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Abstract

Genetically modified pigs have become available recently. In this study, we established the gnotobiotic pig
model of human rotavirus (HRV) infection using cloned pigs with homozygous disruption in the gene encoding
immunoglobulin heavy chain (HCKO), which totally impairs B-cell development. To clarify importance of B
cells and cytotoxic T cells in rotavirus immunity, CD8 cells in a subset of the pigs were depleted by injecting
antipig CD8 antibodies and the immune phenotypes of all pigs were examined. HCKO pigs, CDS8 cell-depleted
HCKO pigs, and wild-type (WT) pigs were vaccinated with an attenuated HRV vaccine and challenged with
virulent HRV. Protection against HRV infection and diarrhea was assessed postchallenge and detailed T-cell
subset responses were determined pre- and postchallenge. Significantly longer duration of virus shedding was
seen in vaccinated HCKO pigs than in WT pigs, indicating the importance of B cells in vaccine-induced
protective immunity. Vaccinated HCKO/CDS8™ pigs shed significantly higher number of infectious virus than
WT pigs and non-CD8-depleted HCKO pigs, indicating the importance of CD8 T cells in controlling virus
replication. Therefore, both B cells and CD8 T cells play an important role in the protection against rotavirus
infection. HCKO and HCKO/CD8™ pigs did not differ significantly in diarrhea and virus shedding post-
challenge; increased CD4 and CD8™ yd T-cell responses probably compensated partially for the lack of CD8 T
cells. This study demonstrated that HCKO pigs can serve as a valuable model for dissection of protective
immune responses against viral infections and diseases.

Introduction human CD4 gene (9) and transgenic rats expressing the HIV-1

provirus with a functional deletion of gag and pol (25) were

ENETICALLY MODIFIED ANIMAL MODELS (avian, rats,

mice, pigs, etc.) are widely used in biomedical research
(1,19,29,36). For virological research, genetically modified
mice have been extensively used. For example, mice trans-
ferred with the genes coding for the measles receptor CD46 (30)
and the poliomyelitis receptor (26) were used to study measles
and poliovirus, respectively. Recently, humanized mice have
been developed and are used in studies of a number of human-
specific viruses such as hepatitis C, human immunodeficiency
virus-1 (HIV-1), dengue, and Epstein-Barr virus (EBV) (1).
BALB/c Rag-yc-deficient mice (humanized or not humanized)
were found to support replication of a GIL.4 strain of human
norovirus and are being used as an infection model (35). In
addition to transgenic mice, transgenic rabbits expressing the

generated for studying HIV-1 infection. However, the draw-
back is that many of these rodent-based models do not faithfully
recapitulate human disease pathogenesis. Domestic pigs (Sus
scrofa domesticus) share many anatomical, physiological, and
immunological characteristics with humans and, therefore, are
a superior model for preclinical testing of human vaccines and
therapeutics. Genetically modified pigs have not been used in
virological research previously, except that siRNA transgenic
pigs were generated to knockdown porcine endogenous retro-
virus expression for safe xenotransplantation (24) and more
recently to investigate the infectivity of porcine reproductive
and respiratory syndrome virus (17).

For rotavirus research, various gene knockout adult mice
(i.e., Rag-2 mice devoid of both T and B cells, f2m mice
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that lack cytotoxic T-cell responses, JHD mice that lack
B-cell responses, and IgA knockout mice that have no de-
tectable IgA in the serum or in any secretions) have been
extensively used in studying determinants of protective
immunity against rotavirus infection (3,8,11,20,37). These
studies have produced important observations regarding the
roles of various components of humoral and cellular im-
munity (IgA antibody, CD4, or CD8 T cell) in resolution of
primary infection or protection against chronic rotavirus
infection. However, adult mice do not develop diarrhea after
murine rotavirus infection. Also the pathogenesis of rota-
virus infection in mice is very different from that in humans.
Although neonatal mice are susceptible to rotavirus diarrhea
for the first 14 days of life, the short susceptible time se-
verely limits their use in rotavirus vaccine research (43).
Moreover, different genetic backgrounds of mice lead to
different, even conflicting, results (10,12). One study sug-
gested that CD4 T cells are the only lymphocytes needed to
protect mice against rotavirus shedding after immunization
with rotavirus VP6 protein (20). Others have suggested that
(i) neither CD4*, CD8" T cells, nor antibodies were essential
for protection against rotavirus primary infection in mice;
(i1) B-cell responses were necessary for development of
immunity against rotavirus reinfection; and (iii) the impor-
tance of each lymphocyte population as effectors of pro-
tection was found to be dependent on the immunogen (live,
inactivated, or virus-like particles) and the route of immu-
nization (oral or intranasal) (4,42).

In contrast to adult mice, the neonatal gnotobiotic (Gn)
pig model of human rotavirus (HRV) infection and diarrhea
more closely recapitulates rotavirus gastroenteritis in human
infants and young children (27). The Gn pig is the only
animal model susceptible to HRV diarrhea for up to 8 weeks
of age and the model has been extensively used for inves-
tigating rotavirus vaccine-induced protective immunity
against both infection and diseases (50). Our previous
studies using Gn pigs found that the number of HRV-
specific intestinal IgA antibody secreting cells and fre-
quencies of intestinal interferon-gamma (IFN-y)-producing
T cells were significantly correlated with protection rates
against rotavirus diarrhea, indicating the role of both B and
T cells in the protection against rotavirus disease (51,52).
However, these studies could not separate the humoral and
cellular protective immunity from each other. Recently,
Revivicor, Inc. has generated the total B-cell-deficient pigs.
These genetically modified pigs have the gene encoding for
the immunoglobulin HCKO using Revivicor’s proprietary
techniques. These pigs are impaired in their germinal center
development and are completely incapable of producing
antibodies, but theoretically maintain intact innate immune
cell and adaptive T-cell responses. As such, these animals
offer a unique model to elucidate the mechanisms of
vaccine-induced protective immunity when challenged with
virulent HRV (VirHRV). We characterized the develop-
ment of cellular immune responses to an attenuated HRV
(AttHRV) vaccine in the HCKO pigs compared with that in
wild-type (WT) pigs at challenge and postchallenge. We
also depleted CDS cells in a subset of HCKO pigs by in-
travenously injecting antipig CD8 monoclonal antibodies
before the time of challenge, examined the influence of the
CD8-cell depletion on cellular immune responses, and as-
sessed the contribution of CD8 T cells in protective im-
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munity against rotavirus diarrhea conferred by the AttHRV
vaccine.

Materials and Methods

Derivation and characterization of B-cell- and antibody-
deficient HCKO pigs

All animal experimental procedures were conducted in
accordance with protocols approved by Institutional Animal
Care and Use Committees of Virginia Polytechnic Institute
and State University. The uniquely modified HCKO pigs
provided by Revivicor, Inc. (www.revivicor.com/) have the
gene encoding for the Ig heavy chain knocked out to impair
the variable (V), joining (J) and in some cases, diversity (D)
gene segment rearrangement using Revivicor’s proprietary
techniques (U.S. patent application number 20080026457
and 20060130157). Briefly, the poly (A)-trap gene targeting
technology was applied for disrupting the single functional
heavy chain joining region (Jy) in a porcine primary fetal
fibroblast cell line, and the somatic cell nuclear transfer
(SCNT) strategy was used to produce genetically modified
piglets as described in previous studies (7). The Jy— female
pigs were outbred with WT male pigs of a similar large
white breed to generate F1 offspring. The Jy+ F1 pigs (male
and female) were subsequently crossbred to obtain the F2
generation (the ratio of Jy—, Jyi, and Jy+ genotypes ap-
proximated the expected 1:2:1 Mendelian ratio).

F2 fetuses with confirmed Jy— genotype from one sow
were used to derive the Jy— PPFF cells and produce re-
constructed embryos, which were used to produce HCKO
pigs through the SCNT technology. HCKO Gn pigs were
delivered by hysterectomy and maintained in germ-free
isolator units (22).

To characterize the immunophenotype of the B-cell-
deficient HCKO (Jg—) pigs, normal WT (n=4 and 6 for
postpartum days [PPDs] 0-7 and PPD 28, respectively) and
cloned HCKO Gn pigs (n=4 and 2 for PPDs 07 and PPD 28,
respectively) were used to examine the presence of immature
B cells and immunoglobulin-secreting cells (IgSCs) in various
Iymphoid tissues. Gn pigs were monoassociated with Lacto-
bacillus acidophilus NCFM® (LA) strain to stimulate the
development of the neonatal immune system (46) as was de-
scribed previously (46). Mononuclear cells (MNCs) were
isolated from ileum, duodenum, and mesenteric lymph nodes
(same method), spleen and thymus (same method), and pe-
ripheral blood and bone marrow (same method) using the three
different procedures as was previously described (46). MNCs
were then subjected to cell surface staining and flow cytometry
for detecting B cells (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/vim).

Viruses

The attenuated Wa strain (G1P1A) (8) HRV was used as
the model monovalent AttHRV vaccine. The inoculum was
derived from the 35th passage in African green monkey
kidney cell (MA104) culture. Gn pigs were inoculated at a
dose of 5x 107 fluorescent focus-forming units (FFU) (46).
AttHRV was also used as the detector antigen in enzyme-
linked immunosorbent assay (ELISA) (18) and as the
stimulating antigen in the intracellular IFN-y staining assay
as described previously (46).
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The VirHRV Wa strain was passaged through Gn pigs and
the pooled intestinal contents from the 27th passage were used
to challenge Gn pigs at a dose of 10° FFU. The median in-
fectious dose (IDsg) and median diarrhea dose (DDsg) of the
VirHRYV in Gn pigs were determined as ~1 FFU (41).

CD8 T cell depletion

A subset of HCKO pigs was intravenously injected with a
purified antipig CD8 monoclonal antibody (clone 76-2-11,
Southern Biotech; 1.4 mg/kg of body weight in phosphate-
buffered saline with pH 7.4) at 28 days of age to generate
transiently CD8 T-cell-depleted pigs (designated as HCKO/
CDS8"). The concentration of antipig CDS8 antibody was
1.0mg/mL and the injected maximum volume of the anti-
body was up to SmL. The efficiency of CD8 T-cell deple-
tion was monitored by flow cytometry.

Treatment groups and inoculation
of WT and HCKO Gn pigs

Near-term WT and cloned HCKO Gn pigs were derived by
hysterectomy and maintained in germ-free isolator units
using the same procedure previously described (22). All pigs
were confirmed sero-negative for antirotavirus antibodies
and germ-free before AttHRV exposure. Gn pigs (both males
and females) were randomly assigned to the following
groups: (i) WT Gn pigs with AttHRV (n= 10, AttHRV/WT),
(i1)) HCKO Gn pigs with AttHRV (n=12; 6 pigs for AttHRV/
HCKO and 6 pigs for AttHRV/HCKO/CDS"), and (iii)
control HCKO Gn pigs (n=5, HCKO). Pigs in the AttHRV
groups were orally inoculated with 5x 10’ FFU/dose of
AttHRV in 5mL of diluent (minimum essential medium;
Invitrogen) at both 5 and 15 days of age (postinoculation
days [PIDs] 0 and 10, respectively). Pigs not inoculated with
AttHRV were given an equal volume of diluent as a control.
At PID 28, subsets of pigs from AttHRV/WT (n=5),
AttHRV/HCKO (n=3), AttHRV/HCKO/CDS8™ (n=3), and
HCKO (n=3) groups were orally challenged with 10° FFU
VirHRV as was previously described (46). Postchallenge,
pigs were examined daily for clinical signs and fecal swabs
were collected daily as was previously described (51).

For examining the efficacy of CDS8-cell depletion, pe-
ripheral blood was collected from pigs in the AttHRV/
HCKO/CDS8™ group at 31 days of age (3 days after the CD8
antibody injection and 2 days before the VirHRV challenge)
and MNCs were isolated. MNCs were also isolated from
ileum, spleen, and peripheral blood of pigs euthanized on
PID 28 or postchallenge day (PCD) 7 as was previously
described (46,51), to examine the efficacy of CD8-cell de-
pletion and cellular immune responses. In addition, MNCs
from ileum, spleen, and peripheral blood of AttHRV/HCKO
pigs were subjected to the examination of rotavirus-specific
IgM, IgA, and IgG antibody-secreting cell responses using
the ELISPOT assay previously described (51).

Detection of rotavirus shedding and assessment
of rotavirus caused diarrhea

Rectal swabs were collected for 7 days after VirHRV chal-
lenge to assess rotavirus diarrhea and shedding. Fecal consis-
tency was scored as follows: 0, normal; 1, pasty; 2, semiliquid;
and 3, liquid. Pigs with daily fecal scores of >2 were considered
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diarrheic. The mean cumulative score was calculated as the
sum of daily fecal scores from PCDs 1 to 7 in each group
divided by the number of pigs. Virus shedding was detected in
processed rectal swab fluids by ELISA and infectious virus
particles were measured by cell culture immunofluorescence
(CCIF) assay as described previously (2). A sample was posi-
tive for rotavirus shedding if the mean absorbance of replicates
was greater than the mean plus three times the standard devi-
ations of the absorbance of the negative controls. Fecal samples
from mock-infected pigs were used as negative controls. Ro-
tavirus antigen ELISA optical density (OD) values were ad-
justed based on the average OD values of the negative controls
from different ELISA plates. Protection rate of diarrhea or
shedding upon challenge was calculated using the formula (1 —
percentage of AttHRV-inoculated pigs with diarrhea or shed-
ding/percentage of mock-inoculated control pigs with diarrhea
or shedding) x100.

Flow cytometry analysis of frequency
of CD4* CD25 FoxP3" regulatory T cells

MNCs were stained freshly without in vitro stimulation to
determine the frequencies of CD4"CD25 FoxP3" regulatory
T (Treg) cells among MNCs in ileum, intraepithelial lym-
phocytes (IEL), spleen, and blood of Gn pigs by using in-
tracellular cytokine staining and flow cytometry as we
previously described (46). Only CD4*CD25 FoxP3* Treg
cells were included in this study because our previous study
(46) found that CD25 Treg cells, but not CD25" Treg cells,
were the predominant responding Treg cells after HRV in-
fection or vaccination in Gn pigs. The absolute number of
CD4"CD25 FoxP3" Treg cells per tissue was calculated
based on the frequencies of Treg cells and the total number of
MNCs isolated from each tissue. SpectralRed™ (SPRD)
conjugated mouse antiporcine CD8 (IgG2a; BD Pharmingen)
was also included in the staining protocol for examining the
efficiency of CD8 depletion by antipig CDS8 antibody.

Flow cytometry analysis of frequency of IFN-y-
producing natural killer cells, of CD4 and CD8 T cells,
and yd T cells

MNCs were mock stimulated or stimulated with semipur-
ified AttHRYV antigen in vitro for 17 h. Brefeldin A was added
for the last 5 h to block secretion of cytokines. The frequencies
of HRV-specific IFN-y-producing CD4/CD8 T cells among
CD3 cells, IFN-y-producing CD8*/CD8™ 76 T cells among y6 T
cells in ileum, IEL, spleen, and blood of Gn pigs were deter-
mined by using intracellular cytokine staining and flow cy-
tometry as we previously described (46). Porcine natural killer
(NK) cells were defined as CD3"CDS8" cells gated on lym-
phocytes (13). The frequencies of IFN-y-producing NK cells
were also determined by using flow cytometry. The absolute
number of NK cells, CD4 and CD8 T cells, and yo T cells per
tissue was calculated based on their frequencies and the total
number of MNCs was isolated from each tissue.

Statistical analysis

Fisher’s exact test was used to compare the percentages
of pigs with diarrhea or virus shedding among treatment
groups. Nonparametric Kruskal-Wallis rank sum test was
performed to compare all other parameters among
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FIG. 1. Frequencies of total immature B cells (CD79a"SWC3a*CD217CD2%/-IgM*) (a) and IgSCs (CD79a"SW-
C3a"CD21%/-CD2"/-IgM") (b) among total gated MNCs. The top figures show the frequencies of immature B cells (a)
among MNCs at PPDs 0-7 and PID 28, and the bottom figures show IgSCs (b). Bars indicate group means. The sign ““**’
indicates significant differences among groups (Kruskal-Wallis test, p <0.05). See Supplementary Figure S1 legend for
staining of B cells. PID, postinoculation day; PPD, postpartum day; WT, wild type; HCKO, heavy chain knockout; MNC,
mononuclear cells; IgSCs, immunoglobulin-secreting cells.

treatment groups at each time point. When differences
among the groups were detected, the same test was used in
a pairwise fashion to identify the nature of the differences.

Results

HCKO pigs lack immature B cells and IgSCs
and are totally incapable of producing antibodies

Statistical significance was assessed at p<0.05 and the
statistical analysis was performed using SAS program 9.2
(SAS Institute, Inc.).

All HCKO pigs had almost no detectable immature B
cells and IgSCs in all tissues examined at PPDs 0-7 or PPD

>

FIG. 2. Efficiency of transient CD8-cell depletion by single injection of antipig CD8 antibody. Antipig CD8 monoclonal
antibody was given at 28 days of age (PPD 28) and, to examine the efficacy of CD8 depletion, peripheral blood was
collected from pigs in the AttHRV/HCKO/CD8™ group 3 days later (PPD 31) to MNCs. MNCs were also isolated from
ileum, spleen, and peripheral blood of pigs euthanized on PID 28 (PPD 33) or PCD 7. (a) Representative dot plots collected
from blood at PPD 31. The figures in the fop of (b) and (c¢) show those collected from blood and spleen, respectively,
without semipurified AttHRV antigen stimulation, and those in the bottom show the representative dot plots with semi-
purified AttHRYV antigen stimulation for 17 h. The first and second columns in (b) and (c) show the dot plots from HCKO/
CDS8™ and HCKO pigs, respectively, at PPD 33. The last column shows those from HCKO/CDS™ pigs at PPD 40. The
numbers above the rectangles in dot plots are the frequencies of CD8 cells among lymphocytes. AttHRV, attenuated human
rotavirus; PCD, postchallenge day.
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28 with the exception of a few IgSCs in thymus of one pig at
PPDs 0-7 (Fig. 1). In contrast, WT pigs had higher or sig-
nificantly higher frequencies of immature B cells and IgSCs
in duodenum, ileum, spleen, MLN, and blood than HCKO
pigs at PPDs 0-7 and PPD 28. The lack of B cells is asso-
ciated with relatively smaller size of spleen of HCKO pigs
than that of WT pigs. Rotavirus-specific IgM, IgA, and IgG
antibody-secreting cells were also not detected in ileum,
spleen, and peripheral blood of any AttHRV/HCKO pigs at
PID 28 (AttHRV) and PCD 7 (VirHRV).

Efficiency of CD8 T cell depletion by single injection
of antipig CD8 antibody

The antipig CD8 monoclonal antibody was intravenously
injected in HCKO pigs 5 days before VirHRV challenge on
PID 23 (PPD 28). Peripheral blood was collected 3 days
later (PPD 31) to examine the efficiency of CDS8-cell de-
pletion by using flow cytometry. The representative dot plot
in Figure 2a shows the frequencies (0.92%) of CD8 cells
among lymphocytes in blood. On PID 28/PCD 0 (PPD 33)
and PID 35/PCD 7 (PPD 40), the efficiency of CDS8 deple-
tion was examined in blood, spleen, and ileum. The repre-
sentative dot plots are presented in Figure 2b (blood) and
Figure 2c (spleen). As shown, antipig CD8 antibody injec-
tion resulted in a 97.6% reduction (32.72-0.78%) of CD8
cells in blood (Fig. 2b upper panel) and an 81% reduction
(33.87-6.43%) of CD8 cells in spleen (Fig. 2c upper panel)
on the day of VirHRV challenge (PPD 33). Increasing
number of cells started to re-express the CD8 marker
12 days after injection by PPD 40; however, the frequencies
of CDS cells are still much lower than those in untreated
pigs. Among in vitro semipurified AttHRV antigen-
stimulated cells, more cells re-expressed CD8 marker after
17h of cell culture (Fig. 2b, ¢ lower panels). Our result
concurred with the previous report that after a single intra-
venous injection of the antipig CD8 antibody (clone 76-2-11
as ascites; 0.7mL/kg), the frequencies of CD8 T cells in
blood of the pigs were reduced to the lowest levels (0-5% of
total cells) at 4-6 days postinjection (33).

The effects of antipig CDS8 antibody injection on the
frequencies of CD4 and CD8 T cells, Treg cells, NK cells,
and y0 T cells in all the lymphoid tissues examined on PID
28 (PPD 33) and PCD 7 (PPD 40) are summarized
(Figs. 3A, 3B, 4 and 5) and compared with AtHRV/WT and/
or AttHRV/HCKO pigs in the following sections.

HCKO pigs had increased CD4 and CD8 T cell
population but decreased Treg-cell population

To assess the influence of B-cell deficiency on other
lymphocyte populations, we examined the frequencies and
total number of NK- and T-cell subsets by flow cytometry.
B-cell deficiency had no significant effect on NK-cell fre-
quencies, but altered the frequencies of CD4 and CD8 T
cells and Treg cells (Fig. 3A). AttHRV/HCKO pigs had
significantly higher frequencies of CD4 T cells in ileum,
spleen, and blood, and significantly higher frequencies of
CDS8 T cells in ileum and spleen at both PID 28 and PCD 7
than AttHRV/WT pigs (Fig. 3A). In addition, AttHRV/
HCKO pigs had significantly higher frequencies of CD4 T
cells in IEL and significantly higher frequencies of CD8 T
cells in IEL and blood at PCD 7 than AttHRV/WT pigs

117

(Fig. 3A). Changes in the absolute number of the T-cell
populations were also observed, although in lesser degree.
AttHRV/HCKO pigs had significantly higher number of
CD4 and CD8 T cells in blood at PID 28 and significantly
higher number of CD4 T cells in IEL at PCD 7 than
AttHRV/WT pigs (Fig. 3B). Interestingly, AttHRV/HCKO
pigs had significantly lower number of CD4 and CD8 T cells
in spleen at both PID 28 and PCD 7 than AttHRV/WT pigs
(Fig. 3B).

AttHRV/HCKO pigs had significantly lower frequencies
of Treg cells in ileum and IEL at both PID 28 and PCD 7
and significantly lower frequencies of Treg cells in blood at
PID 28 than AttHRV/WT pigs (Fig. 3A). AttHRV/HCKO
pigs also had lower or significantly lower number of Treg
cells in all tissues than AttHRV/WT pigs.

CD8 depletion in B-cell-deficient pigs significantly
decreased CD8 T cells and NK cells

As expected, CD8-cell depletion by intravenous injection
of antipig CD8 antibody decreased the population of CD8 T
cells in AttHRV/HCKO/CDS8™ pigs. Comparing with non-
CDS8-depleted pigs, AttHRV/HCKO/CDS8™ pigs had signifi-
cantly lower frequencies of CD8 T cells in spleen at PID 28
and in all tissues at PCD 7 than AttHRV/HCKO pigs
(Fig. 3A). In addition, AttHRV/HCKO/CDS8™ pigs had sig-
nificantly lower number of CD8 T cells in spleen and blood
at PID 28 and PCD 7 than AttHRV/HCKO pigs (Fig. 3B).

Comparing with AttHRV/WT pigs, AttHRV/HCKO/
CDS8™ pigs had significantly lower frequencies of CD8 T
cells in spleen at PID 28 and in blood at PCD 7 than
AttHRV/WT pigs (Fig. 3A). AtHRV/HCKO/CDS™ pigs
also had significantly lower number of CD8 T cells in spleen
at both PID 28 and PCD 7 and in blood at PCD 7 than
AttHRV/WT pigs (Fig. 3B). However, AttHRV/HCKO/
CD8™ pigs still had significantly higher frequencies of CD8
T cells in ileum at both PID 28 and PCD 7 than AtHRV/WT
pigs because of the large increase in the total CD8 T-cell
frequencies in the B-cell-deficient pigs than the WT pigs
(Fig. 3A).

CDS8-cell depletion also decreased the population of NK
cells because they too express the CD8 surface marker in
swine (13). CDS8 depletion greatly reduced the NK-cell
population in spleen and blood at both PID 28 and PCD 7
(Fig. 3A). AtHRV/HCKO/CDS8™ pigs had significantly
lower frequencies of NK cells in spleen and blood at PID 28
and in blood at PCD 7 than AttHRV/WT pigs and AttHRV/
HCKO pigs (Fig. 3A). AttHRV/HCKO/CDS8™ pigs also had
significantly lower frequencies of NK cells in IEL at PID 28
and in spleen at PCD 7 than AttHRV/WT pigs (Fig. 3A).
Similar to the reduced frequencies, AttHRV/HCKO/CD8"
pigs had significantly lower number of NK cells in spleen
and blood at both PID 28 and PCD 7 than AttHRV/WT pigs
and AttHRV/HCKO pigs (Fig. 3B).

CD8 depletion in B-cell-deficient pigs further
increased CD4 T cells but restored the level
of Treg cell population

AttHRV/HCKO/CDS8™ pigs had overall the highest fre-
quencies (with exception in ileum at PID 28) (Fig. 3A) and
the highest number (with exception in spleen) (Fig. 3B) of
CD4 T cells among the three groups. CD8-cell depletion in
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FIG. 3. Mean frequencies of CD4 T cells (a), CD8 T cells (b), Treg cells (¢), and NK cells (d) among lymphocytes (A)
and mean numbers per tissue (B). MNCs were mock stimulated for 17 h (Brefeldin A was added for the last 5h) and then
subjected to intracellular staining and flow cytometry for collecting the frequency and number data of CD4 T cells (a), CDS8
T cells (b), and NK cells (d) and served as background controls for the data of virus-specific IFN-y-producing cell
frequencies (Fig. 4). MNCs were stained freshly for Treg cells (¢) without in vitro stimulation. The absolute number of CD4
and CDS8 T cells, Treg cells, and NK cells per tissue was calculated based on their frequencies and the total number of
MNC:s isolated from each tissue. The left figures show the prechallenge data at PID 28 and those in the right show the
postchallenge data at PCD 7. Data are presented as mean frequency/number * standard error of the mean (n=3 or 5). The
asterisk ““*” indicates significant difference in frequencies/numbers among groups for the same cell type and tissue;
different number of ““*”’ indicates significant differences among groups (Kruskal-Wallis test, p <0.05). IFN-v, interferon-
gamma; NK, natural killer; Treg, regulatory T.
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FIG. 3.

the HCKO pigs significantly increased the frequencies of
CDA4 T cells in spleen and blood at PID 28 and in ileum and
IEL at PCD 7 (Fig. 3A). AtHRV/HCKO/CDS8™ pigs also
had significantly increased number of CD4 T cells in IEL at
PID 28 (Fig. 3B). AtHRV/HCKO/CDS8™ pigs had similar
frequencies of Treg cells as in AtHRV/WT pigs (with ex-
ception in blood at PID 28) and significantly higher fre-
quencies of Treg cells in all tissues at PID 28 and in IEL and
blood at PCD 7 than AttHRV/HCKO pigs (Fig. 3A).
AttHRV/HCKO/CDS8™ pigs also had similar number of Treg
cells in ileum and IEL as AttHRV/WT pigs but significantly
higher frequencies of Treg cells in ileum and IEL than
AttHRV/HCKO pigs (Fig. 3B).

(Continued).

B-cell deficient pigs had higher frequencies of IFN-y-
producing CD4 and CD8 T cells and NK cells

AttHRV/HCKO pigs had overall higher frequencies of
IFN-y-producing CD4 and CDS8 T cells, and NK cells in all
tissues than AttHRV/WT pigs (Fig. 4). Notably, before
challenge, AttHRV/HCKO pigs had significantly higher
frequencies of IFN-y-producing CD4 and CD8 T cells in
ileum, spleen, and blood than AttHRV/WT pigs at PID 28
(Fig. 4a, b). AttHRV/HCKO pigs had significantly higher
frequencies of IFN-y-producing NK cells (Fig. 4c) and CD8
T cells in all tissues and IFN-y-producing CD4 T cells in
spleen and blood at PCD 7 (Fig. 4a, b).
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description and statistical analysis.

CD8 depletion in B-cell-deficient pigs significantly
decreased the IFN-y-producing CD4 and CD8 T cells
in most tissues

Compared with AttHRV/HCKO pigs, AttHRV/HCKO/
CD8™ pigs had significantly lower frequencies of IFN-y-
producing CD8 T cells in ileum, spleen, and blood at PID
28 and in IEL, spleen, and blood at PCD 7 (Fig. 4b). In-
terestingly, AttHRV/HCKO/CD8™ pigs also had signifi-
cantly lower frequencies of IFN-y-producing CD4 T cells
in spleen and blood at PID 28 and in spleen at PCD 7 than
AttHRV/HCKO pigs (Fig. 4a), suggesting that IFN-y-
producing CD4 T cells in pig systemic lymphoid tissues
are likely double positive cells (CD4*CD8%). Similar
findings that double positive CD4*CD8" cells are the major
IFN-y-producing T cells in pigs have been reported pre-
viously (32).

CD8 depletion in B-cell-deficient pigs further
enhanced IFN-y-producing NK cells in all tissues
and IFN-y-producing CD4 and CD8 T cells

in ileum at PCD 7

AttHRV/HCKO/CD8™ pigs had the highest frequen-
cies of IFN-y-producing NK cells in all tissues among all
three groups at PCD 7 (Fig. 4c). AttHRV/HCKO/CDS§™
pigs had significantly higher frequencies of IFN-y-
producing NK cells in ileum at PCD 7 than AttHRV/
HCKO pigs (Fig. 4c). In addition, AttHRV/HCKO/CDS§"~
pigs had the highest frequencies of IFN-y-producing
CD4 and CD8 T cells in ileum among all three groups at
PCD 7 (Fig. 4a, b). AttHRV/HCKO/CDS8™ pigs had
significantly higher frequencies of IFN-y-producing CD4
T cells in ileum at PCD 7 than AttHRV/HCKO pigs
(Fig. 4a).
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CD8 depletion in B-cell-deficient pigs reduced
IFN-y-producing CD8" 8 T cells but enhanced
IFN-y-producing CD8™ v T cells

Compared with AttHRV/HCKO pigs, CD8 depletion
overall had no effects on the number of y0 T cells but
slightly increased yo T-cell frequencies (one exception in
spleen at PID 28) (Fig. 5a, b) and significantly enhanced
IFN-y-producing CD8™ y0 T cells in ileum and blood at PCD
7 (Fig. 5c). As expected, CD8 depletion reduced IFN-y-
producing CD8* 6 T cells in all tissues, with significant

reductions in spleen at both PID 28 and PCD 7 (Fig. 5d).
Data were not collected for yd T cells in the AttHRV/WT

pigs.

AttHRV vaccination increased CD4 and CD8 T cell
and NK-cell population and decreased
Treg cell population in HCKO pigs

The MNCs were not stimulated with antigen or mitogen
in vitro to investigate the sole effect of AttHRV vaccination
on the cell population in vivo. Compared with HCKO pigs
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Bars indicate group means.

without vaccination, AttHRV/HCKO pigs had the overall
trend of increased frequencies of CD4 and CD8 T cells and
NK cells and their numbers in ileum, spleen, and blood
(Fig. 6), suggesting that AttHRV vaccination provided suf-
ficient antigen stimulation in neonatal Gn pigs for activation
of immune cells. AttHRV/HCKO pigs had lower frequencies
and number of Treg cells (one exception for the Treg cell
mean numbers in spleen) than nonvaccinated pigs (Fig. 6c¢).

B cells contribute to protective immunity against
rotavirus infection and diarrhea

To dissect the protective role of lymphocyte responses
elicited by the AttHRV vaccine, we compared clinical signs

and rotavirus fecal shedding in immunized WT pigs and B-
cell-deficient HCKO pigs. Forty percent (two out of five)
AttHRV/WT pigs did not have diarrhea or shed rotavirus
after virHRV challenge, whereas all Mock/WT, Mock/
HCKO, and AttHRV/HCKO pigs developed diarrhea and
virus shedding (Table 1). AttHRV/HCKO pigs had signifi-
cantly earlier onset of fecal virus shedding (1.7 vs. 5.2 days)
and prolonged duration of virus shedding (4.0 vs. 0.8 days)
than AtHRV/WT pigs (Table 1). AttHRV/HCKO pigs also
had earlier onset of diarrhea (Table 1) and increased daily
shedding titers (Fig. 7a) than AttHRV/WT pigs. But these
differences were not statistically significant, with one ex-
ception (the significantly higher shedding titers of AttHRV/
HCKO pigs at PCD 1 shown in Fig. 7a). AttHRV/HCKO
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TABLE 1. CLINICAL SIGNS AND ROTAVIRUS FECAL SHEDDING IN GNOTOBIOTIC PIGS AFTER VIRULENT
HuMAN ROTAVIRUS CHALLENGE
Fecal virus shedding
Clinical signs (by CCIF and/or ELISA)
% Mean Mean Mean % Mean Mean Mean
with days to duration  cumulative  shedding days to duration peak titer
Treatments n diarrhea*"  onser** days**® score**© virus* onset** days** (FFU/mL)**4
AttHRV/WT 5 60 (35" 5.4 (139 1.004C 85(0.5° 60 @3/5)" 521.2" 0.8 (04)° 5 (40)¢
AttHRV/HCKO 3100 (3/3)* 3.0 (0.0 1.3(0.3)%¢ 7.5(1.3)® 100 (3/3)* 1.7 (03)® 4.0 12" 43 (66)°
AttHRV/HCKO/CDS™ 3 100 (3/3)* 3.3 (0.7)* 3.7 (0.9*F 12.0 (1.9*B 100 (3/3)* 1.7 (0.7)*B 53 (0.7)* 944 (8,666)%¢
Mock/HCKO 3100 (3/3)* 3.0 (0.0 33(03)" 11202 100 (3/3)* 2.3 (03" 5.0 0.00* 71,765 (29,9562"‘
Mock/WT 4 100 (44 2.8 (0.8 3.8 (0.9*F 11.9 (0.8)* 100 (4/4)* 2.0 (0.0)® 53 (05" 7,601 (2,070)*B

“Pigs with daily fecal scores of >2 were considered diarrheic. Fecal consistency was scored as follows: 0, normal; 1, pasty; 2, semiliquid;

and 3, liquid.

For durations of diarrhea and virus shedding, if no diarrhea or virus shedding until the euthanasia day (PCD 7), the duration (days) was

recorded as 0 and the onset (days) was as 8 for statistical analysis.

“Mean cumulative score calculation included all the pigs in each group.
d . . . . . .
FFU, fluorescent focus-forming units. Geometric mean peak titers were calculated among pigs that shed virus.

°Standard error of the mean.

*Fisher’s exact test or **Kruskal-Wallis rank sum test was used for comparisons. Different letters (A and B, A and BC, etc.) indicate
significant differences among treatment groups (p <0.05), whereas shared letters (AB and A, AB and B, etc.) indicate no significant difference.
AttHRYV, attenuated human rotavirus; CCIF, cell culture immunofluorescence; ELISA, enzyme-linked immunosorbent assay; PCD,

postchallenge day; WT, wild type.

pigs also had more infectious virus particles than AttHRV/
WT pigs from PCD 2 to PCD 4 (Fig. 7b).

In the absence of B cells, vaccine-induced adaptive
immune responses still provided partial protection

When comparing between AttHRV/HCKO and Mock/
HCKO pigs, the vaccinated pigs had significantly shorter
mean duration (1.3 vs. 3.3 days) and lower cumulative
scores (7.5 vs. 11.2) of diarrhea, as well as significantly
lower (1,669-fold) peak titers of virus shed than Mock/
HCKO pigs (Table 1). In addition, AttHRV/HCKO pigs had
lower (from PCD 2 to PCD 7) or significantly lower (from
PCD 3 to PCD 5) virus shedding titers than Mock/HCKO
pigs (Fig. 7a). AttHRV/HCKO pigs also had less (from PCD
2 to PCD 6) or significantly less (PCD 4 and PCD 5) in-
fectious virus particles than Mock/HCKO pigs (Fig. 7b).
The data suggest that in the absence of B cells, vaccine-
induced other lymphocyte responses (T cells) are actively
involved in providing partial protection.

Notably, when comparing between Mock/HCKO and
Mock/WT pigs, Mock/HCKO pigs shed significantly more
infectious rotavirus particles on PCD 4 than the Mock/WT
pigs (Fig. 7b). However, Mock/WT pigs shed significantly
more rotavirus antigen [measured by ELISA OD value]
from PCD 3 to PCD 5 than Mock/HCKO pigs (Fig. 7a).

AttHRV vaccine-induced CD8 T cells played
a role in shortening the duration
of diarrhea and decreasing virus shedding titers

VirHRYV challenge of the AttHRV/HCKO/CDS8™ pigs was
performed at 5 days after the injection of antipig CD8 an-
tibodies when the CDS8 cells decreased to the lowest fre-
quencies among lymphocytes. The CD8-cell depletion
extended the mean duration of rotavirus diarrhea (3.7 vs.
1.3 days) and increased the fecal cumulative scores (12.0 vs.
7.5) in AttHRV/HCKO/CDS8™ pigs than in AttHRV/HCKO
pigs (Table 1). Notably, pigs in the AttHRV/HCKO/CD8~

group had almost the same mean duration of diarrhea (3.7
vs. 3.3 days) and mean cumulative score (12.0 vs. 11.2) as
those in the Mock/HCKO control group (Table 1). Depletion
of CD8 lymphocytes also substantially increased the peak
virus shedding titers (43 vs. 944 FFU/mL) (Table 1), sig-
nificantly increased viral antigen shedding on PCDs 2 and 7
(Fig. 7a), and significantly increased infectious virus parti-
cles shedding from PCD 3 to PCD 7 (Fig. 7b). The data
suggest that the CD8 T-cell response induced by the
AttHRV vaccine in AttHRV/HCKO pigs was largely re-
sponsible for the partial protection against diarrhea and for
controlling rotavirus replication after infection.

Vaccine-induced other lymphocytes may have
contributed to resolving rotavirus shedding

Compared with Mock/HCKO pigs, pigs in the AttHRV/
HCKO/CDS8™ group had significantly lower peak virus
shedding titers (944 vs. 71,765 FFU/mL) (Table 1), shed
lower amount of viral antigen from PCD 2 to PCD 5
(Fig. 7a), and shed significantly lower infectious virus par-
ticles at PCD 5 (Fig. 7b). Since B cells were absent in pigs
of both groups and CDS8 cells were mostly depleted in
AttHRV/HCKO/CDS8™ pigs, the results suggest that AttHRV
vaccine induced other lymphocytes (mainly CD4 T cells),
may have functioned in controlling virus shedding post-
challenge. Interestingly, the AttHRV/HCKO/CD8™ pigs
shed significantly more infectious virus particles at PCD 7
than Mock/HCKO pigs (Fig. 7b).

Discussion

The total B-cell-deficient HCKO pigs offer a unique an-
imal model to elucidate the mechanisms of rotavirus-
protective immunity. In this study, we first characterized this
model by immune phenotyping and then used the model to
address the question ‘‘which lymphocyte population is the
most critical in protection against rotavirus infection and
disease?”” The lack of B-cell immune responses increased
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the incidence of rotavirus diarrhea, demonstrating the criti-
cal role of B-cell responses in protection against rotavirus
diarrhea. The lack of B cells also increased the incidence
and the duration of rotavirus shedding, which is consistent
with findings from the previous studies of different gene
knockout mice, showing that B-cell-dependent humoral
immunity was the main protective arm against rotavirus
infection (11,37). However, B-cell deficiency only increased
the quantities of rotavirus shedding in a relatively small
degree compared with CDS8 depletion, suggesting that B
cells contribute to, but are not essential for, protection
against rotavirus shedding. A previous study using T-cell

knockout mice found the exclusive role of B-cell responses
in completely resolving rotavirus infection (10).

Depletion of CD8 cells in AttHRV-vaccinated HCKO pigs
increased the duration and severity of diarrhea (cumulative fecal
score), confirming the critical role of CD8 T cells in protection
against rotavirus diarrhea. Moreover, CD8-cell depletion sig-
nificantly increased virus shedding quantities and resulted in
rotavirus shedding beyond PCD 7, suggesting that CD8 T cells
are required for completely resolving rotavirus infection. This is
consistent with the previous observation in severely immuno-
deficient mice, in which adoptive transfer of immune CD8 T
cells completely cleared rotavirus infection (23). Our study also
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found that immune CD4 T cells contributed to controlling the
quantities of rotavirus shedding because AttHRV/HCKO/CD8™
pigs had 76-fold lower mean peak virus shedding titers than
nonvaccinated Mock/HCKO pigs. Depletion of CDS cells led to
persistent rotavirus infection and consequently significant in-
creases in IFN-y-producing NK-cell response in ileum and the
IFN-y-producing CD8™ (pro-inflammatory) o T-cell response in
ileum and blood postchallenge, reflecting enhanced intestinal
innate immune responses to the increased viral antigen load in
the AttHRV/HCKO/CDS8™ pigs (45). Hence both arms of the
adaptive immune responses are critical in protection against
rotavirus diarrhea. Effective rotavirus vaccines should include
antigenic epitopes and adjuvants for stimulating and enhancing
all adaptive immune response effector cells (B cells, CD4, and
CD8 T cells).

The redundancy of vaccine-induced immune responses is
well recognized (6). This study also found that B-cell defi-
ciency drastically increased CD4 and CDS8 T-cell popula-
tion, and increased IFN-y-producing CD4 and CDS8 T-cell
responses. The increased IFN-y-producing CD4 and CDS8
T-cell responses at PID 28 partially compensated for the
lack of B-cell responses in protection against rotavirus
challenge. Studies of B-cell-deficient mice (C57BL/6 ntMT)
infected with Brucella abortus also showed that the pMT
mice had significantly increased percentages of CD4" IFN-y
and CD8" TFN-y cells and a reduction in IL-10-producing
cells compared with infected WT mice (14).

Injection of anti-CD8 antibody not only temporarily re-
duced the frequencies of all CD8™ cells (including CD8 T
cells, NK cells, and CD8% 10 T cells), but it also potentially
affects other lymphocyte populations (cortical thymocytes
and subsets of dendritic cells). Since the direct role of the
latter cell populations in protective immunity against rota-
virus has not been identified, their potential effects as con-
founders on the observed results are unknown. CD8
depletion increased the CD4 T-cell population in most
lymphoid tissues of the HCKO pigs but downregulated
IFN-y-producing CD4 T-cell responses. CD4 T cells es-
sentially shape the magnitude and quality of CD8 T-cell
responses (48); however, CD8 T cells are also believed to
reflectively regulate CD4 T-cell responses, although its in-
vestigation and understanding have much lagged behind
those for the effect of CD4 T cells on CD8 T cells. The
cytokines IFN-y and IL-12 produced by CD8* T cells
mainly stimulate proliferation and differentiation of IFN-y-
producing Thl CD4 T cells (49). Therefore, depletion of
CD8™* cells (CD8 T cells, NK cells, etc.) will inevitably
lower the production of IFN-y and IL-12 and thus down-
regulate IFN-y-producing CD4 T cells. It is interesting to
note that B-cell-deficient pigs had decreased CD4*CD25~
Treg-cell population in all tissues, probably because of the
strong IFN-y cytokine milieu in the HCKO pigs that
downregulated Treg-cell population. The reduced IFN-y
cytokine milieu in the CD8-depleted and B-cell-deficient
HCKO pigs at PID 28 led to the increased Treg-cell responses
and the recovering of the Treg-cell population. The role of
Treg cells in downregulating rotavirus-protective immunity
has been recognized. As it was reported previously, rotavirus
vaccine-induced protective immune responses were associ-
ated with reduced number of tissue-residing Treg cells while
the vaccine promotes the development of IFN-y-producing
effector T-cell responses (47).
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In this study, we had low number of HCKO pigs in some
treatment groups because using SCNT and cloning technol-
ogy to generate genetically modified pigs, such as the HCKO
pigs, can be challenging at times. These processes are labor
intensive and inefficient. In addition, pigs generated through
SCNT often show developmental defects, which is the reason
for the high mortality rate at birth observed in HCKO pigs in
this study (data not shown) and other studies with genetically
modified pigs using SCNT. However, in recent years, the
explosive development in porcine gene-editing technologies
based on meganucleases (Zinc Finger Nucleases, Tal effector
nucleases, CRISPR/Cas9) has provided new tools that may
help to get around the need for SCNT for developing ge-
netically modified pigs with a much higher efficiency at lower
costs (16,28,44). Genetically modified pigs are becoming
more readily available for the study of mechanisms of pro-
tective immunity against human viral diseases. In addition to
using the B-cell-deficient HCKO Gn pigs, future studies us-
ing other genetically modified pigs, such as IgA-deficient,
IgG-deficient, CD8-deficient (CDSoc_/_), af T-cell-deficient
(afp TCR™), pd T-cell-deficient (y0 TLR™"), af and 76
T-cell-deficient (ap/yd TLR™"), and SCID pig (Rag-1"" and
Rag-27"), will greatly further advance the understanding of
mechanisms of rotavirus-protective immunity and the field of
viral immunity research in general. In the past, some of these
gene knockout mouse models have been used in previous
studies of protective immunity against rotavirus infections
(3,8,11,20,37); however, the determinates of rotavirus pro-
tection immunity against rotavirus diarrhea in human infants
still have not been fully resolved.

Compared with mice and other animals, pigs are the
closest relatives to humans (except for nonhuman primates).
During thousands of years of domestication, they have de-
veloped many similarities to humans. For example, they
have developed digestion and absorption systems more
similar to humans than to other members in the Artiodactyla
clade. They share many diseases with humans and are sus-
ceptible to many of the same infectious viral and bacterial
pathogens, including rotavirus gastroenteritis. The findings
from pig models of human diseases are more relevant for the
development of therapeutics, vaccines, and antivirals for
humans (5,15,21,34,38-40). The findings from this study
provide new knowledge for the understanding of rotavirus
vaccine-induced protective immunity.
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