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Abstract
Peptide selection in infected cells is not fully understood yet, but several indications point to the fact that there are
differences to uninfected cells, especially in productive HCMV infection, since HCMV evolved various strategies to
disable the hosts immune system, including presentation of peptide-HLA complexes to immune effector cells.
Therefore, peptide predictions for specific HLA alleles are limited in these cases and the naturally presented peptide
repertoire of HCMV-infected cells is of major interest to optimize adoptive T cell therapies. The allotypes HLA-
B*35:01 and B*35:08 differ at a single amino acid at position 156 and have been described to differ in their peptide
features and in their association with the peptide loading complex. Virus specific T cells recognizing the allelic pHLA-
B*35 complexes could be detected, indicating a significant role of this HLA subtypes in viral immunity. However,
naturally selected and presented viral peptides have not been described so far. In this study, we analyzed the peptide
binding repertoire for HLA-B*35:01 and HLA-B*35:08 in HCMV-infected cells. The isolated peptides from both allelic
subtypes were of extraordinary length, however differed in their features, origin, and sequence. For these HCMV-
originated peptides, no overlap in the peptide repertoire could be observed between the two allelic subtypes. These
findings reveal the discrepancies between predicted and naturally presented immunogenic epitopes and support the need
of comprehensive peptide recruitment data for personalized and effective cellular therapies.
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Introduction

Human cytomegalovirus infections are widespread in the
population. The prevalence varies depending on the coun-
try, the age and the socio-economic status, but is on av-
erage 40–90% (Cannon et al. 2010; De Paschale et al.
2010). Whereas healthy individuals show only weak or
no symptoms at all, immunocompromised persons, e.g.,
after hematopoietic stem cell transplantation (HSCT),
can develop severe complications. After primary infec-
tion, the virus establishes latency that alternate with short
reactivation phases that are controlled by virus-specific
cytotoxic T cells (CTLs) (Hahn et al. 1998; Mendelson
et al. 1996; Taylor-Wiedeman et al. 1991).

Protection by CTLs is provided through recognition of
viral peptides bound to HLA class I molecules (pHLA)
(Sissons and Wills 2015). In the process, the specificity of
the HLA allele determines which peptide is presented on the
surface of an infected cell. The HLA genes are highly poly-
morphic with 5091 alleles for the HLA-B locus, resulting in
3664 differentHLA-Bproteins (Robinson et al. 2015). Some
alleles differ in more than 30 amino acids (AA) from each
other, while other differ only by one AA position. However,
even a single AA difference that is not predicted to alter the
peptide binding motif can result in a complete alteration of
the peptide binding repertoire (Badrinath et al. 2014;
Burrows et al. 2007; Manandhar et al. 2016). HLA-
B*35:01 and HLA-B*35:08 differ only at position 156 with
a156Leu forB*35:01 anda156Arg forB*35:08; their bound
peptides possess different peptide binding characteristics
even though AA 156 is not located at the primary peptide
binding sites (B and F pocket), but protrudes from the α2-
helix into the peptide binding groove (Huyton et al. 2012).
The peptide binding motif is generally determined by the
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AAs in the pockets. Primary anchors for HLA-B*35:01 are
Pro at position 2 (p2) andTyr at the last position (pΩ) (and to a
lesser extendPhe,Met, Leu, or Ile) (Falk et al. 1993;Hill et al.
1992; Manandhar et al. 2016; Schönbach et al. 1996).
Additionally, secondary binding preferences are published
for Leu, Val, Ile, or Met at p3 (Schönbach et al. 1996). The
primary anchors for HLA-B*35:08 are also Pro at p2 and Tyr
at pΩ (Manandhar et al. 2016). Burrows et al. (2007) also
described Glu and Asp at p5 as potential secondary anchors
that interact with 156Arg in B*35:08. The variation in the
peptide binding repertoire that is created by a single AA dif-
ference provides a multifarious immune response across the
population (Lawlor et al. 1990).

Since smallest structural alterations in the HLA molecule
generated by a single AA substitution change the peptide rep-
ertoire significantly, while the primary peptide anchors remain
unaltered, accurate prediction of peptide binding is exceeding-
ly difficult. Even more challenging is peptide prediction for
pathological situations, e.g., prediction of peptide presentation
in virally infected cells. To date, this is, however, a common
practice to define peptides that can be used for the stimulation
and selection of T cells in adoptive T cell therapy (Sutrave
et al. 2017).

Primary infections and especially reactivations of hu-
man cytomegalovirus (HCMV) after HSCT are frequent
complications because of the impaired immune system
and can lead to severe diseases (Afessa and Peters 2006;
Ruell et al. 2007). Conventional antiviral drugs are still
first-line therapy, but undesirable side effects and augment-
ed presence of drug resistance gave rise to the development
of other therapies (Fuji et al. 2017). In the adoptive T cell
therapy, the knowledge of presented viral peptides is indis-
pensable to identify virus specific CD8+ T cells. The usage
of predicted peptides for the selection of appropriate T cells
was already successful in several cases, but failed to have
an effect in other cases (Doubrovina et al. 2012; Gottschalk
et al. 2001; Pei et al. 2017; Schmitt et al. 2011; Withers
et al. 2017). An obvious reason could be the inaccurate
prediction of peptides. The triggering of T cells can be
provoked for nearly every non-self-peptide bound to the
particular HLA molecule, acknowledging the concept of
the immune system, but these peptides have to be present-
ed on the surface of infected cells in the respective patient
for successful control of the viral infection. At that point,
the HLA allele and the infected cell type may play the
leading role accompanied by modulations of the peptide
loading mechanism by the virus.

The present study describes previously unknown HCMV-
derived peptides that are naturally presented by HCMV-
infected fibroblasts on HLA-B*35:01 or HLA-B*35:08.
Interestingly, these peptides do neither show the known pep-
tide anchors nor the length of 8–11 AA that is proposed for
HLA class I peptides.

Materials and methods

Cell culture and viruses

Fibroblast BJ cells (BJ, ATCC, Manassas, VA, USA) trans-
duced with lentiviral constructs (exons 1–4) encoding for sol-
uble (s)HLA-B*35:01 or (s)HLA-B*35:08 molecules were
maintained in DMEM (Lonza, Basel, Switzerland) supple-
mented with 20% Medium 199 (Thermo Fisher Scientific
Inc., Waltham, MA USA), 10% heat-inactivated fetal bovine
serum (FBS; Lonza, Basel, Switzerland), and 2 mM L-
glutamine (c-c Pro, Oberdorla, Germany). HEK293T cells
were cultured in DMEM (Lonza, Basel, Switzerland) supple-
mented with 10% heat-inactivated FBS, 2 mM L-glutamine,
and 1 mg/ml Geneticin® (Life Technologies, Carlsbad, USA).
Primary fibroblast NHDF-c cells (PromoCell, Heidelberg,
Germany) were maintained in DMEM supplemented with
10% heat-inactivated FBS and 2 mM L-glutamine. All cell
lines were maintained at 37 °C and 5% CO2.

HCMV strain AD169 was used for all infections and virus
stock was prepared by infecting NHDF-c cells and pelleting
the virus from cell supernatant at 100% cytopathic effect. The
virus was stored at − 80 °C and titer was measured in plaque
assay, performed onNHDF-c cells in carboxymethyl cellulose
(CMC) medium.

Engineering of soluble HLA molecules

For transduction, pRRL.PPT.SF.pre. V5-His/sHLA-B*35:01
and pRRL.PPT.SF.pre. V5-His/sHLA-B*35:08 were generat-
ed as previously described (Manandhar et al. 2016). The trans-
duction of BJ cells was performed as detailed elsewhere
(Kraemer et al. 2015). Quantitative analysis of sHLA mole-
cules in the supernatant of transduced cells was performed via
sandwich ELISA using the mAb w6/32 for coating and the
anti-β2m pAb (Dako by Agilent Technologies, Santa Clara,
USA) for detection.

Large-scale production and purification of soluble
HLA molecules

Transduced BJ cells were cultured in a two-compartment bio-
reactor for large-scale production of sHLAmolecules. Cells in
the bioreactor were infected with HCMV strain AD169 at a
multiplicity of infection (MOI) of 1 and sHLA containing
supernatant was harvested weekly. Production was monitored
by HLA-specific sandwich ELISA, and infectiosity was ana-
lyzed by infecting BJ cells with the supernatant collected from
cells in the bioreactor and analyzed for cytopathic effect.
Affinity purification was performed using a NHS- (N-
hydroxysuccinimide-) activated HiTrap column precoupled
to mAb W6/32. Bound trimeric complexes (HLA heavy
chain, beta-2-microglobulin (β2m), peptide) were eluted with
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0.1 M glycine/HCL buffer at pH 2.7. For further analysis, we
used 2 mg purified trimeric complex of each allele.

Identification of peptides via mass spectrometry

For the detection of peptides with different affinities, we
utilized a technology for the identification of low and
high binding peptides (Badrinath et al. 2012, 2014). The
trimeric complexes were filtered postaffinity chromatog-
raphy through an Amicon Ultra-15 Filter Unit (Merck,
Darmstadt, Germany) with a 10-kD cutoff. Peptides de-
tected in the flow-through were considered as low bind-
ing. The retentate was acidified with 0.1% trifluoroacetic
acid and filtered again. Peptides in the acidified flow-
through were defined as high binding. Peptide sequencing
was performed utilizing the Eksigent Nano-LC Ultra 2D
HPLC coupled to LTQ Orbitrap XL mass spectrometer
(Thermo Fischer, Waltham, MA, USA). Peptides were
identified using Mascot and the SwissProt human and
HCMV database. This analysis has been repeated three
times for reproducibility for each allele.

Results

HLA-B*35:01 and HLA-B*35:08 restricted peptide
repertoires are divers during HCMV infection

To identify peptides that are presented by fibroblasts during
HCMV infection, BJ cells were transduced with sHLA-
B*35:01 or sHLA-B*35:08 constructs and infected with
HCMV. sHLA molecules were purified from the cell culture
supernatant, peptides eluted from the trimeric complexes and
sequenced via mass spectrometry. During elution, the samples
were divided into low- and high-affinity peptides.

For HLA-B*35:01, we found in total 156 different peptides, 2
peptides were derived from HCMV and 154 were of human
origin (Table 1). In the low binding fraction, no HCMV-

derived and only four human peptides could be identified. For
the human (self-)peptides, there was no overlap between low and
high binding peptides. In contrast, for HLA-B*35:08 a total of
260 peptides were identified. The four HCMV-derived peptides
were all found in the high binding fraction, and again, for the self-
peptides, the number of high binders (181) was higher than for
low binders (75). Of 256 self-peptides, 23were present in the low
and in the high binding fraction. All other peptides were exclu-
sively in the respective fraction.

Notably, between HLA-B*35:01 and HLA-B*35:08 was
no overlap of HCMV-derived peptides. Self-peptides found
in the human database showed an overlap of 53 peptides.

HCMV infection alters the peptide binding motif

The published peptide binding motif for HLA-B*35:01 and
HLA-B*35:08 is the same: Pro at peptide position (p)2 and Tyr
at pΩ (Falk et al. 1993; Hill et al. 1992; Manandhar et al. 2016).
These peptide anchors are determined in uninfected cells. In
HCMV-infected fibroblasts, we could observe different peptide
binding motifs for HLA-B*35:01 as well as for HLA-B*35:08
(Fig. 1). For HLA-B*35:01, the number of human-derived low
binding and for both alleles the number of HCMV-derived pep-
tides is too low to make a statement about the binding motif.
Peptides from the other HCMV conditions in fibroblasts (HLA-
B*35:01 high binding and HLA-B*35:08 low and high binding)
show a strong preference for Lys and Arg.

Human peptides from infected cells show a broad
length distribution

Regarding the length of the identified peptides, small differ-
ences between HLA-B*35:01 and HLA-B*35:08 became ap-
parent (Fig. 2). High binding HLA-B*35:01 self-peptides
show peaks for 10 and 12 AA length. High binding self-
peptides derived from HLA-B*35:08 show a broader length
distribution with a small peak for 9 AAs. Low binding pep-
tides from the same allele are widely distributed over different
length as well. A small peak is at a length of 10 AAs.

HCMV-derived peptides presented on infected fibroblasts
vary in their length as well. HLA-B*35:01-restricted HCMV
peptides are 12 and 16 AAs long, and HLA-B*35:08-restrict-
ed HCMV peptides featured a length of 10, 15, and 16 AAs.

The isolated HCMV peptides are derived
from different proteins

HCMV-derived peptides from HLA-B*35:01 (Table 2) and
HLA-B*35:08 (Table 3) originate from different proteins
and different time points of the infection stage (Fig. 3). The
two HLA-B*35:01 specific peptides are from the capsid
scaffolding protein and the major capsid protein. Both pro-
teins are relevant for the production of new viral particles.

Table 1 Number of identified peptides in the human or HCMV
database specific for HLA-B*35:01 or HLA-B*35:08

HLA allele and species
in database

LB/HB peptides Count

B*35:01—human LB: 4
HB: 150

154

B*35:01—HCMV LB: 0
HB: 2

2

B*35:08—human LB: 75
HB: 181

256, with 23
in LB and HB

B*35:08—HCMV LB: 0
HB: 4

4

HB high binding, LB low binding
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Genes responsible for this step in the lytic replication cycle
are rather later transcribed genes. Themajor capsid protein is
characterized as an early (E)–late (L) protein (Chambers et al.
1999), whereas the time point for the capsid scaffolding pro-
tein is unknown, but presumably it is the same period. We
found four HLA-B*35:08 specific peptides from three dif-
ferentHCMVproteins: one from the tegument proteins pp71
and vICA each and two from the tegument protein pp65. All
three proteins are involved in immune evasion mechanisms.
Pp65andpp71 are both responsible for the suppressionof the
presentation of peptide-HLA complexes (Tomtishen 2012).
Additionally, pp65 can inhibit NK cell reactions and pp71 is
required for efficient activation of immediate-early (IE)
genes in the lytic replication cycle. The third protein, vICA,
is a caspase 8 inhibitor that prevents Fas-induced apoptosis
(Skaletskaya et al. 2001).

Discussion

Since binding of short peptides to HLA class I molecules was
shown over 30 years ago (Bjorkman et al. 1987a; Bjorkman
et al. 1987b), it is widely accepted that class I molecules bind
only 8–11 AA long peptides. Several studies showed that this
assumption holds true for most ligands (Badrinath et al. 2014;
Huczko et al. 1993; Hunt et al. 1992; Manandhar et al. 2016;
Rammensee et al. 1993). The theory that only peptides of 8–
11 AAs are bound is underlined by the structure of HLA class
I molecules, where the peptide binding region (PBR) is divid-
ed in six specificity pockets and seems to restrict the length of
bound ligands to 8–11 AAs. However, in the last years, it
became more and more evident that longer peptides can be
selected and presented as well (Bade-Doding et al. 2011; Bell
et al. 2009; Burrows et al. 2006; McMurtrey et al. 2016;

B*35:01 H. sapiens low binding E=4 B*35:01 H. sapiens high binding E=150 B*35:01 HCMV high binding E=2

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
A 0 1 0 1 0 0 1 1 2 0 A 7 11 8 10 8 10 11 15 6 0 A 0 1 0 0 1 0 1 0 0 1
C 0 0 0 0 0 0 0 0 0 0 C 0 2 0 1 0 0 0 0 0 0 C 0 0 0 0 0 0 0 0 0 0
D 0 0 0 1 1 0 0 0 0 0 D 15 8 18 9 10 18 11 7 7 1 D 0 0 0 0 0 0 0 0 0 0
E 0 0 0 0 0 0 0 0 0 0 E 6 11 12 7 12 10 13 6 11 2 E 1 0 1 0 0 0 0 0 1 0
F 0 0 0 0 0 0 1 0 0 0 F 8 6 2 6 7 4 14 4 2 0 F 0 0 0 0 0 0 0 0 0 0
G 0 1 0 0 0 1 0 0 0 1 G 17 13 18 14 17 12 18 12 13 2 G 0 0 0 0 1 0 0 1 0 0
H 0 0 0 0 0 0 0 0 0 0 H 1 5 3 1 6 2 0 1 2 3 H 0 0 0 0 0 0 0 0 0 0
I 0 0 0 0 0 0 0 0 0 0 I 8 7 4 6 5 10 8 12 10 1 I 0 0 0 0 0 0 0 0 0 0
K 0 0 0 0 0 0 0 1 0 1 K 3 3 3 4 2 2 2 5 5 68 K 0 0 0 0 0 0 0 0 0 0
L 1 0 1 0 0 0 0 0 0 0 L 11 14 14 15 10 19 10 14 15 2 L 0 0 0 0 0 0 0 0 0 0
M 0 0 0 0 0 0 0 0 0 0 M 2 2 3 2 1 0 4 1 2 0 M 0 0 0 0 0 0 0 0 0 0
N 0 0 0 0 0 0 0 0 0 0 N 16 3 7 4 6 7 3 10 4 3 N 0 0 0 0 0 0 0 0 0 0
P 0 0 1 1 0 0 0 0 0 0 P 3 12 8 12 19 6 12 12 12 2 P 0 0 0 0 0 0 0 1 0 0
Q 1 0 0 0 0 1 0 0 1 1 Q 1 10 7 8 7 6 9 8 6 6 Q 0 0 0 0 0 1 0 0 0 0
R 1 0 0 1 1 0 0 0 0 0 R 4 6 1 2 3 0 4 7 4 51 R 0 0 0 1 0 0 0 0 0 1
S 1 0 1 0 0 1 0 2 0 0 S 18 10 17 10 15 14 9 10 8 1 S 0 1 0 1 0 0 0 0 0 0
T 0 0 1 0 0 1 0 0 0 0 T 13 12 11 12 7 13 12 12 15 3 T 0 0 1 0 0 0 1 0 0 0
V 0 2 0 0 2 0 2 0 0 0 V 11 6 13 15 11 16 6 8 12 3 V 1 0 0 0 0 1 0 0 1 0
W 0 0 0 0 0 0 0 0 0 0 W 3 4 0 4 1 0 1 0 1 1 W 0 0 0 0 0 0 0 0 0 0
Y 0 0 0 0 0 0 0 0 1 1 Y 3 5 1 8 3 1 3 6 5 1 Y 0 0 0 0 0 0 0 0 0 0

B*35:08 H. sapiens low binding E=75 B*35:08 H. sapiens high binding E=181 B*35:08 HCMV high binding E=4

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
A 4 8 2 6 7 6 5 8 4 3 A 11 14 14 16 12 13 17 14 13 8 A 0 0 0 1 0 1 1 1 0 0
C 0 1 0 1 0 0 0 0 0 0 C 0 0 3 4 3 2 0 1 0 2 C 0 0 0 0 0 0 0 0 0 0
D 9 6 11 7 4 5 2 4 3 1 D 14 15 17 11 9 18 8 10 10 4 D 0 0 0 0 0 0 0 0 0 0
E 2 5 5 4 1 0 3 4 2 2 E 13 10 13 12 10 11 15 11 9 5 E 0 0 0 0 0 0 0 0 0 0
F 5 1 1 1 1 2 4 1 1 1 F 4 5 3 2 4 2 6 3 3 1 F 0 0 0 0 0 0 0 0 0 0
G 5 4 8 6 9 6 9 13 3 4 G 18 19 18 21 17 15 21 25 17 2 G 0 0 1 1 1 0 0 0 1 0
H 2 1 1 0 1 2 1 1 1 2 H 5 1 4 2 8 4 1 1 1 0 H 0 0 0 0 0 0 0 1 0 0
I 4 3 1 2 2 3 5 4 4 1 I 6 11 7 7 7 6 5 6 7 4 I 0 0 0 0 0 0 0 0 0 0
K 1 2 2 2 1 3 5 1 5 20 K 12 2 5 6 6 5 6 11 10 64 K 0 0 0 0 0 0 0 0 0 1
L 2 7 7 9 3 4 6 3 7 3 L 13 19 21 14 7 17 8 12 14 5 L 0 1 0 1 0 0 0 0 0 0
M 1 0 1 0 0 1 1 0 0 0 M 3 9 5 1 2 4 4 1 0 0 M 1 0 0 0 1 0 1 0 0 0
N 3 1 1 1 4 2 2 4 3 0 N 10 4 9 8 7 6 6 12 3 1 N 1 0 0 0 0 0 0 0 0 0
P 7 8 6 6 9 9 8 7 7 4 P 4 17 10 10 19 15 18 11 12 6 P 0 1 2 1 1 1 2 0 1 0
Q 3 2 3 2 4 4 2 4 3 1 Q 6 6 2 4 8 2 12 11 10 12 Q 0 0 0 0 0 0 0 0 0 0
R 1 5 1 1 1 4 4 3 0 16 R 4 6 5 5 4 3 7 11 9 46 R 0 0 0 0 0 1 0 0 0 1
S 10 4 13 9 14 11 4 7 9 5 S 17 12 14 17 27 11 13 15 11 9 S 1 0 0 0 0 0 0 1 0 0
T 6 10 8 7 4 5 7 1 8 3 T 18 14 10 18 11 16 14 10 15 4 T 0 1 0 0 1 0 0 1 0 1
V 5 4 4 10 8 5 5 6 4 3 V 14 12 19 14 14 22 14 10 11 5 V 1 1 1 0 0 1 0 0 2 0
W 2 2 0 1 0 0 1 1 0 0 W 2 1 1 4 1 1 1 2 1 0 W 0 0 0 0 0 0 0 0 0 0
Y 3 1 0 0 2 3 1 3 3 6 Y 5 4 1 5 5 8 5 4 8 3 Y 0 0 0 0 0 0 0 0 0 1

Fig. 1 Preferred aa at different positions within the peptide. For HLA-
B*35:01 and HLA-B*35:08, the preferred aa in p1–9 and pΩ were
determined separately for human- and HCMV-derived peptides and for
low and high binding peptides. Peptides that were present more

frequently than once in one condition were counted only once. Color
coded is the number of the aa at that position with red the highest and
blue the lowest numbers
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Remesh et al. 2017). Several investigations revealed the
mechanisms by which long peptides can be bound in the
PBR: (I) peptides are bound at the N- and C-termini in the
peptide binding pockets and the middle part that is too long to
fit in the binding cleft bulges out (Probst-Kepper et al. 2004;
Stewart-Jones et al. 2005; Tynan et al. 2005a; Wynn et al.
2008) and (II) the C-terminal part of the peptide can project
into the solvent by opening the F pocket (McMurtrey et al.
2016; Remesh et al. 2017). The first expectation that the con-
formation of these peptides will not be recognized by T cell
receptors (Guo et al. 1992) could be disproved. Tynan et al.
(2005b) demonstrated that the T cell receptor makes minimal
contacts to HLA and recognizes the bulged peptide in an
antibody-like manner.

It was suggested by Bell et al. (2009) that the length restric-
tion of presented peptides depends in most cases less on the
HLA allele, but on the availability of peptides and can include
peptides with up to 25 AAs, especially, in HLA alleles that are
strictly anchored at the N- and C-termini (p2 and pΩ) as HLA-
A*24:02, HLA-B*07:02, and HLA-B*35:01. Particularly in

the condition of an infection, like CMV infection, the avail-
ability of peptides might be changed compared to uninfected
cells because of the multiple interactions of the virus with
structures involved in antigen presentation (Ahn et al. 1997;
Furman et al. 2002; Halenius et al. 2011; Jones et al. 1995;
Jones and Sun 1997; Jones et al. 1996; Kim et al. 2008). Our
presented investigations are in concordance with these find-
ings and suggestions. We assume that changes in the peptide
anchors observed in infected cells are also driven by the dis-
turbed peptide loading and presentation process. Interestingly,
the preferred AAs Lys and Arg at pΩ are the same in HLA-
B*35:01 and HLA-B*35:08 as described for uninfected cells
(Manandhar et al. 2016).

However, our previous studies indicated the functional dif-
ference between HLA-B*35:01 and HLA-B*35:08. Even be-
tween peptides acquired by these B*35 variants in the same
cell no overlap in the peptide repertoire from more than 10%
could be observed.

Fig. 2 Length distribution of human- and HCMV-derived peptides. a
Low and high binding peptides isolated from HCMV-infected BJ/HLA-
B*35:01 cells. b Low and high binding peptides isolated from HCMV-
infected BJ/HLA-B*35:08 cells

Capsid scaffolding
protein

Major capsid 
protein

Tegument 
protein pp65

Tegument 
protein vICA

Tegument 
protein pp71

unknownE

L

L

E

a

b

Fig. 3 Protein origin of HCMV-derived peptides. Indicated is also the
expression time point of the respective protein in the lytic replication
cycle. E proteins from the early phase, L proteins from the late phase. a
Peptides isolated from HCMV-infected BJ/HLA-B*35:01 cells. b
Peptides isolated from HCMV-infected BJ/HLA-B*35:08 cells

Table 3 HCMV-derived HLA-B*35:08 specific peptides

Sequence Length Source

MPPLTPPHVY 10 HCMV tegument protein vICA

SVPAPRPSPISTAST 15 HCMV tegument protein pp71

NLVPMVATVQGQNLK 15 HCMV tegument protein pp65

VTGGGAMAGASTSAGR 16 HCMV tegument protein pp65

Table 2 HCMV-derived HLA-B*35:01 specific peptides

Sequence Length Source

VAERAQAGVVNA 12 HCMVA capsid scaffolding protein

ESTSGVTPEDSIAAQR 16 HCMV major capsid protein
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A striking difference in the interaction with the peptide
loading complex (PLC) could be described for the B*35
subtypes. The AA difference at residue 156 impacts sig-
nificantly the association with tapasin (TPN) and TAP;
while HLA-B*35:01 proved to recruit peptides more
TPN-independent, B*35:08 recruited peptides in a more
TAP-independent manner (Manandhar et al. 2016). These
findings suggest that both subtypes would select and pres-
ent a different set of peptides during an infection when the
function of certain PLC components are temporary
disrupted. Besides general information on peptide binding
modalities during infection, identification of HCMV-
derived peptides that are naturally presented by infected
cells is a crucial task in the development of effective
adoptive T cell therapies that could, to our knowledge,
not be fulfilled yet. In this study, we present two
HCMV-derived peptides specific for HLA-B*35:01 and
four specific for HLA-B*35:08. No overlap in the bound
HCMV peptides could be observed, despite both alleles
share the same preferred AAs. These results fit to obser-
vations that the single mismatch at AA 156 can modulate
peptide binding, peptide conformation, peptide flexibility,
and CTL responses in different alleles (Burrows et al.
2007; Miles et al. 2006; Tynan et al. 2005c). Burrows
et al. (2007) demonstrated that differences in the peptide
binding repertoire of HLA-B*35:01 and HLA-B*35:08
originate from different dissociation kinetics.

HLA-B*35:08 restricted HCMV-derived peptides are all
derived from proteins that play a role in the viral immune
evasion. This observation is of major interest, since the pro-
teins are essential for efficient hiding and viral mutation in one
of these proteins can lead to reduced immune evasion capac-
ity. Additionally, the source proteins for these HCMVpeptides
are expressed at different time points of the lytic infection
cycle and could broaden the peptide repertoire for T cell
therapies.

The selection of viral peptides suitable for adoptive T cell
therapies is based on peptides of 8–11-aa length. These pep-
tides have never been proven to be naturally presented by
HLA molecules. We provide evidence that HLA-B*35:01/
08 molecules can naturally select and present HCMV-
derived peptides that (i) exhibit an extraordinary length and
(ii) do not match the peptide binding motifs; hence, the con-
cept for peptide prediction should be rethought.
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