and n=9 (WNV + VEEV TC-83) (F-K) mice per group. (A-B, D-E) Dotted
lines correspond to twice the baseline transit time; if no fecal pellets were produced, the
experiment was stopped at 360 min. Infected mice were compared to sham-infected controls
by a one-way ANOVA Kruskal-Wallis with Dunn’s test (ns, 7> 0.05; *, P< 0.05; **, P<
0.01; *** P<0.001, **** P<0.0001). See also Fig S6.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Tuj1 (B-tubulin 111) Sigma Cat # T2200
Glial fibrillary acidic protein (GFAP) Abcam Cat #Ab53554
Phox2b R&D Biosystems Cat #AF4940

Control rat serum Diamond Lab Diamond et al, 2003
Rat anti-WNV polyclonal serum Diamond Lab Diamond et al, 2003
CD3 Abcam Cat # Ab5690
Cleaved caspase 3 Cell Signaling Cat # 9661

Anti-mouse Ifnarl monclonal

Leinco Technologies

Cat # MAR1-5A3

Human 1gG1 isotype

BioXCell

Cat # BE0297

Humanized E16

Macrogenics

Oliphant et al, 2005

Donkey anti-rabbit Alexa Fluor 488

Invitrogen

Cat # A21206

Donkey anti-rat Cy3

Jackson Laboratories

Cat # 712-165-153

Donkey anti-goat Alexa Fluor 647 Invitrogen Cat # A21447
Alexa Fluor 700 anti-CD45 BioLegend Cat # 103128
PE/Cy7 anti-CD3e BioLegend Cat # 100319
PerCP/Cy5.5 anti-CD8a BioLegend Cat # 100733
Brilliant Violet 605 anti-CD4 BioLegend Cat # 100451
Db-NS4B tetramer NIH tetramer core

Brilliant Violet 605 anti-CD11b BioLegend Cat # 101237
APC/Cy7 anti-CD11c BioLegend Cat # 117323
PE/Cy7 anti-Ly6G BioLegend Cat # 127617
PE anti-Ly6C BioLegend Cat # 128007
Pacific Blue anti-MHC class Il (I-A/E) BioLegend Cat # 107620
Alexa Fluor 647 anti-F4/80 BioLegend Cat # 123122
Brilliant Violet 650 anti-CX3CR1 BioLegend Cat # 149033
PE/Dazzle594 anti-CD64 BioLegend Cat # 139319
Anti-mouse CD16/32 BioLegend Cat # 101310
Bacterial and Virus Strains

West Nile virus NY99 clone 382-99 Beasley et al, 2005 N/A

VEEV TC-83 Petrakova et al, 2005 N/A

Zika virus Dakar clone 41525-mouse adapted Gorman et al, 2018 N/A
Chikungunya virus La Reunion clone OPY1 p142 | Foxetal, 2015 N/A

POWY, lineage 2, Spooner strain Ebel et al, 1999 N/A

Kunjin FLSDX Liu et al, 2003 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Carmine powder Sigma Cat # C1022-25G
Fluorescein isothiocyanate- dextran, 70,000 KDa Sigma Cat # 46945
agar Sigma Cat # A7921
Collagenase IV from Clostridium histolyticum Sigma Cat # C5138-1G
DNasel Sigma Cat # D5025
Dako Target Retrieval solution Agilent Cat # S2369
Trilogy Target Retrieval solution Cell Marque Cat # 920P-09
ProLong Gold antifade mounting media Invitrogen Cat # P36930

Percoll Plus GE Healthcare Cat # 17-5445-02
Poly I:C InvivoGen tlrl-pic

Critical Commercial Assays

In Situ Cell Death Detection Kit-TMR red Roche Cat # 12156792910
FoxP3/Transcription factor staining kit Invitrogen Cat # 00-5523-00
RNeasy 96 kit Qiagen Cat # 74182
TagMan RNA-to-C+ 1 step kit Applied Biosystems Cat # 4392938

CD8a+ T cell isolation Kit

Miltenyi

Cat # 130-104-075

Deposited Data

Experimental Models: Cell Lines

African green monkey kidney (Vero) cells

WHO reference cell bank

WHO Vero cells

Baby hamster kidney (BHK)-21 cells ATCC Cat # CCL-10
Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Laboratory Cat # 000664
Mouse: B6.129S7-Rag1mMom)) Jackson Laboratory Cat # 002216
Mouse: B6.129P2- TerbmiMom TorgtmiMom)y Jackson Laboratory Cat # 002122
Mouse: B6.129S2- Ca8a'mMakj) Jackson Laboratory Cat # 002665
Oligonucleotides

WNV NY99 titering primers Lazear et al, 2013 See table S2
ZIKV-Dakar titering primers Gorman et al, 2018 See table S2
CHIK La Reunion titering primers Fox et al, 2015 See table S2
VEEV TC-83 titering primers This paper See table S2

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms
Prism GraphPad Version 6.0h
FlowJo FlowJo Version 10.4.2
Other
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