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Abstract

Rotavirus causes severe diarrheal disease in children by broadly dysregulating intestinal
homeostasis. However, the underlying mechanism(s) of rotavirus-induced dysregulation remains
unclear. We found that rotavirus-infected cells produce paracrine signals that manifested as
intercellular calcium waves (ICWs), observed in cell lines and human intestinal enteroids.
Rotavirus ICWs were caused by the release of extracellular adenosine diphosphate (ADP) that
activated P2Y1 purinergic receptors on neighboring cells. ICWs were blocked by P2Y1
antagonists or CRISPR/Cas9 knockout of the P2Y1 receptor. Blocking the ADP signal reduced
rotavirus replication, inhibited rotavirus-induced serotonin release and fluid secretion, and reduced
diarrhea severity in neonatal mice. Thus, rotavirus exploited paracrine purinergic signaling to
generate ICWs that amplified the dysregulation of host cells and altered gastrointestinal
physiology to cause diarrhea.
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Rotavirus triggers extracellular release of ADP from infected cells that dysregulates nearby
uninfected cells.

Rotavirus (RV) causes severe diarrhea and vomiting in children worldwide, resulting in ~258
million diarrhea episodes and ~128,000 deaths annually (1). The mechanisms of RV diarrhea
are multifactorial and not completely understood. RV infects the enterocytes and
enteroendocrine cells at the tip and middle of villi in the small intestine (2-4). Not all cells
susceptible to RV are infected, and diarrhea occurs before the onset of histopathologic
changes (2, 5-7). During infection, RV dysregulates host cell calcium (Ca2*) signaling
pathways to increase cytosolic Ca2*, which is required for RV replication. The RV
nonstructural protein 4 (NSP4) drives these changes in Ca2* homeostasis as both an
endoplasmic reticulum-localized viroporin and a secreted enterotoxin (8-10). These
perturbations to host Ca2* signaling activate autophagy, disrupt the cytoskeleton and tight
junctions, and trigger fluid secretion pathways (9, 11-14).

A long-held concept in how RV infection causes life-threatening diarrhea is that RV-infected
cells release potent signaling molecules that dysregulate neighboring, uninfected cells (6, 15,
16). This notion is based on previous observations of increased signaling molecules during
RV infection, including enterotoxin NSP4, prostaglandins (PGE2), and nitric oxide (NO) (9,
17-19). In this theory, enterotoxin NSP4 binds to neighboring, uninfected enterocytes to
activate Ca%*-activated chloride channels and cause secretory diarrhea (20-22), and PGE2
and NO further activate fluid secretion processes (23, 24). Simultaneously, dysregulation of
neighboring enteroendocrine cells triggers Ca%*-dependent release of serotonin, which
stimulates the enteric nervous system both to activate vomiting centers in the central nervous
system and to activate secretory reflex pathways in the gastrointestinal tract (4, 7). Thus, this
concept of RV-induced diarrhea addresses how limited infection at the middle-to-upper villi
may cause widespread dysregulation of host physiology and life-threatening disease.
However, this cell-to-cell functional signaling has not been directly observed during a RV
infection, and the signaling pathways remain incompletely understood.

Herein we found that RV-infected cells signal to uninfected cells via an extracellular
purinergic signaling pathway. This pathway was a dominant driver of observed RV disease
processes, including replication, upregulation of PGE2- and NO-producing enzymes,
serotonin secretion, fluid secretion, and diarrhea in a neonatal mouse model. Thus, viruses
may exploit host paracrine signaling pathways to amplify pathophysiology.

Low multiplicity infection reveals intercellular calcium waves

RV significantly increases cytosolic Ca2* during infection and disrupts host Ca2*-dependent
processes to cause disease (25-27). We used African Green monkey kidney MA104 cells
stably expressing the genetically encoded calcium indicator (GECI) GCaMP5G or
GCaMP6s to observe changes in cytosolic Ca2* during RV infection using live-cell time-
lapse epifluorescence imaging. We mock- or RV (strain SA114F)-infected MA104-GCaMP
cells at a low multiplicity of infection (MOI 0.01) to distinguish Ca?* changes in infected
cells compared to neighboring, uninfected cells. RV-infected cells were identified using
immunofluorescence (IF) staining for RV antigen after imaging, and these IF images were
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superimposed on the time-lapse movies (Fig. 1A). While mock-infected cells had minimal
changes in GCaMP fluorescence, RV-infected cells exhibited large fluctuations in
fluorescence, and thus cytosolic Ca?*, as discrete signaling events (28). These signaling
events increased cytosolic Ca2* in the RV antigen-positive cell, and we observed successive
increases in cytosolic Ca2* in neighboring, uninfected cells over a time interval of 30 s (Fig.
1A, Movie S1). We quantified the Ca2*-eliciting signal from infected to uninfected cells
using a previously described criterion in which changes in normalized relative fluorescence
greater than 5% constituted a “Ca2* spike” (28). To systematically and reproducibly
characterize the signals in RV-infected and neighboring, uninfected cells, we visualized the
cell monolayer as a grid, similar to previously described analysis techniques (29-31) (Fig.
1B, Fig. S1A). The number and average magnitude of the RV-induced Ca2* transients
decreased in the neighboring 5 (NB+5) and 10 (NB+10) cells (Fig. 1B, blue and purple
traces). Quantification of the number and magnitude of Ca2* spikes of the infected, the NB
+5, and the NB+10 cells showed a significant decrease with distance from the infected cell
(Fig. 1C,D). Thus, RV-infected cells signaled to surrounding uninfected cells and elicited a
Ca?* signaling response.

Next we sought to confirm that the Ca%* signaling in the neighboring cells was not due to
RV infection undetected by antibody staining. MA104-GCaMP cells were mock-inoculated
or infected with a recombinant SA11 clone 3 strain expressing a mRuby3 fluorescent
reporter (SAl1cl3-mRuby3) (28), at MOI 0.01 and imaged for ~3-22 hours post-infection
(hpi), conditions we used throughout these studies unless noted otherwise. We found no
increase in mRuby3 fluorescence in the mock-infected cells, and there was a steep increase
in fluorescence in RV-infected cells by hour 6-12 of imaging that correlated with increased
Ca?* signaling (Fig. 1E, Movie S2). Importantly, the NB+3 cell also had robust Ca?*
signaling that paralleled the infected cell, but the lack of increase in mRuby3 fluorescence
demonstrated it was not infected (Fig. 1E). There was a similar decrease in the number of
Ca?* spikes and average Ca2* spike magnitude in the NB+3 and NB+5 cells that correlated
with increasing distance from the infected cell (Fig. 1 F,G). Thus, the Ca2* signaling in the
neighboring cell was not due to infection of that cell but due to signals activated by a nearby
RV-infected cell.

We next determined whether knockdown of NSP4 would reduce the Ca2* signals in infected
and uninfected cells because RV-induced changes in Ca?* homeostasis are driven by NSP4.
We used MA104-GCaMP cells expressing NSP4-targeted ShRNA or a non-targeted
scrambled shRNA (28). RV infection of the MA104-GCaMP-shRNA cells with SA114F
decreased NSP4 expression by ~95% and significantly decreased Ca2* signaling (28) (Fig.
S1B,C). We infected the MA104-GCaMP cells expressing shRNA2, because they had the
greatest percent knockdown, using RV SA11cl3-mRuby3, which has the same NSP4
sequence as RV SA114F. The Ca2* signaling frequency and Ca2* spike magnitudes were
significantly decreased in the NSP4-targeted ShRNA MA104-GCaMP cells, both in RV-
infected cells and NB+3 and NB+5 uninfected cells (Fig. 1H-J, Movie S3). Thus, the RV-
induced Ca2* signal required expression of RV NSP4 and dysregulation of host Ca*
homeostasis in the infected cell.

Science. Author manuscript; available in PMC 2021 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chang-Graham et al. Page 4

ADP and the P2Y1 receptor mediate RV-induced intercellular calcium waves

The pattern of signaling observed between RV-infected cells and uninfected cells was a
phenomenon called intercellular calcium waves (ICWSs), in which increases in cytosolic
Ca?* occur in an expanding circular pattern from a central initiating cell (31-33). Several
molecules have been implicated in ICW propagation and may communicate via gap
junctions or through paracrine signaling (33). To test if RV-induced ICWs propagated via
gap junctions, we infected MA104-GCaMP cells and treated with DMSO vehicle or the gap
junction blockers 18p-glycyrrhetinic acid and TAT-Gap19. There was no significant
difference in the Ca2* spikes in neighboring cells between the mock-, 18B-glycyrrhetinic
acid-, or TAT-Gap19-treated cells, supporting that the RV-induced ICWs did not propagate
via gap junctions (Fig. 2A). This finding was consistent with a negative scrape loading/dye
transfer assay, in which the lack of dye beyond the cells immediately adjacent to the scrape
demonstrate a lack of gap junction intercellular communication (34, 35) (Fig. S2A). Next we
tested if the extracellular enterotoxin form of NSP4 may be the signaling molecule
responsible for propagating the ICWs. We treated RV-infected MA104-GCaMP cells with
purified anti-NSP4 rabbit peptide antisera (amino acids 120-147) or anti-NSP4 monoclonal
antibody 622 that bind to the enterotoxin domain and neutralize eNSP4-mediated Ca2* flux
(Fig. 2B) (22). Purified M60, a non-neutralizing anti-VP7 monoclonal antibody, was used as
a control (36). We did not observe a significant reduction in Ca2* spikes in the neighboring
cells treated with anti-NSP4 antibodies, suggesting that enterotoxin NSP4 was not
responsible for the Rv-induced ICWs (Fig. 2B, Movie S4). Previous studies found increased
PGEZ2 and NO during RV infection, and thus they potentially mediate RV-induced ICWs
(17-19). However, adding PGE2 or the NO donor NOC-7 to MA104-GCaMP cells did not
elicit a Ca2* response, demonstrating that these molecules could not directly transmit the
RV-induced ICWs (Fig. S2B-E). Thus, ICW propagation was mediated by an unidentified
signaling molecule.

We then sought to determine whether adenosine triphosphate (ATP) was the signaling
molecule responsible for the RV-induced ICWs. ATP is an important extracellular messenger
and a common mediator of ICW signaling (33). We mock- or RV (SA11cl3-mRuby3)-
infected MA104-GCaMP cells and after infection mock-treated or treated with apyrase, an
enzyme that degraded the purines ATP and adenosine diphosphate (ADP). Apyrase-treated
wells showed a dramatic decrease in the area of Ca2* signaling compared to untreated wells
(Fig. 2C, Movie S5). With apyrase treatment, the Ca?* signaling frequency and amplitude
were noticeably decreased in the neighboring, uninfected +3 and +5 cells (Fig. 2D), which
resulted in a significant decrease in the number of Ca2* spikes and average Ca%* spike
magnitude in the neighboring +3 and +5 cells, but not in the RV-infected cells (Fig. 2E-F).
Thus, extracellular ATP/ADP propagated ICWs in RV infection.

Purinergic signaling, i.e., nucleotides as extracellular signaling molecules, is a key signaling
pathway in intestinal physiology and involves multiple receptor subtypes. MA104 cells
showed greatest expression of the purinergic receptors P2X4, P2X6, P2Y1, P2Y2, and
P2Y14 (Fig. 2G). Relative mRNA expression levels of purinergic receptors did not
substantially change with RV infection (Fig. S3A, Table S1). We first tested the ligand-gated
ion channel P2X4 and the Gq/11 protein-coupled receptors P2Y1 and P2Y2 because they are
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strongly activated by ATP or ADP (33). We treated RV(SAl11cl3-mRuby3)-infected MA104-
GCaMP cells with small molecule inhibitors (Bx430 and 5BDBD for P2X4, BPTU for
P2Y1, and AR-C 118925XX for P2Y?2). The P2X4 inhibitors Bx430 and 5BDBD or the
P2Y2 inhibitor AR-C 118925XX had no effect on RV-induced Ca?* signaling. The P2Y1
blocker BPTU significantly decreased Ca2* spikes in both the RV-infected cell and NB+3
cells, and this decrease was dose-dependent (Fig. 2H-I, Fig. S3C, Movie S6). We tested the
specificity of BPTU for the P2Y1 receptor and AR-C 118925XX for the P2Y2 receptor,
which are strongly activated by ADP and ATP, respectively. The P2Y1 inhibitor BPTU
significantly reduced the Ca?* response in MA104-GCaMP cells from ADP, but not from
ATP (Fig. S3D). Similarly, the P2Y2 inhibitor AR-C 118925XX significantly reduced the
Ca?* response from ATP, but not from ADP, supporting their specificity (Fig. S3D).

Finally, we tested if a different RV strain, Rhesus rotavirus (RRV), also elicited ICWs from
RV-infected cells by the same mechanism. We mock- or RRV-infected MA104-GCaMP cells
(MOI 0.05) and found that RRV-infected cells elicited ICWs that increased cytosolic Ca2* in
uninfected NB+3 and NB+5 cells (Fig. S3E). Treatment with apyrase or BPTU significantly
decreased the ICW signals only in the uninfected NB+3 and NB+5 cells (Fig. S3E). Thus,
cells infected with RRV also triggered ICWSs through extracellular release of ADP and P2Y1
receptor activation, demonstrating this phenomenon was common to multiple RV strains.

RV induces intercellular calcium waves in human intestinal enteroids

MAZ104 cells are a robust model system to study RV replication and form a simple flat
epithelium that facilitates microscopy studies. However, they are neither human nor
intestinal in origin. To determine whether RV also causes ICWs in intestinal epithelial cells,
we used jejunum-derived human intestinal enteroids (HIES) stably expressing the GECI
GCaMP6s (JHIEGCaMP6s) (28). HIEs are a non-cancerous in vitro model system
established from human intestinal epithelial stem cells (37). They recapitulate the different
epithelial cell types and support RV infection and replication, which makes them a
biologically relevant system to study gastrointestinal pathophysiology (38-40). We infected
JHIE-GCaMP6s monolayers with mock inoculum or the human RV strain Ito and imaged at
4 hpi (Fig. 3A, Movie S7). We observed ICWSs in both mock- and RV-infected jHIE-
GCaMP6s monolayers; however, the areas of Ca2* signaling were larger and occurred with
greater frequency in the RV-infected monolayer than in the mock-infected or “basal”
monolayer. To verify infection, we fixed the monolayers at 24 hpi, immunostained for RV
antigen, and observed positive staining in the RV-infected monolayers (Fig. 3B). Thus,
ICWs occurred under basal conditions in human intestinal epithelial cell models, but
infection with RV increased the size of the ICWs.

Next, we investigated the mechanism of the RV-induced ICWs in the HIEs. To test gap
junction transmission, we treated mock- or RV (Ito)-infected jHIE-GCaMP6s monolayers
with DMSO vehicle, the glycyrrhetinic acid-derivative carbenoxolone (CBX), or the
pannexin blocker 1%Panx. We were unable to perform single-cell analysis for these
experiments because individual jHIE cells were much smaller and more mobile than MA104
cells. Instead we measured the GCaMP6s fluorescence over the whole field-of-view (FOV)
(~455 pm?2). While we observed statistically greater Ca2* spikes in RV-infected than in
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mock-infected monolayers, CBX or 1%Panx did not significantly decrease the number of
Ca?* spikes/FOV in mock- or RV-infected monolayers (Fig. 3C). The scrape loading/dye
transfer was also negative in jHIE monolayers, which further demonstrated a lack of gap
junction intercellular communication (Fig. S2A). Adding PGE2 or NOC-7 to jHIE-
GCaMP®6s cells also did not elicit a Ca2* response (Fig. S2F—1). Thus, RV-induced ICWs in
HIEs do not occur via gap junctions or through PGE2/NO, and basal ICWSs do not appear to
have significant gap junction transmission.

In JHIE monolayers, P2X4, P2Y1, and P2Y2 had the highest expression levels, similar to
that of MA104 cells (Fig. 2G, 3D). The relative mMRNA expression levels of purinergic
receptors did not substantially change with RV (lIto) infection (Fig. S3B, Table S1). To test
the involvement of the different purinergic receptors in ICWs, we mock- or RV (Ito)-infected
JHIE-GCaMP6s monolayers and treated with DMSQO vehicle, apyrase, BPTU, AR-C
118925XX, Bx430, or 5BDBD and found that apyrase and BPTU treatment decreased the
Ca?* signaling and amplitude in RV-infected monolayers (Fig. 3E, Movie S8).
Quantification verified a significant decrease in the number of Ca2* spikes/FOV and average
Ca?* spike magnitude with apyrase or BPTU treatment compared to the DMSO vehicle
control in the RV-infected monolayers (Fig. 3F,G). Interestingly, BPTU and apyrase
treatment also reduced the number of Ca2* spikes in mock-inoculated monolayers (Fig. 3F).
This suggested there was purinergic receptor-induced Ca2* signaling in jHIEs under basal
conditions that was exploited during RV infection.

Genetic variation may influence whether RV-infection can cause ICWs because jHIEs are
human-derived cultures. We created an additional jHIE-GCaMP6s line derived from a
different individual (J2). We mock- and RV-infected these jHIE-GCaMP6s monolayers and
treated with a panel of P2Y1 receptor blockers (BPTU, MRS2179, MRS2279, and
MRS2500). All of the P2Y1 blockers significantly decreased the number of CaZ* spike/FOV
and average Ca2* spike magnitude when compared to DMSO vehicle control for both the
mock- or RV-infected monolayers (Fig. 3H,1). Thus, RV-induced ICWs in intestinal
epithelial cells occurred by extracellular ADP signaling and the P2Y 1 receptor, the same as
in MA104 cells.

CRISPR/Cas9 P2Y1 receptor knockout reduces intercellular calcium waves

The P2Y1 purinergic receptor exhibits greater activation with ADP than with ATP,
suggesting that ADP mediated the ICWSs in RV infection (41). This was consistent with the
reduced cytoplasmic ATP concentrations found in RV-infected cells (42). To test whether
ADP was the signaling molecule associated with the ICWs, we infected MA104-GCaMP
cells with RV (SA114F) and then treated with apyrase grade VI, which had a high ATPase/
ADPase activity ratio, or apyrase grade VI, which had a low ATPase/ADPase activity ratio.
Treatment with apyrase grade VI, but not grade V1, significantly decreased the number of
Ca?* spikes and the spike magnitude in RV-infected wells, supporting that ADP was the
signaling molecule in Rv-induced ICWs (Fig. 4A,B). To further test that the P21 receptor
was required for RV-induced ICWs, we genetically knocked out the P2Y1 receptor in
MA104-GCaMP cells using lentivirus encoding CRISPR/Cas9 with small-guide RNAs
targeted for the P2Y1 receptor gene (MA104-GCaMP-P2Y 1ko). Genotyping analysis
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revealed several mutations in the sequence downstream of the guide RNA in 3 clonal
populations of cells (Fig. S4A,B). To test the P2Y1 knockout phenotype, we added ADP to
parental and MA104-GCaMP-P2Y 1ko cells and found a significantly decreased Ca2*
response in the knockout cells compared to the parental cells, consistent with a lack of P2Y1
receptor function (Fig. 4C).

Next, we sought to determine if knockout of the P2Y1 receptor would also prevent ICWs
during RV infection. Fixing and immunostaining for RV antigen at 24 hpi showed positive
staining for RV in parental and P2Y 1ko cells confirming that the P2Y1 knockout did not
prevent infection (Fig. 4D). We next tested whether RV-infected MA104-GCaMP-P2Y 1ko
cells still released ADP to confirm that the P2Y1 knockout was specific to receptor function
and did not affect ADP release, which could be responsible for decreased ICWs. We mock
or RV (SA114F)-infected parental or P2Y 1ko cells, washed off inoculum, and added ARL
67156, an ecto-ATPase inhibitor, to block degradation of released nucleotides from cellular
ectoATPases. Approximately 5-6 hpi, we transferred the mock- or infected-cell supernatant
to uninfected MA104-GCaMP cells to measure the Ca2* response as a “sensor” of released
ADP. We found a significantly greater increase in GCaMP fluorescence in RV-infected than
in mock-infected supernatants (Fig. 4E). However, there was no significant difference in the
extent of that increase between parental- or P2Y 1ko-derived supernatants (Fig. 4E). To show
specificity of this Ca?* signal to ADP/P2Y1, we treated the uninfected sensor MA104-
GCaMP cells with BPTU, which significantly lessened the increase in GCaMP fluorescence
from both parental and P2Y 1ko supernatants (Fig. 4E). Thus, the Ca2* response from both
parental- and P2Y 1ko-derived supernatants was predominantly due to ADP. Also, there was
no significant difference between adding parental- or P2Y 1ko-derived supernatants to the
BPTU-treated sensor cells, supporting that Rv-infected P2Y 1ko cells still release ADP (Fig.
4E). Lastly, we tested whether RV-infected P2Y 1ko cells had decreased ICWSs. We mock- or
RV (SA114F)-infected MA104-GCaMP (parental) or MA104-GCaMP-P2Y 1ko cells. In the
P2Y1ko cells, there was decreased Ca2* signaling, Ca2* spikes, and average Ca2* spike
magnitude in the NB+3 and NB+5 cells compared with the parental, though not in the RV-
infected cell (Fig. 4F—-H, Movie S9). Additional treatment of apyrase VI to the P2Y1ko
cells only modestly decreased the CaZ* spikes in neighboring cells (Fig. 4G-H).

Similarly, we tested the effect of genetic knockout of the P2Y1 receptor on ICWSs in RV-
infected jHIEs (JHIE-GCaMP6s-P2Y 1ko). Genotyping analysis revealed two P2Y1
knockout enteroid populations comprised of an insertional mutation and a deletion in the
sequence downstream of the guide RNA (Fig. S4C,D). Phenotypic knockout was confirmed
by a reduced Ca2* response to ADP in jHIE-GCaMP6s-P2Y 1ko enteroids compared to
parental enteroids (Fig. 5A). We created an additional jHIE-GCaMP6s enteroid line with
CRISPR/Cas9 knockout of the P2Y2 receptor (jHIE-GCaMP6s-P2Y 2ko). Genotyping
analysis of the P2Y2ko enteroids detected two alleles with deletion mutations downstream
of the guide RNA sequence (Fig. S5A,B). To test the P22 knockout phenotype, we added
non-hydrolyzable ATP-yS to parental and P2 2ko enteroids and found a significantly
decreased Ca?* response in the P2Y2ko jHIEs (Fig. 5B). As with the P2 1ko MA104 cells,
immunostaining the jHIE monolayers for RV antigen at 24 hpi showed similar levels of
positive staining for RV in parental, P2Y1ko, and P2Y2ko enteroids, demonstrating
equivalent susceptibility to RV infection (Fig. 5C,D). Mock- or RV (Ito)-infection of the
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parental, jHIE-GCaMP6s-P2Y 1ko, or jHIE-GCaMP6s-P2Y 2ko resulted in significantly
fewer Ca2* signaling events, Ca2* spikes/FOV, and smaller average Ca%* spike magnitude in
the P2Y 1 knockout jHIES, but not in P2Y2 knockout jHIEs (Fig. 5E-G, Movie S10).
Interestingly, there also was significantly fewer Ca2* spikes/FOV and average Ca2* spike
magnitude in the P2Y 1 knockout enteroids compared to parental or P2Y?2 knockout
enteroids in mock-inoculation (Fig. 5F,G). Thus, ADP and the P2Y1 receptor mediated the
ICWs in RV infection and reduced basal ICW signaling.

Purinergic signaling increases RV replication and expression of IL-1a,
INOS, and COX2

Extracellular ATP reduces the replication of several viruses through activation of P2X7
receptors, which specifically bind ATP (43, 44). Less is known about the role of ADP in
cellular signaling or its effects on viral infection and replication. We first tested the effect of
purinergic blockers on RV replication. New infectious yield from RV (SA114F)-infected
MAZ104 cells was significantly decreased when treating cells with apyrase or BPTU after
inoculation by ~92% and ~90%, respectively (Fig. 6A). No significant decrease was
observed when adding AR-C 118925XX, Bx430, 5BDBD, or the non-selective P2 receptor
antagonists suramin and PPADS (Fig. 6A). Furthermore, RV infectious yield was also
reduced from RV (SAllcl3-mRuby)-infected MA104-GCaMP-P2Y 1ko cells compared to
parental MA104-GCaMP cells by ~95% (Fig. 6B). Thus, blocking ADP signaling and the
P2Y1 receptor decreased RV replication.

Extracellular ATP is also known to have pro-inflammatory functions and activate
components of the innate immune system such as macrophages (45, 46). RV increases
expression and release of the inflammatory cytokine interleukin-1a (IL-1ca), which is highly
expressed in epithelial cells (47, 48). Furthermore, strong cytosolic Ca2* agonists can induce
the secretion of IL-1a independent of inflammasome activation (49). To determine if RV-
induced ICWs increase IL-1a.,, we mock- or RV (Ito)-infected jHIE monolayers and treated
with apyrase or BPTU. RV infection significantly increased /L-Ia expression levels over
mock infection, and treatment with apyrase or BPTU inhibited this increase (Fig. 6C). Thus,
RV-induced ICWs and ADP signaling increased /L-1a expression and mediated the
inflammatory response from HIEs.

Because increased PGE2 and NO have been found during RV infection, we also investigated
if RV-induced ICWs could stimulate their production (17-19). Purinergic signaling
stimulates cyclooxygenase-2 (COX2) expression and PGE2 release from Caco-2 and rat-
derived IEC-6 cell lines and activates inducible nitric oxide synthase (/NVOS) expression and
NO production (50, 51). We mock- or RV (Ito)-infected jHIE monolayers and treated with
apyrase or BPTU. RV significantly increased both COX2and /NOS expression levels over
mock-infection, and treatment with apyrase or BPTU inhibited this increase (Fig. 6D-E).
Both RV-induced ICWs and ADP signaling increased the expression of COX2and /NOS and
thus potentially caused the increased PGE2 and NO observed in RV infections.
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Blocking purinergic signaling reduces serotonin and fluid secretion

RV infection causes a multifactorial secretory diarrhea, and two-thirds of the fluid secretion
are attributed to enteric nervous system (ENS) activation (7). RV infection stimulates the
release of serotonin from enterochromaffin cells to activate the ENS and blocking serotonin
decreases diarrhea, making serotonin release a key mechanism for RV-induced diarrhea (4,
52). To determine if Rv-induced ADP signaling stimulated serotonin secretion, we mock- or
RV (Ito)-infected jHIE monolayers and treated with DMSO vehicle, apyrase, or BPTU.
After 24 hr, we found significantly increased serotonin in the supernatant of RV-infected
JHIE monolayers compared to mock-infection, which was significantly inhibited by
treatment with apyrase or BPTU (Fig. 6F). Furthermore, treatment of RV-infected
monolayers with w-agatoxin, a P-type voltage-gated Ca?* channel blocker, significantly
inhibited the RV-induced secretion of serotonin, supporting that the measured serotonin was
from cellular release rather than RV-induced cell death (Fig. 6F). We found similar results
when infecting jJHIE transwells, a more polarized model of epithelium, with RV. Treatment
with BPTU significantly decreased serotonin measured in both the apical and basolateral
compartments compared with DMSO vehicle (Fig. 6G). Thus, ADP signaling stimulated
serotonin secretion during RV infection.

RV infection also activates secretory pathways in epithelial cells through the stimulation of
chloride secretion which drives paracellular movement of water. We tested whether ADP
signaling was important for RV-induced epithelial fluid secretion using the enteroid swelling
assay, in which an increase in fluid secretion causes an increase in the lumen of three-
dimensional (3D) enteroid cultures (38, 53). We mock- or RV-infected 3D jHIE-GCaMP6s
enteroids, treated with DMSO vehicle or BPTU, and found that BPTU treatment
significantly decreased the percentage of swelling in mock- and RV-infected enteroids (Fig.
6H, Movie S11). Thus, ADP signaling stimulated epithelial fluid secretion in RV infection.

Finally, we determined whether inhibition of the P2Y1 receptor would attenuate RV-induced
diarrhea in a neonatal mouse model. BPTU consistently had the most potent inhibition of
Ca?* spikes and average Ca2* spike magnitude in HIEs (Fig. 3H,1), and binds to an allosteric
pocket on the external surface of the P2Y1 receptor (54). We tested a drug treatment model
in which 6 to 8-day-old C57BI/6J pups were orally gavaged with RRV and then gavaged
with BPTU or vehicle control on days 1-4 post-infection. RRV is more pathogenic than
SA11 in C57BI/6J pups and causes a moderate diarrhea (55, 56). RRV also causes ICWs
similar to SA11 and thus is appropriate for assessing if BPTU treatment can reduce the
diarrhea phenotype in vivo (Fig. S3E). Stools were assessed each day and watery, mucus,
yellow stools were indicators of diarrhea. Peak diarrhea occurred at 2 dpi in both DMSO-
and BPTU-treated pups, but the percentage of pups with diarrhea decreased significantly on
4 dpi (Fig. 61). BPTU-treated pups had significantly less severe diarrhea as measured by
their mean diarrhea score (Fig. 6J). Intestinal cross-sections from the duodenum, jejunum,
and ileum of RV-infected pups treated with DMSO or BPTU were relatively similar with no
histopathological features at 5 dpi (Fig. S6A). We then tested whether treatment with
MRS2500, a water-soluble small molecule P2Y1 receptor blocker with a different
mechanism of inhibition from BPTU, would similarly attenuate RV diarrhea (54). In these
studies, there were similar percentages of pups with diarrhea on dpi 1-5 (Fig. S6B).
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However, pups treated with MRS2500 had significantly less severe diarrhea at the peak of
diarrhea on dpi 3-4 compared to pups treated with control saline (Fig. S6C). Thus, blocking
the P2Y 1 receptor decreased diarrhea severity and caused diarrhea to resolve more quickly
than the DMSO-treated animals.

The current concept of RV pathogenesis proposes that paracrine signaling from RV-infected
cells dysregulates surrounding uninfected cells and contributes to life-threatening diarrhea
and/or vomiting. RV elevates cytosolic CaZ* during infection and increases paracrine
signaling molecules such as eNSP4, PGE2, and NO, but functional signaling from RV-
infected cells to uninfected cells had not yet been determined (9, 18, 19). Thus, the primary
goal of this study was to investigate the role and identify the mechanisms of intercellular
signaling during RV infection. Using long-term live-cell fluorescence imaging to detect
signaling between infected and uninfected cells, our work described the direct observation of
ICWs originating from RV-infected cells and provided experimental proof for the widely-
held paracrine signaling idea as summarized in Figure 6K.

Extracellular purinergic signaling is a well-conserved communication system found in
single-celled bacteria and protozoa as well as plants and higher order eukaryotes (57).
Though this signaling is most commonly ATP, RV activated ADP- and P2Y1 receptor-
mediated ICWSs, and this was the most dominant Ca2* signal observed during RV infection.
Mechanical stress and cell swelling are two major triggers of ATP secretion from intact,
non-neuronal cells (33). Since RV disrupts the actin cytoskeleton and greatly increases
intracellular Ca?* during infection, we speculate that cell shape changes or cellular swelling
may be sufficient to cause mechanical stress and ADP release (58, 59). RV exploited ADP
signaling in host cells to benefit its replication, but also increased hallmarks of RV disease
such as fluid and serotonin secretion. Furthermore, treatment of neonatal mice with two
mechanistically different small molecule P2Y1 receptor inhibitors attenuated RV diarrhea.
Thus, activation of purinergic signaling was biologically relevant to RV disease. While
eNSP4 can induce diarrhea in animal models, here eNSP4 was not involved in ICWs or
purinergic signaling and may induce fluid secretion through an alternative pathway (9, 20).
Blocking ADP signaling and the P2Y1 receptor reduced the RV-induced expression of
COX2and iINOS that drive production of PGE2 and NO, respectively. This suggested that
ICWs and ADP signaling induced production of these additional paracrine signaling
molecules. RV-induced /L-Ia expression was decreased upon blocking ADP signaling; thus,
ADP signaling may also be upstream of other inflammatory responses such as interferon
pathways increased in RV infection (47, 60). Activating ICWs and ADP signaling may be a
common strategy for enteric viruses to amplify dysregulation of host cells. Thus, targeting
the P2Y 1 receptor may be an effective host-directed approach to treating viral diarrhea and
other inflammatory pathways.

ICWs and extracellular ADP signaling may be a broadly important form of communication
in the gastrointestinal epithelium. Basal ICWs in jHIEs were reduced when treated with
apyrase and P2Y1 blockers, and P2Y1 receptor knockout enteroids had significantly reduced
Ca?* signaling. Since ATP-mediated ICWs are activated in wound healing responses (61,
62), tonic purinergic signaling may also be important for maintaining epithelial barrier
integrity and epithelialto-epithelial cell communication of damage, stretch, and compression
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forces. Purinergic signaling regulates responses to injury and restitution by mediating the
innate immune system (46). Basal, ADP-based ICWs may also have a role in the balance of
pro- and anti-inflammatory signaling from the epithelium. Furthermore, extracellular ATP
signaling in the gastrointestinal tract stimulates epithelial ion transport (63), suggesting basal
ICWs could stimulate fluid secretion and hydrate the mucus layer. Finally, ADP-driven
ICWSs may mediate communication from the epithelium to the enteric nervous system
directly or signal to the lamina propria and endothelium as part of tissue-level homeostasis.
ICWs in intestinal epithelium and HIE models have not been widely studied, and the
possible physiological roles of their ICWs remain to be characterized. Because the
epithelium is the primary interface between the environment and the host, understanding
how it coordinates and communicates is critical for developing therapeutics when it becomes
dysregulated in disease states.

Together, these studies identify ADP as the sighaling compound that elicited a paracrine
signal involved in RV diarrhea and vomiting responses. Reduction of ADP signaling and
ICWs decreased many known aspects of RV disease including serotonin release, epithelial
fluid secretion, and diarrhea in a neonatal mouse model. Paracrine purinergic signaling and
ICWs may be a common strategy among enteric viruses to amplify their dysregulation of
host systems. Thus, targeting the P2Y 1 receptor may be an effective approach to treating
viral diarrhea.

Materials and Methods

Cells and rotaviruses

MAZ104 cells (African green monkey kidney cells) (ATCC CRL-2378.1) and HEK293T cells
(ATCC CRL-3216) were cultured in high glucose DMEM supplemented with 10% fetal
bovine serum (FBS) and Antibiotic/Antimycotic (Invitrogen) at 37°C in 5% CO5. The
rotavirus human strain Ito, used for all human intestinal enteroid infections, was prepared as
previously described (38). Rotavirus strains SA114F and Rhesus RV (RRV) were produced
from in-house stocks. Recombinant and SA11 clone 3-mRuby3 was produced previously
(28). All viruses were propagated in MA104 cells in serum-free DMEM supplemented with
1 ug/mL Worthington’s Trypsin, and after harvest stocks were subjected to three freeze/thaw
cycles and activated with 10 pg/mL Worthington’s Trypsin for 30 min at 37 °C prior to use.

Rotavirus diarrhea mouse model

C57BI/6J dams with natural litters (purchased from Center for Comparative Medicine,
Baylor College of Medicine) were used and housed in standard cages with food and water
provided ad libitum. Mouse pups, both male and female at natural ratios, were housed with
their dam throughout the experiment. Animal experiments were approved by the Baylor
College of Medicine Institutional Animal Care and Use Committee (IACUC), approved
protocol AN-6903. All experiments were performed in accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health.
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Six- or seven-day-old mouse pups were orally gavaged with 1.5 x 107 PFU/mL of Rhesus
rotavirus (RRV), a dosage sufficient to cause diarrhea in 100% of pups. The inoculum was
mixed with sterile-filtered green food dye (3% by volume) for visualization of the gavage.
For BPTU experiments, pups were orally gavaged with BPTU (4 mg/kg) (4 cages, n = 30
pups) or an equivalent volume of DMSO vehicle control (4 cages, n = 26 pups) suspended in
pharmaceutical grade corn oil on days 1-4 post-infection. For MRS2500 experiments, pups
were orally gavaged with MRS2500 (4 mg/kg) (9 cages, n = 60 pups) suspended in
pharmaceutical grade normal saline or an equivalent volume of saline control (8 cages, n =
46 pups) on days 1-4 post-infection. Cages receiving control or drug treatment were
assigned at random.

Each day, mouse pups were gently palpated on the abdomen to express and visualize feces.
Stools were assessed on a scale between 1-4 for volume, color, and consistency as described
previously (9), an average score of >2 was considered diarrhea. For scoring consistency,
select experiments were scored by an observer blinded to experimental condition.
Percentage of pups with diarrhea was calculated as the number of stools with a diarrhea
score > 2 divided by the number of stools collected per cage per day. Pups from which a
stool sample could not be collected on that day were not counted for percent diarrhea or
mean diarrhea severity calculations.

BPTU, AR-C 118925XX, Bx430, 5-BDBD, MRS2179, MRS2279, MRS2500, 10-Panx,
suramin, TAT-Gap19, PPADS (Pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid),
NOC-7, prostaglandin E2, ARL 67156, and w-agatoxin were purchased from Tocris
Bioscience. Apyrase grade VI (catalog no. A6410) and apyrase grade VII (catalog no.
A6535) were purchased from Sigma-Aldrich. 18B-glycyrrhetinic acid and carbenoxolone
were purchased from Santa Cruz Biotechnology.

To detect RV by IF, we used rabbit anti-RV strain Alabama (12) (1:80,000) and the
secondary antibody donkey anti-rabbit 1gG H&L AlexaFluor 568 (Invitrogen, A10042)
(1:2000). For western blots, we used rabbit anti-NSP4 aal120-147 (64) (1:3000) to detect RV
NSP4, mouse anti-GAPDH monoclonal antibody (Novusbio, NB600-502) (1:5000) to
detect GAPDH, and secondary antibodies alkaline phosphatase-conjugated goat anti-rabbit
IgG or goat anti-mouse IgG (Southern Biotech, 4030-04, 1036-04) (1:2000). For eNSP4-
blocking assays, we used purified anti-NSP4 rabbit antisera (120-147) (22), purified anti-
NSP4 monoclonal antibody 622 generated against bacterially expressed SA11 NSP4 coiled-
coil domain (amino acids 95-146) (65), and purified M60, a non-neutralizing anti-VP7
monoclonal antibody, was used as a control (36). Equal concentrations of antibody,
estimated using protein OD5gg, were added to RV-infected wells after inoculation.

Calcium indicator lentiviruses, cell lines, and enteroids

GCaMP5G (Addgene plasmid #31788), GCaMP6s (Addgene plasmid #40753), and
GCEPIAler (Addgene plasmid #105012) were cloned into pLVX-Puro. RGECO1.2
(Addgene plasmid #45494), R-CEPIAler (Addgene plasmid #58216), and GCaMP6s were
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cloned into pLVX-IRES-Hygro. Lentivirus vectors for the GECI constructs were packaged
in HEK293T cells as previously described(66) or produced commercially (Cyagen
Biosciences, Inc.). MA104-GCaMP5G, MA104-GCaMP5G/RCEPIAer, MA104-RGECO1/
GCEPIAer, and MA104-GCaMP6s-shRNA cell lines and the jHIE-GCaMP6s enteroids
(enteroid line J3) were generated as previously described (28, 66). Both MA104-GCaMP5G
and MA104-GCaMP6s cells were used in these studies; we observed no difference in
calcium responses with these two indicators and thus refer to both as MA104-GCaMP.
Jejunum (J2) human intestinal enteroid cultures expressing GCaMP6s (in pLVX-IRES-
Hygro) were created using lentivirus transduction as described previously and grown in high
Whnt3a CMGF+ with 50 pg/mL hygromycin B for selection (67).

CRISPR/Cas9 KO cell lines and enteroids

Lentivirus constructs in pLentiCRISPRv2 vectors were purchased from GenScript Biotech
Corp (USA) and were packaged in HEK293T cells as previously described (66). The
CRISPR/Cas9-expression vectors encode a puromycin-resistance gene for drug selection.
The following small guide RNAs were used: P2Y1-sg1 CTACAGCATGTGCACGACCG
and P2Y2-sg1 TTTGTCACCACCAGCGCGCG. MA104-GCaMP6s cells (pLVX-IRES-
Hygro) were transduced with the P2Y1 CRISPR/Cas9-expressing construct and at 72 hrs
post-transduction the cells were passaged in the presence of 50 ug/mL hygromycin B and 10
pg/mL puromycin to select for co-expression of GCaMP6s and CRISPR/Cas9. The J2-
derived jHIE-GCaMP6s(hygro) enteroid cultures described above were transduced with the
CRISPR/Cas9-expressing constructs to make two separate enteroid lines and grown with 50
pg/mL hygromycin B and 1 pg/mL puromycin to select for co-expression of GCaMP6s and
CRISPR/Cas9.

Genotyping was performed on whole genomic DNA prepared using DirectPCR (Viagen)
with Proteinase K (Qiagen) according to manufacturer’s instructions. Genomic DNA was a
template to PCR amplify a region surrounding the P2Y1 or P2Y2 sgRNA-target sites using
primers listed in Table S2. PCR products were cloned into the pMiniT2.0 vector using the
NEB PCR Cloning Kit (New England Biolabs). Five clones for P2Y1ko HIEs and five
clones for P2Y2ko HIEs were picked and sequenced to determine the repertoire of alleles
present in the HIE cultures. Sanger sequencing was performed by GENEWIZ (USA).

Phenotypic knockout was tested through measurement of relative GFP fluorescence increase
after addition of 1 nM ADP for MA104-GCaMP6s-P2Y1ko cells, 10 nM ADP for (J2)HIE-
GCaMP6s-P2Y1ko enteroids and 10 uM ATP-vyS for (J2)HIE-GCaMP6s-P2Y 2ko enteroids
compared to parental (J2)HIE-GCaMP6s-P2Y 2ko enteroids. Experiments were performed at
least 3 times with n = 25 cells per experiment analyzed.

Establishment of HIE cultures

The human intestinal enteroid (HIE) cultures used in this study were generated previously
and deposited into the Texas Medical Center Digestive Diseases Center (TMC-DDC)
Gastrointestinal Experimental Model Systems (GEMS) Core (37, 38). We used jejunal HIEs
cultures J2 and J3, both from adult females, obtained from the GEMS core. Complete media
with and without growth factors (CMGF+ and CMGF-, respectively) (37, 38),
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differentiation media (67), high Wnt3a CMGF+ (hW-CMGF+) (67), and a Fluorobrite-
DMEM based differentiation media (FBDiff) were prepared as previously described (28).
HIEs were grown in phenol red-free, growth factor-reduced Matrigel (Corning). HIE
monolayers were prepared from three-dimensional cultures and seeded into optical-bottom
10-well Cellview chamber slides coated with dilute collagen 1V (Sigma) as described
previously (68, 69). After 24 hr in CMGF+ and 10 pM Y-27632 Rock inhibitor,
differentiation medium was used and changed every day for 4-5 days.

Microscopy and image analysis

For calcium imaging, MA104 cells and HIEs were imaged with a widefield epifluorescence
Nikon TiE inverted microscope using a SPECTRAX LED light source (Lumencor) and
either a 20x Plan Fluor (NA 0.45) phase contrast or a 20X Plan Apo (NA 0.75) differential
interference contrast (DIC) objective. Fluorescence and transmitted light images were
recorded using an ORCA-Flash 4.0 sSCMOS camera (Hamamatsu), and Nikon Elements
Advanced Research v4.5 software was used for multipoint position selection, data
acquisition, and image analysis. Images were read-noise subtracted using an average of 10
no-light acquisitions of the camera. Single cells were selected as Regions of Interest (ROI)
and fluorescence intensity measured for the experiment. The fluorescence intensity of the
whole field-of-view was measured for HIE monolayers. Fluorescence intensity values were
exported to Microsoft Excel and normalized to the baseline fluorescence. The number and
magnitude of Ca2* spikes were calculated as described previously (28). Ca* signals with a
AF magnitude of >5% were counted as Ca?* spikes for MA104-GCaMP cells and J3 HIE-
GCaMP6s monolayers, which is based on our previously established threshold for Ca2*
spikes being >3 standard deviations above the mean AF. For J2 HIE-GCaMP6s monolayers,
the mean Ca2* transient increase per FOV for mock-infected jHIE monolayers was 5.4% (+
1.0% standard deviation), which was greater than that for MA104 cells or J3 HIEs (28).
Thus, using the threshold for Ca2* spikes being >3 standard deviations above the mean, Ca2*
signals with a AF magnitude of >10% were counted as Ca2* spikes for J2 HIE-GCaMP6s
monolayers. Average relative fluorescence increase, or average magnitude of Ca2* spikes,
was calculated as the average percent increase in fluorescence from largest 50 Ca2* spikes
per cell or per field of view.

Long-term calcium imaging

MA104-GECI cells.—Fluorobrite DMEM supplemented with 15mM HEPES, 1X sodium
pyruvate, 1X Glutamax, and 1X non-essential amino acids (Invitrogen) was used for
fluorescence Ca2* imaging (FB-Plus). Confluent monolayers of MA104-GCaMP cells in
gridded 8-well chamber slides (ibidi) were mock- or RV-infected in FBS-free media for 1 hr
at the indicated multiplicity of infection (MOI). The inoculum was removed and replaced
with FB-Plus, and for experiments where noted, with DMSO vehicle or drugs at indicated
concentrations. For experiments with gap junction blockers, either 30 pM 18p-glycyrrhetinic
acid (18p-gly) or 50 uM TAT-Gapl9 (Gapl9) was added. For experiments with apyrase,
either 10 U/mL of apyrase VI, 10 U/mL of apyrase VII, or a mixture of 5 U/mL of apyrase
VI and 5 U/mL of apyrase VII was added. For experiments with purinergic receptor
blockers, 10 uM BPTU, 10 uM AR-C 118925XX, 10 uM Bx430, or 10 uM 5-BDBD was
used or otherwise noted. The slide was mounted into an Okolab microscope stage-top
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incubation chamber equilibrated to 37°C with a humidified 5% CO, atmosphere. In each
experiment, 3-5 positions per well were selected and imaged every 1 minute for ~3-22
hours post infection. Each imaging experiment was performed at least three times
independently, and data shown are representative of 1-3 experiments combined.

GECI HIEs.—For RV infection in monolayers, jHIE-GCaMP6s monolayers were washed
once with CMGF- and treated with an inoculum of 50 pL CMGF- plus 30 uL MA104 cell
lysate or RV (Ito) and incubated at 37°C and 5% CO> for 2 hr. Then inoculum was removed,
and monolayers were washed once with FB-Diff before adding FB-Diff with DMSO or
drugs at indicated concentrations. For experiments with apyrase, a mixture of 50 U/mL of
apyrase VI and 50 U/mL of apyrase VIl was added. For experiments with purinergic
receptor blockers, 10 uM BPTU, 10 uM AR-C 118925XX, 10 uM Bx430, 10 uM 5-BDBD,
10 pM MRS2179, 10 pM MRS2279, or 10 pM MRS2500 was used. Monolayers were
transferred to the stage-top incubator for imaging with 4 fields of view chosen per well and
imaged every minute for ~7-22 hours post-infection. Each imaging experiment was
performed at least three times independently, and data shown are representative of all
replicates combined.

Supernatant transfer assay

Confluent monolayers of parental MA104-GCaMP or MA104-GCaMP-P2Y1ko cells in a
flat-bottom 24-well cell culture plate (Corning) were mock- or RV-infected in FB-Plus for 1
hr at MOI 5. Inoculum was removed and replaced with 300 uL FB-Plus with 20 uM ARL
67156, an ecto-ATPase inhibitor. Reporter cells consisted of confluent monolayers of
parental MA104-GCaMP cells in a flat-bottom 96-well cell culture plate (Greiner Bio One).
Reporter cells were incubated for one hour before imaging with or without 10 uM BPTU in
50 pL FB-Plus.

After the onset of intercellular calcium waves (~5-6 hpi, confirmed by epifluorescence
microscopy), 50 pL of supernatant was collected from mock- or RV-infected wells and
transferred to the reporter cells. Reporter cells were imaged every 2 s for 15-30 s for
baseline and then for 1-2 min after addition. Change in GCaMP fluorescence for the 10-15
most responsive cells per FOV were analyzed. Each imaging run was repeated 3 times per
experimental condition, and the entire experiment performed at least three times
independently. Data shown are representative of 1-3 experiments combined.

Enteroid swelling assay

Jejunum HIEs were split and grown in hW-CMGF+ for 2 days followed by differentiation
medium for 1 day. jHIES were gently washed using ice cold 1XPBS and suspended in
inoculum of 50 pL MAZ104 cell lysate or RV (Ito) diluted with 150 pL CMGF- and incubated
for 1 hr. Then HIEs were washed, resuspended in 25% Matrigel diluted in FB-Diff (with
DMSO vehicle or BPTU) and pipetted onto 8-well chamber slides (Matek) pre-coated with
Matrigel. Imaging positions were chosen so that between 30-50 enteroids were selected per
experimental condition. Enteroids were imaged using the stage-top incubator with
transmitted light and GFP fluorescence every 2-3 minutes for ~18 hrs. Swelling was
determined by measuring the cross-sectional area of the internal lumen at the beginning of
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the run compared to the time point of maximum swelling and calculating the percent
increase. Area measurements were determined using the Nikon Elements AR v4.5 software.
Experiments were performed three times independently, and data shown are representative
of all replicates combined, n = 68 HIEs per condition.

Scrape loading/dye transfer assay

Lucifer Yellow in Hank’s Buffered Salt Solution (HBSS) (1 mg/mL) or Rhodamine 123 in
H,0 (1 mg/mL) was diluted 1:100 in FB-Plus and added to MA104 or jHIE cell
monolayers. Monolayers were scraped with a 26 g needle and incubated for 5 min at room
temperature. Monolayers were then washed 3 times with FB-Plus and imaged. The
mechanical disruption causes cells adjacent to the scrape to take up dye, which then is
permeable to adjacent cells if there are functional gap junction channels. Images are
representative of each experiment performed in triplicate.

Immunofluorescence

MAZ104 cells and HIEs were fixed using the Cytofix/Cytoperm kit (BD Biosciences)
according to manufacturer instructions. Primary antibodies were diluted in 1X Perm/Wash
and incubated with cells overnight at 4°C. The next day, the cells were washed three times
with 1X Perm/Wash solution and then incubated with corresponding secondary antibodies
for 1 hr at room temperature. Nuclei were stained with NucBlue Fixed Cell Stain (Life
Technologies) for 5 min at room temperature and washed with 1X PBS for imaging.
Experiments were performed three times independently.

Fluorescence focus assay

Fluorescence focus assays (FFA) were performed as described previously with the following
modifications (13). After inoculation with RV, MA104 cells were treated with DMSO,
10U/mL apyrase, 10 uM BPTU, 10 pM AR-C 118925XX, 20 uM Bx430, 20 uM 5-BDBD,
300 uM suramin, or 10 uM PPADS. Then, cells and media at 24 hpi were freeze-thawed
three times and activated with 10 pg/mL Worthington’s Trypsin for 30 min at 37 °C prior to
use. Ten-fold dilutions were used to inoculate MA104 monolayers in 96-well plates for 1 hr
and cells were fixed at 20 hpi with ice-cold methanol for ~20 min at 4°C, then washed 3
times with 1X phosphate buffered solution (PBS). Primary rabbit anti-rotavirus antisera (12)
was used at 1:100,000 and incubated overnight at 4°C. Monolayers were washed 3x with
1XPBS and then incubated with secondary antibody donkey anti-rabbit AlexaFluor 488
(1:2000) for 1 hr at 37°C and then washed 3x with 1XPBS prior to imaging. FFA
experiments were performed three times independently.

Plague assay

Plaque assays were performed as described previously with the following modifications
(70). Briefly, MA104 cells were seeded and grown to confluency in 6 well plates. Wells
were infected at 10-fold dilutions in duplicate for 1 hr and media replaced with an overlay of
1.2% Avicel in serum-free DMEM supplemented with DEAE dextran, and 1ug/mL
Worthington’s Trypsin, and, for indicated experiments, DMSO vehicle, apyrase, or
purinergic receptor blocker drugs (71). The cells were incubated at 37°C/5% CO, for 48-72
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hrs before overlay was removed and cells stained with crystal violet to count plaques. Plaque
assays of using MA104-GCaMP and MA104-GCaMPP2Y 1ko cells were performed three
times independently, and data shown are representative of all replicates combined.

RNA extraction, reverse transcription, and quantitative PCR

Total RNA was extracted from HIE 96-well monolayers or MA104 cells grown to
confluency in a 6-well plate using TRIzol reagent (Ambion). In RV-infection experiments,
cells were harvested at 24 hpi. Total RNA was treated with Turbo DNase | (Ambion) and
cDNA was generated from 250 ng RNA using the SensiFAST cDNA synthesis kit (Bioline).
Quantitative PCR was performed using Fast SYBR Green (Life Technologies) with primers
either designed in-house or published previously (72) (Table S3) and using the QuantStudio
real time thermocycler (Applied Biosciences). Target genes were normalized to the
housekeeping gene ribosomal subunit 18s and relative expression was calculated using the
ddCT method. Experiments were performed three times independently, and data shown are
representative of all replicates combined. For /L-1a, COX2, and /INOS experiments, HIE
monolayers were Mock or RV (Ito)-infected and then treated with DMSO, 100U/mL
apyrase, or 10 uM BPTU and normalized to 18s mRNA transcripts and relative to the Mock-
DMSO condition.

Immunoblot analysis

RV NSP4 protein were detected by immunoblot analysis as previously described, with minor
changes as follows (64). Confluent MA104 cell monolayers in 6-well tissue culture plates
were mock- or RV (SAL114F)-infected at MOI 0.01 and then harvested at 18 hpi. Cells were
lysed using a 1X RIPA buffer solution [10 mM Tris-HCL pH 8.0, 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NacCl, and 1 tablet complete mini
protease inhibitor (Roche)] and passed through a Qiashredder (Qiagen). Lysed cells were
boiled for 10 min at 100°C in SDS-PAGE sample buffer and separated on Tris-glycine 4—
20% SDS-PAGE gels (BioRad). The detected NSP4 protein band was quantified for gel
densitometry measurements using ImageJ software.

Measurement of serotonin release

Serotonin secretion by HIEs following stimulation with RV infection and treatment with
DMSO, 100U/mL apyrase, 10 uM BPTU, or 300 nM w-agatoxin was quantified by ELISA
(Eagle Biosciences) according to the manufacturer’s instructions. A standard curve of
known serotonin concentrations was plotted against optical density at 450 nm with a limit of
detection of 2.6 ng/mL (Infinite F200Pro, Tecan). Experiments in flat monolayers were
performed three times independently and experiments in transwells were performed three
times independently. Data shown are representative of all replicates combined.

Statistical analysis

Biostatistical analyses were performed using GraphPad Prism (version 8.1) software
(GraphPad Inc., La Jolla, CA). Outlier data points were removed using the ROUT method
(Q = 1%). Statistical comparisons were made using the Mann-Whitney test, the one-way
Analysis of Variance (ANOVA) with Tukey or Bonferroni multiple comparison’s test, or the

Science. Author manuscript; available in PMC 2021 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chang-Graham et al. Page 18

Kruskal-Wallis test with Dunn’s multiple comparisons test. Parametric or non-parametric
tests were used depending on Normality testing of the data sets. Differences between the
groups were considered significant at p < 0.05 (*), and the data are presented as mean +
standard deviation unless otherwise noted. All authors had access to the study data,
reviewed, and approved the final manuscript.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rotavirus-infected cellstrigger calcium signaling in neighboring uninfected cells.
(A) MA104-GCaMP cells infected with rotavirus (RV SA114F) at MOI 0.01 and imaged at

~12 hpi. Cells fixed and immunostained at 24 hpi for RV (pink), images superimposed.
Scale bar = 100 um. (B) Cell monolayer schematic: RVv-infected cell (red) and neighboring
(NB) cells 5 (blue) and 10 (purple) cells away. Representative single-cell CaZ* traces with
normalized GCamP fluorescence (F/Fq). (C) Ca2* spikes/cell in RV-infected and NB cells,
(n=30 cells) and (D) average magnitude of Ca%* spikes/cell in RV-infected and NB cells (n=
28 cells, data representative of A=3 independent experiments). (E) Representative Ca?*
traces from MA104-GCaMP cells mock- or RV (SA11cl3-mRuby3)-infected and the NB+3
cell imaged 3-21 hpi. Left axis: GCaMP normalized fluorescence (green), Right axis:
mRuby3 normalized fluorescence (pink) (F) Ca2* spikes and (G) average magnitude of Ca2*
spikes/cell in Rv-infected, NB +3, and +5 cells (data combined from A=3 independent
experiments) (H) Representative Ca?* traces from MA104-GCaMP-shRNA scrambled or
NSP4 cells infected with RV (SA11cl3-mRuby3) and NB+3 and NB+5 cells imaged from
~4-20 hpi. (1) Ca2* spikes in RV-infected and neighboring (NB) +3 and +5 uninfected cells
in scrambled or NSP4 shRNA cells and (K) average magnitude of Ca2* spikes/cell in RV-
infected and NB cells (data combined from A=3 independent experiments). (C-D, F-G, 1-K)
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Kruskal-Wallis with Dunn’s multiple comparisons test used. Data represented as mean +
SD, (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001)
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Figure 2. Rotavirusinducesintercellular calcium waves by activating purinergic signaling.
(A-B) Number of Ca2* spikes in MA104-GCaMP cells in RV-infected (SA11cl3-mRuby3)

at MOI 0.01 and neighboring (NB)+3 cell, treated with: (A) DMSO, 30uM 18p-
glycyrrhetinic acid (18p-gly), or 50uM TAT-Gap19 (Gap19) and imaged ~8—24 hpi or (B)
anti-VP7 M60 MADb, anti-NSP4 MAb 622, or rabbit anti-NSP4 antisera 120-147 (Rb Ab)
and imaged ~8-24 hpi. (data combined from A&=3 independent experiments) (C)
Representative images of intercellular calcium waves in MA104-GCaMP cells infected with
RV (SA1lcl3-mRuby3) at MOI 0.1 and mock- or 10U/mL apyrase-treated (5 U/mL apyrase
VI and 5U/mL apyrase VII1) and imaged ~10 hpi with (D) representative Ca?* traces from
~8-25 hpi. (E) Ca?* spikes in RV-infected and NB cells. (F) Average magnitude of Ca*
spikes/cell in RVv-infected and NB cells, (data combined from A=3 independent
experiments). (G) gPCR of purinergic receptor mMRNA normalized to 185 mRNA and fold
change relative to P2X3 mRNA transcript levels in MA104 cells, (data combined from A=3
independent experiments) (H-1) Ca2* spikes in MA104-GCaMP cells RV (SA114F)-infected
(H) or neighboring (NB) cells (1) and treated with DMSO, 10uM BPTU, 10uM AR-C
118925XX (ARC), 10uM Bx430, or 10pM 5-BDBD (data combined from A/=3 independent
experiments). (A-B, E-F, H-1) Kruskal-Wallis with Dunn’s multiple comparisons test used.
Scale bar = 100 um. Data represented as mean + SD, (*p<0.05, ****p<0.0001).
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Figure 3. Rotavirusinfection inducesintercellular calcium wavesin human intestinal enteroids.
(A) J3 jHIE-GCaMP6s monolayers mock- or RV (lto)-infected produce intercellular calcium

waves originating at a cell (arrowheads), imaged at ~4 hpi. (B) IF images of (J3)HIE-
GCaMP6s monolayers mock- or RV-infected, fixed at 24 hpi, and immunostained for RV
antigen (pink) and counterstained with DAPI (gray). (C) Ca2* spikes per field-of-view
(FOV), in (J3)HIEs mock- or RV-infected and treated with vehicle, 100 pM carbenoxolone
(CBX), or 10 pM 10Panx at 8-22 hpi (data combined from A=3 independent experiments).
(D) gPCR of purinergic receptor mRNA normalized to 18S mRNA and fold change relative
to P2X3 mRNA transcript levels in (J3)HIE monolayers (data combined from A=3
independent experiments). (E) Representative Ca%* traces/FOV of (J3)HIE-GCaMP6s
monolayers either mock- or RV-infected and treated with DMSO, 100 U/mL apyrase, or 10
UM BPTU between 8.5-22 hpi. Mock- or RV-infected (J3)HIEs, treated with DMSO,
apyrase, or purinergic receptor blockers. (F) Ca2* spikes/FOV in (J3)HIE-GCaMP6s
monolayers treated with DMSO, 100U/mL apyrase (50 U/mL apyrase VI and 50U/mL
apyrase VII), 10 uM BPTU, 10 uM AR-C 118925XX, 10 uM Bx430, or 10 uM 5-BDBD
and (G) average magnitude of Ca2* spikes/FOV for 8.5-22 hpi, (data combined from A=3
independent experiments) (H) Ca2* spikes/FOV of patient J2 jHIE-GCaMP6s monolayers
mock- or RV-infected and treated with DMSO, 10 uM BPTU, 10 pM MRS2179, 10 uM
MRS2279, or 10 pM MRS2500 and (1) average magnitude of Ca2* spikes/FOV for 8-22 hpi,
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(data combined from A=3 independent experiments). (C,H,I) One-way ANOVA with
Bonferroni’s and (F,G) Kruskal-Wallis with Dunn’s multiple corrections test used. Scale bar
=50 um. Data represented as mean + SD, (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001)
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Figure 4. CRISPR/Cas9 knockout of P2Y 1 receptor reducesintercellular calcium waves.
(A-B) MA104-GCaMP cells infected with rotavirus (RV SA114F) at MOI 0.01 and mock-

or treated with apyrase grade VI or grade V11, imaged ~3-25 hpi. (A) Ca2* spikes per RV-
infected cell and neighboring (NB) +3 and +5 cells and (B) the average magnitude of Ca2*
spikes/cell in RV-infected and NB cells (data combined from A=3 independent experiments).
(C) Normalized GCaMP fluorescence increase in parental or P2Y1 knockout (KO) MA104-
GCaMP cells treated with 1 nM ADP (n=27 cells, data combined from A=3 independent
experiments, Mann-Whitney statistical test). (D) Parental or P2Y1 knockout MA104-
GCaMP monolayers mock- or RV-infected, fixed at 24 hpi, and immunostained for RV
antigen (pink). Scale bar = 100 um. (E) Maximum % increase in GCaMP fluorescence of
MA104-GCaMP cells (+/- 10 pM BPTU) after addition of supernatant from mock- or RV
(SA114F)-infected parental (Par) or P2Y1 KO MA104-GCaMP cells (MOI 5, harvested ~5—
6 hpi). (n=210 cells per condition, data combined from A=3 independent experiments). (F)
Representative Ca2* traces of parental or P2Y1 knockout cells infected with RV (SA11cl3-
mRuby3). (G) Ca?* spikes/cell in RV-infected or NB+3 or NB+5 cell and (H) average
magnitude of Ca2* spikes/cell (data combined from A=3 independent experiments). (A-B,
E, G-H) Kruskal-Wallis with Dunn’s multiple comparisons test used. Data represented as
mean + SD, (*p< 0.05, **p<0.01, ****p<0.0001).

Science. Author manuscript; available in PMC 2021 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chang-Graham et al. Page 29

Aa5 Jekdek BS 5, REE C Parental P2Y1 KO D _Parental P2vY2KO
2 2 E E
= =
=3 33 = =
1) o #
B2 B2
> 2
20 20
?a‘e‘\\@?’ﬁ\.‘(\o Q%‘e«@ ?frn_.‘(\o ¥ P
E DAPI a-RV F DAPI «-RV
150, — %%
Mock RV 8 ***rls ***28
L100{ | .
Parental g | . 3 §
‘o 3
M rarents Ak :
S 8 * .
o s §
W@M il ParergezllYfP}Z({)Z-KO Par;gtYa1l IféYZ-KO
P2Y1 KO P2Y1 KO - y
[SRPSTERN e o bt il ca bl MO*(il: o
SO Y O soerbotreaborcea L Loth et ALt b4 MLt >50 ***ILS ***25

Pmlmmuwm P2Y2 KOLXJ}J‘JM ;%E § | %‘g

E E
2 Mlowum M Parental P2Y2-KO Parental P2Y2-KO
\_muw dhult “L‘ P2Y1-KO P2Y1-KO

0
2 hr 2 hr Mock RV

(=]
%

Avg Ca? spike %

Figure 5. CRISPR/Cas9 knockout of P2Y 1 receptor in jHIEsreducesintercellular calcium
waves.

(A-B) Normalized GCaMP fluorescence increase in (A) parental or P2Y 1 knockout (KO)
(J2)HIE-GCaMP6s monolayers treated with 10 nM ADP (n=75 cells, data combined from
N=3 independent experiments) and (B) parental or P2Y2 KO (J2)HIE-GCaMP6s
monolayers treated with 10 UM ATP-yS (n=30 cells, data representative of A=3 independent
experiments). (C-D) Parental or P2Y1 KO jHIE-GCaMP6s or parental or P2Y2 KO jHIE-
GCaMP6s monolayers mock- or RV-infected, fixed at 24 hpi, and immunostained for RV
antigen (pink) and counterstained with DAPI (gray). (E) Representative CaZ* traces per
field-of-view (FOV) of mock- or RV-infected parental, P2Y1 KO jHIE-GCaMP6s, or P2Y?2
KO jHIE-GCaMP6s monolayers. (F) Ca2* spikes/FOV and (G) average magnitude of Ca2*
spikes/FOV. (A-B) Mann-Whitney test or (F-G) Kruskal-Wallis with Dunn’s multiple
corrections test used. Scale bar = 50 um. Data represented as mean + SD, (***p<0.001,
**%%p<0.0001).
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Figure 6. Purinergic signaling contributes to rotavir us disease processes.
(A) Rotavirus yield from SA114F-infected MA104 cells treated with DMSO vehicle,

10U/mL apyrase, 10uM BPTU, 10uM AR-C 118925XX, 20pM Bx430, 20uM 5-BDBD,
300uM suramin, or 10uM PPADS by fluorescent focus assay (data combined from A=3
independent experiments). (B) Plaque assay yield of RV (SA114F)-infected MA104-
GCaMP (Par) or MA104-GCaMP P2Y1 knockout (KO) cells (data combined from A=3
independent experiments). (C-E) gPCR of mRNA transcripts normalized to 185 mRNA
transcripts and fold change relative to the Mock-DMSO transcript levels in (J3)HIE
monolayers mock- or RV (Ito)-infected and treated with DMSO vehicle, 100U/mL apyrase,
or 10 uM BPTU (data combined from A=3 independent experiments). (F-G) Serotonin
secretion from RV (Ito)-infected jHIE (F) monolayers and (G) transwells treated with
DMSO, 100U/mL apyrase, 10uM BPTU, or 300nM w-agatoxin (data combined from A=3
independent experiments). (H) Enteroid swelling assay: 3D jHIE-GCaMP6s enteroids
mock- or RV (Ito)-infected and treated with DMSO or 10uM BPTU. Cross-sectional area of
the internal lumen (pink outline) used for percent increase between basal and max swelling
(left panels). Scale bar = 100um. (n = 68 HIEs per condition, data combined from A=3
independent experiments) (1-K) C57BI/6J mouse pups with diarrhea infected with Rhesus
RV and vehicle- or BPTU-treated and the (J) mean diarrhea score. (data combined from 4
cages of each condition, 26-30 pups total per condition, mean £ SEM) (K) Summary model
of RV-induced ICWs mediated by extracellular ADP. (A-B, F-G) One-way ANOVA with
Bonferroni multiple comparisons test, (C-J) Kruskal-Wallis with Dunn’s multiple
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comparisons, or (I-J) Mann-Whitney tests used. (A-H) Data represented as mean + SD,
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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