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Abstract
The recent identification of a large array of different vaccinia virus (VACV)-derived CD8+ T cell
epitopes offers a unique opportunity to systematically analyze the correlation between protective
efficacy and variables such as kinetics of expression and function of viral proteins, binding affinity
to MHC molecules, immunogenicity and viral antigen processing/presentation. In the current
study, 49 different H-2b restricted epitopes were tested for their ability to protect peptide-
immunized C57Bl/6 mice from lethal i.n. challenge with VACV. The epitopes varied greatly in
their ability to confer protection, ranging from complete protection with minimal disease to no
protection at all. The function or kinetics of the viral antigen expression did not correlate with
protective efficacy. However, binding affinity partially predicted protection efficacy and
ultimately epitope immunogenicity and recognition of infected cells offered the best correlation.
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Introduction
Immunization with vaccinia virus (VACV) confers protection against smallpox due to a
multi-specific humoral and cellular immune response. Even though T cell immunity is key
in mediating viral clearance upon primary infection, and also directly contributes towards
establishing a protective immune response [1–4], the exact contribution of different T cell
specificities has not been elucidated. Few studies addressed the role of epitope-specific
CD8+ T cells in conferring protection from lethal poxvirus infection by using a mouse
model of protection. Drexler et al [5], showed that HLA-A*0201 (HHD) transgenic mice
were not protected from challenge following peptide-immunization with a VACV-specific
HLA-A*0201-restricted T cell epitope. In contrast, studies by Snyder et al and Tscharke el
al [6,7] demonstrate that peptide-immunization with a VACV-specific CD8+ T cell epitope
protected mice with varying degrees from VACV challenge, suggesting that protection may
vary as a function of the epitope selected for study.
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Numerous factors are key in generating immunologically relevant CTL epitopes, including
efficiency of peptide binding affinity to MHC molecules and the efficiency by which the
epitope is generated by antigen processing, availability of an appropriate TCR repertoire,
and variations in CD8+ T cell precursor frequencies [8]. Additional factors might dictate
whether a given epitope is associated with high or low protective capacity. Antigen
expression and presentation kinetics may play an important role in determining the
protective capacity of an epitope because early epitope display on the surface of infected
cells, might allow early recognition and elimination of infected cells by CD8+ T cells.
Indeed, it has been shown that CD8+ T cell responses preferentially target early expressed
VACV genes [9–11] and that the immunogenicity of recombinant proteins under early vs.
late VACV promoters influenced the expression of the respective genes [12], suggesting that
early expressed antigens may be better targets for induction of protective responses.

Differential antigen expression in different APCs might also influence protective capacity. It
has been shown that VACV preferentially targets both human and murine DC for infection
[13–15]. However, in contrast to non-professional APC, such as keratinocytes, that support
complete viral life cycle [14], VACV infection of DC is abortive and is characterized by
early but not late viral gene expression [16–18]. This is particular relevant in the context of
protection, as it has been shown in the influenza system that antigen presentation of the
same protein differs in DC vs. non-professional APC. This resulted in the generation of
antigen-specific T cells that were unable to recognize antigens at the site of infection during
recall responses. More importantly, vaccination with an epitope expressed exclusively by
DC and not at site of infection had a detrimental effect on antiviral immunity [19,20].
Therefore, viral gene expression kinetics and antigen presentation variation between
different cell types may be interconnected and depend on permissiveness for viral
replication of the infected cell type.

Despite the fact that CD8+ T cell responses have been shown to be involved in controlling
poxvirus infections both in humans and animal models, there is limited knowledge about the
correlates of protective efficacy. The recent identification of a large array of VACV-specific
CD8+ T cell epitopes in C57BL/6 mice [9] offered a unique opportunity to systematically
and comprehensively analyze the correlation of protective efficacy induced by individual
epitopes.

Results and Discussion
Wide variation in protection efficacy induced by individual epitopes

To screen all 49 H-2b-restricted, previously defined [9] (Supporting Information Table 1)
CD8+ T cell epitopes for protective efficacy, we modified the i.n. challenge mouse model of
protection as described by other groups [5–7]. Mice were immunized s.c. once with
individual CD8+ T cell epitopes in incomplete Freund’s adjuvant (IFA), in the presence of
an unrelated CD4+ T cell helper epitope, similarly as described in a previous study [21], and
were challenged with a lethal i.n. dose of VACV 12 days later. Peptide-immunized mice
were challenged with lethal i.n. dose of VACV and monitored daily for weight loss.

Representative data for the B8R(20–27) epitope [7,9] shows that the majority of B8R-
immunized animals survived the infection (89%) and lost less weight (maximum weight loss
=13%) compared to PBS-immunized control group where most animals had rapid weight
loss and succumbed to disease (6% survival) by day 7 (Fig. 1A and B). Thus, peptide-
immunization and therefore CD8+ T cells conferred a survival advantage compared to non-
immunized mice.
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Upon testing all 49 epitopes in a similar fashion, we observed a range of protection
efficacies (Supporting Information Table 1). A total of 15 epitopes protected most of the
mice (100–75%) (Fig. 1C), and 22 more epitopes were significantly but partially protective
(75–25%, p<0.05, see Methods). In contrast, 12 epitopes induced no significant protection
(<25%). These results are in agreement with recent studies where peptide-immunization
with VACV-specific CD8+ T cell epitopes was associated with different degrees of
protection from lethal poxvirus challenge, suggesting that protection efficacy largely
depends on the selection of the epitope [5–7].

Neither kinetics nor function of antigen correlate with protection efficacy
Next, we explored possible factors that may explain the large variation observed in
protective efficacy. We reasoned that differences in kinetics of antigen expression and/or the
function of the epitope-containing protein might play a role. VACV gene expression can be
broadly divided into immediate-early, early and late genes [22,23]. Accordingly, of the 49
epitope-containing proteins, 10 were immediate-early, 16 were early and 19 were late
expressed proteins (4 early/late proteins were excluded from the analysis due to low
representation). No significant correlation between survival and kinetics of antigen
transcription was demonstrable (Fig. 2A; Supporting Information Table 1). One caveat in
interpreting the data is that analyzing correlation of protection with kinetics of gene
expression refers to RNA synthesis and may not correlate with protein synthesis which may
follow distinct kinetics.

We also examined the correlation between protection efficacy with functional category of
the viral proteins. In general, VACV proteins can be categorized into virulence factors
(potentially modulate host immune responses), regulatory proteins (support viral replication)
and structural proteins (usually contained within the virion) [9–11]. Similarly to the
observation with the expression kinetics no significant correlation was found between
protection efficacy and functional category of the viral antigens (Fig. 2B; Supporting
Information Table 1), suggesting that the intrinsic property of the epitopes may dictate
protective capacity.

Recently, Kastenmuller et al [24] demonstrated that the expansion of virus-specific CD8+ T
cells was regulated by T cell cross-competition favoring T cells during secondary response
that were able to rapidly detect infected cells and was heavily influenced by the timing of
antigen expression in infected APC, favoring early expressed proteins. In contrast, our data
suggest that there is no correlation between protective efficacy of the 49 epitopes and
kinetics of expression. This apparent discrepancy is easily resolved considering that only
epitopes recognized in the course of natural infection were tested, and that as mentioned
above early proteins are preferentially recognized by CD8+ T cells. Thus, our data suggest
that the apparent superior protective capacity of early proteins is based on their higher
immunogenicity, and not in any intrinsic higher protective capacity.

MHC binding and peptide immunogenicity partially predict protection efficacy
Another factor contributing to the immunogenicity of CTL epitopes is binding affinity for
MHC molecules [25]. Correlation of binding affinity based on IC50 values [9] (Supporting
Information Table 1) revealed that 13 of the 15 epitopes associated with good protective
activity were high-affinity binders (IC50 <10 nM) (Fig. 3A). Within the 12 non-protective
epitopes 4 were low-affinity binders (IC50 > 1000 nM), 4 were intermediate (IC50 between
10 and 1000) and 4 were high-affinity binders (Fig. 3A). This correlation is highly
significant (rs = 0.56), and suggests, that high-affinity binding of an epitope to the
appropriate MHC molecule is necessary but not sufficient to associate an epitope with high
protective efficacy. It further suggests that, besides binding affinity, other specific features
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associated with the epitopes, such as size of TCR repertoire and cellular processing may also
contribute to determine protective efficacy.

The use of peptide immunization for inducing VACV responses might bias the result in
favor of high affinity binders as the low affinity binders might simply induce lower
responses. For this reason, it is important to determine the frequencies of T cells specific for
the various epitopes prior to challenge by the use of tetrameric reagents. This was not
performed in the present study due to the considerable effort involved, however, the effector
frequencies can be estimated by the magnitude of in vitro IFN-γ production by splenocytes
before challenge. Therefore, we next examined the correlation between protective efficacy
and the magnitude of IFN-γ production following peptide-immunization, by stimulating
splenocytes from peptide-immunized mice with peptide-pulsed APC. This analysis showed
significant, but only marginally better correlation to survival (rs=0.59 Fig. 3B) compared to
the correlation with MHC binding affinity.

Immunogenicity and recognition of infected APC correlate with protective efficacy
Another factor that might influence whether peptide-immunization would protect against
lethal infection is the efficiency with which the epitope is processed and presented on the
surface of an infected cell. Accordingly, we measured the immunogenicity of each epitope
by testing splenocytes from peptide-immunized mice for their ability to produce IFN-γ upon
stimulation with fully permissive VACV-infected APC that express both early and late
antigens (Assarsson personal communication). This analysis showed the best correlation
with protective efficacy (rs = 0.72; Fig. 3C), suggesting that the intrinsic immunogenicity of
the epitope and the efficiency of epitope processing and presentation cooperate to determine
the capacity of an epitope to elicit a protective immune response.

Concluding Remarks
In summary, our data provide important insights regarding the factors that contribute to
protective efficacy induced by peptide-immunization by analyzing a comprehensive set of
VACV-specific CD8+ T cell epitopes that were identified during natural infection (i.p.).
Epitopes can be predicted to confer good protection based on immunogenicity of the
epitope, which significantly depend on the MHC binding capacity of the epitope, and the
efficiency with which the epitope is expressed on the infected cells. These findings are
relevant for vaccine evaluation and design studies, particularly, where isolated viral proteins
are used as immunogens.

Material and methods
Peptides and MHC binding assays

Peptides utilized were synthesized as purified material by Pepscan Systems B.V. (Lelystad,
Netherland) and Mimotopes (Minneapolis, MN/Clayton, Victoria, Australia). MHC
purification, and quantitative assays to measure binding affinity of peptides to purified H-2
Kb and H-2 Db molecules were performed as previously described [9].

Viruses—The Western Reserve (WR) strain of VACV was obtained from Bernard Moss
(National Institute of Allergy and Infectious Diseases) and grown in 143 TK− cells.

Mice
Specific pathogen-free C57BL/6 mice were obtained from Jackson Laboratories and used
between 6–12 weeks of age, following National Institutes of Health guidelines and
Institutional Animal Care and Use Committee approved animal protocols.
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Infection and immunizations
For peptide-immunizations, C57Bl/6 mice were immunized s.c. once at the base of the tail
with 10 μg of CD8+ T cell peptide epitopes (or PBS control) emulsified in IFA with 140 μg
HBV core 128–140 (TPPAYRPPNAPIL) epitope in a total volume of 100 μl. For i.n.
challenge, 12 days after peptide-priming mice were inoculated by the i.n. route with a lethal
dose of 3 × 106 PFU of VACV-WR in 10 μl PBS, weighed daily and euthanized when they
lost 25% of their initial body weight. DC2.4 cells (kindly provided by Kenneth L. Rock)
were used as APC for intracellular cytokine staining (ICCS) assays to identify recognition of
virally infected APC by VACV-specific CD8+ T cells and were grown and infected as
previously described [9]. Briefly, DC2.4 cells (5 × 106) were infected with VACV-WR
(MOI of 5) in 200μl of PBS at 37°C for 30 min in a 15 ml Falcon tube with occasional
shaking, followed by addition of 9 ml R10 medium and incubation for another 4 h.

ICCS Assay
Splenocytes (1 × 106; devoid of red blood cells) from peptide-immunized mice (day 12 post-
injection) were incubated with either peptide (1 μg/ml) or 2× 105 VACV-infected DC2.4 in
the presence of brefeldin A (10 μg/ml). After 6 to 12 h the cells were stained according to
the protocol of the BD Fix/Perm Solution Kit (BD Biosciences) and were analyzed using a
FACSCalibur and FlowJo software (Tree Star Inc.).

Statistical tests
Standard error mean (SEM) were calculated for % survival and % IFNγ production and are
included in the Supporting Information Table 1. Correlation values were established by
calculating Spearman rank-order correlation coefficient (rs) using VassarStats website
(http://faculty.vassar.edu/lowry/VassarStats.html).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Wide variation of protection efficacy induced by individual epitopes
Peptide-immunized mice (see the Materials and methods) were challenged i.n. with a lethal
dose of VACV. Body weight was calculated as percentage of the mean weight for each
group on the day of challenge. Survival and weight loss were used as parameters of disease
course and protection efficacy was measured as percent survival and based on weight loss.
PBS-immunized mice were used as controls in each experiment. The average of 14
independent experiments each with 5 mice/group are represented as (A) % weight and (B) %
survival for peptide (B8R20–27, squares) and control (PBS, triangles). The significance of
percent survival data was assessed as follows: Out of 75 control mice (PBS-immunized) a
total of 5 (=6.67%) survived 10 days after challenge. Observing a survival of 25% or higher
in a group of 10 peptide-immunized mice has a chance probability of p = 0.0249 using the
binomial distribution. For groups of 15 mice, observing a survival of 25% or higher
corresponds to p = 0.0149, which is also below the customary cutoff of 5%. Therefore 25%
survival was used as the minimal threshold for significant protection. (C) All 49 epitopes
were tested in 2–3 experiments each with 5 mice/group. SEM values are shown for %
survival.
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Figure 2. Neither expression kinetics nor functional category of viral protein correlate with
protection efficacy
Protection efficacy (based on % survival data obtained from weight loss following lethal i.n.
challenge with VACV of peptide-immunized mice, described in detail in Figure legend 1
and Material and methods) of each of the 49 epitopes was correlated with the appropriate
viral protein-containing epitopes each categorized according to their (A) expression kinetics
(divided into immediate-early, early and late gene expression profiles [22, 23]) or (B)
functional category. Correlation values were established by calculating Spearman rank-order
correlation coefficient (rs). No significant correlation was observed between protection
efficacy and antigen expression kinetics or function.
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Figure 3. Factors contributing to prediction of protection efficacy
(A) Binding affinity based on IC50 values (described in Material and methods and [9]) were
correlated with protection efficacy (based on % survival data obtained from weight loss
following lethal i.n. challenge with VACV of peptide-immunized mice, described in detail
in Figure legend 1 and Material and methods). Splenocytes from peptide-immunized mice
were stimulated with (B) peptide-pulsed or (C) VACV-infected APC (DC2.4, MOI 10,
described in Material and methods) in vitro and tested for IFN-γ production by ICCS assays.
Background levels in ICCS assays were established from samples pulsed with DMSO and
subtracted from the experimental values. Sample values greater than background were
considered positive. Between 2–4 independent experiments were performed testing a total of
4–11 mice/epitope and mean values were correlated with % survival. Correlation values
were established by calculating Spearman rank-order correlation coefficient (rs). Significant
correlation was observed between % survival and MHC binding affinity of the peptides (A)
as well as IFN-γ induction following peptide stimulation (B). Most significant correlation
was observed between % survival and IFN-γ induction following stimulation with VACV-
infected APC (C).
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