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Abstract
Class II MHC proteins bind peptides and present them to CD4+ T cells as part of the immune
system's surveillance of bodily tissues for foreign and pathogenic material. Antigen processing and
presentation pathways have been characterized in detail in normal cells, but there is little known
about the actual viral peptides that are presented to CD4+ T cells that signal infection. In this
study, two-dimensional LC-MS/MS was used to identify vaccinia virus-derived peptides among
the hundreds to thousands of peptide antigens bound to the human class II MHC protein HLA-
DR1 on the surface of vaccinia virus-infected cells. The peptides, derived from the I6L, D6R, and
A10L viral proteins, were 15 residues in length, bound efficiently to HLA-DR1 as synthetic
peptides, and were recognized by vaccinia-specific CD4+ T cells obtained from an immunized
donor.
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INTRODUCTION
The eradication of smallpox in 1980 is considered to be one of the most important
achievements in public health. Although variola virus, the causative agent of smallpox, is
found only in a few high security laboratories at the present time, the possible development
of variola as a bioweapon 1, 2 and the emergence of related viruses such as monkeypox 3
have renewed interest in immunization against smallpox and other poxvirus infections.
Central to the success of the eradication campaign was the use of vaccinia virus as a vaccine
for this disease. However serious side effects with the current vaccine limit its use as a
preventive tool 4. Identification of vaccinia-derived epitopes presented by MHC molecules
to virus-specific T cells capable of generating immune responses comparable to those
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elicited by the attenuated virus but without severe side effects is a major goal in the
development of a new generation of safer smallpox vaccines. For poxvirus such as smallpox
and vaccinia, CD4+ T cell epitopes, which are presented by class II MHC proteins, are of
particular interest because of their role in development of protective antibody responses
induced by vaccination 5.

Only recently have CD4+ T cell epitopes been identified for vaccinia virus 6-10. Classically,
T-cell epitopes are defined by screening of sets of partially overlapping synthetic peptides
covering the entire sequence of known antigenic proteins, or covering the entire protein
component of a genome if no protein antigens are known. Candidate epitopes are tested for
immunogenicity using blood samples from immunized or exposed donors. For a large-
genome virus like vaccinia, which encodes over 230 open reading frames, such screening is
extremely labor-intensive and requires large numbers of synthetic peptides and blood
samples. Recent approaches to identification of CD4+ T-cell epitopes from vaccinia have
emphasized development of high-throughput screening methodology 7, 9 and computational
prediction of MHC binding affinity 8, 10 to winnow the number of candidate peptides prior
to screening. In all of these studies T cells were used to distinguish epitope from non-epitope
sequences. This limits the identification of T cell epitopes to those detected by the particular
T cell lines used, for which the specificity is dictated by the method used to elicit the line
and individual-to-individual differences in immune responses. In addition, impaired antigen
presentation in vaccinia infected cells has been reported 11, 12 and appears to be at the level
of peptide loading into MHC class II molecules. Direct characterization of peptides bound to
class II MHC molecules in infected cells provides information about vaccinia T cell epitopes
complementary to that obtained from cellular studies, and could provide insights into
vaccinia effects on antigen presenting pathways.

Mass spectometry has proven effective in the identification of endogenous “self”-peptides
presented by a normal uninfected cell 13-16, and the spectrum of naturally processed self
peptides has been characterized for many MHC II proteins (for examples, see entries in the
Syfpeithi (www.syfpeithi.de) 17 and IEDB (www.immunepitope.org) 18 databases).
Peptides derived from viral proteins are expected to be present at low abundance among the
total pool of MHC-bound peptides, but recent advances in mass spectrometry
instrumentation and associated computational methods have allowed extension of these
techniques to characterization of peptide antigens derived from infectious agents. The
combination of reverse phase liquid chromatography, T cell screening of chromatographic
fractions, and tandem mass spectrometry has been used to characterize several naturally
processed MHC class I-restricted CD8+ T cell epitopes, derived from hepatitis B virus 19,
Epstein-Barr virus, 20, 21 and Borna disease virus, one of the few experimental infectious
models in rats 22. Far fewer naturally-processed pathogen-derived epitopes have been
characterized for MHC class II proteins 23. Two groups have identified MHC class II-bound
peptides derived from the transforming viruses used to immortalize the cell lines under
study, Epstein-Barr virus 24, 25 and chicken syncytial virus 26 but it is not known whether
such peptides are recognized by pathogen-specific T cells. The Mayo Vaccine Research
Group has reported an increasing number of HLA-DR3-restricted T cell epitopes originating
from measles virus 27-29. Finally, four HLA-DR1-associated peptide epitopes originating
from Neisseria meningitides bacteria have been identified using a stable isotope tagging
approach 30. In this work, we report identification by liquid chromatography and tandem
mass spectrometry of three naturally-processed CD4+ T-cell epitopes derived from vaccinia
virus. The peptides were sequenced directly after elution from DR1 isolated from infected
cells, without the need for pre-screening chromatographic fractions using T cell lines. Each
of the identified peptides binds to DR1, and was recognized by CD4+ T cells from a
vaccinated donor.
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EXPERIMENTAL PROCEDURES
Vaccinia Virus (MVA) Infection of B Cells

The MVA strain of vaccinia virus 31, 32 and an established DR1+ human B lymphoblastoid
cell line (LG2, IMGT entry HC10984 33) were used in this study. Cells were infected with
live vaccinia virus at a multiplicity of infection (MOI) of approximately 1 and incubated at
37° C and 5% CO2. Uninfected (control) and vaccinia-infected cells were harvested at
various times post-infection (1−22 hrs). Equal-sized batches (1 × 109) cells were collected
by centrifugation (1500g, RT, 10 min), washed in phosphate-buffered saline, and used for
isolation of HLA-DR1 molecules and HLA-DR1 - bound peptides as described below.

Determination of fraction of LG2 cell culture infected with vaccinia virus
The fraction of LG2 cells infected with vaccinia virus was determined by Flow cytometry
using purified anti-E3L monoclonal antibody (Tw2.3), a gift of J.W. Yewdell (National
Institute of Allergy and Infectious Diseases, Bethesda, MD). The vaccinia E3L protein is a
late viral protein that can be detected in infected cells after fixation and permeabilization 34.
At each time point a small aliquot of cells was treated with Cytofix/cytoperm solutions (BD
Biosciences), as described by the manufacturer, and divided into fractions for staining with
10 μg/ml of anti-E3L monoclonal antibody (TW2.3), anti-DR1 monoclonal antibody
(LB3.1), or an isotype-matched control antibody. Following incubation on ice for 40 min,
unbound antibody was removed by three washes with cytoperm buffer. Cell fractions were
then incubated with anti-mouse IgG (H+L)-FITC labeled (Jackson ImmunoResearch) in
cytoperm buffer. After washing with cytoperm, cells were fixed with 1% paraformaldehyde
in PBS and loaded into a FACSCalibur instrument (BDBiosciences) equipped with
CellQuest Sofware. The obtained dataset was analyzed with FlowJo7.2 (Tree Start Inc).

Isolation of HLA-DR1
The procedure used for isolation of detergent-solubilized MHC class II proteins from human
B cell lines was modified from the one originally described by Gorga et al 35.
Immunoaffinity columns were constructed using protein A-Sepharose (Repligen
Corporation, Needham, MA) covalently coupled to a purified HLA-DR1-specific mAb
(LB3.1, IgG2b). Briefly, anti-HLA-DR1 mAb (2 mg/ml) was added to 5 ml of protein A-
Sepharose beads and mixed by rocking for 1 h. Following incubation, the beads were
washed with 200mM sodium borate (pH 9.0) and resuspended in 10 ml of borate buffer
containing 400mM freshly-dissolved dimethyl pimelimidate dihydrochloride (DMP). The
coupling reaction was allowed to proceed for 30 minutes, followed by sequential washing
with (i) 200mM ethanolamine (pH 8.0), (ii) 200mM borate (pH 9.0), (iii) phosphate-
buffered saline (PBS) with 0.02% sodium azide (PBSZ), and finally (iv) 50mM CAPS, (pH
11.5) before equilibration and storage in PBSZ.

Uninfected and vaccinia-infected B cells (109/preparation) were resuspended in 10ml of ice-
cold lysis buffer (50mM Tris-HCl, 150mM NaCl, pH 8.0) containing “complete” protease
inhibitor tablets (Roche Diagnostics GmbH, Mannheim, Germany). The cells were lysed
using a polytron homogenizer, and the mixture was centrifuged at 6,000g, 4° C for 10 min to
remove unlysed cells, nuclei and cell debris. The supernatant was reserved and the pellet
was resuspended, homogenized, and centrifuged again. This procedure was repeated until
the lysate was no longer turbid. The combined supernatants were spun at 75,000g for 1 h at
4° C to pellet the membrane fractions. Pelleted membranes were solubilized in 25 ml of ice-
cold lysis buffer containing 5% β-octylglucoside (Sigma-Aldrich Corp., St. Louis, MO) and
mixed slowly overnight to promote solubilization. After centrifugation of the solubilized
membranes at 75,000g for an additional hour, the MHC-class II peptide complexes were
isolated by immunoaffinity chromatography using HLA-DR1-specific mAb (LB3.1) coupled
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to protein A-Sepharose. Briefly, a chain of affinity columns (uncoupled Protein A sepharose,
human IgG-Protein A sepharose, HLA-A2-specific BB7.2-Protein A sepharose and HLA-
DR1-specific LB3.1-Protein A sepharose) were washed with PBS and equilibrated in lysis
buffer, the sample was loaded, and the columns were washed with 5 column volumes of
lysis buffer containing 5% β-octylglucoside and 10 column volumes of lysis buffer
containing 1% β-octylglucoside. The columns were separated, and HLA- DR1 molecules
were eluted from LB3.1-Protein A Sepharose with 5 column volumes of 50mM CAPS (pH
11.5). Eluates were immediately neutralized with 300mM NaH2PO4 (pH 6.0), and
concentrated by ultrafiltration (Amicon Ultracel-10 membrane, Millipore, Billerica, MA)
approximately 20 fold. Buffer exchange, to PBS, was performed to remove any remaining
detergent.

HLA-DR1, pre-loaded with influenza hemagglutinin (HA) fragment 306−318
(PKYVKQNTLKLAT), was used as an internal standard (1μg) corresponding to ∼1% of the
total amount of HLA-DR1 level, of purified recombinant HLA-DR1 in complex with HA
peptide was added to the infected and control sample lysates before immunoaffinity
purification.

Peptide Elution
Peptides were released by acid elution following a procedure originally developed by
Demotz et al 36. Acetic acid (14% final concentration) was added to immunoaffinity-
purified HLA-DR1 to dissociate any bound peptides. The mixture, in a total volume of 2 ml,
was incubated at 65° C for 10 min to promote full peptide dissociation. Released peptides
were concentrated by another ultrafiltration step (Centricon YM-10 membrane, Millipore,
Billerica, MA), and were further vacuum-concentrated in a Speed-Vac (Savant Industries)
before storage at −20° C.

Peptides Desalting and Fractionation
HLA class II-eluted peptides were desalted and fractionated into 12 fractions per sample
using a 1 mm i.d. (inner diameter) by 10 mm long reversed phase cartridge (Peptide Micro
Trap; Michrom BioResources, Inc., Auburn, CA). The solvent system was composed of
0.01% trifluoroacetic acid in water (A) and 0.01% trifluoroacetic acid in acetonitrile (B).
The sample was introduced into the column for 15 min using solvent A, after that flow was
reversed and the cartridge was washed with 2% B in A for 5 minutes. Then the gradient of
2−60% B in 30 min, 60−100% B in 15 min at flow rate 0.2 ml/min was programmed. The
gradient was followed by 10 minutes wash using solvent B only. The collected fractions (5
minutes, 1ml each; 12 per sample) were vacuum-concentrated to a final volume of ∼10 μl.

Microcapillary Liquid Chromatography Tandem Mass Spectrometry (μLC-MS/MS)
The eluted peptide fractions were diluted with acetonitrile/formic acid to produce final
concentrations of 2% acetonitrile and 2% formic acid and were analyzed by microcapillary
LC-MS/MS using a Finnigan LTQ linear quadrupole ion trap mass spectrometry system
(ThermoFisher, MA). Peptides were first trapped on a 300 μm i.d. × 5 mm, 5 μm, 100Å
C-18 PepMap column (LC Packings, CA) at a flow rate of 35 μl/min in 2% acetonitrile,
0.1% formic acid. The flow through the trapping column was then reversed and reduced to
350 nl/min and directed onto the 75 μm i.d. × 100 mm PicoFrit capillary column (New
Objective, MA). The solvent system was composed of 0.1% formic acid, 0.01%
trifluoroacetic acid in 2% acetonitrile (A) and 0.1% formic, 0.01% trifluoroacetic acid in
90% acetonitrile (B). The elution gradient was programmed as follows: 2% B for 4 min,
2−17% B in 8 min, 17−40% B in 18 min, and 40−98% B in 4 min. The LTQ mass
spectrometer was operated in data dependent mode with one full survey scan (m/z
400−2000), followed by product ion scans (relative CID energy 35) of 10 the most intense
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ions in the survey scan. The product ion scans were acquired with a 2.0 unit isolation width
and normalized collision energy of 35.0. Ions selected for product ion scans were placed on
an exclusion list for the following 30 sec. Sample ion spectra are shown in Supplemental
Figure 1.

Peptide Identification
The product ion acquired spectra were searched against the combined human and vaccinia
virus strain MVA subsets of the NCBI nr database (July 2006 release) using the SEQUEST
(ThermoFinnigan, San Jose, CA; version 27, rev. 12) search engine. Search parameters were
set as follows: precursor ion mass tolerance ±1.5Da, fragment ion mass tolerance ±0.5Da, no
enzyme specificity, monoisotopic precursor mass, monoisotopic fragment ion mass, variable
modification of methionine oxidation. Search results were imported into the Scaffold
program (version Scaffold-01_06_06, Proteome Software Inc., Portland, OR) for subsequent
X!Tandem (www.thegpm.org; version 2006.04.01.2) searching and probabilistic evaluation
of search results. Search results were filtered using Sequest based thresholds at HUPO
recommended confidence settings 37 (ΔCn>0.1; XCorr: 1+ > 1.5, 2+ > 2.3, 3+ > 2.5;
Sp≥300) with a Scaffold peptide probability >80% and protein probability >50%. An
additional search was carried out using these same parameters but instead performed against
a database containing both forward and reverse human and vaccinia sequences. Of the 102
ions from the infected cell sample for which sequence identification could be made, only
one (m/z=908.76) scored above these filter settings in a reverse database search. All vaccinia
sequences identified were confirmed by comparison of the product ion spectra from the
eluted samples and the product ion spectra obtained from the synthetic peptides.

Peptide Synthesis
Peptides I6L[338−352] sequence IYTYRIIKSSFPVPT, D6R[157−171] sequence
KIPFLLLSGSPITNT, and A10L[293−307] sequence SMRYQSLIPRLVEFF from vaccinia
virus, and the control Gag peptide from HIV Gag protein p24[33−44] sequence
PEVIPMFSALSEGATP38 and HA[306−318] peptide PKYVKQNTLKLAT were
synthesized using standard solid-phase Fmoc chemistry on a Symphony (Protein
Technology Inc., Tucson, AZ) peptide synthesizer and purified by HPLC (Vydac-C18). The
purity and homogeneity of each peptide was checked by high performance liquid
chromatography and MALDI-TOF mass spectrometry.

Peptide Binding Assay
For peptide binding experiments, recombinant HLA-DR1 protein was produced by
expression of the extracellular domains of its α and β subunits in Escherichia coli, followed
by isolation of inclusion bodies and refolding in vitro as described previously 39. Refolded
HLA-DR1 was purified by immunoaffinity chromatography using the conformation-specific
monoclonal antibody LB3.1, followed by gel filtration chromatography in phosphate-
buffered saline, pH 6.8. The protein concentration was measured by UV absorbance at 280
nm, using ε280 of 54375 M−1 cm−1. A competition binding assay was used to determine the
binding affinities of the synthetic peptides to HLA-DR1. Peptide-free HLA-DR1 (15nM)
was mixed together with biotinylated influenza hemagglutinin HA[306−318] peptide probe
(Habio, 15nM) and varying concentrations of unlabelled competitor peptide (10−10 - 10−5

M). The mixtures were incubated for 3 days at 37° C in 100mM sodium phosphate buffer at
pH 5.5, containing protease inhibitors and 0.5 mg/ml β-octylglucoside, followed by
detection of bound biotinylated peptide using an immunoassay that employs anti-DR1
capture antibody LB3.1 and alkaline phosphatase-labeled streptavidin. IC50 values were
obtained by fitting a binding curve to the plots of absorbance versus concentration of
competitor peptide.
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T Cell Lines
The generation and characterization of vaccinia T cell lines (TCLs) used in this study have
been described 10. Briefly, blood samples were obtained from a DR1 donor using sodium
heparin as anticoagulant. This donor was immunized approximately 35 years before the first
sample of blood was obtained. A second blood sample was obtained 13 days after re-
immunization (2nd dose of the vaccine). Peripheral blood lymphocytes (PBMCs) were
purified from blood samples by standard techniques using Ficoll-Hypaque (Pharmacia).
After washing with PBS, cells were resuspended in cRPMI+10%HS (RPMI supplemented
with 10% heat inactivated human AB+ serum, L-glutamine, penicillin streptomycin, non-
essential amino acids, and sodium pyruvate) and adjusted to concentration of 2 million/ml.
One million cells were then added per well into a 24 well tissue culture plate and volume
adjusted to 1ml by addition of antigen. In the case of anti-vaccinia TCLs, we used a cell
extract of CV-1 cells infected with the Dryvax strain of vaccinia virus as antigen. Vaccinia
virus in the extract was inactivated by incubation at 60°C for 1 hr and concentration adjusted
to 1.7×107 pfu/ml by dilution in cRPMI+10% HS. After three days of antigenic stimulation,
1ml of cRPMI+10% HS supplemented with 100 U/ml IL-2 were added per well. During the
following 12 days, cells were fed with medium supplemented with IL-2 every three to four
days. TCLs to peptide A10L were generated as described above from the same vaccinia-
immunized donor and from a non-immunized donor using 10 μM of peptide instead of
vaccinia virus for the in vitro expansion.

ELISPOT Assay
T cell responses were evaluated by IFN-γ ELISPOT according to the protocol described by
the manufacturer (BD Biosciences). Briefly, ELISPOT plates were coated overnight with
anti-human IFN-γ antibody and the following day washed three times with PBS and blocked
with cRPMI + 10% HS for two hours. As antigen presenting cells, we used either (a) MVA-
infected-LG2 B cells fixed for 10 min on ice with 1 % paraformaldehyde in PBS, washed
twice with PBS and once with cRPMI + 10%HS, or (b) autologous PBMCs that were
irradiated before use (4800 rads). LG2 cells were used at 5×104 cells/well and PBMCs at
1×105 cells/well. Synthetic peptides served as antigen in assays using PBMCs. T cells were
added after washing twice in PBS and once in cRPMI + 10% HS. Fifty thousand T cells
were added per well. ELISPOT plates were incubated for either 1 to 22 hours, when infected
LG2 cells were used as APCs, or overnight (15 to 17 hours), when irradiated PBMCs were
used as APCs. Following incubation, the plates were washed, incubated sequentially with
biotinylated anti-IFN-γ, avidin-peroxidase, and finally in AEC substrate. The number of
IFN-γ-secreting cells was determined using an ELISPOT analyzer equipped with
ImmunoSpot 3.2 software (Cellular Technology Ltd, Cleveland, Ohio).

RESULTS AND DISCUSSION
Isolation of naturally processed peptides from non-infected and vaccinia virus-infected B
cells

In order to increase the likelihood of isolating MHC-vaccinia peptide complexes among the
pool of endogenous peptide complexes, we infected HLA-DR1 (DRB1*0101)-positive B-
lymphoblastoid cell line LG2 with the attenuated vaccinia virus strain MVA (modified
vaccinia Ankara) and followed the kinetics of the T-cell response from 1 to 22 hours post
infection. We reasoned that T cell responses to virus-infected cells would correlate with the
number or quantity of vaccinia peptides bound to MHC molecules. In this manner, T cells
will be used as an indicator of antigen processing and presentation (Figure 1A).
Lymphoblastoid cell lines, similar to the one we used in this study, are frequently used to
study class II-restricted responses.
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We found that T cell responses, measured as the number of IFN-γ secreting cells in an
ELISPOT assay, increased over time with the maximum response at 22 hours, the last time
point analyzed. To measure the fraction of cells infected under these conditions, we used
flow cytometry to detect expression of the late vaccinia protein E3L in samples of
permeabilized cells. Approximately 50% of the cells expressed vaccinia proteins at 22 hours
post-infection (Figure 1B). Infected cells harvested at this time were used for isolation of
MHC proteins and characterization of MHC-bound peptides. HLA-DR1 was isolated from
infected and control non-infected LG2 cells by immunoaffinity chromatography of
detergent-solubilized membrane fractions, following a conventional protocol 35 (see
Methods for details). Approximately 0.6 mg of DR1 was recovered from 1 liter culture
medium containing 109 cells. No significant difference in yield of HLA-DR1 was observed
between the infected and control samples (not shown). Peptides were eluted under acid
conditions as described 13, 40 and vacuum concentrated for further analysis.

Identification of peptide sequences
The eluted peptides were desalted and fractioned into a total of 12 fractions per sample using
an off-line Peptide Micro Trap reverse-phase HPLC trapping column (Michrom
BioResources, Inc., Auburn, CA). Each fraction was analyzed separately by μLC-MS/MS
(LTQ, ThermoFinnigan) and the resulting MS/MS spectra were searched for human and
vaccinia peptides using the SEQUEST search engine (ThermoFisher). The spectra were
searched against a library containing the NCBI non-redundant (nr) human database and all
vaccinia (MVA) sequences, using Sequest XCorr-based thresholds at HUPO recommended
filter settings (ΔCn>0.1; 1+ > 1.5, 2+ > 2.3, 3+ > 2.5) with Sp≥ 300 and Scaffold peptide
probability at 80% or higher. These filter settings allowed for identification of an internal
control peptide (influenza hemagglutinin (HA) fragment 306−318 PKYVKQNTLKLAT) in
both infected and non-infected samples, while at the same time eliminated all vaccinia-
derived false-positive sequences identified in non-infected sample. The internal standard
was introduced in the form of purified HLA-DR1-HA peptide complexes at approximately
1% abundance to the mixture of MHC-peptide complexes purified from infected and control
cells. The HA peptide sequence was identified by a SEQUEST search within Peptide Micro
Trap fraction 9 (from both infected and control cells) with m/z 753.3 (+2) (data not shown).

One potential complication in the use of database-driven sequence identification rather than
complete de novo sequencing based on fragmentation analysis is the possibility of
misidentification of peptides due to statistical matching of incomplete fragmentation
patterns 41. One proposed solution to this problem is the inclusion of randomized sequences
in the database that can be used to evaluate the statistical frequency of such mismatches 42.
A reverse database analysis of a subset of 102 peptide ions identified in fractions from the
infected cells, only one was identified in a reverse database search using the same
parameters, suggesting an approximate false-positive rate of ∼1%. Overall, 165 individual
DR1-bound peptides derived from 106 different human proteins were identified in fractions
from the infected and non-infected control cells (see Supplement Table 1 and 2). In many
cases, a particular peptide sequence was represented by several partially overlapping
peptides in nested sets, as previously observed for naturally processed peptides bound to
MHC class II proteins 13, 16, 43, a result of the differential processing of peptide termini
extending out the ends of the MHC peptide class II binding groove. Peptide sequences
derived from the MHC class II-associated invariant chain, the MHC class I protein HLA-A2,
and the transferrin receptor have been observed previously in studies of endogenous
peptides bound to HLA-DR1 isolated from B cell lines 13, 44. Sequences derived from
annexin A2, MHC class II DR alpha, protective protein for beta-galactosidase, eukaryotic
translation elongation factor 1, phosphoglycerate kinase, and cathepsin S have been
observed previously in a study of endogenous peptides presented by DR1/DR12
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heterozygous dendritic cells 45. The other sequences likely represent new endogenous
peptide sequences. Most of the peptide sequences derived from human proteins were
observed in both infected and control cells, but 44 peptides were observed only in the
control cells, and 39 only in the infected cells. No significant differences in length, net
charge, or average Kyte-Doolittle hydrophobicity values 46 were observed between the sets
of peptides eluted from infected or control cells.

Naturally processed vaccinia-derived peptides
The SEQUEST search identified three peptides with sequences originating from vaccinia
virus proteins (Table 1), present in the vaccinia-infected but not in non-infected cells that
provided a control for false identification.

These vaccinia-derived peptides had SEQUEST XCorr scores significantly higher than the
top match of the peptides eluted from non-infected cells, which could be considered as a
relevant background level. These peptides originate from three different proteins: the
telomere binding protein I6L (MVA067L), the early transcription factor VETF-1 aka D6R
(MVA103R), and the major core protein A10L, precursor p4a of core protein 4a,
(MVA121L). The first of these sequences is derived from the vaccinia virus telomere
binding protein I6L and was found in Peptide Micro Trap fraction 5.

Figure 2A shows the CID product ion spectrum from precursor ion of m/z 892.93 (+2) that
has been identified as IYTYRIIKSSFPVPT from vaccinia virus protein I6L (NCBI
accession number gi|47088395) residues 338−352. To verify the identification of the m/z
892.93 (+2) as IYTYRIIKSSFPVPT, this sequence was chemically synthesized, purified,
and subjected to the same MS/MS fragmentation (see Figure 2B). The naturally processed
peptide obtained from the m/z 892.93 and the synthetic peptide IYTYRIIKSSFPVPT
demonstrated an essentially identical product ion spectrum, clearly confirming the validity
of the identification. The I6L residue 338−352 sequence identified here is highly conserved
among poxvirus family members and within different vaccinia strains (see Table 2).

The second vaccinia virus derived peptide was found in fraction 8. The product ion spectrum
(Figure 3A) obtained for a precursor ion m/z 801.10 (+2) has been identified as
KIPFLLLSGSPITNT from the vaccinia virus early gene transcription factor (D6R or
VETF-1; NCBI accession number gi|47088431) residues 157−171. A BLAST search done
for this sequence shows that the identified peptide is highly conserved across number of
other poxviruses as well as within vaccinia virus strains (Table 2).

MS/MS fragmentation pattern of synthetic KIPFLLLSGSPITNT peptide (Figure 3B)
matches the spectrum of the naturally processed material confirming positive identification.

The third vaccinia peptide was found in fraction 9. Its precursor ion was m/z 944.00 (+2) and
it was identified as SMRYQSLIPRLVEFF from vaccinia virus major core protein 4a (A10L;
NCBI accession number gi|47088449) residues 293−307 (Figure 4A). The identified
fragment appears to be conserved among poxvirus family members (see Table 2). In
addition, the naturally processed peptide and the synthetic peptide SMRYQSLIPRLVEFF
peptide exhibit nearly identical product ion spectra confirming the validity of the
identification (Fig 4B).

Comparison of integrated peak intensities of the three vaccinia-derived peptides and the
internal HA control peptide in experimental samples and in synthetic peptide mixtures
suggests that the A10L and I6L peptides were present at ∼1% or less of the total DR1-bound
peptide pool, with the D10R peptide present at a substantially lower abundance. Additional
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viral peptides bound to DR1 on the surface of vaccinia-infected B cells might be present but
below our level of detection.

Each of these peptides are encoded by a gene with a promoter sequence characteristic of late
gene expression 47-49, and each is a component of the infectious viral particle 50. None of
the proteins is known to be membrane associated, although I6L has been suggested to be
important in encapsidation of the virus 51. How these proteins enter the MHC class II
antigen loading process is not clear. It is possible that membrane-associated virions access
the endo/lysosomal pathway through conventional endocytosis, or that autophagocytic
pathways can access viral factories, the site of intensive vaccinia protein synthesis and viral
assembly in infected cells 52.

Each of the eluted peptides was 15 residues long. In each case, the predicted DR1-binding 9-
mer sequence (underlined in Table 2) was flanked by three residues on each side, consistent
with the pattern observed for most naturally processed class II MHC antigens. The 15
residue length is somewhat shorter although not significantly different than the median
eluted peptide length from either the infected or non-infected cells (18 residues), and within
the range observed in a previous study for naturally processed measles peptides 29.

HLA-DR1 binding activity of eluted peptides
To evaluate the biological relevance of the naturally processed vaccinia-derived peptides,
we characterized their affinity for HLA-DR1 and their recognition by human CD4+ T cells
specific for vaccinia virus. The binding affinity of synthetic peptide to HLA-DR1 was
studied using a competition ELISA-based assay (see Fig 5). Peptide binding IC50 values
were 6.5 to 136 nM (Table 1), within the range of known antigenic peptides, and
comparable to the tight-binding immunogenic HA peptide from influenza (IC50 = 35nM).

Recognition of the eluted peptide epitopes by antigen-specific T cells
In order to demonstrate that the vaccinia-derived naturally-processed peptides eluted from
infected cells in fact contain epitopes recognized by CD4+ T cells, we studied the IFN-γ
response of T cells from a HLA-DR1 vaccinia-immunized donor to synthetic peptides
representing these sequences by ELISPOT. This assay measures the frequency of T cells
that respond to antigenic stimulation by secreting IFN-γ. As shown in Figure 6A, a vaccinia-
specific T cell line generated many years after a single vaccinia immunization shows a weak
response to D6R peptide. Responses to the remaining two peptides are in the same range
that the background response. These findings suggest that the response to the D6R peptide is
long lived and the corresponding T cells relatively abundant in this donor.

A second vaccinia immunization would be expected to increase the frequency of responding
T cells, and we subsequently analyzed the response of T cells obtained 13 days after a
booster immunization (figure 6B). We observed an improved response to the I6L peptide,
but, somewhat contrary to our expectations, not to the D6R peptide. Thus, a T cell response
to the I6L peptide also is induced by vaccination, but the responding cells either are short-
lived or present at a lower abundance relative to those directed at the D6R peptide. The lack
of recognition of the A10L peptide could indicate that T cells recognizing this peptide are
absent, are present at a very low frequency, or do not expand well in vitro using the heat-
inactivated vaccinia stimulation protocol employed in the generation of vaccinia-specific T
cell lines. To explore these possibilities, we obtained blood from one immunized and one
non-immunized DR1+ donors, and generated peptide-specific T cells lines by expansion
with peptide A10L instead of heat-killed vaccinia virus. The fine specificity of the anti-
peptide T cell lines was evaluated as before by IFN-γ ELSIPOT in antigen presenting cells
pulsed with peptide A10L or a control peptide (Gag peptide). As shown in Figure 6C,
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responses to either Gag or A10L peptides in the T cell line generated from the non-
immunized donor are in the same order of T cells from wells in which peptide was omitted
suggesting a very low frequency of anti-peptide A10L T cells in the non-immunized donor.
In contrast, responses to peptide A10L in the T cell line generated from the immunized
donor were approximately three times higher than the ones observed in the control peptide
or wells without peptide. Thus, the A10L peptide also is recognized by T cells of an
immunized donor.

The first vaccinia-derived CD4+ T cell epitopes were reported in 2006 in a study of CD4+

and CD8+ T cell responses to overlapping peptide series covering the A29L, L1R, B5R, and
A33R proteins 6. These proteins induce protective antibodies in animal models. However,
the epitopes were not associated with a particular MHC protein. Very recently, four studies
have reported identification of MHC-restricted CD4+ T cell epitopes in humans 7, 8, 10, and
mice 9. These epitopes were identified by large-scale screening 7, 9 or bioinformatical 8, 10
approaches. In three of these studies 6, 7, 9, none of the epitopes identified here were
observed. Two of the epitopes identified here, from the D1R and I6L epitopes, were
identified in our previous study 10. The A10L epitope described here was not identified in
any of the previous cell-based epitope screens, despite being present at relatively high
abundance among the pool of DR1-bound peptides. The inability of previous approaches to
identify this epitope may relate to differences in antigen processing pathways in infected as
compared to non-infected cells, or to aspects of the generation of vaccinia-specific T cell
lines, or to individual differences in anti-vaccinia immune responses. Since this epitope
derives from an abundantly expressed viral core protein and the naturally processed MHC-
bound peptide is present at high levels on the surface of vaccinia-infected cells, it would
appear to be an attractive candidate for inclusion in a subunit vaccine.

CONCLUSIONS
In conclusion, we have directly identified from the pool of endogenous MHC-bound
peptides by database analysis three vaccinia-derived peptides naturally processed in infected
cells and loaded onto the class II MHC protein HLA-DR1. The findings were additionally
validated using synthetic versions of the identified peptide sequences. In each case, the
fragmentation spectra of the eluted peptides were essentially identical to those of the
corresponding synthetic peptides, confirming their identification. These epitopes, conserved
in the poxvirus family, are among the naturally processed and characterized CD4+ vaccinia
epitopes, and could find use in the development of next-generation vaccines against
smallpox and other poxvirus, and in the evaluation of T cell immunity induced by vaccine
candidates.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of LG2 cells infected with the vaccinia virus MVA strain
(A) T cell response against MVA vaccinia infected (solid bars) and non-infected LG2 cells
(gray bars), expressed as the number of IFN-γ secreting cells activated at various times after
the addition of virus. (B) Flow cytometry determination of the number of infected cells
using intracellular staining to the vaccinia late protein E3L. Left panel, non-infected cells;
right panel, infected cells. Staining with isotype-matched control antibody is presented in
dotted lines and staining with anti-E3L (TW2.3) antibody in continuous lines. The
percentage of E3L positive cells is indicated in the histograms.
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Figure 2. Identification of HLA-DR1 binding peptide originating from vaccinia virus I6L protein
(A) MS/MS spectra from naturally processed peptide isolated from vaccinia virus-infected
LG2 cells. The candidate ion m/z 892.9 has been identified, using SEQUEST™ (Thermo
Fisher Scientific), as a fragment of vaccinia virus I6L protein. (B) Corresponding
fragmentation patter from the synthetic IYTYRIIKSSFPVPT peptide.
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Figure 3. MS/MS spectra of naturally processed HLA-DR1 binding peptide from vaccinia virus
D6R protein
(A) CID mass spectrum of candidate ion m/z 801.1 that has been identified, by SEQUEST™
(ThermoFisher), as a fragment of vaccinia virus D6R protein. (B) MS/MS spectra from the
synthetic peptide with the sequence KIPFLLLSGSPITNT.
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Figure 4. Peptide SMRYQSLIPRLVEFF from vaccinia virus A10L protein is a natural HLA-
DR1 ligand
(A) MS/MS spectrum of m/z 944.0 that has been identified, using SEQUEST™
(ThermoFisher), as a fragment of vaccinia virus A10L protein with the sequence
SMRYQSLIPRLVEFF. (B) MS/MS spectra from the corresponding synthetic peptide.
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Figure 5.
HLA-DR1 competition binding assay for I6L, D6R and A10L peptides from vaccinia virus.
Various concentrations of I6L (squares), D6R (diamonds), A10L (triangle), and control
influenza-derived HA (no symbol, dotted line) peptide were used to compete binding of
biotinylated HA peptide to soluble HLA-DR1, with binding measured using a streptavidin-
based ELISA assay.
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Figure 6. Vaccinia-derived eluted peptides are recognized by T cells elicited by immunization
with vaccinia virus
IFN-γ ELISPOT response of TCLs generated from a donor after vaccinia immunization.
* Statistically significant IFN-γ response p<0.001; ** Statistically significant IFN-γ
response p<0.01. (A) Response to synthetic peptides representing the vaccinia eluted
peptides, for a vaccinia-specific TCL generated from peripheral blood approximately 35
years after immunization. (B) T cell responses of a TCL generated from the same donor
shown in (A) 13 days after a second booster immunization. (C) IFN-γ responses to peptides
A10L and to control Gag peptide, for anti-A10L-peptide TCLs derived from blood of a
vaccinia vaccinated donor (hatched bars) and from blood of a non-vaccinated donor (clear
gray bars).
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Table 1

Naturally processed vaccinia virus peptides eluted from MHC DR-1 molecules isolated from LG2 cells
infected with vaccinia virus MVA.

No. Sequence Protein of origin Protein function IC50 [nM]

1 IYTYRIIKSSFPVPT 16L (338−352) telomere binding protein 136.3 ± 6.5

2 KIPFLLLSGSPITNT D6R (157−171) VETF-1 55.6 ± 1.2

3 SMRYQSLIPRLVEFF A10L (293−307) major core protein 4a 6.5 ± 0.2
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