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Abstract
Many immunotherapeutic approaches under development
rely on T-cell recognition of cancer-derived peptides bound to
human leukocyte antigen molecules on the cell surface. Direct
experimental demonstration that such peptides are processed
and bound is currently challenging. Here, we describe a
method that meets this challenge. The method entailed an

Introduction
Proteins encoded by mutant genes in cancers can be processed
and presented by human leukocyte antigen (HLA) molecules on a
cell surface. In some cases, this processing can result in presentation of peptides containing "Mutation-Associated Neoantigens" (MANA), which can be recognized by T cells (1). The
effectiveness of immune checkpoint inhibitors, such as PD-1
antibodies, is dependent on recognition of such MANAs (2).
Many other types of immunotherapies are currently being developed to exploit MANAs with either immune modulation or
vaccines composed of the MANAs themselves (2–4). The durable
responses achieved with immunotherapies against cancer are
often remarkable (5, 6).
One of the rate-limiting steps in understanding and developing
MANA-based therapies is the identiﬁcation of HLA-presented
MANAs. Although genetic mutations within cancer cells can now
be routinely identiﬁed through exome-wide sequencing, the
determination of which mutations result in altered peptides that
are properly processed and actually presented on the patient's
HLA molecules on the surface of cells remains difﬁcult (7). As a
result, such determinations are rarely performed experimentally (4, 8), but rather rely on predictions of binding afﬁnity
performed in silico (4). These in silico predictions have proved to
be very helpful but are not particularly sensitive or speciﬁc (9).
1

Ludwig Center, Johns Hopkins Kimmel Cancer Center, Baltimore, Maryland.
Howard Hughes Medical Institute, Johns Hopkins Kimmel Cancer Center,
Baltimore, Maryland.
2

Note: Supplementary data for this article are available at Cancer Immunology
Research Online (http://cancerimmunolres.aacrjournals.org/).
Q. Wang and J. Douglass contributed equally to this article.
Corresponding Authors: Bert Vogelstein, Johns Hopkins Kimmel Cancer Center,
CRB I, Room 589, 1650 Orleans Street, Baltimore, MD 21231. Phone: 410-9558878; E-mail: bertvog@gmail.com; Qing Wang, wangqingok@gmail.com; and
Shibin Zhou, sbzhou@jhmi.edu
Cancer Immunol Res 2019;7:1748–54
doi: 10.1158/2326-6066.CIR-19-0107
2019 American Association for Cancer Research.

optimized immunoprecipitation protocol coupled with twodimensional chromatography and mass spectrometry. The
ability to detect and quantify minute amounts of predeﬁned
antigens should be useful both for basic research in tumor
immunology and for the development of rationally designed
cancer vaccines.

Alternatively, MANAs can be determined experimentally by culturing tumor cells or antigen-presenting cells (peptide-pulsed or
transfected with antigen-encoding plasmids) with autologous T
cells to expand MANA-reactive T cells, with validation provided
by tetramer staining or peptide-pulsing assays (10, 11). However,
these experimental methods require the presence of endogenous
T-cell clones recognizing the putative MANAs and are technically
difﬁcult due to the low abundance of most MANA-reactive T-cell
clones relative to all T-cell clonotypes. Thus, facile experimental
techniques for conﬁrming these predictions or for testing potentially important MANAs that do not score in the predictive
algorithms are needed and would likely improve the odds of
successful immunotherapy (7).
The most direct way to test whether an individual MANA is
presented on the surface of a cell is through mass spectrometry
(MS; ref. 12). The mutant genes and corresponding HLAs of
interest can be transfected into cells, and antibodies reactive
against HLA molecules can be used to immunoprecipitate the
HLA–peptide complexes on the cell surface. Mass spectrometry
can then, in theory, be used to determine whether the MANA is
present within the immunoprecipitate but, in practice, any individual MANA represents only a tiny fraction of the immunoprecipitated complexes, and their detection has proved challenging (12, 13). Thus, commonly used MS-based techniques for
detecting abundant peptides are not applicable (12). To our
knowledge, the only published MS-based technique for targeted
detecting presented peptides required 2.0 to 6.7 billion cells and
the efﬁciency of recovering MANA-related peptides was only 1%
to 3% (14). To overcome this obstacle, we have developed a
technique, called Mutation-Associated Neoantigen Selected Reaction Monitoring (MANA-SRM), that permits the direct detection
and quantiﬁcation of HLA-binding MANAs.

Materials and Methods
Materials
Cell lines. COS-7, CFPAC-1, Hs578.T, HL-60, HH, SW948, RD,
Hs940.T, and RPMI-6666 cells were obtained from the ATCC
between 2014 and 2018. COS-7, CFPAC-1, and SW948 were
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cultured in McCoy's 5A Media (Thermo Fisher Scientiﬁc) with
10% FBS (HyClone) and 1% penicillin–streptomycin (Thermo
Fisher Scientiﬁc). Hs578.T, Hs940.T, and RD were cultured in
Dulbecco's Modiﬁed Eagle's Media (Thermo Fisher Scientiﬁc)
with 10% FBS (HyClone) and 1% penicillin–streptomycin
(Thermo Fisher Scientiﬁc). HL-60 was cultured in Iscove's Modiﬁed Dulbecco's Medium (ATCC) with 20% FBS and 1% penicillin–streptomycin. HH was cultured in RPMI-1640 (ATCC) with
10% FBS and 1% penicillin–streptomycin. RPMI-6666 was cultured in RPMI-1640 (ATCC) with 20% FBS and 1% penicillin–
streptomycin. Upon receipt of each cell line, the line was expanded, and stock vials were frozen. Each cell line was cultured for no
longer than 6 months before thawing a new vial from the original
stock. Cell lines were not reauthenticated but were routinely
tested for Mycoplasma.
Antibodies. Puriﬁed anti-human HLA-A, B, C antibody (clone W6/
32) was purchased from Bio X Cell. Anti–HLA-DR antibody
(L243) was purchased from Abcam.
Plasmids. Plasmids encoding KRAS (wild-type, G12C, G12D,
G13D, Q61H, Q61L, and Q61R), IDH2 (wild-type and R140Q
mutant), and HLA class I alleles (A1, A2, A3, B7) followed by a
T2A sequence and the GFP gene were synthesized and cloned into
pcDNA3.1 by GeneArt (Thermo Fisher Scientiﬁc). An exemplary
plasmid map showing a gene of interest (HLA or Oncogene)
followed by the T2A and GFP as well as the sequence inserts used
is provided (Supplementary Fig. S1; Supplementary Table S1). All
other reagents were purchased from Sigma-Aldrich unless otherwise indicated.
Preparation of solutions. Lysis buffers. Lysis buffer I (10 mL)
contained 6.87 mL RIPA buffer (68.7 mL Nonidet P-40, 687 mL
10% wt/vol sodium deoxycholate, 68.7 mL 10% wt/vol SDS;
Invitrogen), 206.1 mL 5 M NaCl, 68.7 mL 1 M sodium phosphate
(pH 7.2), 1 mL water, one Complete EDTA-free Protease Inhibitor
Mixture tablet (Roche), 1 mL 0.5 M NaF, 10 mL 80 mmol/L
b-glycerophosphate, 1 mL 20 mmol/L Na pyrophosphate, 10 mL
300 mmol/L Na orthovanadate, 10 mL 1 M DTT, and 100 mL 100
mmol/L PMSF. Lysis buffer II (10 mL) was a buffer reported to
extract and enrich membrane proteins, and it was prepared in PBS
containing 0.25% sodium deoxycholate, 0.2 mmol/L iodoacetamide, 1 mmol/L EDTA, 1:200 Protease Inhibitors Cocktail
(Sigma-Aldrich), 1 mmol/L PMSF, and 1% octyl-b-D glucopyranoside (Sigma-Aldrich; ref. 15). Lysis buffer III (10 mL) was a
buffer reported to speciﬁcally enrich HLA-binding peptides, and it
was composed of 0.5% IGEPAL 630, 150 mmol/L NaCl, and
50 mmol/L Tris (pH 8.0; ref. 16).
Modiﬁed RIPA buffer. Modiﬁed RIPA buffer (10 mL) contained
300 mL 5 M NaCl, 500 mL 1 M Tris (pH 7.4), 100 mL Nonidet P-40,
250 mL 10% (wt/vol) sodium deoxycholate, 20 mL 0.5 M EDTA,
and 8.83 mL water.
Immunoprecipitation buffers. Immunoprecipitation (IP) system I is
composed of lysis buffer I and modiﬁed RIPA buffer; IP systems II
and III are composed of lysis buffers II and III, respectively, as
described (15, 16).
Antibody conjugation reaction buffer. Antibody conjugation reaction
buffer (ACRB, 0.2 M triethanolamine [pH 8.2] and 25 mmol/L
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dimethyl pimelimidate dihydrochloride) was prepared fresh
before each use.
Neoantigen elution buffer. Neoantigen elution buffer (NEB) contained 50 mmol/L ammonium bicarbonate and 50% acetic acid
(pH 2.0).
bRPLC solvents. bRPLC solvent A contained 15 mmol/L triethylammonium bicarbonate; bRPLC solvent B contained 90%
(vol/vol) acetonitrile, 15 mmol/L triethylammonium bicarbonate.
Mass spectrometry solvents. Solvent A contained 3% (vol/vol)
acetonitrile, 0.1% formic acid; solvent B contained 90% (vol/vol)
acetonitrile, 0.1% formic acid.
Cell transfection
COS-7 cells seeded into 24.5  24.5 cm2 plates were transfected
with plasmids containing the genes indicated above at 95%
conﬂuency using Lipofectamine 3000 Reagent (Thermo Fisher
Scientiﬁc). For each plate, 125 mg of plasmid (50 mg of HLA
plasmid and 75 mg of mutant or wild-type protein plasmid) was
mixed with 200 mL of Lipofectamine P3000 in 6 mL of Opti-MEM
(Thermo Fisher Scientiﬁc). In a separate tube, 200 mL of Lipofectamine 3000 Reagent was mixed with 6 mL of Opti-MEM. The
contents of the two tubes were mixed and allowed to complex for
10 minutes. Medium bathing cells were removed, and 50 mL of
fresh complete medium was added followed by the Lipofectamine–DNA mixture. Cells were harvested 48 to 72 hours after
transfection. The transfection efﬁciencies of COS-7 cells were
measured to be 93.5%  4.9%, in multiple assays as assessed
by GFPþ fraction on ﬂow cytometry (BD LSRII). Representative
data for assessing transfection efﬁciencies are displayed in Supplementary Fig. S2.
Generation of the KRAS G12D-knock-in cell line
The CFPAC-1 G12D knock-in cell line was generated by coelectroporation of a Cas9 ribonucleoprotein (RNP) obtained from
Integrated DNA Technologies, Inc. (IDT) targeting the KRAS locus
with a single-stranded DNA oligo repair template encoding the
KRAS G12D mutation. The G12D repair template was designed
with asymmetric homology arms of 72 and 40 base pairs and an
altered PAM site to increase the rate of homology directed
repair (17). A coselection strategy simultaneously targeting the
ATP1A1 locus with a Cas9 RNP and repair template was used to
enrich for edited cells (18). Alt-R CRISPR Cas9 crRNAs (Integrated
DNA Technologies) targeting KRAS exon 2 (AATGACTGAATATAAACTTG) and ATPA1 (GTTCCTCTTCTGTAGCAGCT) were
duplexed individually with Alt-R CRISPR-Cas9 tracrRNA (IDT)
for 5 minutes at 95 C. Duplexed RNA was cooled to room
temperature before mixing at a 1.1:1 molar ratio with Cas9
Nuclease (IDT) for 10 minutes at room temperature. The KRAS
G12D and ATP1A1 repair templates were ordered as Ultramer
DNA oligonucleotides and resuspended at a concentration of 100
mmol/L in TE buffer (Thermo Fisher Scientiﬁc). To electroporate,
the following components were combined in a 20 mL reaction
volume in Opti-MEM (Thermo Fisher Scientiﬁc): KRAS RNP (1
mmol/L), ATP1A1 RNP (1 mmol/l), KRAS G12D repair template
(2.5 mmol/l), ATP1A1 repair template (2.5 mmol/L), and CFPAC-1
cells (20e6 cells/mL). The electroporation was performed in a 0.1cm cuvette (Bio-Rad Laboratories) using an ECM 2001 (BTX).
Electroporated cells were allowed to recover in culture in their
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normal growth medium for 3 days before selection with 0.5
mmol/L ouabain (Sigma-Aldrich) for 10 days. Selected cells were
plated by limiting dilution in their normal growth medium and
incubated for 3 weeks. Individual clones were screened by isolating genomic DNA using the Quick-DNA 96 Kit (Zymo
Research), PCR amplifying a 1-kb window surrounding the edit
site 1 to 10 ng of template DNA, and Sanger sequencing to identify
and conﬁrm the introduced G12D mutation (Supplementary
Fig. S3). KRAS G12D repair template sequence is 50 ATTGTTGGATCATATTCGTCCACAAAATGATTCTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCATCAGCTCCAACTACGACAAGTTTATATTCAGTCATTTTCAGCAGGCCTTATAATA-30 .
Cell lysis and protein quantiﬁcation
Cultured cells (transfected or untransfected) were grown to
near conﬂuency in 24.5  24.5 cm2 plates. Cultured cells were
washed with PBS two times, followed by another wash with
prechilled PBS at 4 C containing 1 cOmplete Protease Inhibitor
(Sigma-Aldrich). Cells were scraped directly and collected in a
falcon tube. The tube was centrifuged at 1,000  g for 5 minutes,
and the supernatant was removed. Cell pellets were snap frozen in
liquid nitrogen and stored at 80 C for future experiments.
Lysis buffer was added to the cell pellets at a ratio of 50 million
cells per 1 mL lysis buffer. Cells were lysed by incubation in
lysis buffer for 30 minutes on ice, with vortexing every 10 minutes.
The lysates were clariﬁed by centrifugation at 12,000  g for 30
minutes at 4 C. Lysates were stored at –80 C at a concentration of
50 mg of total protein per tube. A bicinchoninic acid (BCA) assay
kit (Thermo-Scientiﬁc) was used to quantify protein concentrations on a BioTek Synergy H1 plate reader (BioTek).
Immobilization of antibody on magnetic beads
A puriﬁed human HLA-A, B, C antibody (clone W6/32; 1 mg)
was added to 5 mL Protein G Dynal Magnetic Beads (purchased
from Thermo Fisher Scientiﬁc at 30 mg/mL, without washing),
and the antibody was allowed to bind to the beads on a rotator at
30 rpm at room temperature for 2 hours. The antibody-bound
beads were then washed with 5-mL ACRB and collected using a
DynaMag-50 magnet (Thermo Fisher Scientiﬁc). The antibody
was covalently cross-linked to the protein G on the beads by
incubation in 5-mL ACRB on a rotator at room temperature for 30
minutes. The beads were washed twice with 5-mL 50 mmol/L TrisHCl (pH 7.5), resuspended in 5-mL 50 mmol/L Tris-HCl (pH
7.5), and rotated at 30 rpm at room temperature for 15 minutes.
The cross-linking reaction was quenched by incubating the beads
with 50 mmol/L Tris-HCl. The beads were resuspended in 3 mL 50
mmol/L Tris-HCl (pH 7.5), and 2 mL glycerol was added before
the beads were stored at –20 C. The HLA-DR antibody (clone
L243) was used to prepare conjugated beads for enriching MHC
class II molecules following the same procedure indicated above.
IP of HLA molecules
Cell lysates containing 50 mg of total protein were thawed on
ice and diluted with four volumes of modiﬁed RIPA buffer.
Antibody-conjugated Dynal beads (5 mL) were added, and the
suspension incubated at 4 C overnight (minimum of 12 hours).
The beads were collected on a DynaMag-50 magnet (Thermo
Fisher Scientiﬁc) and were washed three times with freshly prepared modiﬁed RIPA buffer. The HLA proteins and the HLAbinding peptides (including neoantigenic peptides) were eluted
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by vortexing the beads at 650 rpm in 5-mL NEB buffer for 10
minutes at room temperature. The beads were collected using a
DynaMag-50 magnet (Thermo Fisher Scientiﬁc) and the supernatant was transferred to an Amicon Ultra Centrifugal Filter with a
3-kDa molecular weight cutoff (Millipore-Sigma). The ﬁlter was
centrifuged at 4,000  g for 30 minutes at 25 C, and the ﬁltrate
was collected and snap frozen using liquid nitrogen and
lyophilized.
MANA-SRM sample group establishment
Lyophilized neoantigenic peptides were reconstituted in
bRPLC solvent A, and 3% acetonitrile was added to the reconstituted sample to aid in the resolubilization of the peptides. An
HPLC fractionation was performed to separate the neoantigenic
peptides into 96 fractions based on each peptide's hydrophobicity
in a weak basic environment (pH ¼ 8.2). The bRPLC solvents were
used for this HPLC separation performed as previously
described (19). Neoantigenic peptides were then organized into
32 groups comprising three sequential fractions each, according
to the MANA-SRM fraction group scheme as previously
described (19). All MANA-SRM fractions of neoantigenic peptides
were dried in a Speed-Vac at 35 C with vacuum pressure below 5
mbar.
Dual reduction
Eluted and lyophilized neoantigenic peptides were ﬁrst
reconstituted in bRPLC solvent A with 3% acetonitrile to aid
the resolubilization. 200 mmol/L triethylammonium bicarbonate was added to neutralize samples and adjust the pH to
8. DL-dithiothreitol (DTT) was then added at 10 mmol/L to
the sample followed by an incubation at 60 C for 15 minutes.
After the bRPLC fractionation, each fraction group was dried
and could be stored at –80 C until analysis. Each sample was
reconstituted in 39-mL mass spectrometry solvent A without
formic acid. The dissolved peptide sample was reduced again
by tris(2-carboxyethyl)phosphine (TCEP) at 10 mmol/L at low
pH (pH ¼ 3) followed by an incubation at 60 C for 15 minutes.
The reduced samples were ready for MANA-SRM mass spectrometry assays as previously described (19).
Hydrophilic interaction liquid chromatography treatment of
peptides
Peptides were puriﬁed through a GlycoWorks hydrophilic
interaction liquid chromatography (HILIC) cartridge purchased
from Waters. The samples were dried in a Speed-Vac at 35 C with
vacuum pressure below 5 mbar.
SRM method development and assay
Thirty-three heavy isotope-labeled neoantigenic peptides
ﬂanking gene mutation hotspots on cancer driver genes (including Kras, EGFR, TP53, CTNNB1, and IDH2) were predicted by
NetMHC 4.0 (20) and subsequently synthesized as AQUA Peptides by Sigma-Aldrich (Supplementary Table S2). Optimization
of collision energies and fractionation were performed as previously described (19). A list of the SRM transitions and fraction
group IDs for all 33 peptides is shown in Supplementary Table S2.
All transition parameters were manually examined and curated to
exclude ions with excessive noise due to coelution with impurities. Copy number of each detectable neoantigenic peptide was
calculated using heavy isotope-labeled peptides as previously
described (21).
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Data deposition
The data reported in this article have been deposited via
ProteomeXchange (identiﬁer PASS01266).

Results
MANA-SRM entailed two steps, an antibody-based neoantigen
enrichment and a multidimensional chromatography-based MS
assay (Fig. 1; Supplementary Table S2 and Materials and Methods). For the IP step, we ﬁrst explored various ways of crosslinking anti-HLA antibodies on beads. Such cross-linking prevented coelution of the antibodies with peptides, which otherwise
would have caused a major ion suppression because the amount
of antibody was enormous relative to the amount of any individual peptide evaluated. After comparing different types and
concentrations of cross-linkers, we found that 25 mmol/L dimethyl pimelimidate dihydrochloride (DMP) maintained the antigenbinding capability of the anti-HLA antibody as well as its ﬁrm
attachment to protein G magnetic beads (Supplementary
Fig. S4A). We then compared various cell lysis and IP protocols
to identify one with an optimum yield of HLA molecules after
binding to the anti-HLA antibody-bound beads (Supplementary
Fig. S4B). Finally, we tested various elution buffers at numerous
concentrations and found that 20% acetic acid in 50 mmol/L
ammonium bicarbonate produced the highest HLA yield compatible with minimal release of antibody from the beads (Supplementary Fig. S4C).
Following elution, the peptides were puriﬁed from the HLA
molecules by a simple ﬁltration through a cellulose membrane.
The peptides were then processed through two chromatographic
steps. The ﬁrst separated the peptides into 32 fractions based on
hydrophobicity in a weak basic environment (pH ¼ 8.2). The

fraction containing each MANA of interest was identiﬁed using a
synthetic heavy isotope-labeled peptide identical in sequence to
the MANA. This fraction was subjected to a second, reverse phase
HPLC-based separation linked directly to the mass spectrometer.
Selective reaction monitoring was used for the speciﬁc detection
of each MANA after identifying the optimum collision energies,
transitions, and other parameters required for SRM-based
analyses.
Two further modiﬁcations of this overall approach were
required for the efﬁcient detection of MANAs. First, we noticed
contaminants with characteristic 44-Da peak intervals in MS2
scans, which we interpreted to represent polyethylene glycol
(PEG) derivatives (Supplementary Fig. S5). PEG-based detergents
(e.g., NP-40) are commonly used in cell lysis and IP buffers (22).
We found that these contaminants could be removed with a
HILIC matrix (Supplementary Fig. S6). Second, many potential
MANAs contain unstable amino acids such as cysteine or methionine. Peptides containing such residues are typically not chosen
for targeted analysis by MS (23). Such exclusion is generally not
detrimental when analyzing proteins in general, because there are
usually numerous other peptides from the same protein that do
not contain unstable amino acids and are preferable for targeted
evaluation. However, in the case of MANAs, there is only one
peptide of interest to be evaluated and no other peptides from the
protein can substitute for it. We found that such unstable peptides
could be stabilized through a dual-reduction strategy (Materials
and Methods). The peptides were reduced ﬁrst with DTT at pH 8.2
prior to bRPLC fractionation and subsequently reduced at low pH
before the second chromatographic step. This dual-reduction
approach improved the signals obtained from Cys- or Metcontaining peptides by more than 300-fold (Supplementary
Table S3).

Figure 1.
Schematic of the MANA-SRM pipeline. Cells were lysed, and HLA-binding peptides were enriched through IP with an antibody targeting HLA molecules. HLA
molecules together with their presented peptides were eluted and dissociated. The eluate containing the neoantigenic peptide was ﬁltered where only short
peptides (MW < 3 kDa) were allowed to pass through. The ﬁltered peptide sample was lyophilized and made ready for MANA-SRM analysis with additional
improvements through HILIC-based cleanup and the dual reduction (D-Red) strategy (see details in Materials and Methods).
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We then tested the quantitative performance of MANA-SRM,
including its linearity and range of detection. For this purpose,
various amounts (0.2–2 mg) of HLA–peptide complexes with
different HLA types were spiked into a cell lysate prepared from
35 million SW480 cells prior to IP. In all cases, over 95% of the
spiked-in HLA–peptide complexes were recovered, as assessed by
subsequent Western blot assays (Supplementary Fig. S4D). The
amount of 2 mg for HLA–peptide complexes is equivalent to
800,000 HLA molecules per cell, which is far greater than the
amount expressed in cells in vivo or in the cells used in the
experiments reported below. We concluded that this IP protocol
should be able to recover nearly all the HLA–peptide complexes
present.
We next tested 33 potential MANA-related peptides covering
residues that are frequently mutated in human cancers, each of
which was spiked into the eluted antigen solutions following IP
from SW480 cell lysates. The purpose of these experiments was to
determine whether the peptides could be detected in the context
of IP eluates from cell lysates using the MS component of MANASRM rather than to test the efﬁciency of the IP component. We
found that all 33 peptides could be detected, and that the signal
strength of each of the peptides was at least 70% of the signal
strength of the same peptides measured in the absence of IP
eluates (Supplementary Fig. S7). This excellent performance was
dependent on several aspects of MANA-SRM. For example, in the
absence of the HILIC puriﬁcation step, 16 of the 33 peptides had
weak signals (<10% of the expected values; Supplementary
Fig. S6), and in the absence of dual reduction, 11 of the 33
peptides were undetectable (Supplementary Table S3).
To test the efﬁciency of the entire MANA-SRM process, various
amounts of HLA–peptide complexes were spiked into an SW480
cell lysate. Seven different complexes were tested, and an average
of 74% of the peptides was recovered as assessed by MS. Additionally, we demonstrated that the same method could be used to
quantify peptides presented by HLA class II molecules (see
Materials and Methods). In similar spike-in experiments, we
recovered 71% of CLIP DR1 0101 complexes loaded with
PVSKMRMATPLLMQA and 73% of HIV Integrase DR1 0101
complexes loaded with SGYIEAEVIPAETGQET (Supplementary
Table S4).
Based on the success of these validating experiments, we sought
to determine whether MANA-related peptides of interest were
actually processed and presented on the surface of cells expressing
particular HLA alleles. In these experiments, monkey COS-7 cells
were transfected with HLA genes as well as oncogenes predicted to
generate MANAs that could bind to the HLA gene products. The
MANAs tested included those derived from several different
common mutant forms of KRAS, as well as one from IDH2. In
each case, synthetic heavy isotope-labeled peptides were generated that corresponded to the 9- or 10-amino acid peptides
predicted to bind to particular HLA alleles.
We found that some of the predicted peptides were processed
and presented, whereas others were not (Table 1). We were also
able to quantify the number of copies of the peptides bound to
HLA on the surfaces of these cells. For example, 196 copies of a
KRAS G12D MANA-related peptide of 9-amino acids in length
were found on the cell surface, while only 21 copies of the 10amino acid form of this MANA were presented. Both the 9- and
10-amino acid forms were predicted to bind to HLA-A3 (predicted
KD of 1,172 and 939 nmol/L), respectively. Controls for these
experiments included cells that were transfected with HLA but not
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the KRAS oncogene or vice versa, or cells transfected with HLA
genes not expected to bind the MANA-related peptides. In all such
cases, no peptides were detected by MANA-SRM.
Other MANA-related peptides that could be detected on the cell
surface were those derived from KRAS mutations at codons 13 and
61, as well as IDH2 R140Q (Table 1). MANAs at Q61 were
particularly well processed and presented, with up to 583 copies
per cell. In contrast, mutations at the KRAS codon G12C, encoding MANAs that were predicted to bind to HLA-A3, were not
detected by MANA-SRM. Because the identical procedures were
used to evaluate each of these potential MANAs (transfection into
COS-7 cells followed by MANA-SRM using the same antibody)
and the heavy isotope-labeled G12C peptides were detected
successfully, we conclude that the KRAS G12C peptides were
processed inefﬁciently or that the in silico binding predictions
were inaccurate.
Though not the primary purpose of MANA-SRM, this technique
could also be used to assess endogenous processing and presentation of MANAs in cancer cells (rather than in transfected COS-7
cells). We found that Hs578.T lung cancer cells harboring an
endogenous KRAS G12D mutation and an HLA-A3 genotype
presented 71 copies of the G12D 9-mer by HLA per cell (Table 1).
The G12D 10-mer, although also predicted to be present in these
cells, was not detected. Controls for these experiments included IP
with antibodies that did not bind to HLA but were of the same
isotype. Additionally, only the abnormal peptides encoded by the
mutant alleles present in these cells were detected by MANA-SRM.
For example, G13D peptide–HLA complexes were not detected in
cells harboring a G12D mutation, and vice versa.

Discussion
MANAs are critical inducers of T cell–mediated anticancer
immune response (1, 24). Consequently, various immunotherapeutic approaches targeting deﬁned MANAs have been
developed (4, 8, 25–28). Given the efforts and time needed to
develop the therapeutic agents against the target MANAs, it is
imperative that the presentation on tumor cell surface of the
predicted MANAs be veriﬁed before such efforts are initiated.
Mass spectrometry analysis following IP with relevant anti-HLA
antibodies represents a straightforward method to assess whether
predicted MANAs are actually expressed, processed correctly, and
presented by the HLA molecules (12). In practice, assessment of
MANAs using this method has been challenging, especially when
they are presented at low abundance and/or contain reactive
amino acids susceptible to side-chain modiﬁcations such as
cysteine and methionine (23).
We have developed an approach with several critical technical
improvements that substantially increased the sensitivity of the
published mass spectrometry methods used to identify MANAs.
First, we systematically optimized protocols for cell lysis, IP,
elution of peptides, as well as cross-linking of anti-HLA on beads
to maximize yield of HLA–bound peptides while minimizing
coelution of the antibody which otherwise could lead to signal
suppression and reduced sensitivity of peptide detection. Second,
we implemented a new streamlined procedure to purify the eluted
peptides, which involved membrane ﬁltration to remove HLA,
followed by a hydrophobicity-based and a reverse phase HPLCbased chromatographic steps. Third, we identiﬁed derivatives
from PEG commonly used in cell lysis and IP buffers as major
contaminants and established an efﬁcient method to remove
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Table 1. Quantiﬁcation of neoantigens through MANA-SRM
Predicted binding
afﬁnity by NetMHC
4.0 (unit: nmol/L,
the lower value the
stronger binding)
221.43

Detected
abundance
(femtomole)
N/D

Detected
copy
number
per cell
N/D

375.53

N/D

N/D

1,172.08

64  6.3

196  19.3

938.8

6  0.53

21  1.9

1,552.04

26  3.7

75  10.7

936.84

2.2  0.5

7  1.6

N/A

N/D

N/D

HLA-A3 þ KRAS G13D N/A
vector
N/A

286.7

N/A

261.9

YES

NO

N/A

300.3

YES

NO

N/A

N/A

N/D

N/D

N/A

276.6

YES

NO

N/A

N/A

N/D

N/D

N/A

290.2

YES

NO

ILDTAGQEEY

86.69

N/D

N/D

N/A

254.9

YES

NO

ILDTAGHEEY

185.91

178  12.2

583  40.0

N/A

266.2

YES

NO

N/A

N/A

N/D

N/D

N/A

267.6

YES

NO

ILDTAGLEEY

66.03

136  13.5

512  50.8

N/A

269.6

YES

NO

N/A

N/A

N/D

N/D

N/A

261.9

YES

NO

ILDTAGREEY

322.23

40  3.5

127  11.1

N/A

273.3

YES

NO

SPNGTIQNIL

228.61

8  1.3

25  4.1

N/A

289.2

NO

YES

N/A

N/A

N/D

N/D

N/A

268.6

YES

NO

N/A

N/A

N/D

N/D

RPMI-6666

HLA-A2 þ KRAS G12C
vector
HLA-A2 þ KRAS G12D
vector
HLA-A2 þ KRAS G13D
vector
HLA-A1 þ KRAS WT
vector
HLA-A1 þ KRAS Q61H
vector
HLA-A2 þ KRAS Q61H
vector
HLA-A1 þ KRAS Q61L
vector
HLA-A2 þ KRAS Q61L
vector
HLA-A1 þ KRAS Q61R
vector
HLA-B7 þ IDH2 R140Q
vector
HLA-B7 þ IDH2 R140Q
vector
HLA-A3 þ IDH2 R140Q
vector
Not transfected

Predicted
binding
peptide by
NetMHC 4.0
VVGACGVGK
(9-mer)
VVVGACGVGK
(10-mer)
VVGADGVGK
(9-mer)
VVVGADGVGK
(10-mer)
VVGAGDVGK
(9-mer)
VVVGAGDVGK
(10-mer)
N/A

2,100

YES

NO

N/A

N/A

N/D

N/D

HH

Not transfected

A 02:01,
A 03:01
A 01:01,
A 01:01
A 02:01,
A 03:01
A 03:01,
A 24:02
A 01:01,
A 01:01
A 01:01,
A 01:01
A 01:01,
A 01:01
A 01:01,
A 01:01

2,000.0

YES

NO

N/A

N/A

N/D

N/D

83.1

YES

NO

1,172.08

4  0.5

40  5.0

70.4

YES

NO

1,172.08

6  0.6

71  7.1

1,990.1

YES

NO

VVGADGVGK
(9-mer)
VVGADGVGK
(9-mer)
ILDTAGLEEY

66.03

10  1.0

4  0.4

326.1

YES

NO

ILDTAGLEEY

66.03

6  0.7

15  1.75

412.9

YES

NO

ILDTAGHEEY

185.91

4  0.3

8  0.6

131.3

YES

NO

ILDTAGREEY

322.23

0.2  0.02

1  0.1

Cell line
COS-7

Transfected
HLA-A3 þ KRAS G12C
vector

Endogenous
HLA A
alleles
N/A

Enriched
by W6/
Total #
32
of cells
(million) antibody
285.3
YES

Enriched
by isotype
control
antibody
NO

N/A
COS-7

HLA-A3 þ KRAS G12D
vector

N/A

270.9

YES

NO

N/A
COS-7

COS-7
COS-7
COS-7
COS-7
COS-7
COS-7
COS-7
COS-7
COS-7
COS-7
COS-7
COS-7

CFPAC-1_G12D Not transfected
knock-in
HS578.T
Not transfected
HL-60

Not transfected

SW948

Not transfected

RD

Not transfected

Hs940.T

Not transfected

YES

NO

Abbreviations: N/A, not available; N/D, not detectable.

them with the HILIC matrix. Fourth, we developed a dualreduction strategy to prevent peptides containing methionine
and/or cysteine from being modiﬁed, which improved the signals
derived from these peptides by 300-fold. Together, the new
approach with these improvements allowed us to detect endogenous MANAs with frequent driver mutations present at extraordinarily low abundance, likely in the single digit range as suggested by data shown in Table 1.

www.aacrjournals.org

Massively parallel sequencing coupled with bioinformatics
analyses routinely provides a list of candidate MANAs that
could potentially be used in immunotherapy. MANA-SRM can
determine, at unprecedented sensitivity, which of these candidate MANAs are actually processed and presented on the cell
surface. The combination of these technologies thus paves the
way for personalized and more effective immune-targeting
therapies.
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