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ABSTRACT Several viruses induce intestinal epithelial cell death during enteric in-
fection. However, it is unclear whether proapoptotic capacity promotes or inhibits
replication in this tissue. We infected mice with two reovirus strains that infect the
intestine but differ in the capacity to alter immunological tolerance to new food an-
tigen. Infection with reovirus strain T1L, which induces an inflammatory immune re-
sponse to fed antigen, is prolonged in the intestine, whereas T3D-RV, which does
not induce this response, is rapidly cleared from the intestine. Compared with T1L,
T3D-RV infection triggered apoptosis of intestinal epithelial cells and subsequent
sloughing of dead cells into the intestinal lumen. We conclude that the infection ad-
vantage of T1L derives from its capacity to subvert host restriction by epithelial cell
apoptosis, providing a possible mechanism by which T1L enhances inflammatory
signals during antigen feeding. Using a panel of T1L � T3D-RV reassortant viruses,
we identified the viral M1 and M2 gene segments as determinants of reovirus-
induced apoptosis in the intestine. Expression of the T1L M1 and M2 genes in a
T3D-RV background was sufficient to limit epithelial cell apoptosis and enhance viral
infection to levels displayed by T1L. These findings define additional reovirus gene
segments required for enteric infection of mice and illuminate the antiviral effect of
intestinal epithelial cell apoptosis in limiting enteric viral infection. Viral strain-
specific differences in the capacity to infect the intestine may be useful in identi-
fying viruses capable of ameliorating tolerance to fed antigen in autoimmune
conditions like celiac disease.

IMPORTANCE Acute viral infections are thought to be cleared by the host with few
lasting consequences. However, there may be much broader and long-lasting effects
of viruses on immune homeostasis. Infection with reovirus, a common, nonpatho-
genic virus, triggers inflammation against innocuous food antigens, implicating this
virus in the development of celiac disease, an autoimmune intestinal disorder trig-
gered by exposure to dietary gluten. Using two reovirus strains that differ in the ca-
pacity to abrogate oral tolerance, we found that strain-specific differences in the ca-
pacity to replicate in the intestine inversely correlate with the capacity to induce
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apoptotic death of intestinal epithelial cells, providing a host-mediated process to
restrict intestinal infection. This work contributes new knowledge about virus-host
interactions in the intestine and establishes a foundation for future studies to define
mechanisms by which viruses break oral tolerance in celiac disease.

KEYWORDS apoptosis, cell death, enteroid, gastrointestinal infection, mucosal
immunity, reovirus

It is thought that following viral infection, cells undergo apoptosis to restrict viral
dissemination and protect adjacent cells. However, some viruses have established

mechanisms to inhibit cell death mediators to promote replication (1, 2). The factors
that control such outcomes are not well understood but likely to be tissue and
pathogen specific. Some enteric viruses can disrupt host immune responses against
newly introduced dietary antigens (3), but the virus-host interplay that dictates this
outcome is not clear.

Apoptosis, or programmed cell death, is characterized by distinct morphological
changes that result from a tightly regulated proteolytic pathway. Prior to apoptosis,
cysteine-aspartyl proteases, or caspases, are sequestered in the cell as proenzymes.
There are two distinct apoptotic pathways that initiate the caspase cascade: the
extrinsic or death receptor pathway and the intrinsic or mitochondrial pathway. The
extrinsic and intrinsic pathways converge at the execution phase with activation of
caspase-3 to mediate the biochemical changes characteristic of apoptosis. These
include cytoskeletal and nuclear protein cleavage, protein cross-linking, DNA fragmen-
tation, formation of apoptotic bodies, and expression of ligands for recognition by
phagocytic cells (4, 5).

The intestinal epithelium uniquely functions to passively transport nutrients and
water while remaining impermeable to the external environment. Any insult, whether
microbial, toxic, or traumatic, can lead to cell death, loss of epithelial contiguity, and
breakdown in gut barrier function. The intestinal epithelium of most mammals is
capable of regenerating to alleviate disruptions in barrier function and maintain
homeostasis. Newly generated intestinal epithelial cells (IECs), or enterocytes, migrate
from the proliferation zone at the crypt base toward the villus tip, where they are
extruded or sloughed into the gut lumen. The rapid renewal of the villus epithelium by
stem cells occurs every 2 to 6 days in healthy adult mammals (6).

Spontaneous apoptosis rarely occurs in healthy intestinal tissue, with only 0.4% of
villus cells expressing activated caspase-3 in mice (7). However, pathogenic insults can
cause premature apoptosis of enterocytes. For example, intraperitoneal injections of
mice with poly(I·C), a double-stranded RNA (dsRNA) analog, or rotavirus genomic
dsRNA are sufficient to stimulate enterocyte death in mice as observed by activated
caspase-3 immunostaining, villus shortening, and diarrhea (8, 9). Several viruses, in-
cluding human norovirus (10), rotavirus (11), and simian immunodeficiency virus (12),
cause enterocyte death in animals, but little is known about virus-induced cell death in
the intestine in the absence of pathology.

Mammalian reoviruses are nonenveloped viruses with a genome consisting of 10
dsRNA segments. Reovirus infects the intestine following oral inoculation. In humans,
infections are common during early childhood (13), and seroprevalence remains intact
throughout life (14). Reovirus infections of the intestine are commonly nonpathogenic
in humans and adult mice (3, 15). However, reovirus infection can disrupt the host
immune response to food antigen during the development of celiac disease (3).
Furthermore, the abrogation of oral tolerance during reovirus infection is strain specific,
indicating that reovirus strains differ during intestinal infection to promote loss of oral
tolerance.

Two human reovirus isolates, type 1 Lang (T1L) and type 3 Dearing (T3D), were
isolated from children (16–18) and are studied to understand mechanisms of reovirus-
host interactions. Following peroral (p.o.) inoculation, reovirus T1L transcytoses across
M cells in the ileum and disseminates to the underlying intestinal tissue (19, 20). The
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virus is then detected in Peyer’s patches (PPs), mesenteric lymph nodes (MLNs), and
spleen, indicative of hematogenous dissemination (21). Reovirus also can be detected
in the duodenum, jejunum, ileum, and colon. Reovirus strain T3D, however, does not
infect the intestine due to polymorphisms in the S1 and L2 gene segments (22). Thus,
T3D-RV, a reassortant virus containing the S1 and L2 gene segments of T1L in a T3D
genetic background, was engineered for studies of intestinal infection by an additional
reovirus strain. T1L intestinal infection promotes inflammatory responses to dietary
antigen, while T3D-RV does not (3). The goal of this study was to define pathobiological
properties that differ between these two strains during intestinal infection.

Reovirus infection causes cell death in many types of cell lines and primary cell
cultures through activation of both extrinsic and intrinsic pathways of apoptosis (23,
24). Reovirus-induced apoptosis is triggered during recognition of the virus upon entry
by cellular pattern recognition receptors (25). Strain-specific differences in reovirus-
induced cell death suggest the existence of viral determinants of apoptosis. T3D
induces apoptosis more efficiently than T1L, a property that segregates with the S1 and
M2 gene segments (26–28). However, little is known about the viral determinants of
apoptosis in the intestine and the effects of apoptosis on viral replication in this tissue.

Following p.o. inoculation with T1L, apoptotic cellular debris from infected entero-
cytes is observed in phagocytic vesicles of dendritic cells found in PPs (29). Newborn
mice inoculated perorally with an apoptosis-deficient strain of reovirus develop high
viral titers in the intestine compared with those produced by an apoptosis-proficient
strain (30). Therefore, we hypothesized that infected enterocytes activate apoptosis and
sloughing to restrict reovirus replication in the intestine.

To test this hypothesis, we quantified levels of apoptosis induced by T1L and T3D-RV
during infection of cultured cells, intestinal organoids, and mice. We found that T3D-RV
induces higher levels of apoptosis than T1L in all three assay systems. Additionally,
T3D-RV intestinal infection was cleared more rapidly than infection by T1L. To examine
the relationship between apoptosis and infection in the intestine, a panel of T1L �

T3D-RV reassortant viruses was recovered using plasmid-based rescue. The reassortant
viruses capable of suppressing apoptosis in the intestine also displayed enhanced
infection capacity, similar to T1L. These results define apoptosis as a cellular process
that restricts enteric viral infection and highlights strain-specific determinants that may
be required for reovirus-induced oral tolerance blockade.

RESULTS
T1L-infected mice maintain higher titers in the intestine during acute infection.

Inoculation of mice p.o. with T1L abrogates immunological tolerance to food antigen,
whereas inoculation with strain T3D-RV does not (3). Although reovirus T1L intestinal
infection is well characterized, little is known about T3D-RV in the intestine or how
these viruses differ in interactions with intestinal tissue to induce tolerance blockade.
To determine whether T1L and T3D-RV produce comparable viral loads in intestinal
tissue, mice were infected perorally with each strain, and viral titers were determined
at 24, 48, and 72 h postinoculation (hpi). T1L produced higher titers in mice than did
T3D-RV at 48 and 72 hpi (Fig. 1A). Therefore, although the two virus strains produced
comparable titers in the intestine, PPs, MLNs, and spleen 24 h after p.o. inoculation, T1L
titers remain elevated throughout infection relative to titers of T3D-RV.

To determine cell types in the intestine targeted by T1L and T3D-RV, mice were
inoculated perorally and euthanized at 1 day postinoculation (dpi). Intestines were
dissected, Swiss rolled, and processed for immunohistochemistry. In intestines from
both T1L- and T3D-RV-infected mice, cells displaying morphological characteristics of
mature IECs stained positive for reovirus antigen (Fig. 1B). Consistent with previous
observations (19), the incidence of reovirus-positive cells was low. Thus, both T1L and
T3D-RV infect mature enterocytes in intestines of adult mice.

T3D-RV infection induces caspase-3 activation and villus shedding in the gut.
To determine whether T1L and T3D-RV induce cell death and cause tissue damage in
vivo, mice were inoculated perorally and euthanized 1 and 8 dpi. Sections of intestinal
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tissue were stained for activated caspase-3 to identify cells undergoing apoptosis.
Overall, viral infection led to an increase in caspase-3 activation relative to phosphate-
buffered saline (PBS)-inoculated controls (Fig. 2A). Although activated caspase-3 levels
increased during viral infection, no tissue injury was observed following hematoxylin
and eosin (H&E) staining (Fig. 2A), and both strains were cleared by 8 dpi (data not
shown).

Since T1L and T3D differ in the capacity to induce apoptosis, we hypothesized that
T3D-RV induces more apoptosis in the gut, which could stimulate sloughing of infected
enterocytes to mediate the rapid viral clearance observed in Fig. 1A. To determine
whether T1L and T3D-RV differ in the capacity to trigger apoptosis, epithelial cells
positive for cleaved caspase-3 were enumerated and normalized to the total number of
villi examined. T3D-RV-infected mice had significantly more epithelial cells positive for
cleaved caspase-3 per villus than did those infected with T1L (Fig. 2B). To test whether
T1L and T3D-RV differ in the shedding of apoptotic enterocytes into the intestinal
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FIG 1 Viral infection in murine tissues following inoculation with reoviruses T1L and T3D-RV. Mice were
inoculated perorally with 1010 PFU of T1L or T3D-RV (n � 7 to 10 mice per virus strain). (A) Titers of T1L
and T3D-RV in different regions of the intestine and secondary lymphoid organs were determined at the
times shown by plaque assay. The small intestine was sectioned into thirds, approximating the duode-
num, jejunum, and ileum. Viral titers are expressed as PFU per tissue. The 24-hpi titer values were
previously published in reference 3; data are used with permission of the publisher. (B) One day after
inoculation, intestines were resected, and the distal half was flushed, Swiss rolled, and processed for
histology. Sections were stained with a polyclonal antiserum specific for reovirus. Representative sections
of jejunum are shown (scale bar, 100 �m). Error bars indicate SEMs. *, P � 0.05; **, P � 0.01; ****, P �
0.0001; one-way ANOVA and Sidak’s multiple-comparison test.
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lumen, the luminal region was outlined using Ariol Review software, the area positive
for cleaved caspase-3 was demarcated, and the percentage of positive staining in the
lumen was quantified relative to the positive staining in the entire tissue section.
Compared with mice infected with T1L, cleaved-caspase-3 staining was increased in the
lumens of mice infected with T3D-RV (Fig. 2C). The distribution of detectable reovirus
antigen and apoptotic cells did not overlap, suggesting either that reovirus replication
is not required for activation of caspase-3 in IECs (Fig. 2A) or that reovirus replication
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FIG 2 Cleaved caspase-3 in the intestines of mice following infection with reovirus T1L or T3D-RV. Mice
were inoculated perorally with 108 PFU of T1L or T3D-RV or PBS (mock). One day after inoculation,
intestines were resected. The distal half was flushed, Swiss rolled, and processed for histology. (A)
Sections were stained with H&E, reovirus polyclonal antiserum, or antibody against cleaved caspase-3.
Representative sections of jejunum are shown (scale bar, 100 �m). (B) Cells positive for cleaved caspase-3
were enumerated manually and normalized per villus. Each symbol represents an individual mouse (n �
5 to 18 mice per group). (C) Cleaved-caspase-3 staining in the lumen was quantified by outlining the
luminal region using the Digital Histology Shared Resource tool (n � 3 mice per virus). The percent
luminal staining was determined as follows: (area in the lumen positive for cleaved-caspase-3 staining/
area in the whole tissue positive for cleaved-caspase-3 staining) � 100. (B) Error bars indicate SEMs. (C)
Error bars indicate SDs. *, P � 0.05; ***, P � 0.001. P values were determined by one-way ANOVA and
Tukey’s multiple-comparison test (B) and Mann-Whitney test (C).
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occurs in IECs but reovirus antigen is not detected due to the low sensitivity of the
immunostaining technique. Therefore, T1L and T3D-RV infect the intestine comparably
at 24 hpi, but T3D-RV promotes rapid enterocyte death and sloughing of apoptotic cells
into the intestinal lumen, possibly mediating a strain-specific antiviral response.

T3D-RV provokes apoptosis and cell shedding in infected enteroids. Techniques
to cultivate intestinal organoids or “enteroids” in culture have advanced opportunities
to study virus-host interactions at intestinal sites (31–33). To determine whether
reovirus infects tissue-derived organoids from mice and promotes apoptotic cell death
in these cultures, we dissected intestines from adult mice, isolated intestinal crypts, and
propagated enteroid cultures in three-dimensional (3D) spheroids in Matrigel. These
primary cultures contain crypt- and villus-like structures and all the differentiated cell
types found in the healthy intestine. Following p.o. inoculation, IECs are exposed to
reovirus from the luminal (apical) surface of the epithelium (34, 35). To examine the
susceptibility of murine enterocytes to reovirus infection and subsequent virus-induced
apoptosis, dissociated enteroids were seeded onto Transwell inserts, adsorbed with T1L
or T3D-RV, and scored for reovirus infection and apoptosis. At 24 hpi, infectivities were
comparable between the strains, as visualized by immunofluorescence staining using
reovirus polyclonal antiserum (Fig. 3A and B). Murine enteroids infected with T3D-RV
displayed a greater percentage of apoptotic cells, as determined by staining with an
antibody specific for cleaved caspase-3 (Fig. 3D and E). At 24 hpi, the apical medium
was collected, and cells in the medium were enumerated using an automated cell
counter. T3D-RV-infected enteroids had a significantly larger number of cells in the
apical medium, an indicator of cell sloughing (Fig. 3F). T1L titers in enteroids were
significantly higher than T3D-RV titers (Fig. 3C), which correlates with increased num-
bers of caspase-3-positive cells and a slight decrease in the number of cells in the
T3D-RV-infected cultures (data not shown). Furthermore, infection with T3D-RV signif-
icantly increased levels of cleaved caspase-3 within a given cell, as determined by
costaining with an antibody specific for cleaved caspase-3 and a polyclonal antiserum
specific for reovirus nonstructural protein �NS (Fig. 3G and H). Therefore, T1L and
T3D-RV infect enteroids comparably but differ in the capacity to promote apoptosis and
cell sloughing, suggesting that enteroids, like the intestine, undergo apoptotic cell
death to inhibit viral replication.

T3D-RV replicates comparably to T1L in cultured cells but stimulates enhanced
levels of apoptosis. Viral reassortants occur naturally and are useful tools for identi-
fying viral genes required for strain-specific polymorphisms. Before testing T1L �

T3D-RV reassortants in mice, we assessed whether differences in apoptosis displayed by
T1L and T3D-RV could be studied using cultured cells. By first testing the reassortants
in cultured cells, we could define a subset of viral genes required for apoptosis and
select viruses that express these genes to test using mice. To define the replication
efficiency of T1L and T3D-RV, L929 (L) cells, a mouse fibroblast cell line highly suscep-
tible to reovirus infection (36), were adsorbed with each virus strain, incubated for 0,
24, or 48 h, and lysed by freeze-thawing. Viral titers in cell lysates were determined
by plaque assay. T1L and T3D-RV replicated comparably in these cells, producing nearly
identical yields at all intervals tested (Fig. 4A). To determine whether T1L and T3D-RV
differ in the capacity to induce apoptosis in cultured cells, L cells were adsorbed with
each strain, and apoptosis was quantified at 38 hpi using an acridine orange (AO)-
ethidium bromide staining assay. T3D-RV infection led to a significantly higher per-
centage of apoptotic cells than did T1L infection (Fig. 4B). To complement the AO
staining assay, L cells were adsorbed with T1L and T3D-RV, and caspase-3/7 activity in
cell lysates was quantified at 24 hpi using a fluorogenic substrate. T3D-RV-infected
samples expressed higher levels of activated caspase-3/7 than did T1L- or mock-
infected cells (Fig. 4C). Thus, T1L and T3D-RV replicate comparably in cultured cells, but
T3D-RV induces the morphological and biochemical hallmarks of apoptosis more
efficiently.

Viral gene segments M1 and M2 dictate reovirus apoptosis induction in cul-
tured cells. To identify viral genes that segregate with differences in apoptosis
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FIG 3 Viral infectivity and apoptosis in murine-derived enteroids following reovirus T1L and T3D-RV infection.
Intestinal crypts were harvested from mice and established as enteroids in Matrigel. The enteroids were dissociated,
seeded onto Transwell plates, and incubated at 37°C for 4 days. Enteroids were adsorbed with T1L or T3D-RV at
an MOI of 100 PFU/cell or with PBS as a mock control. At 24 hpi, cells were fixed and stained with antibodies specific
for �-catenin and reovirus polyclonal antiserum (A and B) or actin and cleaved caspase-3 (D and E). Nuclei were
labeled with ProLong Gold antifade mountant containing DAPI (scale bar, 50 �m). (B) The percentage of infected

(Continued on next page)
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efficiency displayed by T1L and T3D-RV, eight T1L � T3D-RV reovirus reassortants (Fig.
5A) were recovered using reverse genetics (37). All reassortants contain the T1L S1 and
L2 gene segments, which allow these strains to infect the murine intestine (38). To
quantify the viral replication efficiency of the newly engineered reassortants, L cells
were adsorbed with each virus strain and incubated for 24 h, and viral titers in cell
lysates were determined by plaque assay. All reassortant viruses replicated comparably
(Fig. 5B). To identify viral gene segments that segregate with apoptosis, L cells were
adsorbed with T1L, T3D-RV, or one of eight T1L � T3D-RV reassortants and scored for
apoptosis following AO staining. Reassortant viruses containing a T3D M2 gene in-
duced more apoptosis by AO assay than those containing a T1L M2 gene (Fig. 5C and
D). Additionally, the T3D M1 gene appeared to enhance apoptosis efficiency, albeit not
as clearly as the T3D M2 gene (Fig. 5D). Therefore, the T3D M2 gene segment is required
for increased levels of apoptosis in cultured cells, and the M1 gene also may influence
apoptosis efficiency in this context.

Viral gene segments M1 and M2 dictate reovirus-host interactions by altering
apoptosis induction in the gut. To examine the requirement of the M1 and M2 genes
for apoptosis induction in the murine intestine, six T1L � T3D-RV M gene reciprocal
reassortants were recovered. The reciprocal reassortants maintain the parental strain
background but were constructed to exchange the M1 and M2 genes individually or
together (Fig. 6A). To examine the replication capacity and subsequent virus-induced

FIG 3 Legend (Continued)
cells was determined by enumeration of reovirus-positive cells from immunofluorescence images. (C) Viral titers
were determined at the intervals shown by plaque assay and expressed as PFU per milliliter of cell homogenate.
(E) The percentage of apoptotic cells was determined using the Nikon Elements Basic Research analysis software
and represents the number of cleaved caspase-3-positive cells per total number of cells in the selected field. (F) The
number of cells released into the apical medium was quantified using an automated cell counter. (G and H) At 24
hpi, cells were fixed and stained with an antibody specific for cleaved caspase-3 and a polyclonal antiserum specific
for reovirus nonstructural protein �NS. Nuclei were labeled with ProLong Gold antifade mountant containing DAPI
(scale bar, 50 �m). (H) The percentage of infected cells expressing cleaved caspase-3 was determined by dividing
the number of costained reovirus-positive and cleaved-caspase-3-positive cells by the number of reovirus-positive
cells and then multiplying the quotient by 100. Data represent results from two to four independent experiments
performed in triplicate. Error bars indicate SEMs. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. P values
were determined by Mann-Whitney test (C and H) and one-way ANOVA and Tukey’s multiple-comparison test (E
and F).
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apoptosis of these reassortant viruses, L cells were adsorbed with each virus strain,
incubated for various intervals, and scored for reovirus infection and apoptosis. The M
gene reassortant viruses replicated comparably (Fig. 6B). At 38 hpi, the percentage of
apoptotic cells was increased 3-fold following T3D-RV infection compared with the
value obtained with T1L (Fig. 6C). The presence of a T3D M2 gene in a T1L background
was sufficient to alleviate this difference, as the percentage of apoptotic cells was
increased 2- to 3-fold following infection with these reassortant viruses compared to
the value obtained with parental strain T1L (Fig. 6C). Additionally, reciprocal reassortant
viruses containing the T1L M2 gene in a T3D-RV background displayed a significant
reduction in apoptosis efficiency relative to that with parental strain T3D-RV (Fig. 6C).
Surprisingly, the reassortant virus that contains the T3D M1 gene in a T1L background
induced a 2-fold increase in the percentage of apoptotic cells compared with the value
obtained with parental strain T1L (Fig. 6C). However, the reciprocal virus (T1L M1 gene
in a T3D-RV background) produced a high percentage of apoptotic cells, likely due to
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the T3D M2 gene, which appears to override any effects of the T1L M1 gene (Fig. 6C).
Furthermore, the reassortant virus that contains the T3D M1 and M2 genes in the T1L
background slightly enhanced apoptosis levels compared with the levels obtained with
viruses expressing the T3D M1 or M2 gene alone (Fig. 6C). Taken together, the results
show that a T3D M2 gene in a T1L background is necessary and sufficient to stimulate
apoptosis in cultured cells and, in conjunction with the T3D M1 gene, promotes
maximum levels of apoptosis.

Since T3D-RV activates apoptosis and subsequent villous sloughing and is cleared
from the intestine more efficiently than T1L, we hypothesized that genes associated
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with enhanced apoptosis of T3D-RV also are associated with diminished infection
capacity in the gut. To test this hypothesis, mice were inoculated perorally with T1L,
T3D-RV, or each of the six T1L � T3D-RV M gene reassortant viruses and euthanized 24
hpi for histological analysis and 72 hpi for determination of viral titer. Tissue sections
were stained for activated caspase-3 to identify cells undergoing apoptosis within the
intestine. At 72 hpi, viral titers in the intestine of mice infected with T1L were
approximately 30-fold greater than those in animals infected with T3D-RV. Reassortant
viruses that express either or both of the T1L M1 and M2 genes in a T3D-RV background
replicate comparably to T1L, indicating that these genes are sufficient to increase
T3D-RV titers in the intestine (Fig. 6D). Furthermore, reduced numbers of cleaved
caspase-3-positive enterocytes were observed in mice infected with these viruses (Fig.
6E). These findings suggest that enterocyte apoptosis serves as an antiviral response to
inhibit viral infection in the intestine. Of note, the T3D M1 and M2 genes are not
sufficient to limit T1L infection to levels comparable to those of T3D-RV or enhance
apoptosis efficiency in the intestines of infected mice (Fig. 6D and E), suggesting that
additional viral or host factors contribute to T1L infection capacity in the intestine.

DISCUSSION

In this study, we evaluated the function of apoptosis in T1L and T3D-RV intestinal
infection and found that compared to T3D-RV, T1L induces less caspase-3 activation,
less sloughing of intestinal villi, and prolonged infection. Using T1L � T3D-RV reas-
sortant viruses, we found that the capacity to promote apoptosis in the intestine
inversely correlates with infection, suggesting that enterocyte apoptosis and sloughing
mediate an antiviral response to protect the host.

Enterocytes have the highest turnover rate of any cell population in the body (39,
40), most likely due to environmental insults and the necessity to maintain a healthy
gut barrier. Despite the high rate of turnover, shedding events are rarely observed in
healthy individuals and seldom visualized by biochemical markers such as cleaved
caspase-3 (7, 40). However, a variety of stimuli and disease states can promote
apoptosis during pathological cell shedding. Of note, some enteric viruses stimulate
apoptotic death of IECs, which is usually associated with gastrointestinal pathology. In
our study, infection with reovirus T3D-RV led to extensive caspase-3 activation in IECs
and sloughing of caspase-3-positive cells into the intestinal lumen. Interestingly, T3D-
RV-induced apoptosis was not associated with shortening of intestinal villi or other
pathological markers, and barrier function was maintained. Activated caspase-3 was
found predominantly at the villus tips, often with multiple cells undergoing apoptosis
in a localized region of the villus. During infection with either T1L or T3D-RV, cleaved-
caspase-3 staining was patchy but could be observed throughout the distal half of the
small intestine. Virus-induced apoptosis was observed within the first 24 h following
infection and declined at later time points.

The distribution of reovirus- and caspase-3-postive antigen staining in enterocytes
did not overlap. Although this observation might be attributable to insensitivity of the
immunohistochemical staining techniques, there are additional possibilities. Reovirus is
capable of inducing apoptosis in the absence of viral replication (27, 41). During
reovirus infection, pattern recognition receptors detect virus-associated molecular
patterns (25, 42, 43) and trigger a signaling cascade that leads to activation of nuclear
factor kappa light chain enhancer of activated B cells (NF-�B) (44) and interferon
regulatory factor 3 (IRF-3) (25). Activated NF-�B and IRF-3 translocate to the nucleus and
induce expression of many genes, including those encoding type I interferons (inter-
feron alpha and interferon beta). Within reovirus-infected cells, NF-�B and IRF-3 are
required for maximum levels of apoptosis (25, 44–46). It is possible that cytokines
induced by NF-�B and IRF-3, including type I interferons, activate death pathways in
adjacent, uninfected cells (47–50). In addition, triggering enterocyte death would
restrict viral replication and limit the amount of antigen observed by immunohisto-
chemical staining. Therefore, reovirus may induce apoptosis of either uninfected IECs
by paracrine signaling or infected cells that cannot be detected.
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Enteroids are useful for studying virus-host interactions ex vivo. There are several
methods for enteroid isolation, which differ in the species types, starting material,
expandability, and developmental stage. For our studies, we used murine tissue-
derived organoids due to phenotypic similarities to the mouse intestine. We found that
enteroids are susceptible to reovirus infection and observed strain-specific differences
in apoptosis efficiency. The research described here will provide the basis for studies
examining the capacity of other enteric viruses to promote apoptosis. Furthermore,
enteroids harvested from mice deficient in antiviral response pathways may lead to
discovery of host factors required for virus-induced apoptosis.

Differences in apoptosis induction segregate with the viral M2 gene (28), which
differs between T1L and T3D-RV. It is not surprising that in our study the M2 gene
segment segregated with differences in apoptosis efficiency following infection of
cultured cells, as this association has been described previously (26–28). More inter-
esting was the observation that the T1L M2 gene in a T3D-RV background was sufficient
to increase viral titers in the intestine to levels comparable to those of T1L. The T1L M2
gene was identified in a previous study as a virulence factor required for infection of the
intestine of neonatal mice (51). A subsequent study suggested that only the S1 and L2
genes are required for intestinal infection (22). Our findings resolve these discrepancies
by using reassortant viruses with common S1 and L2 genes from T1L. Following p.o.
inoculation with these strains, the M2 gene emerges as a determinant of reovirus
intestinal infection. Viruses with a T1L M2 gene promoted less apoptosis in the intestine
than those with a T3D M2 gene, providing additional evidence that epithelial cell death
fosters an antiviral state and suggesting a mechanism by which the M2 gene dictates
intestinal pathogenesis.

The M2 gene encodes outer-capsid protein �1, which functions to penetrate
endosomal membranes during viral entry, a property required for apoptosis induction
(52). Following infection of IECs, it is possible that the T3D M2-encoded �1 protein
mediates penetration of endosomal membranes, exposing viral particles and dsRNA to
pattern recognition receptors. Activation of these receptors stimulates proapoptotic
signaling by NF-�B and IRF-3 and upregulation of interferons and other cytokines,
which may evoke cell death. Such a scenario provides a mechanism by which T3D-RV
could induce enterocyte apoptosis and extrusion from the villus to protect adjacent
cells from subsequent infection.

The � domain of �1 is necessary and sufficient to promote apoptosis in cell culture
(53, 54), and polymorphisms in this domain influence the apoptotic efficiency of T3D
(53). A virus containing an M2 gene with the apoptosis-attenuating polymorphisms in
a T3D-RV background would likely lose apoptotic capacity in cultured cells, enteroids,
and mice. Furthermore, other evidence suggests that reovirus strains that have dimin-
ished apoptotic capacity replicate to higher titers in the intestine (30).

Although the M2 gene is the primary determinant of differences in apoptosis
efficiency exhibited by T1L and T3D-RV, our findings suggest that the M1 gene
exacerbates cell death when combined with the M2 gene. The reovirus M1 gene-
encoded �2 protein is a strain-specific interferon antagonist that dictates pathogenesis
in neonatal mice (55). A single amino acid polymorphism in �2 modulates cytopathic
effects by regulating the host interferon response (55). The M1 gene has not been
identified in previous studies of viral determinants required for intestinal infection. The
absence of such a linkage might be attributable to the use of newborn mice, which may
lack mature interferon signaling. The T1L �2-encoded interferon antagonist may
subvert host antiviral responses in the gut, including the induction of apoptosis,
allowing this strain to replicate more efficiently in this tissue. T1L infection induces
greater levels of type I interferons and interferon-stimulated genes after 24 hpi than
does infection with T3D-RV (3), which could be a by-product of prolonged T1L infection.

Inoculation perorally with reovirus strain T1L stimulates inflammatory responses to
fed antigen, whereas T3D-RV does not produce this effect. In this study, we found that
T3D-RV titers are diminished at later time points of infection, which is linked to its
capacity to promote apoptosis in IECs. We predict that prolonged infection by T1L
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during the introduction of new food proteins stimulates inflammatory signals, such as
type I interferons, to promote food antigen-specific T cell responses. From studies of
reassortant viruses, we found that the T1L M1 and M2 genes in a T3D-RV background
are sufficient to increase viral titers in the intestine to levels comparable to those of T1L.
Using these reassortant viruses, future studies will determine whether decreased
intestinal apoptosis and prolonged viral infection are associated with tolerance
blockade. Consequently, this work provides a possible mechanism by which certain
enteric, nonpathogenic viruses establish prolonged infection by subverting the host
cell death response to stimulate the inflammatory signals required to break immu-
nological tolerance to food antigens.

MATERIALS AND METHODS
Cells and viruses. Spinner-adapted murine L cells were maintained in either suspension or mono-

layer cultures in Joklik’s modified Eagle’s minimal essential medium (SMEM; Lonza) supplemented to
contain 5% fetal bovine serum (FBS; Gibco), 2 mM L-glutamine, 100 U/ml of penicillin, 100 �g/ml of
streptomycin (Gibco), and 25 ng/ml of amphotericin B (Sigma). Baby hamster kidney (BHK) cells that
constitutively express the bacteriophage T7 RNA polymerase (BHK-T7 cells) were maintained in Dulbec-
co’s modified Eagle’s minimal essential medium (DMEM; Gibco) supplemented to contain 5% FBS, 2 mM
L-glutamine, 1 mg/ml of Geneticin (Gibco), and nonessential amino acids (Sigma).

Recombinant reoviruses were engineered using plasmid-based reverse genetics (37). Recombinant
strain T1L is a stock recovered by plasmid-based rescue from cloned T1L cDNAs (56). The engineered
reassortant virus strain, T3D-RV, was recovered following transfection of BHK-T7 cells with plasmid
constructs encoding the S1 and L2 gene segments of strain T1L and the remaining eight gene segments
of strain T3D. T1L � T3D-RV reassortant viruses were isolated using cloned T1L or T3D cDNAs. After 3 to
5 days of incubation, cells were frozen and thawed three times, and virus was isolated by plaque
purification using monolayers of L cells (57). Reovirus virions were purified from second- or third-passage
L-cell lysate stocks (58). Viral particles were extracted from infected cell lysates using Vertrel XF (DuPont),
layered onto 1.2- to 1.4-g/cm3 CsCl gradients, and centrifuged at 62,000 � g for 16 h. Bands correspond-
ing to virions (1.36 g/cm3) were collected and dialyzed in virion storage buffer (150 mM NaCl, 15 mM
MgCl2, and 10 mM Tris-HCl [pH 7.4]) (59). Viral titer was determined by plaque assay using L cells (57).
Purified viral particles were electrophoresed in SDS-polyacrylamide gels, which were stained with
ethidium bromide to visualize viral gene segments.

Mice. C57BL/6 mice were purchased from Jackson Laboratories. For all experiments, mice were
inoculated at 6 to 8 weeks of age. All mice were maintained in a specific-pathogen-free (SPF) environ-
ment at the University of Pittsburgh or Vanderbilt University. Animal husbandry and experimental
procedures were performed in accordance with Public Health Service policy and approved by the
University of Pittsburgh School of Medicine and Vanderbilt University School of Medicine Institutional
Animal Care and Use Committees.

Infection of mice. Mice were inoculated perorally with 108 or 1010 PFU/mouse of purified reovirus
diluted in PBS using a 22-gauge round-tipped needle (Cadence Science) (19). Titers of virus in the inocula
were determined to confirm the number of infectious particles in the administered dose. For analysis of
viral loads, mice were euthanized at various intervals postinoculation, and organs were harvested into 1
ml of PBS and stored at �20°C prior to assay. Samples were thawed (37°C), homogenized with a
TissueLyser LT (Qiagen) for 8 min, frozen (�20°C), and homogenized again for 5 min prior to dilution for
plaque assay. Viral titers in organ homogenates were determined as the number of PFU per tissue or
intestine (57).

Antibodies. Immunoglobulin G (IgG) fractions of rabbit antisera raised against reovirus strains T1L
and T3D (60) were purified by protein A Sepharose chromatography (61). Rabbit anti-cleaved-caspase-3
monoclonal antibody was purchased from Cell Signaling Technologies. Anti-�-catenin antibody was
purchased from BD Biosciences. Chicken polyclonal antiserum specific for �NS (62) was provided by John
Parker. Primary antibodies were detected using Alexa Fluor-conjugated secondary antibodies from
Thermo Fisher Scientific, while actin was visualized using ActinGreen ReadyProbe (Thermo Fisher
Scientific).

Histology and immunohistochemistry. Mice were inoculated perorally with purified reovirus
diluted in PBS. At 1 dpi, mice were euthanized, and intestines were resected. The proximal half was
prepared for viral titer determination by plaque assay, and the distal half was flushed with 10% formalin
and Swiss rolled. Samples were submerged in 10% formalin at room temperature for 24 or 48 h and
embedded in paraffin. Consecutive 6-�m sections were stained with H&E for evaluation of histopatho-
logic changes or processed for immunohistochemical detection of reovirus antigen and cleaved (active)
caspase-3. Images were captured at a magnification of �20 and a resolution of 0.5 �m/pixel using a
high-throughput Leica SCN400 slide scanner automated digital imaging system.

Quantification of histology. For the caspase-3-positive staining area, tissue regions were differen-
tiated from the glass slide using Ariol Review software. Upper and lower thresholds for color, saturation,
and intensity were set for both blue, hematoxylin staining of nuclei and for brown, 3=diaminobenzidine
(DAB) reaction products. Thus, brown positive areas were distinguished from blue-only negative areas.
The area of positive staining per whole tissue region was calculated as a percent area of brown
(DAB-positive) pixels divided by the total area analyzed.
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Cleaved-caspase-3-staining epithelial cells were quantified by an observer blinded to the conditions
of the experiment by enumerating all positive cells (brown) throughout the distal half of the small
intestine and normalizing to the number of villi counted. Only epithelial cells and villi from properly
oriented villus structures were included in the analysis. Proper orientation was defined in villi containing
a clear exterior epithelial cell column, a crypt-to-villus ratio of at least 2:1, and an unfragmented lamina
propria. Intestinal sections with fewer than 70 properly oriented villi were excluded.

Establishing small intestinal enteroids. Crypt enteroid cultures were established as described
previously (63). Eight centimeters of the proximal small intestine was dissected, flushed with PBS, and
minced. Following a PBS wash, tissue was transferred to 5 ml of chelation buffer (2 mM EDTA in PBS) and
incubated at 4°C for 30 min. After removal of chelation buffer, tissue fragments were resuspended in 5
ml of shaking buffer (PBS with 43.3 mM sucrose and 54.9 mM sorbitol) and agitated gently for 2 min to
release intestinal crypts. Crypt-containing supernatants were filtered through a 100-�m filter, enumer-
ated, and transferred into round-bottomed polystyrene tubes. Following centrifugation, crypts were
resuspended in growth factor-reduced Matrigel (BD Bioscience) at a concentration of 300 crypts per 50
�l of Matrigel. Following polymerization, the crypt/Matrigel mixture was overlaid with 500 �l of mini-gut
culture medium (Advanced Dulbecco’s modified Eagle’s medium–F-12 [Invitrogen] supplemented to
contain 1� GlutaMAX [Thermo Fisher], 100 U/ml of penicillin [Invitrogen], 100 �g/ml of streptomycin
[Invitrogen], 1 mM HEPES [Gibco], N-2 supplement [R&D Systems], B27 supplement [Invitrogen], 50 ng/ml
of epidermal growth factor [EGF; R&D Systems], 500 ng/ml of R-spondin [Vanderbilt Antibody and Protein
Resource], 100 ng/ml of noggin [R&D Systems], and 50% Wnt3a conditioned medium). The medium was
replaced every 2 to 4 days. Enteroids were passaged as needed by collection and shearing through a
25-gauge needle prior to plating in Matrigel.

Enteroid Transwell plating. Enteroids were collected 2 days after passage and incubated with
TrypLE (Thermo Fisher Scientific) solution at 37°C for 90 min to dissociate cells into single-cell suspen-
sions. Cells (2 � 105) were plated onto the top of a 24-well, 0.4-�m-pore Transwell filter coated with
collagen 1 (Gibco) in medium supplemented to contain 10 �M Y27632 (Sigma). After 24 h, medium on
the top and bottom of the Transwell filters was replaced with differentiation medium (Advanced
DMEM–F-12 supplemented to contain 1� GlutaMAX, 100 U/ml of penicillin, 100 �g/ml of streptomycin,
and 20% FBS).

Assays for reovirus replication, infectivity, and cell death in enteroids. On day 4 post-Transwell
plating, enteroids were adsorbed with virus at a multiplicity of infection (MOI) of 100 PFU/cell, assuming
2.5 � 105 cells/well, by adding 30 �l of virus inoculum to the apical compartment. After adsorption of
virus at room temperature for 1 h, cells were washed twice with PBS, 200 �l of medium was added to
the apical compartment, and 1 ml of medium was added to the basolateral compartment. Enteroids were
incubated at 37°C for 24 h. For quantification of released cells, 100 �l of apical medium was collected,
and cells in the medium were enumerated using a Scepter handheld automated cell counter. For viral
replication assays, Transwell membrane inserts were removed from Transwells with a scalpel, submerged
in 500 �l of medium, and frozen and thawed twice. Viral titers in cell lysates were determined by plaque
assay using L cells (57). For enteroid staining, Transwell inserts were gently washed with PBS and fixed
at room temperature for 30 min in 3% paraformaldehyde before continuing with the Transwell staining
protocol.

Transwell insert staining and quantification. After being washed and fixed, cells were permeab-
ilized with 0.2% Triton-X (Sigma) followed by blocking in 3% milk solution. The following primary
antibodies were used: reovirus polyclonal antiserum (60) at 1:1,000, anti-�-catenin (BD Biosciences) at
1:500, anti-cleaved-caspase-3 (Cell Signaling Technology) at 1:400, and �NS polyclonal antiserum at
1:1,000. Appropriate species-specific Alexa Fluor secondary antibodies (Thermo Fisher Scientific) were
used at a dilution of 1:1,000. Enteroids were stained with ActinGreen ReadyProbe (Thermo Fisher
Scientific). Following antibody incubation, inserts were excised from the Transwell and mounted on glass
slides with 4=,6-diamidino-2-phenylindole (DAPI)-containing ProLong Gold mounting medium (Thermo
Fisher Scientific). Images were collected using a Nikon Eclipse E800 microscope, and cells positive for
cleaved caspase-3 were enumerated using Nikon Elements Basic Research software. For viral infectivity,
the percentage of reovirus antigen-positive cells was determined. No background staining of uninfected
control cells was detected.

Assays of reovirus replication and gene expression in cell culture. L cells (2 � 105) in 24-well
plates (Costar) were adsorbed with reovirus at an MOI of 1 PFU/cell, washed with PBS, and incubated at
37°C for various intervals. Cells were frozen and thawed twice prior to determination of viral titer by
plaque assay using L cells (57). Viral titers are expressed as PFU per milliliter of cell homogenate.

Quantification of apoptosis by AO staining. L cells (2 � 105) in 24-well plates were adsorbed with
reovirus at an MOI of 100 PFU/cell, washed with PBS, and incubated at 37°C for 38 h. The percentage of
apoptotic cells was determined using AO staining (27). Images were collected from three fields of view
per well by epi-illumination fluorescence microscopy using a Lionheart FX automated microscope
(Biotek). The percentage of apoptotic cells exhibiting orange nuclei with condensed and fragmented
chromatin versus live cells exhibiting structurally normal green nuclei was quantified using an imaging
algorithm developed in Gen5 software (Biotek). The average nucleus size and a fluorescence threshold
were established by the user. Color values from each individual-pixel RGB (red, green, blue) triplet were
obtained and compared to the user-defined threshold. To exclude false-positive signals, an exclusion
criterion was established based on the average pixels of false-positive cells and included in the imaging
algorithm. Therefore, green nuclei with condensed chromatin (early apoptotic) and red, structurally
normal nuclei were subtracted from the final count.
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Detection of caspase-3/7 activity. L cells (5 � 104) in black, clear-bottom 96-well plates (Costar)
were adsorbed with reovirus at an MOI of 100 PFU/cell at room temperature for 1 h. Following
incubation of cells at 37°C for 24 h, caspase-3/7 activity was quantified using the Caspase-Glo 3/7
assay (Promega).

Statistical analysis. Experiments were performed in triplicate and repeated at least twice. Repre-
sentative results of single experiments are shown in figures as indicated. Mean values were compared
using the Mann-Whitney test, Wilcoxon rank sum distribution test, or one-way analysis of variance
(ANOVA) for multiple comparisons. ANOVA was followed by Dunnett’s post hoc test for multiple
comparisons to a control group, Sidak’s post hoc test for multiple comparisons between sets of data, or
Tukey’s post hoc test for multiple comparisons between all groups. Grubb’s test was used for exclusion
of outliers. The statistical test used and P values are indicated in each figure legend. P values of �0.05
were considered statistically significant.
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