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Abstract

Background and aims. Hepatocellular carcinoma (HCC) shows limited response to checkpoint inhibitor
therapy, leaving opportunities for antigen-based immunotherapy and improved disease monitoring. This
study evaluates the plasma-derived soluble HLA-I (SHLA-I) peptidome as a minimally invasive source of
tumor-associated antigens (TAAs) for personalized treatment and diagnostics in HCC. Methods.
Plasma-derived sHLA-I peptides and membrane HLA-I peptides from paired tumor and adjacent liver
tissues of HCC and non-HCC control patients were isolated and analyzed by LC-MS/MS. Identified
peptides from the different HLA sources were subjected to patient-specific HLA-binding prediction and
interrogated for the presence of TAA-derived peptides. Results. The plasma-derived sHLA-I peptidomes
contained 1,553 to 9,421 unique peptides identified per sample after contaminant filtering. Peptides
were enriched for canonical 8—11-mer lengths and mostly predicted to bind patient-specific HLA-I
alleles. The HCC sHLA-I peptidome was derived from 3,907 source proteins and peptides from 815 of
these were uniquely carried by HCC patient sHLA-I. Protein interaction analysis revealed significantly
increased network connectivity of HCC unique source proteins centered around tumor-associated
proteins. Comparison with mHLA-I peptidomes from tumor and adjacent tissues yielded 20 peptides
from 17 TAAs that were shared between sHLA-I and mHLA-I. Nine of these were only identified from
HCC plasma and not from non-HCC controls, five overlapped with tumor mHLA-I. Conclusions. This pilot
study demonstrates that the plasma-derived sHLA-l immunopeptidome in HCC patients contains
peptides derived from TAAs, partially also presented on tumor tissue. These findings support the
potential of sHLA-I profiling as a minimally invasive strategy for identifying actionable targets and tumor-
specific signatures in HCC. Future improvements in analytical sensitivity and throughput, and validation
in larger cohorts are now needed to establish its clinical utility.

Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death [1]. In advanced-stage
disease, first-line treatment consists of an immune checkpoint inhibitor (ICl)-containing regimen [2]. Yet,
durable responses remain limited. Considering that most HCC patients exhibit a non-inflamed tumor
microenvironment, the introduction of novel tumor antigen-specific T cells by antigen-specific
immunotherapy might be needed [3]. Multiple T cell epitopes derived from viral, tumor-associated, and
tumor-specific antigens have been assessed as targets for such therapies in HCC with promising results
[4-7].

Identification of targetable T cell epitopes relies on liquid chromatography—mass spectrometry (LC—
MS/MS) analysis of human leukocyte antigen (HLA)-presented peptides (or immunopeptidomics) [8].
Current approaches focus on tumor-derived membranous HLA (mHLA), but tissue scarcity and
inter/intra-patient heterogeneity limit comprehensive profiling [9-11]. Plasma-contained soluble HLA
class | (sHLA-I) may overcome these constraints, as its peptide cargo can present tumor-associated
antigens across various tumors [12-16]. This “liquid biopsy” enables non-invasive detection of
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therapeutic epitopes and tumor monitoring. So far, interrogation of the sHLA-I cargo has not been
performed for HCC.

We hypothesize that in HCC, sHLA-I and mHLA-I immunopeptidomes overlap, allowing sHLA-I to reflect
tumor presence and antigen presentation. We compare HCC sHLA-l immunopeptidomes with (1) paired
mHLA-I immunopeptidomes from tumor and adjacent non-tumor hepatocytes, and (2) sHLA-I and
hepatic mHLA-l immunopeptidomes from non-HCC patients. This study suggests sHLA-I
immunopeptidome analysis in HCC may enable detection of tumor-presented T cell epitopes, potentially
aiding diagnosis and personalized immunotherapy strategies.

Patients and Methods
Patient Cohort and Sample Processing

Patients (age > 18 years) undergoing surgical resection or liver transplantation between 2017 and 2023
for HCC (HCC patient cohort) or end-stage liver disease (Control patient cohort) were included from the
Erasmus MC University Medical Center (EMC)(Tables S1-S2). In accordance with the pathologist, tumor
and paired adjacent liver tissues (= 2cm distant of the tumor) were obtained and freshly frozen and
processed as described in De Beijer et al. [17]. Clinical data were retrieved from medical records. Ethical
approval with informed consent were obtained (MEC2014-060, MEC2009-012).

Plasma collection and processing

Patient blood was collected in heparin tubes and stored no longer than 24h at room temperature (RT)
before processing. Plasma was separated from whole blood by centrifugation at 120xG for 15min at RT,
and was sequentially depleted from platelets by centrifugation at 3220xG for 15 min at 4°C. Plasma was
stored at -80°C until analysis.

Enrichment of HLA-I-peptide complexes

Pan-HLA-| affinity immunopurification beads were generated as previously described?. In short, the pan-
HLA-I antibody (clone: W6/32; Biolegend) was conjugated and crosslinked to nProtein A Sepharose Fast
Flow beads (Cytiva) at a concentration of 2.5mg/mL packed beads. Pan-HLA-I affinity beads were
incubated with ‘blocking buffer’ (1% bovine serum albumin (BSA), 1% fish skin gelatin in phosphate
buffered saline (PBS)) for minimally 15 minutes before usage. A starting volume of 5mL platelet-
depleted plasma was used for all HLA-l immunoprecipitations. Plasma was prepared for incubation with
pan-HLA-I affinity beads as follows: dilution with 5SmL RT PBS, centrifugation at 3220xG for 10 min at
4°C, and addition of a 1:1 volume of ‘2x detergent buffer’ (100mM Tris-HCI pH8, 300mM NacCl, 10mM
EDTA, 1% N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (Zwittergent, Merck), 2mM PMSF
(Sigma), and one tablet cOmplete™ Mini EDTA-free 6 Protease Inhibitor Cocktail (Roche) / 25mL).

Page 4/18



Plasma samples were incubated with 2x detergent buffer for 1h on ice and vortexed every 15 minutes
before final centrifugation at 3220xG for 10 min at 4°C. sHLA-I complexes were immunoprecipitated with
the mini-column set-up as previously described [18]. Levels of sHLA-I in patient samples prior and after
immunoprecipitation were determined by sandwich ELISA. In short, plates were coated twice overnight
with 25pug/mL anti-pan-HLA-I monoclonal antibody (clone: W6/32) and blocked prior to sample
incubation for 1h at 37°C with detergent-treated plasma that was sampled prior and after sSHLA-I
immunoprecipitation. Plates were washed and subsequently incubated with 0.3ug/mL HRP-conjugated
anti-human B2-microglobulin antibody for Th at 37°C. After incubation, plates were again washed and
incubated with substrate solution (0.01M citric acid monohydrate / tri-sodium citrate dihydrate pH 4.0 +
0.006% H202 + 0.8 mM ABTS (2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt)
for 8 min at room temperature in the dark prior to addition of stop solution (2% (w/v) oxalic acid
dihydrate). Absorbance was measured at 414nm. All samples were analyzed at the same time.

Sample preparation for liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis

Samples were prepared and measured as described previously [18]. In short, sHLA-I peptides were
eluted with 0.15% TFA, separated from larger fragments by 10kD molecular weight cut-off filters
(Microcon-10, MRCPRTO010, Millipore) and desalted on 1cc Sep-Pak columns with 10mg C18 and 10mg
HLB resin. Elution after desalting was performed with 28% acetonitrile containing 0.1% TFA prior to
drying of the peptides in a vacuum centrifuge.

Immunopeptidomics data was acquired in data dependent acquisition (DDA) mode on an Orbitrap
Eclipse Tribid mass spectrometer (Thermo) operating in positive mode coupled to an EASY-nLC 1200.
Peptides were trapped on a 2 cm x 100 um Pepmap C18 column (Thermo Fisher) before separation on a
packed 50 cm x 75 pm column containing 2.4um Reprosil-Pur C18 beads (Dr. Maisch). A flow rate of
275nL/min and a gradient of 0—32% acetonitrile in 0.1% formic acid was used. MS1 spectra were
recorded in the Orbitrap at 120K resolution in a m/z window between 375-1,200. Fragmentation was
performed by HCD at NCE30% and MS2 spectra were recorded in the Orbitrap at 30K resolution.

Data analysis

Raw MS data were analyzed using PEAKS studio (v11.0, Bioinformatics Solutions Inc.) and searched
against a concatenated protein sequence database of the human reference proteome (UniProt,
UP000005640) and 4 hepatitis B reference proteomes (UP000008591, UP000121470, UP0O00007930,
UP000172538) with a false discovery rate (FDR) threshold of 5% [19]. HLA binding prediction was
performed with NetMHCpan 4.1 [20] and peptides with a binding rank to patient-specific HLA types
(Table S3) < 2% were annotated as binders. A list of source proteins likely to be contaminants was
compiled using the decision tree depicted in Fig. S1 and was used to clean up and enhance the quality of
the sHLA-l and mHLA-I data sets. In short, peptides were annotated if derived from contaminant source
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proteins. Both contaminant and non-contaminant peptide data sets were subjected to HLA-I binding
prediction as described above. Analyses as shown in this manuscript were performed with all pooled
predicted binders. Previously published datasets were used to enlist TAAs [21-27], TEIPPs [28], and
neoAgs [29]. Experimentally recorded spectra were extracted from the acquired mass spectrometry data.
For peptides of interest, predicted spectra were generated by PEAKS and mirrored to the recorded
spectra that were visualized by PEAKS for spectral comparison. For each peptide identified in either the
sHLA or the tumor ligandome, the recorded spectrum and the corresponding mirrored PEAKS-predicted
spectrum are provided.

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were
conducted using the DAVID Bioinformatics Resources, with the Homo sapiens gene set used as
background [29, 30]. Protein IDs were converted into gene names using UniProt [31]. Identification of
protein-protein association networks was carried out using STRING, with a minimal confidence level of
0.7 [32].

Statistical analysis

Statistical analyses were performed using GraphPad Prism software version 9.0 (GraphPad, La Jolla, the
U.S.A)). Statistically significant differences between two groups were calculated with the Mann-Whitney
U test for independent samples or the Wilcoxon signed-rank test for paired samples. Correlation analysis
was performed according to Spearman. P-values lower than 0.05 were considered statistically
significant (* p<0.05; ** p<0.01; *** p < 0.001; **** p < 0.0001). For GO and KEGG pathway analysis, p-
values were adjusted following a Bonferroni test to correct for multiple testing.

Results

Generation of a high-quality sHLA-I-bound immunopeptidome.

First, we analyzed the sHLA-l and mHLA-I peptidomes of HCC patients and end-stage liver disease
patients without a tumor (non-HCC patients; Fig. 1A). For the sHLA-I analysis, we used plasma from
these patients (Table S1, n = 5 each). For three out of five HCC patients and two out of five non-HCC
patients, the tumor and tumor-free liver mHLA-I immunopeptidomes had been obtained previously
(Fig. 1B) [17].

Soluble HLA-I levels in HCC patients were slightly, but not significantly, lower compared to non-HCC
patients (Fig. 1C). HLA-I immunoprecipitation (IP) of 5 mL plasma was highly efficient (93-98%; data not
shown). Each sample yielded several thousands of peptides but the peptide length distribution was not
dominated by 8-11-mer peptides typical for HLA-I peptides. We suspected contamination with proteolytic
fragments of highly abundant plasma proteins. To clean up our data, peptides derived from four
categories of likely contaminating proteins (Fig. S1) were removed (38% and 34% of unique peptides
from the HCC and non-HCC cohorts, respectively; (Fig. S2A).
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Excluded peptides did not display the typical length for HLA-peptides confirming that these unlikely
derived from HLA-I (Fig. S2B). Importantly, percentages of 8-11-mers and predicted HLA-binders
increased vastly after data clean-up (Fig. S2C-D). The cleaned dataset contained between 1,553 and
9,421 unique sequences for each sample (Fig. 1D). One sample from a non-HCC patient (cHBV/HDV co-
infected) yielded a remarkably high number of unique peptides. Overall, there was no statistically
significant difference in peptide numbers between cohorts. Length distributions showcased a strong
enrichment for 8-11-mers (Fig. 1E-F) and most of these were predicted to bind source patient DNA-
encoded HLA-I alleles (Table S3) by NetMHCpan4.1[20] (< 2% binding rank). In contrast, peptides with
the same length and amino acid composition but scrambled in sequence, were not (Fig. 1G). To prevent
negligence of potential therapeutic targets, removed contaminant peptides that were predicted to bind
patient expressed HLA types were retrieved (Fig. S2E; 7.4% (32)-26.7% (161) per sample (Fig. S2F)).

Correlation as determined with a Spearman correlation analysis between sHLA-| levels and the number
of predicted binders (r value = 0.6848, p-value = 0.0347).

Plasma sHLA-I levels correlated with the number of predicted HLA-binding peptides (Fig. TH) but neither
significantly correlated with liver damage (ALT; Fig. S3) or tumor burden (not shown).

Tumor antigens identified from plasma-derived sHLA-I peptidomes of HCC patients resemble the
hepatocyte-derived mHLA-I peptidomes.

Next, we zoomed in on the source proteins of plasma sHLA-I cargo. The HCC patient-derived sHLA-I
peptidome consisted of 6,415 peptides from a total of 3,907 source proteins (Fig. 2A, Sup. Data 1) of
which 3,092 were shared with non-HCC patients. HCC patient-specific source proteins were significantly
enriched for 135 GO terms and 22 pathways (Fig. S4A, Fig. S5A). Unique to HCC-patient sSHLA-I were
815 source proteins (Fig. 2A, Sup. Data 1). Annotated to GO terms such as cytoplasm and nucleus (Fig.
S4B). No pathways were overrepresented (Fig. S5B), but the top three covered included metabolism and
oncogenesis. Lastly, the HCC-restricted sHLA-I peptidome was significantly higher connected than
expected (p = 0.001) and centered around nine proteins with > 10 interactions (Fig. $6). Of note, a few
HBV-derived peptides were identified in the mHLA-I immunopeptidome of infected individuals, but not in
their sHLA-I immunopeptidome (Table S4).

Subsequently, we exploited a dataset of 1,678 known TAAs to identify TAAs in our dataset. First, we
narrowed down the number of mHLA eluted TAA (peptides) to those unique to HCC patient tissues,
resulting in a total of 397 unique peptides from 207 TAAs (Fig. 2B, Sup. Data 1;i.e., 75+ 79 + 53). Next,
we directly compared tissue-derived mHLA-I and plasma-derived sHLA-I of 3 sets of matched samples in
a paired fashion (Fig. 2C, Sup. Data 1). Across all individuals, 20 peptides from 17 different TAAs could
be detected in both the mHLA-I and sHLA-I cargo, but not all TAAs were identified based on the same
peptide (Table S5). For one patient (HCC2), peptides of three tumor-specific mHLA TAAs were found
back on sHLA-I (i.e., DCD2, ESM1, and MFGES).
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Lastly, to eliminate peptides from source proteins also presented on sHLA-I in individuals without HCC,
the HCC-restricted sHLA-I TAA cargo and mHLA-I cargo of the pooled paired samples (n = 3) were
compared (Fig. 2D, Sup. Data 1). In total, peptides derived from nine TAAs were uniquely identified in
HCC samples. Of these, peptides from five TAAs were also detected in tissue mHLA-I (Fig. 2D, Fig. S7).
Notably, DCDC2- and ESM1-derived peptides were identified only in tumor and not adjacent tissue.

Discussion

Here, we present the first characterization of the plasma-derived soluble immunopeptidome of HCC
patients. This sHLA-I immunopeptidome partially overlapped with the mHLA-I immunopeptidome and
hence may carry valuable clues about HCC presence and could serve a minimally invasive ‘liquid biopsy'.

sHLA-I levels and peptide yield were comparable to those reported in other cancers [14-16].
Unexpectedly, no significant difference in sHLA-I levels was observed between HCC patients and non-
HCC controls. This contrasts the elevated sHLA-I levels reported in other cancers [15]. Possibly this can
be explained by the notion that controls were transplant recipients with fulminant liver disease while
HCC patients were treated with resection and had relatively low disease burden. While we did not find
liver damage (ALT) to be significantly associated with sHLA levels, our small dataset cannot exclude
HLA is shed from dying cells. Another plausible sHLA source could be liver resident or infiltrated HLAM9"
myeloid cells. Consequently, sHLA-I levels may reflect hepatocellular disease rather than tumor-specific
biology, limiting use as a quantitative biomarker. The composition of the sHLA-I immunopeptidome,
however, may still reveal valuable tumor-associated signals.

To demonstrate the utility of sHLA immunopeptidomics, it is essential to characterize HCC patient-
restricted antigen presentation. We uncovered 815 proteins uniquely presented on HCC patient sHLA
highly connected by nine proteins of which five HCC carcinogenesis-associated. Given the small
heterogenous cohort, however, we likely missed a significant proportion of sHLA-I peptides that could be
presented and any possible effects of HLA genotype. Therefore, our study should be considered
hypothesis-generating and requires larger follow-up studies to comprehensively grasp the HCC-specific
sHLA immunopeptidome.

We analyzed the immunopeptidome for TAA-related peptides. Comparison of sHLA-I and mHLA-I cargo
revealed 17 shared TAAs that were only presented on HCC patient but not control mHLA-I. The (per
patient) overlap between the sHLA-l and mHLA TAA in this study matches that reported in the other
studies, typically ranging 40-65% [12, 14, 16]. Nine TAAs were not identified in eluates from plasma
sHLA-I obtained from non-HCC patients, of which five overlapped with HCC mHLA-I including ESM1,
MAGED4, and H3F3A. ESM1 is a proteoglycan upregulated in various cancers, including HCC, and
associated with tumor progression [33, 34]. MAGEDA4, a cancer germline antigen, was related to HCC and
explored as a vaccine target [35]. Histone variant HI3F3A, has been implicated in the progression of lung
cancer [36]. These are potential therapeutic targets and their identification supports the utility of sHLA-I
profiling in identifying clinically actionable antigens. While TAAs DCDC2 and ESM1 were restricted to
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tumor mHLA-I, DDX25, H3F3A and MAGED4 were also detected in tumor adjacent (but not non-HCC
patient) tissue. Whether this reflects presentation in non- or pre-malignant tissue or micro-metastatic
disease requires further investigation [24]. No TEIPP or neoantigens derived from genetic alterations
could be detected among sHLA peptides (not shown); the latter could not be assessed due to the lack of
tumor genomic data. For this purpose, the recently proposed biomarker candidate, circulating tumor
DNA (ctDNA) [37], reflecting the genomic status of the tumor, might be useful. On its own it is of limited
value for antigen-based immunotherapy design because it does not prove protein presence nor inform
on T cell epitopes. The latter can be derived from sHLA. Combining ctDNA with sHLA
immunopeptidomics might allow for more sensitive and accurate prognostic and diagnostic screening,
as well as for neoantigen-based therapeutic target identification.

Plasma sHLA-I immunopeptidome preparations are characterized by high levels of proteolytic peptides
derived from abundant plasma proteins. We therefore introduced an additional step to remove such
peptides using a structured, transparent decision tree retaining bona fide, potentially tumor-related, HLA-
peptides. The proportional increase and consistent high level of both 8-11-mers and predicted binders
after contaminant removal, underscores the quality of our workflow. In contrast, fluctuating proportions
of 8-11-mers have been reported using various other approaches for data analysis [13, 14].

A key limitation of our study is the sensitivity with which sHLA-I cargo can be analyzed, partially
explaining the low overlap between tumor and sHLA TAA cargo. Besides increasing the size of the
plasma sample, analytical depth may be improved by a recently introduced semi-automated protocol for
mid-throughput sHLA-I immunopeptidomics [38] or targeted mass spectrometry strategies for HCC-
associated antigens [17, 24, 39, 40]. Furthermore, validation studies in larger and more diverse patient
cohorts, including those currently amenable for immunotherapeutic approaches, will be critical to now
assess generalizability and clinical applicability.

In conclusion, this proof-of-concept study demonstrates the feasibility of sHLA-I immunopeptidome
analysis in HCC and its potential as a minimally invasive source of clinically actionable tumor antigens.
Ongoing improvements in sensitivity and standardization may soon enable widespread adoption of
sHLA-I profiling in both research and clinical settings.

Abbreviations

A Acute infection

AFP Alpha fetoprotein

ALD Alcohol-related liver disease
ALT Alanine transaminases

BSA Bovine serum albumin
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CP
ctDNA
DDA
EMC
ENT
GO
HBV
HCC
HCV
HDV
ICI
IEDB
IP
KEGG
LC-MS/MS
mHLA
MVI
N(eg)
ND
NR

ns
P(os)

PBS

Chronic infection

Child Pugh

Circulating tumor DNA

Data dependent acquisition
Erasmus MC University Medical Center
Entecavir
Gene ontology

Hepatitis B virus
Hepatocellular carcinoma
Hepatitis C virus

Hepatitis D virus

Immune checkpoint inhibition
Immune Epitope Database

Immunoprecipitation

Kyoto Encyclopedia of Genes and Genomes

Mass spectometry

Membranous human leukocyte antigen
Microvascular invasion

Negative
Not determined
Not reported
Nonsignificant

Positive

Phosphate buffered saline
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PRM Parallel reaction monitoring

PSC Primary sclerosing cholangitis
PSM Peptide spectrum match

R Resolved infection

RT Room temperature

sHLA Soluble human leukocyte antigen
TAA Tumor-associated antigen

TDF Tenofovir

TFL Tumor-free (adjacent) liver
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Figure 1

Peptides eluted from plasma sHLA-I can be used as a liquid biopsy. (A) Platelet-deprived plasma
samples from HCC and non-HCC patients were subjected to HLA-l immunopurification followed by LC-
MS/MS analysis. (B) Overview of paired historical tissue sample immunopeptidomes (tumor/TFL)
previously obtained by De Beijer, et al.”” of three HCC (red) and two non-HCC (blue) patients in the study
cohort. From additionally two HCC and three non-HCC patients only plasma samples were analyzed. (C)
The levels of sHLA-I in plasma (ng/mL) as read-out by HLA-I ELISA analysis. (D) The total number of
unique peptide identifications per sHLA-I sample. (E) Length distribution analysis of unique peptides
identified in HCC (red) and non-HCC (blue) sHLA-l immunopeptidomes. The right y-axis shows the
relative proportion (%) of each n-mer to the total immunopeptidome. (F) The percentage of 8-11-mers in
each sHLA dataset (HCC, red; non-HCC; blue). (C,D,F) Unpaired t-test, ns = non-significant. (G) The
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percentage of predicted binders to patient-expressed HLA-types (Table S3; NetMHCpan 4.1, <2% binding
rank) within the pool of 8-11-mers per sHLA sample (darker bars), or within a pool of sample-matched,
scrambled 8-11-mers as a negative control (lighter bars). Paired t-test, *** = p-value<0.005, **** = p-
value<0.001. (H) Correlation as determined with a Spearman correlation analysis between sHLA-I levels
and the number of predicted binders (r value = 0.6848, p-value=0.0347).
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Figure 2
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Overlap in antigens carried by plasma-derived sHLA-I and tumor/hepatocyte-derived mHLA-I of HCC
patients. HLA-I peptidomes derived from isolated tissue hepatocytes/tumor cells (mHLA-I; tumor,
TFL/tumor-adjacent, non-HCC) and plasma (sHLA-I) were analyzed for co-occurrence of HLA-peptide
source-proteins (Sup. Data 1). (A-D) Euler diagram(s) depicting the: (A) source proteins associated with
identified HLA binders from HCC and non-HCC patient-derived plasma in a non-paired comparison. Best
covered KEGG pathways by HCC patient-unique sHLA-peptide source proteins are indicated. (B)
Tumor/hepatocyte mHLA-I peptides associated with TAAs for tumor, tumor-adjacent, and non-HCC
tissues in a non-paired comparison. (C) HCC tissue-unique TAA proteome from tumor/tumor-adjacent
tissues and plasma in a paired comparison for HCC 1, 2, and 3. (D) HCC patient-unique tissue and sHLA
TAA-derived mHLA-I proteome compared to the HCC-patient-restricted sHLA-I TAA proteome for the 3
paired sample-sets together. Circle size represents the absolute number of source proteins identified.
Shared TAAs are depicted in the table.
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