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Abstract: A non-human primate model was used to evaluate its potential for identifi cation of rotavirus viral protein 6 (VP6) 
CD4+ T cell epitopes. Four juvenile rhesus macaques were inoculated with a mixed inoculum (G1P[8] and G9P[8]) of 
human rotaviruses. Infection accompanied by G1P[8] shedding was achieved in the two macaques that had no rotavirus 
immunoglobulin A (IgA) in plasma. To measure the interferon gamma (IFN-γ) and tumor necrosis factor (TNF) anti-viral 
cytokines produced by peripheral CD4+ cells that recognize VP6 epitopes, whole blood cells from one infected macaque 
were stimulated in vitro with VP6 peptides. Stimulation with peptide pools derived from the simian rotavirus VP6161–395 
region revealed reactivity of CD4+ T cells with the VP6281–331 domain. A VP6301–315 region was identifi ed as the epitope 
responsible for IFN-γ production while a broader VP6293–327 domain was linked to TNF production. These results suggest 
that human rotavirus-infected macaques can be used for identifi cation of additional epitopes and domains to address specifi c 
questions related to the development of pediatric vaccines.

Short Report
Rotaviruses are the most common etiological agents of severe diarrhea in infants and young children 
worldwide. Globally, each year ca. 600,000 deaths in children less than 5 years of age are linked to 
rotavirus infection (Parashar et al. 2003). Since only live attenuated rotavirus strains have been 
evaluated as vaccines in clinical trials, the testing of non-living alternative vaccines in non-human 
primate model is of immediate interest (Parez, 2007). Most rotavirus-induced antibody responses are 
directed against the VP6 protein that comprises the intermediate capsid layer of the virus particle 
(Franco et al. 1995; Banos et al. 1997; Choi et al. 2000). Although humoral immunity has been iden-
tifi ed as an important component of protection against rotavirus infection in various animal models 
(Conner et al. 1991; O’Neal et al. 1997; Ruggeri et al. 1998; Yuan et al. 1998; Yuan and Saif, 2002; 
Jiang et al. 2002; Gonzalez et al. 2003), several studies have suggested that T cell-mediated immunity 
also plays a role (Banos et al. 1997; Jaimes et al. 2002, 2004, 2005; Rojas et al. 2003; McNeal et al. 
2002, 2007). These studies carried out with rotavirus-infected humans and rodents suggest that both 
CD4+ and CD8+ T cells, particularly those that secrete IFN-γ, function as effectors of immune protec-
tion. Ultimate evidence demonstrating the indispensable role of T cell-mediated immunity to rotavirus 
was shown in BALB/c mice immunized intranasally with recombinant VP6 and a mucosal adjuvant 
where protection was shown to be dependent on CD4+ T cells rather than B cells (McNeal et al. 2002). 
In addition, the mechanisms of protection and the immune responses generated after live oral infection 
were found to be different from those induced by VP6 immunization (Van Cott et al. 2006). It is not 
clear, however, if these fi ndings can be translated to genetically outbred primate populations such as 
humans.

Our studies with rotavirus-infected rhesus macaques corroborated that production of IFN-γ and 
other infl ammatory cytokines by CD4+ and CD8+ T cells does occur in rotavirus-infected primates 
(Sestak et al. 2004). Based on fi ndings with rotavirus-infected mice, there is some evidence to suggest 
that conserved protein sequences of rotavirus VP6 might cross-react with T cells obtained from dif-
ferent host species (Banos et al. 1997; Jaimes et al. 2005). If such VP6 epitopes can be identifi ed also 
in primates, rotavirus vaccine development could shift from current “VP4/VP7 Live Attenuated 
Reassortant” approach toward better defi ned “synthetic peptide and/or DNA” approach. We reported 
that up to 86% nucleotide identity is identifi ed between VP6 of simian and human rotaviruses 
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(Zhao et al. 2005; McNeal et al. 2005). Challenge 
studies with human rotavirus-infected primates 
may thus provide new information in respect to 
identifi cation of pediatric vaccine-relevant syn-
thetic T cell epitopes. In this study, we attempted 
to identify rotavirus VP6-specifi c CD4+ T cell 
epitopes in macaques that were infected with a 
human rotavirus. Based on the assumption that 
rotavirus IgA is the major correlate of protection, 
four juvenile macaques (2 seronegative and 2 with 
marginal levels of plasma rotavirus IgA) were 
selected for experimental inoculation with wild 
type human rotaviruses each containing 3 × 104 
focus forming units (f.f.u.). Two human stool 
suspensions containing rotaviruses, both identi-
fi ed as P[8] strains but belonging to either G1 or 
G9 as determined using RT-PCR genotyping and 
nucleotide sequencing methods (Das et al. 1994; 
Gentsch et al. 1992; Gouvea et al. 1990; Griffi n 
et al. 2002) were used for inoculation. It was 
predicted that a viable strain (possibly reassortant) 
would emerge during replication in the infected 
animals and produce symptomatic infection. Fol-
lowing infection of one of the seronegative ani-
mals, whole blood cells were obtained and 
stimulated in vitro with synthetic 15-mer peptides 
overlapping by 11 amino acids, spanning the 
VP6161–395 region of simian TUCH rotavirus 
(McNeal et al. 2005) to identify epitopes that 
recognized CD4+ T cells.

Due to endemic nature of rotavirus in colony 
macaques, 203 macaques (100 juveniles of �3 
years and 103 adults of 3–10 years of age, irrespec-
tive of sex) had to be pre-screened to identify 
individuals negative for rotavirus antibodies 
(McNeal et al. 2005). Negative cut-off ELISA 
values for IgG and IgA were determined at �50 
and �20 Units/ml, respectively, in accordance 
with our previous studies (Sestak et al. 2004; 
McNeal et al. 2005; Zhao et al. 2005). All but 5 
juvenile macaques (�3 years-old) tested positive 
for rotavirus antibodies (IgA, IgG, or both). Of 
these 5, 1 animal was unsuitable due to an unre-
lated study assignment. Thus, 4 macaques were 
challenged with rotavirus as previously described 
(Sestak et al. 2004).

Confi rmatory testing of 4 selected macaques 
was performed three months later after initial 
prescreening—with post challenge day 0 (PCD 0) 
plasmas: No rotavirus antibodies were detected in 
plasma from macaques FC85 and GA02 while 
macaques FF64 and FN09 exhibited low but 

detectable levels of rotavirus IgA (Fig. 1A). By 
PCD 7, plasma rotavirus IgA levels had increased 
in 3 of the 4 animals (including both seronegative 
macaques) and continued to increase until PCD 14 
(Fig. 1A). By PCD 21, IgA levels had begun to 
decline in both of the previously seronegative 
macaques (Fig. 1A).

Quantitative evaluation of rotavirus shedding 
in macaque stools (Fig. 1B) was consistent with 
our past results (Sestak et al. 2004; McNeal et al. 
2005) and with the pattern of plasma rotavirus IgA 
in the 2 seronegative animals. By PCD 7, no shed-
ding of rotavirus was detected in any of the 4 
inoculated macaques. Only transient clinical symp-
toms of pasty diarrhea were recorded between 
PCD 3 and PCD 6 in the 2 previously seronegative 
macaques. Using RT-PCR genotyping and nucleo-
tide sequencing methods, a single rotavirus P type 
i.e. P[8], and G1 but not G9 type was confi rmed 
in stools collected from infected macaques (Das 
et al. 1994; Gentsch et al. 1992; Gouvea et al. 
1990; Griffi n et al. 2002).

The macaque with highest detected level of 
rotavirus fecal shedding (GA02) was selected for 
VP6 epitope mapping. This was done with the 
realization that rotavirus VP6 CD4+ T cell epitopes 
would differ between outbred primates, thus disal-
lowing any generalization of the results. Because 
T cell immune responses to rotavirus were reported 

Figure 1. Rotavirus plasma IgA (A) and fecal shedding (B) are shown 
upon experimental challenge of 4 juvenile macaques with human 
rotavirus. Dotted lines represent cut-offs between negative and 
positive measurements—as previously established by average values 
corresponding to populations of control (negative and positive) 
macaques. Immunoassays used to measure the rotavirus plasma 
IgA and fecal shedding were described in detail elsewhere (Sestak 
et al. 2004; McNeal et al. 2005; Zhao et al. 2005).
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to peak in mice at PCD 7–14 (Jaimes et al. 2005), 
peripheral blood samples collected from macaque 
GA02 during this time period were used. In past 
studies with YM rotavirus-infected (Banos et al. 
1997) or MBP::VP6 immunized (McNeal et al. 
2007) BALB/c mice, CD4+ T cell epitopes were 
identifi ed in VP6289–302 and VP6242–259 regions, 
respectively. Another study with BALB/c mice 
identifi ed CD8+ T cell epitopes linked to VP653–62 
and VP6357–366 domains of murine EC rotavirus 
(Jaimes et al. 2005). Thus, our CD4+ T cell epitope 
mapping focused on the C-terminus VP6161–395 
(60% of protein length).

Given the �90% homology between human 
and simian rotavirus VP6 genes (McNeal et al. 
2005), we used human rotavirus to induce 
infection in macaques, and simian G3P[24] 
TUCH rotavirus for epitope mapping. A com-
plete 1,194 bp sequence of TUCH rotavirus VP6 
(GenBank, access code AY594670) was used as 
the template for peptide synthesis. Ninety-six 
individual peptides, each consisting of 15 aa 
residues overlapping by 11 aa, were produced 
to high (�80%) purity by Sigma-Genosys, 
St. Louis, MO, so that entire VP6 sequence was 
spanned (Maecker et al. 2001). One mg of each 
peptide was received from the manufacturer and 
stored in lyophilized form at –80 oC until its use. 
Prior to use, each peptide was reconstituted in 
80% dimethyl sulfoxide (DMSO, Sigma), 20% 
deionized water at a concentration of 10 mg/ml 
and made into aliquots. Selected reconstituted 
peptides were combined to form the following 
6 stimulation pools: VP6161–211, VP6201–251, 
VP6241–291, VP6281–331, VP6321–371, and VP6361–395 
so that suspected CD4+ T cell epitope C-terminus 
regions were all included (Banos et al. 1997; 
Jaimes et al. 2005; McNeal et al. 2007). The fi nal 
concentration of each peptide in each peptide 
pool was 1 mg/ml and standard stimulation 
protocol was followed (Maecker et al. 2001). 
Reconstituted peptides were stored at −80 oC until 
their use. Expression of IL-2, IFN-γ, and TNF 
(BD Pharmingen clones MQ1-17H12, 4S.B3 and 
MAB11, respectively) by blood CD3+CD4+ T 
lymphocytes (SP34-2 and L200 clones) upon 
stimulation with VP6 peptides was evaluated by 
fi ve-color fl ow cytometry using the above anti-
bodies (Sestak et al. 2004; Pahar et al. 2006).

While no production of 3 cytokines by 
CD3+CD4+ cells was observed at PCD 0, at 
PCD 7, stimulation of CD3+CD4+ cells (Fig. 2a) 

with peptide pools derived from the TUCH 
rotavirus VP6161–395 region revealed higher reactiv-
ity of the VP6281–331 domain than other VP6 
regions, i.e. production of IL-2, TNF and IFN-γ 
was elevated above the base line level (p � 0.05) 
as determined by Mann Whitney Rank Test. Some 
increase of IFN-γ production was also observed 
after stimulation with the VP6241–291 peptide pool 
(Fig. 2b). The VP6281–331 peptide pool was split 
into individual overlapping 15-mers, and tested 
with blood sample collected at PCD 14 for produc-
tion of IFN-γ (Fig. 2c). Stimulation of CD4+ T 
cells with the VP6301–315 peptide resulted in ∼5-fold 
increase in IFN-γ production above the base line 
(Fig. 2c). This was lower than expected based on 
response measured at PCD 7, suggesting a decline 
of IFN-γ production in GA02 by PCD 14. In addi-
tion to VP6301–315, three other peptides were iden-
tifi ed in the VP6281–331 pool that elicited increased 
TNF production (p � 0.05), including VP6297–315 
and VP6313–327 regions (Supplementary Fig. 1). In 
summary, VP6301–315 was identifi ed as the epitope 
associated with IFN-γ while a broader VP6293–327 
domain was linked with TNF production (Table 1). 
One out of the 2 incomplete (1 aa mismatch with 
TUCH peptides) murine CD4+ epitopes used in 
this study as controls also contained a portion of 
the sequence associated in this study with antiviral 
cytokine production (Table 1). The more dispersed 
location of TNF domain including its overlap with 
IFN-γ epitope could be explained by redundancy 
and pleiotropy of anti-viral cytokines and the fact 
that commercial anti-human TNF antibodies used 
in this study recognized several components of the 
TNF family, such as TNF-α, TNF-β, etc. (BD 
Pharmingen). Partial overlap and potential cross-
reactivity between human, simian and mouse 
CD4+ T cell epitopes corroborates our hypothesis 
that rotavirus VP6 epitopes might be exploited for 
preparation of heterologous vaccines.

In rhesus macaques, at least 33 MHC II (Mamu-
DRB) confi gurations were so far identifi ed in con-
trast to 5 human HLA-DRB regions (Doxiadis et al. 
2001). Thus, it would be possible to pre-select 
haplotypes of candidate macaques against their MHC 
II background in follow up studies (Otting et al. 
2000; Knapp et al. 1997). In order to link the epitopes 
identifi ed above with particular MHC II haplotypes, 
future CD4+ T cell epitope mapping studies need to 
be performed with MHC II-uniform animals rather 
than with outbred individuals. Such rigorous studies 
with inclusion of intestinal biopsy cells derived from 
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MHC pre-selected macaques should reveal additional 
rotavirus CD4+/CD8+/CD20+ epitopes.

Another objective of this study was to produce 
an infection of juvenile macaques with human rota-
virus. Past attempts of other groups to accomplish 
such an objective yielded mixed results although 
some groups reported successful infection including 
diarrhea symptoms (Wyatt et al. 1976; Mitchell et al. 
1977; Majer et al. 1978; Soike et al. 1980; Westerman 
et al. 2005, 2006). It is important to highlight that 
colostrum deprivation will not completely preclude 
passive transfer of maternal antibodies to the primate 

infant due to transplacental transfer. Our results 
suggest that macaques with even marginal levels of 
pre-challenge plasma rotavirus IgA may not estab-
lish infection characterized with high loads of virus 
in stools. Differences between the seronegative 
macaques (FC85 and GA02) and the two animals 
with low levels of pre-challenge IgA (FN09 and 
FF64) were characterized by a) reduced or no virus 
shedding in stools, b) no rise of post-challenge 
rotavirus IgA in FN09, and c) absence of clinical 
symptoms of disease in FN09 and FF64 
macaques.

Figure 2. Rotavirus VP6 epitope mapping was performed with peripheral blood cells collected at peak of virus infection (PCD 7) from GA02 
macaque. Stimulation was performed in vitro with overlapping VP6 15-mer peptide pools corresponding to the TUCH rotavirus (Maecker 
et al. 2001; Jaimes et al. 2005). Following staining with appropriate FACS antibodies, analysis of intracellular cytokine production was per-
formed (Sestak et al. 2004; Pahar et al. 2006). Gating was done through populations of CD3+CD4+ T cells (A). The amino acid sequence 
ranges are shown for each pool (B). Highest production of IL-2, TNF and IFN-γ cells was found upon stimulation with the VP6281–331 pool 
although some cytokine production was also seen upon stimulation with other VP6 pools, primarily for IFN-γ after stimulation with the 
VP6241–291 peptide pool. DMSO values indicate baseline levels. Individual peptides from the VP6281–331 pool were used to stimulate peripheral 
blood cells collected at PCD 14 for their ability to induce production of IFN-γ (C). The highest IFN-γ production following stimulation with 
VP6301–315 peptide is shown (C).
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The typical symptoms of rotavirus-induced 
disease in children include dehydrating diarrhea, 
vomiting, and fever. To accomplish a manifestation 
of such severe illness in conventional primates is 
problematic due to several reasons. The fi rst is 
related to the endemic nature of rotavirus in non-
human primate colonies where the vast majority of 
animals possesses some level of immune protection. 
A second reason is the possibility of age-dependent 
susceptibility and the presence of unknown factor(s) 
of innate resistance in rhesus macaques. Based on 
our studies with rotavirus-challenged macaques, 
animals older than one year will not develop severe 
disease even when they are completely seronega-
tive. The age of animals selected for this study 
ranged between 1.5–3 years. Although two serone-
gative animals developed pasty diarrhea, none of 
the four inoculated macaques showed watery diar-
rhea that can be sometimes observed in �1-year-old 
nursery macaques with natural rotavirus infection 
(Sestak et al. unpublished observations). Thus, 
candidate primates for future challenge studies 
should fulfi ll other criteria in addition to seronega-
tivity: Such animals should be less than 1-year-old, 
fed with milk formula, and raised in a pathogen-free 
(BL2) environment. In this study, 203 candidate 
macaques including 100 juvenile animals �3 years-
old were pre-screened in order to identify 5 suitable 
subjects from which 4 were assigned for the study. 
For this purpose, we took advantage of TNPRC 

research resource, i.e. a facility that houses the 
largest colony of non-human primates in the U.S.A. 
Giving the availability of such valuable resource, 
we hope to conduct further studies on the subject 
of rotavirus vaccine development and molecular 
pathogenesis.
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Supplement Figure 1. TNF production by CD4+ T cells. Individual 
peptides from the VP6281–331 pool were used to stimulate peripheral 
blood cells collected from GA02 macaque at PCD 14 for their ability 
to produce TNF. The increased production was associated with the 
VP6297–315 and VP6313–327 regions.
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