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a b s t r a c t

To characterize T cell epitopes in monkeypox virus (MPXV) infected rhesus macaques, we utilized IFNγ
Elispot assay to screen 400 predicted peptides from 20 MPXV proteins. Two peptides from the F8L
protein, an analog of E9L protein in vaccinia, were found to elicit CD8þ T cell responses. Prediction and
in vitro MHC binding analyses suggest that one is restricted by Mamu-A1n001 and another by Mamu-
A1n002. The Mamu-A1n002 epitope is completely identical in all reported sequences for variola, vaccinia,
cowpox and MPXV. The Mamu-A1n001 epitope is conserved in MPXV and vaccinia, and has one residue
substitution (V64 I) in some cowpox sequences and all variola sequences. Given CD8þ T-cell epitopes
from E9L were also identified in humans and mice, our data suggested that F8L/E9L may be a dominant
pox viral protein for CD8þ T cell responses, and may be considered as a target when designing vaccines
that target pox-specific T cell responses.

& 2013 Elsevier Inc. All rights reserved.

Introduction

Monekypox virus (MPXV) is a member of the Orthopoxvirus
family that also includes variola virus (VARV), the causative agent
of human smallpox, and vaccinia virus (VACV). Since cessation of
broad VACV immunization, MPXV infections are now emerging as a
public health concern. MPXV infection can cause up to 10% lethality
in humans, and poses a risk to human health as an infectious agent
and a potential biological weapon. MPXV infection resembles in
many aspects the human clinical symptoms of smallpox, including
fever, weight loss, lesion development, and death (Huhn et al., 2005;
Jezek et al., 1987). To better understand the pathogenesis of MPXV
and related orthopoxviruses, such as variola virus, and to provide
a model to evaluate counter measures against these poxviruses,
non-human primate (NHP) models of MPXV infection have been
developed using aerosol (Zaucha et al., 2001), intranasal (Saijo et al.,
2006), and intratracheal (Stittelaar et al., 2005, 2006), as well as
intravenous (IV) (Johnson et al., 2011; Hooper et al., 2004) routes of
exposure. The respiratory pathogen delivery routes are generally
technically demanding and may also require specialized facilities and

equipment, while the IV inoculation is technically easier and has
been used successfully to evaluate the immunogeneicity and protec-
tive role of various forms of poxvirus vaccines against MPX infection
in NHPs (Hooper et al., 2004; Edghill-Smith et al., 2005; Earl et al.,
2004; Heraud et al., 2006).

MPXV-infected NHPs have symptoms resembling those of
humans infected with monkeypox and smallpox. Macaques infected
with MPXV generate both neutralizing antibodies (Johnson et al.,
2011; Keasey et al., 2010) and T cell responses (Estep et al., 2011).
Upon proteomic array analysis, while antibodies fromMPXV-infected
macaques and VACV-vaccinated humans recognized a few common
proteins, antibodies from MPXV-infected macaques also recognized
proteins that were not recognized by vaccinated human sera (Keasey
et al., 2010). It is interesting to determine if this also applies to T cell
responses. T cell responses, as the other major arm of adaptive
immune responses, have also been shown to play a critical role in
protection against poxvirus infection (Redfield et al., 1987; Howell
et al., 2006; Xu et al., 2004; Snyder et al., 2004). The precise
definition of T cell epitopes allows rigorous assessment of antigen-
specific T cell responses in viral pathogenesis and in vaccine studies.
Specifically in the case of poxviruses, a relatively large number of
CD8þ and CD4þ T cell epitopes have been characterized in human
and murine systems (Kennedy and Poland, 2007; Moutaftsi et al.,
2010). However, only a few T cell epitopes have been reported in
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rhesus macaques infected with VACVWR (Walsh et al., 2009), and no
specific epitopes have been reported for variola or monkeypox. Given
the pivotal role of non-human primates for the study of poxvirus
pathogenesis and counteracting agents, including vaccine studies, it
is important to have specific reagents to study pox-specific T cell
function in rhesus macaques. In the current study, we utilized an
approach combining bioinformatic epitope predictions and Elispot
immunological assays to identify the first CD8þ T cell epitopes for
monkeypox virus recognized in rhesus macaques. Our results illus-
trate the feasibility of this approach to identify epitopes from
biosafety level 3 (BSL-3) poxviruses.

Results

Selection of antigens for study

To identify candidate antigens for analysis, we compiled T cell
recognition data from three sources. These included an analysis
undertaken by Moutaftsi et al. (2010) to identify prevalently
recognized VACV WR ORFs, a compilation and analysis of donor
recognition data available in the immune epitope data base (IEDB)
(Vita et al., 2010), and a study of CD8 T cell responses to VACV WR
in Mamu-A1n001 positive macaques (Walsh et al., 2009). While
several orthopoxvirus antigens have been shown to elicit anti-
bodies that are protective in challenge models, and linkage
between CD4þ T cell recognition and antibody production follow-
ing VACV has also been reported, for the present study we have
selected only from ORFs for which CD8 T cell epitopes have been
described.

From the Moutaftsi et al. (2010) analysis, a list of the 23 most
prevalently recognized VACV WR ORFs was compiled, where
prevalence was defined as an ORF being recognized in the context
of 3 or more different HLA or H-2 alleles. Next, we examined
human CD8 T cell recognition data available in the IEDB. For this
analysis we compiled the number of positive donor responses for
each of the 218 VACV WR ORFs versus the total number of donors
tested from all studies curated by the IEDB as of June 1, 2012. From
these data a frequency of positive responses was calculated.
Overall, 49 ORFs were identified that had response rates of 25%
or greater (138 had at least one positive response). Finally, we
tabulated a set of VACV WR ORFs described in a previous study
that were recognized by CD8 T cells in vaccinated Mamu-A1n001
macaques (Walsh et al., 2009). This identified 16 ORFs that were
recognized in one or both of two animals studied.

Taken together, 70 ORFS were identified that were selected by
one or another analysis. To limit the analysis to a more manage-
able set, we selected a set of 20 ORFs to include all ORFs identified
in at least 2 of the 3 analyses described above, or that were
recognized in both of the macaques studied in Walsh et al. (2009).
This set of ORFs is listed in Supplemental Table 1.

Selection of peptides

Among the NHPs, we chose to work with those expressing
Mamu-A1n001 and Mamu-A1n002. Both of these alleles are

prevalent in our cohort, and have been extensively characterized
in previous studies of simian immunodeficiency virus infection in
rhesus macaques (Loffredo et al., 2004; Allen et al., 2001, 1998).
Furthermore, multiple efficient approaches for predicting peptide
binders have been developed for both of these alleles (Peters et al.,
2005, 2006).

To select peptides for Mamu-A1n001 and Mamu-A1n002, we first
analyzed the previously published CD8 T cell epitope data (Walsh
et al., 2009; Loffredo et al., 2004; Allen et al., 2001, 1998) to
determine the optimal peptide length(s) for consideration. We
tabulated the number of epitopes identified for each allele, and
determined their distribution as a function of peptide length. For
both alleles it was found that the vast majority of epitopes defined
previously were 9 residues in length (78 and 74%, respectively, for
Mamu-A1n001 and Mamu-A1n002). Because 9-mers represent the
canonical epitope length for most class I alleles, we checked that the
predominance of 9-mers in the cases Mamu-A1n001 and Mamu-
A1n002 did reflect a selection bias. Accordingly, for each of the
studies, we also tabulated the number of peptides synthesized of
various lengths and then calculated the fraction of peptides exam-
ined that were eventually identified as T cell epitopes. As shown in
Supplemental Table 2, 9-mers were more likely to be identified as
epitopes than peptides of other sizes. We also note that the
differences observed are likely to be conservative estimates, as each
of the studies evaluated included only the top predicted or most
canonical motifs for peptides of 8-, 10- and 11-residues, while for 9-
mers broader selection criteria were considered to include peptides
with poorer predicted affinities. Accordingly, for the present study, we
have focused solely on 9-mer peptides.

Finally, to identify potential epitopes derived from the set of 20
antigens selected above, we scanned the corresponding MPXV
Zaire 79 and Sierra Leone sequences utilizing the Mamu-A1n001
and Mamu-A1n002 consensus algorithms hosted by IEDB (www.
iedb.org). Unique peptides were selected as described in the
Materials and Methods. The final set selected represented the
top 2.25%-scoring, 9-mer peptides amongst the 20 antigens in
both MPXV isolates, further supplemented by ensuring that for
each antigen at least 5 peptides or, if larger, 2.25% of the total
peptides in the antigen, were included for study. Following this
approach, 400 peptides (194 for Mamu-An001, and 206 for Mamu-
A1n002) were selected for further analysis (Supplemental Table 3).

Mapping epitope specific responses using Elispot and intracellular
staining

We assayed PBMCs from two different MPXV-infected NHPs for
each Mamu-A haplotype (Table 1). In the case of Mamu-A1n001, we
assayed PBMCs from animal A5E073, which was infected with the
MPXV Sierra Leone strain, and DC11, which was infected with the
MPXV Zaire 79. In the case of theMamu-A1n002we utilized PBMCs
from the DC22 and FLR macaques, both NHPs were infected with
the MPXV Sierra Leone.

While DC11 succumbed to MPXV infection at day 14 post-
infection, the remaining three NHPs survived to the end of the
study (day 30). To identify specific epitopes, predicted peptide

Table 1
MPXV-infected NHPs and IFNγ Elispot results.

NHPs Virus inoculation and
dose (PFU)

Mamu
haplotype

Day of
necropsy

IFNγ Elispot no./1�106 PBMCs
stimulated by peptides

IFNγ Elispot no./1�106 PBMCs stimulated
by inactivated VACV

Peptides triggering
IFNγ secretion

DC11 Zaire 79 1.5�107 A001 14 44 72 ISPDGCYSL
A5E073 Sierra Leone 2.5�106 A001 30 171 494 ISPDGCYSL
DC22 Sierra Leone 2.5�106 A002 30 180 317 LTFDYVVTF
FLR Sierra Leone 2.5�108 A002 30 158 257 LTFDYVVTF
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pools (containing an average of 20 peptides/pool) were tested in IFNγ
Elispot assays. Positive peptide pools were deconvoluted to identify
the individual peptide associated with the positive IFNγ signal. Each
experiment was repeated at least 3 times with similar results. From
A5E073 and DC 11 (A001 haplotype), we detected a positive response
for pool 15. Upon deconvolution the response was found to be
associated with the E7 peptide (sequence ISPDGCYSL), which is
derived from the F8L protein (aa 119–127). In the case of both
DC22 and FLR (A002 haplotype), peptide D2 (sequence LTFDYVVTF),
also derived from the F8L protein (aa 254–262), was positive in the
Elispot assay. While only F8L-derived epitopes were identified in the
animals studied here, it is important to note that F8L peptides
represented only 22/194 (11.3%) of the A1n001 peptides screened,
and 24/206 (11.7%) of the A1n002 peptides. The number of IFNγ-
positive PBMCs (SFC/1�106 cells) from each animal is shown in
Table 1. It was notable that inactivated VACV stimulated more IFNγ-
secreting cells than peptides in the Elispot test. It is worth noting that
these numbers may underestimate the actual number of positive
cells, since PBMCs had been frozen at �80 1C for over two years, and
the viability of the cells upon thawing was 50–90%. However, based
on the results above we are able to conclude that the E7 and D2
epitopes of the F8L protein are consistently recognized in Mamu-
A1n001 and Mamu-A1n002 animals, respectively.

To further characterize these responses, we also performed
IFNγ intracellular staining. As shown in Fig. 1, IFNγ production in
response to inactivated VACV or a PMAþ Ionomycin positive
control was mediated by both CD8þ and CD8� cells, while
stimulation with F8L peptides D2 or E7 skewed the response to
CD8þ T cells. However, cultures with inactivated VACV stimula-
tion did not gave a higher frequency of IFNγ-secreting cells than
the peptide-stimulated cultures.

Finally, MHC-peptide binding assays utilizing purified Mamu-
A1n001 and Mamu-A1n002 molecules were performed to determine
the affinity of each epitope for its predicted restricting allele. Both
peptides were found to bind their corresponding allele with very high
affinities, with IC50s o0.5 nM. Specifically, E7 (sequence ISPDGCYSL)
bound Mamu-A1n001 with an affinity of 0.20 nM (þ/� 0.077), while
D2 (sequence LTFDYVVTF) bound Mamu-A1n002 with an affinity of
0.42 nM (þ/� 0.11). Notably, these affinities are higher than those
reported for previously identified simian- immunodeficiency-virus-
derived epitopes restricted by Mamu-A1n001 and Mamu-A1n002
(Loffredo et al., 2004; Allen et al., 2001).

D2 and E7 epitope sequences are largely conserved in different
poxviruses

We next examined the conservation of these F8L epitope
sequences in different poxviruses, and in different MPXV strains.
MPXV F8L is the analog protein of E9L in VACV. Utilizing the National
Center for Biotechnology Information resource, we compared the
epitope sequences with all sequences available for various monkeypox
strains, as well as vaccinia, variola, and cowpox viruses. The E7 peptide
(sequence ISPDGCYSL) is completely conserved in all viruses. The D2
peptide (sequence LTFDYVVTF) is also completely conserved amongst
all monkeypox and vaccinia strains. In the case of cowpox virus
however, this E9L sequence is identical in some strains, while other
cowpox virus sequences represent a single highly conservative V64I
variation (LTFDYIVTF). Interestingly, all reported variola E9L sequences
carry the V64I variant. The residue in position 6 is not expected to
function as a primary anchor residue influencing Mamu A1n002
binding and, perhaps not surprisingly given the conservative nature
of the variation, the two variants are predicted to have essentially
identical Mamu A1n002 binding affinities (13 versus 15 nM according
to the ANN algorithm, and 27 versus 28 nM according to the SMM
algorithm; see tools.immuneepitope.org/mhci).

Discussion

The precise identification of T cell epitopes allows accurate
quantification of T cell immune responses. This in turn enables
effective studies of host-pathogen interactions and virus patho-
genesis, and is a key element for the evaluation of different vaccine
candidates (Sette and Rappuoli, 2010). Many T cell epitopes have
been characterized for poxviruses in humans and mice (Kennedy
and Poland, 2007; Moutaftsi et al., 2010), with most of the
epitopes being specific for MHC-I CD8þ T cells (total 246 peptides,
145-MHC-I in humans, and 103-MHC-I in mice) and fewer
(61peptides) restricted by MHC-II on CD4þ T cells (Moutaftsi
et al., 2010). Interestingly, only a handful of T cell epitopes from
VACV proteins have been reported for NHPs (Walsh et al., 2009).
The unique niche of NHP models in studying the select agents
MPXV and VARV makes it of great interest to define T cell epitopes
in these models.

Fig. 1. Peptides D2 and E7 triggered IFNγ-secreting CD8þ T cell responses. Frozen PBMCs were thawed and stimulated with either peptide or inactivated vaccinia virus, or
with PMA plus ionomycin as a positive control, or the culture with medium alone as a negative control. The culture was incubated for overnight in the presence of BD Golgi
plug/Golgi stop in the last 5 h of culture. Cultured cells were stained with mixture of surface markers, fixed with BD cytofix/perm, followed by intracellular staining of IFNγ.
Samples were acquired using a BD LSR Fortessa cytometer and analyzed with Flowjo software. This figure illustrates the IFNγ-expression on CD3þCD8þ T cells.
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The main goal of our study was to illustrate that selection of
predicted epitopes from antigens previously shown to be targeted
by CD8 responses in other species is an effective means to identify
potential epitopes in a model system such as the select agent
monkeypox. In this study, we identified for the first time two
CD8þ T cell epitopes derived from MPXV that are recognized by
rhesus macaques. Based on binding predictions and in vitro
binding assays, it has been inferred that one of the epitopes is
restricted by Mamu-A1n001 and the other epitope by Mamu-
A1n002. It is important to note that all of the monkeys studied
expressed several other Mamu A and B class I alleles, and it is thus
possible that the responses may be restricted by any of these other
specificities.

Interestingly, both peptides are derived from the monkeypox F8L
protein. Previous results from humans and mice have identified
epitopes derived from E9L, including one human CD8þ epitope (aa
107–115) and two murine CD8þ T cell epitopes (aa 716–724 and aa
858–866). In addition, two peptides from E9L (aa 562–570 and aa
883–891) were also identified as CD8þ T cell epitopes in rhesus
monkeys infected with vaccinia virus (Walsh et al., 2009). These data
support the assertion that F8L/E9L is a major poxvirus target of
CD8þ T cell responses. Previous studies have concluded that, unlike
some other viruses that are associated with a narrow pattern of
immunodominance, poxvirus-specific immune responses are direc-
ted against a broad array of antigenic proteins. Indeed, of the more
than 200 potential poxvirus proteins, at least 114 proteins have been
reported as being recognized by CD8þ T cell responses (Moutaftsi
et al., 2010). Based on the numbers of epitopes identified for each of
these poxvirus proteins, F8L/E9L is amongst the top 23 antigens that
contains CD8þ epitopes recognized by both humans and mice
(Moutaftsi et al., 2010).

Our results are interesting as the F8L/E9L protein is the only
one amongst the 20 proteins tested to be recognized in different
strains of monkeypox, and in the context of both Mamu class I
molecules studied (Mamu-A1n001 and Mamu-A1n002). Whether
this reflects a narrow immunodominance associated with mon-
keypox infection in rhesus macaques and potentially also reflects
its high pathogenicity, remains to be ascertained by more com-
prehensive studies. On the other hand, this data could also be the
result of the limited amount of animals screened in our study.
Furthermore, previous studies with VACV and other viruses in
mouse models showed that T cell immunodominance can be
modulated by the route of virus inoculation (Tscharke et al.,
2005). This level of immunodominance regulation may also exist
in NHPs with MPXV infection. In addition, PBMCs from three of
four NHPs were derived from day 30 post-inoculation when the
peak primary response could be over and the remaining MPXV-
specific T cells have undergone clonal affinity selection. Therefore,
it is possible that new or more peptides from other proteins or
restricted by other MHC molecules will be identified as immuno-
genic following more extensive screening.

Because of the rather large size of the MPXV proteome, the
present study focused on only a subset of ORFs found in previous
studies to be recognized in both monkeys and humans. While
some previous efforts in orthopoxvirus models have been biased
towards early expressed ORFs that are not necessarily either
immunodominant or relevant for protection, the selection of ORFs
for the present study was based on published data from a set of
studies analyzing responses on a complete genome-wide basis, to
include early through late expressed ORFs. Only 2 out of 400
peptides screened in the present study were identified as T cell
epitopes. In this context, it is important to emphasize that the
algorithms utilized in this study predict MHC binding, not T cell
recognition. The capacity to bind MHC is a necessary, but not
sufficient, requirement for recognition by T cells. Most certainly
other factors are involved, such that only a few peptides with the

capacity to bind MHC end up being actual T cell epitopes. Potential
factors involved include, but are likely not limited to, the rate of
expression of the protein of provenance, efficiency of generation of
the epitope sequence by cellular processing mechanisms, resis-
tance of the peptide to intracellular enzymatic degradation, and
the presence of a T cell repertoire with the capacity to recognize
the peptide in the context of the corresponding MHC molecule.
This issue has been reported upon and reviewed elsewhere
(Assarsson et al., 2007; Yewdell, 2006; Yewdell and Del Val,
2004; Yewdell and Bennink, 1999), where it has been estimated
that about 1 in 100 high-binding peptides and less than 0.01% of
all peptides end up being T cell epitopes. The “low” success rate
observed in the present study is thus not much different from
what has been reported in other contexts. It is unknown whether
the CD8þ T cell response triggered by F8L/E9L protein or by the
specific peptides in F8L/E9L is protective. A previous study in the
mouse model demonstrated that F8L/E9L epitopes displayed 66.7%
protective efficacy (Moutaftsi et al., 2009). Similar studies may
need to be done in rhesus monkeys to determine whether
peptides from F8L/E9L can induce protective T cell responses
against MPXV or other poxvirus infections.

F8L/E9L is a DNA polymerase and is expressed at the early stage
of virus infection. It shares 98 and 99% homology with VARV and
vaccinia virus, respectively. Given this high degree of conservation,
one could imagine that the CD8þ T cell responses triggered by
F8L/E9L are likely to be cross-reactive across all the poxviruses. In
addition, we found that one of the two epitopes identified in this
study is completely identical among all the poxviruses in question.
The other one is also completely conserved amongst in the vast
majority of poxvirus sequences and is associated with only one
amino acid substitution in some cowpox virus isolates and all the
variola viruses. We speculate that the CD8þ response triggered by
these two peptides should be conserved in poxviruses, such as
monkeypox, cowpox virus, vaccinia and variola viruses. Thus, the
two peptides may serve as possible reagents to monitor CD8þ T
cell responses in rhesus macaques.

It could be interesting to test if the two epitopes identified in
rhesus macaques are also immunogenic in humans. If it can be
shown that humans and rhesus macaques do not share the same
epitopes, it underscores the importance to take caution when
interpreting T cell response data from rhesus macaques during
vaccine or viral pathogenesis studies. For example, a vaccine
containing human T cell epitopes may not be detected in rhesus
macaques. On the other hand, a strong CD8þ T cell response to a
specific peptide in rhesus macaques may not be a reflection of a
human scenario. Thus, it is important to know if a protein contains
T cell epitopes for both humans and rhesus macaques. In the case
of F8L/E9L, a positive CD8þ response detected by these peptides
in rhesus macaques probably suggests T cell responses in humans.

Previous efforts to characterize poxvirus-specific T cell epitopes
have mostly used vaccinia virus (using Dryvax for human and
vaccinia WR strain for mice). To our knowledge, our effort is
different from previous studies in that we have tried to character-
ize poxvirus-specific T cell epitopes in rhesus macaques, and also
in that we used MPXV-infected rhesus PBMCs. Although pox-
viruses share a high degree homology, it is not guaranteed that the
epitopes identified from one virus such as VACV are also immu-
nogenic during infection with another virus. This is because
different viruses may use different mechanisms to execute their
infection process and to interact with host cells, such as dendritic
cells. This in turn may affect antigen processing and presentation.
Thus, our effort to characterize monkeypox-specific T cell epitopes
in rhesus macaques is significant in that it provides reagents for
future monkeypox studies in rhesus macaques, but also in that it
provides evidence to show that the F8L/E9L protein is immuno-
genic in humans, mice and NHPs.
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Our future efforts will be to extend the current study by testing
the peptides in additional donors, and to also analyze peptides
predicted to be specific for other Mamu class I haplotypes from
different time points of MPXV infection.
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Materials and methods

Ethics statement

All animal experiments were approved by the National Insti-
tute of Allergy and Infectious Diseases, Division of Intramural
Research, Animal Care and Use Committee (ACUC) and adhered to
National Institutes of Health (NIH) policies. The entire procedure
to handle NHPs, including injections or inoculations of virus, blood
withdrawals, biopsy and necropsy, strictly adhered to NIH NHP
regulations and guidelines. Investigators and animal care person-
nel provided additional comfort and care, such as supplemental
heat and IV, subcutaneous, or oral fluids, consistent with the
scientific integrity of the protocol. Animals that were not eating
were tube-fed under sedation, and given metoclopromide 0.3 mg/kg
intramuscular (IM) 15 min prior to tube feeding to prevent vomiting.

Infection of rhesus monkeys with monkeypox virus

MPXV Zaire 79 and Sierra Leone stocks were propagated in
BSC-1 cells at a multiplicity of infection (MOI) of 0.1 for 3 days.
Virus inoculum was crude virus prepared by 3 freeze/thaw cycles
followed by centrifugation and ultrasonic treatment, then pelleted
over a 36% sucrose cushion. Rhesus macaques of both sexes,
ranging from 4 to 8 kg, were housed in BSL-3 bio-containment
cages and all animals were acclimated to the study facility for a
minimum of 2 weeks prior to the start of the study. Prior to
enrollment, NHPs were screened and found to be seronegative for
simian retrovirus, simian T cell leukemia, VACV, cowpox virus, and
MPXV. Since intravenous inoculation (IV) was a well-established
skill in our team, thus was used in this experiment. MPXV at
desired virus doses in 1 ml phosphate buffered saline (PBS) was IV
administrated into NHPs. At different time points before and after
virus inoculation, blood was collected aseptically in ethylenedia-
mine tetra acetic acid (EDTA)-treated tubes or heparin tubes.

All animal handling procedures were performed under
anesthesia by intramuscular injection of 10–25 mg/kg of ketamine
hydrochloride. Animals were euthanized in accordance with the
2007 American Veterinary Medical Association (AVMA) guidelines
on euthanasia utilizing exsanguination via direct cardiac puncture
following induction of deep anesthesia by IV injection of 100 mg/kg
of sodium pentobarbital (Fatal Pluss, Vortech Pharmaceuticals,
Dearborn, MI). Complete necropsies at the end of the experiment
were performed following standard surgical procedures.

Peripheral blood mononuclear cell (PBMC) preparation and major
histocompatibility complex (MHC) class I sequence-based genotyping

Heparinized blood was diluted 2-fold in PBS, layered over Ficoll
solution (Sigma, WI), and centrifuged at 1000� g at room tem-
perature for 30 min. Then, the interface cell layer was collected
and washed twice with PBSþ2% Fetal Bovine Serum (FBS). The
PBMCs were frozen in �80 1C for future analysis.

Total RNA was isolated from PBMCs and used as a template for
the first-round cDNA synthesis. PCR was performed on cDNA
samples with universal primers containing the multiplex identifier
sequence tags that amplify the highly polymorphic 568bp region
of rhesus macaque MHC-I exons 2–4 that encodes the peptide
binding domain. These cDNA-PCR amplicons were then purified,
quantitated, and pooled prior to pyrosequencing on a Roche/454
GS Junior instrument. The resulting nucleotide sequences were
compared to known rhesus macaque MHC class I alleles in a
reference database of Mamu-A, Mamu-B allele sequences to
identity genotypes for each NHP.

Prediction of candidate peptides

Candidate peptides for Mamu-A1n001 and Mamu-A1n002 bind-
ing were selected using the immune epitope database (IEDB)
consensus algorithm specific for each allele (www.iedb.org) (Vita
et al., 2010). As described below, only 9-mer peptides for
20 selected antigens were considered. Starting with the Sierra
Leone sequence, peptides for the 20 antigens (collectively about
7100 peptides) were scored together, and for each allele the top
2.25% scoring peptides were selected. This set was then supple-
mented with additional peptides to ensure that for each antigen
we included at least 5 peptides or, if larger, 2.25% of the total
peptides in the antigen. Next, peptides from the corresponding
MPXV Zaire 79 sequences were scored, and those that scored in
the top 2.25% and that were not in the Sierra Leone sequences,
were added to the set. As a result, 194 peptides were selected for
Mamu-A1n001, and 206 for Mamu-A1n002. As constructed, the set of
peptides selected represents the top 2.25% scoring peptides in both
strains considered independently; 372 are present in both MPXV
strains, 17 are present only in Sierra Leone, and 11 are present only
in Zaire. This final set of 400 peptides was synthesized as crude
material on a 1 mg scale by A & A Labs LLC (San Diego, CA). Here,
the protein of provenance for the selected peptides has been
designated based on VACV Copenhagen sequence orthologs.

In vitro assays utilizing purified MHC molecules to measure
peptide binding to Mamu-A1n001 and Mamu-A1n002 were per-
formed as previously described (Sidney et al., 2013; Loffredo et al.,
2004; Allen et al., 2001).

Detection of interferon γ secreting T cells by Elispot assay and
intracellular flow cytometric staining

Frozen PBMCs from necropsy blood were used for all Elispot
and flow cytometric staining assays. IFNγ Elispot assays were
performed using a monkey IFNγ Elispot kit (MabTech, Mariemont,
OH) according to the manufacturer's recommended procedure.
Briefly, anti-IFNγ antibody was diluted to 15 mg/ml in PBS and was
used to coat Elispot plates (Millipore,) at 100 ml/well. Plates were
then incubated at 4 1C overnight. The Elispot plates were washed
4 times with PBS, and then blocked with RPMI 1640 medium plus
5% FBS for 1-2 h at room temperature. PBMCs were thawed,
washed and counted, and then re-suspended in RPMI 1640
medium supplemented with 5% FBS at a cell concentration of
2.5�106–3.5�106/ml. Each culture well contained 100 ml of
PBMCs and total culture volume was 200 ml/well. The final con-
centration of culture for peptide pools and individual peptides was
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2 mg/ml for each peptide; irradiated vaccinia virus, 0.5 PFU/cell;
and positive control with PMA (50 ng/ml) plus ionomycin (200 ng/ml).
Each stimulation condition was carried out in triplicate wells. Assay
plates were incubated overnight at 37 1C in a CO2 incubator, and the
signals were developed based on manufacturer's instructions.

To enumerate the IFNγ responses, plate wells were pictured
with a Nikon D200 camera, and spot numbers were manually
counted by three individuals. MPXV-specific spot number was
obtained from the subtraction of spot number in media control
wells from the number in peptide-stimulated wells. The average
number of the three counts respectively from triplicate wells is
presented.

To perform intracellular staining for IFNγ, PBMCs were cultured
in a 96-well U-bottom plate with 1�106 cells per well. The dose of
stimuli was the same as used in the Elispot culture. The plate was
incubated at 37 1C overnight in the presence of BD Golgi plug and
Golgi stop. The cells were washed twice with PBSþ2% FBS, then
incubated for 20 min at room temperature with a mixture of
antibodies for various surface markers, including CD3, CD4, CD8,
CD20 (BD Pharmingen, CA), and NKG2A (Beckman-Coulter). After
two washes with PBSþ2% FBS, the cells were fixed with Cytofix/
Cytoperm (BD Biosciences) for 30–40 min at room temperature,
followed by two washes with BDperm/wash (BD Biosciences). The
cells were then incubated with antibody to IFNγ at 4 1C overnight.
On the second day, the cells were washed and resuspended in 1�
BDperm/wash buffer and acquired using a LSR-Fortessa flow
cytometer (Becton Dickinson, San Jose, CA). The data were ana-
lyzed with Flowjo software (TreeStar Inc., Ashland, OR).
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