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ABSTRACT 28 

  Intestinal dysmotility syndromes have been epidemiologically associated with several 29 

antecedent bacterial and viral infections. To model this phenotype, we previously infected mice 30 

with the neurotropic flavivirus, West Nile Virus (WNV) and demonstrated intestinal transit defects. 31 

Here, we find that within one week of WNV infection, enteric neurons and glia become damaged, 32 

resulting in sustained reductions of neuronal cells and their networks of connecting fibers. Using 33 

cell-depleting antibodies, adoptive transfer experiments, and mice lacking specific immune cells 34 

or immune functions, we show that infiltrating WNV-specific CD4+ and CD8+ T cells damage the 35 

enteric nervous system (ENS) and glia, which leads to intestinal dysmotility; these T cells use 36 

multiple and redundant effector functions including perforin and Fas ligand. In comparison, WNV-37 

triggered ENS injury and intestinal dysmotility appears to not require infiltrating monocytes and 38 

damage may be limited by resident muscularis macrophages. Overall, our experiments support a 39 

model whereby antigen specific T cell subsets and their effector molecules responding to WNV 40 

infection direct immune pathology against enteric neurons and supporting glia that results in 41 

intestinal dysmotility.  42 
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INTRODUCTION 43 

Properly regulated intestinal motility allows for efficient timing of nutrient uptake and 44 

elimination of waste. Peristalsis of the intestines is regulated primarily by the peripheral enteric 45 

nervous system (ENS) with neural inputs from the central nervous system (CNS) (1). The 46 

neuronal bodies of the ENS are concentrated in ganglia and embedded in two interconnected 47 

plexi: the submucosal plexus in the submucosa, and the myenteric plexus, positioned between 48 

the inner circular and outer longitudinal smooth muscle layers of the intestine. Enteric neurons 49 

function with other cells including glia, interstitial cells of Cajal (ICCs), and muscularis 50 

macrophages to regulate intestinal motility. Injury, dysfunction, or depletion of any of these cells 51 

can result in intestinal dysmotility (2-8). 52 

It is estimated that more than 40% of human adults suffer at some point during their lifetime 53 

from some form of chronic gastrointestinal (GI) motility disorder, which negatively affects quality 54 

of life (9, 10). Although age, sex, genetics, diet, and socioeconomic factors are associated with 55 

the development of these disorders, antecedent GI tract infections with bacteria or viruses are 56 

thought to have roles in triggering intestinal dysmotility (11). Despite the prevalence of GI tract 57 

motility disorders, components of the underlying mechanisms of injury have been established 58 

experimentally in only a few instances. In mice, enteric infection with the bacteria Salmonella 59 

typhimurium triggers long-term GI tract dysmotility due to loss of neurons via caspase-1 and -11-60 

dependent apoptosis (12). Systemic infection of mice with herpes simplex virus (HSV-1) causes 61 

acute injury to enteric neurons and glia through a mechanism requiring neutrophils or 62 

macrophages that produce reactive oxygen and nitrogen species (13, 14). West Nile virus (WNV), 63 

a mosquito-transmitted flavivirus, can infect neurons in the small intestine after subcutaneous 64 

inoculation and viremic spread to cause acute and relapsing GI tract dysmotility (2).   65 

Although WNV infection damages the ENS (2), the mechanisms and targets of injury 66 

remain poorly understood. Here, we show that WNV infection caused injury to the ENS and glial 67 

networks. Although infiltrating monocytes and monocyte-derived macrophages in the myenteric 68 
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plexus and the muscular layers of the small intestine were present at multiple time points after 69 

WNV infection, genetic depletion or inhibition of their recruitment did not prevent damage to the 70 

neuronal network or affect WNV-triggered GI dysmotility. Rather, using multiple transgenic mouse 71 

strains and by performing immune cell depletions and adoptive transfer studies, we showed that 72 

WNV-specific CD4+ and CD8+ T cells used several different effector mechanisms (including 73 

perforin and FasL) to damage enteric neurons and neighboring glial cells leading to GI transit 74 

dysfunction. Moreover, this T cell-mediated injury was worsened by the depletion of resident 75 

muscularis macrophages. Overall, our study defines how both resident and infiltrating innate and 76 

adaptive immune cells in the GI tract respond to viral infection to reshape the ENS architecture 77 

with consequences for intestinal motility.  78 
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RESULTS 79 

WNV infection triggers persistent changes in the enteric neuronal network. Our 80 

previous work described a dysmotility syndrome after WNV infection with preferential effects in 81 

the small intestine (2). WNV antigen localizes to enteric neurons of the small intestine during the 82 

acute phase of infection (at 6 days post-infection [dpi]) after subcutaneous inoculation (2); 83 

however, the viral tropism for specific neuronal populations is unclear. To address this question, 84 

we inoculated ChAT-eGFP reporter mice, which identify cholinergic neurons, with WNV (Figure 85 

1A) and co-stained whole mount tissue preparations of small intestines with antisera against WNV 86 

(15) as well as for other neuronal subsets. WNV antigen was detected in similar percentages of 87 

calretinin+, ChAT+, and nNOS+ neurons (Figure 1B-C and Supplemental Figure S1A-C). WNV 88 

antigen in the myenteric and submucosal plexuses varied along the length of the small intestine, 89 

with the middle (jejunal) and distal (ileal) segments showing the highest penetrance (~70-90% of 90 

mice) and the proximal (duodenal) region having less penetrance (20-33% of mice) (Figure 1D 91 

and Supplemental Figure S1D). Thus, we focused subsequent analyses on the middle and distal 92 

regions of the small intestine.   93 

To assess the impact of WNV infection in the small intestine, we first quantified the number 94 

of HuC/D+ neuronal bodies in whole mount tissue preparations. In the myenteric plexus, neuronal 95 

cell body numbers were decreased in the middle and distal regions of the small intestine at 7 dpi 96 

as compared to mock infected controls (Figure 1E and H). Similarly, we observed lower numbers 97 

of HuC/D+ neurons in the submucosal plexus of the middle region of the small intestine (Figure 98 

1E). The loss of neuronal bodies within intestinal ganglia after WNV infection was associated with 99 

a decreased density of their axonal fiber networks (herein as neuronal network density) in the 100 

myenteric plexus and the inner circular muscle layer of the muscularis propria in the middle and 101 

distal regions of the small intestine at 7 dpi; this included a reduction of calretinin+ and nNOS+ 102 

networks that are major neuronal subsets in the myenteric plexus and inner circular muscle layer 103 

(Figure 1F, H and Supplemental Figure S1E-H). In contrast, the density of serotonergic myenteric 104 



 7 

neuronal networks (i.e., those secreting 5-hydroxytryptamine; 5-HT) in the myenteric plexus at 7 105 

dpi was not different from sham-infected controls (Figure 1F and H). In the submucosal plexus, 106 

the calretinin+ neuronal network density also was diminished with WNV infection, which 107 

corresponded to the decreased numbers of neurons (Figure 1G-H). However, as submucosal 108 

plexus neurons do not contribute substantially to GI motility (16), we focused on the neuronal cells 109 

and networks in the myenteric plexus.  110 

As the dysmotility after WNV infection can persist through 65 days (Supplemental Figure 111 

S1I and (2)), we quantified the number of HuC/D+ neurons and assessed the neuronal network 112 

density in the myenteric plexus at later times post infection: 15 dpi (subacute phase), 28 dpi 113 

(chronic phase) and 65 dpi (late chronic, convalescent phase) (Figure 1A). By 65 dpi, the numbers 114 

of HuC/D+ neurons in the distal small intestine showed near complete recovery, a process that 115 

began as early as 15 dpi (Figure 1I). However, this recovery did not occur to the same extent in 116 

the middle region of the small intestine, as fewer neurons were detected at 65 dpi than in sham-117 

infected controls. Our analysis of neuronal networks showed a durable loss of the density of 118 

nNOS+ and calretinin+ neuronal networks (Figure 1J) at 15, 28, and 65 dpi in both the middle and 119 

distal regions of the small intestine. In contrast, differences in neuronal network density were not 120 

detected in the proximal region of the small intestine at 28 dpi, a region that has less viral antigen 121 

detected at 6 dpi (Supplemental Figure S1C and L). Although skewing of neuronal subgroup 122 

proportions can affect GI motility (7, 17), we did not detect differences in proportions of nNOS+ or 123 

calretinin+ neurons at any time point after WNV infection (Supplemental Figure S1J-K). However, 124 

WNV infection caused a marked loss in density of 5-HT+ neuronal processes at 15, 28, and 65 125 

dpi in the middle and distal small intestine (Figure 1K). This neuronal subset is important for the 126 

formation of new neurons after intestinal injury (18, 19).   127 

To identify factors that might regulate the ENS response to WNV infection in the acute 128 

phase (6 dpi), we performed a translating ribosomal affinity purification (TRAP) of the muscularis 129 

externa of WNV and mock-infected Snap25l10a GFP mice. Snap25l10a GFP mice express a 130 
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GFP-tagged ribosomal subunit 10la in all neurons, which enables isolation of RNA predominantly 131 

from neurons (Supplemental Figure S1M). RNA sequencing showed increased expression of 132 

antiviral genes and pathways (e.g., IFN-stimulated genes (ISGs), Ifit family members, Stat1/2 133 

pathways, and pattern recognition receptor signaling pathways) (Figure 1L-N and Supplemental 134 

Figure S1N). We also observed higher levels of mRNAs encoding Ccl6, Ccl3, Cxcl10, and Ccl2 135 

cytokines that stimulate chemotaxis of T cells, monocytes, and macrophages (Figure 1O). 136 

Furthermore, WNV infection led to an increase in transcripts associated with antigen presentation, 137 

including components of MHC class I (Tap1, B2m) and MHC class II (H2-DMb1) antigen 138 

processing (Supplemental Figure S1O and P). These RNAseq data identified gene signatures in 139 

a neuron-enriched population from the muscularis externa with possible antiviral, immune cell 140 

trafficking, and immunomodulatory effects in response to viral infection.   141 

WNV infection triggers persistent changes in intestinal glial cell networks. Enteric 142 

glia provide structural and metabolic support for enteric neurons and contribute to neurogenesis  143 

(20-25). To determine whether the glial network is affected by WNV infection, we evaluated 144 

intestinal whole mounts from WNV infected mice at 7 dpi by co-immunostaining with antisera 145 

against WNV and antibodies to the pan-glial marker S100β (20). Despite limited detection of 146 

WNV-antigen+ glial cells (Supplemental Figure S2A), the S100β+ glial network density in the 147 

myenteric plexus was markedly diminished in WNV-infected mice at 7 dpi (Figure 2A-B) with 148 

sustained reductions also observed at 28 dpi and 65 dpi (Figure 2C). However, not all neuronal 149 

associated networks in the ENS showed diminished density following WNV infection. ICCs 150 

located in the smooth muscle layer act as transducers of signals from enteric neurons to smooth 151 

muscle cells (8). Although WNV antigen localized sporadically to ICCs in the circular muscle layer 152 

of the small intestine at 6 dpi (Supplemental Figure S2B), their density, as judged by cKit staining 153 

(26) was like that of sham-treated mice at 15, 28, or 65 dpi (Supplemental Figure S2C).  154 

Monocyte and macrophage infiltration are not required for ENS damage and 155 

intestinal dysmotility following WNV infection. Monocytes and monocyte-derived 156 
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macrophages have been shown to injure the intestine in the context of herpesvirus infection (27). 157 

Given our data showing higher levels of myeloid cell chemoattractant mRNAs (e.g., Ccl2, Ccl3, 158 

Ccl6, and Ccl9) in the muscularis externa of WNV-infected mice (Figure 1O), we quantified 159 

monocyte accumulation at 6 dpi in the small intestine of WNV-infected mice using heterozygous 160 

Ccr2-GFP reporter mice after staining whole mount preparations for Iba1, a marker of monocyte-161 

derived macrophages and endogenous muscularis macrophages but not recent monocyte 162 

immigrants (28, 29). Both monocytes (Ccr2-GFP+ Iba1- cells) and macrophages (Ccr2-GFP+ Iba1+ 163 

cells) were increased in number in the proximity of WNV-infected neurons at 6 dpi; the elevation 164 

of monocytes persisted up to 15 dpi in the myenteric plexus and the circular inner smooth muscle 165 

layer of the muscularis externa (Figure 3A-B and C-E). Elevated numbers of macrophages (Iba1+ 166 

cells) persisted through 65 dpi with a peak at 15 dpi (Figure 3C and F-G). Fate mapping studies 167 

using Ccr2 CreER YFP reporter mice demonstrated that the increased number of macrophages 168 

was due to infiltrating monocytes, since most of the Iba1+ cells also expressed YFP (Supplemental 169 

Figure S3A).  170 

To assess the role of the infiltrating monocytes in delaying GI transit in WNV infected mice, 171 

we inhibited their migration into the intestines by using an anti-CCR2 blocking monoclonal 172 

antibody (mAb) (30) or Ccr2-/- mice (Supplemental Figure S3B-C). We found that reduced 173 

accumulation of monocytes during acute WNV infection did not prevent damage to neuronal and 174 

glial networks at 7 dpi and did not affect the delayed GI transit time phenotype at 7 or 15 dpi 175 

(Figure 3H-I and Supplemental Figure S3D-G). Neutrophil infiltration causes injury to enteric 176 

neurons and GI dysmotility after herpesvirus infection in mice (13) and can contribute to WNV-177 

induced pathogenesis in the brain (31-33). However, complete and partial depletion of neutrophils 178 

and monocytes, respectively, with an anti-Ly6G/Ly6C mAb (Gr-1) did not improve WNV-induced 179 

GI tract dysmotility at 7 dpi (Supplemental Figure S3B and H-J). We confirmed this result by 180 

injecting Ccr2-/- mice with anti-Ly6G/Ly6C mAb to ensure that a lack of monocyte infiltration during 181 

WNV infection was not compensated by an increased influx of neutrophils (34) (Supplemental 182 
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Figure S3B and K-L). Thus, WNV-induced intestinal dysmotility appears independent of both 183 

infiltrating monocytes and neutrophils. 184 

Resident muscularis macrophages may reduce excessive damage to neuronal and 185 

glial networks of WNV-infected mice. Resident macrophages of the GI tract have been 186 

proposed to protect the ENS during bacterial infection by preventing neuronal cell death (12). To 187 

address their role after WNV infection, we injected mice with anti-CSF1R mAb, which depletes 188 

muscularis macrophages, as confirmed by quantification of Iba1+ cells in the myenteric plexus 189 

(Supplemental Figure S3M-N). Animals depleted of muscular macrophages did not show 190 

improvement in delayed GI transit times at 7 dpi compared to those given an isotype control mAb 191 

(Figure 3J). This GI defect was not caused by a compensatory infiltration of monocytes or 192 

monocyte-derived macrophages, as WNV-infected Ccr2-/- mice treated with anti-CSF1R antibody 193 

had similar GI transit delays (Supplemental Figure S3O). However, mice deficient in resident 194 

macrophages showed a greater loss of neuronal and glial networks than isotype control mAb 195 

treated mice after WNV infection (Figure 3K-M). Thus, resident muscularis macrophages appear 196 

to prevent excessive damage to neuronal and glial network during WNV infection.  197 

Damage to neuronal and glial networks is caused by T cells. We previously noted that 198 

CD8+ T cells likely contribute to GI tract dysmotility after WNV infection (2). However, these 199 

studies were performed with Cd8α-/- mice, which lack CD8+ T cells, but retain other T cell subsets 200 

(35). Moreover, the effects of WNV infection on the neuronal network in Cd8α-/- mice were not 201 

evaluated. To measure GI tract motility and analyze the neuronal and glial network in the absence 202 

of all T cells, TCRbd-/- mice, which lack both αβ and γδ T cells, were inoculated with WNV. Since 203 

mice lacking T cells develop uncontrolled CNS infection and succumb within 10 to 14 days (36-204 

40), we only performed analyses at 7 dpi. Notably, WNV-infected TCRbd-/- mice did not show GI 205 

tract dysmotility or reduced density of nNOS+ and calretinin+ neuronal networks in the myenteric 206 

plexus as compared to wild-type (wt) littermate controls; infected TCRbd-/- mice appeared similar 207 

to sham-infected wt or TCRbd-/- mice (Figure 4A-B), despite the high levels of viral antigen in the 208 
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myenteric plexus (Figure 4C and Supplemental Figure S4A). Similarly, at 7 dpi, the glial network 209 

in the myenteric plexus was unaffected in WNV-infected TCRbd-/- mice (Figure 4D). In the 210 

absence of T cells, the numbers of HuC/D+ neurons in the submucosal plexus also were not 211 

affected by WNV infection, although the density of the calretinin+ network was decreased 212 

(Supplemental Figure S4B). These results are consistent with a role for T cells in mediating the 213 

injury of motor neurons and glial cells in the myenteric plexus and development of GI tract 214 

dysmotility during the acute phase of WNV infection. However, submucosal neurons may be 215 

injured by T cell-independent mechanisms. Because TCRbd-/- mice also have some defects in B 216 

cell development and differentiation (41), we performed additional experiments in µMT mice that 217 

lack mature B cells and antibody. As WNV-infected µMT and wt littermate mice showed similarly 218 

delayed GI transit times at 7 dpi (Supplemental Figure S4C), mature B cells or antibody are not 219 

required for WNV-triggered GI dysmotility.  220 

We next evaluated the specific roles of CD4+ and CD8+ T cells in WNV-triggered intestinal 221 

dysmotility. Flow cytometric analysis and whole mount staining showed that during the acute 222 

phase of WNV infection (days 6 and 7), CD4+ and CD8+ T cells accumulated in the areas of the 223 

muscularis externa adjacent to damaged neurons (Figure 4E and Supplemental Figure S4D-E). 224 

To assess the individual contributions of CD4+ and CD8+ T cells to WNV-induced GI dysmotility, 225 

we treated mice with depleting mAbs that target these T cell subsets (Supplemental Figure S4F). 226 

We chose this approach because Cd4-/- mice also have altered CD8+ T cell development due to 227 

lineage commitment effects during thymopoiesis (42). Mice treated with anti-CD4 or anti-CD8β 228 

antibodies all demonstrated targeted cell depletion in the muscularis externa of the small intestine, 229 

the spleen, and Peyer’s patches (Supplemental Figure S4G-I). While treatment with either anti-230 

CD4 or anti-CD8β mAbs alone did not rescue intestinal motility at 7 dpi, administration of both 231 

anti-CD4 and anti-CD8β mAbs restored intestinal motility to homeostatic levels in most animals 232 

(Figure 4F), and this was associated with improved neuronal and glial networks in the myenteric 233 
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plexus after WNV infection (Figure 4G-H). These results are similar to those observed in WNV-234 

infected TCRbd-/- mice, supporting a role for both CD4+ and CD8+ T cells in the damage of 235 

neuronal and glial network and the intestinal dysmotility after WNV infection.   236 

 Antigen-specific CD4+ and CD8+ T cells cause neuronal and glial injury after WNV 237 

infection. To further dissect the specific contribution of CD4+ and CD8+ T cells in WNV-infected 238 

mice to causing neuronal and glial damage, we isolated WNV-primed CD4+ and CD8+ T cells 239 

from wt mice at 7 dpi and adoptively transferred them into WNV-infected TCRbd-/- mice at 2 dpi 240 

(Supplemental Figure S5A). Subsequently, we analyzed intestinal tract motility and injury to 241 

neurons and glia at 7 dpi (Figure 5A-E) after confirming the efficiency of the T cell transfers 242 

(Supplemental Figure S5B-C). More than 50% of TCRbd-/- mice receiving CD8+ T cells developed 243 

severe GI tract dysmotility (≥ 360 min) and showed damage to neuronal and glial networks, 244 

whereas sham or WNV-infected TCRbd-/- mice without T cell transfers did not (Figure 5A-E). While 245 

most WNV-infected mice injected with CD4+ T cells did not show delayed GI tract transit times, 246 

we still observed injury to neurons (Figure 5A-E). Together, these results suggest that while both 247 

CD4+ and CD8+ T cells can injure the neuronal network, CD8+ T cells trigger greater damage 248 

resulting in intestinal dysmotility.   249 

Virus-specific and bystander effector CD8+ T cells can target infected cells for lysis and 250 

promote local inflammation (43). To determine the role of antigen-specific recognition of target 251 

cells by CD8+ T cells in ENS injury, we stained cells with Db-restricted tetramers that recognize 252 

an immunodominant peptide epitope (SSVWNATTAI) in the WNV NS4B protein(44). In WNV-253 

infected small intestines, approximately 25% of CD8+ T cells in the muscularis externa (and 10% 254 

in the remainder of the small intestine) were specific for the NS4B immunodominant peptide 255 

(Figure 5F). To determine the contributions of antigen-specific and bystander CD8+ T cells in 256 

causing damage to neurons and glia after WNV infection, we utilized T cell receptor (TCR) 257 

transgenic mice in which the vast majority of CD8+ T cells are specific for the WNV NS4B peptide 258 
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epitope or, as a control, for the lymphocytic choriomeningitis virus (LCMV) gp33 peptide epitope 259 

(KAVYNFATC) (45-47). Transgenic WNV NS4B or LCMV gp33 CD8+ T cells were adoptively 260 

transferred into TCRbd-/- mice and, one day later, recipient animals were inoculated 261 

subcutaneously with WNV (Supplemental Figure S5D-E). At 7 dpi, we measured intestinal tract 262 

motility, collected mesenteric lymph nodes to confirm T cell colonization (Supplemental Figure 263 

S5F), and analyzed the neuronal and glial networks from the middle and distal regions of the 264 

small intestine. Whereas TCRbd-/- mice given NS4B-specific CD8+ T cells showed delayed 265 

intestinal transit times and damage to neuronal and glial networks in the middle and distal regions 266 

of the small intestine, animals given LCMV gp33-specific (P14) CD8+ T cells did not develop 267 

dysmotility (Figure 5G-I). Nonetheless, WNV-infected TCRbd-/- mice that received LCMV-specific 268 

CD8+ T cells showed some damage to neuronal networks (Figure 5H), suggesting either limited 269 

bystander injury mediated by antigen non-specific CD8+ T cells or expansion of WNV-specific 270 

CD8+ T cells from the small repertoire of endogenous TCRs in LCMV gp33 (P14) TCR transgenic 271 

mice in a wt C57BL/6 background.  272 

To further assess a potential role of bystander CD8+ T cells, we crossed the LCMV P14 273 

transgenic mice with Rag1-/- mice to generate animals in which virtually every CD8+ T cell is 274 

specific for the LCMV gp33 peptide (Supplemental Figure S5G); these animals also lack CD4+ T 275 

cells. We measured the intestinal transit in wt and P14 Rag1-/- mice at 7 days before (baseline) 276 

and after WNV infection (Supplemental Figure S5G-I). Notably, WNV-infected P14 Rag1-/- mice 277 

showed normal GI tract transit at day 7, comparable to baseline or sham-infected wt mice 278 

(Supplemental Figure S5H). Similarly, we did not observe damage to neuronal and glial network 279 

in WNV-infected P14 Rag1-/- mice (Supplemental Figure S5I). Collectively, these results do not 280 

support a substantive role for bystander CD8+ T cells in neuronal and glial injury in the context of 281 

WNV infection.  282 

We similarly assessed the role of bystander CD4+ T cells on ENS integrity and function 283 

after WNV infection, by crossing OT-II TCR transgenic mice with Rag1-/- mice to generate mice 284 
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that lack CD8+ T cells and have CD4+ T cells that are specific for the ovalbumin peptide 323-339 285 

(OVA; ISQAVHAAHAEINEAGR) (Supplemental Figure S5J). At 7 dpi, none of the WNV-infected 286 

OTII Rag1-/- mice exhibited intestinal dysmotility, and neuronal networks appeared normal 287 

(Supplemental Figure S5K-L). Thus, bystander CD4+ T cells also do not induce neuronal injury 288 

and GI dysmotility after WNV infection. 289 

 CD4+ and CD8+ T cells cause neuron and glia injury using multiple effector 290 

mechanisms. T cells can use a variety of mechanisms to clear WNV-infected neurons from the 291 

brain including cytotoxic granules (perforin/granzymes), pro-inflammatory cytokines (e.g., TNF 292 

and IFNγ), and death receptor signaling pathways (Fas ligand (FasL) or TRAIL) (37, 48-52). To 293 

determine the contribution of these T cell effector mechanisms to ENS damage after WNV 294 

infection, we used a combination of genetic and pharmacological loss-of-function approaches to 295 

test the role of perforin (Prf1-/- mice),  FasL (gld mutant; Faslgld/gld mice), IFNγ (Ifngr-/- mice), and 296 

TNF (blocking mAb, MP6-XT22 that inhibits both membrane-associated and soluble forms (53)). 297 

At 7 dpi, WNV-infected Prf1-/-, Faslgld/gld, and Ifngr-/- mice all showed delayed GI transit like wt 298 

littermate controls (Figure 6A-C). Wt mice treated with an anti-TNF mAb (MP6-XT22) also showed 299 

delayed GI transit times after WNV infection similar to controls (Figure 6D and Supplemental 300 

Figure S6A). In addition, we observed similar or even greater intestinal segment dilation in WNV-301 

infected Prf1-/-, Faslgld/gld, or Ifngr-/- mice or anti-TNF-treated mice compared to WNV-infected 302 

controls (Supplemental Figure S6B). Although we observed damage to the neuronal networks 303 

and high numbers of CD3+ T cells in the myenteric plexus in WNV-infected Prf1-/- and Faslgld/gld 304 

mice, the glial network appeared more intact in these two strains (Figure 6E-F and Supplemental 305 

Figure S6C-D). These data suggest that loss of individual cytolytic pathways or effector cytokines 306 

was not sufficient to ameliorate the WNV-induced damage of neurons and intestinal dysmotility, 307 

although glia can be affected.     308 

 Activated CD4+ and CD8+ T cells can both have cytolytic activity (54) and produce 309 

inflammatory cytokines after WNV antigen stimulation (37, 55). Flow cytometric analysis revealed 310 
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that perforin was present in almost all CD8+ T cells and on average, 25% of CD4+ T cells in the 311 

muscularis layer of WNV-infected mice at 7 dpi (Figure 6G). As multiple effector functions in 312 

different T cell populations could be used concurrently to target WNV-infected cells, we 313 

hypothesized possible redundancy in effector mechanisms that cause injury to enteric neurons. 314 

To test this hypothesis, prior to WNV infection, we depleted CD4+ or CD8+ T cells in either Prf1-/-, 315 

Faslgld/gld, or Ifngr-/- mice or in wt mice treated with blocking mAbs against IFNγ (Supplemental 316 

Figure S6A). Depletion of CD4+ or CD8+ T cells did not mitigate GI transit defects in either WNV-317 

infected Ifngr-/- mice or wt mice treated with IFNγ blocking mAb (Supplemental Figure S6E-F). 318 

However, depletion of CD8+, but not CD4+, T cells in Prf1-/- or Faslgld/gld mice normalized the GI 319 

transit time defect and prevented damage to neuronal networks (Figure 6H-L and Supplemental 320 

Figure S6G). These data suggest that (i) CD8+ T cells can utilize an alternative cytolytic 321 

mechanism in the absence of perforin and (ii) CD4+ T cells require both perforin and FasL 322 

pathways to mediate WNV-induced damage and dysmotility in the context of a CD8+ T cell 323 

deficiency. Thus, T cells can use multiple effector mechanisms to target WNV-infected neuronal 324 

cells in the small intestine.   325 

 Mice lacking both perforin and FasL do not develop gastrointestinal dysmotility and 326 

have intact neuronal and glial networks. FasL and perforin can function together to augment 327 

cytotoxic T cell responses (56). To more definitively determine whether perforin and FasL together 328 

are the dominant mechanisms causing neuronal and glial injury and ensuing GI dysmotility after 329 

WNV infection, we generated double-knock out (DKO) mice by crossing Prf1-/- and Faslgld/gld mice 330 

(Figure 7A). We inoculated DKO (Prf1-/-; Faslgld/gld) subcutaneously with WNV and at 7 dpi 331 

measured the GI transit time and analyzed neuronal and glial networks in the small intestine. Most 332 

WNV-infected DKO mice showed normal GI motility and an absence of bowel dilation (Figure 7B-333 

C). Consistent with these results, the neuronal and glial networks were intact in WNV-infected 334 

DKO mice and like those of uninfected wt mice (Figure 7D-E), despite the presence of WNV 335 

antigen and CD3+ T cells in the myenteric plexus of DKO mice (Figure 7F-G). These results 336 
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indicate that in mice containing both CD4+ and CD8+ T cells, either FasL or perforin is sufficient 337 

to cause the WNV-triggered pathology in the gut. When both effector mechanisms or T cells were 338 

absent, WNV-induced defects in GI motility and neuronal and glial network injury were prevented.       339 
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DISCUSSION 340 

In this study, we show that WNV infection damages enteric neuronal and glial networks, and 341 

this injury is associated with reduced intestinal motility. Acute WNV infection causes loss of 342 

neuronal bodies in both the myenteric and submucosal plexuses and diminished density of 343 

neuronal fibers in the circular muscle layer. We observe a durable loss of neurons in the middle 344 

region of small intestine, which is associated with a lower density in the networks of major 345 

neuronal subgroups (calretinin+ and nNOS+) and 5-HT+ interneurons. These neuronal defects may 346 

be perpetuated by the presence of persistent WNV RNA in the intestine (2). Persistent viral RNA 347 

can be detected directly or indirectly by immune cells, which can produce pro-inflammatory 348 

mediators or recruit cells that contribute to the continued loss of neuronal networks and hinder 349 

recovery. Despite an accumulation of monocytes and macrophages at the site of neuronal 350 

infection in the proximity of the myenteric plexus, infection-induced injury to neurons and glia is 351 

caused principally by WNV-specific CD8+ T cells with a contribution from CD4+ T cells. 352 

Furthermore, the T cell-mediated injury of ENS components is mediated by a combination of 353 

multiple redundant effector functions, including Fas-FasL signaling and perforin, that contribute 354 

to the damage of neurons and glia. When both effector mechanisms are absent, the intestinal 355 

dysmotility and damage to neuronal and glial networks following WNV infection are prevented. 356 

The damage to the enteric glia by WNV is important, as these cells express receptors for 357 

neurotransmitters that sustain neuronal circuits and regulate GI motility (4, 20, 57, 58). To date, 358 

no studies have shown the extent of enteric glia damage during viral or bacterial infection. Despite 359 

being infected by WNV at lower frequency than neurons, glial networks and processes were 360 

diminished during the acute phase of WNV infection. Although direct infection could have a role 361 

in glial injury, the inflammatory environment or actions of infiltrating immune cells also may 362 

contribute to their damage. A loss of S100β+ glia cells or glial networks was linked previously to 363 

increased proinflammatory cytokine levels (e.g., IFNγ and TNFα) in patients with inflammatory 364 

bowel disease (59). Our data suggest that T cells use cytolytic mechanisms (perforin or Fas-FasL 365 
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signaling) to induce glial injury in the context of WNV infection. The damage to both neurons and 366 

glia during the acute phase of infection likely exacerbates the GI dysmotility phenotype. The 367 

persistent reduction of the glial network, especially in the middle (jejunal) region of small intestine, 368 

also likely adversely impacts recovery of the ENS, as glia can serve as a source of new neurons 369 

via differentiation after injury and produce glia cell-derived neurotrophic factor (GDNF) and nerve 370 

growth factor (NGF) (24, 60-62).  371 

The dysmotility associated with relative loss of specific neuronal subpopulations was reported 372 

in response to other types of viral and bacterial intestinal infection (7), although in contrast to 373 

these studies, we did not observe differences in the ratios of the major nNOS+ and calretinin+ 374 

subpopulations after WNV infection. Instead, WNV triggered losses in the axonal network of 375 

serotonergic neurons. While we did not observe a decrease in the axonal network of serotonergic 376 

neurons during the acute phase of WNV infection, we detected durable losses of the serotonergic 377 

neurons in the myenteric plexus at 14 dpi and through 65 dpi. Although their precise role in GI 378 

motility has been debated (63), the disruption of serotonergic neuronal signaling after WNV 379 

infection might delay the replenishment and repair of neuronal networks through effects on 380 

neurogenesis (18).  381 

In the context of tissue inflammation, infiltrating monocytes can differentiate into 382 

macrophages and produce pro-inflammatory mediators including TNF, IL-6, IL-1β, and reactive 383 

oxygen species. After HSV-1 infection or in an experimental model of inflammatory bowel disease, 384 

Ly6Chi CCR2+ monocytes and derived macrophages contributed to the damage to enteric neurons 385 

(27, 64, 65). Although CCR2+ monocytes and newly differentiated macrophages (Iba1+ CCR2+) 386 

localize near WNV-infected neurons at 6 dpi and persist through 15 dpi, acquired or genetic 387 

depletion of monocytes did not prevent the neuronal damage and the ensuing WNV-induced GI 388 

tract dysmotility. Thus, WNV-triggered dysmotility during the acute phase appears to be 389 

independent of the actions of infiltrating monocytes and monocyte-derived macrophages. 390 

Moreover, resident muscularis macrophages also did not contribute to the ENS damage. Instead, 391 
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depletion studies showed that resident muscularis macrophages limited neuronal death and glial 392 

injury in WNV-infected intestines, which supports findings showing their protective effects in the 393 

context of some bacterial infections (12, 66). Although the mechanistic link to protection by 394 

muscularis macrophages remains unclear, we noted higher levels of Ccl6 in our neuron-enriched 395 

RNAseq analysis, which is thought to polarize macrophages towards a “pro-healing” phenotype 396 

(67).  397 

Our prior study suggested that T cells in the GI tract contribute to motility defects after 398 

WNV infection (2). We extended these results using antibody depletions, genetically deficient 399 

mice, and adoptive transfer experiments, which together established contributory and pathogenic 400 

roles for both CD4+ and CD8+ T cells. We show that TCRbd-/- mice lacking both CD4+ and CD8+ 401 

T cells have intact neuronal networks in the myenteric but not the submucosal plexus. This 402 

discrepancy might be due to the position of the submucosal neurons closer to the lamina propria, 403 

where other innate immune cells are located and could contribute to neuronal damage. Transfer 404 

of CD8+ T cells from WNV-primed wt mice or naïve WNV NS4B peptide TCR transgenic mice into 405 

recipient TCRbd-/- mice resulted in dysmotility and injury to the neuronal networks in the context 406 

of WNV infection. However, experiments with OT-II or P14 LCMV transgenic mice suggested that 407 

the damage was principally mediated by antigen-specific and not bystander T cells. Even though 408 

bystander T cells can mediate protective or pathogenic roles in the context of some viral infections 409 

(68, 69), we did not observe substantive contributions by these cells to ENS injury. 410 

Whereas adoptive transfer of WNV-primed wt CD8+ T cells to WNV-infected TCRbd-/- mice 411 

was sufficient to induce GI dysmotility in more than 60% of mice, few mice showed severe ENS 412 

damage, and the glial network density was not significantly decreased. Moreover, adoptive 413 

transfer of CD4+ T cells from WNV-infected wt mice to WNV-infected TCRbd-/- mice triggered low 414 

levels of neuronal damage, which was not sufficient to cause severe GI dysmotility. These partial 415 

phenotypes are consistent with our observation that in wt mice, depletion of both CD4+ and CD8+ 416 

T cell populations was required to prevent GI tract injury and dysmotility after WNV infection. 417 
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While WNV-specific CD8+ T cells appear to be the dominant mediators of neuronal damage and 418 

intestinal transit dysfunction, there are clearly contributory pathological effects of CD4+ T cells, 419 

which are capable of inducing dysmotility in WNV-infected mice when CD8+ T cells are depleted. 420 

Redundant pathogenic roles of CD4+ and CD8+ T cells were described for mouse hepatitis virus 421 

(MHV) in the context of demyelination in the brain (70, 71). During MHV infection, IFNγ produced 422 

by CD8+ T cells was primary agent of demyelination, whereas IFNγ was not essential for GI 423 

dysmotility in WNV-infected mice. Similarly, and despite being implicated in the damage to enteric 424 

neurons in a model of ganglionitis (72), TNF was not required for intestinal motility defects in 425 

WNV-infected mice. Instead, our T cell depletion studies in KO mice suggest that both perforin 426 

and FasL-dependent cytolytic mechanisms contribute to neuronal and glial injury in the GI tract 427 

of WNV-infected mice. Our experiments in DKO mice show that both perforin and Fas-ligand-428 

dependent mechanisms contribute to the pathologic changes in the small intestine during WNV 429 

infection. Similarly to TCRbd-/-, we also observed higher levels of WNV Ag in neurons on day 7 430 

post infection in DKO mice. This result, together with our observation of intact neuronal and glial 431 

networks, confirms the important role of FasL and perforin as the principal damaging T cell effector 432 

mechanisms during the immune response to WNV in the gut.  433 

We acknowledge several limitations of our studies. (a) We used WNV as a model infection 434 

to study acute and chronic GI dysmotility of the small intestine, even though a similar syndrome 435 

has not been definitively demonstrated in humans. (b) For studies with TCRbd-/- mice or animals 436 

lacking T cells due to depletion with antibodies, we are limited to evaluating early time points for 437 

GI tract motility measurements because these mice succumb to uncontrolled WNV infection in 438 

the brain and spinal cord at later time points. (c) Since all neurons in the brain and spinal cord are 439 

susceptible to WNV infection, we cannot rule out an impact of CNS dysfunction on the gut motility 440 

phenotype. Measurements of peristalsis and GI tract function in isolated intestines from WNV-441 

infected mice might address this problem. (d) Some treatments (e.g., anti-CSF1R antibody) led 442 

to dysmotility that lasted more than 6 h; however, we were not able to quantify this effect further 443 
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due to time limitations in our mouse facility. (e) Our experiments were performed with male and 444 

female mice that were randomly assigned to specific experimental groups. While some studies 445 

show differences in GI tract motility depending on the sex of the mice or phase of the estrous 446 

cycle (73-75), we observed similar phenotypes in male and female mice. However, we did not 447 

specifically test for effects of WNV infection on GI tract motility in females at proestrus, estrus, 448 

metestrus, or diestrus phases. (f) We observed an imperfect correlation between damage to 449 

neurons and glia and GI dysmotility, which might be due to tissue sampling bias. Functional 450 

experiments ex vivo that stimulate neurons from WNV-infected mice might provide more precise 451 

correlations.   452 

In summary, our experiments show how the effector functions used by infiltrating antigen 453 

specific CD4+ and CD8+ T cells can rapidly injure the neurons and the neighboring glia resulting 454 

in durable tissue damage and long-term intestinal transit dysfunction. Pharmacological control of 455 

these T cell effector functions may be challenging given the need to prevent sustained neurotropic 456 

viral infection that intrinsically can cause damage in the GI tract, and in other tissues, like the brain 457 

and spinal cord.  458 
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MATERIALS AND METHODS 459 

Sex as a biological variable. Our study examined male and female animals, and similar 460 

findings are reported for both sexes. 461 

Mice. Wt C57BL/6J (# 000664), TCRbd-/- (B6.129P2-Tcrbtm1Mom/J; # 002122), Prf1-/- 462 

(C57BL/6-Prf1tm1Sdz/J; # 002407), FasLgld/gld (B6Smn.C3-Faslgld/J, # 001021), Ifngr-/- 463 

(B6.129S7-Ifngr1tm1Agt/J; # 003288), ChaT GFP (B6.Cg-Tg(RP23-268L19-EGFP)2Mik/J; # 464 

007902), Ccr2 GFP (B6(C)-Ccr2tm1.1Cln/J; # 027619), Ai3 ( B6.Cg-Gt(ROSA)26Sortm3(CAG-465 

EYFP)Hze/J; # 007903) and Rag1-/- (B6.129S7-Rag1tm1Mom/J; # 002216) mice were obtained 466 

commercially (Jackson Laboratories). Snap25l10a GFP mice (B6;FVB-Tg (Snap25-467 

EGFP/Rpl10a)JD362Htz/J; # 030273; Jackson Laboratories) were kindly provided by Dr. Joseph 468 

D. Dougherty (Washington University in St. Louis). Ccr2 CreER mice were kindly provided by Dr. 469 

Burkhard Becher (University of Zurich, Zurich) and crossed to Ai3 (Rosa26 YFP) to obtain Ccr2 470 

CreER Rosa26 YFP. DKO (Prf1-/-; Faslgld/gld ) mice were generated by crossing of Prf-/- to Faslgld/gld. 471 

Heterozygous Prf1+/-; Faslgld/+ were mated with Prf1-/-, and  Prf1-/- ; Faslgld/+ were selected for 472 

brother-sister matings  to obtain DKO mice. All mice were bred under pathogen-free conditions at 473 

Washington University School of Medicine.  474 

Nine-to-ten-week-old male or female C57BL6/J mice or transgenic and knockout mice 475 

were inoculated with 102 focus-forming units (FFU) of WNV in 50 µL of PBS via subcutaneous 476 

injection to footpad. All dissections and inoculations were performed under anesthesia, induced 477 

and maintained by using ketamine hydrochloride and xylazine or isoflurane and every effort was 478 

made to minimize suffering. 479 

Viruses. WNV New York 1999 (clone 382-99 (76) was propagated in Vero cells (passage 480 

1) as described previously (2). Viral stocks were titrated using focus forming assay on Vero WHO 481 

cells (2).  482 

GI tract motility measurements.  GI tract motility was assessed as described previously 483 

(77), briefly, mice were administered with 300 µL of 6% (w/v) carmine red dye (Sigma Aldrich) in 484 
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0.5 % methylcellulose diluted in sterile water via oral gavage. After 3 h, mice were placed 485 

individually into paper card boxes, and fecal pellets were examined for red color every 5 to 10 486 

min.  487 

 Enrichment and adoptive transfer of T cells. Spleens and mesenteric lymph nodes from 488 

isoflurane-overdosed WNV-infected (7 dpi) wt or naïve WNV NS4B and LCMV P14 TCR 489 

transgenic mice were harvested, and single cell suspensions were obtained by mashing with 490 

syringe plunger through a cell strainer (70 µm), followed by lysis of erythrocytes using ACK lysis 491 

buffer for 3 min on ice. After washing with PBS + 0.5% BSA + 2 mM EDTA, cells were counted, 492 

and the single cell suspension was enriched for CD4+ or CD8+ T cells by negative selection using 493 

CD4 or CD8a T cell Isolation Kit (Miltenyi; # 130-104-454 and # 130-104-075) following the 494 

manufacturer’s instructions. For transfer of WNV NS4B and P14 TCR T cells, TCRbd-/- mice were 495 

administered 106 CD8+ T cells in 100 µL of PBS via retroorbital injection at one day prior to WNV 496 

infection. CD4+ (107) or CD8+ (5 x 106) T cells were administered via retroorbital injection to 497 

TCRbd-/- mice 2 days after WNV infection. For each experiment, the efficiency of T cell enrichment 498 

and transfer was assessed by flow cytometry.  499 

Statistical analyses. We performed statistical analyses using Prism 9.0. Two-tailed 500 

Mann-Whitney, one-way Kruskal-Wallis ANOVA with Dunn’s correction, one-way ANOVA with 501 

Dunnet’s correction, and Chi-squared test with Bonferroni correction were used to determine 502 

significance depending on the number of comparison groups and the data variance. Details of 503 

statistical tests used are included in the Figure Legends.  504 

Study approval. This study was conducted in accordance with the recommendations of 505 

the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Animal 506 

experiments were performed as specified in protocols approved by the Institutional Animal Care 507 

and Use Committee at the Washington University School of Medicine (Assurance Number: 508 

A3381-01). 509 
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Data availability. Data are available from the corresponding author upon request. All data 510 

supporting the graphs are provided in the Supplemental Supporting Data Values XLS file. 511 

RNAseq data generated in this study have been deposited in the GEO database with accession 512 

code GSE264415.  513 
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MAIN FIGURE LEGENDS 530 

Figure 1. WNV infection induces changes in ENS neuronal networks. (A) Timeline of 531 

WNV infection. 9 to 10-week-old C57BL6/J male mice were inoculated in the footpad with 102 532 

FFU of WNV (New York 1999 strain), and carmine dye transit assay and tissue collections were 533 

performed at indicated time points. (B-C) Whole mount preparations of the muscularis externa 534 

from ChAT-eGFP reporter mice were isolated at 5 or 6 dpi and co-stained for WNV antigen, 535 

calretinin+ and nNOS+ neurons. (B) Blue, green, and white arrows indicate WNV antigen+ 536 

calretinin+ neurons, ChAT+ neurons, and nNOS+ neurons, respectively. Images are representative 537 

of 2 experiments; scale bar, 50 µm. (C) The proportion of specific neuronal subgroups infected 538 

with WNV. (D) Percentage of mice having WNV antigen in the proximal, middle (mid), and distal 539 

regions of small intestine (SI) at 6 dpi. (E-K) Muscularis externa with the attached layer containing 540 

submucosal plexus (SMP) (G), myenteric plexus (MP) (F, I-K), or with MP only or both MP and 541 

SMP, as indicated (E, H) was isolated from the mid and distal SI of sham or WNV-infected mice 542 

at 7 dpi (E-H) or 15, 28, and 65 dpi (I-K) and stained for neuronal markers. (E, I) The total number 543 

of HuC/D+ neurons in (E) submucosal (SMP) and myenteric plexus (MP) or (I) MP only was 544 

counted and is shown as number of neurons per mm2. (F-G) The fraction of area staining positive 545 

for nNOS, calretinin, and 5-HT in the MP (F) or calretinin in the SMP (G) was determined, and the 546 

values were normalized to sham-infected mice. Circles, squares, and triangles indicate nNOS+, 547 

calretinin+, and 5-HT+ neurons, respectively. (H) Representative images show staining for 548 

indicated markers in mid SI in sham and WNV-infected mice at 7 dpi in either MP or SMP as 549 

indicated. Scale bar, 100 µm. (J) nNOS+ and calretinin+, and (K) 5-HT+ cell area was determined, 550 

and the values were normalized to sham-infected mice. (I-K) Representative images show 551 

staining in mid SI in sham and WNV-infected mice at 65 dpi. Scale bar, 100 µm. (L-O) Analysis 552 

of neuron-specific RNA sequencing using TRAP in WNV or mock-infected Snap25l10a mice 6 553 

dpi. (L) Principal component analysis (PCA). (M) Volcano plot of differential expression analysis 554 

(DEseq2) of Translating Ribosome Affinity Purification (TRAP)-seq comparing WNV and mock-555 



 27 

infected samples. Red dots indicate log2 fold-change > 1, and FDR (p adjusted) < 0.05 while blue 556 

dots indicate log2 fold-change < -1 and p adjusted < 0.05. (N-O) Heatmap of differentially 557 

expressed genes in sham and WNV-infected mice showing genes related to (N) response to virus, 558 

and (O) cytokines and chemokines. Expression levels are normalized across each gene and 559 

represent the average of 4 mice per condition. Data are pooled from the following number of 560 

experiments: (C-D) 2; (E-K) 3 (MP) or 2 (SMP); (F) 3; (G) 2, (I) 3; (J) 2 (15 dpi), 3 (28 dpi), or 4 561 

(65 dpi); (K) 2 (15 dpi), 3 (28 dpi), or 2 (65 dpi). The indicated numbers of mice per group were 562 

used (left to right): (C) 6, 6, 6; (D) 9, 9, 9; (E) 9, 9, 11, 11, 7, 8, 7, 7; (F) 9, 9, 9, 9, 9, 9, 9, 9, 6, 6, 563 

10, 8; (G) 7, 7, 6, 7; (I) 10, 9, 10, 13, 13, 13, 13, 13, 13, 14, 16, 14, 16; (J) 8, 8, 8, 8, 10, 9, 10, 10, 564 

12, 13, 12, 13, 8, 8, 8, 8, 10, 10, 10, 9, 12, 13, 12, 13; (K) 5, 7, 5, 7, 9, 10, 10, 10, 5, 7, 5, 7. (C, 565 

E-G, I-K) Column heights indicate mean values. Statistical analysis: two-tailed Mann-Whitney 566 

test: not significant, ns, *p < 0.05, **p < 0.01, ***p < 0.001. 567 

Figure 2. WNV infection affects enteric glial networks. (A-C) Muscularis externa was 568 

isolated from mid and distal regions of small intestine (SI) of sham or WNV-infected C57BL/6J 569 

mice at (A-B) 7 dpi or (C) 15, 28, and 65 dpi and stained for glia (S100β). The fraction of area 570 

staining positive for S100β was determined, and the values were normalized to sham-infected 571 

mice. Representative images show S100β staining in the mid region of SI in sham and WNV-572 

infected mice at 7 (A) or 65 (C) dpi; scale bar, 100 µm Data are pooled from (A, B) 2 experiments, 573 

n = 5-10 per group; (C) from left to right: 2, 3, 4 experiments, n = 6-10, 12-13, 13-16. Column 574 

heights indicate mean values. Statistical analysis: two-tailed Mann-Whitney test: not significant, 575 

ns, *p < 0.05, **p < 0.01, ***p < 0.001. 576 

 Figure 3. WNV infection promotes infiltration of monocytes into the intestine. (A-E) 577 

Whole mount preparations of the muscularis externa were isolated from the middle and distal 578 

regions of small intestine (SI) of WNV-infected heterozygous Ccr2-GFP mice at (A, B) 6 or (C) 15 579 

dpi and stained for (A) neuron (HuC/D) and macrophage (Iba1) markers, (B) WNV antigen and 580 

macrophage markers, or (C-E) macrophage markers. Yellow arrows indicate monocytes (CCR2 581 
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GFP+ Iba1- cells). Scale bar, 100 µm. (A-C) Representative images are obtained from the 582 

myenteric plexus of the mid region of SI from at least 2 experiments. (D) Monocytes (Ccr2 GFP+ 583 

Iba1-) in the myenteric plexus are shown as the numbers of cells per mm2. (E) The fraction of 584 

Ccr2 GFP-positive area (representing monocytes and/or monocyte-derived macrophages) in the 585 

myenteric plexus of WNV- or sham-infected mice. (F-G) Muscularis externa of mid and distal SI 586 

from sham or WNV-infected mice harvested at 15, 28, or 65 dpi were stained for macrophages 587 

(Iba1). Macrophages in (F) the myenteric plexus and (G) the circular muscle layer are shown as 588 

the number of Iba1+ cells per mm2. Images are representative of Iba1 staining in sham or WNV-589 

infected mice at 65 dpi. Scale bar, 100 µm. (H-J) GI transit was measured after oral gavage of 590 

carmine red dye (H) in sham or WNV-infected mice (at 7 dpi) after treatment with anti-CCR2 or 591 

isotype mAbs, (I) in WNV-infected Ccr2+/- and Ccr2-/- mice, (J) in sham or WNV-infected mice after 592 

treatment with anti-CSF1R or isotype control mAb. (K-M). Whole mount preparations of the 593 

muscularis externa were isolated from the middle region of SI of WNV-infected mice treated with 594 

anti-CSF1R or isotype mAbs and stained for (K) nNOS+ and calretinin+ neurons, (L) 5-HT+ 595 

neurons or (M) S100β+ glia. Scale bar, 100 µm. The fraction of area staining positive for calretinin, 596 

nNOS, 5-HT or S100β was determined, and values were normalized to sham-infected mice 597 

treated with isotype control mAb. Data are pooled from: (D, E) 2,  (F, G) 2 (15 dpi), 3 (28 dpi), 4 598 

(65 dpi); (H) 3; (I) 1; (J) 3; (K-M) 3 experiments with indicated numbers of mice per group (from 599 

left to right): (D, E) 4, 7, 4, 7; (F) 9, 10, 10, 10, 13, 13, 13, 11, 11, 12, 11; (G) 10, 10, 10, 10, 12, 600 

12, 11, 12, 12, 11, 11, 11; (H) 5, 5, 20, 15; (I) 7,10; (J) 9, 7, 16, 15; (K) 7, 6, 13, 12; (L) 5, 5, 10,10; 601 

and (M) 7, 7, 13, 12. (D-G and J-L). Column height indicates mean values. (H-J) Lines indicate 602 

median values. Statistical analysis: (D, F-G) Two-tailed Mann-Whitney test; (L) Kruskal-Wallis 603 

ANOVA with Dunn’s post-test. Not significant, ns, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 604 

0.0001. 605 

 Figure 4. Damage to neuronal and glial network is caused by CD4+ and CD8+ T cells. 606 

(A, F) GI transit was measured after oral gavage of carmine red dye. (A) Transit time in sham or 607 
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WNV-infected wt or TCRbd-/- mice at 7 dpi. (B, C, D, G, H). Muscularis externa was isolated from 608 

(B, C, D) middle and distal regions of small intestine (SI) of sham or WNV-infected wt or TCRbd-609 

/- mice at 7 dpi, (G, H) middle regions of SI sham or WNV-infected wt mice at 7 dpi treated with 610 

anti-CD4 and/or anti-CD8β or isotype control mAbs and stained for (B, G) calretinin+ and nNOS+ 611 

neurons, (C) WNV antigen, (D) S100β+ glia, or (H) and S100β+ glia and WNV antigen. The fraction 612 

of area staining positive for calretinin, nNOS or S100β was determined, and the values were 613 

normalized to (B, D) wt sham-infected mice or (G-H) animals treated with isotype control mAb. 614 

Representative images from the myenteric plexus of the middle region of SI, scale bar, 100 µm. 615 

(C) Data are presented as the percentage of WNV antigen-positive area in the field of view. (E) 616 

Counts of live CD45+ TCRb+ CD4+ or CD8+ T cells in muscularis of sham or WNV-infected 617 

C57BL6/J mice at 7 dpi. (F) Transit time of sham or WNV-infected mice at 7 dpi treated with anti-618 

CD4 and/or anti-CD8β or isotype control mAbs. Data are pooled from (A) 3; (C-E, G) 2; and (F) 4 619 

experiments with indicated numbers of mice per group (left to right): (A) 7, 7, 13, 12; (C-D) 5, 5, 620 

8, 7; (E) 6, 6, 7, 7; (F) 8, 18, 10, 10, 18; (G) 8, 7, 8, 7, 8, 8; (H) 6, 7, 8. (A, E, F) Lines indicate the 621 

mean values. (B, C, D, G, H) Column height indicates mean values.  Statistical analysis: (A, B, 622 

D, G, H) Kruskal-Wallis ANOVA with Dunn’s post-test (all groups compared to each other); (F) 623 

Kruskal-Wallis ANOVA with Dunn’s post-test (comparison to “isotype control” group); and (C) two-624 

tailed Mann-Whitney test: not significant, ns, *p < 0.05, **p < 0.01, ***p < 0.001. 625 

Figure 5. Damage to neuronal and glial network is caused by WNV-specific CD8+ 626 

and CD4+ T cells. (A-E) Adoptive transfer of WNV-primed wt CD4+ or CD8+ T cells to TCRbd-/- 627 

mice. CD4+ or CD8+ T cells from WNV-infected wt mice were isolated at 7 dpi and adoptively 628 

transferred to TCRbd-/- at 2 dpi. (A) GI transit time in recipient TCRbd-/- mice at 7 dpi, (B) 629 

proportions of mice with severe GI dysmotility (> 360 min), (C-D) analysis of neuronal (calretinin, 630 

nNOS) and glial (S100β) networks from middle small intestine (SI) at 7 dpi, and (E) representative 631 

images obtained from the myenteric plexus of the middle region of SI, scale bar, 100 µm. (F) Flow 632 

cytometric analysis of muscularis externa or mucosa and lamina propria at 7 dpi. Cells were 633 
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stained with mAbs to CD45, TCRβ, TCRγδ, CD8a, CD44, and WNV NS4B Db-restricted tetramers 634 

and gated on live CD45+ TCRβ+ CD8+ cells (see Fig S4C). Graph shows percentage of CD8+T 635 

cells positive for NS4B. (G-I) Adoptive transfer of CD8+ T cells from P14 transgenic mice (targeting 636 

LCMV gp33 peptide) or WNV NS4B transgenic mice to TCRbd-/- mice. T cells were administered 637 

to TCRbd-/- mice one day prior to subcutaneous inoculation with WNV. (G) GI transit 7 dpi, (H-I) 638 

analysis of neuronal (calretinin, nNOS) and glial network (S100β) from mid and distal SI at 7 dpi. 639 

(A, G) GI transit was measured after oral gavage of carmine red dye. (C, D, H, I) The fraction of 640 

area positive for calretinin, nNOS or S100β was determined, and values were normalized to (C, 641 

D) wt sham mice or (H, I) TCRbd-/- mice without adoptive transfer. Data are pooled from, (A, B, 642 

C, D) 6; (F) 2; and (G-I) 3 experiments with indicated numbers of mice per group (left to right): (F) 643 

6; (A) 13, 12, 9, 13, 8; (B) 9, 13, 8; (C, D) 11, 9, 13, 8; (F) 6, 6; (G) 5, 8, 9; (H, I) 6, 8, 10, 6, 8, 10. 644 

Lines indicate (G, F) median and column heights indicate (C, D, H, I) mean values. Statistical 645 

analysis: (C, D) ANOVA with Dunnett’s post-test (comparison to “no transfer” group); (B) Chi-646 

squared test with Bonferroni correction (proportions compared to “no transfer” group); and (G-I) 647 

Kruskal-Wallis ANOVA with Dunn’s post-test (comparison to “no transfer” group): not significant, 648 

ns, *p < 0.05, **p < 0.01. 649 

Figure 6. CD4+ and CD8+ T cells injure neurons and glia using multiple effector 650 

functions. (A, B, C, D, H, K) GI tract transit was measured after oral gavage of carmine red dye 651 

at 7 dpi. Transit time of sham, WNV-infected wild-type (WT) or WNV-infected (A) Prf1-/- mice, (B) 652 

Faslgld/gld mice, (C) Ifngr-/- mice, (D) wt mice treated with anti-TNF or isotype control mAb or WNV-653 

infected, (H) Prf1-/- mice or (K) Faslgld/gld mice treated with anti-CD4, anti-CD8b or isotype control 654 

mAb. (E, F, I, J, L) Muscularis externa was isolated from mid regions of small intestine (SI) of 655 

sham, WNV-infected wt or Prf1-/- (E), Faslgld/gld (F) or WNV-infected Prf1-/- (I, J) or Faslgld/gld (L) 656 

mice treated with anti-CD4 or anti-CD8b mAb at 7 dpi and stained. The fraction of positive area 657 

for calretinin, nNOS or S100β was determined, and values were normalized to sham-infected wt 658 
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mice. (J) Representative images are obtained from the myenteric plexus of the middle region of 659 

the SI, scale bar 100 µm. Data are pooled from: (A, B, C, F, I, J) 3; (D, G, L) 2; (E, K) 5; and (H) 660 

4 experiments with indicated numbers of mice per group (left to right): (A) 4, 4, 5, 11; (B) 9, 7, 10, 661 

9; (C) 7, 4, 9, 11; (D) 10, 10; (E) 13, 4, 7, 12, 13, 4, 7, 12, 10, 4, 7, 11; (F) 11, 7, 11, 8, 10, 7, 10, 662 

8, 11, 7, 11, 8 6; (G) 6, 6; (H) 12, 9, 12; (I) 12, 9, 12, 9, 11, 9; (K) 15, 7, 13; (L) 7, 6, 7, 6, 7, 6. 663 

Lines indicate (A-D, G) median or (H, K) mean. Column heights indicate mean values. Statistical 664 

analysis: (A-F, I, L) Mann-Whitney test; (H, K) ANOVA with Dunnett’s post-test (comparison to 665 

“isotype control” group): not significant, ns, *p < 0.05, **p < 0.01.  666 

Figure 7. Mice lacking perforin and Fas-FasL signaling do not develop WNV-667 

triggered GI dysmotility or neuronal and glial network injury. (A) Scheme of generation of 668 

Prf1-/-; Faslgld/gld (DKO) mice. (B) GI transit time in WNV-infected wt or DKO mice at 7 dpi.  (C) 669 

Proportions of WNV-infected wt and DKO mice showing abnormal bowel dilation in the small 670 

intestine (SI) at 7 dpi. (D-G) Muscularis externa was isolated from middle regions of SI of sham 671 

(D, E) or WNV-infected wt or DKO (F, G) mice at 7 dpi and stained. (D-F) The fraction of positive 672 

area for calretinin, nNOS, S100β, and WNV antigen was determined, and values were normalized 673 

to (D, E) sham-infected wt mice or (F) to WNV-infected wt mice. (G) Numbers of CD3+ cells in the 674 

myenteric plexus were calculated by dividing the area positive for CD3+ staining with average size 675 

of CD3+ cell. Cell counts are expressed as numbers of CD3+ cells per mm2. (D, G) Representative 676 

images are obtained from the myenteric plexus of the middle region of small intestine, scale bar 677 

100 µm. Data are pooled from: (B, C, F) 5  and (D, E, G) 4 experiments with indicated numbers 678 

of mice per group (left to right): (B, C) 16, 13; (D, E) 10, 8, 10; (F) 15, 10; and (G) 10, 10. (B) 679 

Lines and (D-G) column heights indicate mean values. Statistical analysis: (B, F, G) Two-tailed 680 

Mann-Whitney test; (D, E) Kruskal-Wallis ANOVA with Dunn’s post-test. Not significant, ns, *p < 681 

0.05, **p < 0.01, ***p < 0.001.  682 
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Figure 1. WNV infection induces changes in ENS neuronal networks. (A) Timeline of WNV 893 
infection. 9 to 10-week-old C57BL6/J male mice were inoculated in the footpad with 102 FFU of 894 
WNV (New York 1999 strain), and carmine dye transit assay and tissue collections were 895 
performed at indicated time points. (B-C) Whole mount preparations of the muscularis externa 896 
from ChAT-eGFP reporter mice were isolated at 5 or 6 dpi and co-stained for WNV antigen, 897 
calretinin+ and nNOS+ neurons. (B) Blue, green, and white arrows indicate WNV antigen+ 898 
calretinin+ neurons, ChAT+ neurons, and nNOS+ neurons, respectively. Images are representative 899 
of 2 experiments; scale bar, 50 µm. (C) The proportion of specific neuronal subgroups infected 900 
with WNV. (D) Percentage of mice having WNV antigen in the proximal, middle (mid), and distal 901 
regions of small intestine (SI) at 6 dpi. (E-K) Muscularis externa with the attached layer containing 902 
submucosal plexus (SMP) (G), myenteric plexus (MP) (F, I-K), or with MP only or both MP and 903 
SMP, as indicated (E, H) was isolated from the mid and distal SI of sham or WNV-infected mice 904 
at 7 dpi (E-H) or 15, 28, and 65 dpi (I-K) and stained for neuronal markers. (E, I) The total number 905 
of HuC/D+ neurons in (E) submucosal (SMP) and myenteric plexus (MP) or (I) MP only was 906 
counted and is shown as number of neurons per mm2. (F-G) The fraction of area staining positive 907 
for nNOS, calretinin, and 5-HT in the MP (F) or calretinin in the SMP (G) was determined, and the 908 
values were normalized to sham-infected mice. Circles, squares, and triangles indicate nNOS+, 909 
calretinin+, and 5-HT+ neurons, respectively. (H) Representative images show staining for 910 
indicated markers in mid SI in sham and WNV-infected mice at 7 dpi in either MP or SMP as 911 
indicated. Scale bar, 100 µm. (J) nNOS+ and calretinin+, and (K) 5-HT+ cell area was determined, 912 
and the values were normalized to sham-infected mice. (I-K) Representative images show 913 
staining in mid SI in sham and WNV-infected mice at 65 dpi. Scale bar, 100 µm. (L-O) Analysis 914 
of neuron-specific RNA sequencing using TRAP in WNV or mock-infected Snap25l10a mice 6 915 
dpi. (L) Principal component analysis (PCA). (M) Volcano plot of differential expression analysis 916 
(DEseq2) of Translating Ribosome Affinity Purification (TRAP)-seq comparing WNV and mock-917 
infected samples. Red dots indicate log2 fold-change > 1, and FDR (p adjusted) < 0.05 while blue 918 
dots indicate log2 fold-change < -1 and p adjusted < 0.05. (N-O) Heatmap of differentially 919 
expressed genes in sham and WNV-infected mice showing genes related to (N) response to virus, 920 
and (O) cytokines and chemokines. Expression levels are normalized across each gene and 921 
represent the average of 4 mice per condition. Data are pooled from the following number of 922 
experiments: (C-D) 2; (E-K) 3 (MP) or 2 (SMP); (F) 3; (G) 2, (I) 3; (J) 2 (15 dpi), 3 (28 dpi), or 4 923 
(65 dpi); (K) 2 (15 dpi), 3 (28 dpi), or 2 (65 dpi). The indicated numbers of mice per group were 924 
used (left to right): (C) 6, 6, 6; (D) 9, 9, 9; (E) 9, 9, 11, 11, 7, 8, 7, 7; (F) 9, 9, 9, 9, 9, 9, 9, 9, 6, 6, 925 
10, 8; (G) 7, 7, 6, 7; (I) 10, 9, 10, 13, 13, 13, 13, 13, 13, 14, 16, 14, 16; (J) 8, 8, 8, 8, 10, 9, 10, 10, 926 
12, 13, 12, 13, 8, 8, 8, 8, 10, 10, 10, 9, 12, 13, 12, 13; (K) 5, 7, 5, 7, 9, 10, 10, 10, 5, 7, 5, 7. (C, 927 
E-G, I-K) Column heights indicate mean values. Statistical analysis: two-tailed Mann-Whitney 928 
test: not significant, ns, *p < 0.05, **p < 0.01, ***p < 0.001. 929 
  930 
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 931 
 932 

Figure 2. WNV infection affects enteric glial networks. (A-C) Muscularis externa was isolated 933 
from mid and distal regions of small intestine (SI) of sham or WNV-infected C57BL/6J mice at (A-934 
B) 7 dpi or (C) 15, 28, and 65 dpi and stained for glia (S100β). The fraction of area staining 935 
positive for S100β was determined, and the values were normalized to sham-infected mice. 936 
Representative images show S100β staining in the mid region of SI in sham and WNV-infected 937 
mice at 7 (A) or 65 (C) dpi; scale bar, 100 µm Data are pooled from (A, B) 2 experiments, n = 5-938 
10 per group; (C) from left to right: 2, 3, 4 experiments, n = 6-10, 12-13, 13-16. Column heights 939 
indicate mean values. Statistical analysis: two-tailed Mann-Whitney test: not significant, ns, *p < 940 
0.05, **p < 0.01, ***p < 0.001. 941 
  942 
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Figure 3. WNV infection promotes infiltration of monocytes into the intestine. (A-E) Whole 944 
mount preparations of the muscularis externa were isolated from the middle and distal regions of 945 
small intestine (SI) of WNV-infected heterozygous Ccr2-GFP mice at (A, B) 6 or (C) 15 dpi and 946 
stained for (A) neuron (HuC/D) and macrophage (Iba1) markers, (B) WNV antigen and 947 
macrophage markers, or (C-E) macrophage markers. Yellow arrows indicate monocytes (CCR2 948 
GFP+ Iba1- cells). Scale bar, 100 µm. (A-C) Representative images are obtained from the 949 
myenteric plexus of the mid region of SI from at least 2 experiments. (D) Monocytes (Ccr2 GFP+ 950 
Iba1-) in the myenteric plexus are shown as the numbers of cells per mm2. (E) The fraction of 951 
Ccr2 GFP-positive area (representing monocytes and/or monocyte-derived macrophages) in the 952 
myenteric plexus of WNV- or sham-infected mice. (F-G) Muscularis externa of mid and distal SI 953 
from sham or WNV-infected mice harvested at 15, 28, or 65 dpi were stained for macrophages 954 
(Iba1). Macrophages in (F) the myenteric plexus and (G) the circular muscle layer are shown as 955 
the number of Iba1+ cells per mm2. Images are representative of Iba1 staining in sham or WNV-956 
infected mice at 65 dpi. Scale bar, 100 µm. (H-J) GI transit was measured after oral gavage of 957 
carmine red dye (H) in sham or WNV-infected mice (at 7 dpi) after treatment with anti-CCR2 or 958 
isotype mAbs, (I) in WNV-infected Ccr2+/- and Ccr2-/- mice, (J) in sham or WNV-infected mice after 959 
treatment with anti-CSF1R or isotype control mAb. (K-M). Whole mount preparations of the 960 
muscularis externa were isolated from the middle region of SI of WNV-infected mice treated with 961 
anti-CSF1R or isotype mAbs and stained for (K) nNOS+ and calretinin+ neurons, (L) 5-HT+ 962 
neurons or (M) S100β+ glia. Scale bar, 100 µm. The fraction of area staining positive for calretinin, 963 
nNOS, 5-HT or S100β was determined, and values were normalized to sham-infected mice 964 
treated with isotype control mAb. Data are pooled from: (D, E) 2,  (F, G) 2 (15 dpi), 3 (28 dpi), 4 965 
(65 dpi); (H) 3; (I) 1; (J) 3; (K-M) 3 experiments with indicated numbers of mice per group (from 966 
left to right): (D, E) 4, 7, 4, 7; (F) 9, 10, 10, 10, 13, 13, 13, 11, 11, 12, 11; (G) 10, 10, 10, 10, 12, 967 
12, 11, 12, 12, 11, 11, 11; (H) 5, 5, 20, 15; (I) 7,10; (J) 9, 7, 16, 15; (K) 7, 6, 13, 12; (L) 5, 5, 10,10; 968 
and (M) 7, 7, 13, 12. (D-G and J-L). Column height indicates mean values. (H-J) Lines indicate 969 
median values. Statistical analysis: (D, F-G) Two-tailed Mann-Whitney test; (L) Kruskal-Wallis 970 
ANOVA with Dunn’s post-test. Not significant, ns, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 971 
0.0001. 972 
  973 
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 974 

Figure 4. Damage to neuronal and glial network is caused by CD4+ and CD8+ T cells. (A, F) 975 
GI transit was measured after oral gavage of carmine red dye. (A) Transit time in sham or WNV-976 
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infected wt or TCRbd-/- mice at 7 dpi. (B, C, D, G, H). Muscularis externa was isolated from (B, C, 977 
D) middle and distal regions of small intestine (SI) of sham or WNV-infected wt or TCRbd-/- mice 978 
at 7 dpi, (G, H) middle regions of SI sham or WNV-infected wt mice at 7 dpi treated with anti-CD4 979 
and/or anti-CD8β or isotype control mAbs and stained for (B, G) calretinin+ and nNOS+ neurons, 980 
(C) WNV antigen, (D) S100β+ glia, or (H) and S100β+ glia and WNV antigen. The fraction of area 981 
staining positive for calretinin, nNOS or S100β was determined, and the values were normalized 982 
to (B, D) wt sham-infected mice or (G-H) animals treated with isotype control mAb. Representative 983 
images from the myenteric plexus of the middle region of SI, scale bar, 100 µm. (C) Data are 984 
presented as the percentage of WNV antigen-positive area in the field of view. (E) Counts of live 985 
CD45+ TCRb+ CD4+ or CD8+ T cells in muscularis of sham or WNV-infected C57BL6/J mice at 7 986 
dpi. (F) Transit time of sham or WNV-infected mice at 7 dpi treated with anti-CD4 and/or anti-987 
CD8β or isotype control mAbs. Data are pooled from (A) 3; (C-E, G) 2; and (F) 4 experiments with 988 
indicated numbers of mice per group (left to right): (A) 7, 7, 13, 12; (C-D) 5, 5, 8, 7; (E) 6, 6, 7, 7; 989 
(F) 8, 18, 10, 10, 18; (G) 8, 7, 8, 7, 8, 8; (H) 6, 7, 8. (A, E, F) Lines indicate the mean values. (B, 990 
C, D, G, H) Column height indicates mean values.  Statistical analysis: (A, B, D, G, H) Kruskal-991 
Wallis ANOVA with Dunn’s post-test (all groups compared to each other); (F) Kruskal-Wallis 992 
ANOVA with Dunn’s post-test (comparison to “isotype control” group); and (C) two-tailed Mann-993 
Whitney test: not significant, ns, *p < 0.05, **p < 0.01, ***p < 0.001. 994 
  995 
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 997 

Figure 5. Damage to neuronal and glial network is caused by WNV-specific CD8+ and CD4+ 998 
T cells. (A-E) Adoptive transfer of WNV-primed wt CD4+ or CD8+ T cells to TCRbd-/- mice. CD4+ 999 
or CD8+ T cells from WNV-infected wt mice were isolated at 7 dpi and adoptively transferred to 1000 
TCRbd-/- at 2 dpi. (A) GI transit time in recipient TCRbd-/- mice at 7 dpi, (B) proportions of mice 1001 
with severe GI dysmotility (> 360 min), (C-D) analysis of neuronal (calretinin, nNOS) and glial 1002 
(S100β) networks from middle small intestine (SI) at 7 dpi, and (E) representative images obtained 1003 
from the myenteric plexus of the middle region of SI, scale bar, 100 µm. (F) Flow cytometric 1004 
analysis of muscularis externa or mucosa and lamina propria at 7 dpi. Cells were stained with 1005 
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mAbs to CD45, TCRβ, TCRγδ, CD8a, CD44, and WNV NS4B Db-restricted tetramers and gated 1006 
on live CD45+ TCRβ+ CD8+ cells (see Fig S4C). Graph shows percentage of CD8+T cells positive 1007 
for NS4B. (G-I) Adoptive transfer of CD8+ T cells from P14 transgenic mice (targeting LCMV gp33 1008 
peptide) or WNV NS4B transgenic mice to TCRbd-/- mice. T cells were administered to TCRbd-/- 1009 
mice one day prior to subcutaneous inoculation with WNV. (G) GI transit 7 dpi, (H-I) analysis of 1010 
neuronal (calretinin, nNOS) and glial network (S100β) from mid and distal SI at 7 dpi. (A, G) GI 1011 
transit was measured after oral gavage of carmine red dye. (C, D, H, I) The fraction of area 1012 
positive for calretinin, nNOS or S100β was determined, and values were normalized to (C, D) wt 1013 
sham mice or (H, I) TCRbd-/- mice without adoptive transfer. Data are pooled from, (A, B, C, D) 1014 
6; (F) 2; and (G-I) 3 experiments with indicated numbers of mice per group (left to right): (F) 6; 1015 
(A) 13, 12, 9, 13, 8; (B) 9, 13, 8; (C, D) 11, 9, 13, 8; (F) 6, 6; (G) 5, 8, 9; (H, I) 6, 8, 10, 6, 8, 10. 1016 
Lines indicate (G, F) median and column heights indicate (C, D, H, I) mean values. Statistical 1017 
analysis: (C, D) ANOVA with Dunnett’s post-test (comparison to “no transfer” group); (B) Chi-1018 
squared test with Bonferroni correction (proportions compared to “no transfer” group); and (G-I) 1019 
Kruskal-Wallis ANOVA with Dunn’s post-test (comparison to “no transfer” group): not significant, 1020 
ns, *p < 0.05, **p < 0.01. 1021 
  1022 
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 1023 
 1024 
Figure 6. CD4+ and CD8+ T cells injure neurons and glia using multiple effector functions. 1025 
(A, B, C, D, H, K) GI tract transit was measured after oral gavage of carmine red dye at 7 dpi. 1026 
Transit time of sham, WNV-infected wild-type (WT) or WNV-infected (A) Prf1-/- mice, (B) Faslgld/gld 1027 
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mice, (C) Ifngr-/- mice, (D) wt mice treated with anti-TNF or isotype control mAb or WNV-infected, 1028 
(H) Prf1-/- mice or (K) Faslgld/gld mice treated with anti-CD4, anti-CD8b or isotype control mAb. (E, 1029 
F, I, J, L) Muscularis externa was isolated from mid regions of small intestine (SI) of sham, WNV-1030 
infected wt or Prf1-/- (E), Faslgld/gld (F) or WNV-infected Prf1-/- (I, J) or Faslgld/gld (L) mice treated 1031 
with anti-CD4 or anti-CD8b mAb at 7 dpi and stained. The fraction of positive area for calretinin, 1032 
nNOS or S100β was determined, and values were normalized to sham-infected wt mice. (J) 1033 
Representative images are obtained from the myenteric plexus of the middle region of the SI, 1034 
scale bar 100 µm. Data are pooled from: (A, B, C, F, I, J) 3; (D, G, L) 2; (E, K) 5; and (H) 4 1035 
experiments with indicated numbers of mice per group (left to right): (A) 4, 4, 5, 11; (B) 9, 7, 10, 1036 
9; (C) 7, 4, 9, 11; (D) 10, 10; (E) 13, 4, 7, 12, 13, 4, 7, 12, 10, 4, 7, 11; (F) 11, 7, 11, 8, 10, 7, 10, 1037 
8, 11, 7, 11, 8 6; (G) 6, 6; (H) 12, 9, 12; (I) 12, 9, 12, 9, 11, 9; (K) 15, 7, 13; (L) 7, 6, 7, 6, 7, 6. 1038 
Lines indicate (A-D, G) median or (H, K) mean. Column heights indicate mean values. Statistical 1039 
analysis: (A-F, I, L) Mann-Whitney test; (H, K) ANOVA with Dunnett’s post-test (comparison to 1040 
“isotype control” group): not significant, ns, *p < 0.05, **p < 0.01.  1041 
  1042 
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 1043 

Figure 7. Mice lacking perforin and Fas-FasL signaling do not develop WNV-triggered GI 1044 
dysmotility or neuronal and glial network injury. (A) Scheme of generation of Prf1-/-; Faslgld/gld 1045 
(DKO) mice. (B) GI transit time in WNV-infected wt or DKO mice at 7 dpi.  (C) Proportions of 1046 
WNV-infected wt and DKO mice showing abnormal bowel dilation in the small intestine (SI) at 7 1047 
dpi. (D-G) Muscularis externa was isolated from middle regions of SI of sham (D, E) or WNV-1048 
infected wt or DKO (F, G) mice at 7 dpi and stained. (D-F) The fraction of positive area for 1049 
calretinin, nNOS, S100β, and WNV antigen was determined, and values were normalized to (D, 1050 
E) sham-infected wt mice or (F) to WNV-infected wt mice. (G) Numbers of CD3+ cells in the 1051 
myenteric plexus were calculated by dividing the area positive for CD3+ staining with average size 1052 
of CD3+ cell. Cell counts are expressed as numbers of CD3+ cells per mm2. (D, G) Representative 1053 
images are obtained from the myenteric plexus of the middle region of small intestine, scale bar 1054 
100 µm. Data are pooled from: (B, C, F) 5  and (D, E, G) 4 experiments with indicated numbers 1055 
of mice per group (left to right): (B, C) 16, 13; (D, E) 10, 8, 10; (F) 15, 10; and (G) 10, 10. (B) 1056 
Lines and (D-G) column heights indicate mean values. Statistical analysis: (B, F, G) Two-tailed 1057 
Mann-Whitney test; (D, E) Kruskal-Wallis ANOVA with Dunn’s post-test. Not significant, ns, *p < 1058 
0.05, **p < 0.01, ***p < 0.001. 1059 
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Materials and Methods 

Immunofluorescence microscopy. Intestines were harvested from isoflurane overdosed 

mice at indicated time points after WNV inoculation. To examine the middle region of the small 

intestine, 5 cm from the same anatomical regions were used. Distal small intestine regions were 

defined as last 5 cm preceding the cecum, and the proximal part of small intestine was defined 

as the first 2 cm of small intestine. The intestinal contents were flushed out sequentially with PBS 

and 4% paraformaldehyde (PFA). The tissue was opened along the mesenteric border, uniformly 

stretched, pinned to Sylgard silicon plates, and fixed in 4% PFA overnight at 4°C. The fixed tissue 

was washed three time in PBS and unless processed at the same day, stored in 0.02% NaN3 in 

PBS. For whole mount staining of myenteric plexus, the mucosa and muscularis mucosa together 

with the attached submucosal plexus were dissected away from the muscularis externa. To 

analyze the submucosal plexus, the mucosa was scratched and muscularis mucosae was 

carefully dissected leaving the submucosal layer intact. All dissections were performed using a 

dissecting microscope (Olympus SZX7). The dissected tissue was blocked for at least 1 h at room 

temperature (RT) in blocking buffer (5% normal donkey serum (NDS) + 1% bovine serum albumin 

(BSA) + 1% Triton X-100 in 1x PBS or 1x Tris buffered saline (TBS) (WNV antigen staining) and 

incubated overnight in 3% NDS + 1% BSA + 1% Triton X-100 in 1x PBS with primary antibodies 



against nNOS (goat, 1:500, Abcam; # Ab1376), nNOS (goat, 1:500, Millipore; # AF2416), 

calretinin clone DC8 (rabbit, 1:500, ThermoFisher Scientific, # 180211), Iba1 (rabbit, 1:500, 

Abcam; # ab178846), HuC/D (biotinylated mouse, 1:150, ThermoFisher Scientific, # A21272), 

Tuj1 (rabbit, 1:500, Abcam, # ab18207), serotonin (goat, 1:500, Immunostar, # 20079), S100β 

clone EP1576Y (rabbit, 1:500,  1:500, Abcam, , # ab52642), cKit (goat, 1:200, R&D, # AF1356), 

CD3 (rabbit, 1:150, Abcam, # ab5690), CD3 (Armenian hamster, 1:100, eBioscience, # 13-0031-

8), CD4 (rat, 1:150, eBioscience, # 14-0041-82), CD8b APC (rat, 1:150, BioLegend,  # 126613 ), 

peripherin (rabbit, 1:1,000, Millipore, # AB1530), or in 3% NDS + 1% BSA + 1% Triton X-100 in 

TBS with rat anti-WNV polyclonal serum (1:500) (1)  at 4°C. For HuC/D staining, tissue was pre-

treated with Avidin/Biotin Blocking Kit (Vector Laboratories; # SP-2001) following the manufacturer 

instructions. Tissue was washed three times with PBS + 1% Triton X-100 and incubated for 1 h 

at room temperature with secondary antibodies: donkey anti-rabbit Alexa Fluor 488, 647, 546 

(1:500, ThermoFisher Scientific, # A31573, A21206, A10040) or DyLight 405 (1:250, Jackson 

ImmunoResearch laboratories, # 711-475-152), donkey anti-goat Alexa Fluor 488, 647, 546 

(1:500, ThermoFisher Scientific, # A11055, A32849, A11056) and donkey anti-rat Alexa Fluor 555, 

488, 647 (1:500, ThermoFisher Scientific, # A78945, A21208, S78947) or Streptavidin Alexa Fluor 

546 (1:500, ThermoFisher Scientific, # S11225)  in PBS or TBS + 3% NDS + 1% BSA +1% Triton 

X-100. Subsequently, tissue sections were washed three times in PBS + 1% Triton X-100, 

counterstained for nuclei with Hoechst 33342 dye in PBS (1:5,000, ThermoFisher Scientific) and 

mounted in Aqua-Poly/Mount (Polysciences) or ProLong™ Glass Antifade Mountant 

(ThermoFisher Scientific, # P36980).  

Images were captured on a Zeiss LSM880 Laser Scanning Confocal microscope using 

20x (NA 0.8) or 40x (NA 1.4) objective. The scanned images were processed and analyzed by Fiji 

software (https://fiji.sc/Fiji). To quantify the density of neuronal (peripherin, nNOS, calretinin, 5-

HT), glial (S100β) and ICCs (cKit) networks, four to five random regions (0.65 mm2) were scanned 

using 20x (NA 0.8) objective and stitched (ZEN black software, Zeiss). To assess the level of WNV 



infection, 4 mm2 regions of tissue were scanned and stitched (ZEN black software, Zeiss). For all 

images, the background signal was uniformly subtracted (rolling ball, radius 50). Quantification 

was performed by converting images to binary using a threshold tool, and a fraction of total area 

was measured. For cell density analysis, the median value from each 4-5 images was calculated 

for every mouse and normalized to values of respective controls (as described in the legends).  

The fraction of total area with WNV-antigen staining in TCRbd-/- and DKO (Prf1-/-; 

FasLgld/gld) mice was expressed as a fold change of value assessed in wt mice. To determine the 

cell numbers, five random regions (0.65 mm2) were scanned using 20x (NA 0.8) objective and 

stitched (ZEN black software, Zeiss). The cells were counted manually by a blinded investigator 

using Cell counter Plugin of Fiji software. Values were expressed as numbers of cells per mm2.  

Translating ribosomal affinity purification (TRAP) and RNA-sequencing. Nine-to-ten 

week old hemizygous Snap25l10a GFP females (B6;FVB-Tg(Snap25-EGFP/Rpl10a)JD362Htz/J; 

JAX #:030273) were sacrificed with an overdose of isoflurane at 6 dpi. Five cm of distal small 

intestine was thoroughly flushed with RNAse-free PBS and put on a glass bar. After making a 

superficial dent with fine forceps, the muscularis externa was isolated. Samples were manually 

homogenized using a glass dounce tissue grinder (DWK Life Sciences; #8853000007) in 

homogenization buffer (50 mM Tris, pH 8.0; 100 mM KCl; 12 mM MgCl2; 1 % Igepal; 1 mg/mL 

sodium heparin; 100 µg/mL cycloheximide; 0.2 U/µL SUPERaseIn RNase Inhibitor, 2 mM DTT). 

After centrifugation (10,000 x g; 10 min; 4oC) 25 µg of primary antibody against GFP (rabbit; # 

AB290; Abcam) was added, and samples were rotated for 1 h at 4 oC. Subsequently, 200 µl of 

DynabeadsTM Protein G (# 10004D; Invitrogen) were added, and samples were incubated rotating 

overnight at 4 C. The beads were washed four times with high-salt buffer (50 mM Tris, pH 8.0; 

300 mM KCl; 12 mM MgCl2; 1 % Igepal; 100 µg/mL cycloheximide). RNA was extracted and 

purified with Arcturus PicoPure RNA Isolation Kit (ThermoFisher: Kit0204 - Applied biosystems; 

12204-01) according to the manufacturer’s instructions. To prevent contamination with DNA, 

RNase-Free DNase Set (Qiagen; # 29254) was used according to the manufacturer's instructions.  



RNA integrity was determined using Agilent Bioanalyzer or 4200 Tapestation. Library 

preparation was performed with 1-50 ng of total RNA.  cDNA was prepared using the SeqPlex 

RNA Amplification Kit (Sigma) per manufacturer's protocol and then fragmented using a Covaris 

E220 sonicator using peak incident power 18, duty factor 20%, cycles per burst 50 for 120 

seconds. cDNA was blunt ended, an A base was added to the 3' ends, and then Illumina 

sequencing adapters were ligated to the ends. Ligated fragments were then amplified for 12-15 

cycles using primers incorporating unique index tags. Fragments were sequenced on an Illumina 

NovaSeq-6000 using paired end reads extending 150 bases.  

Differential gene expression analysis. Sequencing data was demultiplexed using 

Illumina’s DRAGEN and BCLconvert version 4.2.4 software. Reads were then aligned and 

mapped to the Ensembl release 101 primary assembly with STAR version 2.7.9a (2). A count 

matrix containing all expression data was then generated from the number of uniquely aligned 

unambiguous read using Subread:featureCount version 2.0.3  and isoform expression of known 

Ensembl transcripts quantified with Salmon version 1.5.2 (3, 4). Sequencing performance was 

assessed for the total number of aligned reads, total number of uniquely aligned reads, and 

features detected. Genes with low expression across all libraries were then filtered out and 

expression data was analyzed using DESeq2 with  standard parameters, normalization, and the 

Benjamini-Hochberg adjustment to estimate the false discovery rate (FDR) and correct for 

multiple testing (5). Differentially expressed genes were ranked by absolute fold-change in gene 

expression (cutoff log2 fold change > 1) and filtered by significant FDR-corrected p-values (Padj 

< 0.05). Pathway analyses of differentially expressed genes were performed using the Gene 

Ontology (GO) databases (6, 7). 

 Flow cytometry. Blood was collected by submandibular bleeding, transferred to EDTA 

coated tubes (BD, # 365974), and erythrocytes were lysed by ACK lysis buffer (GIBCO) for 10 to 

15 min at RT. After washing with FACS buffer (PBS supplemented with 2% FBS, 2 mM EDTA), 

Fc-gamma receptors were blocked (anti-CD16/32; Biolegend, # 101301), cells were stained with 



viability dye (Zombie NIR; Biolegend, # 423105) and antibodies against CD45 BUV 395 (BD 

Bioscience, # 564279), CD11b PE (Biolegend, # 101208) , Ly6G PerCP (Biolegend, # 127616) 

Cy5.5, Ly6C BV421 (Biolegend, # 128031), and then fixed with 2% PFA. Samples were read on 

BD Fortessa X-20 and analyzed using FlowJo software (FlowJo LLC). For total cell counts, 

Trucount Absolute counting tubes were used (BD Biosciences, # 340334) according to the 

manufacturer’s instructions.  

Organs were harvested from isoflurane-overdosed mice. Single cell suspensions from 

spleens, Peyer’s patches, and mesenteric lymph nodes were obtained by mashing through a cell 

strainer (70 µm) with syringe plunger, and erythrocytes in spleens were lysed by ACK lysis buffer 

(GIBCO) for 3 min on ice and then washed with FACS buffer. The small intestine was harvested, 

cut into 5 cm pieces, flushed with PBS and put on a glass bar. After making a superficial dent with 

fine forceps, the muscularis externa was isolated by rolling away with cotton Q-tip. The muscularis 

externa and the remainder of the gut were cut separately into small pieces (0.5 mm) and incubated 

with digestion buffer (RPMI 1640 Medium, 10% FBS, 1 mM sodium pyruvate, 1 mM HEPES, MEM 

Nonessential amino acids, β-mercaptoethanol or HBSS with Mg2+/Ca2+ (Gibco, # 24020117), 400 

U/mL collagenase D, 2.5 U/mL dispase, 25 mM HEPES, 1 mM sodium pyruvate, 50 µg/mL DNase 

I) at 37oC on shaker (140 rpm) for 40 min. Tissue was homogenized using an 18G needle, washed 

with HBSS + 5% FBS, and the cell suspension was filtered through 70 um cell strainer. After 

washing, the samples were resuspended in 40% Percoll (Cytiva, # 17-0891-01), overlaid with 

70% Percoll and centrifuged 850 x g for 20 min at 4°C.  The interface was collected and washed 

with FACS buffer. Fc-gamma receptors were blocked (anti-CD16/32; Biolegend # 101302), and 

cells were stained with viability dye (LIVE/DEAD Fixable Lime viability kit; ThermoFisher 

Scientific, # L34989) and antibodies against CD45 (Biolegend, # 160306), CD45.1 (Biolegend, # 

110743) CD3 (Biolegend, # 100227, 100206), TCRb (Biolegend, #109243), TCRgd (BD 

Bioscience,  #744117), CD4 (Biolegend, # 116027, 300554), CD8a (Biolegend #, 100710, 100706, 



155013), TCRvb 8.1/8.2 (Invitrogen, #11-5813-82), TCRvb 5.1 (Biolegend, # 139505) Foxp3 

Transcription Factor Fixation/Permeabilization kit (eBioscience, # 00-5521-00) was used 

according to manufacturer’s instructions for intracellular staining of perforin (Biolegend # 154306). 

To assess the total cell counts, Precision Count Beads (Biolegend # 424902) were used. Cells 

were processed on an Aurora Cytek and analyzed by FlowJo v10 software.    

Antibody and tamoxifen treatments. For depletion of T cells, mice were injected via 

intraperitoneal route with 200 µg of anti-CD4 (InVivoMAb, clone GK1.5, BioXCell # BE0003-1) 

and/or anti-CD8b (InVivoMAb, Lyt 3.2, clone 53-5.8, BioXCell, # BE0223) or rat isotype control 

mAb (BioXCell InVivoMAb rat IgG1 anti-horseradish peroxidase, # BE0088; rat IgG2b isotype 

control, LTF-2, # BE0090) as indicated in the schematics of supplemental Figures. To deplete 

resident macrophages, mice were injected via intraperitoneal route with 50 mg/kg (1.25 mg) of 

anti-CSF1R mAb (InVivoMAb, AFS98, BioXCell, # BE0213) or isotype control (rat IgG2a, 

BioXCell, # BE0089) one day prior to WNV infection and 3 dpi. To decrease monocyte infiltration, 

mice were injected via intraperitoneal route with 50 µg of anti-CCR2 mAb (clone MC21; (8)) or rat 

IgG2b isotype control (LTF-2, BioXCell, # BE0090). For combined neutrophil and monocyte 

depletions, animals were given 250 µg of anti-Ly6G/Ly6C mAb (GR-1, clone NIMP-R14, 

InVivoMAb, BioXCell, # BE0320) or rat IgG2b isotype control mAb (LTF-2, BioXCell, # BE0090) 

one day prior to WNV infection and then 2, 4, and 6 dpi. To block IFNg and TNF, mice were injected 

via intraperitoneal route with 200 µg of anti-TNF (MP6-XT22, GoInVivo, BioLegend, # 506352) or 

rat IgG2b isotype control mAb (LTF-2, BioXCell, # BE0090) or anti-IFNg (Leinco Technologies, # 

I-438) or Armenian hamster IgG isotype control (Leinco Technologies, # 1196) one day prior to 

infection and at 2 and 5 dpi. 

Tamoxifen (Sigma, # T5648) was resuspended in corn oil and 250 µl of a 20 mg/mL 

solution was administered via oral gavage to Ccr2 CreER YFP mice 1 day prior to WNV infection 

and then at 3, 7 and 11 dpi.   
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Supplemental Figure S1. WNV tropism and effects on neurons. Related to Figure 1. (A) Co-
expression of neuronal markers in the myenteric plexus. The diagram shows that most ChAT+ 
cells also express calretinin and some nNOS. (B) Whole mounts of middle and distal SI from 
sham-infected ChAT+ GFP mice after staining for calretinin. Most neurons (70%) co-express both 
calretinin and ChAT, the residual 30% of neurons express only ChAT; these cells account for the 
higher percentage of WNV infected cells shown in Figure 1C. (C, D) Whole mount preparations 
of muscularis externa from proximal, mid, and distal SI were isolated at 6 dpi and stained for WNV 
antigen. (C) Data are presented as percentage of WNV antigen positive area in the MP at 6 dpi. 
(D) Muscularis externa was isolated with layer containing submucosal plexus (SMP) at 6 dpi. Data 
are presented as the percentage of mice with WNV antigen in the SMP. (E-H, J-L) Whole mount 
preparations of muscularis externa from (E-H) middle and distal SI or (L) proximal SI were isolated 
at (E-H) 7 dpi or (L) 28 dpi and stained for (E, F) peripherin, (G, H) calretinin and nNOS, or (L) 
calretinin. The fraction of area staining positive for neuronal markers in the (E) MP or (H) circular 
muscle was determined, and the values were normalized to sham-infected mice. Representative 
images show staining in mid SI in sham and WNV-infected mice at 7 dpi. Scale bar; 100 µm. (I) 
GI transit time in sham or WNV-infected mice at indicated time points. (J-K) Muscularis externa 
was isolated from the mid and distal regions of SI of sham or WNV-infected mice at 15, 28 or 65 
dpi and stained for neuronal markers HuC/D, nNOS, and calretinin. Data are shown as 
percentage of HuC/D+ neurons. (M) Scheme of Translating Ribosome Affinity Purification (TRAP) 
used for enrichment of RNA from enteric neurons in muscularis externa. (N-P) RNAseq analysis 
of neuron-enriched samples from sham or WNV-infected Snap25l10a GFP mice 6 dpi. (N, O) 
Bubble plots of GO pathways represented by differentially expressed genes in sham and WNV-
infected mice involved in (N) response to stimuli or (O) regulation of immune response. (P) 
Heatmap of differentially expressed genes involved in antigen presentation and immune 
modulation. Gene expression is normalized across each gene and represent the average of 4 
samples per condition. Data are pooled from the following number of experiments (left to right): 
(B) 2; (C) 2; (D) 3; (E) 3; (H) 3; (I) 3, 2, 3; (J, K) 2, 3, 4; (L) 2; (N-P) 1. The indicated numbers of 
mice per group are shown from left to right: (B) 4, 4; (C) 9, 9, 9; (D) 10, 11, 11, 11; (E) 9, 12, 6, 8, 
7, 12, 6, 8; (I) 17, 12, 13, 13, 1––7; (J, K) 10, 9, 7, 9, 13, 13, 13, 13, 14, 16, 14, 16; (L)  9, 12; (N, 
P) 4.  Lines and column heights indicate mean values. Statistical analysis: (E, H, I, J, K) two-
tailed Mann-Whitney test: not significant, ns, *p < 0.05, **p < 0.01.  
  



 
 
Supplemental Figure S2. Effect of WNV infection on ICCs, Related to Figure 2. (A-C) 
Muscularis externa was isolated from the middle or distal regions of small intestine of sham or 
WNV-infected wt mice at (A, B) 6 dpi or (C) 15, 28, or 65 dpi and stained for (A) glial marker 
S100β and WNV antigen or (B) ICC marker cKit and WNV antigen. Scale bar, 100 µm. (C) The 
fraction of area staining positive for cKit in the circular muscle layer was determined, and the 
values were normalized to sham-infected mice. Representative images are from at least 2 
experiments. (B) White arrows indicate WNV-infected ICCs. Column heights indicate mean 
values. Data are from (D) from left to right: 1, 3, 3 experiments, n = 5, 5, 5, 5, 13, 13, 13, 12, 13, 
7, 8, 10, 9 mice.   
  



 
 



Supplemental Figure S3. Infiltrating monocytes and macrophages do not contribute to 
WNV-induced damage to neurons and glia and ensuing GI dysmotility, Related to Figure 3.  
(A, E, F, G, N) Muscularis externa was isolated from the (A, G, N) middle or (E, F) middle and 
distal region of small intestine (SI) of (A) sham or WNV-infected Ccr2 CreER YFP mice at 15 dpi, 
(E, F) sham or WNV-infected wt mice treated with anti-CCR2 Ab at 7 dpi, (G) WNV-infected Ccr2-

/+ and Ccr2-/- mice at 7 dpi, or (N) sham mice treated with anti-CSF1R mAb and stained for (A) 
macrophage marker Iba1, (E, F) calretinin and nNOS, (G) nNOS, or (N) Iba1 and nNOS. (A) 
Representative images are from the middle region of SI of 3 mice per group. Scale bar, 100 µm. 
(E, F, G) The fraction of positive area for (E) calretinin and nNOS, (F) S100β, (G) nNOS in the MP 
was determined, and values were normalized to (E, F) sham-infected wt mice treated with isotype 
mAb or (G) to WNV-infected Ccr2+/- mice. (N) Iba1+ cells were counted in the MP, and cell counts 
are expressed as the number of Iba1+ cells per mm2. (B) Experimental design of 
monocyte/neutrophil depletion after WNV infection using anti-CCR2 or Ly6G/Ly6C mAb 
treatments. GI transit was assessed at 7 dpi (anti-CCR2 and anti-Ly6G/Ly6C and treated groups) 
or 14 dpi (only CCR2 mAb-treated group). Blood was obtained at 7 dpi. (C, H, I, K) Leukocytes 
from sham or WNV-infected (C, H, I) wt or (K) Ccr2-/- mice treated with (C) anti-CCR2 mAb or (H, 
I, K) anti-Ly6G/Ly6C mAb were stained with antibodies to CD45, CD11b, Ly6G, and Ly6C. (C) 
Percentages and (I, K) numbers (C) of monocytes (CD45+ CD11b+ Ly6G- Ly6Chi) and/or (I, K) 
neutrophils (CD45+ CD11b+ Ly6G+ Ly6C+). (C, H). Gating strategy of (C) monocyte and (H) 
monocyte/neutrophil populations by flow cytometry. (D, J, L, O ) GI transit was measured in (D) 
in sham or WNV-infected mice after treatment with anti-CCR2 or isotype mAbs at 14 dpi, (J) in 
sham or WNV-infected mice after treatment with anti-Ly6G/Ly6C, or isotype control mAb at 7 dpi, 
(L) WNV-infected Ccr2-/- mice treated with anti-Ly6G/Ly6C or isotype control mAb  at 7 dpi or (O) 
WNV infected Ccr2-/- mice treated with anti-CSF1R  or isotype mAb at 7 dpi. Data are pooled from 
the following number of experiments: (C, D, H, G) 3; (E, F, L, N, O) 2; and (I) 1. The indicated 
numbers of mice per group are shown from left to right: (C) 5, 5, 20,15; (D) 5, 5, 17, 11; (E, F) 6, 
3, 7, 7; (G) 6, 5; (I, J) 5, 5, 20, 15; (K) 5, 5; (L) 8, 9; (N) 3, 3 and (O) 4, 6. Lines and column heights 
indicate mean values. Statistical analysis: (D, E, F, G, K, L, O) two-tailed Mann-Whitney test; (I) 
Kruskal-Wallis ANOVA with Dunn’s post-test. Not significant, ns, *p < 0.05, **p < 0.01, ***p < 
0.001. 
  



 



Supplemental Figure S4. CD4+ and CD8+ T cells contribute to WNV-triggered ENS injury 
and GI dysmotility, Related to Figure 4. (A, B, D) Whole mount preparations of muscularis 
externa were isolated from WNV-infected wt and TCRbd-/- mice at 7 dpi and co-stained for (A) 
WNV antigen and glia (S100β), (B) HuC/D and calretinin or (D) T cell markers CD3, CD4 or CD8, 
and nNOS. Representative images from (A) 2 experiments or (D) of at least 3 mice, scale bar, 
100 µm. (B) The fraction of positive area for calretinin in the SMP was determined, and values 
were normalized to sham-infected wt mice. HuC/D+ cells were counted in the SMP, and cell counts 
are expressed as the number of HuC/D+ cells per mm2. Values for wt mice are shown for 
comparison and are identical to those shown in Figure 1E. (C) GI transit time of sham or WNV-
infected wt or µMT mice at 7 dpi. (E, G) Flow cytometric analysis of small intestine at 7 dpi. (E) 
Gating strategy and (G) proportions of CD4+ and CD8+ T cell populations in (E) muscularis externa 
or mucosa and lamina propria (residual) or (G) muscularis externa of wt mice treated with anti-
CD8β mAb. (F) Experimental design of T cell depletions. Mice were injected with anti-CD4, anti-
CD8β, or both anti-CD4 and CD8 mAbs. (H, I) CD4+ and CD8+ T cells (G) in muscularis externa 
or  (I) in spleen and Peyer’s patches harvested from sham or WNV-infected mice treated with anti-
CD4/CD8 or isotype mAb and stained for CD45, CD3, TCRβ, TCRγδ, CD4, CD8α, and perforin 
and gated on (G) live CD45+ TCRβ+ TCRγδ- or (I) live CD3+ TCRβ+ TCRγδ- CD4+ or CD8+ T cells 
(shown in H). Data are shown as (G) percentage of CD45+ cells in SI and (I) total cell numbers 
per spleen and average cell numbers per Peyer’s patch. Data are pooled from the following 
number of experiments: (B) 3, (C) 3, (G) 1, (I) 2. The indicated numbers of mice are shown per 
group (left to right): (B) 7, 8, 6, 6, 7, 8, 7, 7, 6, 6, 7, 8; (C) 7, 8, 9, 14; (G) 4, 4, 4, 4; (I); 8, 8, 8, 8, 
7 (Peyer’s patches), 7, 8, 8, 8, 8 (spleen). Lines indicate median values. Column heights indicate 
mean values. Statistical analysis: (C) two-tailed Mann-Whitney test; (B, H) Kruskal-Wallis ANOVA 
with Dunn’s post-test comparisons were to “wt sham” (B) or “isotype WNV control” (H) groups: 
not significant, ns, *p < 0.05, **p < 0.01, ***p < 0.001. 
 
  



 



Supplemental Figure S5. Damage to neuronal and glial network is caused by WNV-specific 
CD4+ and CD8+ T cells, Related to Figure 5. (A) Experimental design of adoptive transfer of wt 
CD8+ or CD4+ T cells to TCRbd-/- mice. CD8+ (5 x 106) or CD4+ (107) T cells from wt spleens and 
MLNs at 7 dpi were enriched and injected intravenously into WNV-infected TCRbd-/- mice at 2 dpi. 
(B, C) Flow cytometric analysis of splenocytes from TCRbd-/- mice after transfer of primed wt T 
cells at 7 dpi. Spleens were harvested and stained for CD3, TCRβ, TCRγδ, CD4 and CD8α and 
gated on live CD3+ TCRβ+ TCRγδ- CD4+ or CD8+ T cells. (B) Representative flow cytometry dot 
plots and (C) total cell numbers per spleen. (D) TCRbd-/- mice were adoptively transferred by 
intravenous injection with 106 WNV NS4B or LCMV P14 gp33 transgenic CD8+ T cells and then 
inoculated subcutaneously with WNV one day later. (E, F) Representative flow cytometry dot plots 
of (E) splenocytes before and after enrichment for NS4B and LCMV P14 gp33 transgenic CD8+ 
T cells and (F) of T cells from mesenteric lymph nodes of TCRbd-/- mice injected with NS4B or 
P14 transgenic T cells at 7 dpi. Cells were stained with mAbs against (E) CD45, CD3, CD4 and 
CD8α and gated on live CD45+ CD3+ CD4+ or CD8+ T cells or (F) CD45.1 (to identify NS4B 
transgenic CD8+ T cells), CD3, CD8a, and WNV NS4B Db-restricted tetramers and gated on live 
cells. (G, J) Flow cytometric analysis of cells in MLNs from WNV-infected wt or (G) wt sham or 
WNV-infected P14 Rag1-/- mice or (J) WNV-infected OT-II Rag1-/- mice at 7 dpi. MLNs were 
harvested at 7 dpi and stained for CD3, TCRβ, TCRγδ, CD4, CD8α and (G) TCRvβ 8.1/8.2 
specific for LCMV and WNV NS4B Db-restricted tetramers or (J) TCR vβ 5.1 specific for OVA and 
gated on live CD3+ TCRβ+ TCRγδ- CD4+ or CD8+ T cells. (H, K) GI transit was measured at 7 dpi. 
Transit time of (H) sham-infected or WNV-infected wt or P14 Rag1-/- mice or (K) WNV-infected 
OT-II Rag1-/- mice. (I, L) Muscularis externa was isolated from the mid regions of small intestine 
(SI) of (I) sham-infected or WNV-infected wt or P14 Rag1-/- mice or (L) WNV-infected OT-II Rag1-

/- mice at 7 dpi and stained. The fraction of area positive for calretinin, nNOS or S100β was 
determined, and values were normalized to wt sham mice. Data are pooled from (C, G, H, I) 3 
and (J, K, L) 2 experiments with indicated numbers of mice per group (left to right): (C) 4, 5, 4, 4, 
4; (H) 7, 10, 12, 12; (I) 7, 9, 12, 7, 9, 12, 7, 9, 12; (K) 5, 6, 9, 9; (L) 6, 6, 7, 7. Representative flow 
plots are from (E, F, G) 3 or (J) 2 experiments. Lines and column heights indicate the mean values. 
Statistical analysis: (H, K) two-tailed Mann-Whitney test; (I, L) Kruskal-Wallis one-way ANOVA 
with Dunn’s post-test: not significant, ns, *p < 0.05, **p < 0.01, ***p < 0.001.  



 



Supplemental Figure S6. Damage to neuronal and glial network is caused by multiple 
effector functions of T cells, Related to Figures 6 and 7. (A) Experimental design of (i) T cell 
depletion in Prf1-/-, Faslgld/gld, Ifngr-/- mice or IFNγ or TNF blockade in wt mice and (ii) combined T 
cell depletion and IFNγ blockade in wt mice after WNV infection using anti-CD4, anti-CD8β, and 
anti-IFNγ mAb treatments as indicated. GI transit was assessed at 7 dpi. (B) Proportions of wt or 
Prf1-/-, Faslgld/gld, Ifngr-/- or wt mice treated with anti-TNF blocking mAb or isotype control mAb with 
abnormally dilated bowel at 7 dpi. (C, D) Whole mount preparations of muscularis externa were 
isolated from WNV-infected wt and (C) Prf1-/- or (D) Faslgld/gld mice at 7 dpi and stained for T cell 
marker CD3. Numbers of CD3+ cells in the myenteric plexus were calculated by dividing the area 
positive for CD3+ staining with average size of CD3+ cell. Cell counts are expressed as numbers 
of CD3+ cells per mm2. (E, F) GI tract transit was measured at 7 dpi in wt mice treated with (E) 
anti-IFNγ in combination with anti-CD4 or anti-CD8β mAb or isotype control mAb or (F) in Ifngr-/- 
mice treated with anti-CD4 or anti-CD8β mAb or isotype control mAb. (G) Representative staining 
images of the myenteric plexus are from middle region of small intestine (SI) in wt sham, WNV-
infected Faslgld/gld mice treated with anti-CD8β or isotype mAb at 7 dpi. Scale bar, 100 µm. Data 
are pooled from (B) 2 , (C, D) 2,(E) 2, (F) 3 experiments with indicated numbers of mice per group 
(left to right): (B) 5, 11, 9, 9, 10, 10; (C) 5, 7; (D) 5, 8 ;(E) 6, 6, 6, 6, 6, 6  (F) 7, 9, 9. (G) 
Representative images of 3 experiments. . Lines and column heights indicate the mean values. 
Statistical analysis: (C, D) two-tailed Mann-Whitney test; (E, F) ANOVA with Dunnett’s post-test 
(comparison to “WNV isotype control” group): not significant, ns. 
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