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Identification of HCMV-derived T cell epitopes in
seropositive individuals through viral deletion
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In healthy individuals, immune control of persistent human cytomegalovirus (HCMV) infection is effectively mediated by
virus-specific CD4* and CD8"* T cells. However, identifying the repertoire of T cell specificities for HCMV is hampered by the
immense protein coding capacity of this betaherpesvirus. Here, we present a novel approach that employs HCMV deletion
mutant viruses lacking HLA class | immunoevasins and allows direct identification of naturally presented HCMV-derived HLA
ligands by mass spectrometry. We identified 368 unique HCMV-derived HLA class | ligands representing an unexpectedly broad
panel of 123 HCMV antigens. Functional characterization revealed memory T cell responses in seropositive individuals for a
substantial proportion (28%) of these novel peptides. Multiple HCMV-directed specificities in the memory T cell pool of single

individuals indicate that physiologic anti-HCMV T cell responses are directed against a broad range of antigens. Thus, the
unbiased identification of naturally presented viral epitopes enabled a comprehensive and systematic assessment of the
physiological repertoire of anti-HCMV T cell specificities in seropositive individuals.

Introduction

Primary infection with human cytomegalovirus (HCMV) is
followed by lifelong persistence with recurrent cycles of en-
dogenous reactivation. The prevalence of HCMV in adults
ranges from 40% to 90% and increases with age (Filop et al.,
2013; Staras et al., 2006). While in the immunocompetent host,
infection is usually controlled by an HCMV-specific immune
response, severe damage is common in immunocompromised
individuals. HCMV infection or reactivation is a major cause of
morbidity and mortality in AIDS patients or transplant recipi-
ents, since CD8* but also CD4* T cell immunity plays a critical
role in preventing lethal infection (Einsele et al., 2002; Quinnan
et al., 1982; Reusser et al., 1991). Congenital infection of the fetus
has considerable consequences involving the central nervous
system, with sensorineural hearing loss, mental retardation, or
even death. Further, it is thought that subclinical infections with
HCMV are involved in a variety of diseases, for example certain

cancers and inflammatory, hypertensive, and pulmonary dis-
eases (Harkins et al., 2002; Li et al., 2011; Séderberg-Nauclér,
2006, 2008; Zhou et al., 1996). Therefore, development of better
therapies and prevention strategies is of considerable impor-
tance. Current HCMV treatments include antiviral drugs and
attempts to exploit humoral and cellular immune responses.
Furthermore, considerable effort is made on the development of
an HCMYV vaccine (Plotkin and Boppana, 2018). Deeper insights
into potential target structures are vitally important for all im-
munologic therapies.

With its almost 236-kbp-long double-stranded DNA, HCMV
has the largest genome among human herpesviruses. The ma-
jority of studies on cytotoxic T lymphocyte responses have thus
been restricted to a very limited selection of HCMV antigens;
most prominent among them are the immunodominant antigens
pp65 and IE1 (Akiyama et al., 2002; Kern et al., 1999; Le Roy and
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Davignon, 2005; McLaughlin-Taylor et al., 1994; Wills et al.,
1996). However, a number of studies have clearly demon-
strated that the HCMV-specific T cell response targets a much
broader spectrum of HCMV antigens (Elkington et al., 2003;
Manley et al., 2004; Sylwester et al., 2005). To date, the iden-
tification of most HCMV-specific T cell targets has been based on
prediction methods (Elkington et al., 2003; Hebart et al., 2002;
Nastke et al., 2005) or the use of overlapping peptides
(Sylwester et al., 2005). The approach of direct isolation of viral
ligands from infected target cells, successfully used for some
viral infections (Croft et al., 2019; Giinther et al., 2015;
McMurtrey et al,, 2008; Meyer et al., 2008; Ternette et al.,
2016), has been cumbersome due to strict control of peptide
presentation by HCMV-encoded HLA class I (HLA-I) im-
munoevasins (Ahn et al., 1997; Furman et al., 2002; Gewurz
et al,, 2001; Hegde et al., 2002; Jones et al., 1996; Odeberg
et al., 2003). Glycoproteins encoded by the US6 gene family
are able to impair the stability and localization of HLA-I. The
glycoproteins US2 and US11 bind HLA-I molecules and mediate
their retrotranslocation into the cytosol for subsequent degra-
dation by the proteasome (Jones and Sun, 1997; Wiertz et al.,
1996a,b). US6 prevents the assembly of the HLA-I/peptide
complexes by inhibiting the transport of peptides into the endo-
plasmic reticulum by the transporter associated with antigen pro-
cessing (Ahn et al., 1997; Hewitt et al., 2001). The product of US3
forms complexes with assembled B2-microglobulin-associated
HLA-I heavy chains, thereby blocking maturation and transport
of HLA-T molecules to the cell surface (Jones et al., 1996).

We show for the first time that the use of HCMV gene de-
letion mutants lacking various immunoevasins enables the di-
rect isolation and mass spectrometric identification of almost
370 HCMV-specific HLA-I peptide ligands eluted from 12 dif-
ferent HLA allotypes. Of these peptides, 28% induced memory
T cell responses with multifunctional (IFNy, TNF, CD107a) ef-
fector functions in HCMV-positive donors. Finally, real-time
cytotoxicity assays demonstrated highly effective cell lysis of
HCMV-infected target cells by peptide-specific CD8* T cell
clones in vitro. These results confirm that viral HLA-I ligands
eluted from infected fibroblast cell cultures reflect physiological
peptide processing and presentation mechanisms and are able to
induce immunity against HCMV. Therefore, these peptides
present novel targets for the treatment of HCMV-associated
diseases by antigen-specific immunotherapy.

Results

Deletion of HCMV-encoded immunoevasins rescues HLA-I
expression of infected cells

So far, attempts to isolate naturally presented HCMV-derived
HLA-I ligands have not been successful. The HCMV genome
encodes for several immunoevasins targeting HLA-I at various
stages of the antigen presentation pathway. Hence, we assumed
that deletion of genes involved in HLA-I regulation would enable
the direct identification of virally encoded HLA-I ligands. We
constructed AD169VarL (with partial ULb’ region; Le et al., 2011)
deletion mutants lacking the genes US2-6 (AUS2-6), US2-6 + USII
(AUS2-6/USI11), and US2-11 (AUS2-11). To measure the level of
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HLA-I rescue due to lack of specific immunoevasins, we infected
two different fibroblast cell cultures expressing HLA-I types of
interest: MRC-5 (HLA-A*02:01, -A*29:02, -B*07:02, -B*44:02,
-C*05:01, and -C*07:02) and HF-99/7 (HLA-A*01:01, -A*03:01,
-B*08:01, -B*51:01, -C*01:02, and -C*07:01). The rate of infection
was controlled using Fc-FITC, which binds to HCMV-encoded
Fc-receptors, and was proven to achieve at minimum 94% for
MRC-5 and 88% for HF-99/7 cells (Fig. S1). At 48 h postinfection
(h.p.i.), the HLA-I cell surface level was determined by flow
cytometry using the pan-HLA-I antibody Wé/32 (Fig. 1 A). In-
terestingly, HLA-I down-regulation by ADI169VarL wild-type
virus varied strongly between fibroblasts. HLA-B*44:02 is ex-
pressed at very low levels in mock-treated MRC-5 cells but is
strongly induced in HCMV-infected cells (Zimmermann et al.,
2019). This indicates that HLA-B*44:02 might be responsible for
the apparent lower level of reduction by AD169VarL compared
with mock-treated cells. As expected, infection with HCMV
mutant viruses lacking HLA-I immunoevasins exhibited a ro-
bust rescue of HLA-T at the cell surface, qualifying these virus
mutants for subsequent HLA-I ligandome analysis of
infected cells.

Direct identification of HCMV-derived HLA-I ligands by mass
spectrometry (MS)

In a first step, we performed MS analysis of immunoaffinity-
purified peptide extracts isolated from MRC-5 cells to identify
naturally processed and presented HCMV-derived HLA-I li-
gands. At 48 h.p.i., HLA-I ligands isolated from cells infected
with AD169VarL (n = 1), AUS2-6 (n = 3), AUS2-6/AUSII (n = 5),
and mock controls (n = 2) were exhaustively analyzed by liquid
chromatography-coupled tandem MS (LC-MS/MS) in three to
seven technical replicates per sample. These MS analyses re-
vealed 816 to 2,714 unique HLA ligands per sample (Fig. 1 B).
Only 3 of 816 (0.4%) of HLA ligands eluted from MRC-5 cells
infected with AD169VarL wild-type virus were derived from
HCMYV, while infection with the deletion viruses resulted in
substantially increased viral peptide identification rates and
numbers. In MRC-5 cells infected with the mutant viruses AUS2-6
and AUS2-6/AUS11, 79 and 181 unique HCMV-derived HLA
ligands were identified, respectively, resulting in a total number
of 194 different viral peptides. Overlap analysis revealed 66 of
194 viral peptides to be presented on MRC-5 after infection with
both deletion viruses (Fig. 1 C). Interestingly, 13 of 79 (17%) and
114 of 181 (63%) viral peptides of AUS2-6 and AUS2-6/AUSII in-
fected cells, respectively, were unique. This demonstrates that
the HLA-I immunoevasins affect not only the quantity, but also
the quality of HLA-I antigen processing and presentation.
Therefore, the use of varying HCMV deletion mutants can result
in a higher variability of identified HCMV-derived peptide spe-
cies. Furthermore, we isolated the HLA-presented peptides from
several biological replicates for each infection to maximize the
number of identified HCMV-derived peptides. Thereby, we were
able to identify 37-63 (mean 51) unique viral HLA ligands on cells
infected with AUS2-6, corresponding to 2.4-3.0% (mean 2.7%) of
total HLA ligand identifications. Overlap analysis of viral ligands
identified in the three independent HLA precipitations revealed
31 of 79 (39%) of peptides to be uniquely identified in a single
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experiment, while 61% showed reproducible identification in at
least two of three experiments (Fig. 1 D and Dataset S1). On cells
infected with AUS2-6/AUS11, even higher proportions of viral
ligands were identified, resulting in 68-119 (mean 93) unique
viral HLA ligands corresponding to 3.2-4.5% (mean 3.9%) of total
HLA ligands. Here, a similar degree of reproducibility was ob-
served for the five independent precipitations, which resulted in
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6. (E and F) Distribution of HLA restrictions among
the 198 (MRC-5; E) and 181 (HF-99/7; F) unique
HCMV-derived HLA ligands identified in total. Ab,
antibody; IDs, identifications.

4412243@/:’3

m B 08
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120 of 181 (66%) reproducible viral ligands (i.e., observed in at
least two of the five experiments), while 61 of 181 (34%) were
uniquely identified in individual experiments (Fig. S2). In total,
immunopeptidome analyses of infected MRC-5 fibroblasts al-
lowed the identification of 198 unique HCMV-derived HLA li-
gands, of which 78, 15, 66, 31, 3, and 5 are restricted to HLA-A*02:
01, -A*29:02, -B*07:02, -B*44:02, -C*05:01, and -C*07:02,
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respectively (Fig. 1 E and Dataset S1). Due to the applied 5%
false discovery rate (FDR) in data processing, the identified 7
of 2,046 (0.34%) and 3 of 1,119 (0.27%) viral peptides in mock
controls (Fig. 1 B) could be due to false-positive identi-
fications. To estimate the actual FDR of HCMV-derived pep-
tides, we compared fragment spectra of 50 randomly selected
HLA-A*02:01 and -B*44:02-restricted synthetic peptides to
their natural counterparts (Dataset S2). Fragmentation pat-
terns matched for 48 of 50 (96%) spectrum pairs by manual
validation, which is very consistent with the initially set FDR
for a database search of 5%.

To extend the set of HCMV-derived ligands to additional HLA
allotypes, we next infected primary human foreskin fibroblasts
(HF-99/7) with the AUS2-11 deletion mutant. Peptide extracts
from mock-treated (n = 1) and infected cells (n = 1) were analyzed
in three LC-MS/MS runs, yielding 2,839 and 5,511 HLA ligands,
respectively (Fig. 1 B). Of these, 37, 44, 21, 43, 17, and 4 viral
peptides (altogether 181) were restricted to HLA-A*01:01, -A*03:
01, -B*08:01, -B*51:01, -C*01:02, and -C*07:01, respectively
(Fig. 1 F and Dataset S3). The HLA annotation of 15 peptides was
ambiguous.

In total, 368 unique viral HLA-I ligands were identified from
two different fibroblast cell cultures. Eleven ligands were found
on both cell lines. We had speculated that an infection time of
48 h would allow the detection of peptides originating from
proteins with various expression kinetics (Weekes et al., 2014).
Indeed, the source proteins of the identified ligands represent all
classes of gene expression (Datasets S1 and S3).

IFNy ELISpot screening validates numerous HCMV-derived
ligands as T cell epitopes

All viral HLA-I ligands identified from MRC-5 cells and the top-
ranked ligands from HF-99/7 cells (270% SYFPEITHI score, <50
nM half-maximal inhibitory concentration [ICso], or <0.5%
NetMHC percentile rank) were further evaluated for immuno-
genicity. Peptides were tested for memory T cell responses in at
least seven different HCMV-seropositive HLA-matched in-
dividuals by IFNy ELISpot assay. HLA restriction and virus
specificity of T cell responses were confirmed using HLA-
mismatched and HCMV-seronegative donors as controls (not
depicted). In total, 28% of all peptides elicited T cell responses in
at least one individual (Table S1). This percentage was similar
across all HLA restrictions (Fig. 2 A). Although we performed the
ligandome analysis at only one time point after infection (48
h.p.i.), all temporal classes of viral gene expression (Weekes
et al, 2014) were present among the source proteins of the
identified epitopes (Fig. 2 B). As expected, normalized spot
counts in IFNy ELISpot assays were donor dependent and in part
highly variable (Figs. 2 C, S3, and S4). Based on the frequency of
recognition, we grouped the peptides into three categories:
negative (no memory response in any individual), subdominant
(recognized by <50% of individuals), and dominant (recognized
by 250% of individuals). Interestingly, in addition to the well-
known epitopes derived from pp65, we were able to identify a
number of other highly immunogenic peptides for each HLA
restriction. Most immunogenic peptides, in proportion to the
number of tested peptides, were found for HLA-A*01:01,
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whereas the highest proportion of dominant epitopes was found
for HLA-B*07:02 (Fig. 2 A).

We observed that for peptides with higher response rates, the
average number of specific memory T cells after 12-d stimula-
tion was often higher compared with peptides with lower rec-
ognition rates (Figs. 2 C and S3). To exclude the possibility of
competitive effects among the different epitopes during the 12-d
amplification, we additionally performed ex vivo IFNy ELISpots
without prestimulation. Therefore, the dominant epitopes were
retested with PBMC samples of previously tested positive do-
nors. Only a few of the best epitopes elicited frequent, detectable
responses ex vivo (Table 1). In most cases, memory T cell
numbers were too small to be detectable ex vivo but underwent,
in part, massive amplification (<1,000-fold) upon prestimula-
tion (Fig. 2 D). The amplification rate was highly individual for
epitopes as well as for donors. In total, 103 HCMV-derived T cell
epitopes were identified, of which 26 were shown to be domi-
nant (Tables 1 and S1; and Fig. S5). These 26 dominant epitopes
originate from 23 different proteins; three are derived from the
well-known ppé5 antigen (UL83). In case of positive results in
HLA-mismatched ELISpot assays, the respective peptides were
tested for the next-best predicted HLA-I allotype in ELISpot
assays and/or for CD8*/CD4* T cell responses by intracellular
cytokine staining (ICS). Three epitopes (UL147A;_,0, UL34,50_13s,
and UL26¢,;_¢o) are potentially able to bind to more than one
HLA-I allotype since they stimulated T cells of different donors
harboring either of two well-predicted alleles. In addition to
seven previously described epitopes (Table S1), six of them
among the dominant epitopes, we were able to identify 96 novel
HCMV-derived T cell epitopes. As we have previously observed
(Nastke et al., 2005), ELISpot experiments revealed that HCMV-
specific T cell responses are directed against a broad range of
antigens within one donor; up to eight epitopes restricted by one
specific HLA-I allotype were recognized in parallel (Fig. S4).
While most donors, matching one distinct HLA allotype, showed
responses to a similar set of epitopes restricted to this allotype
(Fig. S4 A), some donors had highly individual patterns of rec-
ognition (Fig. S4 B).

HCMV-specific memory T cells are multifunctional

Peptide and HLA specificity of memory T cells was tested by
HLA tetramer staining after 12-d amplification in vitro (Table 1
and Fig. 3 A). We were able to show distinct HCMV-specific
CD8* T cell populations for all but two (UL44p59 56, and
UL150A;s5161) dominant epitopes in several PBMC samples
(Table 1). Specific T cell populations ranged from 0.3% to <50%
after 12-d amplification. Functional activity of memory T cells
after stimulation with HCMV peptides could be demonstrated by
ICS via detection of IFNy and TNF (Fig. 3 B and Table 1). Pre-
dicted HLA restriction could be confirmed for 25 of 27 dominant
epitopes. Stimulation with ULA44,59 567 resulted in a T cell
response mediated by CD4* cells, while UL46,¢_g, was able to
activate CD4* and CD8* T cells in different PBMC samples.
We assume that this activation of CD4* T cells is specific and
mediated by the presentation of those epitopes on HLA-II
molecules. Coactivation of CD4* T cells was never observed in
ICS upon stimulation with our epitopes, and we hardly ever
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Figure 2.

Identification and characterization of naturally presented T cell epitopes by ELISpot assays. HCMV ligands were tested for memory T cell

response by IFNy ELISpot with PBMCs of healthy, seropositive donors. (A) Distribution of dominant and subdominant HCMV ligands restricted to HLA-A and -B
allotypes. (B) Proportion of epitope source proteins assigned to five different temporal classes of protein expression according to Weekes et al. (2014). Source

proteins not assigned to one of those classes are depicted as not determined

(ND). (C) ELISpot screening results of positively tested HLA-B*07:02-restricted

peptides. Shown is the mean number of IFNy spot-forming cells (SFCs) from two technical replicates for each tested donor minus the mean spot number of the

negative control of the respective donor. Spot counts of >1,000 were set to

1,000 because of inaccurate spot count due to technical limitations. Positively

evaluated spot counts are depicted in black, and negatively evaluated spot counts in gray. (D) Comparison of IFNy SFC in ex vivo ELISpots (black) and ELISpots
with prior 12-d amplification (gray). Shown are exemplary results of two independent experiments with five donors (coded by four-digit numbers) each for two

B*08 epitopes (UL341g0_188 and UL26¢;_go). ND, not determined.

detected unspecific activation of T cells in the negative con-
trols of ELISpot assays and ICS. Furthermore, we could dem-
onstrate that some epitopes elicit T cell responses restricted to
more than one HLA-I allotype: T cell responses to UL26g;_69
were detected in HLA-B*08*/B*51- and HLA-B*08-/B*51*
samples. In a following mismatch ELISpot with HLA-B*08~/
B*51~ donors, two HLA-B*14* donors showed strong IFNy re-
sponses. ICS demonstrated that immune responses elicited by
this epitope were mediated by CD8* T cells in all tested do-
nors. Subsequent tetramer stainings verified HLA-B*08,
-B*51, and B*14 restriction of the epitope (Fig. 3 C). Further
ELISpots with HLA-B*14* donors revealed a recognition rate of
40%. In summary, we were able to further characterize
dominant HCMV-derived epitopes using ICS, tetramer stain-
ing, and mismatch experiments.
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HCMV-specific CD8* T cell clones effectively kill
peptide-loaded or infected target cells

For examination of cytotoxic activity, CD8* T cell clones specific
for UL23,,_30 (B*07) were generated. Specificity and activity of
the clones were assessed by HLA tetramer staining and ICS.
T cell clones used for cytotoxicity experiments were highly
specific and showed secretion of IFNy and TNF as well as ex-
pression of the degranulation marker CD107a (Fig. 4 A). To
further characterize the cytotoxic potential of effector T cells,
we applied the xCELLigence system. Without addition of HCMV-
reactive CD8* T cells, the HCMV-infected MRC-5 cells displayed
a specific cell index pattern as the infection proceeded and
changed the cell morphology. A few hours after infection, MRC-5
cells started to round up and lose adherence to the plate as
compared with mock-treated cells (Fig. S5 A). This is detected by
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Table 1. Summary of dominant T cell epitopes

Protein Sequence Tested Actual HLA ELISpot response rate (%) Intracellular  Tetramer
HLA restriction 12-d stimulation Ex vivo (%) staining staining

pp65/UL83495_503 NLVPMVATVbP A*02:01 A*02:01 75.0 100.0 CD8 Positive
US874-8> GVLDAVWRV A*02:01 A*02:01 72.2 50.0 CD8 Positive
UL150A:55 161 ALWDVALLEV ~ A*02:01 A*02:01 71.4 25.0 cD8 Positive
gM/UL100,00-208 TLIVNLVEV A*02:01 A*02:01 55.0 25.0 CD8 Positive
UL44559 267 GLFAVENFL A*02:01 HLA-II 53.9 0.0 CD4 Not tested
UL16162-170 YPRPPGSGLP B*07:02 B*07:02 86.4 25.0 Negative Positive
pp65/UL83417_42¢ TPRVTGGGAMP B*07:02 B*07:02 81.6 100.0 CD8 Positive
TRSLige_174 SPRDAWIVL B*07:02 B*07:02 68.2 20.0 cD8 Positive
UL52349 357 SPSRDRFVQL B*07:02 B*07:02 66.7 333 Negative Positive
UL2355_30 RPWKPGQRV B*07:02 B*07:02 53.6 66.7 CD8 Positive
UL4676_84 SPRHLYISL B*07:02 B*07:02 50.0 0.0 CD4/CD8 Positive
uL112/ SENGNLQVTY B*44:02 B*44:02 83.9 62.5 CD8 Positive
UL113155-134

UL117358 366 HETGVYQMW B*44:02 B*44:02 65.4 62.5 CD8 Positive
UL105715_723 YADPFFLKY® A*01:01 A*01:01 100.0 90.9 CD8 Positive
UL44545 553 VTEHDTLLYb A*01:01 A*01:01 92.9 100.0 CD8 Positive
UL69569_578 RTDPATLTAY A*01:01 A*01:01 82.6 66.7 CD8 Positive
US28155_130 ITEIALDRY A*01:01 A*01:01 58.3 14.3 CD8 Positive
gB/UL55¢s57_665 NTDFRVLELY A*01:01 A*01:01 56.3 0.0 CD8 Positive
UL77228_236 GLYTQPRWK A*03:01 A*03:01 76.2 50.0 CD8 Positive
UL57790-798 RVKNRPIYR A*03:01 A*03:01 60.9 333 CD8 Positive
UL34150_188 LPHERHREL B*08:01 B*08:01 90.9 85.7 CD8 Positive
UL26¢1_69 LPYPRGYTL B*08:01 B*08:01/51:01/14:02 68.8 16.7 CD8 Positive
UL13465-473 YLVRRPMTI B*08:01 B*08:01 50.0 333 Negative Positive
pp65/UL83116-123 LPLKMLNIP B*51:01 B*51:01 80.0 87.5 CD8 Positive
UL38156-164 FPVEVRSHV B*51:01 B*51:01 65.2 0.0 CcD8 Positive
UL26¢1-69 LPYPRGYTL B*51:01 B*08:01/51:01/14:02 62.5 333 CD8 Positive
UL56503_511 DARSRIHNV B*51:01 B*51:01 533 20.0 CD8 Positive

2Ex vivo ELISpot assays were performed using donor samples that were positively tested in ELISpot assays with prior 12-d stimulation.

bPreviously published epitope; references in Table S1.

a lower cell index in the xCELLigence system (Fig. S5 B). At
approximately 20 h.p.i., cell indices increased again as MRC-5
cells started to readhere. Finally, the cell index dropped drasti-
cally 3-5 d after infection (depending on the applied multiplicity
of infection [MOI]) due to cell lysis by the virus (Fig. S5 B). For
optimal measurement of T cell-dependent cytotoxicity, effector
T cells were added 48 h.p.i. This allowed recovery of the infected
cells resulting in higher cell index values before late cell index
drop due to infection. To test peptide specificity of the CD8*
T cell clones, mock-treated MRC-5 cells were loaded with specific
or unspecific peptides or infected with the AUS2-6 mutant, and
effector cells were added in a 5:1 effector-to-target (E:T) cell
ratio. Killing of peptide-loaded cells occurred very fast and was
highly specific (Fig. 4 B); within 12 h almost all UL23,,_30-loaded
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target cells were killed by the specific T cell clone. Killing of
AUS2-6-infected cells was delayed but equally efficient. Cell
index values were much higher (indicating less cell lysis) for
cells loaded with an unspecific or no peptide when cocultured
with the UL23,, 30-specific T cell clone. An E:T cell ratio-
dependent killing of AUS2-6-infected MRC-5 cells started a few
hours after addition of effector cells (Fig. 4 C) and reached 50%
after 18 h (E:T cell ratio of 1:1 and higher). After 36 h (corre-
sponding to 84 h.p.i.), almost all infected cells were killed by the
peptide-specific CD8* T cell clones. Interestingly, despite
the minimal expression of HLA-I loaded with viral peptides on
the surface of AD169VarL-infected cells, a cytolytic effect was
observed at higher E:T ratios, when normalized to infected
cells without effector cells (Fig. 4 D). In accordance with the
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Figure 3. Characterization of HCMV-specific memory T cells. (A) Rep-
resentative tetramer staining after 12-d in vitro amplification of CD8" T cells
derived from HLA-matched healthy donors. Novel HCMV ligands are com-
pared with known pp65 epitopes (left column). (B) Exemplary intracellular
IFNy and TNF staining of healthy donor PBMCs after 12-d amplification
measured by flow cytometry. Cells were stimulated with novel HCMV pep-
tides or known pp65 epitopes. Bars represent percentage of CD8* T cells
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assumption that low amounts of HLA-I/peptide complexes are
responsible for the slow killing of AD169VarL-infected cells, the
additional loading of specific peptide led to a dramatic increase of
lysis (Fig. 4 D). Similar results were obtained with T cell clones
specific for the HLA-B*44-restricted dominant epitope UL112/
UL113,55_134 (not depicted). The ability of T cell clones specific for
newly identified epitopes to lyse not only peptide-loaded and
mutant virus-infected but also wild-type virus-infected cells
shows the great potential of those cytotoxic T cells. Together
with the detected immune responses in healthy, seropositive
donors, this confirms the involvement of HLA ligands derived
from HCMV deletion mutants in physiologic immune control of
HCMYV infections.

Comparison of in silico epitope prediction to MS HLA-I ligand
identification

To compare our MS-based approach of identifying naturally
presented epitopes with an established in silico prediction
method, we applied the prediction tools SYFPEITHI and
NetMHCpan3.0 to the proteome of HCMV. We ranked all
peptides according to their prediction score and determined the
position of our dominant epitopes within this dataset (Table
S2). For both algorithms (SYFPEITHI and NetMHC), 25 of the
26 identified dominant epitopes are among the top-scoring 2%
of all predicted peptides. This is in line with our previous ex-
perience that the top 2% of predicted peptides with SYFPEITHI
usually contain the natural T cell epitopes (Rammensee et al.,
1999). NetMHC categorizes its predicted peptides into weak
(affinity <500 nM, % rank <2) and strong (affinity <50 nM, %
rank <0.5) binders. Thus, it would be necessary to test ~1,300
(SYFPEITHI) or 2,000 (NetMHC) peptides for each HLA-I al-
lotype and length variant to screen epitopes from the entire
HCMV proteome within these thresholds. Furthermore, we
sought to determine whether a correlation can be found be-
tween immunogenicity and HLA binding prediction that could
improve the selection of peptide candidates in future studies.
For this purpose, we exemplarily illustrated the rank of tested,
HLA-A*02-restricted 9mer peptides in the whole proteome
prediction with SYFPEITHI against their immunogenicity
(Fig. 5). We found a weak but significant negative correlation
(tp = -0.225, P = 0.033) between the prediction rank and the
immunogenicity. Most dominant epitopes, but not all, are
within the 2% candidates with the best prediction scores, and
subdominant epitopes together with nonimmunogenic HLA-
ligands also show widely dispersed prediction scores. There-
fore, evidence of presentation on HLA molecules considerably
reduces the number of possible candidates to be tested, as op-
posed to HLA binding prediction alone.

producing IFNy (black), TNF (gray), or both (light gray). Three peptides per
HLA restriction, tested in one HLA-matched donor, are depicted. (c) Repre-
sentative UL26¢;_gg (LPYPRGYTL)-tetramer staining after 12-d in vitro ampli-
fication or no stimulation of CD8* T cells derived from HLA-matched healthy
donors. Donor PBMCs (HLA-B*08*, B*14+, or B*51*) were initially stimulated
with UL266;_go. Staining was performed with UL264;_¢o tetramers specific for
the respective HLA allotype. All tetramer stainings and ICS were performed
once in two to four different donors per epitope.
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Figure 4. Characterization and cytotoxicity of HCMV-specific CD8* T cell clones. (A) Exemplary staining of a UL23,,_30-specific T cell clone (B*07:02-
restricted) with the respective tetramer and ICS with TNF, IFNy, and the degranulation marker CD107a. Similar results were obtained with several clones per
donors. (B-D) Real-time cytotoxicity of different UL23,,_30-specific T cell clones monitored by the xCELLigence system. 20,000 cells/well of infected or mock-
treated MRC-5 cells were seeded into 96-well E-plates. After attachment of target cells, effector cells were added 48 h.p.i. at indicated E:T ratios (to). Synthetic
peptides were added to target cells 1 h before effector cells. Percentage of lysis was calculated in relation to cells without effector T cells. Shown are rep-
resentative results of three independent experiments. Error bars represent SD from technical triplicates. (B) MRC-5 cells were loaded with specific (UL23,,_3,
RPWKPGQRV) or unspecific (HIV Nefi,g_137, TPGPGVRYPL) peptide or infected with AUS2-6 (MOI 2) and incubated with effector cells in an E:T cell ratio of 5:1.
MRC-5 cells without peptide served as a control. (C) Comparison of specific lysis of AUS2-6-infected MRC-5 cells with different E:T ratios. (D) Specific lysis of

AD169VarlL wild-type infected or peptide-loaded cells with indicated E:T cell ratios.

Discussion
Various immune evasion strategies employed by HCMYV strongly

interfere with the HLA-I presentation of viral peptides on the
host cell surface. However, ~10% of the memory T cell com-
partment of seropositive individuals consists of HCMV-specific
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Figure 5. Position of 9mer ligands assigned to HLA-A*02:01 in the whole
proteome prediction by SYFPEITHI against their immunogenicity. Dom-
inant and subdominant epitopes are depicted in red and blue, respectively.
Nonimmunogenic peptides are depicted in black. The dashed line indicates
the best 2% of the prediction that should contain the majority of T cell
epitopes according to SYFPEITHI. A possible correlation between the rank of
HLA binding affinity predictions and the immunogenicity was assessed with
the Kendall rank correlation coefficient tau-b (1, = —=0.225, P = 0.033).
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T cells (Sylwester et al., 2005), and this number can dramatically
rise in elderly (Vescovini et al., 2007).

With our approach, we were able to bypass immune evasion
by the US6 family genes and, for the first time, perform the di-
rect isolation and identification of physiologically relevant
HCMUV-specific HLA ligands by MS. Our data clearly confirm
that memory T cell responses toward peptides derived from
viral proteins of all expression stages and functional areas can be
detected in immunocompetent HCMV carriers. The fact that
memory T cells specific for a significant proportion of these
ligands are present in HCMV-seropositive individuals clearly
indicates priming of naive T cells against these antigens at any
time during infection.

By now, the initial perception that HCMV-specific T cell re-
sponses are directed only against a few immunodominant an-
tigens has been challenged by several groups. Using predictive
bioinformatics and functional T cell assays, Elkington et al.
(2003) identified numerous novel HCMV epitopes from a het-
erogeneous group of 14 preselected proteins (pp28 [UL99],
pp50 [UL112-UL113], pp65 [UL83], ppl50 [UL32], pp71 [UL82],
gH [UL75], gB [UL55], IE1 [UL123], US2, US3, US6, USL1, ULIs,
and UL18) as T cell targets. Sylwester et al. (2005) analyzed
overlapping 15-mer peptides from 213 HCMV open reading
frames (ORFs) by cytokine flow cytometry. Of the tested ORFs,
70% were shown to be immunogenic for CD4* and/or CD8*
T cells. Immunogenicity was influenced only modestly by ORF
expression kinetics and function (Sylwester et al., 2005). In-
terestingly, besides pp65 and IE1, UL48 was the only tested ORF
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recognized by CD8* T cells of >50% of tested donors. In contrast
to that particular finding, from a total of 103 identified immu-
nogenic HCMV-derived peptides, 26 epitopes, representing 23
different proteins, were classified as dominant in our study. We
found immunogenic peptides from 65 HCMV proteins, con-
firming previous findings that HCMV-specific CD8* T cell im-
munity in healthy virus carriers is based on a broad repertoire of
HCMV antigens. We were able to validate seven previously
known epitopes, but some well-established epitopes such as
VLEETSVMLygyur103 (A*02; Khan et al., 2002), YSEHPTFTS-
QYppes/urss (A*01; Longmate et al., 2001), RPHERNGFT VL6513
(B*07; Weekes et al., 1999), QIKVRVDMVig;, 0z (B*08), and
ELRRKMMYMg,; 03 (B*08; Elkington et al., 2003) were not
detected in our assays. While our approach has technical limi-
tations, other reasons for the lack of detection of some dominant
epitopes are imaginable. The HLA-I antigen presentation pathway
could be insufficient for processing of specific peptides in the
infected fibroblasts. To assess this, in future studies we will apply
IFNy to induce the HLA-I antigen presentation machinery before
infection, as IFNy induction strongly improves antigen presenta-
tion to CD8* T cells (Hengel et al., 1994) and may as well induce
HLA-II expression for elution and characterization of class II
ligands (Boehm et al., 1997). In addition, ligandome analysis
at different time points during infection could yield peptides
of different quality. We observed strongly induced numbers of
HLA-B*44:02 ligands in AUS2-6-infected cells, i.e., in the presence
of US11 expression. This was indeed surprising, and we have be-
gun to address the molecular mechanisms behind this phenome-
non (Zimmermann et al., 2019). Thus, immunoevasins affect not
only the efficiency, but also the quality of antigen presentation.
Therefore, it should be taken into account that expression of one
or combinations of several immunoevasins could result in dif-
ferent HLA-I ligandome qualities. Finally, it cannot be excluded
that the AUS2-11 deletion mutant virus still expresses factors that
interfere with HLA-I peptide loading and presentation.

The broad CD8* T cell response against HCMV detected in
healthy donors clearly shows that inhibition of HLA-I antigen
presentation by immunoevasins is not sufficient to prevent
the induction of CD8" T cells (Manley et al., 2004), empha-
sizing the role of priming of CD8* T cells through cross-
presentation (Busche et al., 2013). However, HCMV will
have a major impact, not only quantitatively, but also quali-
tatively, on antigen processing and presentation in the in-
fected cells. This could partly explain why a large portion of
HCMV-derived ligands fail to elicit a memory response in
seropositive donors. Also, different expression/presentation
patterns in different cell types could have an effect on mem-
ory responses (Frascaroli et al., 2018; Hengel et al., 2000).
Such nonimmunogenic ligands might not be processed and
presented during an infection in vivo or are not recognized by
naive T cells. Furthermore, donors might lack specific naive
T cells, leaving a hole in the T cell repertoire (Calis et al., 2012;
Rolland et al., 2007; Wolfl et al., 2008). Despite the large
number of nonimmunogenic HLA ligands identified, all these
peptides are naturally presented on HLA molecules, providing
a solid foundation for epitope screening. By using in silico
analyses only, it would have been necessary to screen several
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thousands of peptides to identify our set of epitopes, as op-
posed to 368 in our approach.

Infection of various cell cultures expressing distinct HLA
allotypes with different HCMV deletion mutants will allow for
deeper and broader insights into the quality of viral CD8* T cell
targets. Moreover, methods such as ribosome profiling will en-
able the identification of novel ORFs that might be a source of
additional viral T cell epitopes (Erhard et al., 2018; Stern-
Ginossar et al., 2012). The presence of a broad range of spe-
cific memory T cells in healthy seropositive individuals suggests
that strategies using subdominant epitopes and targeting mul-
tiple antigens in vaccination and cellular therapies may be
beneficial for sustainable virus control (Holst et al., 2015;
Panagioti et al., 2018; Steffensen et al., 2016). Therefore, the
identification of a large number of immunogenic HCMV-derived
cytotoxic T cell targets for the most frequent HLA restrictions is,
in our opinion, indispensable for the development and im-
provement of such therapies.

Materials and methods
Cells and viruses
MRC-5 fibroblasts (ECACC 05090501) and human foreskin fi-
broblasts (HF-99/7; kind gift of Dieter Neumann-Haefelin and
Valeria Kapper-Falcone, Institute of Virology, Medical Center
University of Freiburg, Freiburg, Germany) were grown in DMEM
supplemented with 10% FCS, penicillin, and streptomycin.

The AD169VarL-based bacterial artificial chromosome (BAC;
Le et al,, 2011) mutants were propagated on MRC-5 cells. The
HCMYV deletion mutants AUS2-6, AUS2-6/AUSI11, and AUS2-11
were generated according to a previously published procedure
(Wagner et al., 2002) using the BAC-cloned AD169varL genome
pAD169 (Le et al., 2011) as parental BAC. Briefly, a PCR fragment
was generated using the primers KL-DeltaUS11-Kanal 5'-CAA
AAAGTCTGGTGAGTCGTTTCCGAGCGACTCGAGATGCACTCC
GCTTCAGTCTATATACCAGTGAATTCGAGCTCGGTAC-3' and
KL-DeltaUS11-Kana2 5'-TAAGACAGCCTTACAGCTTTTGAGTCT
AGACAGGGTAACAGCCTTCCCTTGTAAGACAGAGACCATGAT
TACGCCAAGCTCC-3' and the plasmid pSLFRTKn (Atalay et al.,
2002) as template DNA. The PCR fragment containing a kana-
mycin resistance gene was inserted into the parental BAC by
homologous recombination in Escherichia coli. Correct mutagenesis
was confirmed by Southern blot and PCR analysis. Recombinant
HCMVs were reconstituted from HCMV BAC DNA by Superfect
(Qiagen; 301305) transfection into permissive MRC-5 cells. Virus
titers were determined by standard plaque assay.

Flow cytometry analysis of infected cells

Cells were detached with Accutase (Sigma-Aldrich; A6964) and
stained with antibodies diluted in 3% FCS/PBS. Cells were
washed in 3% FCS/PBS supplemented with DAPI and fixed in 3%
paraformaldehyde. For intracellular staining of viral Fc re-
ceptors, cells were fixed and permeabilized using the BD Cyto-
fix/Cytoperm Kit and stained with Fc-FITC (Rockland
Immunochemicals). Cells were measured with a BD FACSCanto
II system (BD Biosciences), and acquired data were analyzed by
Flow]Jo (v10.1, TreeStar).
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Analysis of HLA ligands by LC-MS/MS

Approximately 2-3 x 108 cells (30 T175 flasks) of MRC-5 fibro-
blasts (A*02:01, A*29:02, B*07:02, B*44:02, C*05:01, and C*07:
02) or human foreskin fibroblasts (HF-99/7; A*01:01, A*03:01,
B*08:01, B*51:01, C*01:02, and C*07:01) were infected at an MOI
of 4-7. At 48 h.p.., the cells were collected by scraping and
washed three times with PBS. Cell pellets were stored at -80°C.
HLA-I ligands were isolated using standard immunoaffinity
purification using the pan-HLA-I-specific monoclonal antibody
W6/32 (Nelde et al., 2019). In brief, cell pellets were thawed and
lysed in 10 mM 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate/PBS (AppliChem/Thermo Fisher Scientific)
containing Complete Protease Inhibitor (Roche). The lysate was
homogenized by applying pulsed sonification. HLA-I molecules
were isolated from the filtered lysate by affinity chromatogra-
phy with W6/32 antibodies coupled to cyanogen bromide-
activated sepharose (GE Healthcare). Repeated addition of 0.2%
TFA allowed the elution of HLA/peptide complexes, and subse-
quent ultrafiltration of the eluate with 3-kD Amicon filter units
(Merck Millipore) separated the HLA ligands from the a- and
B-chains of the HLA molecules. After extracting and desalting
the ligands from the filtrate using ZipTip CI8 pipette tips (Merck
Millipore) and 0.1% TFA, elution was performed with 32% ace-
tonitrile (AcN)/0.2% TFA. The elution solution was reduced in a
vacuum centrifuge and filled with 1% AcN/0.2% TFA. HLA ligand
extracts were analyzed as described previously (Nelde et al.,
2019). In brief, HLA ligand extracts were separated by
reversed-phase LC (nanoUHPLC, UltiMate 3000RSLCnano; Di-
onex) using a 75 pm x 25 cm PepMap Cl18 column (Thermo
Fisher Scientific). Linear gradients were applied ranging from
2.4% to 32% AcN over the course of 90 min in almost all analyses.
In single experiments, other methods were tested, applying 195-
or 300-min gradients on a 75 pm x 50 cm PepMap column.
Peptides eluted from MRC-5 cells were analyzed in an online
coupled LTQ Orbitrap XL mass spectrometer (Thermo Fisher
Scientific) using a top-five collision-induced dissociation
method generating ion trap MS/MS spectra. Extracts of HF-99/
7 cells were analyzed in an online coupled LTQ Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific) using a
top-speed collision-induced dissociation method leading to
Orbitrap MS/MS spectra.

Database search and filtering

Data processing was performed as described previously
(Kowalewski et al., 2015). In brief, the Mascot search engine
(Mascot 2.2.04; Matrix Science, for ion trap fragment spectra) or
the SEQUEST HT search engine (University of Washington, for
Orbitrap fragment spectra; Eng et al., 1994) were used to search
the human and HCMV proteome. Fragment spectra were
searched against a concatenated FASTA consisting of the re-
viewed Swiss-Prot human (March 2014; 20,271 sequences) and
HCMV (March 2014; 400 sequences) proteomes. The search
combined data of technical replicates and was not restricted by
enzymatic specificity. Precursor mass tolerance was set to 5
ppm, and fragment mass tolerance was set to 0.5 daltons for ion
trap spectra analyzed by Mascot and 0.02 daltons for Orbitrap
spectra analyzed by SEQUEST HT. Oxidized methionine was
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allowed as dynamic modification. FDR was estimated using the
Percolator algorithm (Kall et al., 2007). Identifications were
filtered to an FDR of 5% assessed on peptide spectrum match
level, search engine rank = 1, and peptide lengths of 8-12 aa. For
Mascot database searches, the additional filter of Mascot Ion
Scores 220 was used. All peptide identifications were annotated
to their respective HLA motifs using both SYFPEITHI
(Rammensee et al., 1999) and NetMHC (Lundegaard et al., 2008).
The MRC-5 dataset was annotated with NetMHC (version 3.4;
Lundegaard et al, 2008), and the HF-99/7 dataset with
NetMHCpan (version 3.0; Nielsen and Andreatta, 2016). A nor-
malized SYFPEITHI score of >50% and NetMHC ICs, < 500 nM
as well as a percentile rank <2% for NetMHCpan3.0 were applied
as cutoffs. The normalized SYFPEITHI score indicates the per-
centage of the possible maximum score for the respective HLA
allele and length of the scored peptide. Peptides fulfilling the
cutoff in either or both prediction tools were designated pre-
dicted HLA ligands in this article. In case of multiple possible
annotations, the HLA allotype yielding the best rank/score was
selected. Peptides were tested in donor samples of different
restrictions if the two algorithms resulted in inconsistent allo-
type annotations.

Peptide and HLA:peptide monomer synthesis

Synthetic peptides were produced by standard 9-fluo-
renylmethyloxycarbonyl/tert-butyl strategy using peptide syn-
thesizers 433A (Applied Biosystems), P11 (Activotec) or Liberty
Blue (CEM). Purity was assessed by reversed-phase HPLC
(e2695, Waters) and identity affirmed by nano-UHPLC (UltiMate
3000 RSLCnano) coupled online to a hybrid mass spectrometer
(LTQ Orbitrap XL, both Thermo Fisher Scientific). Lyophilized
peptides were dissolved at 10 mg/ml in DMSO and diluted 1:10 in
bidistilled H,O. Frozen aliquots were further diluted in cell
culture medium and sterile filtered if necessary. Synthetic
peptides were used for validation of LC-MS/MS identifications
as well as for functional experiments. Biotinylated recombinant
HLA molecules and fluorescent HLA:peptide tetramers were
produced as described previously (Garboczi et al., 1992; Peper
et al., 2015; Rodenko et al., 2006).

Target cell infection for cytotoxicity assays

MRC-5 cells were cultured in DMEM (1x; Thermo Fisher Sci-
entific; 41965039) supplemented with 10% FCS, 100 U/ml pen-
icillin, and 100 pg/ml streptomycin at 37°C and 7.5% CO,. For
cytotoxicity assays, MRC-5 cells were infected with varying MOI
and subsequently centrifuged for 30 min at 300 g. After resting
for ~1 h, cells were harvested by trypsination for 2 min at 37°C
and seeded in E-plates 96 (ACEA Biosciences; 05232368001)
with 20,000 cells per well.

T cell culture

Buffy coats were kindly provided by the Institute for Clinical and
Experimental Transfusion Medicine at the University Hospital
of Tiibingen after obtaining written informed consent in accor-
dance with the Declaration of Helsinki and applicable laws and
regulations. This has been approved by the Ethik-Kommission an
der Medizinischen Fakultét der Eberhard-Karls-Universitit und
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am Universititsklinikum Tiibingen (Project No. 507/2017BO1).
Two-digit HLA-A and -B typing and CMV status were provided
by Transfusion Medicine. Thereafter, blood samples were en-
coded by four-digit numbers. Peripheral blood mononuclear cells
(PBMCs) were isolated from healthy HCMV-seropositive blood
donors by Ficoll-Hypaque density gradient centrifugation. Cells
were frozen at -80°C in FCS and 10% DMSO. After thawing, cells
were rested overnight before stimulation. Culture conditions
were 7.5% CO, and 37°C in humidified incubators in IMDM
(Thermo Fisher Scientific; 12440) supplemented with 5% heat-
inactivated pooled human plasma (isolated from healthy blood
donors), 100 U/ml penicillin, 100 pg/ml streptomycin, 25 pg/ml
gentamicin (Life Technologies), and 50 pM B-mercaptoethanol
(Carl Roth).

IFNy ELISpot assay

IFNy ELISpot assays were performed after 12-d stimulation as
described previously (Peper et al., 2015) or directly ex vivo 1 d
after thawing. For the 12-d stimulation, PBMCs were stimulated
1 d after thawing (day 1) with a pool of <10 peptides of interest
and the negative control peptide. Each peptide had a final con-
centration of 1 pg/ml. IL-2 was added on days 2, 5, and 7 with a
final concentration of 20 U/ml. On day 12, cells were harvested,
and 500,000 cells per well were seeded onto nitrocellulose
plates (Merck Millipore). The cells were then incubated for 24 h
together with 1 pg/ml of a peptide of interest, the negative
control, or PHA. Readout was performed according to the
manufacturer’s recommendation and the cancer immunother-
apy monitoring panel (Britten et al., 2008). PHA was used as a
positive control. The following peptides, served as negative
controls: GSEELRSLY HIV POL;, o (A*01), YLLPAIVHI HUMAN
DDX5145.156 (A*02), RLRPGGKKK HIV GAG,0.,s (A*03),
TPGPGVRYPL, HIV Nefisg 137 (B*07), GGKKKYKL HIV GAGy,4 5
(B*08), EEIPASDDVLF HCMV DNBI;go5_1105 (B*44), and DPY-
KATSAV HUMAN MUC16¢526_6334 (B*51). DMSO was used as a
negative control for HLA-A*29. Blue spots specific for IFNy-
producing cells were automatically counted using an Im-
munoSpot S5 analyzer (CTL) and ImmunoSpot software. T cell
responses were considered to be positive when >10 spots/well
were counted and the mean spot count per well was at least
threefold higher than the mean number of spots in negative
control wells. Background staining due to excess cytokine and
overlapping spots hamper the detection of reliable counts in
wells of highly responsive donors. Therefore, spot counts of
>1,000 or “too numerous to count” were set to 1,000.

Analysis of T cells

HLA tetramer staining of T cells was performed by incubation
with 5 pg/ml tetramer diluted in tetramer staining buffer (2%
FCS, 0.01% sodium azide, and 2 mM EDTA in PBS) for 30 min at
4°C. Afterwards, T cells were stained with CD8-PerCP (BioLegend;
301030) for 20 min at 4°C.

For ICS, 0.5-1 Mio cells/well were stimulated with individual
peptides (10 pg/ml) in the presence of brefeldin A (Sigma-
Aldrich; B7651), GolgiStop (BD Biosciences; 554724) and anti-
CD107a-FITC monoclonal antibody (BD Biosciences; 555800) at
150 pl per well for 12-14 h. After incubation, cells were washed
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and stained with anti-CD8-PerCP (BioLegend; 301030) and anti-
CD4-APC (BioLegend; 300518) antibodies followed by fixation
and permeabilization for a further 20 min at 4°C (Cytofix/Cy-
toperm; BD Biosciences). After washing with permwash buffer,
cytokines were stained with anti-TNF-PacificBlue (BioLegend;
502920) and anti-IFNy-PE (BioLegend; 506507) antibodies for
20 min at 4°C. Flow cytometric measurements were performed
on a FACSCanto II cytometer (BD Biosciences) and analyzed
using Flow]Jo version 10.

T cell clones

PBMCs of HLA-matched seropositive donors were stimulated
with 1 pg/ml specific peptide 1 d after thawing and with IL-2 (20
U/ml; R&D Systems; 202-IL) on days 2 and 5. On day 14, HLA
tetramer staining was performed, and tetramer-positive CD8*
T cells were sorted in 96-well plates containing 1.5 x 10° irra-
diated PBMCs (60-Gray, 1000 Elite Gammacell), 1.5 x 10* irra-
diated LG2-EBV (200 Gray; kind gift from Pierre van der
Bruggen, Ludwig Institute for Cancer Research, Brussels, Bel-
gium) as feeder cells, 150 U/ml IL-2, and 0.5 pg/ml PHA-L
(Sigma-Aldrich; 11249738001) in 150 ul medium per well. Sort-
ing was performed using BD FACSJazz equipped with BD FACS
software. Five or 10 tetramer-positive CD8* T cells were sorted
per well and incubated at 37°C and 7.5% CO,. After resting for
1 wk, cells were stimulated twice per week with 150 U/ml IL-2,
and freshly irradiated feeder cells were added every second or
third week together with 150 U/ml IL-2 and 1 pug/ml PHA-L.

Real-time cytotoxicity assay (xCELLigence)

Real-time cytotoxicity assays were performed as described
previously (Peper et al., 2014). All experiments were performed
in DMEM with 10% FCS and 1% penicillin/streptomycin. Back-
ground values were determined using 50 pl medium per well.
MRC-5 cells, infected or mock-treated, were seeded in 96-well
E-plates (ACEA Biosciences; 05232368001) at a concentration of
20,000 cells per well in 50 pl medium. Effector cells were added
48 h after target cells in indicated E:T cell ratios. For peptide
loading of MRC-5 cells, synthetic peptides (final concentration
1 pg/ml) were added to target cells 1 h before effector cells. Cell
attachment was monitored using the RTCA SP (Roche) instru-
ment and RTCA software version 1.1 (Roche). Impedance
measurements were performed every 15 min for up to 140 h. All
experiments were performed in triplicates.

Whole proteome prediction

SYFPEITHI and NetMHCpan3.0 were employed for the in silico
epitope prediction (Schubert et al., 2016) of the whole HCMV
proteome using a concatenated FASTA consisting of the re-
viewed Swiss-Prot HCMV AD169 proteome (March 2014; 193
sequences) and the reviewed sequences of UL133, UL135, UL136,
UL138-UL142, UL144-UL148, UL150, and UL147A of strain Merlin
(Le et al., 2011). The additional proteins are part of the ULb’
region that is included in the BAC construct used.

Statistical analysis
The correspondence of the proteome-wide rank of the SYFPEITHI
HLA binding affinity predictions and the experimentally
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determined immunogenicity was assessed by calculating the
Kendall rank correlation coefficient (t,) and its respective P
value using the cor.test function as part of the stats package in
the R statistical computing environment (v3.5; R Core Team,
2018).

Data availability

The MS data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al., 2019) partner
repository with the dataset identifier PXD013120.

Online supplemental material

Fig. S1 shows the determination of the infection rate of the an-
alyzed cells before ligand extraction. Fig. S2 shows an overlap
analysis of the HCMV-derived ligands extracted from five in-
dependent infections of MRC-5 cells with AUS2-6/AUSII. Fig. S3
depicts the ELISpot results for each epitope. Fig. S4 shows the
parallel recognition of multiple epitopes by PBMC donors. Fig.
S5 contains further information about the tests before the cy-
totoxicity assays. Table Sl lists all identified T cell epitopes and
the results of ELISpot assays, ICS, and tetramer stainings. Table
S2 shows the position of dominant epitopes within the whole
proteome prediction with NetMHCpan3.0 and SYFPEITHI. Da-
taset Sl lists all ligands identified from extracts of MRC-5 cells.
Dataset S2 contains the comparison of annotated fragment
spectra of 50 randomly selected HCMV-derived HLA ligand
identifications with their synthetic counterparts. Spectral pairs
found to be mismatching in manual evaluation based on missing
fragment ions in the natural spectrum or mismatching intensity
distributions are outlined in red. Dataset S3 lists all HLA ligands
identified from extracts of HF-99/7 cells.
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Figure S1. Flow cytometry-based determination of the infection rate. Cells were permeabilized and treated with Fc-FITC, which binds to the HCMV-
encoded Fc-receptor (VFcR). Infection rate was determined once per infection experiment. SSC, side scatter.
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Figure S2. Overlap analysis of HCMV-derived HLA ligands between five independent HLA ligand elutions from MRC-5 cells infected with AD169
AUS2-6/AUS11.
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Figure S3. Results of ELISpot screening. (A-G) ELISpot screening of positively tested peptides with HLA-A*02:01 (A), HLA-A*29:02 (B), HLA-B*44:02 (C),
HLA-A*01:01 (D), HLA-A*03:01 (E), HLA-B*08:01 (F), and HLA-B*51:01 (G) restriction. Depicted are numbers of IFNy SFCs for each tested donor minus the spot
numbers of the negative control of the respective donor. Positive evaluated donors are depicted in black, and negative tested donors in gray. Epitopes were

tested once in 9-38 different HLA-matched donor PBMCs.
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Figure S4. Parallel recognition of multiple HCMV epitopes. (A and B) Exemplary ELISpot results after 12-d amplification with HLA-B*07-restricted (A) and
HLA-B*44-restricted (B) epitopes using PBMCs of two and three donors, respectively. PBMCs were stimulated with 10 novel and already known epitopes
(columns 1-10). (A) pp65/UL8365-275 (RPHERNGFTVL, column 10) is a previously identified epitope that was not contained in the ligands identified here. HIV
Nefy,5_137 (TPGPGVRYPL) and medium served as negative controls, and PHA as positive control. Representative results of two independent experiments. (B)
pp65/UL83364-373 (SEHPTFTSQY) and pp65/UL83s511_551 (QEFFWDANDIY) are already known epitopes that were not found as ligands in this study. UL57193_503
(EEIPASDDVLF) served as negative control. Representative results of two independent experiments.
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Figure S5. Infection of MRC-5 cells with AD169 AUS2-6 for following cytotoxicity testing of peptide-specific T cell clones. (A) Comparison of mor-
phology of uninfected and infected (20 h.p.i., MOI 1) MRC-5 cells. Scale bars, 200 pm. (B) Titration of MOls in comparison with mock-treated MRC-5 cells for
the xCELLigence system. 20,000 cells/well of infected or mock-treated MRC-5 cells were seeded into 96-well E-plates. Impedance was measured every 15 min
and normalized to impedance of wells with medium only. The resulting dimensionless normalized cell index indicates the changes in impedance normalized to
to. Experiment was performed in triplicate. Shown are representative results of three independent experiments.
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Table S1. T cell epitopes

ID Position Sequence Tested  Actual HLA ELISpot response rate (%) Intracellular  Tetramer
HLA restriction 12-d stimulation  Ex vivo? staining staining
MRC-5
UL83455-503 495-503 NLVPMVATV® A*02:01  A*02:01 21/28 (75.0) 100.0 CD8 Positive
US874_5> 74-82 GVLDAVWRV A*02:01  A*02:01 13/18 (72.2) 50.0 CD8 Positive
UL150A155_161 152-161 ALWDVALLEV A*02:01  A*02:01 10/14 (71.4) 25.0 CD8 Positive
UL100,00-208 200-208 TLIVNLVEV A*02:01  A*02:01 11/20 (55.0) 25.0 CD8 Positive
UL44 50267 259-267 GLFAVENFL A*02:01 DR 7/13 (53.9) 0.0 CD4 nt
UL7140-48 40-48 FLDENFKQL A*02:01 DR 10/21 (47.6) 375 CD4 Negative
UL105431-439 431-439 RLFDLPVYC A*02:01 5/12 (41.7) nt nt nt
UL147A,_10 2-10 SLFYRAVAL A*02:01 5/13 (38.5) 125 nt nt
UL29:75_183 175-183 RLQPNVPLY A*02:01 6/18 (33.3) 0.0 nt nt
US16134-144 134-144 GLLAHIPALGY A*02:01 6/22 (27.3) 0.0 nt nt
US29,503_301 293-301 ALSPSTSKV A*02:01 4/17 (23.5) nt nt nt
UL29344_35 344-352 SLYEANPEL A*02:01 4/17 (23.5) nt nt nt
UL86146_154 146-154 TILDKILNV A*02:01 4/20 (20.0) nt nt nt
US16186.104 186-194 TLINGYWWV A*02:01 2/11(18.2) nt nt nt
US16134-142 134-142 GLLAHIPAL A*02:01 2/11(18.2) nt nt nt
UL48135141 132-141 ALYPEYIYTV A*02:01 3/18 (16.7) nt nt nt
UL47766-744 766-774 GLNERLLSV A*02:01 3/20 (15.0) nt nt nt
UL34130_138 130-138 ALFNQLVFTA A*02:01 2/15 (13.3) nt nt nt
UL56124_132 124-132 FTDNVRFSV A*02:01 1/13 (7.8) nt nt nt
UL128145_153 145-153 GLDQYLESV A*02:01 1/13 (7.8) nt nt nt
UL84133141 133-141 ALLGRLYFI A*02:01 1/15 (6.7) nt nt nt
UL496_104 96-104 NYNEQHYRY A*29:02 5/13 (38.5) nt nt nt
US27576_284 276-284 LYVGQFLAY A*29:02 3/12 (25.0) nt nt nt
UL4gg_o7 88-97 SFFPKLQGNY A*29:02 2/9 (22.2) nt nt nt
UL4gg_o7 89-97 FFPKLQGNY A*29:02 2/12 (16.7) nt nt nt
UL16362-170 162-170 YPRPPGSGL® B*07:02  B*07:02 19/22 (86.4) 25.0 Negative Positive
UL83417-426 417-426 TPRVTGGGAM?  B*07:02  B*07:02 31/38 (81.6) 100.0 CD8 Positive
TRSl166-174 166-174 SPRDAWIVL B*07:02  B*07:02 15/22 (68.2) 20.0 CD8 Positive
UL52349_357 349-357 SPSRDRFVQL B*07:02  B*07:02 14/21 (66.7) 333 Negative Positive
UL23,, 30 22-30 RPWKPGQRV B*07:02  B*07:02 15/28 (53.6) 66.7 CD8 Positive
UL4676_g4 76-84 SPRHLYISL B*07:02  B*07:02 11/22 (50.0) 0.0 CD4/CD8 Positive
UL3855-235 225-235 IPMTFVDRDSL ~ B*07:02 5/14 (35.7) nt nt nt
US30513_321 313-321 RPFPSTHQL B*07:02 4/13 (30.8) 0.0 nt nt
UL83,49_57 49-57 RVSQPSLIL B*07:02 4/15 (26.7) nt nt nt
UL34150_188 180-188 LPHERHREL B*07:02 3/12 (25.0) nt nt nt
UL82,45-254 245-254 SPHPPTSVFL B*07:02 3/12 (25.0) nt nt nt
UL27485-493 485-493 IPDYRSVSL B*07:02 4/18 (22.2) nt nt nt
UL31530-317 310-317 APFGRVSV B*07:02 3/15 (20.0) nt nt nt
TRS1/IRS1gy_g9 92-99 IPVERQAL B*07:02 2/12 (16.7) nt nt nt
UL98135_143 135-143 APNYRQVEL B*07:02 2/12 (16.7) nt nt nt
UL40510_21 210-218 LPNDHHYAL B*07:02 1/17 (5.9) nt nt nt
US1285-89 82-89 APYLRDTL B*07:02 1/19 (5.3) nt nt nt
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Table S1. T cell epitopes (Continued)

ID Position Sequence Tested Actual HLA ELISpot response rate (%) Intracellular Tetramer
HLA restriction 12-d stimulation  Ex vivo® staining staining
uL112/ 125-134 SENGNLQVTY B*44: B*44:02 26/31(83.9) 62.5 CD8 Positive
UL113155 134 02
UL117355 366 358-366 HETGVYQMW B*44: B*44:02 17/26 (65.4) 62.5 CD8 Positive
02
UL1754_3, 24-32 DEQVSKRSW B*44: B*44:02 11/24 (45.8) 125 CD8 Positive
02
TRL1240-410 402-410 SESEFIVRY B*44: B*44:02 8/20 (40.0) 375 CD8 Positive
02
UL147As1_50 51-59 EEQDYRALL B*44: 4/12 (33.3) nt nt nt
02
UL78150-158 150-158 RENAGVALY B*44: 4/21(19.1) nt nt nt
02
US2171_g0 71-80 AEPNFPKNVW ~ B*44: 2/14 (14.3) nt nt nt
02
TRS1/IRS1,76_085 276-285 EEATALGREL B*44: 1/10 (10.0) nt nt nt
02
US11303-111 103-111 SESLVAKRY B*44: 1/10 (10.0) nt nt nt
02
UL5455_763 755-763 LENGVTHRF B*44: 1/14 (7.1) nt nt nt
02
US2275_81 72-81 REQAAIPQIY B*44: 1/16 (6.3) nt nt nt
02
UL57640-648 640-648 FVDDEALGF C*05:01 2/11 (18.2) nt nt nt
HF-99/7
UL105715723 715-723 YADPFFLKY® A*01:01  A*01:01 15/15 (100.0) 90.9 CD8 Positive
UL44945_553 245-253 VTEHDTLLY® A*01:01  A*01:01 13/14 (92.9) 100.0 CD8 Positive
UL69560_575 569-578 RTDPATLTAY A*01:01  A*01:.01 19/23 (82.6) 66.7 CD8 Positive
US28125 130 122-130 ITEIALDRY A*01:01  A*01:.01 14/24 (58.3) 14.3 CD8 Positive
UL55657-665 657-666 NTDFRVLELY A*01:01  A*01:01 9/16 (56.3) 0.0 CD8 Positive
UL36g5-01 82-91 FVEGPGFMRY A*01:01 5/14 (35.7) nt nt
UL148,55_290 282-290 SLDRFIVQY A*01:01 DR 5/14 (35.7) CD4 nt
UL25370-379 370-379 YTSRGALYLY A*01:01 3/14 (21.4) nt nt
UL861346-1354 1,346-1,354  TSETHFGNY A*01:01 3/15 (20.0) nt nt
US3445_101 92-101 GSDALPAGLY A*01:01 3/16 (18.8) nt nt
UL481607-1617 1,607-1,617  VTDYGNVAFKY  A*01:01 3/16 (18.8) nt nt
IRS1/TRSl4ga-u7s  464-474 LLDELGAVFGY  A*01:01 2/13 (15.4) nt nt
uL112/ 124-134 ISENGNLQVTY  A*01:.01 3/20 (15.0) nt nt
UL113154-134
UL105616-624 916-924 VTDPEHLMM A*01:01 2/14 (14.3) nt nt
UL105560-369 360-369 DLDFGDLLKY A*01:01 2/16 (12.5) nt nt
UL78525-23 222-232 YSDRRDHVWSY  A*01:01 1/16 (6.3) nt nt
UL77228-236 228-236 GLYTQPRWK A*03:01  A*03:01 16/21 (76.2) 50.0 CD8 Positive
UL57760-708 790-798 RVKNRPIYR A*03:01  A*03:01 14/23 (60.9) 333 CD8 Positive
UL3651-60 51-60 RSALGPFVGK A*03:01  A*03:01 6/15 (40.0) CD8 Positive
UL123184-102 184-192 KLGGALQAKf A*03:01 6/15 (40.0) nt nt
US33A13_1 13-21 KLGYRPHAK A*03:01  A*03:01 11/29 (37.9) CD8 Positive
US24136_145 136-145 RVYAYDTREK A*03:01 4/11 (36.4) nt nt
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Table S1. T cell epitopes (Continued)

ID Position Sequence Tested Actual HLA ELISpot response rate (%) Intracellular Tetramer
HLA restriction 12-d stimulation  Ex vivo? staining staining
UL25550-588 580-588 GVSSVTLLK A*03:01 5/14 (35.7) nt nt
UL843 3 3-11 RVDPNLRNR A*03:01 5/15 (33.3) nt nt
UL70¢05-706 698-706 SVRLPYMYK A*03:01 4/16 (25.0) nt nt
UL79237-245 237-245 RTFAGTLSR A*03:01 3/14 (21.4) nt nt
UL571044-1052 1,044-1,052  RLADVLIKR A*03:01 2/13 (15.4) nt nt
UL70697-706 697-706 RSVRLPYMYK A*03:01 2/15 (13.3) nt nt
UL122315.121 113-121 SVSSAPLNK A*03:01 1/14 (7.1) nt nt
UL34150-188 180-188 LPHERHREL B*08:01  B*08:01 20/22 (90.9) 85.7 CD8 Positive
UL2661_69 61-69 LPYPRGYTL B*08:01  B*08:01/ B*51: 11/16 (68.8) 16.7 CD8 Positive
01
UL13465-473 465-473 YLVRRPMTI B*08:01  B*08:01 11/22 (50.0) 333 Negative Positive
UL36199_207 199-207 VMKFKETSF B*08:01 5/13 (38.5) nt nt
UL84535_247 239-247 TPLLKRLPL B*08:01 4/14 (28.6) nt nt
UL40170-178 170-178 HLKLRPATF B*08:01 3/13 (23.1) nt nt
UL84s500_507 500-507 FISSKHTL B*08:01 3/14 (21.4) nt nt
UL147A;_10 2-10 SLFYRAVAL B*08:01 4/22 (18.2) nt nt
UL445¢_34 26-34 QLRSVIRAL B*08:01 2/14 (14.3) nt nt
UL148, g 1-8 MLRLLFTL B*08:01 1/14 (7.1) nt nt
UL83116123 116-123 LPLKMLNIg B*51:01  B*51:01 12/15 (80.0) 87.5 CD8 Positive
UL38156-164 156-164 FPVEVRSHV B*51:01  B*51:01 15/23 (65.2) 0.0 CD8 Positive
UL266169 61-69 LPYPRGYTL B*51:01  B*08:01/B*51: 10/16 (62.5) 333 CD8 Positive
01

UL56503-511 503-511 DARSRIHNV B*51:01  B*51:01 8/15 (53.3) CD8 Positive
UL71330-338 330-338 IPPPQIPFV B*51:01 6/15 (40.0) nt nt
US28155-166 158-166 IAIPHFMVV B*51:01 5/15 (33.3) nt nt
US23¢5_73 65-73 IPHNWFLQV B*51:01 5/15 (33.3) nt nt
UL33462-170 162-170 VPAAVYTTV B*51:01 5/15 (33.3) nt nt
UL1466_74 66-74 FPAHDWPEV B*51:01 2/15 (13.3) nt nt
UL122449-457 449-457 MPVTHPPEV B*51:01 2/15 (13.3) nt nt
UL75540-549 540-549 FPDATVPATV B*51:01 1/15 (6.7) nt nt
UL481355-1331 1,322-1,331  LPYLSAERTV B*51:01 1/15 (6.7) nt nt
UL78335-343 335-343 KRAMYSVEL C*07:01 2/15 (13.3) nt nt

nt, not tested.

2Ex vivo ELISpot assays were performed using donors that were positively tested in ELISpot assays with prior 12 d stimulation.
bDiamond et al. (1997).
“Elkington et al. (2003).

dWeekes et al. (1999).
eKim et al. (2011).

fBraendstrup et al. (2014).

&Nastke et al. (2005).
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Table S2 and Datasets S1-S3 are provided online as separate Excel (Table S2, Dataset S1, and Dataset S3) and PDF (Dataset S2) files.
Table S2 lists positions of dominant epitopes within whole proteome prediction. Dataset S1 lists HLA ligands identified from
extracts of MRC-5 cells. Dataset S2 shows a comparison of annotated fragment spectra of 50 randomly selected HCMV-derived HLA
ligand identifications with their synthetic counterparts. Spectral pairs found to be mismatching in manual evaluation based on
missing fragment ions in the natural spectrum or mismatching intensity distributions are outlined in red. Dataset S3 lists HLA
ligands identified from extracts of HF-99/7 cells.
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