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Abstract Proteasomes are known to be the main suppli-
ers of MHC class I (MHC-I) ligands. In an attempt to
identify coxsackievirus B3 (CVB3)-MHC-I epitopes, a
combined approach of in silico MHC-I/transporters asso-
ciated with antigen processing (TAP)-binding and prote-
asomal cleavage prediction was applied. Accordingly, 13
potential epitopes originating from the structural and non-
structural protein region of CVB3 were selected for further
in vitro processing analysis by proteasomes. Mass spec-
trometry demonstrated the generation of seven of the 13
predicted MHC-I ligands or respective ligand precursors by
proteasomes. Detailed processing analysis of three adjacent
MHC-I ligands with partially overlapping sequences,
ie. VP2(273-281), VP2(284-292) and VP2(285-293),
revealed the preferential generation predominantly of the
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VP2(285-293) epitope by immunoproteasomes due to
altered cleavage site preferences. The VP2(285-293) pep-
tide was identified to be a high affinity binder, rendering
VP2(285-293) a likely candidate for CD8 T cell immunity
in CVB3 infection. In conclusion, the concerted usage of
different in silico prediction methods and in vitro epitope
processing/presentation studies was supportive in the
identification of CVB3 MHC-I epitopes.
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Introduction

Coxsackievirus B3 (CVB3)-infection is a frequent cause of
acute myocarditis. In about 20% of patients viral myocar-
ditis leads to its sequela dilated cardiomyopathy (DCM),
which is linked to chronic inflammation and persistence of
cardiotropic viruses (Liu and Mason 2001; Mason 2003). A
murine model of CVB3-myocarditis has been established
to study the course of myocarditis in detail (Klingel et al.
1992; Szalay et al. 2006). CD8 T cells are crucial in the
control of acute inflammation in CVB3-infection (Henke
et al. 1995; Klingel et al. 2003). CD8 T cells discriminate
between normal and virus infected cells on the basis of the
repertoire of peptides presented on the cell surface by
MHC class I molecules (MHC-I) (Kloetzel 2001). The
number of potentially generated antigenic peptides within
the viral genome is extremely large, however, de facto only
a small amount of antigenic peptides is eventually pre-
sented on the cell surface (Princiotta et al. 2003). The
presentation of peptides on MHC class I molecules pre-
requisites different aspects: the initial generation of anti-
genic peptides from viral proteins; the transport of
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generated peptides into the endoplasmic reticulum (ER) via
transporters associated with antigen processing (TAP); the
affinity of these peptides to MHC-I and the stability of
MHC-I-peptide complexes, respectively (Chen et al. 2001;
Fruci et al. 2003; Su and Miller 2001).

The vast majority of MHC-I ligands are processed by
proteasomes (Kloetzel 2001). The length of the generated
peptides varies between 3 and 30 residues (Kisselev et al.
1999). Due to cleavage site preferences proteasomes pre-
dominantly generate the correct C-terminal end of anti-
genic peptides. Peptides with correct size and proper amino
acid sequence motifs are transported into the ER and bind
to MHC-I in order to be transferred to the cell surface
(Kloetzel 2001). Peptide transporters (TAP) also exert high
binding affinities to N-terminally elongated MHC-I ligands
(Fruci et al. 2003). These peptides are eventually trimmed
at their N-terminus by peptidases within the ER resulting in
perfect fit of antigenic peptides into the MHC-I binding
grove (Beninga et al. 1998; Cascio et al. 2001).

The 20S proteasome is the catalytic core of the 26S pro-
teasome, which is responsible for the degradation of poly-
ubiquitylated proteins (Rechsteiner et al. 1993; Voges et al.
1999). The catalytic activity within the 20S core proteasome
is restricted to the three inner beta subunits, i.e. f1, f2 and 5
with preferential cleavage after acidic, basic and hydrophobic
amino acids, respectively (Groll et al. 1997). Upon inter-
feron-stimulation three alternative catalytic proteasome
subunits (f1i, f2i and $5i) that exert altered cleavage char-
acteristics are incorporated into the 20S proteasome core,
thus forming the immunoproteasome (i20S) (Aki et al. 1994;
Griffin et al. 1998). Detailed studies on the functional
importance of i20S revealed that in particular the generation
and presentation of viral epitopes is strongly enhanced in the
presence of i20S and that their function is tightly connected
with the early phases of an antiviral immune response
(Schwarz et al. 2000; Sijts et al. 2000; Strehl et al. 2006).

Within the last years different computational methods
were developed that allow the prediction of T cell epitopes.
Main criteria for prediction are the correct size of the
peptides for MHC-I binding between 8 and 11 residues
dependent on the MHC-I allele and the fulfillment of MHC-
I allele binding properties by distinct amino acid residues.
SYFPEITHI database comprises more than 4,500 peptide
sequences known to bind to MHC class I and class II
molecules (Rammensee et al. 1999). Further improvement
of prediction results was obtained by additional prediction
analysis for the peptide transport via TAP into the ER
(Peters et al. 2003). Immune epitope database analysis
resource (IEDB-AR) implements these different tools and
methods for the prediction and analysis of immune epitopes
(Zhang et al. 2008). The prediction of proteasomal cleavage
remains to be challenging. NetChop and PAProC provide
C-terminal cleavage sites of ligands by the proteasome,
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which often corresponds to the C-terminus of MHC-I pep-
tides (Kuttler et al. 2000; Toes et al. 2001). However, the
generation of the N-terminus of MHC-I ligands is a com-
plex process making reliable prediction difficult.

In the present study, we attempted to identify CVB3
CD8" T cell epitopes with a particular focus on prote-
asomal generation of these epitopes. On the basis of pre-
diction methods, polypeptides harboring 13 predicted
MHC-I ligands from the structural and non-structural
protein region of CVB3 were subjected to in vitro prote-
asomal processing studies and analyzed by mass spec-
trometry. These analyses revealed the proteasomal
generation for 7 of the 13 predicted MHC-I ligands or
respective ligand precursors. Exemplary analysis of peptide
processing of adjacent MHC-I ligands with partially
overlapping sequences revealed that the VP2(285-293)
epitope, which exerted a relatively high MHC-I binding
affinity, was preferentially generated by immunoprotea-
somes due to altered cleavage site preferences.

Results
Prediction of CVB3 MHC-I ligands

In an attempt to identify potential murine CD8 T cell epi-
topes derived from CVB3, different computational approa-
ches were applied: SYFPEITHI database assigns an overall
likelihood of a peptide of being a natural MHC ligand
(Rammensee et al. 1999), IEDB-AR provides access to well-
documented epitope-related tools through a common style of
web interface comprising proteasomal cleavage as well as
TAP and MHC-I binding probability (Peters et al. 2003;
Zhang et al. 2008). H-2 restricted peptides revealing high
scores in SYFPEITHI and IEDB-AR, which were allocated
to structural capsid proteins, i.e. VP2, VP3 and VP4, and to
non-structural proteins, i.e. P2C, P3C and P3D of CVB3
polyprotein were selected for in vitro processing studies by
proteasomes. In detail, 12 peptides were randomly selected
from different parts of the CVB3 polyprotein on the basis of
these inclusion criteria: (a) peptides with a SYFPEITHI
score of >21 and <24 and a proteasome cleavage score as
provided by IEDB-AR of >1.0 for s20S or i20S proteasomes
of both H-2K" and H-2D" background and (b) peptides with
a SYFPEITHI score of >25 with a proteasome cleavage
score >1.0 [except VP2(285-293): proteasomal cleavage
score 0.99] (Table 1). IEDB revealed low or intermediate
MHC-I binding probability for most of the potential H-2D"-
restricted CVB3 epitopes, which was somewhat contradic-
tory to the score assigned to different peptides by SYFPEI-
THI. Thus, we focused on SYFPEITHI database to
determine the likelihood of a CVB3 peptide to be a natural
MHC ligand.
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Table 1 Prediction scores of potential CVB3 epitopes and generation of predicted MHC-I ligands by proteasomes

Position in Sequence MHC class I SYFPEITHI* MHC affinity® TAP® Proteasome cleavage  Proteasome in vitro
CVB3 Nancy haplotype IC50 (nM) score  prediction® generation
s20S i20S Epitope  Precursor
score score peptide
VP4 (38-46) SNSANRQDF D" 21 8,003.6 .12 0.87 1.06 + -
VP2 (153-161) DALSNLGLF D" 27 778.5 093 084 1.21 - -
VP2 (248-256) VGVGNLTIF D* 26 1,997.3 1.03 093 1.33 - -
VP2 (263-271) LRTNNSATI D* 21 3,383.4 037 095 1.17 — —
VP2 (284-292) MFRHNNVTL D 21 4,569.9 0.59 1.27 1.83 - +
VP2 (285-293)  FRHNNVTLM D 25 631.7 021 096 0.99 + -
VP3(370-378) GEVKNLMEI D" 27 3,063.1 0.06 093 1.17 + +
P2C (1175-1183) QLFSNVQYF D° 22 2,832.4 1.09 1.10 1.47 + +
P3D (1901-1910) ASSLNDSVAM D" 25 7,904.4 0.14  1.00 1.17 =) -
VP2 (128-135) ATCRFYTL K® 23 52.5 0.49 1.12 1.50 - -
P3C (1561-1568) EYGEFTML K° 22 7,728.6 0.38 1.12 1.70 - +
P3D (2170-2177) TLPAFSTL K® 23 387.5 0.43 1.15 1.47 + +
VP2 (273-281)°  MPYTNSVPM D 22 565.5 0.12  0.83 0.72 — —

A SYFPEITHI scores (Rammensee et al. 1999) and BIEDB-AR scores (all remaining scores, all Smm) (Zhang et al. 2008) are shown for the
selected 12 MHC-I ligands (9 H-2D" and 3 H-2K" peptides) from the CVB3 polyprotein; selection criteria are described in the result section.
CVP2(273—281) peptide, which is in close neighborhood to other predicted ligands like VP2(263-271), VP2(284-292) and VP2(285-293),was
analyzed as well although proteasome cleavage probability was below the selected threshold. In the right columns epitope generation as
determined by in vitro proteasomal processing studies is illustrated: + epitope and/or precursor detected in ESI/MS-MS; — epitope and/or
precursor not detected in ESI/MS-MS; (-) not detected, but flanking fragments were identified

Particularly peptides originating from the VP2 protein at
the N-terminus of the CVB3-polyprotein were found to be
in close neighborhood to each other or even revealed a
partial peptide sequence overlap, thus making the VP2
region a highly probable candidate for CVB3 epitope
location. We also included the VP2(273-281) peptide (low
proteasomal cleavage probability, but intermediate MHC-I
binding predicted) due to the close neighborhood to other
predicted ligands like VP2(263-271), VP2(284-292) and
VP2(285-293). Also, the considerably high abundance of
potential epitopes within a short part of the CVB3 poly-
protein sequence raised the question, whether proteasomes
are indeed able to generate all these peptides with a com-
parable efficiency or whether proteasomal cleavages rather
result in the preferential generation of a selected number of
these predicted MHC-I ligands. The 13 selected CVB3
MHC-I ligands and their respective prediction scores are
depicted in Fig. 1 and Table 1.

Generation of predicted CVB3 MHC-I ligands by
proteasomes

For processing analysis, 24—44mer polypeptides comprising
the predicted MHC-I ligands and flanking peptide regions
were synthesized. In vitro degradation of these peptides was
performed with standard 20S proteasomes (s20S) (Suppl.
Fig. (1)). ESI-MS/MS analysis of peptide digests revealed

the generation of five out of the 13 selected MHC-I
ligands, i.e. VP4(38-46), VP2(285-293), VP3(370-378),
P2C(1175-1183), and P3D (2170-2177) as depicted in
Fig. 2 and Table 1. Although epitope detection failed for
VP2(284-292) and for P3C(1561-1568), we detected alter-
native, N-terminally elongated peptide (precursor peptide)
generation by proteasomes for these MHC-I ligands.

We were not able to detect the remaining 6 selected
MHC-I ligands in proteasomal processing studies by ESI-
MS. Proteasomal generation of MHC-I ligands may also
depend on flanking sequences or may fail, whenever N-
termini of synthetic polypeptide substrates are too short for
effective processing. To preclude these potential negative
influences, we modified the sequence section for VP2(248—
256), VP2(263-271) and VP2(273-281), which were
investigated within the context of different polypeptide
sequences (Fig. 2). Despite elongated N-terminal sequen-
ces, the detection of epitopes or precursor peptides for all
three predicted MHC-I ligands failed in these experiments.
Moreover, cleavage sites appeared to be abundant within
the context of different flanking residues. In accordance to
cleavage patterns observed for VP2(258-302), proteasomal
degradation of VP2(267-290) revealed a cleavage behind
V279 by proteasomes resulting in VP2(273-281) epitope
destruction, thus correlating with the low proteasome
cleavage prediction score by IEDB-AR for this additionally
analyzed epitope (Table 1).
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Fig. 1 Scheme of the CVB3-genome and translation products. The
un-translated regions (UTR) at the 5’ and 3’ end, the P1 region for
structural proteins, and the P2 and P3 regions for nonstructural
proteins are shown. Translation products and their processing
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products yielding several intermediates and mature proteins are
depicted below. The 13 selected MHC-I ligands are shown at the
bottom with respect to their association to mature proteins (black
H-2D"; biue H-2K" haplotype) (colour figure online)
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Fig. 2 Processing of polypeptides by proteasomes. Synthetic poly-
peptides of different length harboring the predicted MHC-I ligands
from the structural (VP) region and from the non-structural region of
the CVB3 polyprotein (epitopes underlined) were conveyed to in vitro
proteasomal digests with s20S and i20S proteasomes. Epitopes were
identified by ESI-MS/MS. First row predicted MHC-I ligands
(underlined) found as cleavage products in proteasome digests;

Probably due to solubility restrictions of VP2(116-141),
the degradation of this polypeptide substrate was not pos-
sible. To increase the solubility, this peptide was modified
at the N-terminus with PEG (polyethylene glycol), thereby

@ Springer

second row predicted MHC-I ligands (underlined) not found as
cleavage products in proteasome digests, but detection of respective
precursor peptides by MS; third row predicted cleavage products not
identified in proteasome digests. Generated peptides were identified in
the s20S as well as in i20S proteasome digest. Asterisk indicates a
PEG (polyethylene glycol) modification used to improve peptide
solubility

increasing its degradation rate. Four cleavages were
observed within the predicted epitope sequence (data not
shown). Thus, in contrast to considerably high cleavage
prediction scores (Table 1), in vitro processing of
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VP2(128-135) by proteasomes was not confirmed.
Although identification of P3D(1901-1910) by ESI-MS/
MS was inconclusive, we were able to identify both epi-
tope-flanking sequences. Thus, one can assume in vitro
proteasomal generation of P3D(1901-1910), although final
proof is missing. In conclusion, we were able to detect
the definite proteasomal generation for 5 of 13 predicted
CVB3 MHC-I ligands tested here, whereby for two addi-
tional MHC-I ligands precursor peptide generation was
observed.

Analysis of competing cleavage site usage
by immunoproteasomes

The immunoproteasome was shown to crucially determine
the antigen processing kinetics of epitopes (Deol et al.
2007). To study whether the quality of the peptides gen-
erated from the polypeptide substrates is dependent on i20S
proteasomes, peptide fragments generated by the two
proteasome types, i.e. s20S and immunoproteasomes
(120S) were compared. We did not observe any major
qualitative differences in the peptide sequences of gener-
ated CVB3 peptides in the s20S and i20S proteasome
processing studies suggesting the generation of identical
peptides by both proteasome types (data not shown). The
lack of changes in the quality of peptide generation was
opposed to tremendous differences in peptide quantities
generated by either s20S or i20S proteasomes. This quan-
titative effect of peptide generation may be particularly
important for adjacent and partially overlapping epitope
sequences, where the function of i20S proteasomes may
potentially influence the immunogenicity of one particular
epitope.

To study this effect in more detail, we focused on the
impact of s20S and i20S proteasomes on MHC-I ligand
generation of adjacent and partially overlapping epitope
sequences, which were derived from the VP2(258-302)
polypeptide (Fig. 2). This peptide substrate harbors four
predicted MHC-I ligands, whereby two of these ligands
have a peptide sequence overlap. In vitro processing of
VP2(258-302) by s20S proteasome resulted exclusively in
the generation of the VP2(285-293) MHC-I ligand. Taking
into account the effect of different flanking sequences on
cleavage site usage, we consequently studied peptide pro-
cessing within the context of shorter flanking sequences
using the synthetic peptide VP2(272-302), which harbors
VP2(273-281), VP2(284-292) and VP2(285-293) (Fig. 3).
Whereas the predicted epitope VP2(285-293) was detected
in the peptide pool generated from VP2(258-302) and
VP2(272-302), the overlapping MHC-I ligand VP2(284—
292) was detected exclusively as a N-terminally elongated
precursor peptide in the VP2(272-302) fragmentation
study (Fig. 3).

Both overlapping sequences, the VP2(285-293) and
VP2(284-292) peptide, were predicted to be likely CVB3
MHC-I epitopes; however, MHC-I affinity prediction
suggested the VP2(285-293) epitope to be more affine than
the VP2(284-292) epitope [VP2(285-293): SYFPEITHI
score 25; ICsq 631.7] versus VP2(284-292): [SYFPEITHI
score 21; ICsg 4,569.9]. In contrast, proteasome-processing
scores suggested an improved generation of the VP2(284—
292) epitope [i20S processing score 1.83 for VP2(284-292)
versus 0,99 for VP2(285-293)] (Table 1). To investigate
these two overlapping MHC-I ligands in detail, the deg-
radation kinetic of the 31mer polypeptide VP2(272-302)
harboring these two predicted epitopes was studied. Three
main cleavage sites were identified, which are involved in
epitope generation: M284/F285, 1.292/M293, and M293/
V294. Both, the VP2(285-293) epitope and a 13mer
VP2(284-292) precursor peptide were generated by s20S
and i20S proteasomes (Figs. 3, 4). Remarkably, i20S
revealed an accelerated turnover of 31mer polypeptide
VP2(272-302) (Fig. 4a). As shown in Fig. 4b, c, i20S
generated both the VP2(285-293) epitope, and the 13mer
precursor peptide of VP2(284-292) i.e. VP2(280-292)
with increased efficiency. In addition, the generation of the
N- and C-terminal flanking residues of VP2(285-293) and
of VP2(280-292) was likewise enhanced by i20S
proteasomes.

The enhanced liberation of the epitope or precursor
peptides may have been either due to the overall enhanced
substrate turnover by i20S and/or due to altered cleavage
site preferences of i20S, which may favor the liberation of
individual peptides. To address this issue, we previously
established a method comparing epitope generation versus
the simultaneous generation of an alternative peptide
within the context of the same degradation experiment (the
so-called antitope), which precludes the generation of the
correct epitope sequence and resulted in an non-functional
peptide (Strehl et al. 2008). The antitope may lack the
correct C-terminal residue of the epitope, but may share the
N-terminal residue with the functional peptide or vice versa
(Strehl et al. 2008). Figure 4d illustrates the ratios of
VP2(285-293) epitope generation in s20S and i20S pro-
teasome fragmentation studies compared to antitope pep-
tide liberation. In fact, we observed a preferential
generation of VP2(285-293) epitope by i20S proteasomes
in comparison to respective antitope peptides. Standardi-
sation of VP2(285-293) epitope to antitopes N283-V290,
T291-V294 and F285-V290 revealed that i20S favoured
the generation of the N- and the C-terminal proteasomal
cleavage of theVP2(285-293) epitope (Fig. 4d). On the
other hand, the ratio of VP2(285-293) epitope to antitope
F285-1.292 revealed no preference in the generation of
either fragment by i20S. Whenever the generation of the
13mer precursor peptide of VP2(284-292) was analyzed in
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Fig. 3 Analysis of cleavage sites within the VP2 region. Based on the
44mer polypeptide CVB3 VP2,s5 305, a shorter synthetic polypeptide
harboring the potential MHC ligands VP2(273-281), VP2(284-292)
and VP2(285-293) was processed by proteasomes and analyzed by
ESI-MS/MS. The predicted MHC-I ligands are underlined. Color
arrows pointing upward indicate major cleavage sites leading to the

F285-1292

VP2(285-293) epitope generation (red) and to the VP2(284-292)
precursor peptide generation (gray). White arrows indicate additional
cleavage sites. The epitope-flanking fragments and these generated
fragments, which share part of the epitope sequences (“antitopes”),
are represented by gray bars. Cleavage sites generating VP2(273-
281) were not detected (colour figure online)
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Fig. 4 Proteasomal generation of the VP2(285-293) epitope and of
the VP2(284-292) precursor peptide. a Substrate degradation of the
31mer polypeptide VP2,7, 30, by s20S and i20S is shown. b, ¢
Results obtained from mass spectrometric analysis of proteasomal
products from the VP2,7,_3(, substrate are shown. In vitro processing
of the VP2,7, 30, substrate yielded the VP2(285-293) epitope b and
the VP2(284-292) precursor peptide c. Also the generation of
epitope-flanking peptides is shown. s20S filled circles and i20S open
circles. Also, the increase of i20S-dependent epitope/precursor
generation was analyzed by standardization to simultaneously
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generated antitopes. All fragments intensities were estimated by
ESI-MS. The ratios of normalized ion counts of the epitope VP2(285—
293)/respective antitope (D) and of the VP2(284-292) precursor
peptide/respective antitope (E) were calculated for each fragmentation
assay [s20S black bars andi20S gray bars] at2 h. Proteasomal cleavage
behind V290 yielded the fragments N283-V290 and T291-V294.
Additionally, the F285-V290 antitope [shares the N-terminus with the
VP2(285-293) epitope] and the F285-1.292 antitope [shares the
N-terminus with the VP2(285-293) epitope and the C-terminus with
the VP2(284-292) precursor] were selected for ratio calculations
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Table 2 MHC affinity of VP2(273-281), VP2(284-292), and VP2(285-293)
Position in CVB3 Sequence SYFPEITHI MHC binding MHC affinity (in relation to LCMV FQPQNGQFT)
Nancy score 1C50 (nM) - - -
prediction Affinity (M) RA (relative affinity) DCs (h)
VP2 (273) MPYTNSVPM 22 565.5 241 1 2
VP2 (284) MFRHNNVTL 21 4,569.9 22.11 10 <1
VP2 (285) FRHNNVTLM 25 631.7 2.20 1 6

The H-2D° MHC-I affinity was determined for the VP2(273-281), VP2(284-292), and VP2(285-293) peptides. The prediction data of ICs, are
from IEDB database (Zhang et al. 2008). The relative affinity (RA) and the MHC-I peptide complex stability (DCsp) were determined in RMA-S
cells as described above. FQPQNGQFI from LCMV was used as a reference peptide. Affinity (M) in the fourth column: peptide concentration
of the peptide of interest at 20% of maximal binding capacity. Primarily, the VP2(285-293) peptide was identified to be a high-affine binder to

MHC-I

the same manner, the overall enhanced precursor peptide
generation in the i20S fragmentation study appeared not
to result from different cleavage site usage by i20S.
Although standardisation of the 13mer precursor peptide of
VP2(284-292) to antitopes N283-V290 and T291-V294
suggested enhanced precursor peptide liberation, the ratio
of the VP2(284-292) precursor peptide/F285-V290 anti-
tope pointed to a generation of both fragments by s20S and
120S to the same extent. More important, the generation of
the F285-1292 antitope was clearly preferred by i20S
proteasomes (Fig. 4e), indicating overall facilitated gen-
eration of VP2(285-293) epitope and F285-L.292 by i20S
proteasomes.

The usage of internal peptide standards to determine the
preferential generation of VP2(285-293) by i20S was also
transferable to proteasomal processing studies, which were
performed with proteasomes from heart, liver, small
intestine and spleen with different immunoproteasome
portions (Suppl. Fig. (2A)). The generation VP2(285-293)
was preferred by proteasomes isolated from spleen and
small intestine, thus entirely concurring with enhanced
i20S content in these tissues (Suppl. Fig. (2B/C)).

MHC class I affinity of CVB3 MHC-I ligands

Table 1 depicts the predicted MHC-I scores and 1Cs, val-
ues of the potential MHC-I ligands. We tested MHC-I
binding properties in MHC binding studies. FACS analysis
identified the VP2(285-293) epitope to exert high MHC-I
affinity. Nevertheless, the VP2(273-281) epitope, which
failed to be generated by proteasomes, exerted also high
affinity. In agreement with prediction scores, the VP2(284—
292) peptide was shown to have low affinity to MHC-I
molecules combined with a low stability to MHC-I com-
plexes (Table 2; Suppl. Fig. (3)). Thus, the preferential
generation of the VP2(285-293) epitope by i20S in
addition to the high MHC-I affinity of this ligand make
this epitope a likely candidate for in vivo CD8 T cell
responses.

VP2(285-293)-specific T cells in CVB3-infected mice

Finally, we investigated the ability of selected peptides to
stimulate T cells. We analyzed the capacity of VP2(273—
281), VP2(284-292) and VP2(285-293) to stimulate the
proliferation of lymphocytes from CVB3-infected mice.
Peptide pools of these respective MHC-I ligands induced a
weak stimulation of T cell proliferation (data not shown).
Peptide stimulation was repeated with distinct peptides
revealing the VP2(285-293) peptide to be the most
promising candidate within this peptide pool to induce T
cell proliferation (Fig. 5a). None of the other peptides
induced proliferation of CD8 T cells (data not shown). To
discriminate epitope-specific T cells, we performed intra-
cellular IFN-y staining of CD8 T cells derived from naive
(Fig. 5b) and CVB3 infected mice (Fig. 5c). Indeed, as
illustrated in Fig. 5c, a small portion of VP2(285-293)-
specific T cells were detected in CVB3-infected mice after
exposure of T cells to antigen-presenting cells pulsed with
5 uM of the VP2(285-293) epitope. Again, we failed to
detect a relevant fraction of epitope-specific T cells for
VP2(273-281), VP2(284-292) and the F285-1.292 anti-
tope (data not shown). Thus, these results indicated that the
VP2(285-293) peptide, which was preferentially generated
by i20S and was identified to exert high affinity to MHC-I,
may function as a CD8 T cell epitope in CVB3-infection.

Discussion

The remarkable role of CD8 T cells in the control of acute
inflammation in CVB3-infection was particularly substan-
tiated by the finding that MHC class I antigen presentation-
deficient mice exert fulminant myocarditis and chronic
disease (Klingel et al. 2003). CD8 T cell depletion studies
suggested a contribution of CD8 T cells to virus elimina-
tion in CVB3-myocarditis as well (Henke et al. 1995).
Knowledge of the structure of MHC-I ligands, which bind
to specific CD8 T cells, may support the development of
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Fig. 5 VP2(285-293) is a CD8 T cell epitope. a T cell proliferation:
Single cell suspensions derived from spleen of CVB3-infected
C57BL/6 mice (day 8 p.i., circles) and from naive C57BL/6 mice
(squares) were stimulated with the VP2(285-293) peptide. The
proliferation is shown as % of *H-thymidine incorporation within the
last 10 h. Stimulation of proliferation by SEB was used as a control.
Proliferation assays were repeated three times, one representative
result with splenocytes, which were pooled from 4 mice, is shown. b,

specific T cell assays, and possibly the design of a stringent
vaccine. In silico MHC-I prediction has been continuously
challenged in the past. Companion databases combining
MHC binding with proteasomal cleavage and peptide trans-
port prediction via TAP were established, thus generating an
overall processing score to determine the intrinsic potential of
an individual peptide to exert T cell epitope characteristics
(Larsen et al. 2005; Peters et al. 2003). Meanwhile, a few
examples for successful reversed immunology approaches
are known (van Endert et al. 2006). However, due to the
complexity of intracellular protein processing the prediction
of MHC-I ligand generation remains to be the most sophis-
ticated part of in silico databases.

Proteasomes are known as the main supplier for MHC-I
ligands, whereby predominantly the C-termini of MHC-I
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¢ Intracellular IFN-y stain of epitope-specific CD8 T cells: Single cell
suspensions derived from spleen of naive C57BL/6 mice b and of
CVB3-infected C57BL/6 mice ¢ were stimulated with VP2(285-293)
at two concentrations: 0.5 and 5 pM. Representative FACS stains are
shown. Frequencies of IFN-y positive CD8 T cells are indicated in the
right upper quadrant. Results shown are representative for at least two
independent experiments, which were performed with pooled spleno-
cytes from 4 mice

ligands are generated by proteasomes (Kloetzel 2001). In
an approach to identify MHC-I ligands for CVB3, here we
analyzed the generation of 13 in silico predicted MHC-I
ligands from the CVB3-polyprotein by proteasomes in
vitro. It had been shown previously that in vitro proteaso-
mal T cell epitope generation concurs with in vivo epitope
liberation (Sijts et al. 2000; Voigt et al. 2007). We focused
on the generation of the correct C-terminus of MHC-I
ligands and in parallel analyzed the generation of N-ter-
minally elongated precursor peptides of CVB3. Subsequent
proteolytic steps are necessary to trim N-terminally elon-
gated peptides to meet MHC-I restrictions (Goldberg et al.
2002; York et al. 2006, 2002). In total, 13 H-2° restricted
peptides revealing a high in silico likelihood to be gener-
ated by proteasomes [11 peptides revealed a proteasome
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cleavage score of >1.0] and to exert high or intermediate
binding affinity to MHC-I molecules [SYFPEITHI >21]
were selected for in vitro processing studies by protea-
somes. This study has shown that 5 of the 13 selected
CVB3 MHC-I ligands were actually generated as correct
9mer (D) and 8mer (K®) epitopes by proteasomes in vitro.
One limitation of the present study is the fact that predic-
tors for proteasome cleavage are available only for the
human proteasome, which may have influenced the
cleavage prediction as shown here in the murine system.
On the other hand, a comparison of proteasome cleavage
products performed with 20S proteasome complexes
derived from human and murine origin revealed only minor
differences in cleavage site usage by either proteasome
species for CVB3-peptides (Jakel et al. 2009).

Considering the high affinity of TAP to N-terminally
elongated MHC-I ligands (Fruci et al. 2003), the generation
of N-terminal precursors appears to be feasible as well. For
two predicted MHC-I ligands exclusively precursor pep-
tides were detected upon proteasome cleavage of poly-
peptide substrates, whereby for three of the correctly
generated ligands additional precursor peptides were
detected as well. These peptides may eventually be trim-
med at their N-terminus by peptidases in the cytosol or
within the ER (Beninga et al. 1998; Cascio et al. 2001),
thus expanding the candidate pool of MHC-I ligands.
However, proline residues within the first N-terminal
amino acids of a generated fragment are known to interfere
with efficient peptide transport by TAP (Neisig et al. 1995).
Thus, in addition to low-affine binding of the VP2(284—
292) epitope to MHC-I as shown here (Table 2), the
transfer of the VP2(284-292) 13mer precursor peptide to
the ER appears to be an unlikely event due to the proline
residue at the N-terminus. Our findings of limited immu-
noproteasome-dependency, the low MHC-I affinity of the
VP2(284-292) peptide as well as the most likely restricted
peptide transport via TAP of the 13mer precursor peptide
are in good agreement with the lack of VP2(284-292)
epitope-specific T cells in CVB3-infection.

Although in silico prediction suggested the generation of
the selected peptides by proteasomes, we failed to detect
epitopes or N-terminally elongated precursors for six pre-
dicted MHC-I ligands despite the change of flanking resi-
due lengths or improvement of substrate solubility by
peptide modification. A remarkable number of predicted
MHC-I ligands was found to be located within the same
region revealing a partial sequence overlap of these pep-
tides. Therefore, it seems likely that particular proteasomal
cleavage eventually leads to the destruction of some epi-
topes, whereas the generation of others may be favored.
Also, alternative proteases might generate some MHC-I
epitopes alone or at least in cooperation with proteasomes
(Del and Val 1997; Seifert et al. 2003), points which have

not been studied here. On the other hand, our data suggest a
risk of this approach to investigate false positives despite
the combined approach of different prediction methods as
shown here. In addition to the combined in silico prediction
and in vitro proteasome digest approach to identify CVB3-
epitopes, the elution of peptides from MHC class I mole-
cules and subsequent identification by mass spectrometry
was introduced recently. This more straightforward
approach allows the direct identification of epitopes pre-
sented on MHC-I molecules on the cell surface (Meiring
et al. 2006; Soethout et al. 2007). However, taking into
account the various modes of viral immune escape exerted
by CVB3 eventually resulting in MHC class I down-reg-
ulation (Cornell et al. 2006, 2007), this approach appears to
be challenging in the CVB3-model. Indeed, we failed to
detect any CVB3-peptide by mass spectroscopy following
MHC-elution of CVB3-transfected MEK217 cells (a cell-
line that expresses immunoproteasomes in tetracycline-
dependency (Sijts et al. 2000); data not shown).
IFN-expression is up regulated early upon CVB3-
infection in mice, which results in enhanced immunopro-
teasome synthesis and proteolytic function particularly in
the infected myocardium (Szalay et al. 2006). Immuno-
proteasomes are considered to enhance the generation of
antigenic peptides (Kloetzel 2001; Schwarz et al. 2000;
Sijts et al. 2000; Strehl et al. 2006). Our recent study
revealed a potential impact of immunoproteasome activity
on the severity of myocarditis: in mice being susceptible to
chronic disease, immunoproteasome-dependent CVB3
epitope generation was delayed to stages where excessive
inflammation concomitant with the high viral load were
already present (Jakel et al. 2009). The emerging picture of
proteasomal activity reveals that early antigen-processing
determines the ability of pathogen-derived peptides to elicit
a CD8 T cell response (Deol et al. 2007; Strehl et al. 2006).
Therefore, 120S-dependent generation of ligands or pre-
cursor peptides was of particular interest. Facilitated pep-
tide degradation by i20S was associated with enhanced
generation of the predicted VP2(285-293) epitope. To
investigate, whether improved epitope generation was also
due to altered cleavage sites preferences of i20S, we cal-
culated the ratios of these generated fragments to antitopes
as described previously (Strehl et al. 2008). Our data
revealed a clear immunoproteasomal preference of
VP2(285-293) epitope generation that was due to enhanced
cleavages site usage at the N-terminus of the substrate
peptide behind M284/F285 that consequently resulted in
the generation of VP2(285-293) or F285-1.292 8mer, but
excluded the liberation of VP2(284-292) or respective
precursor peptides. Both C-terminal cleavages at 1.292/
M293 and at M293/V294 were preferentially generated by
immunoproteasomes. However, in agreement with the low
MHC-I binding affinity of F285-1.292 to H-2D" and H-2K"
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molecules, no F285-1.292-specific T cells were detected in
CVB3-infection (data not shown). Thus, the F285-1.292
antitope is competitively generated by i20S, but fails to
exert an antigenic potential in CVB3 infection.

Here we have shown that VP2(285-293)-epitope spe-
cific CD8 T cells proliferate in CVB3-infection in vivo
although the observed preferential generation of the
VP2(285-293) epitope did not meet the computational
proteasomal cleavage prediction, which suggested prefer-
ential cleavage site usage of i20S at L.292/M293 (Table 1),
thereby reducing VP2(285-293) epitope liberation. Thus,
for optimal prediction program usage it appears essential to
consider the combined scores provided by proteasomal
cleavage prediction as well as those of TAP and MHC
binding predictions. Indeed, the i20S-dependent genera-
tion of the VP2(285-293) epitope was in good agreement
with the high MHC-I binding affinity and complex sta-
bility. In addition to data shown in Fig. 5, our recent
study has disclosed VP2(285-293)-epitope specific CDS§
T cells by pentamer staining and by IFN-y secretion in
antigen-presentation assays in CVB3-infection, thus
substantiating an in vivo role of this H-2" epitope (Jakel
et al. 2009).

Facilitated antigen processing of CVB3 epitopes by
immunoproteasomes is particularly important with respect
to complex immune evasion strategies, which are exerted
upon CVB3 infection. Several CVB3 proteins can limit the
presentation of viral epitopes on the surface of infected
cells and eventually interfere with CD4 and CD8 T-cell
responses (Cornell et al. 2007; Kemball et al. 2008), thus
substantiating the need for efficient antigenic peptide sup-
ply early upon CVB3-infection (Deol et al. 2007; Jakel
et al. 2009). These immune escape mechanisms may also
explain the relatively low overall epitope-specific CD8 T
cell quantities in CVB3-infection in comparison to classic
viral mouse models of CD8 T cell immunity (Jakel et al.
2009). In correspondence to the VP2(285-293) epitope, the
generation of the H-2K-restricted P3D(1170-1177) epi-
tope was also found to be immunoproteasome-dependent
(data not shown), which was likewise in agreement with
the detection of P3D(1170-1177)-specific T cells in CVB3-
myocarditis in mice (Jakel et al. 2009). In addition to our
data in mice a recent study disclosed an immunodominant
CD8 T cell epitope also in human beings: the HLA-A*02-
restricted epitope ILMNDQEVGYV was recognized by 25%
of all tested blood donors. The prevalence of these epitope-
specific T cells may contribute to the protection from a
potential chronic course of myocarditis (Weinzierl et al.
2008), thus emphasizing the protective role of CD8 T cells
in CVB3 infection.

In conclusion, in silico prediction of murine CVB3
MHC-I ligands is a useful tool for the initial selection of
CD8™ T cell epitope candidates. In addition to high MHC-I
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binding affinities of generated epitopes, a sufficient peptide
amount early upon infection, which is provided by im-
munoproteasome activity upon cytokine induction, appears
to be involved in the effective interaction of MHC-I pre-
senting cells with T cells. As shown here, the cellular
protein supply remains to be the most challenging part of in
silico CVB3 MHC-I ligand prediction, thus emphasizing
the demand for in vitro proteasomal processing studies to
analyze CVB3 epitope generation. The combination of in
silico prediction methods, in vitro digests with s20S and
i20S proteasomes, in vitro MHC binding studies and in
vivo testing eventually resulted in the identification of
CVB3 MHC-I epitopes.

Materials and methods
Prediction methods

The CVB3 protein sequence was obtained from the
SwissProt database http://expasy.ch. The UniProtKB/
SwissProt accession number of CVB3 Polyprotein is
P03313.

SYFPEITHI is a database of MHC ligands and peptide
motifs, which is implemented online at http://www.
syfpeithi.de (Rammensee et al. 1999). This database
assigns an overall likelihood of a peptide of being a natural
MHC ligand (Rammensee et al. 1999), the threshold for the
inclusion of peptides into our study is described in the
result section..

Immune epitope database analysis resource provides
access to well-documented and tested epitope-related tools
through a common style of web interface: http://tools.
immuneepitope.org/main/html/tcell_tools.html (Zhang
et al. 2008). For search of MHC class I ligand by IEDB-AR
we used the stabilized matrix method (smm). Smm com-
bines the prediction values of the individual steps of anti-
gen presentation, i.e. proteasomal peptide processing,
transport into the ER via TAP and the fulfilling of MHC
class I binding criteria, to give an overall score for each
peptide’s intrinsic potential of being a T cell epitope
(Peters and Sette 2005; Tenzer et al. 2005). The MHC
binding predicted value is given as —log(IC50). All scores
associate higher values with higher predicted efficiency.
MHC affinity is shown as ICsy (nM): IC59 <50 for high
affine binder, ICsy <500 for intermediate affine binder and
1C50 >5,000 for low affine binder. For proteasome cleavage
prediction two implementations are provided in IEDB-AR,
one based on matrices (which was used here) and one on
neural networks (NetChop and NetCTL). The scores in
Table 1 can be interpreted as logarithms of the total
amount of cleavage site usage liberating the peptide
C-terminus.


http://expasy.ch
http://www.syfpeithi.de
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Proteasome purification

Proteasomes were isolated according to standard proce-
dures (Voigt et al. 2007). Standard proteasomes were
isolated from T2 cells and immunoproteasomes from
T27mp cells as described previously (Kuckelkorn et al.
2002; Voigt et al. 2007). Organs from naive C57BL/6
mice were homogenized in 20 mM Tris, pH 7.2, 1 mM
EDTA, 1 mM NaNj3, I mM DTT, 0.5% NP40, protease-
inhibitor cocktail (Complete®, Roche). Further purifica-
tion was performed according to (Kuckelkorn et al. 2002;
Szalay et al. 2006). Incorporation of immunosubunits was
controlled by immunoblot analysis as described previ-
ously (Kuckelkorn et al. 2002). Antibodies used for
immunoblot were: ab3328 (Abcam) and #62966 (f1i),
K63/5 (p5i), K65/4 (S2i).

Peptide synthesis

Peptides harboring the predicted epitopes were synthesized
using standard Fmoc methodology (0.1 mmol) on an
Applied Biosystems 433A automated synthesizer. The
peptides were purified by HPLC and analyzed by mass
spectrometry (ABI Voyager DE PRO).

In vitro degradation and mass spectrometry analysis
of peptides

Polypeptides (10 pg) harboring predicted MHC class 1
ligands were incubated with 20S proteasomes (1-2 pg) in
20 mM Hepes, pH 7.8, 2 mM Mg-acetate, 2 mM DTT at
37°C for the indicated time points. Reactions were stop-
ped by 0.3% TFA. Samples were analyzed by RP-HPLC;
the HP1100 system (Hewlett-Packard, Germany) equip-
ped with a RPC C2/C18 SC 2.1/10 column (GE Health-
care, Germany). Analysis was performed online with a
LCQ ion trap MS equipped with an electro spray ion
source (Thermo Fisher Scientific, Germany). Ion counts
of each reaction were normalized to the 9GPS standard
peptide, which was added in equal amounts prior to
analysis. To determine whether fragment generation is the
result of enhanced turnover rate or of altered cleavage
preference of i20S, epitope peptides were related to so-
called antitope peptides (Kuckelkorn et al. 2002). Data
are shown as mean of at least three independent experi-
ments £SEM.

Flow cytometric analysis of H-2K" and H-2D"
molecules

Relative affinity (RA) of peptides to MHC class 1 and
stability (DCsg) of MHC class I ligands complexes were
determined as described elsewhere (Tourdot et al. 2000).

For affinity studies, stripped RMA-S cells were incubated
with various peptide concentrations (100, 50, 5, 2.5,
0.5 pg/ml) 2 h in serum-free medium supplemented with
1.5 pg/ml B, microglobulin. For MHC class 1 stability
RMA-S cells were incubated with 100 pg/ml peptide
overnight, washed and cultured in the presence of Brefeldin
A for 0, 2, 4, 6 and 8 h. All cells were stained with H-2D"-
PE (BD clone: KH95) and H-2K°-PE (BD clone: AF6-
88.5) mAb.

Relative affinity

Maximal binding capacity is defined as binding of a ref-
erence peptide at 100 uM. RA was determined for each
peptide concentration as follows: RA = peptide concen-
tration of peptide of interest at 20% of maximal binding
capacity/peptide concentration of reference peptide at 20%
of maximal binding capacity. A low RA (RA < 10) sug-
gest high affine binding of peptides to MHC class 1
molecules.

MHC complex stability

Dissociation complex DCs is defined as the time needed to
destabilize 50% of initially formed peptide/MHC com-
plexes at time ¢ = 0 h. A higher DCs, suggests a more
stable complex.

Infection of mice with CVB3

CVB3 (cardiotropic Nancy strain) used in this study was
prepared as previously described (Kandolf and Hofschne-
ider 1985). C57BL/6 mice (H-2" haplotype) were kept at
the animal facilities of the Charité University Medical
Center and at the Institute of Pathology at the University of
Tiibingen. All experiments were conducted according to
the German Animal Protection Act. Six weeks old were
infected ip. with 1 x 10° PFU of purified CVB3 as
described previously (Szalay et al. 2006).

Proliferation assay

2 x 10° cells derived from spleen of infected (day 8 p.i.)
and non-infected C57BL/6 mice [pool of 4 mice] were
incubated with 5 or 25 pg/ml peptide for 72 h at 37°C.
1 pg/ml Enterotoxin B from Staphylococcus aureus (SEB)
stimulation served as a positive control. 18 h before the
incubation was finished 1 uCi *H-thymidine was added.
Subsequently, cells were transferred onto scintillation
plates with Packard Harvester Filtermate 196 (Packard)
according to manufactures’ protocols. Incorporated *H was
counted with the Liquid Scintillation counter Wallac 1410
(Wallac).
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Intracellular cytokine stain

1 x 10° spleen cells derived from CVB3 infected C57BI16
mice were incubated with 0.5 or 5 pM peptide for 10 h at
37°C. 4 h before incubation was stopped 5 pg/ml Brefeldin
A (BFA) was added. Cells were washed with PBS/1%BSA
and blocked with 15 pg/ml anti-Fcy- receptor for 10 min in
ice followed by incubation with anti-CD8a-FITC for
30 min. Cells were washed twice with PBS/1% BSA and
were fixed with 2% paraformaldehyde. Subsequently cells
were washed with 0.1% saponin/PBS and incubated with
anti-IFNy-PE in 0.1% saponin for 30 min in ice; cells were
washed and analyzed with FACS Calibur (BD) and eval-
uated with CellQuestPro.

Statistics

Results of continuous variables are expressed as
mean =+ standard error of mean (SEM). Two group com-
parisons of non-parametric data were performed using
the Mann—Whitney test. The ¢ test was used for normally
distributed variables. Significance was assessed at the
p < 0.05 level.
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