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ABSTRACT

Cytotoxic T cells substantially contribute to the control of intracellular pathogens such as human immunodeficiency virus type 1
(HIV-1). Here, we evaluated the immunopeptidome of Jurkat cells infected with the vaccine candidate MVA.HIVconsv, which
delivers HIV-1 conserved antigenic regions by using modified vaccinia virus Ankara (MVA). We employed liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) to identify 6,358 unique peptides associated with the class I human leukocyte anti-
gen (HLA), of which 98 peptides were derived from the MVA vector and 7 were derived from the HIVconsv immunogen. Human
vaccine recipients responded to the peptide sequences identified by LC-MS/MS. Peptides derived from the conserved HIV-1 re-
gions were readily detected as early as 1.5 h after MVA.HIVconsv infection. Four of the seven conserved peptides were monitored
between 0 and 3.5 h of infection by using quantitative mass spectrometry (Q-MS), and their abundance in HLA class I associa-
tions reflected levels of the whole HIVconsv protein in the cell. While immunopeptides delivered by the incoming MVA vector
proteins could be detected, all early HIVconsv-derived immunopeptides were likely synthesized de novo. MVA.HIVconsv infec-
tion generally altered the composition of HLA class I-associated human (self) peptides, but these changes corresponded only
partially to changes in the whole cell host protein abundance.

IMPORTANCE

The vast changes in cellular antigen presentation after infection of cells with a vectored vaccine, as shown here for MVA.HIVconsv,
highlight the complexity of factors that need to be considered for efficient antigen delivery and presentation. Identification and
quantitation of HLA class I-associated peptides by Q-MS will not only find broad application in T-cell epitope discovery but also
inform vaccine design and allow evaluation of efficient epitope presentation using different delivery strategies.

Tcells recognize foreign peptide antigens that are bound to ma-
jor histocompatibility complexes (MHCs), which are trans-

ported and presented on the surface of the cell. The current para-
digm states that peptides destined for MHC class I presentation
are typically generated from proteins that were directly synthe-
sized in or reached the cell cytoplasm, while peptides associated
with MHC class II are typically produced from proteins engulfed
in the endosomal or lysosomal compartments (1, 2).

Presentation of foreign peptides by MHC molecules is impor-
tant for the priming of T-cell responses by professional antigen-
presenting cells and for the recognition and destruction of invad-
ing infected target cells. Following infection, a hierarchy of T-cell
responses (and the corresponding cognate epitopes) is estab-
lished. This response is determined first by not very well under-
stood processes governing the amounts and time of each foreign
peptide presented on the cell surface and second by the T-cell
receptor repertoire of the host genome, which is defined by the
numbers of naive T cells and their subsequent shaping by thymic
selection (3–5). In order to reliably reflect the actual protein con-
tent of a cell at any given moment, the repertoire of peptides pre-
sented on the cell surface needs to be revised and reconstituted
constantly. Therefore, the pool of MHC-associated peptides, or
immunopeptidome, is highly dynamic. Monitoring of MHC-pep-
tide complexes is carried out primarily by employing functional
T-cell assays (6). Mass spectrometry (MS)-based identification of
MHC-associated peptide antigens has become an increasingly fea-
sible, less biased alternative (7–9). More recent technical advances

allowed the profiling of several thousand peptide epitopes of the
immunopeptidome in one experiment (10, 11).

CD8� effector T cells play a key role in the control of human
immunodeficiency virus type 1 (HIV-1) replication during both
the acute and chronic phases of infection (12). The first dominant
CD8� T-cell responses generated at the onset of HIV-1 infection
recognize peptides from the most variable regions of HIV-1 pro-
teins. Under selective immune pressure, these epitopes easily
change and render mutant HIV-1 unrecognizable by the mounted
responses. Such mutant viruses rapidly overgrow their suppressed
parental strains and replace them. This represents a major chal-
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lenge for the development of effective vaccines (12–14). To tackle
HIV-1 escape, we designed the vaccine immunogen HIVconsv
(15), which focuses T cells on the most conserved regions of the
HIV-1 proteome common to most circulating strains, in which
mutations are often detrimental to HIV-1 fitness (16–19). Such
conserved epitopes are typically subdominant in immune re-
sponses to natural infection; however, demonstration of an effi-
cient and timely presentation of these epitopes on the cell surface
during vaccination may induce dominant responses and therefore
would support the conserved-region vaccine strategy.

The HIVconsv gene has been inserted into many vaccine vectors
mainly for administration in heterologous prime-boost regimens
(15, 20–24). One such vector on the forefront of vaccine development
for many infectious diseases is modified vaccinia virus Ankara
(MVA) (25, 26). Recombinant MVA primes transgene-specific T
cells weakly but delivers a very strong boost to existing responses
(27–31). Indeed, HIVconsv delivered to healthy human volunteers
using combinations of plasmid DNA, simian (chimpanzee) adenovi-
rus, and MVA induced uniquely high frequencies of HIVconsv-spe-
cific T cells (27).

Here, we report the identification of 6,358 unique peptides
associated with class I human lymphocyte antigen (HLA), the hu-
man MHC, following infection of human cells with the candidate
HIV-1 vaccine MVA.HIVconsv using liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Of these peptides, 98
were derived from the MVA vector, and 7 were derived from the
HIVconsv immunogen. Using quantitative mass spectrometry
(Q-MS), we monitored the early kinetics of 4 HIVconsv-derived
epitopes and correlated their abundances to the amounts of
HIVconsv protein in the cytoplasm. We also demonstrate that
epitopes derived from incoming virions can be directly pre-
sented by HLA class I complexes. These results are discussed in
the context of HIV-1 vaccine design and antigen presentation.

MATERIALS AND METHODS
MVA.HIVconsv vaccine propagation and titration. MVA.HIVconsv
was constructed previously (15). MVA.HIVconsv was propagated in pri-
mary chicken embryonic fibroblasts (CEFs) maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 2% fetal calf serum
(FCS) (DMEM2). Cells were infected at a multiplicity of infection (MOI)
of 0.1, harvested 3 days later, and homogenized in 10 mM Tris (pH 9.0) by
20 strokes in a Potter-Elvehjem glass homogenizer. Cell lysates were lay-
ered on a 30% sucrose cushion and ultracentrifuged for 45 min at
20,000 � g. Virus pellets were suspended in 10 mM Tris (pH 9.0) and
stored at �80°C. The titers of MVA.HIVconsv viral stocks were deter-
mined by infection of CEF cells in a 6-well format for 3 days in DMEM2 at
serial dilutions of between 10�6 and 10�11. Infected cells were visualized
by using 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal), a
substrate of �-galactosidase which is expressed in MVA.HIVconsv-in-
fected cells. Blue cells were counted, and the numbers of infectious parti-
cles in the original stock were calculated, assuming one infectious particle
per infected cell.

Jurkat cell infection and stable isotope labeling by amino acids in
cell culture (SILAC). Jurkat cells were cultured in either RPMI 1640 me-
dium supplemented with 10% FCS (RPMI10) or RPMI10 supplemented
with heavy arginine (R10) and heavy lysine (K4 or K8) for a minimum of
10 passages. Cells were seeded the day before infection at a density of 5 �
105 cells/ml. An equivalent of 10 infectious particles per cell (MOI of 10)
was added to RPMI 1640 medium supplemented with 2% FCS with or
without heavy arginine (R10) and heavy lysine (K4 or K8) at a concentra-
tion of 107 cells/ml. At the indicated time points postinfection, cells were
pelleted at 300 � g for 5 min, washed once with phosphate-buffered saline

(PBS), and frozen at �20°C until processing for either HLA-associated
peptide purification or tryptic digestion of cell lysates.

Immunofluorescence staining. HeLa cells were infected with MVA.
HIVconsv at an MOI of 5 for 2 h at 37°C in 5% CO2 in serum-free me-
dium. Following infections, cells were washed with PBS, incubated in
complete medium for 24 h, washed twice with ice-cold PBS, and fixed
with a 10% formalin solution, neutral buffered containing 4% formalde-
hyde (Sigma), for 10 min on ice and then for 20 min at room temperature.
Cells were then washed with PBS 3 times, permeabilized with 0.2% Triton
X-100 (TX-100) (Sigma) in PBS for 5 min, washed, blocked with 1%
bovine serum albumin (BSA) in PBS for 30 min, incubated for 3 h with a
1:100 dilution of the Alexa Fluor 488-conjugated primary mouse anti-Pk
monoclonal antibody (MAb) (AbD Serotec), washed with PBS 3 times for
15 min with shaking, mounted onto microscope slides with Vectashield
4=,6-diamidino-2-phenylindole (DAPI) nuclear stain mounting medium
(Vector Laboratories), and examined on a fluorescence microscope (DMI
3000B; Leica).

Preparation of W6/32-conjugated immunoresin. One milliliter of
protein A-Sepharose beads (GE) was washed in a solution containing 50
mM borate and 50 mM KCl (pH 8.0) and incubated with 2 to 5 mg of
W6/32 antibody with mild rotation for 1 h. The beads were washed in 0.2
M triethanolamine (pH 8.2), and the bound antibody was cross-linked by
using 40 mM dimethyl pimelimidate dihydrochloride (DMP) (Sigma)
(pH 8.3) for 1 h at room temperature. The reaction was quenched by the
addition of ice-cold 0.2 M Tris buffer (pH 8.0) to the mixture. Unbound
antibody was removed by using 0.1 M citrate (pH 3.0), and the column
was equilibrated in 50 mM Tris (pH 8.0) for further use.

HLA class I immunoprecipitation. All steps were carried out at tem-
peratures below 4°C. Briefly, cell pellets of 109 cells per sample were lysed
by using 10 ml lysis buffer (1% IGEPAL 630, 300 mM NaCl, 100 mM Tris
[pH 8.0]) and homogenized by mild sonication. Lysates were cleared by
two subsequent centrifugation steps, one at 300 � g for 10 min to remove
nuclei and the other at 15,000 � g for 30 min to pellet other insoluble
material. HLA complexes were captured by using 1 ml W6/32-conjugated
immunoresin (5 mg/ml) prepared in a column format at a flow rate of 1.5
ml/min and washed by using subsequent runs with 50 mM Tris buffer (pH
8.0) containing first 150 mM NaCl, then 400 mM NaCl, and next no salt.
HLA-peptide complexes were eluted by using 5 ml 10% acetic acid and
dried.

High-performance liquid chromatography fractionation. Affinity
column-eluted material was dried and resuspended in 120 �l buffer A
(0.1% formic acid in water). Samples were loaded onto a 4.6- by 50-mm
ProSwift RP-1S column (Thermo Scientific) and eluted by using a 500-
�l/min flow rate over 10 min from 2% to 35% buffer B (0.1% formic acid
in acetonitrile) in buffer A (0.1% formic acid in water), using an Ultimate
3000 high-performance liquid chromatography (HPLC) system (Thermo
Scientific). One-milliliter fractions were collected from 2 to 15 min. Pro-
tein detection was performed at a 280-nm absorbance. Fractions that did
not contain �2-microglobulin were combined, dried, and further ana-
lyzed by LC-MS/MS.

Preparation of tryptic digests for proteomic analysis. Cell pellets
were lysed in lysis buffer (0.5% IGEPAL 630, 150 mM NaCl, 50 mM Tris
[pH 8.0]) for 1 h with rotation at 4°C. Nuclei were removed by centrifu-
gation for 10 min at 300 � g, and lysates were cleared by further centrif-
ugation at 15,000 � g for 30 min. Total protein content was measured by
using the Pierce BCA protein assay kit (Thermo Scientific) according to
the manufacturer’s instructions. Lysates were adjusted to the lowest pro-
tein concentration in lysis buffer, and an equivalent of 20 �g of total
protein was loaded in 1� Laemmli buffer (50 mM Tris-HCl [pH 6.8],
10% glycerol, 2% SDS, 2.5% �-mercaptoethanol, 0.005% bromphenol
blue) on a NuPAGE Novex 4 to 12% Bis-Tris protein gel (Invitrogen).
Proteins were separated for 1 h at 200 V and visualized in the resulting gel
by staining with InstantBlue (Expedeon). Complete gel lanes were excised
and processed separately into three to four distinct samples. Gel slices
were cut into 1-mm2 pieces and washed in 50% methanol–5% acetic acid
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in water to remove the InstantBlue stain. Gel pieces were dehydrated with
acetonitrile and washed in 10 mM dithiothreitol–100 mM ammonium
bicarbonate. Following a 30-min incubation, reduced cysteine residues
were alkylated by the addition of 40 mM chloroacetamide in 100 mM
ammonium bicarbonate for 30 min at room temperature. Trypsin diges-
tion was carried out by the addition of 1 �g trypsin in 50 mM ammonium
bicarbonate at 37°C overnight. Peptides were recovered from the gel
pieces by extraction using 50% acetonitrile–5% acetic acid in water. Pep-
tides were dried and suspended in 2% acetonitrile– 0.1% formic acid in
water for LC-MS/MS analysis.

LC-MS/MS analysis. Samples were suspended in 20 �l buffer A and
analyzed on an Orbitrap Velos (Thermo Scientific) online instrument
coupled to an Acquity Nano ultra-performance liquid chromatography
(UPLC) (Waters) or on a TripleTOF 5600 (AB Sciex) instrument coupled
to an Eksigent Ekspert nanoLC 400 cHiPLC system. For the Orbitrap
Velos instrument, peptides were separated on a 25-cm BEH130 C18 col-
umn with a 1.7-mm particle size, using a linear gradient from 8% to 35%
buffer B in buffer A at a flow rate of 250 nl/min (�40 MPa) for 60 min.
Peptides were introduced to the LTQ Orbitrap Velos mass spectrometer
(Thermo Scientific) using a nano-electrospray ionization (nanoESI)
source. Subsequent isolation and collision-induced dissociation (CID)
were performed on the 20 most abundant ions per full MS scan using an
isolation width of 1.5 Da. All fragmented precursor ions were actively
excluded from repeated selection for 15 s. For the TripleTOF 5600 instru-
ment, peptides were separated on a 15-cm by 75-�m ChromXP C18-CL
column (Eksigent) with a linear gradient from 8% to 35% buffer B in
buffer A at a flow rate of 300 nl/min (�13 MPa) for 60 min. Peptides were
introduced to the mass spectrometer by using a nanoESI source. Subse-
quent isolation and ramped-energy CID were performed on the 30 most
abundant ions per full MS scan using a unit isolation width of �0.7 Da. All
fragmented precursor ions were actively excluded from repeated selection
for 15 s.

MS data analysis interpretation. Sequence interpretations of MS/MS
spectra were performed by using a database containing all annotated hu-
man Swiss-Prot entries and MVA entries from NCBI combined with the
sequence for the HIVconsv immunogen (30,581 sequences; 17,080,496
residues [February 2013]) by using PEAKS 7 (Bioinformatics Solutions
Inc.) (32) at a false discovery rate (FDR) threshold of �5% with the
following parameters: no enzyme specificity, with SILAC K4 or K8 and
R10 as variable modifications for the SILAC experiments or otherwise no
modifications; MS peptide tolerance of 5 ppm and MS/MS tolerance of 0.5
Da for the Orbitrap Velos instrument and MS peptide tolerance of 30 ppm
and MS/MS tolerance of 0.05 Da for the TripleTOF instrument. Quanti-
tation of all peptide signals was performed with Progenesis QI (Nonlinear
Dynamics) or PEAKS 7. The correlation between HIVconsv peptide and
protein abundances was evaluated by using Pearson correlation with
GraphPad Prism 6.03 software. For individual peptide correlation factor
calculations, peptide and protein abundances as determined by using Pro-
genesis QI were first averaged across two technical replicate LC-MS/MS
runs. For each protein, HLA-associated peptide abundances obtained
from differently charged precursors were averaged for each time point,
and Spearman’s rank correlation coefficient with the correlating protein
abundance in the cell lysate during the time course was computed across
the four time points (0, 1.5, 2.5, and 3.5 h postinfection [hpi]).

IFN-� ELISPOT assay and peptide mapping. Ethical and regulatory
approvals to conduct the HIV-CORE 002 trial were obtained from the Na-
tional Research Ethics Service Committee West London (10/H0707/52) and
the UK Medicines and Healthcare Products Regulatory Agency (21584/0271/
001). In order to map the responses of individual participants, short-term cell
lines were derived from frozen peripheral blood mononuclear cell (PBMC)
samples taken at week 28. The PBMCs were thawed, and an equal volume of
RPMI supplemented with 10% FCS (RPMI10) plus 50 U/ml Benzonase nu-
clease (Novagen) warmed to 37°C was added dropwise. Cells were expanded
by using pools 1 to 6 of HIVconsv-derived 15-mer peptides overlapping by 11
amino acids (aa) (22) for 10 days, rested, and tested by a gamma interferon

(IFN-	) enzyme-linked immunosorbent spot (ELISPOT) assay as described
previously (27). Thus, ELISPOT plates (catalog number S5EJ044I10; Merck
Millipore) prewetted for 1 min with 15 �l of 35% ethanol were coated over-
night at �4°C with anti-IFN-	 antibody (10 �g/ml in PBS) (clone 1-D1K;
Mabtech). Prior to use, plates were washed with PBS and blocked with
RPMI10 for a minimum of 1 h at 37°C. The PBMCs were plated out at 4�104

cells/well in 50 �l of RPMI10. Individual peptide responses were detected in
duplicate wells with a peptide concentration of 2 �g/ml. Negative (no-pep-
tide) and positive-control wells contained cells cultured in RPMI10 supple-
mented with 0.45% dimethyl sulfoxide (DMSO) and 10 �g/ml phytohemag-
glutinin (PHA) (Sigma-Aldrich), respectively. The cells were incubated
overnight at 37°C in 5% CO2. Spots were visualized by using biotin anti-
IFN-	 combined with streptavidin-alkaline phosphate (both from Mabtech),
and the color was developed by using the substrate 5-bromo-4-chloro-3-
indolyl-phosphate p-nitro blue tetrazolium chloride (BCIP/NBTPlus;
Mabtech). The reaction was stopped after 5 min by washing under a tap. The
plates were air dried overnight, and the spots were counted by using an AID
ELISpot reader and version 5.0 software (AID GmbH). The average number
of spot-forming units (SFU) in no-peptide wells was subtracted from the
numbers in test wells, and the results were expressed as the median net SFU/
106 PBMCs.

RESULTS
Kinetics of HIVconsv protein expression in MVA.HIVconsv-in-
fected cells. The HIVconsv gene is inserted into the thymidine
kinase locus of the MVA genome under the control of the early/
late 7.5 promoter. Jurkat cells were chosen as a model cell line for
analysis of the HLA-associated peptidome, as they are easily ex-
pandable in cell culture, which includes the possibility of transfor-
mation with labeled amino acids, and they exhibit good levels of
HLA class I expression. Before analysis of the immunopeptidome
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of MVA.HIVconsv-infected Jurkat cells, the levels of the whole-
protein HIVconsv expression was assessed in a time course em-
ploying a C-terminal Pk tag recognized by monoclonal antibody
(MAb) (33) in a Western blot analysis. This indicated that the
HIVconsv protein reached a peak level by 5 h, maintained this
level for at least 8 h, and almost disappeared by 24 hpi (Fig. 1A). To
quantify the expression of the HIVconsv protein more accurately,
protein levels were monitored following MVA.HIVconsv infec-
tion of Jurkat cells by using Q-MS analyses of trypsin-digested
whole-cell protein extracts. The amounts of HIVconsv protein
peaked at 12 hpi (Fig. 1B). Both the Western blot and quantitative
LC-MS/MS techniques yielded similar results, and notably, both
methods detected the HIVconsv protein with comparable sensi-
tivities. The cytoplasmic localization of the HIVconsv protein was
confirmed by immunofluorescence at 24 hpi (Fig. 1C). The half-
life of the HIVconsv protein was previously determined by pulse-
chase experiments using DNA expression vectors and Semliki
Forest virus replicons to be 1 to 2 h (21; our unpublished obser-

vations). It is notable that the HIVconsv protein was detected at
maintained levels at 24 hpi by LC-MS/MS, whereas the signal
faded substantially in the Western blot analysis. This may be due
to a loss of the C-terminal Pk tag due to processing, which is
essential for detection by immunoblotting but not for LC-MS/MS.
Since the HIVconsv protein could be identified as early as 2 hpi,
and it has been reported that MVA infection interferes with MHC
peptide presentation and induces apoptosis (34), we concluded
that the first 3.5 h after MVA.HIVconsv infection would be
the most suitable window for studying the early kinetics of the
HIVconsv-derived immunopeptidome.

HIVconsv-derived immunopeptides were detected at 1.5 h
postinfection. Next, we studied the kinetics of presentation of
HLA class I-associated, HIVconsv-derived peptides. A total of 109

Jurkat cells were infected with MVA.HIVconsv at an MOI of 10 for
0, 1.5, 2.5, and 3.5 h; peptide-loaded HLA class I complexes were
immunopurified from cell lysates by using MAb W6/32; and the
eluted peptides were purified via HPLC and analyzed by LC-MS/
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MS. The HIVconsv-derived peptide YKRWIILGLNK was de-
tected as early as 1.5 h postinfection (Fig. 2A and Table 1). An
average of 3,021 unique peptide sequences were identified for each
time point, totaling 6,358 unique peptides. Of these peptides, 98
(see Table S1 in the supplemental material) were derived from the
MVA vector, and 7 originated from the HIVconsv immunogen
(Table 1). The other 6,253 identified sequences were derived from

the human proteome. The HLA class I-eluted peptides ranged
between 5 and 30 aa in length, and 5,080 of them (81%) were 8 to
12 aa long (Fig. 2B). Frequencies of individual amino acids in
every epitope position were analyzed for all 8- and 12-mer pep-
tides, and the HLA anchor amino acid preferences concurred with
the HLA subtype of Jurkat cells (A*03:01, A*03:01, B*07:02, B*35:
03, C*04:01, and C*07:02) (Fig. 2C) (35). Binding prediction with

TABLE 1 HLA class I-associated peptides derived from the HIVconsv immunogenb

Sequence
Length
(aa)

Position(s) in
HXB2 (aa)

Positions in
HIVconsv (aa)

Presence of exact
match in LANL-HSD

NetMHC binding
affinity (nM)

HLA
allele

PEAKS
score
(�10logP)

Sample collection
time(s) (h)

YKRWIILGLNK 11 Gag 262–272 58–68 No 11,608 A*03:01 15.30 1.5
KRWIILGLNK 10 Gag 263–272 59–68 Yes 6,379 A*03:01 16.35 2.5
IYKRWIILGLNK 12 Gag 261–272 57–68 No 1,472 A*03:01 15.32 3.5
IILGLNK 7 Gag 266–272 62–68 No NA A*03:01 14.82 2.5, 3.5
FPISPIETVPVKL 13 Pol 155–167 194–206 No 163 (WB) B*07:02 56.52 3.5, 6
SPIETVPVKL 10 Pol 158–167 197–206 Yes 191 (WB) B*07:02 41.33 2.5, 3.5, 6
AIFQSSMTK 9 Pol 313–321 351–360 Yes 20 (SB) A*03:01 47.95 2.5, 3.5, 6
RKGGIGGYSAG 11 Pol 902–912 663–673 Yes 20,750 B*07:02 14.82 6
RTWKSLVK 8 Vif 19–26 412–419 No 39 (SB) A*03:01 28.89 6
KIWPS-RWKPKa 10 Gag/Pol 131–140 NA 71 (WB) A*03:01 19.25 6
KLTP-WVPAHKa 10 Env/Pol 518–527 NA 19 (SB) A*03:01 40.52 6
a Peptides spanning a junction (-) between two conserved regions in the HIVconsv immunogen, thus creating a novel epitope not present on HIV-1-infected cells.
b LANL-HSD, Los Alamos National Laboratory HIV Sequence Database; SB, strong binder; WB, weak binder; NA, not applicable; �10logP, negative decadic logarithm of P, the
probability that the identification is a random event.
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the NetMHC 3.4 server (36–38) identified 3,721 out of 5,080 pep-
tides with a length of between 8 and 12 aa as binders to one of the
six major alleles in Jurkat cells (Fig. 2D).

HIVconsv-derived peptide abundance correlates with levels
of HIVconsv protein in the cell. Four of the seven identified
HIVconsv epitopes yielded MS signals that were of sufficient qual-
ity to quantify the peptide amounts at multiple times during the
time course by using Q-MS. For all four peptides analyzed, the
spectrum signals increased over time from 0 to 3.5 h (Fig. 3A and
B), while confident (P � 0.05; FDR � 5%) identification of the
peptide sequence was achieved at the 2.5- and 3.5-h time points.
To assess the correlation between the abundances of the immuno-
peptides and their source proteins, whole HIVconsv protein levels
at the four time points were determined by using a standard tryp-
tic digest of the same infected-cell samples, followed by Q-MS
analysis. It was found that the increase in HIVconsv-derived
epitope presentation over time correlated with the increase of
HIVconsv protein expression in the cytoplasm (Fig. 3B and C).

Human vaccine recipients responded to the peptides identi-
fied by MS. To increase the discovery of HIVconsv-derived
epitopes, HLA class I-associated peptides were eluted from Jurkat
cells 6 h after MVA.HIVconsv infection in two separate experi-
ments. This longer infection led to the identification of four addi-
tional sequences, totaling 11 HIVconsv-derived peptides (Table 1
and Fig. 4 and 5A). In order to validate the identified HIVconsv-
derived peptide sequences, the corresponding synthetic peptide
standards were analyzed under identical conditions, and the ob-

tained fragment spectra were compared. Spectral comparisons for
6 out of the 11 peptides identified are depicted in Fig. 4.

In the HIV-CORE 002 trial, the conserved immunogen
HIVconsv was administered to healthy, HIV-1/2-uninfected vol-
unteers in the United Kingdom, whereby all vaccine recipients
developed T-cell responses to 15-mer peptides overlapping by 11
amino acids detected by an IFN-	 ELISPOT assay (27). In the two
trial arms in which mapping to individual 15-mer peptides was
carried out, 7 and 5 out of the 14 vaccine recipients shared at least
1 HLA allele or superallele, respectively (39), with the Jurkat cells
(Fig. 5B). A total of 10 vaccine recipients responded to 15-mer
peptides containing an immunopeptide eluted from MVA.
HIVconsv-infected Jurkat cells (Fig. 5B). Every individual who
shared at least one HLA allele with the cell line and 3 out of 5
individuals who shared at least one superallele responded to at
least one 15-mer peptide containing an MS-identified immuno-
peptide. No placebo recipient responded to any HIVconsv-de-
rived peptide (27). Overall, the magnitude of the response against
15-mer peptides that contained MS-identified peptide sequences
was 15.2% of the total magnitude of the response against all 199
15-mer peptides, excluding the placebo recipients.

MVA-derived epitopes can come from incoming virions
rather than de novo synthesis. The observed early presentation of
MVA and HIVconsv immunopeptides can be due to the presen-
tation of epitopes from incoming virion proteins directly or orig-
inate from newly synthesized gene products. To distinguish be-
tween these two sources of immunopeptides, we used stable

0

50

100

50

100

re
la

tiv
e 

io
n 

ab
un

da
nc

e 
[%

]

300 400 500 600200100

y1

b3
y4

y1
�

y2 b4y3 S
am

pl
e 

3.
5 

h
S

yn
th

et
ic

[M+3H] = 339.8782 m/z3+

[M+3H] =  339.8771 m/z3+

m/z

R T W K S L V K
b2 b3 b4 b5 b7b6

y7 y6 y5 y4 y3 y2 y1

0

re
la

tiv
e 

io
n 

ab
un

da
nc

e 
[%

]

50

100

200 300 400 500 600 800100 700

50

100

y4

y5

b5b*
5b*

4

y5

[M+3H] = 414.2700 m/z3+

[M+3H]3+= 414.2685 m/z

S
yn

th
et

ic
m/z

K R W I I L G L N K
b2 b3 b4 b5 b6 b8

y9

b7

y8 y7 y6 y5 y4 y3 y2

S
am

pl
e 

2.
5 

h

0

50

100

50

100

re
la

tiv
e 

io
n 

ab
un

da
nc

e 
[%

]

S
yn

th
et

ic
300 400 500 600 700 900200 800

m/z

y2

y7

b2

y5

b3

y7
++

y4
y6

b8

[M+3H] = 506.7604 m/z3+

[M+3H] = 506.7605 m/z3+

A I F Q S S M T K
b2 b3 b4 b5 b6 b8

y8

b7

y7 y6 y5 y4 y3 y2 y1

S
am

pl
e 

3.
5 

h

1000200 400 600 800

y2

y6 b8b5
�

y4

b3

b6
�

y7

y8

b9

[M+2H] = 541.8262 m/z2+

[M+2H] = 541.8257 m/z2+

S
yn

th
et

ic

0

re
la

tiv
e 

io
n 

ab
un

da
nc

e 
[%

]

50

100

50

100

m/z

S P I E T V P V K L
b2 b3 b4 b5 b6 b8

y9

b7 b9

y8 y7 y6 y5 y4 y3 y2

S
am

pl
e 

3.
5 

h
200 400 600 800 1000 1200

S
yn

th
et

ic

y9 y10
y11b9

�

b9

y7

y12
++y4

y2

[M+2H] = 720.4289 m/z2+

[M+2H] = 720.4306 m/z2+

0

re
la

tiv
e 

io
n 

ab
un

da
nc

e 
[%

]

50

100

50

100

m/z

b3 b4 b5 b6 b8

y12

b9 b11

y11 y10 y9 y7 y6 y5 y4 y2

F P I S P I E T V P V K L

S
am

pl
e 

3.
5 

h

400 600200 800 1000

[M+3H] = 588.8483 m/z3+

b2

y5b3

y4

y7

y7
++b9

++

b6
y6 y8 y9b8

b9

[M+3H] =  588.8464 m/z3+

0

50

100

50

100re
la

tiv
e 

io
n 

ab
un

da
nc

e 
[%

]

S
yn

th
et

ic

m/z

K L T P W V P A H K
b2 b3 b6 b8

y9

b7 b9

y8 y7 y6 y5 y4 y3 y2

S
am

pl
e 

6 
h

FIG 4 Spectral matches for HIVconsv-derived peptides. MS fragment spectra show the experimentally acquired spectrum of the indicated peptide in the
indicated sample in comparison to a spectrum of the synthetic peptide counterpart acquired under the same conditions. Fragment ions are indicated for the
peptide sequence above each spectrum, and the most intense ion mass peaks are labeled in the experimental spectrum as follows: b, singly charged N-terminal
fragment ion; y, singly charged C-terminal fragment ion; 0, loss of H2O; *, loss of NH2; ��, doubly charged fragment ion. The detected mass of the intact peptide
parent ion is stated for each spectrum.

Immunopeptidome during MVA.HIVconsv Infection

June 2015 Volume 89 Number 11 jvi.asm.org 5765Journal of Virology

http://jvi.asm.org


isotope labeling of amino acids in cell culture (SILAC) to label all
proteins with heavy lysine and arginine prior to infection of the
cells with unlabeled MVA.HIVconsv. We then analyzed the im-
munopeptidome early, at 1.5 hpi, to maximize the probability of
detecting HLA-associated peptides from incoming proteins. We
identified two labeled immunopeptides originating from the
MVA virus, IIGPMFSGK8 (�8.01 Da) from the thymidine kinase
and MWGGGSSSGVK8 (�8.01 Da) from the hypothetical 5.6-
kDa protein, which originated from newly synthesized protein
(Table 2). Three unlabeled immunopeptides, RIISYNPPPK from
the iActA-like 8-kDa cytoplasmic protein (iActA is a Listeria
ivanovii protein involved in actin tail formation) and SPRIGDQL

and ARPINGISY from the major core protein P4b, were detected
and therefore likely originated from incoming protein material
(Table 2). Four of the five immunopeptides, ARPINGISY and RI
ISYNPPPK at 1.5 hpi and IIGPMFSGK and SPRIGDQL at 2.5 hpi,
had also been detected in the previous immunopeptidome exper-
iment (see Table S1 in the supplemental material).

In order to monitor the amount of incoming virion proteins,
we performed a time course of infection using SILAC-labeled Ju-
rkat cells and unlabeled virus. We first analyzed samples at the 0-,
2-, 4-, 6-, 8-, 10-, and 24-hpi time points, and in a second experi-
ment, we focused in greater detail on early-infection sampling at
0.25, 0.5, 1, 1.5, 2.5, 3.5, and 6 hpi. Protein material was isolated,

C*0602 C*0704 C*0401 C*0701 C*0701 C*0303 C*0304 C*0501 C*0802 C*0702 C*0501 C*0401 C*0102 C*0401 C*0303 C*0202 C*0701
C*0701 C*1402 C*0304 C*0702 C*0701 C*0701 C*0702 C*0701 C*0501 C*0702 C*0701 C*0602 C*0702 C*0702 C*1601 C*1203 C*0802
B*1301 B*4402 B*4001 B*0702 B*18 B*5101 B*0702 B*0801 B*4402 B*0702 B*0801 B*3501 B*0702 B*0702 B*4403 B*3503 B*08
B*3901 B*5101 B*4403 B*0801 B57*02 B*0801 B*4001 B*4402 B*1401 B*4402 B*4402 B*5001 B*2705 B*3501 B*5501 B*4002 B*14
A*3001 A*6801 A*0301 A*0101 A*3002 A*0201 A*0201 A*0101 A*2402 A*0201 A*0201 A*0301 A*0201 A*0301 A*0201 A*0201 A*0101
A*0101 A*6801 A*3101 A*0301 A*3002 A*0201 A*0301 A*0301 A*3301 A*0301 A*0201 A*3004 A*2402 A*1101 A*2902 A*1101 A*3101

IYKRWIILGLNKIVR
WIILGLNKIVRMYSP 367 217

LGKIWPS-RWKPKMIG 2900 267 2800
KNFPISPIETVPVKL K 533 883
SPIETVPVKL KPGMD 1517
GSPAIFQSSMTK ILE 517 2550 750 2017

KQVDRMRIRTWKSLVK 1400 483 400 217 1933
MRIRTWKSLVK HH-LT 2433 900 850 350 2033 1099

LKPCVKLTP-WVPAHK 617 467 4033
VKLTP-WVPAHK GIGG 267 6250 300 767
FKRKGGIGGYSAGER 500

5'LTR gag

pol

vif

vpr

vpu

env

nef

3'LTRrevtat

KR
WI
IL
GL
NK

II
LG
LN
K

FP
IS
PI
ET
VP
VK
L

SP
IE
TV
PV
KL

AI
FQ
SS
MT
K

RT
WK
SL
VK

IY
KR
WI
IL
GL
NK

YK
RW
II
LG
LN
K

97
19

nt

HIV-1 HXB2

RK
GG
IG
GY
SA
G

A

B

GAG POL VIF ENV TAGs

C D A B C D A B C D A B C D
HIVconsv

Volunteer:

HLA Genotype

Peptide Sequence

1
M

ag
ni

tu
de

 o
f r

es
po

ns
e 

to
 1

1 
15

-m
er

 p
ep

tid
es

th
at

 c
on

ta
in

 a
n 

M
S

-id
en

tifi
ed

 s
eq

ue
nc

e
[S

FU
/1

0
P

B
M

C
]

6

P
ercentage of m

agnitude to the
total response to all 199 15-m

er peptides

403 404 406 409 410 411 412(P) 413 414 415 416 417 418 419 (P) 420 421 422 (P)
0

5000

10000

15000

0

10

20

30

40

50

60

70
magnitude to MS peptides
percentage of total magnitude

1/9

5/15

4/21

0/9 0/0 0/7 0/8

1/4 2/9 1/16

0/9 0/00/0

4/24

1/9

6/30

6/13

FIG 5 Responses in humans vaccinated with HIVconsv recognizing eluted, MS-identified peptides. (A) Schematic view of the HIVconsv immunogen, with the
14 conserved regions of HIV-1 that were combined in the immunogen represented as colored boxes and with the original HIV-1 region stated (Gag, Pol, Vif, and
Env). Letters above the boxes (A, B, C, and D) indicate the clade of origin. The positions of eluted peptides identified in the HIVconsv immunogen are indicated
by red bars. Genomic regions of the HXB2 strain are shown as gray rectangles. TAGs, epitope tag sequences; LTR, long terminal repeat; nt, nucleotides. (B) The
magnitude of the response (in SFU/106 PMBCs) is plotted for each individual, summed for all 15-mer peptides containing MS-identified sequences (left y axis),
in addition to the percent magnitude compared to the total magnitude of responses to all 15-mer peptides spanning the full HIVconsv immunogen (right y axis).
The breadth of the response is indicated by the number of peptides generating a response in each individual subject (MS-identified/total number of peptides,
indicated above each bar). Individual responses to the indicated peptide sequences are shown below each graph column, and HLA genotypes for each volunteer
are indicated. Matching HLA types are highlighted in green, and matching alleles from an identical HLA supertype are highlighted in violet. P, placebo recipient.

Ternette et al.

5766 jvi.asm.org June 2015 Volume 89 Number 11Journal of Virology

http://jvi.asm.org


digested with trypsin, and analyzed by MS. Signals of labeled and
unlabeled peptides were quantified separately by using Progenesis
QI, and abundances were monitored throughout the analyzed
time course. One peptide each from three MVA-derived proteins,
viral late transcription factor 4 (VLTF-4), the Cap-specific mRNA
(nucleoside-2=-O-)-methyltransferase (PAP-S), and telomere-
binding protein I1 (TBP-I1), was detected in both labeled and
unlabeled forms (Fig. 6), indicating that a proportion of this ma-
terial originated from incoming MVA virions. However, despite
the detection of the HIVconsv protein in the purified MVA.HIV-
consv stock (Fig. 1, lane V), HIVconsv-derived tryptic peptides
were detected only in the labeled form, indicating de novo synthe-
sis (Fig. 6). Thus, all the MS-detectable HIVconsv-derived immu-
nopeptides most likely originated from newly synthesized HIV-
consv protein in vaccine-infected cells.

The immunopeptidome reflects changes of the cellular pro-
teome upon MVA.HIVconsv infection. Infection of cells with vi-
ruses including MVA (40) results in a dramatic alteration of host
cell protein expression. To assess the changes in the Jurkat cell

proteome following MVA.HIVconsv infection and the resulting
altered self-peptidome associated with the HLA class I molecules,
proteomes and immunopeptidomes of uninfected and MVA.
HIVconsv-infected cells were analyzed and compared by using
Ingenuity Pathway Analysis (IPA) software (Fig. 7A). Generally,
many similarities between protein and HLA peptide abundances
were observed. The “virus entry via endocytic pathways,” “purine
nucleotides de novo biosynthesis,” and “protein ubiquitination
pathway” were among the most significantly affected pathways,
reflected by both the cellular proteome and immunopeptidome.
However, when correlating the protein abundance trend with the
trend of the corresponding epitope presentation abundance
throughout the analyzed time course, a range of proportional (�1
correlation factor) to antiproportional (�1 correlation factor)
correlations and no correlation (0 correlation factor) were ob-
served (Fig. 7B; see also Table S2 in the supplemental material).
Interestingly, for any one protein for which multiple peptides
were presented, correlation trends were not always consistent (see
Table S2 in the supplemental material). These findings indicate

TABLE 2 MVA-derived epitope sequences at 1.5 hpia

Sequence
Length
(aa)

PEAKS
score
(�10logP)

Label
mass (Da)

NetMHC binding
affinity (nM)

HLA
allele

GenBank protein
accession no. MVA protein

IIGPMFSGK8 9 31.93 �8.01 46 (SB) A*03:01 CAM58264.1 Thymidine kinase
MWGGGSSSGVK8 11 40.23 �8.01 3,541 C*04:01 CAM58186.1 Hypothetical 5.6-kDa protein
RIISYNPPPK 10 29.40 30 (SB) A*03:01 CAM58216.1 iActA-like 8-kDa cytoplasmic

protein
SPRIGDQL 8 29.23 146 (WB) B*07:02 CAM58292.1 Major core protein P4b
ARPINGISY 9 28.60 7,395 C*07:02 CAM58292.1 Major core protein P4b
a K8, heavy lysine, �8.01 Da; K, unlabeled lysine; R, unlabeled arginine; SB, strong binder; WB, weak binder; �10logP, negative decadic logarithm of P, the probability that the
identification is a random event.
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that for each HLA-associated peptide, a specific generation-and-
presentation pathway applies, and a general correlation between
presentation and protein abundance is not feasible.

DISCUSSION

Characterization and quantitation of pathogen-derived, HLA-re-
stricted peptides over multiple time points are now feasible by
using Q-MS (11). Here, we report a number of interesting obser-
vations from analyses of the HLA class I-associated immunopep-
tidome in human cells infected with the experimental vaccine
MVA.HIVconsv, which aims to induce T-cell responses focused
on conserved subdominant HIV-1 epitopes. First, peptides de-
rived from conserved HIV-1 regions can be readily detected in
association with HLA class I molecules. The earliest time that a
conserved peptide was detected was 1.5 h after MVA.HIVconsv
cell entry, and in 6 h, a total of 11 peptides were identified from the
806-aa-long HIVconsv protein. Four of the 11 conserved immu-
nopeptides could be monitored over several time points, and their
abundance in HLA class I associations reflected the expression
levels of the whole HIVconsv protein in the cell. Although pro-
teins delivered by the incoming recombinant MVA virions were
detected, the detectable level of early HIVconsv protein was exclu-
sively synthesized de novo. Finally, MVA.HIVconsv infection al-
tered the composition of HLA class I-associated self-peptides,
which corresponded only partially with host protein analysis us-
ing MS of a standard protein trypsin digest.

Cytotoxic T cells substantially contribute to the control of
HIV-1 infection. There is a growing belief that effective T-cell
responses might provide a key contribution to the control of
HIV-1 infection, and (re)focusing T-cell responses on the con-
served epitopes of the HIV-1 proteome might gain the necessary
competitive advantage over HIV-1, particularly for therapeutic
vaccination (13, 15, 41–43). Here, we demonstrate directly by LC-
MS/MS analysis of the HLA class I-associated peptidome that con-
served epitopes, which are subdominant during natural HIV-1
infection and therefore outcompeted by dominant, less protective

determinants, can be readily detected on HLA complexes when
taken out of the context of HIV-1 proteins and expressed from an
artificial chimeric vaccine immunogen. Given the restricting
HLAs, there was a good match between the MS-detected immu-
nopeptides and responses induced by the same HIVconsv vac-
cine(s) in human volunteers (27). Furthermore, the epitope RKG
GIGGYSAG was previously reported to be a target of T cells in a
patient with high-level exposure who remained uninfected for 
2
years (44). Also, the epitope IYKRWIILGLNK is conserved
throughout the clades and has been identified as a cross-clade
T-cell target in infected individuals (45). Thus, our direct charac-
terization of peptides from MVA.HIVconsv-infected cells sup-
ports the conserved-region strategy for the development of T-cell
vaccines (21, 22, 30, 33).

MVA has a complex genome carrying 193 open reading frames
(46) thought to code for functional proteins. These open reading
frames are classified as early, intermediate, and late based on the
timing of their expression, and this is in turn determined by the
promoters driving the transcription of the corresponding genes.
Multiple mechanisms interfere with the presentation of late T-cell
epitopes (47–52). Here, we report the identification of 98 MVA-
derived peptides eluted from HLA class I. In most mammalian
cells, the growth of MVA is blocked late in the replication cycle;
nevertheless, pathogen-derived transgenes, particularly those
which are expressed early, can very strongly boost both existing
antibody and CD8� T-cell responses. The magnitude of induced
transgene-specific responses can be dictated by the insertion locus
in the MVA genome and the strength of the promoter used to
drive the transcription of the transgene product (53–55). Pro-
moter P7.5, employed here to express HIVconsv, was the weakest
of the modified H5 and synthetic promoters compared (56).

We monitored changes in the abundances of presented pep-
tides during the first hours following MVA.HIVconsv infection
using mass spectrometry. Despite detectable HIVconsv protein
levels in the MVA.HIVconsv stock, our data demonstrate that all
HIVconsv protein detected in infected cells was synthesized de
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FIG 7 The immunopeptidome reflects changes of the cellular proteome in MVA.HIVconsv-infected cells. (A) The most relevant pathways that are affected by
MVA.HIVconsv infection at 3.5 hpi, as identified by Ingenuity Pathway Analysis, for all proteins according to the abundances of the corresponding HLA-
associated peptides (left) and the intracellular proteins (right), as determined by label-free quantitative LC-MS/MS. All changes in abundance were determined
between the 3.5-h time point and the negative control. (B) Correlation factors between the trend of protein abundance and the trend of the HLA-associated
peptide abundance at 0, 1.5, 2.5, and 3.5 hpi. A proportional correlation was assigned a value of �1, and an inverse correlation was assigned a value of �1. Factors
are plotted for all proteins along the x axis, for which both protein and immunopeptide abundances were determined.
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novo. Since protein levels correlated with the abundance trends for
the detected HIVconsv-derived immunopeptides early in infec-
tion, peptide presentation likely originated from these de novo-
synthesized protein precursors. We identified two immunopep-
tides of MVA proteins that were derived from neosynthesized
precursors and were therefore likely generated from either defec-
tive ribosomal products (DRiPs), which are generated during
translation (57); rapid turnover of full-length protein following
neosynthesis; or both. A similar dependence on neosynthesis was
shown previously for the presentation of an immunodominant
epitope of the highly stable lymphocytic choriomeningitis virus
nucleoprotein, which was no longer presented when translation
was abrogated (58). A direct interrogation of whether “retirees,”
which are proteins turned over at the end of their life span, or
DRiPs represented the major source for peptide presentation
identified the latter as the major contributor to the presentation of
viral antigens (59) and the self-MHC class I peptide repertoire
(60–62). Furthermore, in mouse thymocytes, the MHC class I
repertoire was molded by the transcriptome, as a clear enrichment
of highly abundant mRNAs encoding MHC class I-associated
peptides relative to low-abundance mRNAs was reported (63),
which further supports the importance of neosynthesis for pep-
tide presentation. More recently, it was suggested that MHC-as-
sociated peptides derive mainly from the “pioneer” round of
translation, which takes place before the steady-state translation
of mRNA is initiated and which is important for mRNA quality
control (64). However, it has also been shown that full-length
proteins can be a source for MHC class I peptide presentation (65,
66). In compliance with this, we detected 3 unlabeled MVA im-
munopeptides in heavy-amino-acid-labeled cells that were in-
fected with unlabeled virus particles, strongly suggesting presen-
tation of degraded protein material independent of neosynthesis.
Therefore, our data further suggest that the correlation between
protein abundance and presentation of the corresponding peptide
is variable and needs to be interrogated separately for each
epitope, as suggested previously (11).

We also confirmed that infection of cells with MVA altered the
host cell proteome and the self-MHC class I peptide repertoire
dramatically, supporting and further expanding previous obser-
vations for MVA infection (40). Similar changes in the self-MHC
class I peptide repertoire have also been shown in the context of
other viral infections, such as HIV-1 (67) and influenza A virus (8)
infections, and other modulators of cellular metabolism, such as
rapamycin (68).

In conclusion, the increased sensitivity of LC-MS/MS and bet-
ter software packages for peptide identification continue to im-
prove the direct identification of HLA class I-associated epitopes
derived from important human pathogens. This has ramifications
for the development of not only HIV-1 vaccines but also vaccines
against other complex pathogens, which are still awaiting identi-
fication of relevant T-cell targets.
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