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Abstract

Murine intestinal intraepithelial lymphocytes (IELs) can be classified according to expression of a
CD43 glycoform recognized by the S7 monoclonal antibody. In this study, we examined the response
of S7+ and S7- IELs in mice during acute reovirus serotype 3 (Dearing strain) infection, which was
confirmed by virus-specific real-time PCR. In vivo proliferation increased significantly for both S7-
and S7+ IELs on day 4 post-infection as determined by BrdU incorporation; however, expression of
the inducible costimulatory (ICOS) molecule, which peaked on day 7 post-infection, was upregulated
on S7+ CD4+ T cells, most of which were CD4+8- IELs. In vitro ICOS stimulation by syngeneic
peritoneal macrophages induced IFN-y secretion from IELs from day 7 infected mice, and was
suppressed by treatment with anti-ICOS mAb. Additionally, IFN-y mRNA increased in CD4+ IELs
on day 6 post-infection. These findings indicate that S7- and S7+ IELs are differentially mobilized
during the immune response to reovirus infection; that the regulated expression of ICOS is associated
with S7+ IELs; and that stimulation of IELs through ICOS enhances IFN-y synthesis during infection.
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Introduction

CDA43 is expressed at high density on the surface of bone marrow cells, thymocytes, and
peripheral T cells and some B cells [1-3]. Functionally, the CD43 molecule contributes to T
cell recognition and activation [4-7] and has costimulatory activity with TCR/CD3 stimulation
[8-12]. As part of our studies aimed at defining effector and regulatory populations of T cells
in the gut epithelium, we recently determined that small intestinal intraepithelial lymphocytes
(IELs) can be divided according to whether they express or lack a CD43 glycoform recognized
by the S7 mAb to mouse CD43 [13]. That reagent demarcates two functional groups of IELs
such that S7+ cells produce significantly more Th1 and Th2 cytokines, are more cytotoxic, and
undergo more homeostatic proliferation than CD43 S7- IELs [13]. Additionally, CD43 S7+
IELs from IL-10-/- mice with intestinal inflammation spontaneously produce IFN-y in the
terminal ileum [13]. Consistent with those findings, gene array profiles of CD43 S7+and CD43
S7- IELs revealed that CD43 S7+ IELs express genes of activated T cells (cd6, cd44, cd97)
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and genes of T cell-associated chemotactic and/or inflammatory mediators (CCR2, CXCRS3,
MIP-15) [13]. In contrast, CD43 S7- IELs preferentially express NK activating/inhibitory
receptor genes (Ly49E-GE, Ly49G.2, CD94/NKG2, Ly49H, Ly49C). Thus, CD43 S7+ IELs
exhibit properties typically associated with adaptive immunity, whereas S7- IELs exhibit
properties of innate immunity [13].

Respiratory enteric orphan virus (reovirus) is a non-enveloped RNA virus. Both serotype 1
(Lang strain) and serotype 3 (Dearing strain) have been extensively used for murine studies of
enteric virus infection given that both elicit strong anti-viral immune responses [14-16]. Oral
infection of adult mice with reovirus serotype 1 or 3 generally results in a self-limiting infection
[17]; however, a role for the immune response in curtailing the infectious process is evident
from studies in severe-combined immunodeficient (SCID) mice, which develop systemic
reovirus infections leading to death of the host [17]. Anti-reovirus IEL cytotoxic T cell
responses mediated principally by TCRap IELs develop in mice following oral infection with
reovirus type 1 [18], and antigen-specific T cells and CTL have been shown to develop in
response to reovirus type 1 and 3 infection [19-21]. Peyer’s patch dendritic cells appear to play
arole in antigen presentation to CD4+ T cells [22]. The participation of gut y5 T cells in
immunity to reovirus remains unclear and natural killer cells, although present in significant
numbers in the mouse intestinal mucosa, do not appear to contribute to the protective immune
response to reovirus as witnessed by susceptibility of SCID mice [17], which have high levels
of natural killer cells.

The goal of the present study was to determine the extent to which CD43 S7+ and S7- IELs
are involved in the intestinal immune response to reovirus infection. In so doing, we have
evaluated the in vivo proliferative changes of S7+ and S7- IELs during infection, and have
examined the functional contribution of the ICOS costimulatory molecule in the local immune
response to infection. As reported here, ICOS expression was upregulated on S7+ CD4+ IELS
at day 7 post-infection. Moreover, stimulation of IELs through ICOS at day 7 post-infection
enhanced IFN-y synthesis. These findings indicate that S7 is an effective marker for
differentiating murine IELs according to functional activity during a natural intestinal immune
response in ways that have not been approached hitherto.

and methods

Mice and reagents

IEL isolatio

Adult female C57BL/6 mice, 6-8 weeks of age, were purchased from Harlan Spargue-Dawley;
Indiana, IN. Mice were housed under specific pathogen free conditions. Animals were used
according to protocols approved by the Institutional Animal Care and Use Committee of the
University of Texas Health Science Center at Houston. Cell culture medium consisted of
RPMI-1640 supplemented with FCS (10% v/v) (Invitrogen; Carlsbad, CA), 100 U/ml
penicillin-streptomycin, 2 mM L-glutamine, and 5 x 10> M 2-ME (all reagents; Sigma-
Aldrich, St. Louis, MO).

n and sorting

Isolation of small intestine IELs was done in a manner similar to that described previously
[13,23] with some modifications. Briefly, small intestine tissue pieces were stirred gently at
37°C in 50 ml of Ca**/Mg** free PBS containing 2 mM DTT and 5 mM EDTA for 30 min.
The tissue slurry was separated into two 25 ml volumes and each was passed through two 10
cc syringe barrels partially filled with wetted nylon wool. Each cell suspension was collected
by centrifugation, mixed in 3 ml of 40% isotonic Percoll (Amersham Biosciences; Uppsala,
Sweden), layered onto 70% isotonic Percoll, and centrifuged at 600 x g for 30 min. IELs were
collected from the 40/70% interfaces, washed with cell culture medium, resuspended in 40%
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Percoll overlayed onto 70% Percoll, and centrifuged again at 600 x g for 30 min. IELs were
collected from the 40/70% Percoll interface; this cell preparation was consistently 75-85% pure
for IELs.

Enrichment of CD4+ IELs was done by autoMACS sorting (Miltenyi Biotec; Auburn, CA) by
first conducting a negative sort to remove epithelial cells using the G8.8 mAb [24] as previously
reported by our laboratory [13]. This yielded a cell preparation with 98-99% IEL purity.
Positive autoMACS cell sorting was done by labeling cells with biotin-anti-CD4 mAb followed
by streptavidin-beads (Miltenyi Biotec) to enrich for a population of CD4+ IELs, from which
RNA was isolated for real-time PCR analysis of IFN-y gene expression.

Virus preparation and animal infection

Antibodies

Reovirus type 3 (Dearing strain) was purchased from the American Type Culture Collection
(Manassas, VA). Virus stocks were grown in L929 (American Type Culture Collection; cat.
No. CCL-1) cell monolayers in RPMI-1640 supplemented as described above. Tissue
supernatants were collected from monolayers showing 50-60% cytopathic effect; supernatants
were clarified by centrifugation and virus titers were calculated to be 107 pfu using a virus
plaque assay with L929 cells. Mice were anesthetized by IsoFlo (Abbot Laboratories; Chicago,
IL) inhalation and infected by oral gavage with 107-> pfu reovirus type 3 Dearing strain.

and flow cytometry

Antibodies used in this study were: FITC-anti-TCRp (H57.597), PE-anti-TCR& (GL3), biotin-
and PE-anti-CD43 (S7), FITC-anti-BrdU, FITC-anti-CD8a. (53-6.7), FITC-anti-CD8p
(53-5.8), anti-CD16/32 (2.4G2), strepavidin-APC (all reagents, BD-PharMingen; San Diego,
CA), FITC-anti-CD4 (BVD6-24G2), PE- and purified functional grade anti-ICOS (7E.17G9);
biotin-anti-B7RP-1 (HK5.3), biotin-anti-CD4 (L3T4) (all reagents, e-Bioscience; San Diego,
CA). Flow cytometric analysis was done on a FACSCalibur flow cytometer using CellQuest
software (BD Bioscience; San Jose, CA).

In vivo BrdU labeling

Mice were injected i.p. twice at twenty four hour intervals with 1 mg of 5-bromo-2’
deoxyuridine (BrdU) (Sigma-Aldrich) suspended in PBS. Forty-eight hours after the last
injection, IELs were isolated and 1x10° IELs were reacted with anti-CD16/32 mAb for 15 min
at 4°C followed by PE-anti-CD43 S7 for 20 min at 4°C. Cells were washed, and stained for
BrdU incorporation using a BrdU staining kit (BD-PharMingen #559619). Cells were
suspended in Cytofix/Cytoperm for 15 min at room temperature in the dark, washed, reacted
with Cytoperm Plus for 10 on ice in the dark. Cells were washed with Perm/Wash and reacted
with FITC-anti-BrdU for 20 min at room temperature in the dark. Cells were washed in Perm/
Wash, resuspended in staining buffer, and analyzed for CD43 S7 expression and BrdU
incorporation by flow cytometry.

IFN-y assay and ICOS blockade experiments

IFN-y synthesis was measured using IELs from day 4 and 7 C57BL/6 reovirus-infected mice.
Cells were isolated from the small intestine and cultured with a transformed peritoneal
macrophage line (PM) of C57BL/6 origin (ATCC number CRL-2458). PM cells were
irradiated with 3000 rad, washed, and added to cultures at an IEL:PM cell ratio of 10:1 using
1.5x10% IELs in 2 ml of supplemented medium in a 24 well tissue culture plate. Interactions
between IELs and PM cells mediated by ICOS were disrupted by the addition of 5 pg/ml anti-
ICOS mAD to IELs for 10 min prior to culture with PM cells. Cell-free supernatants were
harvested after 24 hrs and IFN-y levels were measured by ELISA (e-Bioscience).
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Intestinal tissues were collected from the mid-duodenum, mid-jejunum, and mid-ileum.
Disruption and homogenization of tissues were performed with an Omni Tissue Master 240
(Omni International; Marietta, GA) for 30 sec in RLT Buffer containing B-ME (Qiagen;
Valencia, CA). Total RNA was isolated from 7 mm?3 (<30 mg) of intestinal tissue using an
RNAeasy Protect Mini Kit-50; samples were treated with DNase using the RNase-Free DNase
Set-50 (Qiagen) according to the manufacturer’s protocol. RNA concentration was estimated
spectrophotometrically at Aygo. Forward and reverse primers (Integrated DNA Technologies;
Coralville, 1A) for reovirus type 3 were based on the design by Besselsen et al. [25], with a
target amplicon size of 72 bp using a forward primer sequence (5'-
TGATTTCCATTACTTCTGCTGCTT-3') in nucleotide positions 1085-1108, and a reverse
primer sequence (5'-TCCTGTTCACGATTCCATCAGAT-3') in nucleotide positions
1156-1134 on the reovirus 3 (Dearing) Sequence (GenBank Accession no. M27262). The
validity of those to amplify a reovirus product was confirmed using ten-fold dilutions of RNA
from reovirus-infected 3T3 cells, from which a standard curve was generated. IFN-y primers
(GenBank Accession no. NM_008337) were purchased from SuperArray Biosciences
(Frederick, MD), cat. no. PPM03121A, for a 95 bp fragment with reference position 310-331
of the IFN-y mRNA.

SYBR Green | Q-RT-PCR was performed using an iCycler 1Q (Bio-Rad Laboratories;
Hercules, CA). The amplicon generation rate was determined by monitoring SYBR Green |
fluorescence on a continuous basis. Fluorescence data were collected at a melting temperature
greater than that of non-specific PCR products. Q-RT-PCR on the iCycler 1Q was performed
on 100 ng total RNA in duplicate for all samples using the iScript One-Step RT-PCR Kit with
SYBR Green (Bio-RAD) according to the manufacturer’s protocol. RNA from small intestinal
tissues of non-infected mice was used as a negative control. A blank sample was included with
RNase-free water in place of template. Amplification was done in a 96-well thin-wall plate
(Bio-Rad) sealed with optical quality film (Bio-Rad) using a protocol of: 10 min at 50°C for
cDNA synthesis, 5 min at 95°C for iScript reverse transcriptase inactivation, followed by 45
cycles of 95°C for 10 sec, and 60°C for 30 sec for the data collection step. Melt curve analysis
was performed using a protocol of: 1 minat 95°C, 1 min at 55°C, and increasing the temperature
in 0.5°C increments starting at 55°C for 80 cycles of 10 sec each. The presence of a single PCR
product was verified by a single melting temperature peak signifying a unique product. Data
for reovirus- and 18s-amplified RNAs for each sample were converted into arbitrary units based
on reovirus and 18s standard curves using iCycler 1Q analysis software (Bio-Rad, ver. 3.1),
and were expressed as normalized values based on 18s house-keeping values for the respective
sample using a method similar to that reported by others [26] . IFN-y real-time PCR data were
quantified using the 2-AACt method [27], based on C values for IFN-y and 18s genes in order
to calculate the fold increase of IELs from infected mice compared to IELs from non-infected
mice.

Statistical analysis

Results

Statistical analysis of data was done using Student’s t-test for unpaired observations.

During early phase of reovirus infection, actively proliferating IELs include both S7- and S7

+ cells

Recent studies from our laboratory demonstrated the CD43 S7 isoform is differentially
expressed on small intestinal IELs [13]. That property is also shown in the present study in
Fig. 1A, which indicates that roughly equal proportions of IELs were S7- and S7+, and that
each population included both TCRafp+ and TCRyd+ cells.
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To understand the relationship between CD43 S7 expression during enteric virus infection,
mice were infected with 107-° pfu of reovirus 3 by oral gavage. Forty-eight hrs prior to IEL
isolation, mice were injected twice i.p. with 1 mg of BrdU. IELs were harvested on day 0 (non-
infected), day 4, and day 7 post-infection; cells were stained for surface CD43 S7 expression
and for incorporated BrdU. In the absence of infection, the S7+ IEL population was the
predominant proliferating cell population (Fig. 1B). By day 4 of reovirus infection, however,
there was an increase in BrdU uptake in both the S7- and S7+ IEL population (Fig. 1B and C).
Proportionally, the greatest increase occurred in the S7- population (3.6 fold increase) on day
4 compared to the S7+ population (2.2 fold increase); however, S7+ cells represented the largest
percentage (10.6%) of BrdU+ cells among the total IELs at that time (Fig. 1B and C). Those
findings indicate that both S7- and S7+ cells were mobilized during the early phase of enteric
reovirus infection. By day 7 post-infection, the levels of BrdU+ cells had returned to normal
for both S7- and S7+ IELs (Fig. 1B and C).

To confirm that the small intestine was infected during this period, intestinal tissue pieces were
recovered from the duodenum, jejunum, and ileum on day 0 (non-infected), day 4, and day 7
post-infection, and real-time PCR was done using reovirus-specific primers [25]. Reovirus
RNA levels were normalized to 18s housekeeping gene for each tissue sample as described in
the Materials and methods. As shown in Fig. 2A, amplified reovirus RNA was detected in all
three tissue regions at days 4 and 7 post-infection; no viral RNA was detected in non-infected
tissues (data not shown).

As the infection progresses, ICOS expression is upregulated on S7+ CD4+ IELs

To identify factors that promote the activation of an anti-reovirus IEL response, the expression
of three T cell costimulatory molecules (OX40, Ly-6C, and ICOS) was examined on IELS.
0OX40 and Ly-6C showed minimal change in expression on S7- or S7+ IELs when examined
on days 4 or 7 post-infection (data not shown). In contrast, ICOS expression increased on IELs
on days 4 and 7 post-infection compared to that of IELs from non-infected mice as shown by
flow cytometry (Fig. 2B) and in data from multiple isolates (Fig. 2C). Of interest, the increase
in ICOS expression was exclusively associated with the S7+ IEL population (Fig. 2B).

Experiments were done to determine which population of the S7+ IELs expressed ICOS using
three-color staining for S7 and CD8a, CD8p, or CD4 with ICOS staining. As shown in Fig. 3,
only asmall percentage of S7+ cells expressing either CD8o. or CD8p expressed ICOS, whereas
approximately half of the S7+ CD4+ IELs were ICOS+ cells, thus indicating that the majority
of ICOS expression was linked to S7+ CD4+ IELSs.

Small intestinal IELs are known to consist of CD4+8- and CD4+8+ populations [28]. To
determine which of those IELs expressed ICOS, three-color staining was done for ICOS with
CD4 and CD8 staining. As shown in Fig. 4, ICOS expression was primarily associated with
the CD4+8- IEL population, although some ICOS+ cells were present among the CD4+8+
population. Few CD4-8- and CD4-8+ cells were ICOS+ (Fig. 4A and B). Notably, the number
of ICOS+ cells in the CD4+8- population increased at day 7 post-infection (87.1%) (Fig. 4B)
compared to non-infected mice (74.6%) (Fig. 4A), a finding that is consistent with the elevated
levels of ICOS at day 7 as shown in Fig. 2B and C. In as much as ICOS has been shown to be
primarily expressed on Th2 cells and not on Th1 cells [29], the expression of ICOS on roughly
half of the CD4+ IELs may serve as a marker to discriminate intestinal Th2 and Th1 cells.

The ICOS ligand, B7RP-1, is expressed on macrophages, dendritic cells, and possibly intestinal
epithelial cells. To evaluate changes in B7RP-1 expression in the intestine during reovirus
infection, IELs were isolated using the technique described in the Materials and methods, which
resulted in an IEL:epithelial ratio of ~4:1. Cells were stained with anti-B7RP-1 mAb in
conjunction with mAb to the CD45 leukocyte common antigen (LCA), the latter being a marker
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that discriminates leukocytes from non-hematopoietic cells. The findings are shown in Fig. 5
for IEL-gated cells (Fig. 5A and C) and epithelial-gated cells (Fig. 5B and D). Two important
points emerged from these studies. First, B7RP-1 was expressed on some but not all IELs or
epithelial cells. Among the IELs, those cells likely consist of macrophages and dendritic cells,
although additional studies will be needed to confirm this. These are shown as ICOS+ CD45
LCA+ cells in Fig. 5A and C. Second, during infection the percent of B7RP-1+ epithelial cells
increased from 5.4% on epithelial cells from non-infected mice to 9.3% on epithelial cells from
day 7 reovirus-infected animals. These are shown as ICOS+ CD45 LCA- cells in Fig. 5B and
D. Similar findings for IELs and epithelial cells were observed at day 6 post-infection (data
not shown). These findings collectively suggest that in addition to ICOS binding to B7RP-1
on intestinal leukocytes, some ICOS stimulation may come via B7RP-1+ epithelial cells, and
they indicate that there is an increase in B7RP-1 expression on epithelial cells during the
infectious cycle.

ICOS ligation induces IFN-y production by IELs

The increase in expression of ICOS on IELs on day 7 post-reovirus infection suggested that
ICOS-mediated interactions may contribute to the anti-reovirus immune response mediated by
S7+ IELs. To evaluate this, IELs were cultured with PM cells (a syngeneic peritoneal
macrophage line) since macrophages express the ICOS ligand, B7RP-1. To formally determine
the latter, PM cells were stained with anti-B7RP-1 mAb and found to express high levels of
the B7RP-1 antigen (Fig. 6A). IELs were isolated from normal non-infected mice and from
mice 7 days post-reovirus infection, a time of maximum ICOS expression. Cells were cultured
alone, with PM cells (a syngeneic peritoneal macrophage cell line), or with PM cells with anti-
ICOS mAD. Neither IELs nor PM cells from normal or infected mice cultured alone produced
significant levels of IFN-y (Fig. 6B) However, IELs from day 7 infected mice cultured with
PM cells produced high levels of IFN-y (Fig. 6B). Stimulation of IELs from uninfected mice
with PM cells also resulted in IFN-y synthesis; however, this was lower than that of virus-
infected animals. It is likely, therefore, that the elevated level of IFN-y synthesis by IELs from
infected mice reflected the increase in ICOS expression on day 7 post-infection as shown in
Fig. 2B and C. That stimulation by PM cells was primarily due to activation of IELs through
the 1COS receptor was demonstrated by suppressed IFN-y secretion when IELs were cultured
with PM cells in the presence of anti-ICOS mAb (Fig. 6B), an antibody that has previously
been shown to disrupt ICOS-driven function [30]. These findings imply that ICOS+ intestinal
IELs play a role in the anti-viral immune response through increased synthesis of IFN-y.

To determine how these findings may reflect what occurs in vivo during virus infection, CD4
+ IELs from reovirus-infected mice were studied for IFN-y gene expression by real-time PCR.
Expression was compared to that of CD4+ cells from non-infected mice. CD4+ cells were
chosen for these experiments since they contain the majority of the ICOS+ IELs, as documented
in the studies in Fig. 3 and 4. Enrichment of cells was done by autoMACS sorting as described
in the Materials and methods, which yielded a highly pure preparation of cells. RNAs from
IELs from day 0 (non-infected) mice and from mice each at days 4, 5, 6, and 7 post-infection
were assayed for IFN-y and 18s gene expression. Using the 2-AACt method [27] for comparing
relative gene expression, there was a 6.75 fold increase in IFN-y gene expression in CD4+
IELs on day 6 post-reovirus infection compared to that of CD4+ IELs from non-infected mice,
thus making a direct connection between IFN-y activity of IELs during in vivo virus infection.
These findings, coupled with the rise in ICOS expression by day 7 post-infection (Fig. 2C),
the association between ICOS expression and S7+ CD4+ IELs (Fig. 3), and the higher levels
of IFN-y secretion by IELs taken from mice on day 7 post-infection when stimulated with PM
cells (Fig. 6B), make a strong case that S7+ IELs contribute significantly to the anti-reovirus
adaptive immune response that occurs at about day 7 post-infection.
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Discussion

Owing to their phenotypic and functional complexity [13,31-39], understanding the
contribution of intestinal IELs to the natural immune response during local antigen challenge
has been difficult to fully assess. In a recent series of studies aimed at better understanding
functional populations of IELs, we observed that murine IELs can be classified based on
whether they express a CD43 glycoform recognized by mAb S7. Accordingly, S7+ IELs were
found to display properties typical of adaptive immunity whereas S7- IELs displayed properties
commonly associated with innate immunity [13]. An unexpected finding from those studies,
however, was that S7+ and S7- IELs each included TCRaof and TCRyd IELs [13] (Fig. 1A),
indicating that S7 expression differentiates IELs independent of the class of TCR expression,
and suggesting that S7 expression may serve as a useful marker for defining functional subsets
of IELs during the course of a natural intestinal immune response.

The present study now extends those observations in a model of reovirus infection by
demonstrating that differences in IEL populations defined by S7 expression bear different
temporal and functional responses to infection. Although in vivo proliferation studies revealed
an increase in IEL expansion following virus infection among both S7+ and S7- IELs, with
peak activity occurring at day 4 post-infection, the S7+ IELs constituted the largest percent of
proliferating cells (10.6%), whereas the S7- population had the greatest proportional increase
in in vivo cell proliferation (3.6 fold increase for the S7- cells vs. 2.25 fold increase for the S7
+ IELs) (Fig. 1B). This occurred for both populations at day 4 post-infection. Hence, although
both S7- and S7+ IELs respond during the early phase of viral infection, there may be
quantitative differences in the numbers of S7- and S7+ cells recruited at that time.

ICOS expression is upregulated on human, rat, and mouse large intestinal leukocytes during
induced or naturally-occurring colonic inflammation [40-42]; may play a role in disease
pathogenesis during gastrointestinal Trichinella spiralis infection [43]; and contributes to the
protective immune response of mice against Listeria monocytogenes in the small intestine
[44]. The role of ICOS during enteric reovirus infection has yet to be explored, however. Thus,
the finding that ICOS expression is upregulated on IELs during reovirus infection is of interest
for a number of reasons. ICOS expression on IELs peaked at day 7 post-infection, a time when
high virus titers were still evident in intestinal tissues but after the time of maximum in vivo
IEL proliferation following infection. Given that ICOS+ cells were primarily located in the S7
+ CD4+ IEL population (Fig. 3), and because S7+ IELs have been linked to activated effector
T cells[13], itis likely that the ICOS+ population reflects the generation of cells with properties
of adaptive immunity that are responding to virus infection. This is further supported by the
fact that ICOS expression peaked relatively late in the infectious cycle (at day 7 post-infection),
at a time when anti-viral CTL, activated B cells, and T helper cells would be fully mobilized.

Although ICOS expression was upregulated on IELs following virus infection, it is interesting
that 5-6% of the IELs from normal mice also expressed ICOS. This was surprising given that
naive T cells generally do not express ICOS [29,45-47], a finding that we have found to be
true for splenic T cells (data not shown). Although the specificities of those ICOS+ cells in the
intestine of normal mice cannot be determined, the possibility must be entertained that they
represent recently activated IELs or possibly memory T cells. The potential for this is consistent
with the observation in the present study that IELs could be induced to secrete IFN-y following
stimulation through the ICOS ligand (such as with PM cells) without direct TCR engagement.
A population of partially-activated T cells could account for this. That some IELs even from
normal mice may exist in a state of partial activation has been proposed by ourselves and others
[13,34]. This would account for the ability of IELs from uninfected mice to synthesize IFN-
v upon exposure to the ICOS ligand (Fig. 4B). From the point of view of immune defense
during virus infection, this would have considerable potential for curtailing the infectious
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process by utilizing bystander IELs that have previously acquired ICOS expression upon
engagement with the ICOS ligand on macrophages, dendritic cells, and/or epithelial cells. That
possibility coupled with the upregulation of ICOS expression on IELs as a direct consequence
of virus infection, as seen at day 7 of infection, would offer mechanisms for containing viral
spread more effectively through the release of IFN-y.

ICOS expression is most frequently though not exclusively linked to Th2 cells [45,46]. In our
study, stimulation of IELs via ICOS resulted in a significant increase in IFN-y secretion,
although that finding cannot be construed to mean the Th2 cytokines are not also produced by
ICOS+ IELs. Additional studies are underway to address this. In that vein also, studies using
lymphocytic choriomeningitis virus and vesicular stomatitis virus infected mice indicate that
ICOS participates in the generation of Th1l and Th2 responses but that its contribution to CTL
activation is minimal [48]. This is consistent with the association noted here of ICOS expression
CD4+ T cells.

In summary, the findings in the present study provide additional evidence that IELs can be
functionally defined based on whether they express the CD43 S7 antigen. It is likely that this
marker will continue to be useful as a means of understanding immune regulatory and effector
populations of IELs in other infectious disease models, as well as in systems in which
inflammation, T cell activation, and intestinal innate immunity are involved.
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FIG. 1.

(A) CD43 S7 expression on small intestinal IELs. The S7 antigen is expressed at roughly
equivalent levels on murine IELs. Within each S7 group, IELs consist of both TCRaf+ and
TCRyd+ cells, although there is a preference for TCRaf+ cells among the S7+ cells. This is a
typical finding in over 20 isolations done in our laboratory. (B) In vivo IEL proliferation of
IELs at days 0 (non-infected), 4, and 7 post-infection based on BrdU incorporation and surface
S7 staining. Note the increase in BrdU uptake among both S7+ and S7- cells on day 4 post-
infection compared to day 0 mice, and the return to normal proliferation levels by day 7 of
infection. (C) Graphic representation of BrdU data from 5 mice showing mean values + SEM
of S7+ and S7- cells. *Statistically-significant difference (p < 0.05) compared to day 0 value
for S7- cells; **Statistically-significant difference (p < 0.01) compared to day 0 value for S7
+ cells.
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FIG. 2.

(A) Reovirus serotype 3 virus transcripts in the duodenum, jejunum, and ileum of mice on days
4 and 7 post-infection as determined by real-time PCR. Data are the mean and ranges of values
for two mice for each tissue. (B) ICOS expression increases on S7+ IELs on day 4 and 7 post-
reovirus infection, indicating that the S7+ cell population is the primary IEL subset linking
ICOS expression to virus infection. (C) Percent of S7+ ICOS+ cells in IELs on the selected
days through day 10 post-infection, indicating that the greatest increase in ICOS expression
occurs at day 7 post-infection. Analysis was not done on days 2, 3, 5, 6, 8, or 9. Data are mean
values + SEM of 3-7 mice per time point. * Statistically-significant difference (p < 0.05)
compared to day O value.
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FIG. 3.

Three-color staining of IELs from a day 7 reovirus-infected mouse for ICOS with staining for
CD43 S7 and CD8a, CD8p, or CD4. ICOS expression is primarily associated with S7+, CD4
+ IELs. Open histograms indicate level of control staining; filled histograms indicate ICOS
staining.
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Three-color flow cytometric analysis of small intestinal IELs from (A) non-infected and (B)
day 7 reovirus-infected mice. Note that ICOS expression is primarily associated with the CD4
+8- IEL population, and that there is an increase in expression on that population in day 7
infected mice compared to non-infected animals. Similar findings to these were observed from
mice at day 6 post infection (data not shown).
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Fig.5.

B7RP-1 and CD45 LCA expression on IELs (A and C) and epithelial cells (B and D) from
non-infected (A and B) and day 7 reovirus-infected (C and D) mice. Note the increase in
B7RP-1 expression on the CD45 LCA- population of epithelial cells from mice at (D) day 7
post-infection compared to epithelial cells from (B) non-infected mice. Similar findings to
these were observed from mice at day 6 post infection (data not shown).
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FIG. 6.

(A) The B7RP-1 molecule, the ICOS ligand, is expressed (shaded area) at high density on PM
cells; control staining (unshaded area). (B) IFN-y secretion by IELs from normal mice (grey
bars) or mice 7 days post-infection (black bars) following 24 culture either alone, with the PM
cells, or with PM cells in the presence of anti-ICOS mAb. Although culture of IELs from
normal and virus-infected mice resulted in an increase in IFN-y secretion, IFN-y was
consistently higher from infected mice. Treatment of IELs with anti-ICOS mAb inhibited IFN-
v responses of both normal and virus-infected mice, indicating that stimulation of IELs by PM
cells occurs through an ICOS-mediated signal. Data are mean values + SEM of 5 normal mice
and 4 virus-infected mice. (C) Real-time PCR analysis of IFN-y gene expression in CD4+ cell-
sorted IELs from days 4, 5, 6, and 7 post-reovirus infection. Data are mean values of two
samples expressed as fold increase over non-infected mice using the 2-A4ACt method [27] as
described in the Materials and methods.
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