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Abstract

The guinea pig (Cavia porcellus) provides a useful animal model for studying the pathogenesis of 

many infectious diseases, and for preclinical evaluation of vaccines. However, guinea pig models 

are limited by the lack of immunological reagents required for characterization and quantification 

of antigen-specific T cell responses. To address this deficiency, an enzyme-linked immunospot 

(ELISPOT) assay for guinea pig interferon (IFN)-γ was developed to measure antigen/epitope-

specific T cell responses to guinea pig cytomegalovirus (GPCMV) vaccines. Using splenocytes 

harvested from animals vaccinated with a modified vaccinia virus Ankara (MVA) vector encoding 

the GPCMV GP83 (homolog of human CMV pp65 [gpUL83]) protein, we were able to enumerate 

and map antigen-specific responses, both in vaccinated as well as GPCMV-infected animals, using 

a panel of GP83-specific peptides. Several potential immunodominant GP83-specific peptides 

were identified, including one epitope, LGIVHFFDN, that was noted in all guinea pigs that had a 

detectable CD8+ response to GP83. Development of a guinea pig IFN-γ ELISPOT should be 

useful in characterization of additional T cell-specific responses to GPCMV, as well as other 

pathogens. This information in turn can help focus future experimental evaluation of 
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immunization strategies, both for GPCMV as well as for other vaccine-preventable illnesses 

studied in the guinea pig model.
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1. Introduction

Guinea pigs have provided a useful model for vaccines against many pathogens [1,2], 

including tuberculosis [3,4], influenza [5], and viral hemorrhagic fevers [6,7]. Since human 

cytomegalovirus (HCMV) will not complete its infectious cycle in non-human cells, animal 

models of CMV must be employed. In particular, the guinea pig cytomegalovirus (GPCMV) 

model is uniquely useful for studying CMV vaccine strategies [8–12]. Vaccines based on the 

recombinant GPCMV glycoprotein B (gB) homolog, a target of neutralizing antibody 

produced following HCMV infection [13], have shown varying degrees of effectiveness in 

preventing maternal and placental infection, and in limiting congenital viral transmission 

[8,14]. The GPCMV homolog of HCMV ppUL83 (pp65) [15], GP83, elicits both antibody 

and specific CD4+ and CD8+ cellular responses following vectored immunization with a 

recombinant alphavirus replicon [16]. Unfortunately, no studies have examined effector 

function or cytokine profile of T-cells following GP83 vaccination. A possible effector of 

HCMV vaccine-mediated protection is the interferon gamma (IFN-γ) response [17]. 

Expression of IFN-γ by T cells correlates with protection against CMV disease following 

transplantation [18,19] and in AIDS patients [20]. IFN-γ expression by T cells is also critical 

in vaccine-induced protection for other herpes viruses [21,22]. For murine CMV (MCMV) 

and rhesus CMV (RhCMV), DNA vaccines elicit robust expression of IFN-γ by T cells, and 

these responses correlate with protection upon subsequent viral challenge [23,24]. IFN-γ 

ELISPOT assays have also been valuable in identifying the viral gene products that serve to 

elicit T cell responses in the context of HCMV infection [25–27]. To better identify potential 

correlates of protective immunity following vaccination in the GPCMV model, the present 

study sought to develop an IFN-γ ELISPOT assay to quantify peptide-specific stimulation of 

GP83-specific splenocytes, following vaccination of guinea pigs with a modified vaccinia 

virus Ankara (MVA)-vectored GP83 vaccine.

2. Materials and methods

2.1. Guinea pigs

Twenty-two, 200 g Hartley guinea pigs (Elm Hill Laboratories, Chelmsford, MA) were 

housed under conditions approved by the University of Minnesota Institutional Animal Use 

Committee. Guinea pigs were all documented to be GPCMV-seronegative prior to study 

[14].
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2. Antibodies

Mouse monoclonal anti-guinea pig IFN-γ antibodies (N-G3 and V-E4) [28,29] were a 

generous gift from Hubert Schäfer. This antibody combination was optimal for IFN-γ 

sandwich ELISA when V-E4 was used as the capture antibody and N-G3 was used as the 

detecting antibody [28]. These antibodies recognize conformation-specific epitopes in the N-

terminal 132 amino acids (aa) of the guinea pig (Cavia porcellus) IFN-γ open reading frame 

(ORF) [30]. N-G3 was biotinylated using a biotin (type 1) conjugation kit (LNK041B, AbD 

serotech, Raleigh, NC) and verified by a Biotin Quantitation Kit (28005, Thermo Fisher 

Scientific, Rockford, IL).

2.3. Peptide pools

Peptides (Sigma–Aldrich, St. Louis, MO) were designed to span GP83 in 9 aa long 

fragments with 5 aa overlaps (140 total peptides; Supplemental Table 1). Peptides in DMSO 

(10 mg/ml) were allocated into pools containing 11 or 12 peptides. Every peptide was in two 

different pools, allowing identification of individual immunoreactive peptides 

(Supplemental Table 2).

2.4. Recombinant MVA

Recombinant MVAs were generated using MVA transfer vector ZWIIA as previously 

described [31]. Plasmids pKTS 404 and pKTS 437, expressing a truncated, secreted form of 

GPCMV gB and a full-length form of GP83, respectively, were used as templates for PCR-

mediated insertion of each ORF into ZWIIA. Recombinant MVAs were generated on 

chicken embryo fibroblasts via homologous recombination by transfection/infection method 

as described previously [32,33]. Viruses were subjected to plaque purification by limiting 

dilution. PCR and DNA sequence analyses of PCR-generated fragments confirmed the 

predicted insertion and orientation of the gB and GP83 ORFs into the recombinant MVA 

genome.

2.5. Vaccines and vaccination

Animals were initially injected with 1 × 108 plaque forming units of either MVA-gB (4 

animals) or MVA-GP83 (12 animals). Two additional doses were administered at two-week 

intervals (Fig. 1A ▼). Blood was collected prior to the first vaccination, at the time of 

subsequent boosts, and at two weeks post-final vaccination (Fig. 1A ▽).

2.6. GPCMV infection

To measure T cell responses in naturally infected animals, four guinea pigs were infected by 

subcutaneous (sc) injection with 1 × 105 plaque forming units (pfu) of salivary gland 

passaged GPCMV. Two additional uninfected animals served as negative controls. Serum 

was collected prior to infection and at 21 days post-infection (dpi) to document 

seroconversion. Animals were sacrificed and spleens harvested at 28 dpi for splenocyte 

isolation and ELISPOT analyses.
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2.7. ELISA

Humoral responses were monitored by ELISA as previously described [14]. Virus specific 

antibodies bound to viral proteins in the wells were detected using 100 µl of rabbit anti-

guinea pig HRP IgG (A55455-1 ml, Sigma) diluted 1:1000 in PBS. Secondary antibody 

binding was detected by incubating 100 µl of the HRP sub-strate, chromogen tetramethyl 

benzidine (Life Technologies, Grand Island, NY), measured using a SpectraMax M2 

Spectrophotometer (Molecular Devices, Sunnyvale, CA) and the ScanMax Pro program. 

Titers <80 were assigned a value of 40 for statistical comparisons.

2.8. Western blot analysis

For immune blotting, proteins were detected with polyclonal antibodies to GP83 and gB 

generated by conjugating peptides (CGRRTGNADRHRRDRDGGDDDDDE and 

GQLGEDNEILLGTHRMET, respectively) to keyhole limpet hemocyanin, followed by 

injection with incomplete Freund’s adjuvant into rabbits [34]. Antibody binding was 

detected using goat anti-rabbit antibodies conjugated to horseradish peroxidase (Cell 

Signaling, Boston, MA) followed by enhanced chemiluminescence detection (GE 

Biosciences, Pitts-burgh, PA).

2.9. Splenocyte isolation

Spleens were harvested from guinea pigs at 28–32 days following the third vaccination. 

Spleens were placed in 10 ml of cold PBS with 10% fetal bovine serum (FBS) and 2× 

antibiotic–antimycotic (Life Technologies, Carlsbad, CA). Spleens were minced finely and 

sequentially passed through a 100 µm screen and a 70 µm screen (BD Biosciences, San Jose, 

CA). Cells were then pelleted via centrifugation at 400 × g for 10 min at 4°C using an 

Eppendorf 5810R 15-amp version centrifuge (Hamburg, Germany). Splenocytes were 

isolated over Ficoll gradients by centrifugation at 800 × g for 15 min at 20°C. Isolated 

splenocytes were washed twice and passed through another 70 µm screen and diluted to 1 × 

106 viable cells per ml in RPMI media with 10% (v/v) FBS and 2 × antibiotic–antimycotic. 

Viability was determined by trypan blue staining.

2.10. ELISPOT assay for IFN-γ

All reagents used were filtered through a 0.22 µm filter. Wells of 96-well Multiscreen HTS 

Plates (Millipore, Billerica, MA) were coated with 100 µl primary anti-IFN-γ antibody 

solution (5 µg/ml in PBS, pH 7.4, V-E4) for 24 h at 4°C. Nonspecific binding was blocked 

with 200 µl of RPMI media with 10% (v/v) FBS for 2 h at room temperature. After blocking 

and washing, 1 × 105 splenocytes in 100 µl of RPMI were mixed with 50 µl stimulant (no 

stimulation DMSO control, positive control concanavalin A at 20 µg/ml, or peptide pools at 

20 µg/ml) in triplicate. After incubation in humidified 5% CO2at 37°C for 18 h, cells were 

removed by washing and 100 µl of biotinylated secondary anti-IFN-γ antibody (2 µg/ml, N-

G3) in blocking buffer was added to each well. Following a 2 hr incubation and washing, 

alkaline phosphatase-conjugated streptavidin (SEL002, R&D Systems Inc., Minneapolis, 

MN) was diluted 1:100 and wells were incubated with 100 µl for 1 h at room temperature. 

Following washes, wells were incubated for 1 h at room temperature with 100 µl of 

BCIP/NBT detection reagent (SEL002, R & D Systems) and spots counted with an AID 
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Elispot Reader System using Elispot 6.0-iSpot (Autoimmune Diagnostika GmbH, Straßberg, 

Germany).

2.11. Statistical analyses

For all data, triplicate samples were analyzed for mean and standard error of the mean 

(SEM). To control for background in ELISPOT studies, the mean number of spots obtained 

in the presence of medium alone (no cells) was subtracted from the mean number of spots 

counted in each of the control or experimental conditions. To assess if a response was 

significantly different compared to a negative control (DMSO), Dunnett’s multiple 

comparison test was applied using Prism 6 software (GraphPad Software Inc., La Jolla, CA). 

A response to peptide pools was considered to be significantly higher than negative control 

when p ≤ 0.05. Group comparisons were performed using t-tests.

3. Results

3.1. Generation of recombinant MVA expressing gB and GP83

Recombinant MVA was generated using the vector pZWIIA as previously described [31] in 

the MVA deletion 2 site. Correct, directional insertion of each ORF was confirmed by PCR 

and sequencing. For GP83, the full-length ORF was expressed; for gB [which served as a 

negative control for the GP83 ELISPOT], a truncated version encoding a 687 aa protein 

(I687) was expressed. A silent aa mutation was noted by sequencing at position 451 of the 

gB ORF. Expression of gB by Western blot identified a variety of isoforms migrating at 

100–130 kDa (data not shown). GP83 expression was also detected in cells infected with the 

MVA-GP83 construct (data not shown).

3.2. In vivo immunogenicity comparison of GPCMV MVA-gB and MVA-GP83 vaccines

Twenty-two guinea pigs (~200 g) were separated into four groups. These groups consisted 

of animals immunized with 1 × 108 pfu of MVA-gB vaccine (4 animals); MVA-GP83 

vaccine (12 animals); animals inoculated with 1 × 105 of GPCMV (4 animals); and 2 

uninoculated negative controls. For the animals immunized with MVA-GP83, 6 animals 

were immunized by sc route, while 6 animals were immunized by intramuscular route; 

however, no differences were observed in immune response when these two routes were 

compared (data not shown). All of the MVA-gB animals were immunized by sc route. For 

all MVA vaccine groups, two additional boosts were administered at two-week intervals 

(Fig. 1A ▼). For vaccinated animals, blood was collected prior to the first vaccination, at 

each subsequent boost, and at two weeks post-final vaccination (Fig. 1A ▽). The ELISA 

titers of the two groups of animals vaccinated with MVA-GP83 (n = 12) or MVA-gB (n = 4) 

were compared. For most animals that seroconverted to MVA-GP83 immunization, an 

ELISA response was identified after the third dose. Animals below the cut-off of the ELISA 

assay (1:80) were assigned a titer of 1:40 for statistical analyses, including determination of 

the group mean ELISA response. The group mean antibody titer was 2.0 log10 ± 0.08 (Fig. 

1B). An anti-GPCMV antibody response was detectable following the first MVA-gB 

vaccination (data not shown). Following the third vaccination, MVA-gB vaccinated animals 

had approximately twenty-fold higher ELISA titers when compared to the animals 

vaccinated with MVA-GP83 (3.3 log10 ± 0.1; p < 0.0005, t-test, Fig. 1B). The ELISA titers 
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observed following MVA-gB vaccination were comparable to those demonstrated following 

experimental infection with GPCMV-22122 (3.4 log10; Fig. 1B). To further characterize 

antibody responses, immunoblots were performed. These results demonstrated both gB and 

GP83-specific bands (Fig. 1C). In total, we observed that 10/12 of MVA-GP83 immunized 

animals responded to vaccination, either with a humoral response (1/12), a cellular response 

(2/12), or both (7/10; described below).

3.3. IFN-γ ELISPOT response to MVA vaccination

As a test of the ELISPOT assay’s ability to measure IFN-γ responses to infection, spleens 

were collected from guinea pigs following inoculation with salivary gland-passaged 

GPCMV at 28 dpi (n = 4), or from uninfected animals (n = 2). Splenocytes (105 cells per 

well) were stimulated with the mitogen ConA, 20 µg/ml, or with the DMSO control (Fig. 

2A). There were a small number of background spots present in DMSO control-treated 

splenocytes in both uninfected and infected animals (19.5/105 splenocytes ± 1.5 SEM and 

28.8/105 splenocytes ± 12.3 SEM respectively; Fig. 2B white bars). Infection led to an 

expansion of cells capable of secreting IFN-γ, since uninfected animals had a smaller pool 

(74 cells/105 splenocytes ± 8 SEM) of cells responding to ConA treatment compared to 

infected animals (315/105 splenocytes ± 8 SEM; Fig. 2B, gray bars).

IFN-γ response was next measured in MVA-gB and MVA-GP83 vaccinated animals. 

Animals were sacrificed approximately 30 days following the third vaccination and 

splenocytes isolated. A small number of background IFN-γ producing cells were observed in 

both gB and GP83 groups following DMSO treatment (13.2 ± 1.1 SEM and 19.8 ± 2.7 SEM 

respectively; Fig. 2C white bars). Similar to GPCM Vinfection, large numbers of IFN-γ 

producing cells (220 ± 29 SEM and 203 ± 53 SEM) were found in splenocytes stimulated 

with ConA from animals vaccinated with gB or GP83, respectively (Fig. 2C gray bars).

To detect antigen specific responses, splenocytes from uninfected and infected animals as 

well as gB and GP83 vaccinated animals were stimulated with overlapping 9 aa peptides 

that spanned GP83. Animals from the gB vaccinated group showed no significant response 

to the GP83 peptides compared to DMSO controls (19 ± 6 SEM spots; Fig. 2D white bar). 

The GP83 vaccinated group, however, showed a significant response to GP83 peptide 

stimulation compared to DMSO controls (107 ± 35 SEM spots; p < 0.05; Fig. 2D gray bar). 

This result was comparable to the response exhibited by animals experimentally infected by 

sc inoculation with GPCMV (169.5 ± 71 SEM spots). In total, 75% of GP83 vaccinated 

animals had a significant response to peptide stimulation (compared to no stimulus controls, 

p < 0.05, t-test; Table 1).

3.4. Mapping of GP83 epitopes

GP83 epitopes recognized by vaccinated guinea pigs were mapped using peptide pools. As 

described above, the library of 140 total GP83 peptides were combined into 24 pools of 11–

12 with each peptide being in two unique pools (Supplemental Table 2). Immunoreactive 

peptide pools were classified as any pool that displayed a significant response (p < 0.05) 

compared to unstimulated DMSO controls. Individual peptides were identified as the shared 

peptide between two pools with similar response. In 9 out of the 12 MVA-GP83 vaccinated 
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animals, T cell responses to one or more peptides were detected (Fig. 3A and B). There was 

no detectable IFN-γ response in 3 out of 12 animals vaccinated with MVA-GP83 (data not 

shown) or, as expected, in any animals vaccinated with MVA-gB (Fig. 3C). Peptide pools 

corresponding to peptides 46, 60, and 106 (Supplemental Table 1) had significant responses 

compared to DMSO controls (p < 0.05) in two guinea pigs each. Interestingly, all animals 

that had a detectable response responded to peptide 84 (LGIVHFFDN; Table 2). 

Splenocytes from all infected animals had a significant response to at least one of the pools 

of peptides (Fig. 4B, representative animal shown). Peptide 84 elicited responses in 3 of 4 

naturally infected animals (Table 2), suggesting this might be an immunodominant peptide 

following GP83 vaccination as well as natural infection.

4. Discussion

The aim of this study was to develop an ELISPOT assay to facilitate GPCMV vaccine 

studies, using murine monoclonal antibodies specific for guinea pig IFN-γ [28]. Using these 

same antibodies, one previous report measured systemic expression of IFN-γ by ELISA in a 

guinea pig model of Mycobacterium tuberculosis infection [35]. Another study 

demonstrated differential expression of IFN-γ mRNA induced by attenuated and virulent M. 

tuberculosis in guinea pig cells in a BCG vaccination model [30]. This is to our knowledge 

the first IFN-γ assay measuring functional responses of individual cells in a guinea pig 

model. Since guinea pigs serve as a model for multiple clinically relevant diseases, such as 

M. tuberculosis [3,4], foot and mouth disease [36,37], Ebola, and hemorrhagic arenaviruses 

[7,38], the IFN-γ ELISPOT assay described in our study could be useful in the experimental 

characterization of the cellular immune response in these settings.

Both MVA-vectored vaccines (gB and GP83) elicited an immune response in these studies. 

Since the chief protective effect of gB vaccine is believed to be related to the antibody (and 

not the CD8+) response to gB (reviewed in [39]), IFN-γ ELISPOTS with gB-specific 

peptides were not performed in this study. However, since gB has been shown to elicit 

cytotoxic T cell responses in HCMV [40,41], additional work to elucidate the gB peptide 

response in guinea pigs is warranted. These studies focused on GP83, the GPCMV homolog 

of the immunodominant HCMV pp65 protein [15,42]. The majority (75%) of MVA-GP83 

immunized guinea pigs demonstrated ELISPOT responses to various combinations of GP83 

peptides. Moreover, the stimulation of T cells by MVA-GP83 appeared to be similar in 

strength and diversity to the anti-GP83 T cell response generated by GPCMV infection. 

While previous research has shown that GP83 vaccines can elicit a cell-mediated immune 

response [16], this study is the first to quantitate antigen specific effector T cell function on 

a per cell basis. The induction of guinea pig IFN-γ likely has intrinsic anti-GPCMV 

properties. The antiviral activity of recombinant guinea pig IFN-γ (expressed in Escherichia 

coli) was demonstrated with a guinea pig fibroblast cell line (104C1) infected with 

encephalomyocarditis virus [43]. Guinea pig IFN-γ was also shown to induce upregulation 

of MHC class I expression in guinea pig fibroblasts, compatible with this cytokine 

mediating a protective role against infectious agents [29]. IFN-γ demonstrates substantial 

antiviral activity in a number of CMV systems [44,45]. The number of IFN-γ secreting T 

cells is a positive predictor of HCMV disease control following solid tissue and 

hematopoietic transplantation [18,19,46,47] and in AIDS patients [20]. Moreover, IFN-γ has 
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been shown to be a predictor of immunoprotection following vaccination in MCMV and 

RhCMV models [23,24]. Thus, the combined results of this study and the protective effects 

of IFN-γ listed above support the hypothesis that the T cell response elicited by MVA-GP83 

vaccination may be protective against congenital CMV infection. Studies are underway to 

determine if MVA-GP83 vaccine is protective, with or without concomitant MVA-gB 

vaccine, in a congenital GPCMV challenge model, and to determine the magnitude of the 

IFN-γ response associated with improved pup outcomes in the setting of maternal viral 

challenge during pregnancy.

Wide variation in response to individual GP83 peptides was observed in this study, with 

75% of animals responding to at least one GP83 peptide and 25% of the animals responding 

to multiple peptides. Similar variability in the T cell repertoire to individual epitopes has 

been observed in both humans and rhesus macaques naturally infected with CMV [48–50]. 

The diversity of guinea pig responses observed is likely due to genetic variability in the 

animals, since the Hartley strain animals used in this study are outbred animals. One epitope, 

LGIVHFFDN was recognized by all guinea pigs (9/12) that had a detectable GP83 

ELISPOT response. Additionally, three other epitopes of GP83 (ACMTHVDSL, aa 181–

189; LASHAQVVM, aa 237–245; and GDAKDDGSE, aa 422–430) were recognized by 

some animals immunized with the MVA-GP83 construct. Not surprisingly, these epitopes 

were not conserved with pp65 peptides known to elicit CD8+ responses in the context of 

HCMV infection [27,49,51–55]. Our analysis is limited by the relatively small number of 

outbred animals studied in this report. A larger study would be necessary to identify if these 

results apply more broadly and to determine if other GP83 epitopes are recognized. We 

chose in this study to use 9-mer peptides, since our major interest was in identifying CD8+ T 

cell IFγ responses engendered through class I presentation. 9-mer peptides are known to be 

optimal for this application [56]. Longer peptides may have allowed class II presentation 

and the induction of CD4+ T cell responses, and this will be evaluated in future studies. 

Efforts are also underway to identify other GPCMV T cell antigens/epitopes that could be 

exploited for vaccines against congenital infection. These studies in turn can help inform 

and direct future vaccine trials of subunit vaccines capable of eliciting responses to T-cell 

targets against HCMV, in particular those strategies that may be useful in protecting the 

fetus against congenital viral transmission.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HCMV human cytomegalovirus

GPCMV guinea pig cytomegalovirus

gB glycoprotein B antigen

pp65 phosphoprotein 65

GP83 guinea pig CMV UL83 homolog

ELISPOT enzyme-linked immunosorbent spotassay

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://

dx.doi.org/10.1016/j.vaccine.2014.05.011.
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Fig. 1. 
Antibody response to MVA vaccination. (A) Timeline of vaccinations and blood draws. 

Animals were initially injected with 1 × 108 pfu of either MVA-gB (4 animals) or MVA-

GP83 (12 animals), and two additional boosts of the same dose were given at two-week 

intervals (▼). Blood was collected prior to the first vaccination, at the time of each 

subsequent boost, and at two weeks post-final vaccination (▽). Antibody titers expressed as 

log transformed data from end-point dilution ELISA assay as described in Section 2.7. (B) 

Mean ELISA titers of MVA-GP83 (n = 12) and MVA-gB (n = 4) groups are expressed as 

log-transformed data from the 3rd bleed post-vaccination (14 days following the third dose). 

Data depicted are results of end-point dilution ELISA assay as described in Section 2.7. 

Animals below the cut-off of the ELISA assay (1:80) were assigned a titer of 1:40 for 

statistical analyses. No detectable response was observed in pre-immune sera (data not 

shown). ELISA titers were significantly higher following vaccination with MVA-gB 

construct (p < 0.0005). ELISA responses from 4 GPCMV naïve animals challenged with 

GPCMV (1 × 105 pfu inoculated sc) were also measured at day 28 (black bar). (C) 

Specificity of the immune response was determined by Western blot analysis. Antibody 

responses to GP83 and gB were measured using purified virions followed by immune 

blotting with rabbit polyclonal anti-GP83, mouse monoclonal anti-gB, pre-immune sera, and 
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sera from the fourth bleed (representative animals shown for MVA-gB and MVA-GP83 

vaccinated animals).
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Fig. 2. 
Enumeration of IFN-γ excreting splenocytes in response to mitogen and peptide stimulation. 

Splenocytes were isolated from uninfected or infected animals at 28 dpi using a Ficoll 

gradient (A) Splenocytes were either treated with DMSO (no stimulus control), the mitogen 

ConA, or GP83 peptides and enumerated using ELISPOT assays specific for IFN-γ. 

Representative wells are shown. (B) Triplicate wells for each sample were counted and 

averaged for each animal. Results are shown in mean number of IFN-γ positive cells per 

100,000 splenocytes for group (DMSO treated cells are shown in white and ConA treated 

cells are shown in gray; error bars = SEM). Splenocytes were isolated from animals at 28–

32 days after the third vaccination using a Ficoll gradient. Results were quantitated as above 

for each vaccinated group. (C) DMSO treated cells are shown in white and ConA treated 

cells are shown in gray (error bars = SEM). (D) Harvested splenocytes were stimulated with 

pooled peptides that span the entire GP83 protein, as described in Section 2.10. Triplicate 

wells for each sample were counted and the mean for all animals (including non-responders) 

in both vaccine groups determined. Mean number of IFN-γ positive cells per 100,000 

splenocytes for each vaccinated group is shown. Animals vaccinated with MVA-gB are 

shown in white and MVA-GP83 vaccinated animals are shown in gray (error bars = SEM; 

*p < 0.05).
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Fig. 3. 
Mapping of T cell epitopes of GP83 using peptide pools. Splenocytes were stimulated with 

one of 24 different pools of peptides that contained 11–12 9-mers that span the GP83 

protein. IFN-γ producing cells were counted in triplicate for each animal for each pool using 

ELISPOT. Peptides were considered to stimulate T cells if the response differed 

significantly from unstimulated cells (DMSO control). (A) Six animals vaccinated with 

MVA-GP83 responded to a single peptide contained in both pool 12 and pool 19. 

Representative data from one animal is shown. (B) The remaining 3 animals vaccinated with 
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the MVA-GP83 construct displayed stimulation of T cells by multiple peptides 

(representative from one animal data shown). (C) No response was observed to any pool in 

any animals vaccinated with MVA-gB vaccine. Among the MVA-GP83 vaccinated animals, 

3/12 were non-responders by this assay. A representative example from one animal is 

shown. *p < 0.05, **p < 0.005, ***p < 0.001.
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Fig. 4. 
Characterization of the anti-GP83 T cell response generated by GPCMV infection. 

Splenocytes from uninfected and GPCMV infected animals were stimulated with one of 24 

different pools of peptides that contained 11–12 9-mers that spanned the GP83 protein. IFN-

γ producing cells were counted in triplicate for each animal for each pool using ELISPOT. 

Peptides were considered to stimulate T cells if the response differed significantly from 

unstimulated cells (DMSO control). (A) No response was observed to any pool in uninfected 

animals (representative data from one animal is shown). (B) Significant responses compared 
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to unstimulated cells were engendered by multiple peptide pools followings stimulation of 

splenocytes isolated from GPCMV infected animals (representative data from one animal is 

shown; *p < 0.05).
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Table 1

Summary of humoral and cell mediated immune responses to MVA-gB and MVA-GP83 vaccination.

Vaccine group # of
ELISA-positive
guinea pigs

# of
WB-positive
guinea pigs

# of ELISPOT-
positive guinea
pigs

gB 4/4 4/4 0/4

GP83 8/12 2/12 9/12
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Table 2

Summary of immunoreactive GP83 peptides identified as epitopes using IFN-γ ELISPOT.

Peptide # Amino acid sequence Location GP83 WT

46 ACMTHVDSL 181–189 2/12 0/4

60 LASHAQVVM 237–245 2/12 1/4

84 LGIVHFFDN 333–341 9/12 3/4

106 GDAKDDGSE 421–429 2/12 2/4
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