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INTRODUCTION

Human leucocyte antigen class I molecules (HLA-I) dis-
play short peptides, typically 9-11 amino acids in length,
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Abstract

The recent success of monoclonal antibody checkpoint inhibitor therapies that
enhance the ability of CD8™ T cells to detect cancer-related antigenic peptides has
refocused the need to fully understand the repertoire of peptides being presented
to the immune system. Whilst the peptide ligandome presented by cell surface
human leucocyte antigen class I (HLA-I) molecules on cancer cells has been stud-
ied extensively, the ligandome of extracellular vesicles (EVs) remains poorly
defined. Here, we report the HLA-I ligandome of both the cell surface and EVs
from eight breast cancer cell lines (MCF7, MDA-MB-231, MDA-MB-361, MDA-
MB-415, MDA-MB-453, HCC 1806, HCC 1395, and HCC 1954), and additionally
the melanoma cell line ESTDAB-056 and the multiple myeloma line RPMI 8226.
Utilizing HLA-I immunoisolation and mass spectrometry, we detected a total of
6574 peptides from the cell surface and 2461 peptides from the EVs of the cell
lines studied. Within the EV HLA-I ligandome, we identified 150 peptides derived
from tumour associated antigenic proteins, of which 19 peptides have been shown
to elicit T-cell responses in previous studies. Our data thus show the prevalence of
clinically relevant tumour-associated antigenic peptides in the HLA-I ligandome
presented on EV.

KEYWORDS
breast cancer, extracellular vesicles, HLA ligandome, T-cell epitopes, tumour associated
antigen (TAA)

primarily derived from the cellular proteome, to CD8" T
cells which permits the detection of intracellular patho-
gens such as viruses, and also up-regulated or mutated
proteins relevant in cancer [1] However, a key problem
in the context of cancer cells is their ability to evade elim-

Abbreviations: CL, cell lysates; EVs, extracellular vesicles; HLA-I,
human leucocyte antigen class I; TAA, tumour-associated antigenic
proteins; TAApep, peptides derived from tumour-associated antigenic

proteins.

ination by cytotoxic CD8™ T cells through the expression
of immune checkpoint proteins such as PD-L1. In recent
years, checkpoint inhibitor therapies in the form of
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monoclonal antibodies directed against PD-L1 and PD1
have displayed significant clinical success by allowing
CDS8™ T cells to more readily detect the array of antigenic
peptides on cancer cells [2-4]. This in turn has led to
enhanced efforts to fully describe the cancer HLA-I pep-
tide proteome in ever more detail [5]. Such efforts have
naturally concentrated on the cell surface HLA-I
ligandome. However, the nature of the HLA-I ligandome
present on extracellular vesicles (EVs) released by cancer
cells remains essentially unknown.

Extracellular vesicles, including exosomes, are typi-
cally 50-200 nm membrane bound vesicles secreted by
cells into extracellular environment [6]. EVs released into
the extracellular space can carry bioactive molecules
including RNAs (mRNA, microRNA, and long non-
coding RNA), lipids, and proteins. Depending on their
origin and biological information carried, EVs can insti-
gate changes in the recipient cells according to the infor-
mation transferred [7]. Once EVs have entered the
extracellular space or circulation, they are thought to
elicit effects by one of two mechanisms: by fusing with
the plasma membrane of recipient cells, resulting in the
release of their contents to the cell [8], or second, by
direct interaction with receptors on the surface of the tar-
get cells, initiating the activation of various signalling
pathways [9]. EVs have been proposed as key players in
cell communication, and in particular the communica-
tion that exists between cancer cells and the host micro-
environment, both locally and at a distant site [10]. EVs
derived from many cancer cells or within the tumour
microenvironment are thought to be key factors in onco-
genic transformation, drug resistance, and tumour metas-
tasis. On the other hand, EVs are also involved in tumour
rejection [11] indicating that the role of EVs in tumour
progression relies on their cargo. Therefore, defining the
EV cargo is crucial to fully understand the role of EVs in
tumour growth or rejection. Additionally, tumour-
derived EVs or exosomes (TEX) have been proposed as
cancer prognosis markers for a range of tumours [12,13].
For example, TEX and T-cell derived EVs were used for
monitoring head and neck cancer patients’ response to
oncology therapy [14].

It has been known for many years that tumour-
derived EVs are present in malignant effusions and that
these EVs are enriched in HLA molecules as well as
tumour antigens such as HER2/neu and melan-A [15].
Additionally, EVs derived from tumour cells can modu-
late antigen specific CD8+ T-cell response either by
direct presentation or cross-presentation, indicating that
EVs carry functional HLA-peptide complexes [16,17].
However, the actual HLA-I ligandome of EVs released by
tumour cells and its potential in identifying tumour anti-
gens (TAs), has not been studied extensively. We

hypothesized that defining the HLA-I ligandome of EVs
released by tumour cells may potentially be utilized to
identify clinically relevant tumour antigens. This hypoth-
esis is based on our previous finding that the HLA-I
ligandome of EVs is similar to the cell ligandome [18].
Here, we report the results of a study aimed at the identi-
fication of EV HLA-I ligandomes, and more crucially
their potential in identification of tumour antigens, from
breast cancer, melanoma, and myeloma cell lines.

EXPERIMENTAL PROCEDURES
Cell lines and flow cytometry

The breast cancer cell lines, MDA-MB-231, MDA-MB-
361, MDA-MB-415, MDA-MB-453, MCF7, HCC 1395,
HCC 1806, and HCC 1954, were obtained from the ATCC
Breast Cancer Cell panel (ATCC 30-4500K, LGC Stan-
dards). Multiple myeloma cell line RPMI 8226 was
obtained from LGC Standards and melanoma cell line
ESTDAB-056 was a gift from Prof Federico Garrido,
(University of Granada, Spain). All cell lines were cul-
tured in DMEM or RPMI-1640 supplemented with 5%
fetal bovine serum (FBS) and 50 pg/ml kanamycin (all
ThermoFisher Scientific). For flow cytometry, cells were
harvested from culture flasks with a 1-2 min incubation
with trypsin (0.025%)-EDTA (0.01%) solution at 37° cel-
sius. Cells were then resuspended in culture medium to
inactivate trypsin and centrifuged at 300g for 10 min at 4°
celsius, then resuspended in PFN buffer (PBS, 2% FBS,
0.1% sodium azide). Cells were stained with primary
mouse IgG anti-HLA-A, -B, and -C monoclonal antibody
W6/32 [19] for 20 min at 4° celsius, followed by two
washes with centrifugation steps as above in PFN. Cells
were then stained with FITC-anti-mouse IgG (Sigma-
Aldrich UK, F2012) at a dilution of 1/100 for 20 min, and
washed as above. Control cells received second stage
FITC anti-mouse IgG alone. Cells resuspended in PFN
and were analysed on a Merck-Millipore Guava 8HT flow
cytometer with a 488-nm laser using Guavasoft 2.7
software.

Characterization of EV

For the initial characterization of EVs, cell lines were
grown in serum-free medium (Ex-Cell 610 HSF serum
free, Sigma-Aldrich, UK) to exclude the possibility of EV
contamination from serum. For nanoparticle tracking
analysis (NTA), cells were cultured for 24 hr, conditioned
media were then collected and centrifuged at 300g for
10 min at 4° celsius to remove cells and large debris. EV-
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containing supernatants were then filtered with 0.22-pm
Millex-GP syringe filters (Merck). NTA was performed
using an LM-10 unit (Malvern) equipped with a 638-nm
laser. A minimum of three videos of 30 s were recorded
for each sample using settings of shutter speeds of 17 or
30 ms. Data analysis was performed using NTA 2.3 soft-
ware with detection thresholds of 2 or 3 and blur, min
track length, and min expected size on auto settings. One
representative data plot is shown for each cell line.

For immunoblotting, cells were grown in 175 cm®
flasks for 48 hr in serum-free medium as above. After
48 hr, conditioned media were collected, spun, and filtered
through 0.22-pm filters as above, and culture supernatants
were then spun at 100 000g for 2 hr using a Sw32Ti swing-
out rotor in a Beckman L100 ultracentrifuge. EV pellets
were resuspended in lysis buffer (1% NP40, 150 mM NacCl,
10 mM Tris pH 7.4, supplemented with Pierce mini-
protease inhibitor tablets). Cell lysates were prepared con-
comitantly by lysis of the cells remaining in the culture
flasks with the same lysis buffer, with an additional spin at
20 000g for 10 min at 4° celsius to remove insoluble debris.
Protein estimations were performed by Bradford assay
(ThermoFisher Scientific). Approximately, 3 pg of cell and
EV lysates were electrophoresed on 4%-20% gradient
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis gels (ThermoFisher Scientific) and transferred to
nitrocellulose filters (BA85, ThermoFisher Scientific).
Membranes were probed with anti-CD9, CD63, and CD81
antibodies (ThermoFisher Scientific clones Ts9, Ts63, and
M38, respectively) at 1:5000 dilution, anti-HLA-B and -C
mouse monoclonal antibody HC10 [20] at 1:1000 dilution,
anti-human TAP1 (Merck, clone 148.1) at 1:1000 dilution,
or rabbit monoclonal anti-human calnexin (Abcam,
ab213243) at 1:1000 dilution. Immunoblot signals were rev-
ealed with 1:10 000 diluted IR Dye800cw anti-mouse or
anti-rabbit IgG (LI-COR) and visualized using a LI-COR
Odyssey scanner.

Large-scale EV and cell isolation for HLA-I
peptide isolation

Large-scale cultures for EV and cell isolation were
maintained in EV-depleted FBS. EV-depleted FBS was
prepared by ultracentrifugation of FBS at 100 000g for
4 hr at 4° celsius using a SW32Ti rotor in a Beckman
L100 ultracentrifuge, followed by 0.2-um filtration. All
cell lines were either grown in DMEM (breast cancer cell
lines) or in RPMI-1640 (myeloma and melanoma cell
lines) supplemented with 2.5% EV-depleted FBS and
50 pg/ml kanamycin. Suspension cell line RPMI 8226
was cultured in 175-cm? flasks and cultured to approxi-
mately 2 million cells per ml. Conditioned medium

containing cells and EVs was collected and centrifuged at
300g for 10 min at 4° celsius. The supernatant containing
EVs was filtered with 0.2-pum syringe filter and stored at
—20° celsius and RPMI 8226 cells were re-plated in EV-
depleted medium. Conditioned medium was collected
again after 48 hr and processed as described above.

All adherent cells were grown in either multiple
175-cm? flasks or in Falcon 5-layer multi-flasks with a
surface area of 875cm? (ThermoFisher Scientific). At
around 80% cell confluence, fresh culture medium was
added to flasks and conditioned medium was harvested
every 48 hr and processed as above, with new medium
then added to the flasks. In total 800 ml conditioned
media were harvested from each breast cancer cell line
and 250 ml conditioned medium was harvested from
ESTDAB-056 and suspension cell line RPMI 8226. The
EV harvests were thawed and spun at 100 000g for 2 hr
using a Sw32Ti rotor and the EV pellet lysed in lysis
buffer as above, and stored at —20° celsius until immuno-
precipitation. At culture closedown, cells were harvested
from culture flasks with a 1-2 min incubation with tryp-
sin (0.025%)-EDTA (0.01%) solution at 37° celsius and
spun at 300g for 10 min at 4° celsius. Cell pellets were
lysed in lysis buffer as above, spun at 20 000g for 10 min
at 4° celsius to remove debris and the cell lysates were
stored at —20° celsius until immunoprecipitation. EV and
cell isolation experiments were independently repeated
two to three times for breast cancer cell lines and six
times for myeloma and melanoma cell lines.

Immunoprecipitation and mass
spectrometry analysis

EV and cell lysates (CL) were thawed and incubated with
0.5 ml anti-HLA-A, -B, and -C antibody, W6/32, coupled
to Protein G-Sepharose beads (crosslinked to Protein G
using BS3 crosslinker according to manufacturer instruc-
tions, ThermoFisher Scientific) for 1-2 hr. The beads
were then washed extensively with wash buffer (150 mM
NaCl, 10 mM Tris pH 7.4), and resuspended in 1 ml of
1% TFA for 10 min at room temperature to release HLA-I
and bound peptides. Eluted HLA-I and peptides were
then bound to Pierce C18 100-pl tips (87784, Thermo-
Fisher Scientific) based on the manufacturer’s instruc-
tions. The peptide fraction was eluted in 30% acetonitrile
and 0.1% TFA and dried down by speedvac for mass
spectrometry.

Peptides were then analysed on an AB Sciex
TripleTOF 5600+ system mass spectrometer (Sciex)
coupled to an Eksigent nanoLC AS-2/2Dplus system. The
samples were loaded in loading buffer (2% acetonitrile
and 0.05% trifluoroacetic acid) and bound to an Aclaim
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pepmap 100 pm X 2 cm trap (ThermoFisher Scientific),
and washed for 10 min to waste after which the trap was
turned in-line with the analytical column (Aclaim
pepmap RSLC 75 pum X 15 cm). The analytical solvent
system consisted of buffer A (2% acetonitrile and 0.1%
formic acid in water) and buffer B (2% water with 0.1%
formic acid in acetonitrile) at a flow rate of 300 nl/min
with the following gradient: linear 1%-20% of buffer B
over 90 min, linear 20%-40% of buffer B for 30 min, lin-
ear 40%-99% of buffer B for 10 min, isocratic 99% of
buffer B for 5 min, linear 99-1% of buffer B for 2.5 min,
and isocratic 1% solvent buffer B for 12.5 min. The mass
spectrometer was operated in the DDA top 20 positive
ion mode, triggering on +2 to +5 charge states, with
120 and 80 ms acquisition time for the MS1 (m/z 400-
1250) and MS2 (m/z 95-1800) scans, respectively, and
15-s dynamic exclusion. Rolling collision energy was used
for fragmentation.

Peptide identification

LC-MS/MS data were searched against the human pro-
teome (uniprot database UP000005640 containing
74 464 protein entries, downloaded on 2 August 2019)
with an additional contaminant list from the global pro-
teome machine (cRAP protein sequences). We used
decoy fusion method of PEAKS DB search to estimate
false discovery rate during peptide identification [21].
Peptide identification was performed with PEAKS
Studio X (https://www.bioinfor.com/peaks-studio). Fol-
lowing mass spectrometry data acquisition, data files
from the AB Sciex Triple TOF 5600+ were converted
into mzML format using MSConvert software of
proteowizard. Converted data files were imported into
PEAKS Studio X for peptide identification. Data files
were subjected to default data refinement followed by
PEAKS de novo and PEAKS DB (database) searches to
identify peptide sequences. PEAKS de novo and PEAKS
DB searches were carried out by setting parent mass
error tolerance to 15 parts per million (ppm), the frag-
ment mass error tolerance to 0.1 Da, no enzyme selec-
tion, unspecific digestion mode, and filtering charge
between 2 and 5. No post-translational modification
(PTM) was selected in PEAKS de novo and PEAKS DB
searches. A 0.1% FDR cut off was applied during PEAK
DB searches to select high confidence peptides and pep-
tides only identified by PEAKS DB were selected for
further analysis.

Mass spectrometry proteomic data have been depos-
ited to the ProteomeXchange Consortium via the PRoteo-
mics IDEntifications (PRIDE) repository with the dataset
identifier PXD025345.

HLA typing of cell lines

The HLA-I genotypes of breast cancer cell lines, MDA-
MB-231, MDA-MB-361, MDA-MB-415, MDA-MB-453,
HCC 1806, HCC 1395, and HCC 1954, were identified by
using paired end reads in fastq format as input to the Opti-
type version 1.3.1 [22]. Scripts used to perform HLA-I typ-
ing can be found on: https://github.com/peterthorpe5/
Cancer_cell_line_RNAseq_assemblies. RNA-seq data of
breast cancer cell lines were obtained from the Gene
Expression Omnibus (GEO) (accession GSE73526). The
HLA-I genotypes of breast cancer cell line, MCF7, was
obtained from previously reported HLA-I genotypes of
cancer lines [23]. HLA-I genotype of ESTDAB-056 was
identified from immune polymorphism database (https://
www.ebi.ac.uk/cgi-bin/ipd/estdab/print_cell.cgi?’ESTDAB-
056) and RPMI 8226 HLA-type was determined from pre-
vious report [24]. HLA-I types of all cancer cell lines are
presented in File S1.

HLA-I peptide binding affinity and data
analysis

Eluted peptides identified from each replicate were com-
bined, duplicate peptides were removed and filtered to select
8-15 amino acid long peptides. The total number of 8-15-mer
peptides was defined as HLA-I ligandome of cell and EVs
from each cell line. Peptides present in HLA-I ligandome
were assessed for their predicted allele-binding and affinity
using algorithm netMHCpan 4.0 (http://www.cbs.dtu.dk/
services/NetMHCpan/) [25] following default settings. Pep-
tides with ICs, up to 1000 nM were tabulated and plotted
using Prism 8 (GraphPad, Inc.) software. For identification of
immunogenic peptides reported in previous studies and the
peptides derived from TAA proteins, peptides with 8-15
length were searched against IEDB database (https://www.
iedb.org/database_export_v3.php; tcell_full v3_zip) and Tan-
tigen database (http://projects.met-hilab.org/tadb/index.php).

RESULTS

Characterization of cell lines and
extracellular vesicles

We first characterized the expression of HLA-I molecules
on our chosen cell lines. Cell surface flow cytometry was
performed on the breast cancer cells lines MCF7, MDA-
MB-231, MDA-MB-361, MDA-MB-415, MDA-MB-453,
HCC 1806, HCC 1395, and HCC 1954, the melanoma cell
line ESTDAB-056, and the myeloma cell line RPMI 8226,
using the HLA-A, B, and C specific monoclonal antibody
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W6/32 (Figure la). HLA-I expression levels varied, with
cell line MBA-MB-361 displaying the lowest apparent
levels and ESTDAB-056 displaying the highest levels of
relative expression, but overall, all of the cell lines
expressed cell surface HLA-I molecules.

To characterize the EVs released by each of these cell
lines and to determine HLA-I expression on EVs, cell
lines were cultured in serum-free media to eliminate
potential contamination from FBS-derived EVs. We per-
formed nanoparticle tracking analysis (NTA) on condi-
tioned medium collected from cells grown for 24 hr in
these serum-free conditions (Figure 1b). All cell lines
released particles that were detected by NTA with means
and modes that were within the 90-200 nm range. We also
performed immunoblot analysis on cell lysates (CL) and
EV lysates (EV isolated by filtration and ultracentrifuga-
tion) from cultures grown in serum-free conditions for
48 hr (Figure 1c). The expression of characteristic markers
for exosomes and EVs varied, but all EV lysates from
breast cancer lines were positive for CD9 and CD81, whilst
the presence of CD63 was more variable. The cell and EV
lysates from myeloma line RPMI 8226 was positive for
CD?9 but negative for CD63 and CD81. The EV lysate from
melanoma line ESTDAB-056 showed a high signal for
CD9 (image saturated in Figure 1c) but was low for CD63
and CD81. EV lysates from all lines were negative for the
control endoplasmic reticulum proteins TAP1 or calnexin
(CXN) indicating EV lysates were devoid of contaminating
cellular components. The detection of HLA-I molecules
was variable, with cell lines such as MDA-MB-415,
ESTDAB-056, and RPMI 8226 displaying strong signals.
Lower HLA-I signals were observed in cell lines, HCC
1806, HCC 1395, and HCC 1954. HLA-I signal was not
detected in cell lines MCF-7, MDA-MB-361, MDA-MB-
231, and MDA-MB-453. It should be noted however that
the monoclonal antibody HC10 used in these immuno-
blots reacts only with the heavy chain of HLA-B and C
molecules. Therefore, HLA-A molecules will be under-
reported in these data. Taken together, we characterized
our vesicle preparation as typical of a population described
as extracellular vesicles based on MISEV guidelines [26].

HLA-I ligandome of cells and EVs

Based on our previous study [18], we used a protocol that
promotes speed of isolation and processing of both CL

and EV lysates, to reduce the risk that lower affinity pep-
tides bound by HLA-I molecules would be lost due to
HLA-I protein unfolding. Thus, cell culture supernatants
grown in EV-depleted serum containing medium were
centrifuged at 300 x g to remove debris, filtered at 0.2 pm
and then ultracentrifuged at 100 000g for 2 hr to isolate
EV, followed by detergent lysis and immunoisolation
with antibody W6/32 coupled to Sepharose beads. CLs
were processed concomitantly. After release of the pep-
tides by acidification in trifluoracetic acid and clean up
on C18 matrix tips, peptides were analysed by mass spec-
trometry. HLA-I immunoisolated and eluted peptides
were identified by PEAKS DB software (hereinafter
defined as eluted peptides). Eluted peptides from inde-
pendent experiments of cell and EV lysates of each cell
line were combined together and duplicate peptides (pep-
tides identified in more than one experiment) were
removed to obtain a complete list of unique eluted pep-
tides from cell or EVs. Peptides which are 8-15 amino
acids long have been reported to bind HLA-I molecules
and elicit immune responses. Therefore, eluted peptides
identified by PEAKS DB, were filtered to select 8-15-mer
peptides for further analysis. The total number of
8-15-mer peptides identified from cell and EV lysates is
hereinafter defined as cell or EV ligandome, respectively.

The details of eluted peptides and HLA-I ligandomes
from each cell lines are presented in File S2 and summa-
rized in Tables 1 and 2. A total of 6574 and 2461 eluted
peptides were identified from cell and EVs of all 10 cell
lines, respectively (Column 2 of Tables 1 and 2). A total
of 6144 and 2406 peptides were identified as the cell and
EV ligandomes from all 10 cell lines, respectively
(Column 3 of Tables 1 and 2). The highest number of
peptides were identified in ligandomes of cell lines, HCC
1954, HCC 1806, ESTDAB-056, MDA-MB-415, and HCC
1395 (Column 3 of Tables 1, 2 and File S2), which is in
agreement with the flow cytometry data of HLA-I expres-
sion on cell surface (Table 1 and Figure 1a). A similar
correlation was observed between HLA-I expression
detected in immunoblots and number of peptides in EV
ligandomes of different cell lines. For example, expres-
sion of HLA-I was not detected/below detection with
mAb HC10 in immunoblots of EVs of MCF7, MDA-MB-
231, MDA-MB-361, and MDA-MB-453 (Figure 1c) which
are the cell lines with least number of peptides in their
respective EV ligandomes (Column 3 of Table 2 and
File S2). The cell and EV ligandomes were also compared

FIGURE 1

(a) Flow cytometry of cell surface HLA-A, B, and C as detected by antibody W6/32 compared to control second-stage FITC

anti-IgG alone (ctrl). (b) NTA analysis of particles released by cell lines. One comparative graph of three recordings is shown, with mean and
modes indicated. (c) Immunoblotting analysis of detergent cell lysates (CL) and EV lysates of all cell lines, probed for HLA-B and C, CD9,
CD63, CD81, and control proteins transporter associated with antigen processing (TAP1) and calnexin (CXN)
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TABLE 1

Details of total eluted peptides, HLA-I ligandome, netMHCpan4.0 predicted binding peptides, previously reported T-cell

epitopes and peptides derived from TAA proteins from the cell surface of breast cancer, melanoma and myeloma cell lines

2. Number 3. Number of peptides 4. Number of 5. Number of known 6. Number of peptides
of eluted in HLA-I ligandome netMHCpan 4.0 immunogenic peptides  derived from known

1. Cell lines peptides (8-15-mer peptides) binding peptides  identified in the study TAA (TAApep)

MCF7 625 461 214 11 22

MDA-MB-231 412 406 359 11 25

MDA-MB-361 178 168 134 0 9

MDA-MB-415 827 818 700 2 52

MDA-MB-453 621 569 453 3 18

HCC 1806 873 756 633 6 36

HCC 1395 727 693 606 2 39

HCC 1954 842 828 720 3 44

ESTDAB-056 804 795 717 4 40

RPMI 8226 665 650 580 1 37

Total 6574 6144 5116 43 322

TABLE 2 Details of total eluted peptides, HLA-I lignadome, netMHCpan4.0 predicted binding peptides, previously reported T-cell

epitopes and peptides derived from TAA proteins from the EV of breast cancer, melanoma, and myeloma cell lines

2. Number

5. Number of known

3. Number of peptides 4. Number of immunogenic 6. Number of peptides
of eluted in HLA-I ligandome netMHCpan 4.0 peptides identified derived from known
1. Cell lines peptides (8-15-mer peptides) binding peptides in the study TAA (TAApep)
MCF7 43 18 5 2 0
MDA-MB-231 38 38 32 1 0
MDA-MB-361 67 67 35 1 4
MDA-MB-415 336 336 275 2 19
MDA-MB-453 127 120 115 2 5
HCC 1806 363 345 306 3 18
HCC 1395 534 533 502 2 32
HCC 1954 331 330 293 2 23
ESTDAB-056 472 472 433 3 24
RPMI 8226 150 147 112 1 6
Total 2461 2406 2108 19 131

with each other to determine the proportion of peptide
common between cell and EVs. To facilitate this analysis,
peptides from cell ligandomes of all cell lines were com-
bined and duplicate peptides i.e., the same peptide identi-
fied from more than one cell line, were removed.
Similarly, peptides of EV ligandomes were combined and
duplicate peptides were removed before comparing the
HLA-T ligandomes of cell and EVs (File S3). A total of
5503 and 2244 unique peptides were found to constitute
the cell and EV ligandomes of all 10 cell lines, respec-
tively. Of 2244 peptides found in the EV ligandome, 74%
peptides were also detected in the cell ligandome.

However, 26% (589) peptides of the EV ligandome were
not detected in cells (Figure S1 and File S3). A similar
observation, albeit varying proportion of common and
unique peptides, was made when peptides of cell and EV
ligandomes were compared separately for breast cancer,
myeloma and melanoma cell lines (Figure S1 and
File S3).

Peptides present in HLA-I ligandomes were further
processed through the HLA-I binding affinity prediction
algorithm netMHCpan 4.0. Details of HLA-I binding pep-
tides from each cell line, for each expressed HAL-I allele,
and their respective predicted binding affinities (BA) are
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FIGURE 2 Legend on next page.
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presented in Figures 2 (HLA-A and HLA-B) and S2
(HLA-C). Predicted mean binding affinities are presented
in Table S1. It was noted that the mean predicted binding
affinity of peptides for HLA-A molecules was frequently
lower (strong binding) in the EV pool compared to the
cell surface pool (shown in Table S1). Two-tailed Mann-
Whitney tests indicated no significant differences in
HLA-I binding affinities between the cell and EV
peptidomes, except in cases such as HLA-A*2:01 in
MDA-MB-231, HLA-A*68:02 in RPMI 8226 (Figure 2).
However, low numbers of peptides in the EV peptidome
limits the interpretation of significance values in these
samples. In addition, it was noted that the HLA-I binding
affinity predictions for alleles A*02:01 and A*02:17 in
MDA-MB-231 were very distinct from each other. These
alleles differ at key positions 95, 97, and 99 in the middle
of the HLA-I peptide-binding groove which will likely
impact on peptide selections. Peptide ligands from EVs
and cells were also compared to determine peptide length
distribution and sequence motifs. As reported previously
[18], we also found that peptide from cells and EVs dis-
tributed similarly in length and were composed of pep-
tides with similar sequence motifs (data not shown).

Identification of peptides derived from
tumour-associated antigens and putative
immunogenic peptides

Owing to the presence of HLA-I molecules, EVs have
long been suspected to carry tumour antigens. A detailed
description of the peptidome and the full extent and iden-
tity of tumour antigens has, however, not been reported
for EVs. Therefore, EV ligandomes of each cell line were
searched for the presence of tumour antigens. For clarity,
herein we define TAA as tumour-associated antigenic
proteins and TAApep as the peptides derived from
tumour-associated antigenic proteins that are presented
on HLA-I molecules.

First, we determined if EVs can carry immunogenic
peptides which have been identified in previous studies.
The cell and EV ligandomes were searched for the pres-
ence of peptides showing sequence match to known
T-cell epitopes using IEDB and Tantigen databases since
IEDB and Tantigen databases are currently amongst the
most comprehensive tumour antigen databases. The
number of identified peptides showing sequence match
with known T-cell epitopes from EV and cell ligandomes

are presented in Tables 1 and 2. A total of 43 peptides
from cell ligandomes were identified to match 31 known
T-cell epitopes (Table S3; Table 1, Column 5). In EV
ligandomes, 19 peptides were found to match with
15 known T-cell epitopes (Table 2, Column 5; Table 3).
Importantly, known T-cell epitope sequences were
detected in the EV ligandomes of all cell lines (Tables 2
and 3) including MCF7, MDA-MB-361, and MDA-MB-
231 where only a limited number of peptides were identi-
fied in the EV ligandome (Table 2). For example, in the
EV ligandome of MCF7, only 18 peptides were identified,
but amongst them were two known T-cell epitope
sequences (NTDSPLRY and ALSDHHIYL, Table 3). The
peptide NTDSPLRY is derived from the 40S ribosomal
protein SA, an oncofetal antigen expressed by
tumours [27].

Additionally, the list of known T-cell epitope
sequences identified in the EV ligandome includes pep-
tides derived from antigens which are either associated
with cancer or used as diagnostic and prognostic bio-
markers. For example, peptides KTINPQVSKTEY and
TYLPTNASLSF detected in the EV ligandomes of MDA-
MB-415 and HCC 1954, respectively, are known T-cell
epitopes from Mammaglobin-A and Her-2, and thus rele-
vant to breast cancer. Similarly, the peptide STAPPAHGV
identified in the EV ligandome of myeloma cell line
RPMI 8226, is a T-cell epitope of MUC1 which has been
identified as a tumour antigen in several multiple mye-
loma cell lines [28-30]. These results show for the first
time that EVs released by cancer cells frequently carry T-
cell epitope peptides which may be clinically relevant to
cancer.

The cell and EV ligandomes of all cell lines were also
searched for the presence of additional peptides
(TAApep) derived from TAA proteins. We predicted
these would be present in our ligandomes because of the
extended HLA-I allele cohort present in our study, such
that peptides derived by antigen processing of other parts
of the TAA would likely be detected. We used Tantigen
2.0 database to identify peptides derived from the full-
length protein sequences of TAA. A total of 277 additional
TAApep derived from 107 TAA proteins were identified
in cell ligandomes of all lines (File S4). Out of the
277 TAApep, 39 TAApep were shared 45 times between
different cell lines (representing a total of 322 TAApep;
5.2% of cell ligandome; Table 1, Column 6 and File S4).
In EV ligandomes, 122 TAApep from 68 TAA proteins
were identified (File S4). Of the 122 TAApep identified in

FIGURE 2

Predicted HLA-A- and B-binding affinities of peptides from cells (CL) and EV, determined using algorithm netMHCpan 4.0.

Each dot represents a single identified peptide. The numbers above each plot indicates the number of ligands for each respective HLA-I

allele. Two-tailed Mann-Whitney test was performed, with mean predicted affinity + SE shown in red. ns, not significant; *p < 0.05
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the EV ligandome, 9 TAApep were shared amongst dif-
ferent EV ligandomes (total 131 TAApep; 5.4% of EV
© © ligandome, Table 2, Column 6 an, File S4). A shortlist of
@ S 4 S % 3 S TAApep identified in EV ligandomes is presented in
wn wn wn
i % 22 2 2 2 Table 4 which contains TAApep derived from TAA pro-
§ & § Em)) Lg Em)) & teins which have at least one defined T-cell epitope in
. - Tantigen database.
In summary, our data indicate that the EV
E A= § < E ligandomes of common cancer cell lines spanning breast,
3 £ g é E g = melanoma, and myeloma carry peptides from known
g E 2z 2 E & TAAs, potential T-cell epitopes, and additional TAApep
g5 L g T o U derived from the protein sequences of known and
established TAA.
8 3
2 3
g =
S 9
Zeal~ ~ ~ o« ~ DISCUSSION
£ Z Z Z : o .
3 <Et <Zr: <Zc <2r: %ﬂ In this study, we report the first direct evidence of known
i 5 = 2 5 =) tumour-associated antigens and T-cell epitopes presented
= T D 2 T s .
S o BT o o on HLA-I molecules on extracellular vesicles released by
-E‘ .E g % & % % cancer cell lines. We have analysed the EV HLA-I
SE5leEEE N ligandomes of 10 cell lines, predominately representing
breast cancer, but also including melanoma and mye-
o loma to indicate that the presence of HLA-I associated
gls & . = ~ | . TAA on EV is likely to be a widespread observation and
32|l 450 = 4 E1 g . ;
58|18 D % ~ vl I not exclusive to just one cancer type.
= 8 S Do D \O s L.
MR O O & O Sl = In recent years, EVs have emerged as promising tools
§D in both cancer diagnosis and cancer immunotherapy
- E [31]. EVs represent a cell-free system for direct delivery
§ .2 3§38 3 = = of immune relevant peptides in association with HLA
-%? 8 - g ?g molecules [16,17]. EVs derived from different cells have
<L LI <l % already been used in clinical trials; however, the majority
- of early trials have displayed only modest success in stim-
(=9
o <| & ulation of an anti-tumour response in effector T cells
Eﬂ g § S E ) % g [32,33]. Therefore, the challenge of selecting suitable tar-
= &0
Zgle & ¢ § 2 g get antigens that could be used for effective vaccine
é development remains. Use of EVs as cell free vaccines
P with preloaded antigen requires existing knowledge
8 2 ol I about the antigen [16]. Identifying EV HLA-I ligandome
<
P § %D = of cancer cells offers the opportunity to study and identify
<
ﬁ 2 S| e complex peptidome to potentially gain insight of overall
<
2 2 b § g immuno-peptidome of the EVs as well as the selection of
g~ g g § target antigens. Moreover, identification of target anti-
g = 8 ;&f 2 f ﬁ gens from EVs can be relatively non-invasive since EVs
g % = & Sk can be collected from several body fluids. For example,
) E g g ° § g Of= EVs derived from ascites or malignant effusions have
g o % Y % = gb gb ‘§ been used in in the immunotherapy of colorectal can-
= [ [Z I =S E i ey o
s F|le B E e 5|2 cer [34].
A e E E 3 S z Despite the clinical relevance and therapeutic poten-
< 5 g tial of EVs, the EV HLA-I ligandome of tumour cells has
2 2 § not been established in detail. To date, only two reports
2 § . v o = " : of the HLA-I EV ligandome of cell lines have been publi-
= N IO ol 2 shed [35]. This low level of reporting on the HLA-I
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ligandome is most likely due to the challenges of
obtaining sufficient EV source material for mass
spectrometry-based sequencing of HLA-I peptides. Never-
theless, our results show that despite low expression of
HLA-I molecules on EVs released by several of the breast
cancer cell lines, it is still possible to identify tumour
antigenic peptides and thus potential T-cell epitopes. For
example, HLA-I expression was not detected by HC10
immunoblot analysis in EVs of cell lines MCF7, MDA-
MB-231, and MDA-MB-361 (Figure 1c), yet tumour anti-
gen peptides with known T-cell activity were identified.

We have identified peptides in HLA-I ligandomes of
10 cancer cell line. The peptide repertoire reported here
may be used as database to identify multiple markers for
diagnosis, prognosis of tumour as well as targets for
immunotherapy. Interestingly, 26% of peptides present in
EV HLA-I ligandome were not found in HLA-I
ligandome of cells. The presence of unique peptides in
HLA-I ligandomes was also detected in previous two
studies of Jesthom and JY cells [18,35]. The reasons for
this discrepancy is not yet understood, and may be a
technical issue related to the amounts of input material,
whereby much larger-scale purification of cells and EV
would result in better overlaps of cell and EV
ligandomes. However, it remains a possibility that the
cell and EV ligandomes do not fully overlap due to the
biogenesis of the exosome component of the EV pool
having originated in the endosomal/MVB pathway,
where the possibility of peptide exchange may occur, gen-
erating new antigens in the EV ligandome [36]. Of some
significance, the constituent 8-15-mer peptides of HLA-I
EV ligandomes of all cell lines contained 150 peptides
representing both known T-cell epitopes and additional
TAApep derived from TAA proteins. Furthermore, the
analysis settings of the mass spectrometry data we have
used in this study are of relatively high stringency, and
therefore a wider range of antigenic peptides of interest
may be present and revealed by other analysis
methodologies.

The presence of cell surface antigenic peptides pres-
ented on HLA-I derived from TAA proteins, be it from
differentiation antigens, over-expressed cellular antigens,
cancer/testis antigens or cancer related viral antigens
allows the immune system the opportunity to mount
responses that can impact on the progression of cancer
growth [37]. Their presence on EV, as reported here,
raises several interesting questions. Firstly, if HLA-I TAA
on EV were released by cancer cells into the bloodstream,
they could potentially act as diagnostic, prognostic, and
treatment monitoring biomarkers for cancer. Low recov-
ery and heterogeneity of EVs by current isolation
methods has largely restricted the detection of lowly
expressed EV molecules. However, methods are available

for the rapid enrichment of EV from serum or plasma by
simple size exclusion columns [38,39], and the EV can
then be processed by our techniques herein to reveal the
EV HLA-I ligandome. Potentially, cancer-specific EV
could be enriched even further by monoclonal antibody-
affinity-based methods [40], thus isolating only those EV
released by cancer cells, allowing the characterization of
the cancer-specific EV HLA-I ligandome occurring in
that patient. Second, the presence of HLA-I-associated
TAA on EV released by cancer cells could potentially rep-
resent a novel immune-evasion strategy. Cancer specific
CD8" T cells approaching a tumour site could theoreti-
cally encounter a ‘cloud’ or gradient of EV containing
HLA-I presented TAA that could activate the T cell off-
target. There have, to date, been very few studies on the
ability of HLA-I on EV to activate CD8" T cells, but EV
loaded in vitro with common antigenic viral peptides can
stimulate IFNy secretion in purified CD8+ T cells, thus
indicating that EV can indeed directly activate T
cells [41].

Studies of patients undergoing monoclonal antibody
checkpoint inhibitor therapy, which unleashes wider T
cell activity, reveal that the best responses occur against
tumours that typically have increased numbers of muta-
tions, that is, which have the potential to generate large
numbers of neo-epitopes [42]. In recent years, it has
become clear that the range of peptide sources for presen-
tation by HLA-I molecules is far wider than just from tra-
ditional proteins, and now encompasses non-canonical
sources such as from mis-translations of normal mRNA,
non-coding RNA, and in addition cis- and trans-peptide
splicing events that occur in the proteasome [37]. At pre-
sent, it is not known to what extent these sources of
HLA-I peptides contribute to the EV HLA-I ligandome.
However, we propose that the EV HLA-I ligandome may
provide a rich source for the identification of clinically
relevant antigenic peptides in both health and disease
from a relatively easy to access biofluids.
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