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Lélia Delamarre®® , Craig Blanchette?, and Jennie R. Lill""

Advances in several key technologies, including MHC pep-
tidomics, have helped fuel our understanding of basic im-
mune regulatory mechanisms and the identification of T cell
receptor targets for the development of immunotherapeu-
tics. Isolating and accurately quantifying MHC-bound pep-
tides from cells and tissues enables characterization of
dynamic changes in the ligandome due to cellular pertur-
bations. However, the current multistep analytical process is
challenging, and improvements in throughput and repro-
ducibility would enable rapid characterization of multiple
conditions in parallel. Here, we describe a robust and
quantitative method whereby peptides derived from MHC-I
complexes from a variety of cell lines, including chal-
lenging adherent lines such as MC38, can be enriched in a
semiautomated fashion on reusable, dry-storage, custom-
ized antibody cartridges. Using this method, a researcher,
with very little hands-on time and in a single day, can perform
up to 96 simultaneous enrichments at a similar level of quality
as a manual workflow. TOMAHAQ (Triggered by Offset,
Multiplexed, Accurate-mass, High-resolution, and Absolute
Quantification), a targeted mass spectrometry technique
that combines sample multiplexing and high sensitivity, was
employed to characterize neoepitopes displayed on MHC-I
by tumor cells and to quantitatively assess the influence of
neoantigen expression and induced degradation on neo-
epitope presentation. This unique combination of robust
semiautomated MHC-I peptide isolation and high-
throughput multiplexed targeted quantitation allows for
both the routine analysis of >4000 unique MHC-I peptides
from 250 million cells using nontargeted methods, as well as
quantitative sensitivity down to the low amol/pul level using
TOMAHAQ targeted MS.

As more cancer immunotherapeutic modalities enter the
clinic, next-generation sequencing and immunopeptidomics
have played a key role in furthering our understanding of the
mechanisms behind major histocompatibility complex (MHC)
-l and -l peptide generation and display (Fig. 1A). A variety of
cancer antigens (1-4) have been used in personalized cancer

vaccines (5-7), as the targets for autologous T cell-based
therapeutics (8), or in engineered T cell approaches (9).
Despite advances across in silico methods for predicting the
epitopes presented from various human leukocyte antigen
(HLA) alleles, many of these algorithms perform poorly for rare
alleles and are often associated with a high error rate (10-12).
The alternative approach is to use mass spectrometry (MS) to
directly identify peptides presented on MHC-I. This approach
also offers the opportunity to understand ligandome dynamics
associated with cellular perturbation.

Two approaches for isolating MHC-I ligandomes include
mild acid elution (13), where peptides are released directly
from the surface of intact cells and the more commonly
employed immunoprecipitation, where antibodies are used to
enrich MHC-1 complexes from cell lysate before the release of
peptides. Although the latter method is more sensitive than
acid elution, typically yields more MHC peptide identifications,
and allows for allele-specific enrichment (14, 15), it comes with
significant drawbacks. First, it is difficult to automate a
workflow that involves many steps, distinct and occasionally
detergent-rich buffers, and inputs as unstable as membrane
protein complexes within lysates. Second, given the relatively
low abundance of MHC-I peptides, standard, untargeted
mass spectrometric methods are inefficient in detecting all
targets of interest. Yet the field of immunopeptidomics has an
ever-increasing demand for data from more treatment condi-
tions and cell types along with better detection (16), neces-
sitating ever higher-throughput sample processing and ever
more sensitive and quantitative techniques.

Efforts to address throughput have been made by Chong
and colleagues (17), who described an elegant and high-
throughput system for enriching MHC-I and MHC-II com-
plexes in cell lysates using a stacked-plate-based bead
system. However, their approach does not allow for imme-
diate use by an untrained operator or reuse of the enrichment
reagents. In the quantitation space, a number of recent
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Fic. 1. MHC-I enrichment is amenable to automation, reusable reagents, and dry storage of cartridges. A, overview of the stages in
peptide processing and MHC-I presentation, enrichment, and mass-spectrometry-based analysis and quantification. In canonical presentation,
intracellular proteins are polyubiquitinated within the cell and translocated to the proteasome for degradation. The resulting peptide fragments
are transported into the endoplasmic reticulum via transporter associated with antigen processing (TAP) proteins. These fragments are then
loaded into MHC-I complexes (consisting of an MHC-I heavy chain and B2M), further trimmed by endoplasmic reticulum aminopeptidases
(ERAP), and the stable MHC-I peptide complex is translocated to the cell surface. The display level of each unique peptide is determined by its
abundance, degradation rate, and affinity for the MHC-I allele(s) in a given cell (26). Enrichment involves applying lysate containing MHC-I
complexes to a solid support containing anti-MHC-I antibodies, washing away unbound contaminants, and then eluting the MHC-| proteins
and associated peptides via acid treatment. Analysis involves peptide isolation and desalting, chromatographic separation, and analysis by
mass spectrometry followed by data processing involving identification and quantification steps. B, table of small and large cartridge char-
acteristics, including recombinant protein capacities, cellular abundance, and amount to be loaded on customized antibody cartridges. C,
unique MHC-I peptides identified using a standard, single-use AssayMAP enrichment workflow, separated by species and effective cell count.
D, antibody cartridge reuse scheme and circular enrichment workflow. Protein A cartridges are loaded with antibody and cross-linked, used to
enrich MHC-I complexes, and washed before acid elution. Cartridges are then cleaned via priming with acid and TBS, stored at 4 °C, and reused
in a similar manner. E, unique peptide count observed after nine consecutive uses of custom antibody cartridges, using GRANTA lysate (50
million cell equivalents each), on always-wet versus dried then rewetted cartridges.

publications have described the use of targeted MS and
multiplexing to increase the sensitivity and throughput of
MHC-| peptidomics. Stopfer and colleagues (18) used tan-
dem mass tag (TMT) labels and heavy isotope peptide-MHC
complexes for absolute quantitation of peptides of interest
on cell surfaces, whereas Pfamatter and colleagues (19)
explored the effects of TMT tagging on MHC-| peptide
detection in synchronous precursor selection (SPS) and
high-field asymmetric waveform ion mobility spectrometry
(FAIMS).

We believed that several steps of this well-established but
cumbersome antibody-based enrichment process could be
automated to yield a simpler, more reproducible workflow, by
combining reusable and easily shareable AssayMAP Bravo-
based (20) MHC-I enrichment cartridges with Bravo-based
C18 peptide enrichment and modification. Similar efforts at
automating MHC-I and MHC-II enrichment using the Assay-
MAP Bravo have recently proved successful by Zhang and
colleagues (21). We also hypothesized that Triggered by
Offset, Multiplexed, Accurate-mass, High-resolution, and
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Absolute Quantification (TOMAHAQ) MS (22, 23), an internal
standard-triggered parallel reaction monitoring (IS-PRM)
technique (24) that uses synthetic “trigger” peptides, and long
MS2 and MSS3 collection times for very low abundance target
detection, could be applied to MHC-I peptidomics for multi-
plexed, quantitative, and sensitive detection of high-value
targets such as neoepitopes.

Our method allows for both the routine analysis of >4000
unique MHC-I peptides from 250 million cells using non-
targeted methods and quantitative sensitivity down to the low
amol/pl level using TOMAHAQ targeted MS. We demonstrate
the utility of this method by monitoring predicted MHC-I
neoepitopes in a murine tumor cell line engineered to indu-
cibly express and degrade a single neoantigen, ADP-
dependent glucokinase mutant protein (Adpgk(R304M)).

EXPERIMENTAL PROCEDURES
Reagents

Reagents were purchased from Sigma-Aldrich unless otherwise
specified. Antibodies were purchased from Cell Signaling Technology,
Abcam, BioLegend, Thermo Fisher, or generated in-house. The dTAG-
13 degrader compound was purchased from Tocris. General plastic-
ware was purchased from Corning and AssayMAP plasticware from
Agilent as specified for use with AssayMAP Bravo. Peptides were
purchased from JPT Peptide Technologies. Peptides were dissolved
in 50% ethylene glycol (Sigma) and stored at —20 °C.

HLA and p2M Purification

Recombinant human HLA alleles and beta-2 microglobulin (32M)
were overexpressed in E. coli, purified from inclusion bodies, and
stored under denaturing conditions (6 M guanidine HCI, 25 mM Tris,
pH 8.0) at -80 °C. Briefly, 2M and HLA biomass pellets were
resuspended in lysis buffer (PBS containing 1% Triton X-114) at a
concentration of 5 ml/g, then subjected to microfluidization at
1000 bar homogenization pressure, twice. The resulting suspension
was centrifuged at 30,000g for 20 min in an ultracentrifuge. The pellets
were collected and washed twice with 500 ml of lysis buffer and
centrifuged at 30,000g for 20 min. The purified inclusion bodies were
dissolved in denaturing buffer 20 mM MES, pH 6.0, 6 M guanidine
HCI) at a concentration of 10 ml/g and stirred at 4 °C overnight. The
dissolved pellet was centrifuged at 40,000g for 60 min, and the su-
pernatant was collected and filtered through a 0.22 um filter. Protein
concentration was determined using a bicinchoninic acid (BCA) assay.
Samples were flash frozen and stored at —80 °C prior to use in
generating the MHC-I complexes.

Generation of Recombinant MHC-I Complexes

In a 5 | reaction, the selected peptide (0.01 mM), oxidized and
reduced glutathione (0.5 mM and 4.0 mM, respectively), recombinant
HLA alleles (0.03 mg/ml), and p2M (0.01 mg/ml) were all combined in
refold buffer (100 mM Tris, pH 8.0, 400 mM L-arginine, 2 mM EDTA).
The refold mixtures were stirred for 4 days at 4 °C. The refold solution
was filtered through a 0.22 pm filter, concentrated, and buffer
exchanged by tangential flow filtration (TFF) (Millipore-P2C010C01)
into 25 mM Tris, pH 7.5. The protein components were then analyzed
by LC/MS to ensure that the HLA was in the appropriate reduced
state. The refolded MHC-I complex was purified by ion exchange
chromatography using a 5 ml HiTrap Q HP column on an AKTA Pure
FPLC. The column was equilibrated with ten column volumes of

25 mM Tris, pH 7.5 at 5 ml/min flow rate. The MHC-I complex was
loaded on the column at a 5 ml/min flow rate and eluted using a 0 to
60% 25 mM Tris, pH 7.5, 1 M NaCl gradient over 30 column volumes.
Samples were analyzed by SDS-PAGE, and fractions containing both
p2M and HLA bands were pooled and exchanged into storage buffer
(25 mM Tris, pH 8.0, 150 mM NaCl). Protein concentration was
determined by UV absorbance at 280 nm, and samples were flash
frozen and stored at -80 °C.

Adherent and Suspension Cell Culture

The murine colon adenocarcinoma cell line MC38 and the human
mantle cell lymphoma cell line GRANTA-519 (GRANTA) were obtained
from the Genentech cell line bank. MC38 cells were grown in RPMI-
1640 supplemented with 10% FBS, 2 mM glutamine, and 25 mM
HEPES. Cells were passaged with an 18 h doubling time, at 37 °C and
5% CO,. GRANTA cells were cultured in RPMI-1640, 10% FBS, 2 mM
glutamine and passaged with a 48 h doubling time, at 37 °C and 5%
COs in an Infors HT Minitron incubator shaker at 110 rpm.

Cell Transfection and Selection

MC38 cells were transfected with the idAdpgkG plasmid (Genscript)
using the piggyBAC vector/transposase system with Lipofectamine
2000 (Thermo, see Supplemental Data for plasmid map). Briefly,
growth medium on 50% confluent MC38 cells in each well of a 6-well
plate was replaced with 1.5 ml OptiMEM. Lipofectamine 2000 in
OptiMEM and plasmid DNA in OptiMEM were combined in a 1:1 ratio
to yield a 50X-diluted Lipofectamine 2000, 250 ng pBO transposase,
and 750 ng vector in 300 pl OptiMEM solution per well. This mixture
was incubated at room temperature for 15 min, before distributing
evenly across wells. The plate was rocked gently to mix and incubated
at 37 °C for 2 h. A 1.5 ml volume of growth medium was then added to
the OptiMEM-DNA mixture to create a 1:1 OptiMEM:growth media
mixture, and the cells were incubated for an additional 24 h before
replacing the 1:1 media with full growth media (day 2). After an
additional 24 h (day 3), cells were expanded to T75 flasks. After an
additional 72 h (day 6), cells were trypsinized and passaged 1:2 into
growth media containing 5 pg/ml puromycin. After an additional 72 to
96 h (day 9-10), cells were tested using flow cytometry and immu-
noblot for the presence of expressed antigen, and cells with high
expression of the idAdpgkG construct were sorted into selection
media to yield the idAdpgkG MC38 cell line.

Cell Treatment and Harvest

idAdpgkG MC38 cells were treated with 20 ng/ml mouse interferon
v (MIFNy, R&D Systems, Inc) alone for 51 h prior to harvest (“control”
condition), mIFNy for 48 h followed by 1 pM dTAG-13 addition for 3 h
(“dTAG” condition), mIFNy and 1 pg/ml doxycycline for 51 h (“dox”
condition), or mIFNy and doxycycline for 48 h followed by dTAG-13
addition for 3 h (“both” condition). The 3 h degrader treatment time
was chosen as previous work had shown maximal MHC-I display
postdegradation at around 3 to 6 h (25, 26).

Suspension GRANTA cells and MC38 cells detached using Accu-
tase (Innovative Cell Technologies, Inc) were counted using a Vi-Cell
XR cell counter (Beckman Coulter). Cells were then pelleted by
centrifugation, flash frozen in liquid nitrogen, and stored at —-80 °C.

Cell Lysis and Storage

GRANTA pellets (250 million cells) were lysed in 5 ml nondenaturing
OG detergent buffer (PBS), 0.25% sodium deoxycholate, 0.2 mM
iodoacetamide (IAA), 1 mM EDTA, 1% octyl-beta-d glucopyranoside
(OG), and 1X protease and phosphatase inhibitors (Sigma), as
described previously (17). MC38 pellets (250 million cells) were lysed
in 10 ml OG buffer. Lysates were placed on ice for 30 min, then
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centrifuged at 20,0009 for 60 min at 4 °C. Clarified lysates were added
to 50 ml vacuum filters (0.45 pm, Corning) and filtered under gentle
vacuum. Filtered solutions were transferred to 15 ml tubes on ice in
4 ml aliquots (an entire GRANTA 250M cell lysis or half of a MC38
250M cell lysis), followed by 1.33 ml each of 50% glycerol and 1 M
sucrose to a final concentration of 10% glycerol and 200 mM sucrose,
respectively. Samples were then flash frozen and placed at —80 °C.

Custom Cartridge Creation, Storage, and Reuse

Cartridge cross-linking was carried out as described by Purcell et al.
(15). Briefly, dry protein A cartridges (Agilent) were primed in PBS at
300 pl/min before loading 1 mg of antibody at 1 mg/ml, followed by
washing with PBS. Washing and loading small cartridges occurred at
10 pl and 5 pl/min respectively. Washing and loading large cartridges
occurred at 20 pl/min. Cartridges were then equilibrated into 200 mM
triethanolamine (TEA, Sigma), loaded with 5 mM dimethyl pimelimidate
(DMP, Sigma) in TEA, pH 8.2, over 40 min at room temperature, then
washed sequentially with Tris-buffered saline (TBS), 25 mM Tris, pH
8.0 (Tris buffer), 1% acetic acid, Tris buffer, and TBS. Cartridges were
placed in a storage rack filled with TBS, 1 mM EDTA, 0.025% sodium
azide, sealed with parafilm, and stored at 4 °C. To make dried car-
tridges, an additional wash was performed with 20 mM histidine,
200 mM trehalose, pH 6.0, the cartridges were placed at 37 °C for 1 h,
and then left at room temperature in the dark for at least 18 h to
complete drying. Dried cartridges were then reconstituted in the same
manner as dry protein A cartridges.

Reused wet cartridges were transferred to the AssayMAP Bravo,
the neck of each cartridge was dried with a cotton swab, then primed
with water, primed with 1% acetic acid, and washed with water before
reuse.

MHC-I Enrichment

Frozen cell lysates (6.7 ml) were quickly thawed in a 37 °C water
bath, then placed on wet ice. Cross-linked cartridges were transferred
to the AssayMAP and primed with water, primed with 1% acetic acid,
and washed with water. In general, six cartridges were used per lysate
as the maximum amount that can be loaded on a cartridge is currently
1 ml (with 0.1 ml dead volume). For human cell lines such as GRANTA,
six mouse monoclonal anti-HLA Class | antibody (W6/32, Abcam)
cross-linked cartridges were used, while for MC38 six 1:1 anti-Db
(clone B22-249):anti-Kb (clone Y-3), mixed antibody cartridges were
used.

Six 1.1 ml aliquots of the cell lysate were transferred to individual
wells in an ice-cooled AssayMAP Deepwell plate, which was then
placed at the precooled sample position (typically 10 °C). The
AssayMAP affinity purification method used was: TBS priming (150 pl
at 300 pl/min), TBS equilibration (100 pl at 20 pl/min), sample loading
(1 ml at 20 pl/min), TBS wash (250 pl at 25 pl/min), Tris wash (250 pl at
25 pl/min), and 1% acetate elution (50 pl at 10 pl/min). The 6 x 50 pl
eluates were combined into a single, 1.5 ml LoBind microtube
(Eppendorf), flash frozen, and placed at —80 °C. Cartridges were then
primed with 1% acetic acid, primed with Tris buffer, and washed with
TBS before storage in a cartridge rack filled with TBS, 1 mM EDTA,
and 0.025% sodium azide, sealed with parafilm, and stored at 4 °C for
up to 3 months (before reuse or replacement of storage solution is
necessary).

On-cartridge Peptide Modification

C18 cartridges were primed using 70% acetonitrile (ACN) with 0.1%
formic acid (FA) (100 pl, 300 pl/min), equilibrated in 2% ACN with 0.1%
FA (50 pl, 5 pl/min), and eluates described above were loaded (280 pl,
5 pl/min). For performing reduction and alkylation, peptides were
reduced in HEPES buffer containing 5 mM Tris (2-carboxyethyl)

phosphine (TCEP; 100 pl, 5 pl/min), alkylated with 40 mM IAA (100 pl,
2 pl/min), and washed with HEPES buffer/5 mM TCEP (100 pl, 10 pl/
min) followed by HEPES buffer alone (100 pl, 10 pl/min). For per-
forming oxidation, the oxidant solution (5% formic acid, 1X H,O,) was
prepared by mixing (1:1) 10% formic acid with 2X H,O, (concentration
varies). H,O, was diluted with water from fresh 30% H,O, (Sigma) to
the appropriate concentration. Peptides were then washed with this
oxidant solution (150 pl, 5 pl/min) followed by HEPES buffer (100 pl,
10 pl/min). For TMT tagging, 85 pg of TMT6plex reagent (Thermo
Fisher) in HEPES containing 8% acetonitrile (ACN) was loaded over
25 min (50 pl at 2 pl/min). Finally, peptides were washed with 2% ACN
with 0.1% FA (100 pl, 10 pl/min) and eluted in 30% ACN with 0.1% FA
(50 pl, 5 pl/min). Fractions were transferred to glass LCMS vials (Agi-
lent), dried for 10 min by speedvac, and stored at —80 °C.

In-gel Reduction, Alkylation, and Digest

Cell lysates in 1X lithium dodecylsulfate (LDS) loading buffer con-
taining 1 mM dithiothreitol (DTT) were boiled 5 min and centrifuged at
16,0009 for 3 min. Approximately 20 pg protein/well was loaded on a
12-well 10% NuPage gel and electrophoresed for 5 min at 150V. The
gel was washed with water three times for 5 min, then stained for 1 h
using SimplyBlue at room temperature, and destained in water over-
night. Gel bands were excised, cut into small pieces, and transferred
to LoBind microtubes. Gel pieces were washed with 50% ACN until
the blue dye was fully extracted, then rinsed with 100% ACN and dried
in a speedvac for 10 min without heat, and stored at -80 °C. In-gel
digestion was performed by rehydrating gel pieces in 50 mM ammo-
nium bicarbonate pH 8 (AMBIC), reducing with 6 mM TCEP in AMBIC
at 37 °C for 15 min, alkylating with 40 mM IAA in AMBIC for 30 min at
room temperature in the dark, and quenching with 40 mM TCEP in
AMBIC at 37 °C for 15 min. Gel pieces were washed with water, 50%
ACN, and 100% ACN before drying via speedvac. Dry gel pieces were
digested with 200 pl of MS-grade trypsin solution (4 ng/pl, Promega) in
AMBIC and incubated at 37 °C for 18 h. A 22 pl aliquot of 10% formic
acid was added to quench the reaction and precipitate protein. The
gel pieces were incubated in 100 pul of 50% ACN with 5% formic acid
for 45 min, then sonicated for 5 min, and the supernatant was trans-
ferred to a microtube. The extraction was repeated, followed by a final
extraction with 100 pl of 90% ACN with 5% formic acid and 5 min
sonication. The entire supernatant was dried down by speedvac and
stored at —80 °C.

Untargeted Mass Spectrometry

For untargeted MHC peptidomics, unless otherwise specified, dried
peptide samples were resuspended in 10 pl 2% B (A = 2% ACN with
0.1% FA, B = 98% ACN with 0.1% FA). A 2.5 pl aliquot was injected
using an Ultimate 3000 (sample height 1 mm, puncture depth 9 mm,
ThermoFisher) onto an lonOpticks C18 column (25 cm Aurora Series),
and chromatographically separated using a 2 to 42% B in 80 min
gradient.

The stream was ionized using nanospray ionization (1500 V posi-
tive, 600 V negative) and injected onto an Orbitrap Fusion Lumos
Tribrid mass spectrometer (MS1 resolution = 240,000 m/z, mass
range = 350-1350 m/z, AGC target = 1E6, max injection time = 50 ms,
cycle time = 1 s, charge state = 2-3, dynamic exclusion = after one
time, 30 s, 7.5 ppm low and high mass tolerance, MS2 isolation
window = 0.7 m/z, activation type = HCD, collision energy = 35%,
detector type = orbitrap, scan range = normal, resolution = 50,000,
first mass = 110, AGC target = 2E5, max injection time = 86 ms, with
advanced peak determination.)

For global proteomics, peptides were fractionated using the Pierce
High pH Reversed-Phase Peptide Fractionation Kit. Briefly, columns
were washed with ACN, then 0.1% TFA. Peptides were loaded on-
column and washed with water (no acid) and eluted with 5, 7.5, 10,
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12.5, 15, 17.5, 20, and 50% ACN in 0.1% triethylamine. Fractions
were frozen, lyophilized, and reconstituted in 0.1% TFA. Peptides
(50% per fraction) were analyzed by nano LC/MS/MS/MS using a
Waters NanoAcquity HPLC system interfaced to a Thermo Fisher
Fusion Lumos mass spectrometer. Peptides were loaded on a trap-
ping column and eluted over a 75 pm analytical column at 350 nl/min;
both columns were packed with Luna C18 resin (Phenomenex). Each
high pH fraction was separated over a 2 h gradient (16 h instrument
time total). The mass spectrometer was operated in data-dependent
mode, with MS and MS/MS performed in the Orbitrap at 120,000
full width at half maximum (FWHM) resolution and 50,000 FWHM
resolution, respectively. The isolation window was adjusted based on
the charge state of the precursor. A 2 s cycle time was employed for
all steps.

Untargeted Spectral Search

Peptide-spectrum matching was performed in PEAKS v8.5 on
imported.raw files. For the untargeted MHC-I peptidomics, searches
were performed with the enzyme selection set to “none” in Orbi-Orbi
mode under higher-energy collisional dissociation (HCD) fragmenta-
tion. Data was filtered using the recommended “mass only” setting.
De novo followed by database searches were performed using
15.0 ppm parent and 0.02 Da fragment mass tolerances. Oxidation
(Met+15.99) was set as a variable modification, with up to three vari-
able posttranslational modifications (PTMs) per peptide, and searched
against a Uniprot-derived Homo sapiens human proteome
(UP000005640, downloaded October 12, 2020, 20,600 genes) or a
Uniprot-derived Mus musculus database (UP000000589, downloaded
March 12, 2019, 22,286 genes). A contaminant database derived from
the Contaminant Repository for Affinity Purification (v2012-01-01) was
also used to remove nonspecific identifications. A peptide false dis-
covery rate (FDR) cutoff of 1% was used.

For other untargeted MHC-I experiments, the same settings as
above were used except constant modifications were set as appro-
priate, for example, constant carbamidomethylation after reduction—
alkylation (Cys+57.02) or constant TMTO (Nterm/Lys+224.15) or
TMT-6plex (Nterm/Lys+229.16). To investigate TMT labeling effi-
ciency, TMT tags were set as variable modifications. For database
search, the idAdpgkG construct sequence was appended to the
Uniprot mouse proteome database.

For global proteomics data from MC38-idAdpgk, spectral matching
was performed in PEAKS v8.5 on imported.raw files, enzyme selection
was set to “Trypsin” in Orbi-Trap mode under CID fragmentation. Data
was filtered using the recommended “mass only” setting. De novo
followed by database searches were performed using 15.0 ppm
parent and 0.5 Da fragment mass tolerances, nonspecific cleavage
from both ends with up to two missed cleavages, oxidation
(Met+15.99), and N-terminal acetylation (Nterm+42.01) were set as a
variable modifications, carbamidomethylation (Cys+57.02) and TMT-
6plex (Nterm/Lys+229.16) were set as a constant modifications, with
up to three variable PTMs per peptide. For database search, the
idAdpgkG construct sequence was appended to the same Uniprot-
derived M. musculus database mentioned above. A quantification
search was then performed with a mass tolerance of 0.1 Da, MS2
reporter ions, and peptide and protein FDR cutoffs of 1%.

TOMAHAQ Targeted Mass Spectrometry and Data Analysis

The trigger peptides required for the TOMAHAQ method were
generated by labeling with TMT-super heavy tags (TMTsh, Nterm/
Lys+235.18, ThermoFisher) on the AssayMAP Bravo. Enriched MHC-I
peptide mixtures were labeled with TMT6-plex tags. The TOMAHAQ
assay was then performed as described by Rose et al. (23), using the
TOMAHAQ companion software to generate the specific methods.
Briefly, a target list was generated against the 223 synthesized

neoepitopes (NEO223) plus eight controls (NEO223plus8), which
include a high-abundance peptide commonly displayed on MC38 cells
derived from the CCS protein (Q9WU84), two B2M-derived peptides,
two turboGFP-derived peptides, two Adpgk(R304M) protein-derived
peptides (outside the neoepitope site), and the wild-type version of
the neoepitope peptide. With oxidation states included, this list comes
to a total of 315 targets (see “1_MC38_NEO223plus8_OX.csv” in the
GitHub  repository  (https://github.com/sbpollock/NeoToma2021),
within the folder Figd/TOMAHAQ)/). This target list was uploaded into
TomahagCompanion (which can be downloaded from https://github.
com/CMRose3355/TomahagCompanionProgram) by clicking
“Browse” under the “Load Target Peptides” section. The appropriate
PTMs under the “Modifications” section were selected as follows:
trigger = SH-TMT, CAM, Ox; target = TMT11, CAM, Ox. The method
target list was then formatted and generated by selecting the “Priming
Target List” button to generate “2_MC38_NEO223plus8_OX_pri-
mingRuninclusionList.csv”. A template priming run file was opened in
the Tune method editor, and the method target list was uploaded in
the inclusion list tab. The priming run was saved (“3_Pri-
ming_70min_CID30_NEO223plus8.meth”, this can also be used as a
template for future runs), and 500 fmol per peptide of NEO223plus8
trigger peptides was injected and run using the priming run method.
The priming run was then uploaded into TomahagCompanion by
selecting “Browse” beside “Priming Run Raw File” under the “Create
Tomahaq Method” section, leaving the “Template Method” field blank
(allowing for an analysis of targets without yet creating the method).
Selecting “Create Method” produced the priming run analysis, and a
list of those targets that did not contain at least three selected MS2
peaks for MS3 was compiled (83 targets made up this list of “drop-
outs”, leaving a total of 232 targets, and 167 neoantigens plus four
controls from which those targets are derived). These “dropouts” were
removed from the initial target list, and the remaining targets were split
between three target lists, such that none of the lists exceeded 100
targets (“4_targets_1.csv” = 100 targets, “4_targets_2.csv” = 99 tar-
gets, and “4_targets_3.csv” = 33 targets). No further manual refine-
ment of scans chosen was used, although this is an option in the
software. Each of the three final methods were then created by
replacing the respective target list under “Load Target Peptides”
section, adding the priming run file path to “Priming Run Raw File,”
adding a template TOMAHAQ method (“5_Toma-
hag_70min_CID_template.meth”) to “Template Method,” then leaving
the default settings as is except for setting the method length to
70 min, targeting RT window to 10 min, and selecting “choose best
charge state,” before clicking “Create Method.”

The priming and TOMAHAQ gradient were as follows: 2% B,
10 min; 2 to 42% B, 40 min; 70% B, 15 min, 2% B, 10 min (flow rate
0.3 pl/min).

Details of the template TOMAHAQ MS method are as follows:
nanospray ionization = 1500V positive, 600 V negative, no advanced
peak determination, MS1 resolution = 60,000 m/z, mass range = 350
to 1350 m/z, AGC target = 1E6, max injection time = 50 ms, charge
state = 2 to 3, data dependent mode = number of scans (10), targeted
mass = inclusion list, mass tolerance = 10 ppm low and high, MS2
isolation window = 0.4 m/z, activation type = CID, collision en-
ergy = 30%, detector type = Orbitrap, resolution = 15,000, AGC
target = 2E5, max injection time = 100 ms, targeted mass trigger
tolerance = 10 ppm low and high, trigger only with detection of at least
three ions, triggered MS2 isolation window = 0.4 m/z, isolation
offset = 5.0099 m/z, activation type = CID, collision energy = 30%,
detector type = Orbitrap, resolution = 60,000, AGC target = 2E5, max
injection time = 900 ms, MS2 data dependent mode = number of
scans (1), MS3 precursor selection range = 400 to 2000, precursor ion
exclusion mass width = 5 m/z low and high, isobaric tag loss exclu-
sion = TMT, targeted mass tolerance = 15 ppm low and high, data
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dependent mode = scans per outcome, MS3 synchronous precursor
selection count = 6, MS isolation window = 0.4 m/z, activation type =
HCD, activation energy = 55%, detector type = Orbitrap, detector
resolution = 60,000, first mass = 100, AGC target = 1E6, maximum
injection time = 2500 ms.

The exact method files used (including.meth, and.xml files) can be
found on the Github page (https://github.com/sbpollock/NeoToma2
021).

To make up the final mixture for injection, 10 pl of TMTsh-trigger
peptide mix in 2% ACN +0.1% FA in a glass LCMS vial (500 fmol/pl)
was transferred to a glass LCMS vial containing the dried idAdpgkG 4-
plex peptide mixture. Two replicates were run for each of three final
TOMAHAQ methods, and the data was analyzed and exported in
TomahagCompanion using the “Analyze Tomahag Run” section with
the appropriate parameters selected in the other sections as
described above. The data was then processed in R by selecting the
four channels used, grouping by peptide (summing signal across MS2
scans), and filtering signal over noise (S/N) >15 per channel times the
number of replicates (given the four channels and two replicates, S/N
> 120 was used).

RNA Sequencing

Cell pellets (1 million cells) underwent RNA extraction, library
preparation, and 150 bp paired end sequencing at GeneWiz. Raw
sequencing data was aligned to mm10 using the R package Rsubread
(27) and the data processed using DEseq?2 (28).

Immunoblotting

Cell lysates containing ~30 pg protein were loaded on a 15-well 4 to
12% NuPage gel and electrophoresed for 45 min at 150V. Proteins
were transferred to nitrocellulose using the Transblot Turbo (BioRad).
Blots were rinsed with water and dried, reconstituted with TBS, and
blocked with Odyssey TBS blocking buffer for 1 h. Antibodies were
added at 1:1000 dilution (anti-Adpgk, Abcam, ab228633) or 1:5000
dilution (anti-actin, Cell Signaling Technology, 3700) in TBS blocking
buffer, 0.2% Tween-20 and rocked overnight at 4 °C. Blots were then
rinsed four times with TBS, 0.1% TBST. Secondary antibodies were
added at 1:15,000 dilution (LI-COR, goat anti-mouse 680, goat anti-
rabbit 800) for 1 h at room temperature. Blots were rinsed three
times with TBS, 0.1% TBST, then once with TBS. Images were ob-
tained using an Odyssey imager (LI-COR).

Flow Cytometry

Cells from 6-well plates were filtered through a 70 pM filter into flow-
cytometer-compatible tubes and analyzed using an FACSCanto Il cell
analyzer (BD Biosciences). Where applicable, cells were stained with
anti-Kb antibody (BioLegend, 116523) or anti-MHC-II (IA/IE) (Thermo,
56-5321-82).

Differential Scanning Fluorimetry (DSF)

Differential scanning fluorimetry was performed on a Bio-Rad
CFX96RT C1000 Touch gPCR machine monitoring fluorescence at
Ex/Em = 587/607 nm. Twenty-four microliters of 50 ug/ml solutions of
MHC-I-peptide complexes was added to a Bio-Rad hard-shell 96-well
PCR plate to wells containing 1uL of 25X SYPRO Orange. MHC-I-
peptide complexes were formulated in 25 mM Tris pH 8.0, 150 mM
NaCl, 4 mM EDTA, 5% ethylene glycol. The plate was sealed with a
Bio-Rad Microseal “C” sealing film. Thermostability measurements
were acquired over a temperature gradient of 20 to 100 °C at a rate of
0.2 °C per 10 s. Data analysis was performed on CFX Manager soft-
ware, and Tm was calculated using the negative first derivative of RFU
values over temperature.

Software

Figure schemes were created using BioRender.com. Plots were
created using tidyverse (29) R (30) packages in Rstudio.

Experimental Design and Statistical Rationale

Statistical confidence is annotated as follows: nsp > 0.05; *p < 0.05;
**p < 0.01; *™p < 0.001; ***p < 0.0001. Significant differences be-
tween groups were calculated using the paired t test function in R.

For the experiment described in Figure 1B, values were determined
using a multipoint curve with single technical replicates for each
concentration (because approximate values were sufficient for
demonstrating whether the number of cartridges used in experiments
would be able to completely pull down the MHC-I complex loaded).
No controls were used in this experiment (because we only sought
enrichment values that fell within the calibration curve).

For the experiment described in Figure 1C, between one and three
replicates at different effective cell counts were used for all human and
mouse samples (because approximate numbers of peptides detected
were sufficient for demonstrating expected results and peptide count
comparisons). For mouse samples, multiple enrichments were per-
formed based on the number of alleles present (Db and Kb, or Dd, Kd,
Ld) and then combined to yield the displayed count. No enrichment
controls were used (because detection from, say, isotype control
enrichments identifies very few MHC-I-sized peptides (8-10 mers)).

For the experiment described in Figure 1E, three replicates were
performed for each cartridge type, per reuse (to allow for determina-
tion of intercartridge variation and to get an estimate of the approxi-
mate amount of noise inherent in each enrichment). Each replicate
was searched separately, and peptide-to-spectrum matches (PSMs)
that did not meet the peptide FDR cutoff of 1% were excluded.

For the experiments described in Figure 2, single replicates of each
treatment or oxidation condition were used (because the exact num-
ber of peptides detected in each condition was less important than the
condition-to-condition comparisons (Fig. 2B) or the detection trend
with increasing oxidant (Fig. 2, C-E)). Each replicate was searched
separately, and PSMs that did not meet the peptide FDR cutoff of 1%
were excluded.

For both the MS2 and TOMAHAQ parts of the dilution series
experiment described in Figure 3, only a single replicate of each
concentration was run (because comparing typical, single run detec-
tion between the two techniques was of greatest interest). However,
as described in the methods, the TOMAHAQ part is split between
three methods with <100 targets each, so each concentration was run
three times with each method run once. Additionally, the TOMAHAQ
data was filtered for S/N > 15 x # of channels used (which in this case
led to a filter of S/N > 90 with six channels used), the coefficient of
variation (CV) values were calculated for each peptide detected, and
an additional filter of CV < 100% was used. For the MS2 data, CV
values were similarly calculated for each peptide detected, and a filter
of CV < 100% used.

For the experiment described in Figure 4, C and D, two technical
replicates were run for each of the three TOMAHAQ methods for a
total of six runs. As described above, data was filtered by selecting the
four channels used, grouping by peptide (summing signal across MS2
scans), and filtering signal over noise (S/N) >15 per channel times the
number of replicates (given the four channels and two replicates, S/N
> 120 was used).

For the experiment described in Figure 4E, one technical replicate
of an untargeted MS2 method was run. Data was processed and
exported as described in the methods, then filtered for those peptides
with MS signal <1E4 in the TMT-126 channel and MS signal <0.1 x
TMT-127 in the TMT-128 channel. The list of proteins was then filtered
for those with a total number of spectra greater than 1 (through, for
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Fiac. 2. On-cartridge peptide modification is amenable to automation. A, schematic overview of peptide attrition from ordering to mass
spec detection, and full peptide modification using sequential on-cartridge treatment (70% ACN = 70% ACN with 0.1% FA; 2% ACN = 2% ACN

with 0.1% FA; IAA =

iodoacetamide; OX = variable concentrations of H,O, + 5% FA; TMT = tandem mass tag solution; 30% ACN = 30% ACN

with 0.1% FA; CAM = carbamidomethyl; C = cysteine; M = methionine). B, neoantigens detected (out of 223 total) using desalting alone, TMT
tagging, or RAT (reduction-alkylation-TMT tagging). C, neoantigens detected (out of 223 total) using the reduction-alkylation-oxidation-TMT

tagging workflow and increasing amounts of oxidant from 0% to 1.5%.

with increasing amounts of oxidant. E, intensity of the predominant

D, distribution of peptide oxidation states (as a fraction of total signal)
oxidation state (including unoxidized, by signal) by neoepitope with

increasing oxidant for (i) single methionine peptides where detection was improved by treatment with any concentration of oxidant, (i) single-
methionine peptides where detection was hampered by oxidant, (jii) double or triple-methionine peptides where detection was improved by
oxidant, and (iv) double or triple-methionine peptides where detection was hampered by oxidant.

example, two peptides with one spectra each or one peptide with two
spectra).

Development and Analytical Validation Targeted MS Assays/
Measurements

TOMAHAQ targeted MS (22) was used in the experiments as
described in Figures 3 and 4. Our implementation of TOMAHAQ can
be described as a Tier 3 assay that uses nonmanual and real-time
transition selection. The targets used in the experiment were
selected as described in Capietto et al. (14). Briefly, exome

sequencing was used to identify somatic mutations in the MC38 line,
all 8 to 11 mer peptide sequences that overlapped with those muta-
tions were generated, and binding to H2-Db and H2-Kb mouse MHC-I
alleles was predicted algorithmically. Those sequences with predicted
IC50 < 500 nM constituted candidates, and the candidate with the
lowest IC50 for each mutation was selected as a target. Transitions
are selected for each of these targets during priming run analysis by
TomahagCompanion (23) with optional fragment ion tolerance and
SPS m/z > precursor m/z settings to minimize interference. Quanti-
tative signal is the product of MS3 fragmentation of selected

SASBMB

Mol Cell Proteomics (2021) 20 100108 7



MHC-I Neoepitope Detection Using TOMAHAQ Mass Spectrometry

N
Add e WX <
Internal | Limitof | g
Standards * | Detection (LOD) m : ®|LoD
L. - L AV
Retention Time U
) Target "light" window _
Trigger - using from "heavy” %
Long IS, 2
MS2 o ¢ lsa = = [N
Collection
X
: © e
Quantify 5, £
by MS3 @ - —
1 ! I
Torﬁahanc»mparﬁon

he)
2
8
[
a
@ 71 B untargeted
8 B TOMAHAQ
g 34
2 omoLol
100 10 1 0.1 0.01 0.001

Concentration (fmol)

B
100 10 1 100 10 1
fmol | | fmol | | fmol | |amol | |amol | | amol
IAZ IR
L AV WY
M
' Y
*(\;\J U /\jf\/r\Jf\/r\j
Yeast digest NEO223
background Trigger Peptides
D
60-
i 40 E3 untargeted
&) EJ TOMAHAQ

N
o

A d

100 10 1 0.1 0.01 0.001
Concentration (fmol)

Fic. 3. TOMAHAQ is more sensitive and quantitative than untargeted MS against a synthetic neoepitope mixture. A, scheme showing
how TOMAHAQ uses the detection of added internal standard peptides to trigger detection of endogenous TMT-tagged targets. Internal
standard triggers (black lines) are first added to the multiplexed mixture (multicolor). MS1 detection of the trigger peptide m/z leads to frag-
mentation, which, if the correct fragment ions are observed on the MS2 level, causes collection and fragmentation of the endogenous peptide via
m/z offset followed by a long MS2 fragment collection time (900 ms) to build up signal. The most intense ions are then selected and sent to MS3
for quantification and demultiplexing over a very long collection time (2500 ms). B, scheme illustrating the 6-plex equimolar dilution series
experimental setup where 100 fmol/pl per NEO223 peptide across each TMT-6plex channel was added to a constant background of 50 ng/ml
yeast digest and 500 fmol/ul per NEO223 TMT-SH trigger peptide. This mixture was then tenfold serially diluted in constant background (yeast
digest plus triggers) down to 1 amol/pl per NEO223 peptide across each TMT-6plex channel. C, comparison of total neoantigens detected with
decreasing concentration of target peptides in constant background, between TOMAHAQ and an untargeted method. D, percent coefficient of

variation (CV) for the experiment in C.

transitions and is a product of AGC targets and maximum collection
times determined in real time. The transitions selected for each analyte
are contained within the final methods (6_targets_1/2/3). The response
to concentration, limits of detection, and quantitativeness of each
analyte is explored in Figure 3 and supplemental Fig. S7. Character-
ization of the internal standard/trigger peptides was performed via
LCMS and is included as a Supplemental File.

RESULTS
Adapting MHC-I Enrichment to the AssayMAP Bravo

Automation of the MHC-I immunoaffinity enrichment work-
flow was achieved by adapting each step of the standard
enrichment procedure (15) to the protein A cartridges and
liquid handling protocols of Agilent’s AssayMAP Bravo system
(Fig. 1A). We found that both small (5 pl) and large (25 pl)

cartridges had ample capacity for complete immunoaffinity
enrichment of MHC-I complex from a typical 250 million cell
lysis (using GRANTA cells; Fig. 1B, supplemental Fig. S1). We
performed single-use cartridge enrichments on a variety of
human and mouse cell lines (Fig. 1C) and found that the
automated workflow yielded a comparable number of unique
peptides detected to published, manual workflows
(3000-5000 for human lines and 1000-2000 for mouse lines
from 100 to 500 million cell enrichments) (15, 31).

We hypothesized that the MHC-I enrichment workflow
could be made more accessible by taking advantage of the
covalent nature of antibody cross-linking to enable reuse of
antibody-bound cartridges (Fig. 1D, supplemental Fig. S2).
Initially we found that clogging of the cartridges beyond the

8 Mol Cell Proteomics (2021) 20 100108

SASBMB



MHC-I Neoepitope Detection Using TOMAHAQ Mass Spectrometry

A B C High Confidence Neoepitopes Detected on MC38 (SPS = 2) Lower Confidence (SPS=1)
FKBP12(F36V) Automated Enrichment & Multiplexing TOMAHAQ s
Sample Prep 3000- M i
dpgk(R304M E ol = , W Previous (5)
Adpgk(( ) - —— |4 . i' N New High (34)
= Ceihe ‘§ 2000 New Lower (16)
o Forms stable
A B C D Thaw Spin & Filter  Enrich pu—-3 3 complex in vitro
o A A A . Add K}% s
-, ; i W S 1000
/’ mm m % -\_1_\_: ‘ | Triggers [ 2
dT_ag ) A= IFNg alone - - NS TOMALIAQ ? H
5&5 B = IFNg + dTag ~ Tag #\, Combine S l WM .
/‘ C = IFNg + Dox ~ [N “,’
Doxyeycline D =IFNg + Dox ~ s f\_, (\. Untargeted (5| R
7 +dT: MS
O 20 Ny
Adpgk i tGFP B2M Tes07 tev07
10.0 10.0
Zh . p=0.076
26" 7.5 S
5 150 1 < g § o %% s o
g0 g 309 352 3 - fevts
50 25 1.28 H ‘ 25 1.37 1. m 1.24
N olE=ETT G L x
Control dTag Dox Both Control dTag Dox Both Control dTag Dox Both <
Aatf Reps1 Rpl18 105 1e%03
10.0 10.0 10.0
Ti5 7.5 75
© ® ®
5 5.0 & 5.0 5 5.0 le+04 1e+04
(2} (2] (2]
251 4 0.92 078 068 2.5 0 71 O 72 251 4 1.25 164 147 K K K K
: . . 0.58
s i i e TN | o B | | I | |
.0 . 0.0 Control Control
Control dTag Dox Both Control dTag Dox Both Control dTag Dox Both

Fic. 4. TOMAHAQ detection of neoepitopes in MC38 cells with and without induced expression and/or degradation of the
Adpgk(R304M) neoantigen construct idAdpgkG. A, illustration of the inducible expression and degradation construct idAdgpkG, containing
an FKBP12(F36V) degron on the N-terminus and turboGFP protein on the C-terminus of the MC38 neoantigen Adpgk(R304M). Upon treatment
with doxycycline, the idAdgpkG neoantigen construct is overexpressed. Treatment with dTAG-13 (dTAG) (25) leads to increased ubiquitination
and degradation of the neoantigen and a potential increase in presentation of neoantigen-derived MHC-I peptides. Flow cytometry and
immunoblot confirm the expected changes on the proteomic level (supplemental Fig. S10). B, scheme showing the idAdpgkG experimental
setup. In the first phase, cells were grown and treated using the automated CompacT SelecT cell culture system under —/+ doxycycline, —/+
dTAG conditions in a 20 ng/ml IFNy background. Next, RNA sequencing and global proteomic analysis were carried out (supplemental Fig. S11),
along with MHC-I enrichment and TMT tagging using the AssayMAP Bravo before being combined into a single, multiplexed sample. Finally,
NEO223 synthetic triggers were added to the endogenous, multiplexed sample that was then assayed using TOMAHAQ and untargeted mass
spectrometry. C, neoepitopes detected on the surface of IFNy-treated idAdpgkG MC38 cells (no dox or dTAG) using the described MHC-I
enrichment, peptide modification, and TOMAHAQ workflow. Target peptides identified using signal over noise (S/N) >15 per channel per
replicate were separated into high and lower confidence categories, based on the number of MS2 fragment ions selected for MS3 (at least two
for high confidence, one for lower confidence). Five previously observed neoantigens were detected with high confidence, along with 34 novel
neoantigens with high confidence and 16 with lower confidence. To support the identification of novel neoantigens, the names of peptide-MHC
complexes found to form stable complexes in vitro (melting temperatures >40 °C in a DSF assay, data not shown) are colored red. D, TMT-
quantified, treatment-specific fold changes in abundance for high interest targets, normalized to 1 for the control condition. Peptides from
AdpgkR304M and turboGFP show significantly increased abundance upon dox treatment, and Adpgk(R304M) peptides show a further sig-
nificant increase upon additional dTAG treatment. Nonconstruct targets, including those derived from B2M and other neoantigens, do not show
an increase upon treatment (see Github repository for data on all targets). E, to determine the specificity of dox and/or dTAG treatment,
untargeted MHC-I peptidomics was performed on the same four samples that were assayed using TOMAHAQ. The AdpgkR304M neoepitope
was detected in doxycycline-containing conditions only, while both dox and dTAG showed increases in numerous peptides (>3-fold upregu-
lation in red), including E3 ligases and proteasomal subunits (labeled). Units on both axes represent signal intensity.

first use prevented our ability to reuse them. However, by
reducing the amount of cross-linker, using a large, vacuum
lysate filter, diluting the filtered lysate 1.66-fold with glycerol
and sucrose, and lowering the temperature of the lysate dur-
ing enrichment (supplemental Fig. S3), we found that precip-
itation was minimized and the cartridges were no longer
obstructed on repeat use. Using this optimized workflow, we
demonstrated that cartridges could be used to enrich lysate at
least nine times with little decrease in the number of unique
peptides observed or change in the composition of peptides
detected (Fig. 1E, supplemental Fig. S4). This finding held true

even if the antibody cross-linked cartridges had been dried
after cross-linking and then rewetted. In addition, blank en-
richments (using lysis buffer alone) conducted after the third,
sixth, and ninth lysate enrichment produced no detectable 8 to
10 mer peptides, indicating that our wash steps were sufficient
to prevent cross-contamination.

On-cartridge Peptide Modification to Enhance the
Detection of MHC-I Peptides

To increase our ability to detect cysteine and methionine-
containing peptides, we investigated an on-C18-cartridge
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peptide derivatization step that included both reduction and
alkylation of cysteine residues and an oxidation step (to drive
the oxidation of methionine toward the sulfoxide form,
Fig. 2A). For our test mixture, we set out to synthesize all 227
MC38 neoepitopes predicted to bind the C57BL/6 mouse
resident H2-Db and/or H2-Kb alleles with high affinity, as
described by Capietto et al. (14). Of the 227 peptides, 223
were readily synthesized at the desired >70% purity and 1 mg
scale, and these were mixed to form “NEO223.” The mixture
contains 41 cysteine-containing peptides and 60 methionine-
containing peptides (which make up 18% and 27% of the
complete mixture, respectively).

We first compared neoepitope detection using a standard
desalting protocol (17) (supplemental Fig. S5) to one with
added TMT labeling or TMT labeling plus reduction and
alkylation. We found that peptides could be efficiently labeled
with TMT and alkylated (supplemental Fig. S6) and that the
number of detected neoepitopes compared with desalting
alone decreased upon treatment with TMT, but increased
above desalting alone with reduction-alkylation plus TMT
(Fig. 2B).

We then sought to increase the detection of methionine-
containing neoepitopes by driving each neoepitope’s multi-
ple oxidized forms to a single sulfoxide form via peroxide
treatment (32). We measured the change in number of neo-
epitopes detected using untargeted MS with increasing
amounts of oxidant and observed that higher oxidant led to
fewer neoepitopes detected (Fig. 2C). When we examined the
overall distribution of oxidation states with increasing oxidant,
we observed the expected shift from the unoxidized to the
sulfoxide state initially, followed by a gradual increase in the
sulfone state (Fig. 2D). Plotting the maximum signal among
each neoepitope’s oxidant forms across oxidant concentra-
tions revealed that although single methionine peptides
showed improved detection upon treatment, some or all signal
for double and triple methionine peptides was lost with
increasing oxidant (Fig. 2E).

Benchmarking the Sensitivity of TOMAHAQ Mass
Spectrometry Using a Synthetic Neoepitope Mixture

For sensitive quantitation of the MHC-I ligandome, we
employed TOMAHAQ mass spectrometry to target the neo-
epitopes included in NEO223. A summary of the method is
illustrated in Figure 3A and consists of the addition of TMT-sh
labeled synthetic neoepitope standards to a TMT multiplexed
sample of interest, followed by internal-standard-triggered,
long-duration collection of MS2 and MS3 spectra.

We benchmarked an optimized TOMAHAQ method
(supplemental Figs. S7 and S8) against an untargeted, MS2
method using a synthetic NEO223 mixture at a variety of con-
centrations, in a constant yeast digest background (Fig. 3B).
The untargeted method detected 117, 74, and 34 neoantigens
at 100, 10, and 1 fmol respectively, but was unable to detect
targets below 1 fmol (Fig. 3C). TOMAHAQ analysis of the same

samples yielded both greater breadth and sensitivity, with a
larger number of neoantigens detected at all fmol concentra-
tions, and 18, 7, and 7 neoantigens detected at 100, 10, and 1
amol, respectively (Fig. 3C, supplemental Fig. S9). In addition to
identifying more neoantigens, we observed that TOMAHAQ
maintained a low median CV % at all peptide concentrations
(Fig. 3D).

MC38 Model Cell Line Engineering and Baseline Detection
of Neoepitopes Using TOMAHAQ

In order to demonstrate the sensitivity and quantitative
potential for assaying hundreds of MHC-I neoepitopes with
TOMAHAQ, we constructed a model system consisting of
MC38 cells transfected with an inducible expression and
degradation construct called idAdgpkG, consisting of the
Adpgk(R304M) neoantigen sequence linked to an
FKBP12(F36V) domain on the N-terminus (allowing for
inducible degradation via treatment with dTAG-13) and a tur-
boGFP moiety on the C-terminus (allowing for detection and
cell sorting by flow cytometry), all under the control of a
doxycycline-on (dox) promoter (Fig. 4A, supplemental
Figs. S10 and S11) (33). Using this model system, we
designed a four-plex experiment where we could use the
NEO223plus8 TOMAHAQ method (NEO223 plus construct
and control peptides, see Experimental Procedures) to quan-
tify the abundance of neoepitopes under IFNy alone (“con-
trol”), IFNy plus dTAG-13 (“dTAG”), IFNy plus dox (“dox”), and
IFNy plus dox and dTAG (“both”, Fig. 4B).

We first examined data from the IFNy-only, control condi-
tion, which represents an endogenous-like state. Neoepitopes
were separated into high and lower-confidence lists, based on
the number of MS2 fragment ions selected for MS3 (at least
two for high confidence, one for lower confidence,
supplemental Fig. S12). After consolidating singly oxidized
and/or unoxidized forms of each neoepitope, we were able to
detect five previously observed MC38 neoantigens (7, 34) with
high confidence: Aatf, Cpnel, Reps1, Gtf2i, and Rpl18. We
also detected a total of 50 unique neoantigens (34 high and 16
lower confidence) that, to the best of our knowledge, have
never before been directly observed by MS (Fig. 4C). For all
227 predicted MC38 neoepitopes, we tested the stability of
peptide-MHC complexes by differential scanning fluorimetry
(DSF) and found that a number of high-confidence neo-
epitopes and one lower-confidence neoepitope (albeit in the
oxidized state) showed melting temperatures above 40 °C.

Assaying the Magnitude and Specificity of Changes in
Neoepitope Abundance in the Induced Neoantigen
Expression and Degradation Cell Line

We also sought to isolate the effects of dox-based
expression induction and dTAG-based degradation of the
target neoantigen on MHC-I surface display of its neoepitope.
We hypothesized that, due to the correlation of protein
abundance and degradation with MHC-| display (35), the
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Adpgk(R304M)-derived neoepitope would show an increase
upon dox induction as the neoantigen abundance increases
and a further increase upon addition of dTAG as the neo-
antigen degradation rate is increased. As expected, quanti-
fying the TMT signal corresponding to each condition revealed
that the presentation of the Adgpk(R304M)-derived neo-
epitope by MHC-I increased upon dox treatment and further
increased upon dTAG addition (Fig. 4D). This pattern was also
observed with other construct-derived peptides like those
derived from turboGFP (although the dTAG treatment in this
case did not lead to a statistically significant increase), but not
among control peptides like those derived from B2M or other
neoantigens.

These data gave us confidence that we could measure low-
abundance quantitative changes in MHC-I epitopes of interest
using the TOMAHAQ approach. We also examined the
specificity of dox and dTAG treatment by collecting global
transcriptomic, proteomic, and peptidomic data. While
Adpgk-derived transcripts were the only transcripts to show
significant expression increases upon dox treatment, and little
change was observed on the proteomic level for all proteins
(supplemental Fig. S13), significant increases in MHC-I display
were observed not only for the idAdpgkG construct but also
for a number of other proteins in a dox and dTAG-dependent
manner, including proteasomal and ubiquitination pathway-
related proteins (Fig. 4E, supplemental Fig. S14).

DISCUSSION

With the continued growth in the field of cancer immuno-
therapy and a need to understand the MHC-I ligandome dy-
namics associated with disease states, further development of
robust, high-throughput, and quantitative immunopeptido-
mics techniques is needed. Understanding the cellular con-
ditions that can influence neoantigen expression, induce
alternative epitopes from a tumor antigen (36), or change the
ligandome to induce a higher level of immunogenicity (37) is
an important step forward in further developing cancer vac-
cines and T-cell-based therapeutics. Here we describe a
semiautomated method developed for the enrichment, multi-
plexing, and sensitive detection of hundreds of neoepitopes
using reusable cartridges and applied it to demonstrate neo-
antigen expression and degradation-induced changes of the
MHC-I peptidome.

The AssayMAP Bravo cartridge-based enrichment system
was chosen due to its ease of use, robustness, and the
availability of a wide range of cartridge matrices. Most of the
cross-linking and enrichment described would be amenable to
gravity flow columns or even magnetic bead-based systems,
but one major advantage of the cartridges is that the antibody-
resin is immobilized within the plastic cartridge, which is easy
to store, handle, and share, especially considering that anti-
body cross-linked cartridges can be dried and later recon-
stituted without a decrease in performance. The antibodies

used to immunoprecipitate MHC-I complexes are relatively
expensive, so reusable cartridges can lead to substantial cost
savings and remove the need to perform a cross-linking step
every time an enrichment is performed.

In addition to enrichment, we sought to apply automation to
the peptide isolation and desalting step and successfully
incorporated additional on-cartridge modifications where
reduction-alkylation, TMT tagging, and/or oxidation steps
could be applied. A number of clinically relevant MHC-I dis-
played neoepitopes are known to contain cysteine and/or
methionine residues (38, 39), so chemical treatments that
maximize the detection of such peptides are desired. We
found, in contrast with work from others (19), that TMT tagging
decreased the number of neoepitopes detected in our syn-
thetic mixture; however, this could be due to the much simpler
or hydrophilic mixture with which we were working. We also
found that oxidation provided mixed results in improving
methionine-containing peptide detectability, but should be
considered, especially if one’s target of interest contains a
single methionine. On-cartridge labeling and chemical deriv-
atization minimize the independent number of clean up steps
required in the protocol, reducing sample loss and enhancing
overall sensitivity.

Several neoepitopes were already known to be presented
on MC38 cells, either by direct observation by MS (7, 34) or via
slowed tumor growth upon vaccination with that neoepitope
(40). We sought a targeted MS approach that would allow us
to quantitatively monitor changes in high-value neoepitope
targets with the greatest sensitivity possible. TOMAHAQ MS
allowed us to achieve this sensitive quantitation, to confirm
the presence of a number of known neoepitopes, and to reveal
dozens of novel neoepitopes that have never before been
observed on the MC38 cell surface. At least nine of these
novel neoepitopes have been tested and found to be immu-
nogenic by our group, using peptide vaccination (14) and/or
RNA lipoplex vaccination (data not shown). This represents a
dramatic increase in our ability to detect neoepitopes, as
within our untargeted MHC-I assay only two endogenous
neoepitopes were observed (not counting those from the
overexpressed neoantigen), a result that is typical for detec-
tion of neoepitopes in untargeted analyses performed in our
lab and others (7, 34, 41). Our synthetic mixture experiments
also allow us to assign approximate limits of detection for
each neoepitope, providing information on the relative
detectability of each, and therefore whether the absence of a
given neoepitope may be due to lack of abundance or diffi-
culty of detection.

Beyond improvements to the enrichment and MS-based
detection steps, we sought to monitor how perturbations in
expression and degradation affect the ligandome. Our results
indicated that increasing the expression of the neoantigen of
interest dramatically increased the presentation of its neo-
epitope and that boosting degradation further increased this
presentation, albeit subtly, as has been observed previously
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(25, 26). Other doxycycline-induced changes in presentation
were observed as well, lending support to the hypothesis that
expression systems often thought to be specific have back-
ground effects (42). We quantified these low-level abundance
changes utilizing instrument methods that surveyed ~100
peptides at a time, utilizing multiple runs to cover our 165
neoantigens-worth of targets (or approximately 250 peptide
targets with multiple oxidation forms). This limitation was due
to the current iteration of the mass spectrometer software it-
self, and improvements to the instrument software and
implementation of TOMAHAQ through the instrument API (43)
are two active areas of research that would allow for the
simultaneous detection of hundreds of targets simultaneously.
Targets of interest for MHC-I TOMAHAQ analysis include not
only neoepitopes but also small open reading frames (44), viral
peptides (45), and transposable elements (46).

As described above, we observed that treatment of the
neoantigen construct with degrader led to a slight increase in
abundance of its neoepitope on the cell surface. There is ev-
idence that increasing immunogenic peptide abundance has a
positive effect on tumor killing efficacy (47), which leads us to
hypothesize that, if surface abundance and killing are posi-
tively correlated, degraders could potentially be used as a
cotreatment to enhance therapeutic efficacy in a cancer vac-
cine setting where the neoantigen is known, and it possesses
an available degrader. Although currently there are only a few
dozen commercially available degraders of protein targets,
large-scale efforts at converting protein inhibitors to degraders
in a modular fashion (48), as well as target agnostic degrader
technologies (49), may bring such a treatment strategy within
reach in the near future.

Further automation improvements could allow for the
seamless connection between complex enrichment and
peptide modification stages of the workflow, using, for
instance, an external plate hotel and arm for exchanging
plates. A more difficult task still would be to apply automation
to the filtration and lysate clearing step, although some
progress has already been made in this area (50). Further
innovation in the cartridges themselves need not be restricted
to MHC complexes, as virtually any immunoaffinity enrichment
is amenable to this strategy. Other MS improvements
include expanding multiplexing capacity to 16-plex and
beyond (51).

In summary, we have described a simplified MHC enrich-
ment workflow where an operator with minimal training could,
with very little hands-on time and in a single day, perform up to
96 simultaneous enrichments at a similar level of quality as a
manual workflow. We also describe methods for modifying
peptides for multiplexing and targeted MS on the same
AssayMAP Bravo system, as well as a TOMAHAQ assay for
sensitive detection of hundreds of neoepitope targets. We
believe this workflow will prove highly enabling to the pepti-
domics field.
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