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MOTIVATION Mass spectrometry (MS) is to date the gold-standard method for decoding the immunopep-
tidome of cell lines or clinical tumor tissues. Although the recent improvements of MS instrumentation and
subsequent data analytics tools have enhanced the depth of data interpretation, the overall assay sensi-
tivity is still largely limited by the conventional sample preparation methods. To enhance the sensitivity
of the traditional sample preparation ofMS-based immunopeptidomics, we introduced an automatedwork-
flow to purify immunopeptidome from scarce cell and tumor samples.
SUMMARY
Mass spectrometry (MS)-based immunopeptidomics is an attractive antigen discovery method with growing
clinical implications. However, the current experimental approach to extract HLA-restricted peptides re-
quires a bulky sample source, which remains a challenge for obtaining clinical specimens. We present an
innovative workflow that requires a low sample volume, which streamlines the immunoaffinity purification
(IP) and C18 peptide cleanup on a single microfluidics platform with automated liquid handling and minimal
sample transfers, resulting in higher assay sensitivity. We also demonstrate how the state-of-the-art data-in-
dependent acquisition (DIA) method further enhances the depth of tandem MS spectra-based peptide
sequencing. Consequently, over 4,000 and 5,000 HLA-I-restricted peptides were identified from as few as
0.2million RA957 cells and amelanoma tissue of merely 5mg, respectively. We also identifiedmultiple immu-
nogenic tumor-associated antigens and hundreds of peptides derived from non-canonical protein sources.
This workflow represents a powerful tool for identifying the immunopeptidome of sparse samples.
INTRODUCTION

The research field of immunopeptidomics aims to identify the

complex repertoire of short peptides presented on the cell sur-

face by the major histocompatibility complex (MHC), also known

as the human leukocyte antigen (HLA). HLA-restricted peptides

play a crucial role in adaptive immunity by serving as unique epi-

topes for T cells to identify ‘‘self’’ and ‘‘non-self’’ antigens.1 Owing

to aberrant cellular activities, cancer cells exhibit a distinct immu-

nopeptidome that can trigger T cells’ cytotoxic reactions.1,2

Therefore, extensive studies have focused on discovering can-

cer-specific peptide antigens for developing targeted T cell-

mediated cancer therapies, such as TCR-T therapy3–7 and can-

cer vaccines.8–10 Untargeted mass spectrometry (MS) is the

only available and sensitive methodology to comprehensively
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This is an open access article under the CC BY-N
characterize the repertoire of naturally presented immunopepti-

dome2,11,12 extracted from cancer cells,6,13,14 tumor tissues,15–17

and liquid biopsies.18 Indeed, there has been a growing interest in

immunopeptidomics in recent years accelerated by improve-

ments of MS technologies19,20 and data analytics tools16,21–28

for comprehensive peptide identification (ID) and quantification.

Immunoaffinity purification (IP) is the method of choice for ex-

tracting HLA-restricted peptides. Additional steps are required

to further purify the peptides before them being analyzed by

MS.11,12,29 Sample preparation thus remains a crucial step in

the immunopeptidomics pipeline. MS acquisition methods and

data-processing tools are steadily being improved. On the con-

trary, sample-processing optimizations to boost peptide

recovery from crude samples remain scarce. Conventionally,

IP is conducted in chromatography columns packed with
eports Methods 3, 100479, June 26, 2023 ª 2023 The Author(s). 1
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antibody-coated microbeads, usually specific against the pan-

HLA-I or pan-HLA-II complexes. When a sample (cell or tissue

lysate) passes through the column, the microbeads selectively

capture HLA-peptide complexes. The rest of the lysate is then

washed off the column and the peptides are eluted with acid.

While the antibodies ensure an excellent specificity for peptide

enrichment, the entire IP procedure is laborious and requires

extensive manual operations.12 Such complex workflows hinder

the implementation of immunopeptidomics on large-scale clin-

ical applications. Chong et al. have recently upgraded the col-

umn-based IP to a high-throughput format using multi-well

membrane plates on a positive pressure module.30 As a result,

up to 96 samples can be processed simultaneously. However,

this workflow does not obviate frequent manual interventions

during the IP process, such as pipetting samples to each well,

stacking the plates in the correct order, and loading/unloading

the plate stack on/from the positive pressure module, among

many steps. Additionally, the issues of microbeads-based as-

says remain, such as the bulky dead volume, insufficient capture

of targets and removal of impurities, and unpredictable packing

conditions among multiple assays that decreases reproduc-

ibility. Some studies have shown the utility of automatic robotic

liquid handling platforms (e.g., Agilent AssayMAP) for relevant

purposes.31,32 Indeed, these workflows yielded high numbers

of peptide identifications from cell lines in a reproducible and

high-throughput format. However, such robotic platforms are

extremely costly to implement (not only the device but also the

vendor-specific consumables), posing a significant financial

burden for most laboratories. Meanwhile, Feola et al. reported

a microfluidic device for performing IP33 with lower antibody

consumption than column-based systems. However, it showed

poor system integration as the fluidic control was not clearly

demonstrated, and the C18 cleanup steps were still done offline.

Additionally, it resulted in non-typical contamination of long pep-

tides (above 10 mers) and low HLA-I binder content, suggesting

insufficient assay optimization.

We developed an inexpensive, automated, and easy-to-oper-

ate workflow for sensitive and reliable immunopeptidomics to

address the aforementioned bottlenecks using advanced micro-

fluidics technology. Microfluidics devices are known to enor-

mously reduce the sample volume to the sub-milliliter range

thanks to their ultralow internal volume,34–36 which is suitable

for handling scarce clinical samples. In addition, we engineered

ameta-array of micropillars within the device to increase the sur-

face-to-volume ratio for efficient immunoaffinity interactions.

Our microfluidics platform includes a fully automated workflow

that requires minimal material consumption and enhances target

purification. Our IP procedure (hereafter ‘‘chip-IP’’) was driven by

a programmable fluidic control system whereby the supply of all

the assay reagents and the sample loading were readily cooper-

ated. Similarly, C18 cartridges required for sample cleanup are

directly integrated into the automated fluidic system via a pro-

grammable switch valve to omit the unnecessary sample trans-

fers. We demonstrated the competitive performance of this

approach with low-input samples and tumor biopsies in combi-

nation with data-independent acquisition (DIA) computational

approaches, leveraging large spectral libraries for sensitive MS

detection of tumor antigens.
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RESULTS

Automation of the IP workflow using microfluidics and
programmable fluidic controls
Micropillar arrays are widely used in microfluidics devices to

enhance the capturing efficiency of targets from biomole-

cules37–40 to cells.41,42 We adopted a design from a previous

study38 and generated �250,000 micropillars in a single

50-cm-long fluidic channel on the silicon substrate in a clean-

room facility (Figures 1A, S1A, and S1B). Each pillar has a square

cross-section with a side length of 20 mm and a height of 100 mm

(Figures 1A and S1C). All pillars face the flow direction in a diag-

onal orientation to facilitate a homogeneous inter-pillar flow dis-

tribution. Some additional microstructures were also engineered

in the chip to assist the in-flow reaction, such as a short filtering

section and bifurcating flowdistributors (Figure S1C). In addition,

the chip is thermally bonded to a polymer slab for formation of a

hermetic fluidic channel before use (Figures 1A and S1A).

In basic microfluidics connection setups, the fluidic tubing is

directly inserted into the polymer slab via needle punches. How-

ever, the long channel length of our chip and the complex lysate

samples significantly elevate the flow resistance, posing a great

challenge for such a simple connection scenario. Furthermore,

liquid leaking from the chip inlets or the sealing interface would

result in irreversible chip damage and sample loss. Therefore,

clamping reinforcements were designed to enhance the chip’s

mechanical robustness (Figure S1E). This mechanism housed

the chip between two rigid metallic plates tightened by threaded

screws along the edge. In addition, two threaded holes were

drilled into the top plate above the chip inlets to provide fluidic

access with standard UNF-threaded connectors. O-rings were

placed under each access hole to provide watertight sealing.

Themicrofluidics chipwas integrated into a programmable flu-

idic control system for an automated assay operation

(Figures 1B and S1D). The syringe pumps driving the liquid

flowwere controlled by Python programming via a serial connec-

tion to accommodate different flow rates in various steps

(Table S1). A 12-port programmable distribution valve was

installed on the syringe pump to enable injections of multiple re-

agents in a sequential way (Figure S1D). This combination

proved very useful for an IP experiment that involves tedious

washing processes. A similar fluidic control system was also

applied to the post-IP peptide cleanup using C18 materials.

The C18 cartridges were mounted to the fluidic tubing via a

Luer-to-UNF adapter on another fluidic control setup. Notably,

the C18 cartridge and the chip-IP device were linked via an auto-

mated 6-port switch valve (Figures 1B and S1D). By tuning the

serial commands, the switch valve could rotate to different posi-

tions corresponding to a decoupled mode whereby the C18 car-

tridge is individually preconditioned while the IP is ongoing, and a

coupled mode whereby the eluted peptides directly flow into the

conditioned C18 cartridge (Figure S1F). This new assay strategy

formed a streamlined workflow for purifying HLA immunopepti-

dome in a fully automatic manner.

We exploited established functionalization chemistry on the

silicon surface to facilitate a specific and robust immunoassay

in the chip (Figure 1C). The silicon micropillars were first ther-

mally treated to form an oxidation layer of approximately
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Figure 1. The microfluidics chip-IP system for HLA-I immunopeptidome enrichment

(A) The silicon microfluidics chip has a footprint of 58 mm3 20 mm with a 50-cm-long fluidic channel in a meandering layout (scale bar, 1 cm). The channel was

enclosed by a thick polymer slab (made of polydimethylsiloxane), which can be seen from the side view. The micropillar arrays were observed in the magnified

view by scanning electron microscopy imaging (scale bar, 20 mm).

(B) Schematic diagram of the automated fluidic control setup. Individual syringe pumps drove the chip-IP and the C18 peptide cleanup modules, whose flow

outputs were linked by a 6-port switch valve for a streamlined workflow. TheWiFi-like signs indicate the programmable communication among the labeled parts.

(C) Scheme of surface chemistry on the silicon surface and the chip-IP flow.

(B) and (C) were created with BioRender.com.
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100 nm (Figure S1C). This thin layer provided a chemically active

silicon oxide surface for grafting silane molecules carrying pro-

tein-binding groups, such as a chlorosilane agent with a func-

tional N-hydroxysuccinimide (NHS) ester group. The NHS esters

can readily react with the primary amine groups for covalent pro-

tein immobilization, representing an easy and fast protein-

coating strategy. An intermediate layer of protein A/G was

coated on the surface before coating the antibodies to ensure

an optimal antibody orientation for antigen binding. The anti-

body-protein A/G link was reinforced by a crosslinking reaction,

which reduced the coelution of antibodies in the resulting pep-

tide samples and enabled the reusing of coated chips.

The automatic IP workflow enriches immunopeptidome
from low numbers of human B cells
To evaluate the performance of the novel chip-IP workflow, we

enriched HLA class I (HLA-I) bound peptides from different

numbers of RA957 cells, an immortalized human B cell line30

(Table S2). The IP was done with a low range of cell populations

(0.2, 1, 5, and 10 million cells) to demonstrate the sensitive
enrichment of immunopeptidome using the microfluidics device.

For comparison, IP in microbeads-packed columns was also

done in parallel with the same numbers of cells as the control

method. The resulting peptides were analyzed in a Q Exactive

HF-X MS instrument with the DIA method. Library-directed DIA

computational workflow has been widely proven to provide a

more comprehensive landscape of proteome and immunopepti-

dome.22,43–47 Therefore, to compare the peptide recovery from

the column-IPs and the chip-IPs, we built a representative

RA957-specific spectral library in Spectronaut with all the

data-dependent acquisition (DDA) and DIA data from chip- and

column-IPs that were generated during the project. Over 4,000

and 10,000 peptides were identified from 0.2 million to 1 million

cells, respectively, by applying a 1% false discovery rate (Fig-

ure 2A and Table S3). The chip-IP gained a 1.5-fold increase in

peptide ID below 5 million cells (Figure S2A). The percentage

of HLA-I peptides predicted to bind the respective HLA alleles

was above 90% in all conditions, and the peptide length distribu-

tion exhibited an ideal 9mer-dominant profile that is typical for

HLA-I peptides (Figures 2B and 2C). Moreover, the peptides
Cell Reports Methods 3, 100479, June 26, 2023 3
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Figure 2. Overall comparisons of HLA-I immunopeptidome enrichment from RA957 cells between the new chip-IP and the conventional

column-IP

(A–C) The immunopeptidome of each IP method was characterized by the number of identified peptides (A), the percentage of predicted HLA-I binder peptides

(B), and the peptide length distribution (C; aa, amino acid). The RA957 cell pellets with different numbers of cells were processed individually for all the IP assays,

which were performed in duplicates. The ‘‘Rep’’ bar represents the number of unique peptides derived from each replicate that was plotted as mean ± SD. The

‘‘Whole’’ bar represents the number of peptides merged from the duplicates.

(D) The chip-IP immunopeptidome of each cell group was deconvoluted and clustered to the four main HLA-I alleles of RA957 cells.
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identified in each chip-IP condition were mapped to the four

main HLA-I alleles of RA957 cells in a constant ratio regardless

of the cell numbers (Figure 2D), showing an unbiased on-chip

enrichment of immunopeptidome.

The drastic difference in peptide ID between chip- and col-

umn-IP inspired us to dig deeper into the various properties of

the results. We first examined the relations of peptides identified

in eachmethod. Across the four cell population groups of RA957

cells, over 50% of the column-IP-identified peptides were

shared with the chip-IP, while the latter revealed more unique

peptides (Figure 3A). Next, we extracted the MS2 signals of

the common peptides and quantified their tendencies toward

either method. In three out of the four groups, most of the com-

mon peptides were enriched with higher intensities on the chip

than in the column (indicated by the offset of the density center

toward the chip axis), implying augmented on-chip quantifica-

tions (Figure 3B). Unique peptides identified by each method

were consistent in length distribution (Figure 3C). Nonetheless,

they depicted other distinct characteristics. Strikingly, the

chip-IP-derived unique peptides were found to be more hydro-

philic, as they have overall lower GRAVY (grand average of hy-

dropathy) indices48 (Figure 3D). During the reverse-phase high-

performance liquid chromatography, hydrophilic peptides are

typically eluted earlier than hydrophobic ones, meaning they

manifest lower retention time in the chromatogram. To this

end, we analyzed the distribution of retention times of the pep-

tides uniquely identified in each cell group with different IP
4 Cell Reports Methods 3, 100479, June 26, 2023
methods. Indeed, the chip-IP unique peptides showed an earlier

elution profile than the column unique peptides, especially dur-

ing 6–18 min (Figure 3E). In terms of the entire population, the

chip-IP also showed ‘‘busier’’ patterns in the lower range of the

liquid chromatography (LC) gradient (Figure S2B): more peptides

were detected in the chip than in the column. Additionally,

although the unique identifications in the chip-IP were less abun-

dant (lower MS2 intensities) than in the column-IP unique pep-

tides (Figure S2C), they exhibited a higher identification score

with lower number of cells (i.e., 0.2 and 1 million cells, Fig-

ure S2D). This phenomenonmight imply that themicrostructured

chip could potentially enrich more efficiently less abundant pep-

tides. The peptides identified by both IP methods also obtained

better scores in the chip, further verifying the excellent quality of

the chip-IP approach (Figure S2D).

Enrichment of immunopeptidome from needle-biopsy-
sized human tumor tissues
Once we demonstrated the utility of chip-IP for enhanced identifi-

cation of immunopeptidome from lownumbers of human cells,we

tested this new workflow with small clinical tumor samples. The

conventional column-IP has an insufficient sensitivity for enriching

immunopeptidome from a low amount of tissues.30,49 Nonethe-

less, there is often limited availability of patient-derived clinical

samples. Therefore, a more sensitive IP workflow that can enrich

the immunopeptidome from needle-biopsy-sized tumor samples

is in urgent need for clinical immunopeptidomics studies.
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(legend on next page)
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We collected six tissues in varying sizes (5–40 mg) from a ma-

lignant melanoma tumor and performed chip-IP to enrich the

HLA-I immunopeptidome. The peptides from each tissue sample

were analyzed in the same LC-tandem MS (MS/MS) setup used

for the DIA method. As already mentioned, a library-based

search offers better performance for DIA analysis. The spectral

library is typically generated from DDA and DIA data acquired

from multiple replicates of the investigated samples for compre-

hensive data coverage. This represents an obvious challenge

when there is an insufficient sample supply. On the contrary, a

library-independent (coined ‘‘directDIA’’) approach is an inter-

esting alternative that has not yet been applied to immunopepti-

domics. Therefore, we started from a library-free directDIA

search for immunopeptidome of these small tissues (Figure 4A).

Over 3,700 peptides were identified in all the small tissues

(Table S4). More than 90% of the peptides were predicted as

HLA-I binders in four out of six tissues and above 85% in the re-

maining two tissues. 9mer-peptides still dominated the entire

population, revealing the excellent purification performance of

the chip-IP. In comparison, with a library-based ‘‘hybridDIA’’

search that leveraged available DDA and DIA measurements of

larger tumor tissues (500–900 mg) from the same patient, we

observed a significant boost in the numbers of peptide ID and

predicted HLA-I binders (Table S4). The ID for each small tissue

specimen doubled or tripled with the spectral library, and the

fraction of binders was above 90% (Figures 4B and 4C). Impor-

tantly, 12 tumor-associated antigenic (TAA) peptides were found

in the specimens (Figure 5A). Most of them are derived from the

MAGEA (melanoma-associated antigen) gene family, while two

are from the TYR (tyrosinase) gene. Both genes are known to

be associated with melanoma.50,51 In particular, peptides ‘‘EVD-

PASNTY,’’ ‘‘EVDPIGHLY,’’ ‘‘EVDPIGHVY,’’ and ‘‘SAYGEPRKL’’

have been found to be immunogenic by experimental validations

in respective studies by Kobayashi et al.,52 Podaza et al.,53

Schultz et al.,54 Benlalam et al.,55 Kula et al.,56 van der Bruggen

et al.,57 and Chaux et al.58 The comprehensive library search re-

vealed a clear trend whereby the tissue weights correlated posi-

tively with the number of identified peptides (Figures 4B and 4C).

Identification of peptides derived from novel non-
canonical sources
Recent studies have shown that some actionable antigenic pep-

tides are derived from non-canonical sources originating from

aberrant cellular activities at various levels: genomic, epige-

nomic, transcriptomic, translational, and antigen-processing

levels.2,16,24,25,59 Standard protein reference databases usually

contain only canonically expressed proteins translated from an-

notated protein-coding genes. However, Ouspenskaia et al.

have lately generated an expanded database of high-confidence

cryptic peptide antigens by ribosome profiling, covering proteins
Figure 3. Characterization of the shared and distinct peptides betwee

(A) Venn diagrams depict the relations of the immunopeptidome between the tw

(B) Density plots for the MS2 intensities of the shared peptides. Each point rep

corresponding axes. Therefore, the dots below the dashed line (a ‘‘bisector’’ line

lower intensities in the chip for those above the line.

(C–E) For the unique peptides, multiple properties were analyzed: the peptide len

distributions (E).
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translated from novel or unannotated open reading frames

(nuORFs) in malignant and healthy samples.60 Therefore, we

constructed a spectral library with this nuORF database for the

DIA data of our small tissues to explore the non-canonical space.

The overall quality of the identified immunopeptidome (ID, HLA-I

binders, length distribution, and so forth) remained as before

(Figure 4C), and 554 peptides derived from non-canonical sour-

ces were identified (Figure 5B), out of which 93%were predicted

as HLA-I binders with the typical length distribution (Figures 5B

and 5C; Table S4). The nuORF-derived peptides covered various

non-canonical protein sources, including 30 dORF (downstream

ORF), 50 uORF (upstream ODF), and long non-coding RNAs

(lncRNAs) (Figure 5E). Interestingly, they preferably bind three

HLA allotypes: HLA-A0301, HLA-B0801, and HLA-B5701

(Figure 5D).

A similar utility of the chip-IP for HLA-I immunopeptidome dis-

covery has also been demonstrated with small tumor tissues

collected from the liver metastasis of another malignant mela-

noma patient. Again, immunopeptidome from canonical and

non-canonical sources were identified (Figures S3 and S4;

Table S5).

A generic spectral library enables immunopeptidome
discovery from small tumor tissues
Although library-directed DIA analyses can boost the identifica-

tion of immunopeptidome and improve data reproducibility, it is

not straightforward to build such a sample-specific spectral li-

brary for both basic studies and clinical investigations. On the

one hand, one needs to collect a large number of biological sam-

ples for comprehensive immunopeptidome coverage. On the

other hand, it would be time consuming and laborious to process

these samples, conduct the MS analyses, and generate the li-

brary in a specific software environment. To overcome these lim-

itations, we explored the application of a sample-independent

generic spectral library with hundreds of available MS raw files

that have been measured with the same instrumentation in our

laboratory in recent years,14–16,22,30,61–64 which we coined the

‘‘Lausanne-Lib’’ (Table S6). The Lausanne-Lib consists of data

from more than 400 immunopeptidomics measurements of

various cancer cell lines and tissues, and benign samples from

human donors. Intentionally, we did not include the exact tumor

samples we analyzed above, as we hypothesized that the

Lausanne-Lib’s extensive sample coverage should contain

HLA allotypes with binding specificities similar to those ex-

pressed in our samples, and thus could benefit in a broader im-

munopeptidome identification than directDIA.Moreover, we also

generated the Lausanne-Lib with both the UniProt database for

routine canonical peptide search and the nuORF database

(nuORFdb) for identifying non-canonical antigens, containing

343,427 and 333,125 HLA-I peptides, respectively.
n the two IP methods

o IP methods.

resents a peptide whose intensities from each method are projected on the

‘‘y = x’’) have higher MS2 intensities in the chip than in the column; otherwise,

gth distributions (C), the peptide GRAVY scores (D), and the retention time (RT)
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Lausanne-Lib-based hybridDIA analyses enhanced the pep-

tide identification from tissues weighing more than 20 mg in

comparison with the directDIA approach (Figure 6A and

Table S6). Because each tissue section was collected indepen-

dently, a certain level of variance was expected in the peptide

identification. The largest tissue of 40 mg indeed contained a

large number of unique peptides (Figure S5). Despite the dispar-

ities in peptide identifications, the performance in enriching pre-

dicted HLA-I binders (Figure 6B) and the main HLA-binding mo-

tifs (Figures 6C and 6D) did not contrast significantly between the

two Lausanne-Libs. The generic library has indeed largely

expanded the ensemble peptidome discovered in the entire

set of tumor tissues, with 90% of the directDIA-identified pep-

tides contained in the Lausanne-Lib identifications (Figure 6E).

Meanwhile, several TAAs and hundreds of nuORF-derived pep-

tides were identified (Figures 6F–6H) with this generic spectral li-

brary. Hence, these results demonstrated the benefits of using

the Lausanne-Lib for DIA analysis when resources are limited

for creating a sample-specific spectral library.

DISCUSSION

We have presented a novel microfluidics-based platform for en-

riching HLA-I immunopeptidome, which proved highly sensitive

and automatable.We designed andmanufactured dedicatedmi-

crofluidics chips with silicon substrates because it is the stan-

dard material in the semiconductor industry, with established

and reproducible manufacturing techniques. This technology

creates microengineered devices that can handle the minute

quantity of liquid in a controllable manner. Furthermore, we

incorporated a dense array of micropillars to expand the sur-

face-to-volume ratio for enhanced molecular interactions, such

as antibody-antigen binding. Notably, themicropillars were fixed

in regular orders, leaving identical gaps among all the pillars. Un-

like the random packing of microbeads in the columns, the mi-

cropillar arrays allow efficient in-flow binding of specific targets

and removal of irrelevant substances.

The improved efficiency also benefits in reduced use of anti-

bodies. In conventional column-based IPs, milligrams of anti-

bodies are used per test.12 Unless the antibodies are produced

in-house by growing hybridoma cells, such a large consumption

of commercial antibodies (V400–500/100 mg) imposes a major

financial challenge on research laboratories. Therefore, the IP

enabled bymicrofluidics technology facilitates more economical

assays.

We applied this concept to establish a new sample prepara-

tion process for HLA immunopeptidome discoveries. In partic-

ular, both the IP and C18 peptide cleanup steps were integrated

into a streamlined workflowwhere all intermediate sample trans-

fers were omitted. Thus, a great deal of sample loss was
Figure 4. Peptide identification from small melanoma tumor tissues by

The identification was performed by different approaches of DIA analysis: the lib

with UniProt database (B), and the hybridDIA with nuORF database (C). General as

of identified peptides, the percentage of HLA-I binders, the peptide length distribu

in each sample’s technical replicates during the MS analysis were merged to re

vidually. The spectral library for hybridDIA analyses was built with DDA and DIA

tissues sectioned from the same patient (processed by column-IP).
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avoided. In the future, spiking of recombinant heavy-isotope-

coded peptide MHCs and multiplexed isotope tagging65 as

normalization standards into HLA-bound peptides purified

from a commonly used cell line would enable accurate quantifi-

cation of peptide losses and inter-laboratory benchmarking of IP

efficiency. Chip-IP showed a more elevated peptide ID at lower

cell numbers, which was attributed to the improved assay effi-

ciency in the microfluidics device. Indeed, compared with the

densely packed microbeads in columns, the regular distribution

of micropillars offers improved hydrodynamics,66,67 whereby a

more homogeneous fluidic flow enhances the antibody-antigen

interactions and the removal of impurities.

We tested this new workflow for decoding the immunopepti-

dome froma low number of human cells and needle-biopsy-sized

tumor tissues. We obtained excellent in-depth immunopepti-

dome compared with the conventional format of microbeads-

packed columns. In this study, we were mostly interested to

compare the IP efficiency of the two methods using the same

starting material. Therefore, using a standard cell line was not

necessary. The samples we used are representative of a typical

melanoma tissue and a B cell line; however, in future studies a

common cell line with a defined HLA expression could be used

for method benchmarking. While a significant portion of the im-

munopeptidome was shared between the two methods, the

chip-IP-specific peptides exhibited some unique properties.

With a lower number of cells (i.e., 0.2 million and 1 million cells),

the chip-specific peptides exhibited a higher identification score

(Figure S2D). Also, for the shared peptides between the two IP

methods, those identified by the chip demonstrated a certain

extent of advantage. Another interesting property was shown

by an elevated hydrophilicity. It is not straightforward to explain

why the chip-IP favors the enrichment of more hydrophilic pep-

tides. A possible reason could be the chemistry on the micropillar

surface. As already mentioned, a chlorosilane layer was coated

onto the silicon pillars to facilitate the coating of essential proteins

for the IP. The chrolosilane molecules have a PEGylated back-

bone that is highly hydrophilic to repel non-specific protein bind-

ing. While providing a non-fouling surface for clean IP, it might

also render the capture of HLA-I complexes carryingmore hydro-

philic peptides. Furthermore, the acid elution and C18 cleanup

scenarios were significantly different. The new workflow inte-

grated these steps online with chip-IP, which might also result

in this phenomenon. However, as yet the exact reason needs to

be interrogated.

Apart from microfluidics engineering, the state-of-the-art DIA

technique was adopted for acquiring the MS data, which has

demonstrated remarkable power for reproducible and compre-

hensive immunopeptidomics. Chip-IP can capture the lowly

abundant peptides and enrich the immunopeptidome from low-

input samples. However, the traditional DDA method often
chip-IP

rary-free directDIA with UniProt database (A), the library-dependent hybridDIA

pects of the immunopeptidomewere evaluated for each approach: the number

tion, and the clustering of HLA-I binding motifs. The unique peptides identified

present the peptidome. Each small tissue was processed and analyzed indi-

runs acquired from the small tissues (processed by chip-IP) and some bigger
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Figure 5. Chip-IP identified the tumor-associated antigens and nuORF-derived antigens in the small tumor tissues

(A) Identification of tumor-associated antigen (TAA) peptides via chip-IP. Information about the source gene, peptide sequence, and immunogenicity validation

level as annotated in the Immune Epitope Database is provided. The immunogenicity level was labeled for experimentally validated immunogenic peptides. The

immunogenicity level of ‘‘Predicted’’ indicates that the peptide has not been validated experimentally but is derived from a typical TAA gene.

(B) Enumeration of nuORF-derived peptides. The percentage of predicted HLA-I binders is labeled in red above the bar of binder peptides.

(C and D) Length distribution (C) and HLA-I motif clustering (D) of nuORF peptides.

(E) Types of nuORFs for the 554 non-canonical peptides.
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induces a biasedpeptide discovery for its intensity-basedprecur-

sor ion selection for MS/MS. Therefore, the more comprehensive

and reproducible DIA method should be an ideal MS strategy for

our chip-IP platform. We compared two ways to analyze DIA

data. One is a library-free search (directDIA) that does not need
a pre-built spectral library, mimicking a clinical setup when only

the tiny core needle biopsies are available. The other is the hy-

bridDIA approach, which maps the MS2 spectra to a pre-built

spectral library from the DIA and available DDA data in case addi-

tional immunopeptidomics measurements of the autologous
Cell Reports Methods 3, 100479, June 26, 2023 9
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Figure 6. DIA analyses of melanoma tissues with the Lausanne-Lib

(A–D) The peptide identifications (A) and the percentage of predicted HLA-I binders (B) were revealed from small melanoma tissues using different DIA analysis

methods. The directDIA was done with UniProt database and the Lausanne-Lib-based hybridDIA was done with either the UniProt database (Lausanne-Lib-

UniProt) or the nuORF database (Lausanne-Lib-nuORF). The clustering of HLA-I binding motifs was deconvoluted for the Lausanne-Lib-UniProt (C) and the

Lausanne-Lib-nuORF (D) analyses.

(E) A Venn diagram shows the intersections of peptides identified from different DIA analyses.

(F) The TAA peptides discovered by Lausanne-Lib-UniProt.

(G) The TAA peptides discovered by Lausanne-Lib-nuORF.

(H) Enumeration of nuORF-derived peptides. The percentage of predicted HLA-I binders is labeled in red above the bar of binder peptides.
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tumors are available. The latter has been proved to provide a

more in-depth immunopeptidome for peptide identification. In

the case where no sample-specific spectral library is available,

we notably demonstrated the feasibility of using a sample-inde-

pendent spectral library to harness the advantage of library-

based DIA analysis. A spectral library was generated with pub-

lished DDA and DIA runs from multiple studies, which we named

the Lausanne-Lib. Applying a hybridDIA analysis with this library

could reveal a broader immunopeptidome than the directDIA

approach. Conversely, in our case, the directDIA analyses

already exhibited an excellent depth of peptide search for the

two smallest tissues below 15 mg. Some differences also exist

between the generic Lausanne-Lib and the sample-specific

counterpart. By looking into the composition of HLA-binding mo-

tifs (Figures 4B and 4C vs. Figures 6C and 6D), we found that the

Lausanne-Lib-based hybridDIA results contained significantly

fewer peptides binding to the HLA-B*57:01 allele than those of

the sample-specific library. Indeed, this HLA allele was rarely

included in the relevant publications to which we referred for

generating the Lausanne-Lib. However, this finding offers a hint
10 Cell Reports Methods 3, 100479, June 26, 2023
for improving our strategy of using the Lausanne-Lib for DIA anal-

ysis, which is to include more diverse samples expressing, for

example, various HLA-binding motifs. We demonstrated that

generating a spectral library from availableMSdatawill be a help-

ful resource for those who plan to implement DIA analysis in their

MS-based immunopeptidomics pipeline.

Non-canonical HLA-bound peptides are invaluable sources of

potential tumor-specific neoantigens for effective immunother-

apies.Nevertheless, it demands extensive experimental and infor-

matics efforts to construct a specific protein databasewith expan-

sion in the cryptic unannotated protein-coding regions. We

directly adopted a recently published database, nuORFdb, which

has an expanded coverage of proteins translated from the unan-

notated ORFs. Hundreds of nuORF-derived HLA-restricted pep-

tides could be identified in our chip-IP results. This nuORFdb

thus represents a powerful tool for immunopeptidomics studies

to discover cryptic tumor antigens hidden in the ‘‘dark’’ zones.

It might be of interest to cut the assay cost if one chip could be

used for multiple individual IPs without noticeable cross-

contamination. We did not engage much regarding the



Article
ll

OPEN ACCESS
reusability of the chip-IP platform. However, given that the anti-

bodies have been crosslinked on the intermediate layer of pro-

tein A/G (which has also been immobilized covalently on the sil-

icon surface), it would be feasible to regenerate the chip surface

for a second or third use. This is also the reason why 0.1 N acetic

acid was used in this study, as it did not induce toomuch harm to

the bioactivity of antibodies. We have tried regenerating the chip

with more acid washes after the first use. The peptide identifica-

tion from the second and third chip-IP did not differ significantly

from the first use, although a slight decrease was apparent (Fig-

ure S6). A less harmful regeneration strategy thus needs to be

investigated for potential chip reusability.

Limitations of the study and future developments
Currently, expertise in microengineering and cleanroom opera-

tions is crucial for establishing the chip-IPmethod in other immu-

nopeptidomics laboratories. A broader implementation of this

technology would require outsourcing the manufacturing to a

qualified provider. Coupling the chip-IP with the downstream

sample introduction to MS via the electrospray tip could poten-

tially further help to reduce sample loss. However, this would

mandate the use of pre-columns to clean the acidic eluate prior

to sample loading on the analytical column, and the feasibility of

this scenario must be carefully tested. Further packaging steps

and software developments can enclose the fluidic control parts

and the chip as an assay module. With a well-packaged assay

module, the chip-IP workflow can be expanded to enrich the

HLA-II peptides or specific HLA alleles in a high-throughput

format. The user would only need to coat the relevant antibodies

on the chip and operate the IP according to their protocols.

Sequential purifications can also be performed for the same

sample. Meanwhile, given the limited system scale in this

proof-of-concept study, we could not perform multiple chip-

IPs simultaneously for a comprehensive study of the reproduc-

ibility and reusability. According to the current data, an upper

limit of detection appeared at 5 million RA957 cells, but this

does not represent the true capability of the chip because the

abundance of HLA molecules varies among different cells. A

larger test scale would be necessary to address the system’s dy-

namic range of detection.

Newmodalities of MS detection that offer enhanced sensitivity

and data completeness, such as timsTOF SCP,68 as well as

other advanced machine-learning-based computational tools

for MS/MS prediction and rescoring (such as MS2Rescore,69

Prosit,70 and MSBooster71) would improve the detection of im-

munopeptidomes purified with chip-IP, which is especially

important for low-input samples. By obtaining the promising re-

sults presented in this report, we anticipate offering a low-cost

yet high-throughput and reproducible sample preparation work-

flow for future immunopeptidomics research.
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G., Federico, A., Pietiäinen, V., Chiaro, J., Feodoroff, M., et al. (2021). Pep-

tiCHIP: a microfluidic platform for tumor antigen landscape identification.

ACS Nano 15, 15992–16010. https://doi.org/10.1021/acsnano.1c04371.

34. Whitesides, G.M. (2006). The origins and the future of microfluidics. Nature

442, 368–373. https://doi.org/10.1038/nature05058.

35. Jung, W., Han, J., Choi, J.-W., and Ahn, C.H. (2015). Point-of-care testing

(POCT) diagnostic systems using microfluidic lab-on-a-chip technologies.

Microelectron. Eng. 132, 46–57. https://doi.org/10.1016/j.mee.2014.

09.024.

36. Ding, Y., Howes, P.D., and deMello, A.J. (2020). Recent advances in

droplet microfluidics. Anal. Chem. 92, 132–149. https://doi.org/10.1021/

acs.analchem.9b05047.

37. Stejskal, K., Op de Beeck, J., D€urnberger, G., Jacobs, P., andMechtler, K.

(2021). Ultrasensitive NanoLC-MS of subnanogram protein samples using

second generation micropillar array LC technology with orbitrap exploris

480 and FAIMS PRO. Anal. Chem. 93, 8704–8710. https://doi.org/10.

1021/acs.analchem.1c00990.

38. Dainese, R., Gardeux, V., Llimos, G., Alpern, D., Jiang, J.Y., Meireles-

Filho, A.C.A., and Deplancke, B. (2020). A parallelized, automated platform

enabling individual or sequential ChIP of histone marks and transcription

factors. Proc. Natl. Acad. Sci. 117, 13828–13838. https://doi.org/10.

1073/pnas.1913261117.
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celles, M., Lanoix, J., Côté, C., Staudt, L.M., Lemieux, S., et al. (2021).

Most non-canonical proteins uniquely populate the proteome or immuno-

peptidome. Cell Rep. 34, 108815. https://doi.org/10.1016/j.celrep.2021.

108815.

60. Ouspenskaia, T., Law, T., Clauser, K.R., Klaeger, S., Sarkizova, S., Aguet,

F., Li, B., Christian, E., Knisbacher, B.A., Le, P.M., et al. (2022). Unanno-

tated proteins expand the MHC-I-restricted immunopeptidome in cancer.

Nat. Biotechnol. 40, 209–217. https://doi.org/10.1038/s41587-021-

01021-3.

61. Forlani, G., Michaux, J., Pak, H., Huber, F., Marie Joseph, E.L., Ramia, E.,

Stevenson, B.J., Linnebacher, M., Accolla, R.S., and Bassani-Sternberg,

M. (2021). CIITA-transduced glioblastoma cells uncover a rich repertoire

of clinically relevant tumor-associated HLA-II antigens. Mol. Cell. Prote-

omics 20, 100032. https://doi.org/10.1074/mcp.RA120.002201.

62. Bassani-Sternberg, M., Chong, C., Guillaume, P., Solleder, M., Pak, H.,

Gannon, P.O., Kandalaft, L.E., Coukos, G., and Gfeller, D. (2017). Deci-

phering HLA-I motifs across HLA peptidomes improves neo-antigen pre-

dictions and identifies allostery regulating HLA specificity. PLoS Comput.

Biol. 13, e1005725. https://doi.org/10.1371/journal.pcbi.1005725.

63. Newey, A., Griffiths, B., Michaux, J., Pak, H.S., Stevenson, B.J., Woolston,

A., Semiannikova, M., Spain, G., Barber, L.J., Matthews, N., et al. (2019).

Immunopeptidomics of colorectal cancer organoids reveals a sparse HLA

class I neoantigen landscape and no increase in neoantigens with inter-

feron or MEK-inhibitor treatment. J. Immunother. Cancer 7, 309. https://

doi.org/10.1186/s40425-019-0769-8.

64. Gfeller, D., Guillaume, P., Michaux, J., Pak, H.-S., Daniel, R.T., Racle, J.,

Coukos, G., and Bassani-Sternberg, M. (2018). The length distribution

and multiple specificity of naturally presented HLA-I ligands. J. Immunol.

201, 3705–3716. https://doi.org/10.4049/jimmunol.1800914.

65. Stopfer, L.E., Mesfin, J.M., Joughin, B.A., Lauffenburger, D.A., and White,

F.M. (2020). Multiplexed relative and absolute quantitative immunopepti-

domics reveals MHC I repertoire alterations induced by CDK4/6 inhibition.

Nat. Commun. 11, 2760. https://doi.org/10.1038/s41467-020-16588-9.

66. Vangelooven, J., and Desmet, G. (2010). Theoretical optimisation of the

side-wall of micropillar array columns using computational fluid dynamics.

J. Chromatogr. A 1217, 8121–8126. https://doi.org/10.1016/j.chroma.

2010.10.029.
14 Cell Reports Methods 3, 100479, June 26, 2023
67. Kim, K., Koo, J., Moon, S., and Lee, W.G. (2016). Role of micropillar arrays

in cell rolling dynamics. Analyst 142, 110–117. https://doi.org/10.1039/

C6AN01506A.

68. Brunner, A.-D., Thielert, M., Vasilopoulou, C., Ammar, C., Coscia, F.,

Mund, A., Hoerning, O.B., Bache, N., Apalategui, A., Lubeck, M., et al.

(2022). Ultra-high sensitivity mass spectrometry quantifies single-cell pro-

teome changes upon perturbation. Mol. Syst. Biol. 18, e10798. https://doi.

org/10.15252/msb.202110798.

69. Declercq, A., Bouwmeester, R., Hirschler, A., Carapito, C., Degroeve, S.,

Martens, L., and Gabriels, R. (2022). MS2Rescore: data-driven rescoring

dramatically boosts immunopeptide identification rates. Mol. Cell. Prote-

omics 21, 100266. https://doi.org/10.1016/j.mcpro.2022.100266.

70. Gessulat, S., Schmidt, T., Zolg, D.P., Samaras, P., Schnatbaum, K., Zer-

weck, J., Knaute, T., Rechenberger, J., Delanghe, B., Huhmer, A., et al.

(2019). Prosit: proteome-wide prediction of peptide tandemmass spectra

by deep learning. Nat. Methods 16, 509–518. https://doi.org/10.1038/

s41592-019-0426-7.

71. Yang, K.L., Yu, F., Teo, G.C., Demichev, V., Ralser, M., and Nesvizhskii,

A.I. (2022). MSBooster: improving peptide identification rates using

deep learning-based features. Preprint at bioRxiv. https://doi.org/10.

1101/2022.10.19.512904.

72. Khan, A., and Mathelier, A. (2017). Intervene: a tool for intersection and

visualization of multiple gene or genomic region sets. BMC Bioinf. 18,

287. https://doi.org/10.1186/s12859-017-1708-7.

73. Perez-Riverol, Y., Bai, J., Bandla, C., Garcı́a-Seisdedos, D., Hewapathir-

ana, S., Kamatchinathan, S., Kundu, D.J., Prakash, A., Frericks-Zipper,

A., Eisenacher, M., et al. (2022). The PRIDE database resources in 2022:

a hub for mass spectrometry-based proteomics evidences. Nucleic Acids

Res. 50, D543–D552. https://doi.org/10.1093/nar/gkab1038.

74. Reynisson, B., Alvarez, B., Paul, S., Peters, B., and Nielsen, M. (2020).

NetMHCpan-4.1 and NetMHCIIpan-4.0: improved predictions of MHC an-

tigen presentation by concurrent motif deconvolution and integration of

MS MHC eluted ligand data. Nucleic Acids Res. 48, W449–W454.

https://doi.org/10.1093/nar/gkaa379.

75. Andreatta, M., Lund, O., and Nielsen, M. (2013). Simultaneous alignment

and clustering of peptide data using a Gibbs sampling approach. Bioinfor-

matics 29, 8–14. https://doi.org/10.1093/bioinformatics/bts621.

76. Vita, R., Mahajan, S., Overton, J.A., Dhanda, S.K., Martini, S., Cantrell,

J.R., Wheeler, D.K., Sette, A., and Peters, B. (2019). The immune epitope

database (IEDB): 2018 update. Nucleic Acids Res. 47, D339–D343.

https://doi.org/10.1093/nar/gky1006.

http://refhub.elsevier.com/S2667-2375(23)00102-9/sref58
http://refhub.elsevier.com/S2667-2375(23)00102-9/sref58
http://refhub.elsevier.com/S2667-2375(23)00102-9/sref58
http://refhub.elsevier.com/S2667-2375(23)00102-9/sref58
http://refhub.elsevier.com/S2667-2375(23)00102-9/sref58
https://doi.org/10.1016/j.celrep.2021.108815
https://doi.org/10.1016/j.celrep.2021.108815
https://doi.org/10.1038/s41587-021-01021-3
https://doi.org/10.1038/s41587-021-01021-3
https://doi.org/10.1074/mcp.RA120.002201
https://doi.org/10.1371/journal.pcbi.1005725
https://doi.org/10.1186/s40425-019-0769-8
https://doi.org/10.1186/s40425-019-0769-8
https://doi.org/10.4049/jimmunol.1800914
https://doi.org/10.1038/s41467-020-16588-9
https://doi.org/10.1016/j.chroma.2010.10.029
https://doi.org/10.1016/j.chroma.2010.10.029
https://doi.org/10.1039/C6AN01506A
https://doi.org/10.1039/C6AN01506A
https://doi.org/10.15252/msb.202110798
https://doi.org/10.15252/msb.202110798
https://doi.org/10.1016/j.mcpro.2022.100266
https://doi.org/10.1038/s41592-019-0426-7
https://doi.org/10.1038/s41592-019-0426-7
https://doi.org/10.1101/2022.10.19.512904
https://doi.org/10.1101/2022.10.19.512904
https://doi.org/10.1186/s12859-017-1708-7
https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1093/nar/gkaa379
https://doi.org/10.1093/bioinformatics/bts621
https://doi.org/10.1093/nar/gky1006


Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

W6/32 pan anti-human HLA-I antibody in-house produced by hybridoma cells N/A

Biological samples

Human malignant melanoma tissues University Hospital of Lausanne

(CHUV, Lausanne, Switzerland)

https://www.chuv.ch/fr/pathologie/

ipa-home/pathologie-clinique/

banque-de-tissus/

Human liver metastasis lesions of melanoma University Hospital of Lausanne

(CHUV, Lausanne, Switzerland)

https://www.chuv.ch/fr/pathologie/

ipa-home/pathologie-clinique/

banque-de-tissus/

Chemicals, peptides, and recombinant proteins

RPMI 1640 Medium, GlutaMAXTM Supplement Life Technologies Cat#61870010

Fetal bovine serum Dominique Dutscher Cat#35-079-CV

Penicillin/Streptomycin BioConcept Cat#4-01F00-H

protein-A SepharoseTM 4B beads Invitrogen Cat#101042

Dimethyl pimelimidate dihydrochloride Sigma-Aldrich Cat#D8388

Boric acid Sigma-Aldrich Cat#B6768

Sodium tetraborate Sigma-Aldrich Cat#221732

Ethanolamine Sigma-Aldrich Cat#398136

Sodium azide Sigma-Aldrich Cat#S2002

(CH3)2SiCl(CH2)4COONHS Pro-Chimia Surfaces Cat#SI 002-m4-0.1

Recombinant protein A/G PierceTM, Thermo Fisher Cat#21186

Octyl b-D-glucopyranoside Sigma-Aldrich Cat#O8001

Sodium deoxycholate Sigma-Aldrich Cat#30970

Iodoacetamide Sigma-Aldrich Cat#I6125

UltraPureTM 0.5M EDTA, pH 8.0 InvitrogenTM Cat#15575020

Protease Inhibitor Cocktail Sigma-Aldrich P8340

Phenylmethylsulfonylfluoride Roche Cat#70500620

Acetonitrile Sigma-Aldrich Cat#1.00029

Trifluoroacetic acid Sigma-Aldrich Cat#1.08262

Formic Acid PierceTM Cat#85178

ReproSil-Pur Basic C18 Dr. Maisch, High Performance LC GmbH Cat#r119.b9

Critical commercial assays

iRT Kit Biognosys Cat#Ki-3002-2

Deposited data

UniProt, June 2020 The UniProt Consortium https://www.uniprot.org/

nuORF database Ouspenskaia et al.60 https://www.nature.com/

articles/s41587-021-01021-3

The Cancer Genome Atlas (TCGA) database TCGA Research Network https://www.cancer.gov/about-nci/

organization/ccg/research/

structural-genomics/tcga

The Geno-type-Tissue Expression

(GTEx) database

The Geno-type-Tissue Expression

(GTEx) Project

https://gtexportal.org/home/

The Immune Epitope Database (IEDB) Vita et al.72 https://www.iedb.org/

Cancer Antigenic Peptide Database The Brussels branch of Ludwig Cancer

Research and/or at the de Duve Institute

https://caped.icp.ucl.ac.be/

The mass spectrometry immunopeptidomics

data and the spectral libraries
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N/A

W6/32 hybridoma cells ATCC� HB-95TM; RRID:CVCL_7872

Software and algorithms

KLayout 0.26.5 KLayout project https://www.klayout.de/build.html

Spectronaut� 16.2 Biognosys https://biognosys.com/software/spectronaut/

NewAnce Chong et al.16 https://github.com/bassanilab/NewAnce

GraphPad Prism 9.1.0 GraphPad Software, LLC https://www.graphpad.com/

Adobe Illustrator 27.4 Adobe https://www.adobe.com/

products/illustrator.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests should be addressed to and will be fulfilled by the lead contact, Michal Bassani-Sternberg (michal.

bassani@chuv.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The mass spectrometry immunopeptidomics data have been deposited at the ProteomeXchange Consortium via the PRIDE73

partner repository with the dataset identifier PXD040858.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line and tissue samples
The human B-cell line RA957 (a gift from Pedro Romero, Ludwig Cancer Research Lausanne) was cultured in RPMI 1640 medium

(GlutaMAX supplemented, Life Technologies, Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum (FBS)

(Dominique Dutscher, Brumath, France) and 1%Penicillin/Streptomycin (BioConcept, San Diego, CA). Cells were grown to high con-

fluency, washed three times with ice-cold PBS, and pelleted by centrifugation at 300 rcf for 5 min to the required amount. The cell

pellets were snap-frozen on dry ice and stored dry at �80�C until use. In particular, we prepared individual frozen cell pellets with

each corresponding to the desired number of cells (i.e., 0.2, 1, 5, and 10 million). Two pellets were used for each number of cells

during the following IP process.

Snap-frozen tumor tissues were obtained from patients with malignant melanoma and liver metastasis lesions from the University

Hospital of Lausanne (CHUV, Lausanne, Switzerland). Informed consent of the participants was obtained following the institutional

review board’s requirements (Ethics Commission, CHUV). Small tissues were cut arbitrarily from different regions of the tumor sam-

ples and stored at�80�C before the downstream analyses. For the malignant melanoma tissues, six individual sections with varying

sizes were collected: 5, 12, 21, 24, 25, and 40 mg; while three individual sections with varying sizes were collected from the liver

metastasis lesions: 5, 10, and 20 mg. Information about the patients, such as gender, race, and age are not available in this study.

However, it should not influence the discoveries reported in our study as all the tissues involved in the same assay were collected

from the same patient.

High-resolution 4-digit HLA-I typing of the cells and tumor tissues was performed at the Laboratory of Diagnostics, Service of

Immunology and Allergy, CHUV, Lausanne (Table S2).

METHOD DETAILS

Fabrication of the microfluidics chip with micropillar arrays
The chip fabrication and assembling were done in the Center of MicroNanoTechnology (CMi) facility at EPFL in Lausanne. Themicro-

fluidics structures were designed using the open-source KLayout tool and transferred to a 4-inch silicon wafer by a photolithography
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procedure (Figure S1A). A photomask was prepared with mirrored structures patterned on a 5-inch chromium glass mask. To start

the process, the surface of 4-inch silicon wafers was cleaned and primed by HMDS treatment, followed by spin coating a 1.5 mm-

thick positive photoresist AZ ECI 3007 on an automated coat/develop platform (ACS200 Gen3, S€uss MicroTec, Germany). The wa-

fers were then aligned with the photomask and exposed in a mask aligner (MA6/BA6 Gen 3 Mask Aligner, S€uss MicroTec, Germany)

with a short pulse of UV radiation of 20 mW/cm2 for 7 seconds. After an automated development process on ACS200, the exposed

wafers underwent a plasma etching process (on AMS 200 SE, Alcatel) to remove the unexposed photoresist and reveal the

microstructures.

To facilitate the covalent protein coating on a silicon surface, a thin oxide layer of about 100 nmwas created through a dry oxidation

process (Figures S1A and S1C). Each wafer was diced into four rectangular chips measuring 58 mm long and 20 mm wide. The chip

accommodates a single fluidic channel (L 50 cm3W650 mm3H 100 mm) filled with themicropillar arrays. Finally, the fluidic channel

was enclosed by a 2 mm-thick PDMS (polydimethylsiloxane) slab. Two access holes were pierced through the slab as the flow inlet

and outlet (Figure 1A). Moreover, a pair of stainless steel clamps (Figure S1E) was designed to reinforce the hermeticity of the fluidic

connections (manufactured by Nice Rapid Prototyping, Zhongshan, China).

Automated fluidic control system
We applied an automated microfluidics instrumentation (Advanced Microfluidics, Switzerland) for handling the on-chip reactions:

antibody coating/crosslinking, IP, and peptide cleanup in C18 cartridges (Figure S1C). To minimize the cross-contamination, sepa-

rate syringe pumps conducted the chip-IP and the peptide cleanup processes. A 12-port distribution valve was installed on the sy-

ringe pumps. One port was reserved for liquid waste disposal, one for introducing reagents into the chip, and the rest for other buffer

solutions required in each workflow. A 6-port rotary valve linked the flow between the chip-IP and peptide cleanup steps. By tuning

the valve positions, we created two flow scenarios: one for separating the IP (until the acid elution step) from the C18 cartridge con-

ditioning and the other for sending the IP elution immediately into the C18 cartridge (Figure S1E). In particular, Python scripts oper-

ated all the above steps in an automatic sequence, where one can readily customize each solution’s volume and flow rate according

to different protocols. A detailed protocol used in this report for antibody coating, chip-IP, and peptide cleanup is described in

Table S1.

Purification of pan-HLA antibody and preparation of antibody-crosslinked beads
W6/32 monoclonal antibodies were purified using protein-A Sepharose 4B beads (Invitrogen, Carlsbad, CA) from the supernatant of

HB95 (ATCC� HB-95TM) cells grown in CELLLine CL-1000 flasks (Sigma-Aldrich, St. Louis, MI). The antibody quantity was deter-

mined on a NanoDrop One spectrophotometer (Thermo Fisher Scientific). For the conventional column-based IP, 5 mg of purified

antibodies were mixed with 1 ml of protein-A beads for 1 hour at room temperature, followed by the addition of 20 mM dimethyl pi-

melimidate (DMP, Sigma-Aldrich) in 0.2 M sodium borate buffer (pH 9, Sigma-Aldrich) for 30 min. The reaction was finally quenched

by 0.2 M ethanolamine (pH 8, Sigma-Aldrich), and the crosslinked beads were kept in 0.02% sodium azide (Sigma-Aldrich) at 4�C
until use.

Antibody immobilization and crosslinking on-chip
The oxidized silicon surface of the chip was primed by incubating in 1 mM NHS-silane solution ((CH3)2SiCl(CH2)4COONHS,

ProChimia Surfaces, Poland) for 2 hours at room temperature, resulting in the formation of a self-assembled monolayer exposing

NHS-ester groups. The primary amine groups on protein molecules can readily replace the NHS ester groups, forming covalent pro-

tein immobilization on the surface. Then 100 mL of 1 mg/mL recombinant protein A/G (PierceTM, Thermo Fisher) was introduced to

form an intermediate layer for grafting the Fc domains of antibodies. 100 mL of 3mg/mL pan-HLA antibodies were subsequently intro-

duced. To avoid a co-elution of antibodies in the final peptide sample, we crosslinked the antibodies on the protein A/G layer by

20 mM dimethyl pimelimidate dihydrochloride (DMP, Sigma-Aldrich) dissolved in 0.2 M sodium borate buffer (pH 9, Sigma-

Aldrich). The reaction was quenched by 0.2 M ethanolamine (pH 8, Sigma-Aldrich). The crosslinked chips were stored in 0.02% so-

dium azide solution at 4�C until use.

Immunoaffinity purification of HLA-I complexes in the microfluidics chip or chromatography column
The lysis buffer was freshly prepared in PBS containing 1% octyl-beta-d glucopyranoside (Sigma-Alrich), 0.25% sodium deoxycho-

late (Sigma-Aldrich), 0.2 mM iodoacetamide (Sigma-Aldrich), 1 mM EDTA, 1:200 Protease Inhibitors Mixture (Sigma-Aldrich), and

1 mM Phenylmethylsulfonylfluoride (Roche). The needle biopsy-sized tumor tissues were first disrupted in lysis buffer on a Tissue

Lyser bead mill (Qiagen) for 1 min at 30 Hz. Then, the lysis of frozen cell pellets or disrupted tumor tissues was done in ice-cold lysis

buffer at 4�C on a tube roller mixer for 1 h. We lysed cell pellets and tumor tissues below 20 mg in 100 mL of lysis buffer and tumor

tissues above this weight in 200 mL of lysis buffer. Finally, the lysates were cleared by centrifugation at 21,300 rcf for 30 min at 4�C,
and the supernatant was transferred to lo-bind Eppendorf tubes for the following IP procedure. We extracted HLA-I peptides from

individual cell pellets corresponding to each number of cells as described above; this was performed in duplicates (biological rep-

licates). Regarding the tumor tissues, one tissue section was collected for each weight indicated.

For chip-IP, the cleared lysate supernatant was loaded into an antibody-coated microfluidics chip at the lowest flow rate to maxi-

mize the immunoaffinity reactions. The following steps are shown in Table S1. The column-IP was performed following the previously
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established protocols.16,22,30 Briefly, each column (Bio-Spin� disposable chromatography columns, Bio-Rad) contained 50 mL of

antibody-coated microbeads. The lysate supernatant passed through the microbeads in a gravity-driven flow. Then the beads

were extensively washed by high salt, low salt and Tris-HCl buffers before the HLA-peptides were eluted with 0.1 N acetic acid.

The acid elution was cleaned in C18 cartridges (Micro SpinColumns, Havard Apparatus). Next, 25%acetonitrile (ACN; Sigma Aldrich)

in 0.1% TFA (trifluoroacetic acid) eluted the HLA-I peptides off the C18 material. Before analyzing the peptides in LC-MS/MS, the

excessive ACN was removed by vacuum centrifugation (Concentrator plus, Eppendorf) at 60�C for 3 hours. The dried peptides

were stored at -20�C before MS analysis.

Liquid chromatography – Tandem mass spectrometry (LC-MS/MS) analyses
All samples were analyzed with our LC-MS/MS system composed of an Easy-nLC 1200 HPLC system (Thermo Fisher Scientific)

coupled online to a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific). The samples were ionized by a nano-electrospray

ion source (Nanospray FlexTM Ion Sources, ThermoFisher Scientific) equippedwith a columnoven (PRSO-V1, Sonation, Germany). The

dried HLA-I peptides were resuspended in 8 mL of 2% ACN in 0.1% FA (formic acid) supplemented with 1:10 iRT peptides (Biognosys,

Zurich). Twice of 3 mL (technical replicates) was taken forMSanalysis. The two replicates underwent DIA analysis for the chip-IPmethod

with both cell and tissue samples. For the column-IPmethod, one replicate underwent DIAwhile the other DDA analysis for enriching the

cell-specific spectral library. The analytical columns were fabricated in-house. We first pulled the nanospray tip on a fused silica tubing

(360mmOD3 75mm ID, BGBAnalytik, Switzerland) using a laser puller (P-2000, Sutter instrument). Then, a 50 cm-long part was cut and

packedwith ReproSil-Pur C18materials (1.9 mmdiameter, 120 Å pore size, Dr. MaischGmbH, Ammerbuch, Germany). During the sam-

ple injection, mounted analytical columns were kept at 50�C. We used a mixture of 0.1%FA (Solvent A) and 0.1% FA in 95%ACN (Sol-

vent B) to perform the following 60 min-gradient at 250 nL/min: 0–52 min (2 - 25% B); 52–54 min (25–35% B); 54–55 min (35–100% B);

55–60 min (100% B).

For data-independent acquisition (DIA), a full MS1 scan was acquired from 300 to 1650m/zwith a resolution of 60,000 (m/z = 200)

and the ion accumulation time of 60 ms, which was followed by 22 DIA MS2 scans with a resolution of 30,000 (m/z = 200) and an

automatic gain control (AGC) of 33106. The fixed first mass was 200 m/z, and the overlap between consecutive MS2 scans was

1m/z. A stepped normalized collision energy (25.5, 27, and 30) was employed, and the maximum ion accumulation was set to auto.

For data-dependent acquisition (DDA), a full MS1 scan was conducted from 300 to 1650m/zwith a resolution of 60,000 (m/z = 200)

and an automatic gain control (AGC) value of 33106 ions. A ‘‘Top 20’’ strategy was used to isolate the twenty most abundant pre-

cursors within a 1.2m/z isolation window, which undergo a fragmentation by higher-energy collision dissociation (HCD) at a normal-

ized collision energy of 27. The MS2 scans were performed with a resolution of 30,000 (m/z = 200) and an ion-accumulation time of

120 ms. Peptides with charge states of four and above were exempt from fragmentation.

Database search
The Spectronaut� software package (version 16.2, Biognosys, Switzerland) was used for analyzing theMS files. For library-free pep-

tide identification, the raw DIA MS files were directly loaded in the directDIA workflow and searched against the UniProt database

(human-reviewed sequences with isoforms, 42,348 entries, June 2020). Some parameters were modified in the default search set-

tings: ‘Digest Type’ was ‘unspecific’; ‘Min Peptide Length’ was 8, and the ‘Max’ was 15; ‘Variablemodifications’ contained ‘Oxidation

(M)’ and ‘Acetylation (Protein N-term), no ‘Fixed modifications’; ‘PSM’ and ‘Peptide’ FDR were set to 0.01 with no protein FDR. For

library-based peptide identification, we first used the DDA and DIA raw files to generate a hybrid spectral library powered by the built-

in tool ‘Pulsar’ before the targeted peptide search. The default settings were used for Pulsar search and library generation except for

the following parameters. The ‘Protein FDR’ was set to 1, while the FDR for peptide and PSM was 0.01. ‘Digestion rule’ was left

vacant, and the ‘Digest Type’ was changed to ‘Unspecific’. Once the library was established, we performed the peptide search

with a modified default setting. For ‘Identification’, the DIA raw files were matched to the spectral library with a ‘Qvalue Cutoff’ of

0.01 and 1 for precursor and protein, respectively. The ‘Corss-run normalization’ was switched off. Results were exported in a pep-

tide-centric format with the columns of ‘PG.Genes’, ‘PEP.StrippedSequence’, and ‘PEP.Quantity’ selected for data analyses. To

reveal the retention time of certain peptides, the column of ‘EG.ApexRT’ was included.

The same UniProt database was used for a library-based search of canonical immunopeptidomics. To reveal the non-canonical

space, we generated the spectral library against a nuORF (novel or unannotated open reading frame) database.60 The identified pep-

tides were labeled with their corresponding protein group information, especially the canonical (PC) and non-canonical (NC) anno-

tations. When one peptide has multiple annotations of protein sources, we consider it derived from nuORFs only when the protein

group does not contain the ‘PC’ assignment. With a preset global FDR of 1% for the PSMs, the FDR for NC-annotated PSMs

was calculated after the analysis, which was around 4%.

To ensure a stringent and precise identification of nuORF-derived peptides, we further aligned the NC-annotated peptides against

a non-redundant BLAST database (845,586 protein entries, downloaded on 26/08/2020 via BLAST+, v2.10.1) using an algorithm built

in NewAnce tool.16 Leucine and isoleucines were regarded as equal as they are not distinguishable by MS. The peptides mapped to

known proteins in this database were thus discarded from the NC peptide pool.

Finally, the unique peptides identified in the two technical replicates for MS analysis were merged to represent the immunopepti-

dome for each sample.
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HLA-I binding prediction, clustering, and other properties for MS-identified peptides
NetMHCpan 4.1 prediction software74 was used to evaluate the binding affinity of all theMS-identified peptides (8-15 amino acids) to

the respective HLA-I alleles. Peptides with no more than 2% rank were considered HLA-I binders. The alignment and clustering of

peptide sequences (binding motif deconvolution) were performed using the GibbsCluster 2.0 software,75 which was performed with

the default settings except for the following modifications: the number of maximum clusters was set to 6 motifs; clustering moves at

each iteration; ‘Max deletion and insertion length’ was set to 4 and 1, respectively; ‘Number of seeds for initial conditions’ was 5; trash

cluster was used to remove outliers. Upon completion, the clustered motifs were manually assigned to the cell’s or patients’ HLA

allotypes. To calculate the grand average of hydropath (GRAVY) values, the peptide list was submitted to the online ‘GRAVY calcu-

lator’ (https://www.gravy-calculator.de/). The Venn diagrams were created with Intervene.72

Listing of TAA genes and relevant peptide antigens
In order to list cancer-specific TAA genes, we obtained gene expression information for all genes expressed in 33 cancer types from

the Cancer Genome Atlas (TCGA) database (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/

tcga). First, the 99th percentile of genes with at least a 2.5 TPM value (transcript per million) was prioritized. Then those that are ex-

pressed in any healthy tissues (except for testis and skin) listed in the Genotype-Tissue Expression (GTEx) database (https://

gtexportal.org/home/, 90th percentile withmore than 1.0 TPM) were discarded to result in a sensitive and stringent list of cancer-spe-

cific TAA genes. Finally, information was curated from the literature and with the IEDB (https://www.iedb.org/)76 and CAPED (https://

caped.icp.ucl.ac.be/) databases to include immunogenicity information. In addition, new short peptides (8-22 mers) were generated

artificially from these cancer-specific TAA genes and were annotated as ‘predicted’.

Finally, the MS-identified peptides from small tumor specimens by chip-IP were matched to the above list to highlight the TAA epi-

topes. If the peptides have been tested ‘immunogenic’, the immunogenicity levels were given as ‘high’ (detected inMS and validated

in IEDB with at least two T cell assays) or ‘medium’ (detected in MS and validated in one T cell assay). Otherwise, they were labeled

‘predicted’.

Generation of a public spectral library with published raw MS files
477 raw files (465 acquired in DDA and 12 in DIA) were retrieved from previous publications on human immunopeptido-

mics.14–16,22,30,61–64 An initial spectral library was generated with these files in Spectronaut� using the built-in Pulsar search engine

described above, which served as a search archive for future uses. The newly acquired MS raw files were used together with the

search archive to create a hybrid spectral library for better peptide identification. For example, twelve DIA raw files were acquired

from the small melanoma tissues. We then generated a hybrid library with these twelve runs plus the search archive for the subse-

quent DIA analyses. A full list of the 477 raw files with their files names and publications can be found in Table S6.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Data were analyzed using GraphPad Prism (version 9.1.0). Figures were prepared with Adobe Illustrator (version 27.4, Adobe). Sta-

tistical analysis of Figures 3D, S2C, and S2Dwas conducted by a two-tailed, unpaired, and nonparametric Student’s t-test. Error bars

in all plots represent mean ± standard deviation with the number of replicates indicated in the figure legends.
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