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Abstract

We examined rotavirus-specific IFN-y producing CD4+, CD8+ and CD4+CD8+ T cell responses in
gnotobiotic pigs infected with a virulent human rotavirus (VirHRV) or vaccinated with an attenuated
(Att) HRV vaccine (AttHRV3x or AttHRV2x) or an AttHRV oral priming and 2/6-virus-like particle
(VLP) intranasal boosting (AttHRV-2/6VLP) regimen. In VirHRV infected pigs, HRV-specific IFN-
v producing T cells reside primarily in ileum. AttHRV-2/6VVLP induced similar frequencies of
intestinal IFN-y producing T cells as the VirHRV, whereas AttHRV3x or 2x vaccines were less
effective. Protection rates against rotavirus diarrhea upon VirHRV challenge significantly correlated
(r=0.97-1.0, p < 0.005) with frequencies of intestinal IFN-y producing T cells, suggesting their role
in protective immunity.
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1. Introduction

Group A rotaviruses are the single most important etiologic agent of dehydrating diarrhea in
infants and young children worldwide, causing approximately 611,000 deaths yearly [1]. To
improve the efficacy of rotavirus vaccines, an improved understanding of both B and T cell
arms of rotavirus protective immunity is essential. The distribution and magnitude of antibody-
secreting cell (ASC) and memory B cell responses to virulent (Vir) human rotavirus (HRV)
Wa strain (P1A[8]G1), the attenuated (Att) Wa HRV or the combined vaccine regimen of
AttHRYV oral priming followed by 2/6-virus-like particle (2/6VVLP) intranasal (IN) boosting
(AttHRV-2/6VVLP) have been delineated in our previous studies of gnotobiotic (Gn) pigs
[2-6]. The protective role of rotavirus-specific IgA effector and memory B cells in intestinal
lymphoid tissues and IgA antibodies in the serum, intestinal contents or feces against rotavirus
diarrhea have been indicated in the Gn pig model of HRV diarrhea [3,5-8] and in studies of
rotavirus natural infection of humans [9-11]. In humans, serum IgA and sometimes 1gG
antibody titers were correlated with protection after rotavirus natural infection [12]; but not
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after vaccination with Rotashield™ [9,13], implying a potential role for other effectors
including T cell mediated immunity in the protection induced by this tetravalent reassortant
rotavirus vaccine.

In studies of adult mice, CD8+ T cells were shown to provide the most important but not
exclusive mechanism mediating clearance of a primary rotavirus infection [14]. Also in studies
of adult mice, CD4+ T cells were shown to be the only lymphocytes needed to protect mice
against rotavirus infection after the mice were vaccinated with VVP6 peptide vaccines [15,16].
Despite a large number of studies on the role of T cells in mediating protection against rotavirus
infection in adult mice with various gene knockouts (protection against disease cannot be
assessed in the adult mice model) [14-18], limited data is available on T cell immune responses
to rotavirus in humans [19,20] or other out-bred native hosts, i.e. calves and pigs [21-23].
However, because of the potentially important role for CD4+ and CD8+ T cells in rotavirus
immunity, especially in heterotypic protection as suggested by studies of influenza virus
infections [24], it is important to quantify and characterize antigen-specific CD4+ and CD8+
T cells in an animal model of rotavirus disease as well as in human clinical trials for the
development of new rotavirus vaccines. The objective of this study was to identify the potential
correlation between HRV-specific IFN-y producing or proliferating T cell responses with
protective immunity induced by rotavirus infection and vaccination using our well-established
Gn pig model of HRV infection and disease [25,26].

Production of IFN-y within hours of antigenic restimulation is a functional characteristic of
virus-specific effector-memory T cells [27]. We chose to use functional characteristics to
define T cell subpopulations in vitro to better reflect their in vivo functions. IFN-y was recently
identified to be the only cytokine produced by restimulated CD4+ T cells from immunized
mice that directly inhibited rotavirus replication in vitro [28]. We postulated that protective
efficacy against rotavirus is associated with IFN-y producing T cell responses induced by
rotavirus infection or vaccines. We used flow cytometry to detect intracellular accumulation
of IFN-y by CD4+, CD8+ and CD4+CD8+ T cells activated by intact homologous HRV
antigen. This assay allows quantitation of HRV-specific IFN-y producing T cells, at the single
cell level [29]. Studies of the interaction of rotavirus with human myeloid dendritic cells
(MDCs) demonstrated that intact peripheral blood mononuclear cell (PMNC) populations
containing antigen presenting cells are equally efficient compared to rotavirus-infected MDC,
in stimulating IFN-y-producing rotavirus-specific effector-memory T cells [30]. Furthermore,
the frequencies and patterns of cytokines produced by effector-memory CD4+ T cells after
stimulation of peripheral blood MNC with the purified rhesus rotavirus (RRV) or MDC
infected with RRV were similar. Thus intracellular IFN-y staining assays using purified intact
rotavirus as stimulating antigen with mononuclear cell (MNC) populations can provide
comparative information regarding the tissue distribution and magnitude of rotavirus-specific
anti-viral T cell responses elicited by rotavirus infection and vaccines. The CD4+CD8+ double
positive T cells are mainly found in swine and also in humans, nonhuman primates and mice
[31,32]. Studies have suggested that CD4+CD8+ T cells can respond to recall antigens and are
effector-memory or memory T cells in swine [31,33] and humans [34]. The role of virus-
specific double positive T cells in rotavirus immunity in pigs or humans has not been studied
before.

Compared to effector-memory T cells, memory T cell subpopulations are more difficult to
define due to the dynamics of the T cell progressive differentiation from effector to effector-
memory (resting effector) to memory T cells [35]. Because of the lack of definitive memory
T cell surface markers for swine and the lack of other functional markers in general,
proliferation has been the chosen parameter to measure memory T cell responses to rotavirus
infection and vaccination in humans and pigs [20,21]; however the role of proliferating T cells
in rotavirus protective immunity has not been defined. Immunofluorescent staining of
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incorporated bromodeoxyuridine (BrdU) and flow cytometry is a high-resolution technique to
measure T cell proliferation. Cytokine (i.e. IFN-y)producing proliferating T cells can be
assessed at the same time in a multicolor flow cytometry [36].

In this study, we determined the magnitude and distribution of rotavirus-specific IFN-y
producing or proliferating T cell responses in intestinal (ileum) and systemic (spleen) lymphoid
tissues and blood in Gn pigs orally infected with a VirHRV (mimic natural infection) or
vaccinated with two or three oral doses of live AttHRV (mimic currently licensed HRV
vaccines) or a combined AttHRV-2/6VVLP prime/boost vaccine. We found significant
correlations between the magnitude of intestinal IFN-y producing CD4+, CD8+ or CD4+CD8
+ T cell responses induced by the VirHRYV infection or the various rotavirus vaccines and
protection rates against rotavirus diarrhea upon challenging the Gn pigs with the VirHRV.

2. Materials and methods

2.1. Viruses

The VirHRV Wa strain (G1P1A[8]) was passaged in Gn pigs and the pooled intestinal contents
of pigs from the 23rd passage were used for inoculation at a dose of ~10° fluorescence forming
units (FFU). The virus titers were determined using a cell culture immunofluorescence (CCIF)
assay [3]. The 50% infectious dose (IDsgp) and diarrhea dose (DDsg) of Wa VirHRV was
determined previously in Gn pigs as <1 FFU [37]. The 37th cell culture passage of Wa AttHRV
was propagated in the African green monkey kidney cell line MA104 and used for vaccination
at a dose of 5x107 FFU and as stimulating antigen (HRV antigen) in intracellular cytokine
staining of IFN-y producing or proliferating T cells. The HRV antigen was semipurified from
AttHRV-infected MA104 cell-culture supernatants (titer = approximately 107 FFU/ml) by
centrifugation (112,700x%g) through a 40% (w/w) sucrose cushion as described previously [5]
and the protein concentration of the preparations was determined by Bio-Rad protein assay
(Bio-Rad, Hercules, CA).

2.2. Virus-like particles with ISCOM adjuvant

Rotavirus 2/6-virus-like particles (2/6 VLP) with VP2 derived from RF and VVP6 from Wa strain
rotaviruses were produced in Spodoptera frugiperda nine insect cells. The assembled VLPs
were purified using CsCl, gradients and characterized as previously described [38,39]. The
protein concentration of the purified 2/6VVLP was determined using the Bio-Rad protein assay
(Bio-Rad). The endotoxin level in each 2/6VLP preparation was quantitated (<0.05 units/dose)
with the Limulus amebocyte assay (Associates of Cape Cod, Inc., Woods Hole, Mass.). The
2/6VVLP (250pg/dose) were incorporated into immunostimulating complexes (ISCOM) (1.25
mg/dose) as previously described [2]. Electron microscopy or immune electron microscopy
was performed on each of the 2/6VVLP-ISCOM preparations just prior to inoculation to confirm
the integrity of the vaccine.

2.3. Gnotobiotic pigs and experimental design

Gnotobiatic pigs were derived by hysterectomy of near term sows, maintained aseptically in
isolation units and fed a sterile commercial infant formula (Similac®, Ross laboratories,
Columbus, OH) as described previously [40]. Pigs were assigned randomly to 1 of 5 groups.
All pigs were orally inoculated at 5-6 days of age with a single dose (~10° FFU) of VirHRV
(group 1, VirHRV, n = 5) or a priming dose (5x107 FFU) of the AttHRV. The AttHRV primed
pigs were boosted with two intranasal (IN) doses of 2/6VVLP-ISCOM (group 2,
AttHRV-2/6VLP, n = 4), or two or one oral booster doses of AttHRV (group 3, AttHRV3x,
n =8, or group 4, AttHRV2x, n = 4, respectively) at 10 and 21 days after the first inoculation.
The 2/6VLP dose used in the AttHRV-2/6VLP vaccine regimen was 250ug 2/6VVLP
incorporated into 1.25 mg ISCOM matrix. Pigs mock-inoculated with diluent or ISCOM matrix

Vaccine. Author manuscript; available in PMC 2009 June 19.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yuan et al.

Page 4

was included as controls (group 5, control, n = 8). Protective efficacies against diarrhea
conferred by the VirHRYV infection, AttHRV-2/6VLP, AttHRV3x, or 2x vaccines after
challenge with the Wa VirHRV (1x106 FFU) at postinoculation day (PID) 28 were assessed
as previously reported [3,5,6]. The MNC from ileum, spleen and peripheral blood were isolated
from pigs euthanized at PID28 (P1D27-29) for characterization of T cell responses. The animal
experimental protocol was reviewed and approved by the Institutional Laboratory Animal Care
and Use Committee at The Ohio State University.

2.4. Collection of lymphoid tissues and isolation of MNC

After euthanasia, the distal portion of the small intestine (ileum), spleen and blood were
collected [3]. The MNC were extracted from the ileum using EDTA and collagenase and
enriched by discontinuous Percoll gradient [3]. The MNC of the spleen were extracted by
mechanical separation and enriched by discontinuous Percoll gradient. Peripheral blood
lymphocytes (PBLs) were purified using Ficoll-PaqueTM plus (Amersham Biosciences,
Uppsala, Sweden) [3,21]. The purified MNC from all tissues were resuspended in complete
medium consisting of RPMI-1640 (Gibco, BRL) supplemented with 8% fetal bovine serum,
20 mM HEPES (N-2-hydroxyethyl-piperazine-NKk-2-ethanesulphonic acid), 2 mM .-
glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 100ug/ml of
gentamicin, 10ug/ml of ampicillin and 50 mM 2-mercaptoethanol (E-RPMI).

2.5. Intracellular cytokine staining and flow cytometry analysis of frequencies of IFN-y
producing CD4+, CD8+ and CD4+CD8+ T cells

Flow cytometry was used to determine frequencies of HRV-specific IFN-y producing CD4+,
CD8+ and CD4+CD8+ T cells in the intestinal (ileum) and systemic (spleen) tissues and blood
in Gn pigs in each group. The MNC extracted from the pigs were restimulated in vitro in 12-
well cell culture plates (Costar, Corning Incorporated, Corning, New York) with semi-purified
HRYV antigen (12pg/ml), positive control PHA (10ug/ml) or mock stimulated (medium-only)
in E-RPMI media for 17 h at 37°C [29]. A protein transport inhibitor, Brefeldin A (10pg/ml;
Sigma) was added for the last 5 h to block secretion of cytokines produced by the T cells. An
anti-human CD49d (0.5ug/ml) monoclonal antibody (MAb) (BD Pharmingen, San Diego, CA)
was added to each sample as a costimulator [19], because an anti-porcine CD49d MAb was
not available. The anti-human CD49d MADb cross-reacts with the molecules on porcine
leukocytes [41]. The MNC were washed with staining buffer (3%FBS and 0.09% sodium azide
in 1x DPBS (0.2 mg/ml KCI, 0.2 mg/ml KH,POy4, 8 mg/ml NaCl and 2.16 mg/ml
NayHPO4-7H,0, pH 7.2-7.4)), centrifuged at 500xg for 5min at 4°C before and after each
staining step prior to permeabilizing the cells. The MNC (2x108 cells/tube) were stained at
room temperature (RT) for 15 min with the following MADbs in sequential steps: (1) fluorescein
isothiocyanate (FITC) conjugated mouse anti-porcine CD4 (IgG2b, Clone 74-12-4, BD
Pharmingen) and purified mouse anti-porcine CD8a. (IgG1, clone PT36B, VMRD, Inc,
Pullman, WA), followed by (2) allophycocyanin (APC) conjugated rat anti-mouse 1gG1 (BD
Pharmingen), and then (3) biotinylated mouse anti-porcine CD3 (IgG1, clone PPT3,
SouthernBiotech, Birmingham, AL) and (4) peridinine chlorophyll protein (PerCP) conjugated
streptavidin (BD Pharmingen). After staining of cell surface markers, the MNC were
permeabilized with BD cytofix/cytoperm™ buffer (BD pharmingen) for 15 min at RT. Then
the MNC were washed with BD perm/wash buffer (BD pharmingen) and stained with R-
phycoerythrin (PE) conjugated mouse anti-porcine IFN-y (IgG1, clone P2G10, BD
Pharmingen) for 15 min at RT. The MNC were washed with perm/wash buffer and resuspended
in staining buffer and kept in the dark at 4°C before flow cytometry analysis the next day. The
appropriate isotype-matched irrelevant control antibodies (BD pharmingen, VMRD or
SouthernBiotech) were included for MNC of each antigen-stimulation from each tissue in each
staining as negative controls to set the quadrant markers for the bivariate dot plots. All MAbs
were titrated and used at optimal concentrations. At least 20,000 cells were acquired on a
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FACSCalibur flow cytometer (BD Biosciences). Flow cytometry data were analyzed using
CellQuest software (BD) or FlowJo 7.2.2 software (Tree Star, Ashland, Oregon). Only samples
in which the IFN-y staining was at least twice that of the medium-stimulated controls
(background) were considered positives. The frequencies of IFN-y+CD4+, IFN-y+CD8+ and
IFN-y+CD4+CD8+ T cells were expressed as percentages of total CD3+ T cells. All mean
frequencies in Fig. 4 are reported after subtraction of the background frequencies.

2.6. BrdU staining and flow cytometry analysis of proliferating CD4+ and CD8+ T cells

Immunofluorescent staining of incorporated BrdU is a high-resolution technique to measure
T cell proliferation after virus infection or vaccination. Bromodeoxyuridine, a pyrimidine
analogue, is incorporated into the proliferating S-phase cells. After in vitro stimulation of
2x10% MNC from each tissue with semipurified HRV antigen (12ug/ml), PHA (10ug/ml) or
mock (medium-only) for 5 days, 10ug/ml BrdU were added to each cell culture for the last 18
h. The MNC were harvested, washed with staining buffer and stained with the following MADbs:
PE conjugated mouse anti-porcine CD4 (clone 74-12-4, BD Pharmingen), FITC conjugated
mouse anti-porcine CD8a (clone 76-2-11, BD Pharmingen) and biotinylated mouse anti-
porcine CD3 (clone PPT3, SouthernBiotech, Birmingham, AL) followed by PerCP conjugated
streptavidin (BD Pharmingen). After staining of the T cell surface markers, the MNC were
permeabilized with BD cytofix/cytoperm™ buffer for 15 min at RT. Then the MNC were
washed with BD perm/wash buffer and stained with APC conjugated anti-BrdU antibody (BD
Pharmingen) for 20 min at RT. Isotype matched control antibodies were included for MNC of
each antigen-stimulation from each tissue in each staining. Four-color flow cytometry analysis
was performed to determine the frequencies of BrdU+CD3+CD4+ and BrdU+CD3+CD8+
cells using a FACSCalibur Flow Cytometer and CellQuest™ Pro software following the
manufacturer's instructions (Becton Dickinson). At least 20,000 cells were acquired.
Frequencies of proliferating T cells from medium-only stimulated MNC (background) were
subtracted from the frequencies in HRV stimulated MNC. The HRV-specific proliferating T
cell responses were presented as the frequencies of BrdU+CD4+ or BrdU+CD8+ T cellsamong
total CD3+ MNC. After 5 days in vitro stimulation of MNC with HRV antigen or PHA, the
frequencies of CD4+CD8+ double positive T cells become very low to undetectable among
proliferating T cells. Thus CD4+CD8+ T cells were not analyzed as a separate subpopulation
for T cell proliferation.

2.7. BrdU and intracellular staining and flow cytometry analysis of IFN-y or IL-13 producing
CD4+ and CD8+ T cells among proliferating and non-proliferating T cells

A flow cytometry assay was developed to detect IFN-y or IL-13 producing CD4+ and CD8+
T cells among proliferating (BrdU+) or non-proliferating (BrdU—) CD3+ MNC. The MNC
were stimulated with HRV antigen, PHA or medium-only for 5 days as described above. Mouse
anti-porcine CD3 (IgG1k, clone PPT3) MAb conjugated with SpectralRed™ (SPRD,
SouthernBiotech), mouse anti-porcine CD4 (IgG2bx, clone 74-12-4) or CD8 (1gG1, clone
PT36B) conjugated with biotin (SouthernBiotech) and then streptavidin conjugated with APC-
Cy7 (eBioscience) were added in the initial two steps to stain T cell surface markers. The cells
were then permeabilized with cytofix/cytoperm™ buffer and stained for intracellular BrdU,
IFN-y and IL-13 with anti-BrdU conjugated with APC, anti-porcine IFN-y PE (BD) and anti-
human IL-13 FITC (IgG1, clone PVYM13-1, eBioscience) MAbs, respectively. Isotype-
matched control MAbs were included for MNC from each tissue in each staining. An upgraded
five-color FACSCalibur Flow Cytometer (the 3rd violet laser added by Cytek Flow Cytometry
Products, CA), CellQuest™ Pro (BD) and Rainbow™ (Cytek) software were used to analyze
the stained cells. At least 20,000 cells were acquired. The stained cells were first gated for CD3
and BrdU and then analyzed on CD4 vs. IFN-y or IL-13 and CD8 vs. IFN-y or IL-13 bivariate
dot plots. The frequencies of IFN-y producing CD4+ or CD8+ T cells were expressed as
percentages of total CD3+BrdU+ or CD3+BrdU— MNC.
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2.8. Statistical analysis

Comparisons of frequencies of T cells among treatment groups or tissues were performed for
all data presented in Figs. 4-6 using the Kruskal-Wallis test (SAS Institute Inc., Cary, NC).
When differences among the groups or tissues were detected, the same test was used in a
pairwise fashion to clarify the nature of the differences. Spearman’s correlation was used for
assessment of association between mean frequencies of IFN-y+ producing or proliferating T
cells and protection rates against rotavirus diarrhea. Protection rates among treatment groups
were compared using Fisher's Exact Test. Statistical significance was assessed at p < 0.05 for
all comparisons.

3. Results

3.1. Detection of HRV-specific IFN-y+CD4+, IFN-y+CD8+ and IFN-y+CD4+CD8+ T cells

The intracellular staining and flow cytometry analysis for detection of HRV-specific IFN-y-
producing CD4+ and CD8+ T cells is illustrated in Fig. 1. The detection of HRV-specific IFN-
y-producing CD4+CD8+ double positive T cells is illustrated in Fig. 2. The three T cell
subpopulations CD4+, CD8+ and CD4+CD8+ were identified by gating through MNC and
then CD3+ lymphocytes (Figs. 1A and 2A). PHA and medium-only stimulated MNC were
included (for all samples in the study) as positive and background controls. Low frequencies
of spontaneous IFN-y producing T cells were observed among the medium-only stimulated
MNC (right panels in Figs. 1B and 2B), which may reflect the presence of T cells that
constitutively produce IFN-y (background, non-HRYV specific). Their frequencies were
generally substantially lower than those among the HRV antigen-stimulated MNC (left panels
in Figs. 1B and 2B). Examples of IFN-y producing CD4+, CD8+ and CD4+CD8+ T cell
responses among different inoculation groups are given in Fig. 3. Representative dot plots were
shown for ileum of one pig in the VirHRV, AttHRV-2/6VVLP, AttHRV3x or control groups,
respectively.

3.2.IFN-y producing T cells induced by virulent HRV infection reside primarily in the intestine

The mean frequencies of HRV-specific IFN-y+CD4+, IFN-y+CD8+ and IFN-y+CD4+CD8+
T cells among the inoculation groups are depicted in Fig. 4. Mean frequencies of IFN-y
producing T cells in each tissue of each group were calculated using adjusted frequencies in
which the frequencies from the medium-only stimulated MNC were subtracted from the HRV
stimulated MNC. The IFN-y+CD4+CD8+ T cell responses in the VirHRV group were not
determined because the CD4 and CD8 were stained in separate tubes for this group. In the
VirHRYV infected pigs, higher frequencies of HRV-specific IFN-y+CD4+ (statistically
significant) and IFN-y+CD8+ T cells were detected in ileum compared to spleen (13-fold and
15-fold higher, respectively) and blood (35-fold and 11-fold higher, respectively), indicating
that the IFN-y producing T cells after VirHRV infection reside primarily in the intestinal
lymphoid tissues at PID28, as we showed previously for memory B cells [5]. The pigs receiving
AttHRV-2/6VLP or AttHRV3x vaccine had significantly higher frequencies of IFN-y+CD4+,
IFN-y+CD8+ (for AttHRV-2/6VLP only) and IFN-y+CD4+CD8+ T cells in spleen compared
to blood. Blood had the lowest frequencies of IFN-y producing T cells compared to ileum and
spleeninall inoculation groups (except for AttHRV3x) and the frequencies in VirHRYV infected
or vaccinated pigs did not differ from that of the mock-inoculated control pigs, suggesting that
few HRV-specific effector-memory T cells traffic through the circulation at PID 28 after HRV
infection or vaccination.
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3.3. AttHRV-2/6VLP vaccine induced higher intestinal HRV-specific IFN-y producing T cell
responses than the AttHRV3x and 2x vaccines

In pigs receiving the AttHRV-2/6VVLP2x vaccing, frequencies of IFN-y+CD4+ and IFN-y
+CD8+ T cells in ileum were slightly lower, but statistically similar to those of the VirHRV-
infected pigs and they (including IFN-y+CD4+CD8+ T cells) were higher or significantly
higher than those of pigs vaccinated with the AttHRV3x or 2x vaccines and controls (Fig. 4).
The AttHRV-2/6VLP vaccine is more effective in inducing intestinal IFN-y producing T cell
responses and protection (Table 1) than the AttHRV vaccines, possibly due to the multiple
mucosal induction sites involved in the AttHRV-2/6VLP prime/boost vaccine regimen (i.e.
oral: gut associated lymphoid tissues [GALT] followed by IN: nasal associated lymphoid
tissues [NALT]). In spleen, the AttHRV-2/6VLP vaccine induced significantly higher IFN-y
+CD4+ and IFN-y+CD8+ T cell responses than the VirHRV, which may reflect the effect of
the 2/6VVLP booster doses. Antigen-specific T or B cells primed in NALT reside predominately
in the lungs and in systemic over intestinal sites [42]. The AttHRV-2/6VVLP vaccinated pigs
were also the only inoculation group that developed significantly higher splenic IFN-y+CD8
+ T cell responses than controls. The frequencies of IFN-y+CD4+ T cells in spleen of
AttHRV3x or 2x vaccinated pigs did not differ significantly from those of the VirHRYV pigs,
but they (including the IFN-y+CD4+CD8+ T cells) were significantly higher than controls.
The trend for the higher frequencies (not significantly vs. VirHRV group) of IFN-y+ T cell
responses in spleen and blood of AttHRV3x pigs may be explained also by the booster doses.
Higher rate of nasal virus shedding than fecal shedding was observed after the AttHRV oral
inoculation in our previous studies [43]. This fact may also help to explain the higher IFN-y
+CD4+ and IFN-y+CD4+CD8+ T cell responses observed in the systemic site (spleen) than
in the intestine (ileum) after inoculation with the AttHRV3x or 2x vaccine.

3.4. Frequencies of intestinal HRV-specific IFN-y producing T cell responses correlated with
protection rates against HRV diarrhea

We analyzed the correlation between mean frequencies of IFN-y producing T cells in the
lymphoid tissues and blood and protection rates against diarrhea in all inoculation groups
(Table 1). The protection rates against HRV diarrhea upon VirHRYV challenge were
significantly correlated with the mean frequencies of ileal IFN-y+CD4, IFN-y+CD8+ and IFN-
y+CD4+CD8+ double positive T cells in Gn pigs, demonstrating the important role of virus-
specific intestinal IFN-y producing T cells in protective immunity against rotavirus disease. A
slightly stronger correlation was found between protection rates and mean frequencies of IFN-
y+CD4+ or IFN-y+CD4+CD8+ (r = 1.0, p < 0.0001) than IFN-y+CD8+ T cell (r =0.975,p =
0.0048). There were no significant correlations between systemic IFN-y producing T cell
responses and protection rates against diarrhea when all groups were included for calculation
of the correlation coefficients (Table 1). However, when only the AttHRV groups and the
control group were included for the calculation, the mean frequencies of IFN-y+CD4+ T cells
in both ileum and spleen of AttHRV3x and 2x inoculated pigs were significantly correlated
(r=1.0, p <0.0001) with protection rates against diarrhea.

3.5. HRV-specific intestinal proliferating T cell responses were highestin the vaccinated pigs
but they were not correlated with protection

To examine the potential role of HRV-specific proliferating T cell responses in rotavirus
protective immunity, mean frequencies of HRV-specific BrdU+CD4+ and BrdU+CD8+ T cells
in ileum, spleen and blood of the five inoculation groups were compared (data not shown).
Overall higher frequencies of BrdU+CD4+ than BrdU+CD8+ T cells were detected in all
tissues of all groups, confirming that CD4+ T cells are the major proliferating T cell population.
Unlike the IFN-y producing T cell responses, the distribution of BrdU+CD4+ and BrdU+CD8
+ T cells in VirHRV-infected pigs did not differ significantly among tissues at PID28. There
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were also no significant differences in frequencies among tissues of the vaccinated or control
groups. The AttHRV-2/6VLP vaccine induced the highest intestinal proliferating T cell
responses whereas AttHRV3x or 2x vaccine induced the highest systemic proliferating T cell
responses. However, there were no significant differences in frequencies of ileal BrdU+CD4
+ or BrdU+CD8+ T cells among vaccine groups and there were no significant correlations
between protection rates against diarrhea and frequencies of BrdU+CD4+ or BrdU+CD8+ T
cells in any tissues (data not shown).

3.6. Low frequency of HRV-specific IFN-y producing T cells were detected among
proliferating CD4+ and CD8+ T cells in spleen and blood

To help us understand why the magnitude of HRV-specific proliferating T cell responses was
not directly associated with protection, the frequencies of IFN-y producing T cells among
proliferating (BrdU+) and non-proliferating (BrdU—) CD4+ and CD8+ T cells were analyzed
in Gn pigs receiving the AttHRV3x vaccine using a five-color flow cytometry developed later
in the study. This assay was only applied to pigs vaccinated with AttHRV3x vaccine which
was the last treatment group for the study. The mean frequencies of HRV-specific BrdU+ or
BrdU—, IFN-y+CD4+ and IFN-y+CD8+ T cells in ileum, spleen and blood are depicted in Fig.
5, along with PHA stimulated and medium-only stimulated controls. Among HRV-specific
proliferating T cells, no or very low frequencies of IFN-y+CD4+ and IFN-y+CD8+ T cells
were detected in ileum, but higher frequencies were detected in spleen and blood. Significantly
higher frequencies of HRV-specific IFN-y+CD4+ and IFN-y+CD8+ T cells were detected
among proliferating T cells compared to non-proliferating T cells in spleen (CD4+ only) and
blood. Thus, after stimulation with recall antigen for 5 days, HRV-specific IFN-y producing
T cells are mainly found among proliferating T cells and resided primarily in spleen and blood.

3.7. Frequencies of total CD4+ and CD8+ T cells in blood were reduced in VirHRV infected
pigs compared to the vaccinated or control pigs at PID28

Frequencies of total CD3+CD4+ and CD3+CD8+ T cells among MNC were analyzed to assess
whether VirHRYV infection and vaccination have an effect on total T cell frequencies in Gn
pigs at PID28. The mean frequencies of total CD4+ and CD8+ T cells in ileum, spleen and
blood in the VirHRV, AttHRV3x and control pigs are depicted in Fig. 6. The frequencies of
total T cells in the AttHRV-2/6VVLP and AttHRV2x groups were similar to those of AttHRV3x
group for all the tissues, therefore data are not shown. The CD4/CD8 ratio in ileum of all pig
groups were <1.0, and in spleen and blood were >1.5, but CD4/CD8 ratios did not differ
significantly among groups (data not shown). The frequencies of total CD4+ T cells in all
tissues and CD8+ T cells in blood increased significantly in the AttHRV3x group, but not in
the VirHRYV group, compared to the controls. These increases may reflect the effect of booster
doses (repeated antigen stimulation) received by the vaccine group on the development/
maturation of the T cell compartment in neonatal Gn pigs. However, increased total T cell
numbers did not correlate with increased protection rates against HRV diarrhea. For total CD8
+ T cells, a noteworthy observation was the significantly reduced frequency in the blood of
VirHRYV pigs compared to the controls. Total blood CD4+ T cells also showed the same trend,
although it was not statistically significant. Frequencies of total CD4+CD8+ double positive
T cells were also compared among the vaccine groups and the controls. In ileum, the
frequencies of double positive T cells were increased or significantly increased in the vaccine
groups compared to the controls. In spleen and blood, the frequencies among groups did not
differ significantly (data not shown).

4. Discussion

Using intracellular staining and flow cytometry, we examined frequencies of HRV-specific
IFN-y producing T cells, HRV-specific proliferating T cells and total T cells in ileum, spleen
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and blood of Gn pigs after VirHRV infection or inoculation with various vaccines. We also
examined frequencies of IFN-y producing CD4+ and CD8+ T cells among proliferating and
non-proliferating T cells from the AttHRV3x vaccinated pigs. After VirHRV infection or
vaccinations, the frequencies of intestinal HRV-specific IFN-y producing CD4+ T cells in Gn
pigs at the time of challenge (P1D28) correlated significantly with protection rates against
VirHRV-induced diarrhea. IFN-y producing T cells induced by VirHRYV infection in Gn pigs
reside primarily in the intestine as we showed previously for memory B cells [5]. This finding
agrees with the existence of a population of extralymphoid effector-memory T cells poised for
immediate response to infection [44,45]. In mice, antigen-specific CD4+ effector-memory T
cells were found to reside primarily in the gut, lungs and salivary glands at 11-60 days post-
antigen exposure and these cells readily produced IFN-y upon antigen restimulation [44]. Our
study demonstrated a direct correlation between the existence of extralymphoid IFN-y
producing T cells and protection at the site of virus entry (intestine). In studies of mice,
intestinal IFN-y producing CD4+ T cells were suggested to be the only lymphocytes required
for protection against rotavirus infection after the mice were immunized with a chimeric VP6
vaccine using attenuated E. coli labile toxin as an adjuvant [15,28,46,47]. Their data and ours
collectively emphasize the role of intestinal IFN-y producing CD4+ T cells as correlates of
rotavirus protective immunity, possibly more important than CD8+ T cells. The finding that
IFN-y producing T cell responses measured after in vitro antigen restimulation correlated with
protection against rotavirus diarrhea confirms that the memory responses detected in vitro are
reflective of protective immunity in vivo. Intestinal IFN-y producing CD4+CD8+ T cells
induced by various HRV vaccines also significantly correlated with protection. To our
knowledge this is the first study showing that intestinal double positive T cells may play an
important role in rotavirus protective immunity. Intestinal double positive T cells in rhesus
macaques have been shown to be highly activated memory T cells with increased capacity to
produce cytokines [48].

AttHRYV elicited stronger systemic than local IFN-y producing T cell response which concurred
with the stronger systemic than local memory B cell response [5]. There were significant
correlations between protection rates against diarrhea and IFN-y+CD4+ T cell responses in
ileum as well as in spleen of pigs inoculated with the AttHRV vaccines. These results suggest
that systemic immune responses may also play a role in protective immunity after AtHRV
vaccination. Such findings may have implications in identifying the immune determinant of
protection conferred by the currently licensed live oral vaccines in humans.

In pigs, blood had the lowest frequencies of IFN-y producing T cells compared to ileum and
spleen in all pigs (except for CD8+ T cells in the AttHRV3x group) and the frequencies did
not differ among treatment groups; therefore, they did not reflect the magnitude of HRV-
specific T cell responses in the ileum and spleen at PID 28. Correlations, therefore, were
analyzed between mean frequencies of IFN-y producing T cells and protection rates among all
inoculation groups, instead of using the more direct approach (i.e. between IFN-y producing
T cell frequencies in blood at challenge and clinical signs post-challenge in the same pigs).
Recent studies of T cell responses in human PBL showed that in rotavirus infected children,
virus-specific CD4+ and CD8+ T cells that secreted IFN-y were very low or undetectable
[19,49]. Similar results were found in studies of rotavirus-infected juvenile rhesus macaques
monkeys [50]. Studies of intestinal and systemic rotavirus-specific ASC and lymphocyte
proliferation responses in Gn pigs at various time points indicated that blood mirrored the IgA
ASC and lymphocyte proliferation responses in the gut, but at a lower level, and could serve
as a temporary “window” for monitoring intestinal immune responses to rotavirus. A
correlation between ratios of HRV-specific IgA ASC and total IgA ASC in the blood and the
small intestinal lamina propria was found in children; the study was done during annual
rotavirus epidemic season [51]. Thus this window may be limited to a short time post-infection,
when presumably the lymphocytes activated by rotavirus antigen in intestinal induction sites
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traffic (homing) to the effector sites via the circulation [3,21]. At PID 28, the only time
examined in this study, the frequencies of IFN-y producing T cells in blood did not reflect the
magnitude of intestinal T cell responses induced by infection or the various vaccines. Thus,
studies of T and B cell responses to rotavirus infection or vaccination using blood samples
need to carefully select the optimal time point; blood samples collected outside the temporary
“window” will not accurately reflect the magnitude/patterns of the intestinal immune responses
to rotavirus infection or vaccines.

Studies by Reinhardt et al. [44] suggested that antigen recognition in the context of infection
generates memory T cells that are specialized to proliferate in secondary lymphoid tissues or
to traffic and fight infection in the peripheral non-lymphoid tissues at the sites of microbial
entry. In our study, HRV-specific proliferating CD4+ and CD8+ T cells in Gn pigs after HRV
infection or vaccination were distributed similarly among intestinal and systemic tissues and
in the blood. The frequencies of HRV-specific proliferating T cells did not correlate with
protection. The low frequencies of IFN-y+ T cells (~1%) among proliferating T cells indicate
that only a very small percent of proliferating T cells have effector functions after restimulation
with HRV antigen, which may explain the lack of a correlation between protection and
magnitude of proliferating T cell responses. However, further studies including all other four-
treatment groups are needed to determine if frequencies of HRV-specific proliferating IFN-y
+CDA4+ or IFN-y+CD8+ T cells are correlated with protection. We also attempted to measure
HRV-specific IL-13 producing T cells between proliferating and non-proliferating T cells using
an anti-human IL-13 antibody (porcine IL-13 antibody is not available). IL-13 was indicated
to replace 1L-4 as the major T helper (Th) 2 cytokine in swine [52]. The frequencies of CD4
+IL-13+ or CD8+IL-13+ T cells were very low, only detectable in non-proliferating T cells
and did not differ significantly between medium-only stimulated and HRV stimulated MNC
(data not shown). Similar low frequencies of CD4+1L-13+ T cells were reported in a study of
human adults and young children with natural HRV infection [19].

The proliferating T cells are a heterogeneous population. They include IFN-y+ cells as we
detected, that are likely the effector T cells derived from memory T cells after antigen re-
stimulation and may play a direct role in rotavirus immunity. The majority of proliferating T
cells, however, may be Th cells that have different functional capabilities (i.e. facilitate/regulate
T or B cell response). The magnitude of Th cell responses is not likely to directly correlate
with protection because these cells are not cytotoxic T cells; although they are an intrinsic part
of the immune responses induced by rotavirus infection or vaccination. Further studies are
needed to dissect the T cell types of HRV-specific proliferating T cells induced by infection
and vaccines to identify if a subpopulation of proliferating T cells correlates with the short-
term (P1D28) or longer-term protection.

The frequencies of blood CD4+ and CD8+ T cells were reduced or significantly reduced in the
VirHRYV infected pigs compared to mock-inoculated control pigs at PID28. A recent study of
children with acute rotavirus diarrhea also reported moderate to severe reduction in the
frequencies of CD4+ and CD8+ T cells from peripheral blood [53]. The reduction in frequency
of T cells in children was only detected in the acute-phase blood samples. In convalescent-
phase blood samples (3 weeks after the acute sample) the frequencies of T lymphocytes
recovered to almost normal levels in most patients. This difference between rotavirus infected
Gn pigs and children may be due in part to the Gn status of pigs that lack of commensal
microflora or environmental antigen stimulation may have delayed the recovery from the
VirHRV-induced T cell lymphopenia. The mechanism for the rotavirus-induced T cell
lymphopenia in pigs and children are unclear and requires further studies [53].

In conclusion, this study demonstrated a direct correlation between protection rates against
rotavirus diarrhea and the magnitude of HRV-specific IFN-y producing CD4+, CD8+ and CD4
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+CD8+ T cell responses in the intestine of Gn pigs induced by VirHRV infection and various
HRYV vaccines. Our findings suggest that HRV-specific intestinal IFN-y producing T cells are
an important determinant of rotavirus immunity. This knowledge should improve our
understanding of rotavirus protective immunity and will facilitate development and evaluation
of effective rotavirus vaccines.
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Fig. 1.

Detection of HRV-specific IFN-y producing CD4+ and CD8+ T cells by intracellular staining
and flow cytometry. Stained cells were gated first for mononuclear cell (MNC) populations
based on forward scatter and side scatter profile followed by gating on CD3+ T cells. Then a
bivariate dot plot was drawn to define CD4+, CD8+ and CD4+CD8+ subpopulations within
CD3+ T cells (A). Dot plots in (B) depict IFN-y producing CD4+ and CD8+ T cells among
CD3+ MNC from spleen of a HRV-infected gnotobiotic pig. The MNC were stimulated in
vitro with purified HRV antigen, PHA (positive control), or medium (background control).
The frequencies of IFN-y+CD4+ or IFN-y+CD8+ cells are labeled on the upper right corner
of each dot plot. Quadrants are defined by using MNC stained with isotype-matched irrelevant
antibodies (C).
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Detection of HRV-specific IFN-y producing CD4+CD8+ double positive T cells by

intracellular staining and flow cytometry. After gating on the CD3+CD4+CD8+ subpopulation
similarly to Fig. 1, IFN-y PE and forward scatter dot plots were drawn within the CD4+CD8
+ double positive T cell subpopulation. The frequencies of IFN-y+CD4+CD8+ (labeled on the
dot plot) are among CD3+ MNC that were stimulated in vitro with HRV antigen, PHA (positive

control), or medium (background control), respectively.
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Fig. 3.

Examples of HRV-specific IFN-y producing CD4+, CD8+ and CD4+CD8+ T cell responses
in ileum of gnotobiotic pigs at PID 28. lleal MNC was from pigs infected with VirHRV, or
vaccinated with AttHRV-2/6VLP, AttHRV3x or mock-inoculated controls. MNC were
stimulated in vitro with HRV antigen for 17 h. A representative dot plot was shown for each
inoculation group. The responses in AttHRV2x group (not shown) were similar to AttHRV3x
group. The numbers at the upper right corners of dot plots of panels (A) and (B) are the
frequencies of IFN-y+CD4+ or IFN-y+CD8+ T cells. The numbers in the rectangles in dot
plots of panel (C) are the frequencies of IFN-y+CD4+CD8+ double positive T cells. ND,

undetermined.
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Fig. 4.

HRV-specific IFN-y producing T cell responses in Gn pigs. Data are presented as mean
frequency+standard error of the mean (n = 4-8). The frequencies are calculated by subtracting
the frequencies detected in medium-only stimulated MNC from HRV antigen-stimulated
MNC. Black bars, VirHRV1x group; white bars, AttHRV-2/6VVLP group; light hatched bars,
AttHRV3x; heavy hatched bars, AttHRV2x group; and vertical lined bars, mock-inoculated
controls. Different letters on top of bars indicate significant differences in frequencies among
groups for the same cell type and tissue. Asterisks denote significant difference when compared
to ileum; and 4 indicates significant difference when compared to blood for the same cell type
in the same group (Kruskal-Wallis test, p < 0.05).
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Fig. 5.

Mean frequencies of HRV-specific IFN-y producing CD4+ and CD8+ T cells among
proliferating and non-proliferating T cells in pigs vaccinated with AttHRV3x. Data are
presented as mean frequencyzstandard error of the mean (n = 4). Black bars, ileum, hatched
bars, spleen; and white bars, blood. Asterisks denote significant difference between BrdU+
and BrdU— IFN-y producing T cells for the same tissue (Kruskal-Wallis test, p < 0.05).
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Mean frequency of total CD4+ and CD8+ T cells in VirHRYV infected or AttHRV3x vaccinated
pigs and the controls. Frequencies of CD3+CD4+ and CD3+CD8+ T cells were analyzed
among the MNC that were cultured for 17 h with medium-only. Data are presented as mean
frequency * standard error of the mean (n = 5-8). Black bars, VirHRYV group; hatched bars,
AttHRV3x; and vertical lined bars, mock-inoculated controls. Different letters on top of bars
indicate significant differences among groups for the same cell type and tissue (Kruskal-Wallis

test, p < 0.05).
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