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Abstract

Knowing the nature of human leukocyte antigen (HLA) peptides, also called as
immunopeptides, is indispensable to realize the cancer precision medicine such as
cancer vaccination and the better prediction of efficacy for immunocheckpoint inhibitor
(ICI) treatment. Direct interrogation of immunopeptides by mass spectrometry (MS) is of
great use for that purpose but the reality in analyses of scarce tissue samples still
confronts technical challenges. To elucidate characteristics of HLA class-I
immunopeptides specifically presented on colorectal cancer (CRC), the optimized
immunopeptide isolation method and differential ion mobility mass spectrometry
(DIM-MS) with whole exome sequencing (WES)-based personalized database were
established and subjected to differential analysis of tumor or normal tissues of CRC
patients. From pilot experiments using 10° cells of colon cancer cell line HCT1186, total
9,249 unique immunopeptides, including total 11 neoantigens, were identified. Next,
approximately 40 mg of tumor or normal regions of CRC tissues were collected from 17
patients and analyzed by our personalized immunopeptidomic technology. As the result,
44,785 unique immunopeptides were profiled, in which 2 neoantigens carrying the
mutation KRAS-G12V or CPPED1-R228Q were identified. Interestingly, specific amino
acid usage of C-terminus trimming of immunopeptides was found in tumor-exclusive
immunopeptides. Thus, our personalized immunopeptidome analysis significantly
expands presented antigen knowledgebase and allows direct determination of
neoantigens from scarce tissue specimens. This advanced immunopeptidomics holds
promise to new outlook of research in immunopeptides both from basic and clinical

aspects.
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Introduction

The major histocompatibility complex (MHC) governs individual immunity. Under the
immunological tolerance, self antigens are not recognized by cytotoxic T cells (CTLSs),
while non-self antigens derived from alienated cells, such as exogenous
pathogen-infected cells or mutation-carrying cancer cells, are recognized and eradicated
by CTLs. In cancer immunotherapy, neoantigens carrying cancer specific somatic
mutations are presented on cellular surface of cancer cells as non-self antigen and
activate the associated repertoire of T cell receptor that will evoke anti-cancer immunity.
Recently, numbers of immune checkpoint inhibitors have been established for cancer
immunotherapies to reinvigorate the anti-cancer immunity. While the immunotherapies
are fully efficacious in patients with certain cancer types such as melanoma,
non-small-cell lung and bladder cancer, renal-cell carcinoma, and lymphoma *, it is also
true that there are still obstacles of less efficacy in cancers with less mutational burden
such as microsatellite stable (MSS) colon and rectal cancers (CRCs) compare to the
microsatellite instable (MSI) CRCs with DNA mismatch-repair deficiency * 2. Predicting
the efficacy and choosing the right strategy for ICIls based on the diverse genetic and
immunological backgrounds are urgent tasks to grant the benefits by cancer precision
immunotherapy. And that can be achieved by the detailed analyses of immunopeptidome
under the individual pathological conditions.

Currently, the immunopeptidomics by mass spectrometry (MS) is the only technology
to directly interrogate the thousands of HLA-presented antigens (immunopeptides). It is
thus a unique technology yet a few concerns have been reported in the
immunopeptidomics guidelines as issues to be overcome *“. According to the report,
one of the very disadvantages of MS-based immunopeptidomics from tissue sample is
insufficient depth on analysis from a scarce sample, such as endoscopic biopsy,
compared to the in-silico prediction of immunopeptides based on genomic information. To

obtain the robust data by immunopeptidomics such as thousands scale of
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80 immunopeptides, it generally requires more than 1e® of cells for culture cells or more than
81 1000 ug of net weight for tissue with current immunopeptidomics >’. Furthermore, in
82 order to accomplish the analysis with sufficient depth to identify antigens with
83 tumor-specific mutations (neoantigens), chemical prefractionation have been necessary,
84 which requires more amounts of samples. Regardless of the previous efforts, direct
85 detection of neoantigens from tissue specimens, such as colorectal, liver, or ovarian
86 cancer, have been distressed and unsuccessful ®° *°. However, interrogation of native
87 immunopeptides and neoantigens which vary accordingly to the biological
88 microenvironment comprised of cancer cells, stroma, and blood cells, is indispensable to
89 develop the cancer precision immunotherapy including adoptive T-cell transfer therapy,
90 cancer vaccines, and novel ICIs. Therefore, there is no doubt that it is essential to
91 establish the immunopeptidomics technology with sufficient sensitivity and
92 comprehensiveness.

93 From that aim, we adopted the differential ion mobility mass spectrometry (DIM-MS)
94 equipped with the high field symmetric wave form ion mobility mass spectrometry
95 (FAIMS) interface for immunopeptidomic analysis. The seamless fractionation of sample
96 at gas-phase by FAIMS secured the sufficient depth of immunopeptidome from the
97 scarce samples. This advanced immunopeptidomics expanded not only the size of
98 immnopeptidome but also the neoantigen identification both from the cellular and the
99 tissue samples. And for the first time, the neoantigens were successfully and directly
100 identified from the clinical tissues of colorectal tumors. Moreover, individual
101 immunopeptidome profiling from normal and tumor tissues revealed the distinct features
102 of C-terminal trimming of immunopeptides. This advanced immunopeptidomics by
103 DIM-MS holds promise to explore a new phase of cancer immunology.

104
105
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106 Materials and Methods

107 Clinical samples and ethical approval

108 Metastatic colon cancer tissues at pathological stage IV and its adjacent normal tissues
109 were obtained from patients who all had provided written informed consent for this study.
110 This study (ethical committee number 2010-1058) was approved by the ethical
111 committee of the Japanese Foundation for Cancer Research (JFCR). The clinical
112 information of them are listed in Supplementary Table 1. All tissue samples were frozen
113 and maintained at least once before the MS sample preparation. Approximately 40 mg in
114  net weight of tissue was dissected from the mass of tumor/ normal tissues respectively
115 and further processed for immunopeptidomics.

116

117  Cell culture

118 The colon cancer cell line HCT-116 was maintained under the general condition. Briefly,
119 the cells were cultured in RPMI1640 media (WAKO) with 10% heat-inactivated fetal
120 bovine serum (FBS), penicillin G and streptomycin. Cells were washed once with PBS
121  before harvest. Desired number of cell pellets were stored at -80 °C until use.

122

123 In-house purification of antibody and the IP-beads preparation

124 A hybridoma clone of anti-panHLA alpha chain antibody (HB95) was obtained from
125 ATCC. Hybridoma cells were first expanded in 10% FBS containing DMEM and then
126  cultured in CELL Line flask (WHEATON) with COS medium (COSMO BIO) for antibody
127  production. After 1-week of cultivation, the culture media was collected and affinity
128 purified by Protein A Fast flow (GE). Small amount of aliquots of eluates were
129 electrophoresed and then stained by GelCode Blue Stain Reagent (Thermo Scientific) to
130 check IgG fractions. The IgG enriched fractions were pooled and then dialyzed to replace
131 the buffer into PBS. The antibody concentration was examined by BCA assay. To confirm

132 the sufficient affinity of our in-house purified W6/32 antibody against HLA molecules, we
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133 tested all batches of W6/32 by general IP and Western blotting by antibody anti-pan HLA
134 class | a-chain molecules (clone EMR8-5, MBL) and -2-microglobulin (B2M) antibody
135 (PROTEINTECH) in advance. High affinity confirmed W6/32 antibody (800 ug) was then
136 cross linked onto 200 ul of slurry of Protein G Sepharose (GE) by DMP (20 mM) in
137 HEPES (pH 8.4) for 1 hour. After quenching by TBS-T for 1 hour, beads were used for IP
138 or stored at 4 °C before use.

139

140 Immunoprecipitation of HLA-Class | Complex and immunopeptide purification for
141  immunopeptidomics

142 Desired cell pellet was lysed by 1 ml of lysis buffer containing [20mM] HEPES, [150mM]
143 NaCl, 1 % NP-40, 0.1% SDS and 10 % Glycerol on ice. For tissue samples, disposable
144  homogenizer Bio Masher System (nippi) was used firstly with 500 ul of lysis buffer for
145 approximately 40 mg of tissue on ice and then add another 500 ul of lysis buffer to make
146  sample volume as 1 ml. Both cells and tissues samples were cleared by centrifugation at
147 40C, 15,000 rpm for 15min, the supernatant was collected and conducted
148 immunoprecipitation for 40C overnight on rotating rotor. For thorough washing, Bio Spin
149 Column (BioRad) was used afterwards. The washing steps were as follows: 1 ml of lysis
150 buffer for 5 times, 1ml of PBS-T for 5 times, 1ml of PBS for 5 times, 1ml of High-salt PBS
151 for twice, 1ml of PBS for 5 times and then 1ml of mass spectrometry-grade water for
152 twice. The trimer of HLA complex was dissociated and eluted by 500 ul of 1 % TFA from
153 Pl-beads. Obtained HLA enriched eluate was further processed by tC18 SepPak. For
154 class | HLA peptide, 500ul of 20% acetonitrile (ACN) was firstly used for elution. HLA
155 peptide including eluates were then dried up by evaporator. To elute the other
156 components of HLA complex to confirm the IP-efficiency, 500 ul of 80 % ACN was used
157 for second elution and the obtained eluates were dried up by evaporator as well. Sample
158 purity was assessed by silver staining (Silver Quest).

159
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160 Culture Cells and the construction of WES-based customized database

161 A colon cancer cell line, HCT116, was maintained in 10% fetal bovine serum including
162 RPMI1640 in humidified atmosphere at 37 °C with 5% CO,. Customized database for
163 HCT116 was stablished from the WES data deposited in COSMIC Cancer Cell Line
164  Project. Listed somatic mutations were processed by in-house built pipeline previously
165 reported ™ **. Obtained mutations were then combined with Swiss-Prot human proteome
166 database (20,181 entries) from UniProt website and used for neoantigen search.

167

168 HLAtyping, whole exome sequencing and pipe lines for tailored protein database
169 For clinical tissue samples, genomic DNA was extracted by QIAmp DNA mini Kit
170 (QIAGEN) from normal and tumor tissues. To establish the personalized database for
171 neoantigen identification by immunopeptodomics, whole exome sequencing (WES) was
172  conducted to all samples. In-house pipe line to extract the somatic mutations has been
173 previously reported ** '3, Briefly, the genome libraries for WES were established from the
174 DNA samples using xGen Exome Research Panel (IDT, Coralville, IA), according to the
175 manufacturer’s instructions. The exons were sequenced as 150 base pairs paired-end
176 reads by a NovaSeq6000 system (lllumina, San Diego, CA). The sequence data
177 obtained were then analyzed to select possible germ line variations and somatic
178 mutations. In short, sequences of the whole exome were compared with a reference
179 human genome (hs37d5), and the possible germ line variants and the somatic mutations
180 were identified. The variants in public databases (>1%) were also excluded. Then cancer
181 somatic mutations were extracted by subtraction of germ line variation identified in
182 normal tissue from tumor tissue respectively. Among those mutations, only the missense
183 mutations were selected and translated into full length of protein and added to the same
184  Swissprot/ Uniprot human database described above as personalized database. The
185 established personalized data base was used for immunopeptidomics both normal and

186 tumor tissues corresponding patient's samples. The OptiType was employed for 4-digit
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187  HLA typing from deep sequencing data **. The genetic details including mutation burden,
188 oncogenic KRAS mutations and the HLA genotypes of clinical samples can be found in
189 supplementary information (S Table. 1B)

190

191 Differential ion mobility (DIM) Mass Spectrometry (MS) by High-Field
192 Asymmetric-waveform lon Mobility Spectrometry (FAIMS) for Advanced
193 Immunopeptidomics

194 The sample includes immunopeptides was first trapped by precolumn (C18 Accleim
195 PepMap 100 C18 Trap Cartridge, Thermo Scientific) and then separated by analytical
196 column ( Aurora UHPLC Column (C18, 25 cm x 75 ul, 1.6 um FSC, ESI, ion opticks)
197 coupled with a nanospray Flex ion source for electrospray ionization (Thermo Scientific),
198 were used through an Ultimate 3000 RSLC nano HPLC system at a flow rate of 200 nl/
199 min using a linear gradient starting from 2 % solvent B (0.1% Formic acid in Acetnitrile) to
200 28 over 55min, a 1 min hold at 95% Solvent B a prior to a 1 min analytical column
201 equilibration with 2% B. In order to validate the benefit of FAIMS applied DIM-MS in
202  immunopeptidomics, liquid chromatography tandem mass spectrometry (LC-MS/MS)
203 and LC-FAIMS-MS/MS conditions were firstly compared. For LC-FAIMS-MS/MS, the
204  FAIMS-Pro interface (Thermo Fisher Scientific) was installed onto an Orbitrap Fusion
205 Lumos Tribrid mass spectrometer and operated with default parameters except for the
206 compensation voltage (CV) settings for gas-phase fractionation. For LC-MS/MS, we
207 uninstalled FAIMS device from mass spectrometer and performed analyses. Under
208 LC-FAIMS-MS/MS condition, sample was seamlessly fractioned by 3 CVs per single
209 analysis. Total 3 CV sets were used per sample and each CV set includes as follows;
210 setl (CV= -40, -60, -80 V), set 2 (CV= -35, -50, -70 V) and set 3 (CV= -45, -55, -65 V).
211  Therefore, total 3 analyses (raw data), were acquired per sample. The parameters for
212 mass spectrometry were optimized for immunopeptidomics with small amount of sample.

213  Full MS (rage from 320 to 850 m/z) in the Orbitrap were acquired at resolution of 60 k
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214  followed by a MS? acquisition at resolution of 15k. Maximum injection time for full MS
215 scan was 50 ms with an auto gain control (AGC) of 4e°. Maximum injection time for MS?
216 scan was 100ms with an AGC 1e* followed by top speed MS? acquisition by the ion trap.
217 Charge state 2 and 3 were selected for fragmentation by collision-induced dissociation
218 (CID) at rapid scan rate at 30% collision energy. The easy-IC system was used for the
219 internal calibration lock mass during the data acquisition. The HCT116 samples were
220 prepared from 1e® cells and proportionally injected into MS to match the indicated
221  number of cells. For the analyses of 1e® of HCT116 cells and clinical tissue samples,
222  firstly 1/ 20 amount of sample volume was used for analyses of 3 CV sets respectively to
223 check sample conditions, and then from the remaining, 5/ 20 amount of sample volume
224  was used for 3 CV sets respectively. Therefore, total 6 analyses were performed per
225 clinical tissue sample.

226 The LC/MS raw data and summarized result files are deposited at a public proteomic
227 database, Japan Proteome Standard Repository/Database (jJPOST) as follows; HCT116
228 immunopeptides without FAIMS in JPST001072, HCT116 immunopeptides with FAIMS in
229 JPST001066, Global identification of HCT116 immunopeptides in JPST001068,
230 immunopeptides from normal regions of CRC tissues in JPST001070, and
231  immunopeptides from tumor regions of CRC tissues in JPST001069.

232

233

234 Data analysis by tailored database search for immunopeptidome

235 Obtained raw files were processed by Proteome Discoverer version 2.4 using Sequest
236 HT engine against corresponding tailored database. The search was set to no-enzyme
237  (unspecific) for the enzymatic designation. The precursor mass tolerance was set to 10
238 ppm and the fragment mass tolerance to 0.6 Da. The maximum number of missed
239 cleavages was set to zero. Methionine oxidation and cysteine carbamidomethylation

240 were included as dynamic modifications. A false discovery rate (FDR) of 0.01 (Strict) was
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241  used for percolator algorithm to identify highly confident peptides. The output “peptide
242  groups” was exported as a list. Then the peptide sequence was deduplicated for unique
243  peptide sequences only and filtered by the amino acid length from 8 to 15 as a candidate
244  of immunopeptides. To narrow candidate sequences down to the reliable ones,
245 NetMHCpan 4.0 was employed to exclude the no-binding peptides from the list.
246  Simultaneously, unsupervised clustering for HLA sequence motifs, Gibbs Cluster 2.0 *°
247 and Seq2 logo ** were employed to confirm whether the identified motifs match HLA
248  allotypes accordingly.

249

250 Profiling of Immunopeptides in Normal and Tumor Tissues

251 In order to interrogate the possible distinctions of normal and tumor-derived
252  immunopeptides, the intersection of immunopeptides between normal and tumor tissues
253 was calculated and draw Venn diagrams by publicly available website
254  (http://bioinformatics.psb.ugent.be/webtools/Venn/). Then classified the immnopeptides
255 into 3 groups; (1) normal-exclusive, (2) shared in both normal and tumor tissues (as
256 “shared-peptide”) and (3) tumor-exclusive ones per patient. The frequency of amino acid
257 usage at position Q (pQ), the end position at C-terminus of immunopeptide, was
258 calculated as percentage against the total number of immunopeptide in each group.
259 Based on the frequency of shared-peptide’s amino acid usage at pQ, the distinction of
260 frequency was calculated by comparing the value between normal-exclusive and
261 shared-peptide or tumor-exclusive and shared-peptide.

262

263  Statistical Analysis.

264 All data were expressed as mean + standard error (SE). Student’s t-test was used for
265 statistical analyses. Pearson correlation-coefficient was used to assess the correlation.
266  Statistical significance thresholds were determined at P< 0.05 (*), P< 0.01 (**), P< 0.001

267  (***) values. Pearson correlation-coefficient was used to assess the correlation.
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270 Results

271 Differential ion mobility mass spectrometry expands depth of immunopeptidomics
272 The effectiveness of differential ion mobility mass spectrometry (DIM-MS) in
273  immunopeptidomics was validated by comparing with or without FAIMS interface. For this
274 step, a colon cancer cell line HCT116 was wused to optimize the
275 immunopeptidomics-associating parameters to maximize the number of identifications.
276  Finally, 9 compensation voltages (CVs) between -80 to -35 V were selected for DIM and
277  other conditions such as collision mode, detector type, maximum injection time, and scan
278 speed were also fitted to maximize the identification of immunopeptides. Then the
279 efficacy of identification was compared starting from relatively small scale, approximately
280 5e® compared to the fact that the most of the previous immunopeptidomics prepared MS
281 samples from at least ~e® order magnitude to yield a few to several thousands of
282 immunopeptides. By FAIMS-assisted immunopeptidomics, 3215 + 235 immunopeptides
283 on average were identified from 5e° cells, while 2482 + 191 peptides were detected in
284  the without-FAIMS condition (Fig. 2A, bar graph). Accordingly, the number of identified
285 source protein was also greater in the FAIMS-assisted condition (2381 + 108 proteins)
286 than the without-FAIMS condition (2077 + 114 proteins) (Fig. 2A, dashed line graph).
287 This result was consistent throughout the experiments and became statistically
288  significant when the number of cells was increased to 1e’ (3893 + 166 immunopeptides)
289 or 1.5e’ (4160 + 163 immunopeptides, Fig. 2A). When it comes to neoantigen
290 identification, an average of 3.7 + 0.7, 3.7 + 0.3, or 5.7 + 0.3 neoantigens were identified
291 from 5e°, 1e’, or 1.5e’ cells in the FAIMS-assisted condition, respectively (Fig. 2B). Thus,
292 the DIM-based gas phase fractionation provided 27 to 38% enhancement of total
203 identification of immunopeptides and 61 to 235% enhancement of neoantigen
294  identifications. These results indicated the potential of our DIM-MS immunopeptidomics
295 technology even with a small amount of samples that was an order of magnitude smaller

296 than the most previous reports > 8 °.
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297 From the biologically triplicated analyses using 1e® cells of HCT116, 6915.3 + 316.3
298 immunopeptides derived from 4109.7 + 137.8 source proteins were identified, which
299 yielded 9249 unique immunopeptides and 5103 unique source proteins in total (Fig. 2C).
300 Importantly, 7.3 = 0.3 neoantigens were identified per independent experiments that
301 yielded 11 neoantigens in total (Fig. 2D). Among these, 7 were not found in the immune

302 epitope database (IEDB) (http://www.iedb.org/home_v3.php, as of November 27, 2020),

303 hence regarded newly identified ones. And 2 out of 7 newly identified neoantigens, the
304  wild type sequences were not found in IEDB (Table 1). The distribution of length and the
305 assignment of immunopeptide against HLA allotypes exhibited typical and reasonable
306 manner in the context of HLA genotype (Fig. 2E and F). These results indicated that the
307 FAIMS-applied DIM-MS advanced immunopeptidomics has an advantage to potentiate
308 the immunopeptidome including neoantigens from the scarce samples.

309

310 Personalized immunopeptidomic analysis of colorectal cancer tissues

311 Tumor or adjacent normal regions of CRC tissues (n = 17) were subjected to WES
312 analysis. The identified nucleic acid sequences with somatic mutations were translated
313 into amino acid sequences and utilized for construction of personalized proteome
314 databases. As the result of individual immunopeptidomic analysis using these
315 personalized databases, 44785 unique immunopeptides were identified (6578 peptides
316 per patient on average) (Fig. 3A). Among these, 5603 out of 44785 (12.5%) was
317 normal-exclusively identified ones and 14052 (31.4%) was tumor-exclusive, while 25130
318 (56.1%) was identified from both normal and tumor tissues. This exceeds the previously
319 reported number of immunopeptides from solid tumor tissues such as colon®, liver®, and
320 ovarian® cancers. For these immunopeptides, 11117 source proteins (4149 proteins per
321 patient on average) were identified (Fig. 3B). Among these, 817 out of 11117 (9.7 %) was
322 normal-exclusive ones and 1839 (16.5 %) was tumor-exclusive, while 8431 (75.8 %) was

323 identified from both normal and tumor tissues. The individual datasets of
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324  immunopeptidomic profiling can be found in Supplementary figure 3. The identified
325 immunopeptides exhibited features of HLA-allotype corresponding features of
326  unsupervised clustering and assignment against the binding motifs (representative data
327 was shown in Fig. 3C and 3D. Other data of individual peptidomes can be found in
328 Supplementary figure 4). The length of immunopeptides were variable from patient to
329 patient according to their HLA-allotypes, but the typical feature of HLA class |
330 immunopeptide length was common in patients, while there was no statistically
331 significant difference in between normal and tumor tissues. Indeed, immunopeptides with
332 9 amino acid length occupied 74.1 % (ranging 65.3 to 88.3%) of immunopeptides. The
333  99.7% (ranging 99.1 to 100%) of immunopeptides covered 8 to 12 amino acid in length
334 reflecting the general profile of class | immunopeptide (Fig. 3E). Notably, 2 neoantigens
335 were identified from 2 distinct patients’ tumor tissues (Fig. 4A). The first neoantigen
336 identified from the primary tumor tissue of ID 172 (KRAS, p.7-16) possessed the
337 well-known CRC driver mutation, KRAS-G12V. The other one CPPED1 with R228Q
338 (p.226-234), a mutant of serine/ threonine-protein phosphatase, was identified from ID
339 261’s hepatic metastasized tumor tissue. According to the motif information at IEDB and
340 SYFPEITYHI  (http://www.syfpeithi.de/0O-Home.htm), the  neoantigen  carrying
341 KRAS-G12V was predicted to have higher affinity against A*11:01 than wild type
342  sequence due to the preferred amino acid substitution of valine at position 6 within the
343 epitope (Fig. 4A, depicted as “Preferred: V” by arrow). On the other hand, the mutation
344 CPPED1-R228Q which lost its deleterious amino acid of arginine at position 3 by
345 substitution to glutamine (Fig. 4A, depicted as “Deleterious: P/R” by arrow). The
346 identified neoantigens exhibited of two opposite patterns of gaining affinity against
347  binding motifs, gaining preferred residue or losing deleterious residue within epitope, still,
348 both neoantigens were predicted to have higher affinity against A*11:01 than those of
349  wild type sequences. (KRAS-WT vs KRAS-G12V; 299.7 nM vs 137.3 nM, CPPED1-WT
350 vs CPPED1-R228Q; 729.9 nM vs 52.2 nM). It has been a long-standing challenge to


https://doi.org/10.1101/2021.04.09.439118

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439118; this version posted April 11, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Minegishi, Y. et al. 15

351 identify neoantigens directly from tissue samples, but our personalized
352 immunopeptidomic analysis enabled to overcome that task.

353

354 Tumor-specific usage of C-terminus amino acids in CRC HLAps

355 To verify this black-boxed physiology, we separated immunopeptides into three groups;
356 immunopeptides only found in normal tissue (normal-exclusive), immunopeptides found
357 in both normal and tumor tissues (shared), and immunopeptides only found in tumor
358 tissue (tumor-exclusive) per patient. This classification concentrates the each
359 immunopeptides into respective groups if there would be a processing or/and
360 presentation bias existed between normal and tumor state. When we checked the overall
361 usage of amino acid for all 44785 immunopeptides, 12 out of 20 amino acids covered
362 99.2% of C-terminus usage and among these, the lowest frequency was cysteine (0.5%)
363 (Fig. 5A). More frequency was observed typical tryptic- (R, K) and chymotryptic- (L, I, V, F,
364 Y,W, A, M) amino acids for immunopeptide trimming at the end of C-terminus (p ). Next,
365 we counted the frequency of amino acid usage at pQ of the immunopeptides per
366 patients. The usage of amino acid frequency at pQ was calculated as ratio (%) against
367 subtotal of each groups (normal-exclusive, shared, and tumor-exclusive peptide,
368 respectively) and compared the difference against based on the frequency of the
369 shared-peptide to clarify whether there would be a processing bias shown or not between
370 normal-exclusive and tumor-exclusive groups. Among the 12 pQ used amino acids,
371 there are 9 patients who carries at least one R-restraint HLA allotypes (A*11:01 and
372 A*33:.03) at pQ, and the usage of R at p{ exhibited the tendency of reduction in
373  tumor-exclusive immunopeptide (normal- exclusive vs tumor- exclusive: -0.06 % vs
374 -5.10 % compared to the shared-peptide frequency, p = 0.0975) but that was not
375 statistically significant (Fig. 5B, [R]). While the usage of K exhibited no statistically
376  noteworthy difference compared to the frequency of shared-peptide (data not shown).

377 The R and the K are the same tryptic amino acids while exhibited distinct dynamics in
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378 normal and tumor tissue. For chymotryptic peptides, only the W exhibited the statistically
379 significantly increased in tumor-exclusive group than normal-exclusive group compare to
380 the shared-peptide (Fig. 5B, [W]). The trimming at pQ of immunopeptides by L, | and V,
381 generally grouped as similar hydrophobic amino acids, exhibited inconsistent and
382 non-significant results between normal and tumor-exclusive immunopeptides (data not
383 shown). Since the usages of these three hydrophobic residues are naturally abundant
384 among the immunopeptides, it is expected that statistical significance was diminished
385 and was not shown as major differences when compared at the admixture condition of
386 tissue. Thirteen out of 17 patients carry at least one pQ W-restraint HLA allotypes
387 (A*24:02, B*4402 and B*44:03) and the usage of W at pQ was -0.45 % in
388 normal-exclusive immunopeptide and +0.8 % in tumor-exclusive immunopeptides
389 compare to the shared-peptide group (p-value = 0.0185) (Fig. 5B, [W]). There was a
390 negative correlation in W usage at pQ between normal-exclusive and tumor-exclusive
391 groups indicated the shift of immunopeptide processing at pQ in patient (r =-0.788, p =
392 0.0014) (Fig. 5C). In addition to these two amino acids, the cysteine usage at C-terminus
393 was found to be increased in tumor-exclusive immunopeptides (+ 0.25 %) than that of
394 normal-exclusive immuopeptide (0.00 %) compared to the shared-peptide group (p =
395 0.016) (Fig. 5B, [C]). Since there was no clear information available for the binding motif
396 that requires cysteine at pQ, all 17 samples are included for this calculation. It is of note
397 that this distinct cysteine usage between normal and tumor-exclusive peptide may imply
398 the unknown mechanisms of immunopeptide processing and of value to investigate by
399 analyzing more number and variable tissue samples.

400
401
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402 Discussion

403 In this study, advanced immunopeptidomics by FAIMS-applied DIM-MS which enabled
404  direct identification from scarce sample was established. The very proposition of this
405 study was to challenge and overcome the technological limitations of current
406 immunopeptidomics. From this aspect, the methodology was thoroughly optimized for
407 simultaneous gas-phase fractionations to analyze the immunopeptides from limited
408 samples such as biopsy-sized clinical tissues.

409 In the past, massive amount of sample was necessary for MS-based

410 immunopeptidomics especially from tissues © & °.

Otherwise, as an alternative,
411 patient-derived cancer cells were isolated for culture expansion to secure the enough
412 number of cancer cells ** . The purified culture of patient-derived cancer cells is
413 convenient for in-depth analyses of immunopeptidomics, however, it may not be denied
414 that the antigen presentation can be modified during the isolated long-time cultivation
415 due to the lack of cancer microenvironment. To mimic more tissue-like environment, the
416 cancer organoids were previously reported as well. While establishing multiple organoids
417  from every clinical samples may be too laborious and time-consuming task considering
418 the fact that it takes at least a few months to establish. Another option to secure the
419 cancer cell mass is patient-derived xenograft models while the response against ICI
420 candidates may differ in host organisms of micronenvironment that previously shown in
421 the discrepancy result of clinical trials of MEK inhibitor *° with PD-L1 treatment from
422 mouse xenograft models %' Instead of increasing the amount of sample amount, the
423 database search for immunopeptides from non-canonical coding regions and the spliced
424  immunopeptides have been also reported as another option to explore the variation of
425 immunopeptides. The former, the gigantic database established from both exon-coding
426  and non-coding sequences of individuals is used to identify immunopeptides®2. The latter
427 employs so called de novo sequencing to identify immunopeptides directly from the MS

7, 23

428 spectra without referring database By these methodologies, the size of
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429 immunopeptidome was indeed expanded and the new insights of the source and the
430 processing of immunopeptides were given, while the hardships remain in terms of the
431 accessibility to these methods and the versatility of identified neoantigens. The necessity
432 to establish the gigantic database for non-canonical sequence by both genomics (from
433 DNA) and transcriptomics (from RNA) individually may become another burden and that
434  requires again more sample amount. For the spliced immunopeptides, it seems more
435 likely to be by-chance product at that moment of processing, compared to that derived
436 from somatic mutations of exonic origin. Therefore, it may be more difficult to find the
437 shared antigens among patients. Although these approaches have its own advantages in
438 biology of immunopeptides, these both non-canonical derived- and spliced
439 immunopeptides have one common concern that insufficient information about the
440 individual differences. Investigating the neoantigens based on the somatic mutations
441  encoded within exon sequences from well-established cancer genetics ?* % has more
442  expectations to become profit for clinical practice, i.e., the identification of shared
443 neoantigens from known pan-cancer oncogenic mutations for versatile cancer
444  immunotherapy. And the close scrutiny of actually presented neoantigens across tumor
445  tissues will enlighten us the optimal epitopes for cancer vaccination as well as to relieve
446 the labor of screening the repertoire of autologous/ engineered T cells for adoptive
447  therapy from the validation of costful numerous number of synthesized candidate
448 peptides and tandem mini genes %.

449 Here, advanced immunopeptidomics by FAIMS-applied DIM-MS paved the way to make
450 the identification of approximately 5000 (4917.9 on average/ sample) of immunopeptides
451  possible from 40 mg of tissue. In the sample preparation for MS analysis, the chemical
452  pre-fractionations based on the chemical properties such as hydrophobicity and the ionic
453  bonding preference, are inevitable and routinely employed to expand the depth of MS
454  analysis. They surely expand the depth of analysis while irresistibly requires more

455 sample amount. It has also been reported that the pre-fraction creates a bias in
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456 identifiable immunopeptides in the context of distinct chemical properties of
457  immunopeptides governed by the diverse binding motifs of each HLA-allotypes?’. This
458 suggested that as long as the chemical pre-fractionation employed, we never cover both
459 chemical properties and there left certain immunopeptides abandoned. There are still
460 uncertainties remain in the consensus sequence of binding motif in each HLA-allotypes
461 and the combination of HLA-allotype in individuals is complex. Under these
462  circumstances, it is particularly difficult to determine in advance which chemical
463 pre-fractionation would be the best option for diverse samples. By FAIMS, the peptides
464  are fractionated by CV which uniquely defined by the structural bulkiness of the peptide 2%
465 So, every peptide has distinct ideal CV to be identified. Indeed, during the optimization,
466 we noticed the different preference of CVs in distinct cell lines for immunopeptidomics.
467 For example, TE-11, an esophagus cancer cells, exhibited more weak CVs from -60v to
468 -35v preferred distribution compared to the HCT116 which exhibited rather broad CV
469  distribution from -80v to -35v (data not shown). Although the back and forth difference of
470 preferred CVs can be seen accordingly to each HLA-allotypes, the majority of
471  immunopeptides were mainly identified from -60v to -40v of CV. So, the multi-CV with
472  rapid scanning covers the wide and sufficient range of ideal CVs that led to robust
473  immunopeptidome regardless of diverse CV preferences. Thus, the best virtue of
474  DIM-MS with seamless gas-phase fractionation is the feasibility of broad identification of
475 immunopeptides independent from the elusive chemical properties and that is also ideal
476  for the unbiased analysis of scarce samples. The progress in transition time for CV
477  stepping (25 ms/ transition) 2° enabled multi-experiments of 3 CVs per single analysis.
478  The ratio from the number of acquired MS/MS spectra to peptide spectrum match (PSM)
479 was 23.1+1.1% on average indicated the efficacious data acquisition by advanced
480 immunopeptidomics of global immunopeptide identification.

481 During the analyses of HCT116, on average, we identified more than 7 neoantigens

482 from 1e® scale of HCT116 and three independent experiments resulted in total 11


https://doi.org/10.1101/2021.04.09.439118

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.09.439118; this version posted April 11, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Minegishi, Y. et al. 20

483 neoantigen identification. Five of those were identified in all three independent
484  experiments constantly and 4 were less constant. Although there are multiple possibilities
485 that defines the fluctuation of neoantigen identification, e.g., particularly low abundance
486 of source protein of less constant neoantigens compare to the constant ones, unraveling
487 the processing and the presentation mechanisms of constant and not constant
488 neoantigens may be interesting from the aspect of how to boost the neoantigen
489 presentation to reinforce the efficacy of ICl treatment.

490 Not only the neoantigen processing, but the global immunopeptides can be affected by
491 the external conditions such as stimulation by cytokines. The IFN-y induces so called
492 immune-proteasomal degradation intracellularly to produce different pattern of
493 C-terminus trimming of immunopeptides compare to the constitutive-proteasomal
494  degradation. More recently, this immunoproteasome expression has shown to associate
495  better response of ICI treatment in melanoma *°. In the melanoma cells, the population of
496 immunopeptides which significantly increased by IFN-y stimulation exhibited more
497 potential to activate cytotoxic T cells than stably presented immunopeptides. While in
498 CRC-organoids, although the IFN-y treatment drastically increased the amount of HLA
499 complex on cellular surface, the variation of immunopeptides were not commensurately
500 expanded®. In this study, the number of identified immunopeptides seemed apparently
501 abundant in tumor tissues than normal tissues while there was no statistically significant
502 difference between the number of identified immunopeptide when normalized by the
503 protein amount (Supplementary Figure 1). Not only the number of immunopeptides, it
504 has previously shown that the variation of immunopeptides could be modified by
505 proteasomal conditions ® *!. Recently, it is getting more clearer that the proteasomal
506 dynamics affects immunopeptidome largely and thus the population of immunopeptides
507 could be shifted accordingly. To date, there are three distinct proteasomes are reported
508 and in the field of oncology, the inflammatory proteasome got an attention because of its

509 association with interferon gamma (IFN-y). The proteasome subunits alter its
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510 combination under inflammatory conditions such as IFN-y stimulation which is often
511 associated with cancer lesions. The combination of proteasome induced by IFN-y, called
512 immunoproteasome, produces distinct property of immunopeptides because of its altered
513 catalytic subunit from caspase-like catalytic subunit to chymotryptic-like catalytic ones.
514 Therefore, the more chymotryptic-trimmed immunopeptides are produced and presented
515 under IFN-y stimulation. And the expression status of immunoperoteasome has been
516 reported as a prediction marker for better ICIs response in melanoma. * The
517 immunopeptidome with or without IFN-y stimulation by various types of cancer cell lines
518 have been previously reported, while there was no report of direct comparison of
519 immunopeptidome from tissue level to clarify how much the immunopeptide presentation
520 could be differ under cancer microenvironment. Further classification of immunopeptides
521 into normal or tumor- exclusive as well as shared population was revealed in identical
522  patients, the shift of immunopeptides population but was not that clear as previously
523 reported in in vitro samples. By in vitro samples, more chymotryptic-type trimming will be
524 increased by IFN-y condition assuming an inflammatory condition in tissue. In
525 tissue-based immunopeptidome, unlike the in vitro-based analyses, only the tryptophan
526 (W) exhibited the significant increase in tumor- exclusive immunopeptides. Arginine and
527 lysine both were in the group of trypsin-cleaved amino acids and often used at the same
528 residues, only the arginine exhibited the tendency of decrease. Intriguingly, the
529 cysteine-end immunopeptides were statistically increased in tumor-exclusive
530 immunopeptides. As such, the visibility of the shift of immunopeptide by C-terminus
531 trimming is different between the cellular and tissue samples. This may because, at least
532 in part, the admixture condition of cancer cells in tissues. The meanings should be
533 validated and the mechanisms behind would further be elucidated for the unknown
534  biology of immunopeptide processing.

535 The scarce presentation of neoantigens in solid tumors including colon and liver

536 cancers compare to the ICl-responsive cancers have been previously suggested * °.
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537 Actually, even by the in-depth immunopeptidome from 5 patient-derived organoids, a
538 highly purified cancer cell mass, of CRC identified only 3 neoantigens 2. For that reasons,
539 the number of neoantigens with cancer driver mutation are believed to be extremely rare
540 because the number of neoantigens could be further depleted as a result of cancer
541  immunity response that eradicates neoantigen presenting cancer cells from tissues 3% *3
542  with disagreement . Therefore, the consensus is not clear yet but not only in the CRC,
543 identification of the neoantigen with major cancer driver mutation has been believed to be
544  unlikely. Apparently, the number of neoantigens presented in CRC did not seem to be so
545  abundant in this study, while we successfully identified 2 neoantigens directly from tumor
546 tissues from stage IV CRCs. It is of worthy to investigate the early stage of CRC whether
547 it presents more number of neoantigens. The identification of KRAS-G12V is noteworthy
548 Dbecause this may overturn the myth of depleted neoantigen with cancer driver mutation.
549 Based on the fact that the previous report of clinical trials of cancer immunotherapy which
550 validated the efficacy of KRAS-G12D reactive autologous T cells restrained by
551 HLA-A*11:01 in lung metastasized CRC?*, the identification of immunopeptides that carry
552 KRAS-G12V and other oncogenic KRAS mutations from various cancers will be
553 anticipated to develop the KRAS-targeted ICI. And the CPPED1 has been reported as
554  cancer associated molecule. The CPPEDL1 that dephosphorylates AKT family kinase
555 and reported to have the function of tumor suppression by inhibiting IL-6 expression
556 through the axis of Akt/FoxO3 signal pathway that downregulates STAT3 in bladder

557 cancer cells®® ¥’

. And the Downregulation of CPPED1 in human papilloma virus
558 (HPV)-associated cancers. *® Further investigation of immunopeptidome in tissues of
559 pathologically early stages or even in the pre-cancerous state will debunk the current
560 controversial situation of depletion in driver gene-derived neoantigens and those
561 contributions in cancer immunity.

562 Unlike the ICI-responsive cancers, it's been getting gradually clearer that for some

563 reasons, neoantigen presentation is suppressed in CRC. The microsatellite stable (MSS)
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564 CRC receives less profit by ICI treatments compare to the microsatellite instable (MSI)
565 ones -2 And together, it has been reported that more mutation burden associates with
566 the better outcome by ICI treatment *. This is based on the notion/ theory that more
567 mutation burden evokes more possibility of neoantigen presentation. In this study, on the
568 contrary, no neoantigen was identified in the tumor sample of ID 119 carrying the highest
569 mutation burden (1752) with total 6983 immunopeptides. While the neoantigens were
570 identified from the tumor sample of ID 172 carrying 123 missense mutations with total
571 5661 immunopeptides and the ID 261 carrying less abundant mutation burden (69
572 missense mutations) with 7437 immunopeptides. Even the ID 119 which carries
573 equivalent mutation burden and the sufficient depth of immunopeptidome as HCT116, the
574  neoantigen identification was not available so far. To reinvigorate the cancer immunity in
575 the ICI non-responsive cancers like MSS-CRC, the agents that potentially boost the
576 antigen presentation and TCR activation are of great interest for next generation of ICls.
577 Currently, the STING agonist, one of the candidates that invigorates the cancer
578  immunity, are now in the phase 3 clinical trials *°. The STING agonist activates IRF3 to
579 upregulate the type | interferon and cytokines that boosts cancer immunity via the axis of
580 CD4+ T cell activation that governed by HLA class Il immunopeptides*’. On the other
581 hand, the oncogenic KRAS (KRAS-G12D) has been recently reported to suppress IRF2
582  which is indispensable for IFN-y secretion *2. The IRF2 thus activate the axis of CD8+ T
583 cell activation governed by class | immunopeptides. The physiological mechanism(s)
584 how KRAS-G12D possibly down-regulates IRF2 is still unclear, while the cancer patients
585 with this is oncogenic mutation exhibited statistically significantly lower expression of
586 IRF2 together with negative prognosis in several cancers . It is intriguing to evaluate the
587 efficacy of STING agonists against oncogenic KRAS carrying tumors from the view of
588 immunopeptidomics so that can tell us how much and the balance of cell-mediated
589 immunity and the humoral immunity play roles in cancer immunity. And this can be

590 validated by immunopeptidomics from tissue samples as one clear solution.
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591 The FAIMS-applied advanced immunopeptidomics hold promise to search the shared
592  neoantigens as well as the to validate the efficacy of agents for cancer immunotherapy by

593 directly assessing the actually presented immunopeptides.
594
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601 Figure Legends

602 Figure 1. Schematic diagram of personalized immunopeptidome analysis assisted
603 by differential ion mobility mass spectrometry (DIM-MS)

604 Advanced immunopeptidomics optimized for the analyses from small amount of cellular
605 or tissue samples together with the tailored database established from whole exome
606 sequencing for neoantigen identification. The FAIMS-Pro interface was coupled to mass
607 spectrometer for seamless gas-phase fractionation to enable the DIM-MS.

608

609 Figure 2. Validation of advanced immunopeptidomics and neoantigen
610 identification from HCT116 cells

611 A. Composite graph of the number of identified immunopeptide (HLAp) in bar graph
612 (white bars = without FAIMS, black bars = with FAIMS) and the number of source
613 proteins in dashed line graph. The index showed the approximate number of cells
614 injected for the single MS analysis. * p < 0.05, # p < 0.1 B. The number of neoantigens
615 identified from the same experiments of A. White bars= without FAIMS, black bars= with
616 FIAMS. * p < 0.05, ** p< 0.01 C. Composite graph of the number of identified
617 immunopeptide (HLAp) from three independent analyses approximately from 1e® of cells.
618 White bars = the number of immunopeptides from respective analyses, gray bar= an
619 average number of immunopeptides from 3 independent analyses, dark gray bar = total
620 number of identified immunopeptides. The number of source proteins were depicted in
621 dashed line graph. D. The number of neoantigens identified from the same experiments
622 as C. E. Length of immunopeptides identified. The length of immunopepties identified in
623 C was counted. F. Representative image of unsupervised HLA motif clustering and the
624  population of HLA assignment against genotype-matched HLA allotypes.

625

626 Figure 3. Results of personalized immunopeptidome analysis for CRC tissue

627 samples
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628 The results of immunopeptidome from clinical tissue samples (total 34 samples) of colon
629 cancer (n=17) together with adjacent normal tissues (n=17). A. An average of total
630 number of immunopeptides identified per patient (HLAp/ Patient) and the total number of
631 unique immunopeptides from all patients (Total Unique HLAp) were displayed in bar
632 graphs with respective numerals. B. An average of total number of source proteins
633 identified per patient (Protein/ Patient) and the total number of unique immunopeptides
634 from all patients (Total Unique Protein) were displayed in bar graphs with respective
635 numerals. C. Representative image of the information of patient-specific HLA-allotypes
636 and unsupervised HLA motif clustering by GibbsCluster2.0 for corresponding normal and
637 tumor immunopeptidome. Full information for 17 patients can be found in
638 Supplementary Table 1. D. Representative pie chart of immunopeptide assignment for
639 HLA allotypes according to patient specific HLA genotypes. E. Length distribution of
640 immunopeptides shown in A.

641

642 Figure 4. Mass spectrometric identification of neoantigens from CRC tissue
643 samples

644 A. Mass spectra of identified neoantigens from colon cancer tissues. From ID 172, the
645 oncogenic KRAS-G12V carrying neoantigen was identified. Possible cause of enhanced
646  affinity by mutation was depicted with motif sequence of A*11:01. The CPPED1-R228Q
647 was identically shown. B. Table for the details of identified neoantigens. The binding motif
648 and affinity was calculated by NetMHCA4.0.

649

650 Figure 5. Distinct features of c-terminus trimming between normal or tumor
651 immunopeptides in CRC tissues.

652 A. A pie chart depicts the frequency of amino acid usage at the C-terminus (pQ) of
653 immunopeptide. More than 99.5% of immunopeptide identified from colon cancer tissues

654 were included. B. The difference of amino acid usage (%) at pQ in normal-exclusive and
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655 tumor-exclusive immunopeptides compared to the shared-immunopeptide. C. A plot
656 depicted the negative correlation of tryptophan (W) usage at pQ in normal-exclusive and
657 tumor-exclusive immunopeptides.

658

659
660
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Table 1. Neoantigens identified from HCT116 by immunopeptidomic analysis

. Neoantigen . . . First Report (*)
Mutation Assigned HLA Affinity [nM] Detection
Sequence No WT in IEDB (#)

AGO2-H336Y QEQKYTYLP B4501 980.7 1/3 *
CHMP7-A324T QTDQMVFNTY A0101 33.48 3/3

FNBP4-K318E EEEEKGVAA B4501 83.24 3/3 *
NAPA-A181V  KVIDIYEQV A0201 50.07 3/3 *
NR1D1-G39D YSDNSNDSF A0101/C0701 28.34/5.89 3/3

GAPDH-169T  AENGKLVTN B4501 963.6 3/3 * B
IQGAP-S1070T VLEDKVLIV A0201 35.1 1/3 *
RBBP7-N17D EERVIDEEY B1801 194.48 1/3

NOTCH2-C41S NEGMSVTY B1801 6.2 2/3 *#
PDP1-N379D DEYTKFIPP B1801 158.49 1/3 *
UQCRB-N88K EEEKFYLEP B4501 728.67 1/3

The position of mutation is highlighted by underline. The affinity prediction by NetMHC4.0
was shown. The number of times identified out of 3 independent MS analyses was
shown.

* Newly identified neoantigens.

# There was no epitope information of the corresponding wild type sequence at IEDB.
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