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Abstract: Tumor-specific gene mutations might generate suitable neoepitopes for cancer immunotherapy that are highly
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immunogenic and absent in normal tissues. The high heterogeneity of the tumor genome poses a big challenge for precision
cancer immunotherapy. Mutations characteristic of each tumor can help to distinguish it from other tumors. Based on these
mutations’ characteristic, it is possible to develop immunotherapeutic strategies for specific tumors. In this study, a tumor
neoantigen prediction scheme was proposed, in which both the intracellular antigen presentation process and the ability to bind
with extracellular MHC molecule were taken into consideration. The overall design is meritorious and may help reduce the
cost for validation experiments compared with conventional methods. This strategy was tested with several cancer genome
datasets in the TCGA database, and a number of potential tumor neoantigens were predicted for each dataset. These predicted
neoantigens showed tumor type specificity and were found in 20% to 70% of cancer patients. This scheme might prove useful

clinically in future.
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Table 1 Overview of the related information and analyzed results of seven tumor datasets in TCGA

Bladder . Stomach  Lung adeno- Lung squamous
Cancer type Breast cancer Colon cancer Liver cancer . .
cancer cancer carcinoma cell carcinoma
Number of 82 606 55 063 63 519 32 554 81771 144 453 42 890
missense mutation
Categories of 4 4 4 4 4 4 4
amino acid length
Number of allele 20 20 20 20 20 20 20
Number of 396 982 217 373 379 543 178
patients
Peptides involved 62 780 560 41 847 880 48 274 440 24741040 62145960 109784280 32596 400
in prediction
Candidate epitope 698 1021 1314 245 436 6 460 704
Candidate epitope 92 121 208 25 59 640 65

involved genes
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Table 2 Top 5 mutation sites and related information in bladder and colon cancer dataset

Cancer type Gene :UT;;?):Z:?E Frequency Sa%upTeu:]it::ser Percentage (%) Number of HLA alleles
Bladder cancer FGFR3 S249C 30 29 7.32 3
PIK3CA E545K 28 50 12.63 6
PIK3CA E542K 17 65 16.41 9
ZNF814 D404E 15 7 19.44 2
TP53 E285K 12 85 21.46 3
Colon cancer BRAF V600E 25 25 11.57 3
PIK3CA E545K 19 44 20.37 6
KRAS Gl2v 17 61 28.24 1
NEFH E645K 15 74 34.26 3
OPRD1 C27F 17 83 38.43 2

http://journals.im.ac.cn/cjbcn



BEE /BT TCOA HEMNUMBRRENNEN—MENEEFHERE 1301

AT HT) LASM ) 6 b e S i 2R IR 2R AT T 2 RE
AR, LUBH D B R S s Bl 1], A
FERTPUE KB A TE 92 R |, X S B T Rk
= ARARANE 3 s, HoA MR S Dh e A A5
BIANTEM A 3 (WTERI 28 fi b T 3k) . i B 4

A

Pathway enrichment analysis

0 1

BERE RN 56 H TR SR 7R i SE I IR i 37
(38 %5 R ) Sl AR S RE VIO, R T
NP2, /MR | R AOREE | 8
E AR O RRACHT . IS P B AR N Tl . e
(O LRSS, gE— 2 AE T T R 0 AT S

= -Log (P-value)
2 3 4 5

T

T T T d

Platelet activation

Focal adhesion

Pathways in cancer

Neurotrophin signaling pathway

Sphingolipid signaling pathway

Proteoglycans in cancer

Viral carcinogenesis

Regulation of actin cytoskeleton
Rap1 signaling pathway

Colorectal cancer

Central carbon metabolism in cancer

Oxytocin signaling pathway

ErbB signaling pathway
MicroRNAs in cancer

Estrogen signaling pathway

T cell receptor signaling pathway
Bladder cancer

Thyroid hormone signaling pathway
PI3K-Akt signaling pathway w
Endometrial cancer !
Whnt signaling pathway

Gene ontology

® Biological process

Biological process

Phosphatidylino] ERBB2
sitol-mediated
signaling

signaling
pathway
Platelet activation

Negative Positive
regulation of |
neuron
apoptotic
process

transcription
from...

Intrinsic apoptotic
signaling pathway
/ascular
endothelia
ositive orowth
regulation of
gene

Viral process expression

® (Cellular component

® Molecular function

Cellular
component

Rho protein
signal

. Nucleus
transduction

ucleoplasmy Cleavage

futrow

Ras protein
signal
transduction

Parkin-FBXW7-
Cull ubiquitin

ligase complex  |Intracellular

Molecular
Positive function
regulation
of ERK1
and

Phosphatidy

Transcription
factor binding

3 BEREHESEERERENNEENINEEES N
Fig. 3 Functional enrichment analysis of candidate neoantigen related genes in bladder cancer dataset. (A) Pathway

enrichment analysis. (B) Go annotation analysis.

&: 010-64807509

. cjb@im.ac.cn



1302 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

[RES, - AN [ 9 i 5 A iy o0 235 2 v ] AR
58 31| 55 SRR RE M O A Th R I I B s 4, BoR
HB MR R R R S, X AT RE A RE R AR IR YT
FRFT ) . LA B A ), LAy
bl N TS A, R AT REA AT
WA 1) /N X i Jed 2 B iR R A . A Y
FIR ML/ INACES R R P A G g e B B A OG
I /INBR P LA oA G ke | A A ik 2
v s Bt AR IR A SEIRAIE R, R 20 A
He 2RAZ ) RNA 55 AL/ AP o B9 3 M 28 1
52 TR 270 982 B8 3 A I /INBR R 2 BT R RE R S B
RNA A #1k5i0 4, 1 egfrviii 2657, i/ MGARE
FARFIE tgf-B, M4 Bl 4= 28k g A0 e ] T
AR EYE e, 2) 258 MR, 250
TR P T 68 Il 2o R i /P EE 2 AR BT R 2
—, M%) 80%—90% 1 i i £ & A PR AHEAR
ML/ S B3 P 3 AT B8 U PR i bR A B
WA T RS ARG & w5 & AR BLG A i T

U4, 75 LB T B e 5 SR v A% O B A D 2
B R ARG B S5 AU A R,
AT WIAR(E S AR VEER
HOHE 25 5 T EOR M R I AT R S A TR R 28
A, BRI R A Mk AN
PSS P, rapl {55 K L jak-stat 75538
W . AR TE WA I £ (AR
i . IR AN ), 34 & 30K v i R 4% VA
TP SE A e AR SR AR R AR I S D] 58 AR i AN 15
HEAE HE L, X4 R S I DR 7R il e s P
Al REA S HA A A BV o TR, R RE R S 1Y
FEERE . WINE 155 450 e 22 Fh iR B0 4 1
SATEE R R I, BEOR U K S (IR T
5 A A REXT Z R e AR LA TR YT IR
23 HREMKMHIE—TITERENESHHE
ik

PRI BRI TN A 25 SR 2 B, e A

http://journals.im.ac.cn/cjbcn

FFTPUR B S B 2 2 R, (HH A%
BOEATREE R, AT BT 0 I S 30 36 UE AR SR A7
TEPRER . R, 256 58 A0 i IR | SR
TENTER 5 HL LI M HLA 85 R i 457 JE % E 3
ANHEARVE R FEIEMARAE, SF— 2P0 A A
e THOIN 45 SR v HE 24 i 20 0 ik IR B e i, ax sk
i 38 IR B B A R B AR AR, TR
RS WA TR 4 (FTTEM 25 R T #) .

SEDR 98 AR AT A3 2 ) 2K 11 0T = e S k) e AR R
M S 7 0 42 A DG PR A= W24 TR, S A a0 T e 17
KRG R, S5F 5 E 0 AR T R N HAt
EHRHEA, HAH0ERRaEiEt, 2HE
1R 3% A i T o8 P O B s 2 368 7 440 i 2 T 1 J L6
A . K SWISS-MODEL X i 4% 5 k47 = 4
BRI, Al DLt — i A T 25 R A
5 FMEEAAST A WE 4 Fis, TP53 E A MR
175 PN HELERAL 5 PIK3CA 25 1 0%5 542, 545 4
RIS R IEF RSB R ERD )G, HA R
LR B 22 9 5 TPS3 & 1 175 S LR 7 A Kk
AERAR I, KR SR 1 TF G S5 A e A T
IIE L5, X AT GRS M J A IR P53 A R
IhfE b2 19343 JELR . PIK3CA ZE 11114 542,545
NSRS R E R G, %A 5 B R R T 45
GG AT TEE S, $&78 PIK3CA
AL WA 0 03 mT RS , el 4 A5 51
T Z BN, R 4 A A TS B
3 it

3 DR 5 A Ay 98 200 i R0t T Ak G ke T,
b 2 70 e DR R R 3 240 R TP e R R M 3, il
A R R GV EE AR KO R R G 0, e
GEAR S5 IR AN M AR T A A7 R R, AR IR G
SPHE R TR RIRITHE A . AR, R S i yT
o 25 b oF R, {H BB B B8 IR 97 AU
20%-30% 1 B4 A TSR, A NREIZ, X



BEE /BT TCOA HEMNUMBRRENNEN—MENEEFHERE 1303

TP53 R175H

Structure of
mutation site

PIK3CA E542K

Structure of
normal site
: |

PIK3CA E545K

B4 A TP53 1 PIK3CA &MU ARTIENEAR=ZHEMTUMELRER
Fig. 4 The simulation of changes in three-dimensional structure of protein TP53 and PIK3CA induced by mutations.

AR AE L7 4ok i A Sk R 2018 4,
K B 3£ B MD &8 AR E o 58 b0 iy Allison A H
AR KA 1 Tasuku 5& TG PR G I 19 IR 7 i
HI7 I R AR DUR A B2 2 gk — 2 MRS R ieih
SYIOBIETE . R H RTBA AT R0 g H0 i o A
B L4448 8 s S35 7 BRI IE AT A BT IS 1) i
Teku %5F 2018 4Ffifi i} NetMHCpan 4.0 % 30
Folvses iE 1 26 19 B A B A T T o b, H A s 2R
IR, Hi—f% NetMHCpan Tl 3 A4 38 plBe
5 HLA 53 FRYRBEEEA R T R g% SO 02
ANFEIT A, SEPRAEY Y, AR
by 2 1 P X T A 3 AN A TP R AR B i T
TAP 55 WH Ik B I S5t 5% 128 28 TN 5 IO 14 2805
W52 P s i 45 R . A NetCTLpan 5
NetMHCpan T H.454, M8 7 I #r o s i i)
VG B RN, FeOr 75 I8 T R A R kB
TERL N I R A S s B, B 0 i A Y i
T G, U A S g% IR G T DU 3 AH 24 T
B NFE . QL5 Firzs, 8T Y g 5 e S AR
VG B2 AR BT 4 e« IR . ISR 24
NN o I N = B R V3 €7 SO L

&: 010-64807509

75 31) B4 A 328 Ao 98 B e D A B S AT DA 26 A B
PRAE 71.76% . 40.66% . 33.52% . 33.23%. 29.22% .
27.97%F1 22.28%0 il e .

WeAh, e 7 PR e R B S A T 4 SR
FRATT I e BT 3 5 DR 7 P v -k A A R TR 5%
AR,k S L A AT RETE 2 R E I S e iRy o
AR, 40 tp53 (7/7) 5 pik3ca (5/7) LK RSy EE
TRE PN, Hh TP53 B AR 175 P
MR s B ATE 4 Floms e AR B, AR L
SAENFER I H A5k 6.91% (45 %) . 2.90%
(B 988).2.14% (FLIRSE) 1 1.68% (I 4R 40 L9 )
TE 175 v 5 FE, 176/163/157 2545 &5 () 288 16N
BEvht 5 — &M%, PIK3CA MY 545
(7/7). 542 (5/7) GILFRNL S AE 7 Fjea i At 45 %
I, BIAAEE IS B 11.41% (FLIRIE) .
11.36% (JEIbESER) . 8.76% (45 M7 98) . 7.30% (i fiftk:
AiMsE) . 2.90% (B E) M 2.39% (i) PR T
ERIEHEZAN, BATEKRIT —HALTE R e
TR IR SR A% . QAR 25 B 98 55 0 B9 v 2 28 4
AL kras JER TR | JBEIbE I o8 AR AR A R
iy fofr3 JEIR AR | 45 B b o8 AR g &

. cjb@im.ac.cn



1304 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

Bladder cancer

Breast cancer

=307 35
= £ L
P! < 30
g 2251
% 301 % 20k
5 15
goof Sl
= E 10t
= . =)
2 10 E st
B 0 1 | 1 | e 0 ! ! 1 )
0 3 10 13 20 0 5 10 15 20
Number of antigens Number of antigens
Colon cancer Liver cancer
~ 80 35
= 70 30t
% 60 % s |
T 50t g
2 220t
S ot 5.
I g 51
% 20 - ;j 10F
2 10 g or
0 L 1 1 J A 0 1 )
0 3 10 15 20 0 10 20
Number of antigens Number of antigens
Lung adenocarcinoma Lung squamous cell carcinoma Stomach cancer
25 40 - 30 -
2 E 35t 9
=20 < 25
5o g RIEAS o
] (=21
i &= 25 < 20+
g 15+ ».1; d §
8 3 20+ B1s5t
£ 10¢ S 15| g
g E g0t
E 5Lk = 10t .L;
5 5 5. & 5
A~ -
0 1 1 0 1 1 0 L 1 ! ]
0 10 20 0 10 20 0 3 10 15 20

Number of antigens

Number of antigens

Number of antigens

B 5 ARYZEHFEEDHZE 20 BIREMERNEREEEEEAPHRNEBESE
Fig. 5 Cumulative population coverage of the top 20 candidate peptides in different cancer datasets.

B opprdl ., nefh K [N 58 A8 45 45 7E Ho A JLF S
FEH LT AR LB, JE R 548 i BB R FR AT
TR B R AR, AS R 45 5 T% B e
Ji TR A Y ) RE T SR AT RE AN

SC R S £ bR T D 04 TR SR W B AR
T Z WY R, (A T A R A X
S, AETER RS 0] o A, 00 5 w4
Br TCGA Htls A% 17843 Mg Wb, (HASZ
A MHC 23 PTIEHraeS R e N, Mg #

http://journals.im.ac.cn/cjbcn

B LA B S s, (PSR B B T A7 T A
e, ST (A 7 R 7 L L 4 T R
e — B, IR, TR T A B T AT
RO RS 5, R T
WAlE . BRI | I B S 50 R A T A
WAL DL, MR 4S50 T 5 5 B 1 1
REFIBSRIEBILEL , S A7 H ot 3 24401
LW NGE ST

L b, SO R T R A P S



BEE Z/ETF TCCA BUBTRNMBRARETREN—MEYESES2HSE 1305

N SN2 UM 7R 5 45 4 BE T O IR B 5T
(TN , A BRI /D S2 06 T AR R, RIS
RIG ST FH AL T — A S 0 E B 7 b
TR NHIZHR S RG 0 T TCGA h Z g
FEDIZ P, A3 T — im0 e
B SR, B A FE s MHC T 2
RAPUR A AR A —E W E S, A
TEAE 1 ek PR g A1 o

REFERENCES

[1]

[2]

(3]

[4]

[5]

(6]

[7]

(8]

(9]

[10]

Greenman C, Stephens P, Smith R, et al. Patterns of
somatic mutation in human cancer genomes. Nature,
2007, 446(7132): 153-158.

Salk JJ, Fox EJ, Loeb LA. Mutational heterogeneity
in human cancers: origin and consequences. Annu
Rev Pathol, 2010, 5: 51-75.

Stratton MR, Campbell PJ, Futreal PA. The cancer
genome. Nature, 2009, 458(7239): 719-724.

Pagés F, Galon J, Dieu-Nosjean MC, et al. Immune
infiltration in human tumors: a prognostic factor that
should not be ignored. Oncogene, 2010, 29(8):
1093-1102.

Hanahan D, Weinberg RA. Hallmarks of cancer: the
next generation. Cell, 2011, 144(5): 646—674.

Zhang Y. Chin J Biochem Mol Biol, 2018, 34(11):
1135-1137 (in Chinese).

SRR, FF R I A T BT A ——2018 4E 3% DUR
A B BB S A T E A 5 TR
241, 2018, 34(11): 1135-1137.

Kreiter S, Vormehr M, van de Roemer N, et al.
Mutant MHC class Il epitopes drive therapeutic
immune responses to Nature, 2015,
520(7549): 692-696.

Teku GN, Vihinen M. Pan-cancer analysis of
neoepitopes. Sci Rep, 2018, 8: 12735.

Yadav M, Jhunjhunwala S, Phung QT, et al.
Predicting immunogenic tumour mutations by
combining mass spectrometry and exome sequencing.
Nature, 2014, 515(7528): 572-576.

Jurtz V, Paul S, Andreatta M, et al. NetMHCpan-4.0:
improved peptide-MHC class | interaction predictions
integrating eluted ligand and peptide binding affinity

cancer.

&: 010-64807509

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

data. J Immunol, 2017, 199(9): 3360-3368.

Stranzl T, Larsen MV, Lundegaard C, et al.
NetCTLpan: pan-specific MHC class | pathway
epitope predictions. Immunogenetics, 2010, 62(6):
357-368.

Bais P, Namburi S, Gatti DM, et al. CloudNeo: a
cloud pipeline for identifying patient-specific tumor
neoantigens. Bioinformatics, 2017, 33(19):
3110-3112.

Pritchard AL, Burel JG, Neller MA, et al. Exome
sequencing to predict neoantigens in melanoma.
Cancer Immunol Res, 2015, 3(9): 992-998.

Negrini S, Gorgoulis VG, Halazonetis TD. Genomic
instability--an evolving hallmark of cancer. Nat Rev
Mol Cell Biol, 2010, 11(3): 220-228.

The Cancer Genome Atlas Research Network,
Weinstein JN, Collisson EA, et al. The cancer
genome atlas pan-cancer analysis project. Nat Genet,
2013, 45(10): 1113-1120.

Gao H, Han Y, Zhai XX, et al. The research progress
of antigen presentation by MHC molecules. Chin
Bull Life Sci, 2017, 29(5): 450-461 (in Chinese).
Ak, W, e, . MHC 4rHi)sis AL
IRETE . A fmRla#, 2017, 29(5): 450-461.
Tenzer S, Peters B, Bulik S, et al. Modeling the MHC
class | pathway by combining predictions of
proteasomal cleavage, TAP transport and MHC class
I binding. Cell Mol Life Sci, 2005, 62(9): 1025-1037.
Paul S, Weiskopf D, Angelo MA, et al. HLA class |
alleles are associated with peptide-binding repertoires
of different size, affinity, and immunogenicity. J
Immunol, 2013, 191(12): 5831-5839.

Larsen MV, Lundegaard C, Lamberth K, et al.
Large-scale validation of methods for cytotoxic
T-lymphocyte epitope prediction. BMC Bioinf, 2007,
8: 424,

Chen WQ, Sun KX, Zheng RS, et al. Report of cancer
incidence and mortality in different areas of China,
2014. China Cancer, 2018, 27(1): 1-14 (in Chinese).
WRTE, INATRK, FBoRAE, 45, 2014 4ErpE 3 X
ANER AR AR T . R E R, 2018, 27(1):
1-14.

Siegel RL, Miller KD, Jemal A. Cancer statistics,
2018. Cancer J Clin, 2018, 68(1): 7-30.

The UniProt Consortium. UniProt: the universal

=

cjb@im.ac.cn



1306 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244  Chin J Biotech

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

protein knowledgebase. Nucleic Acids Res, 2018,
46(5): 2699.

Jiao XL, Sherman BT, Huang DW, et al.
DAVID-WS: a stateful web service to facilitate

gene/protein list analysis. Bioinformatics, 2012,
28(13): 1805-1806.
Waterhouse A, Bertoni M, Bienert S, et al.

SWISS-MODEL: homology modelling of protein
structures and complexes. Nucleic Acids Res, 2018,
46(W1): W296-W303.

Zheng X. Significance of mutanome in tumor
immunotherapy. Chin J Cancer Biother, 2015, 22(6):
794-798 (in Chinese).

KR . T e 5 PR 98 A8 4 22 A b R S R T Hh I
X A E MR A IR T 4R, 2015, 22(6): 794-798.
Martincorena |, Seshasayee ASN, Luscombe NM.
Evidence of non-random mutation rates suggests an
evolutionary risk management strategy. Nature, 2012,
485(7396): 95-98.

Baugh EH, Ke H, Levine AJ, et al. Why are there
hotspot mutations in the TP53 gene in human
cancers? Cell Death Differ, 2018, 25(1): 154-160.
Cao W, Ma EG, Zhou L, et al. Exploring the
FGFR3-related oncogenic mechanism in bladder
cancer using bioinformatics strategy. World J Surg
Oncol, 2017, 15: 66.

Koundouros N, Poulogiannis G. Phosphoinositide
3-kinase/akt signaling and redox metabolism in
cancer. Front Oncol, 2018, 8: 160.

Ma DX, Yang JY, Wang Y, et al. Whole exome
sequencing identified genetic variations in Chinese
hemangioblastoma patients. Am J Med Genet A,
2017, 173(10): 2605-2613.

Mishra A, Brat DJ, Verma M. P53 tumor suppression
network in cancer epigenetics. Methods Mol Biol.
2015, 1238: 597-605.

Marranci A, Jiang Z, Vitiello M, et al. The landscape
of BRAF transcript and protein variants in human
cancer. Mol Cancer, 2017, 16: 85.

Kawada K, Toda K, Sakai Y. Targeting metabolic
reprogramming in KRAS-driven cancers. Int J Clin
Oncol, 2017, 22(4): 651-659.

van Vlodrop IJH, Joosten SC, de Meyer T, et al. A

http://journals.im.ac.cn/cjbcn

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

four-gene promoter methylation marker panel
consisting of GREM1, NEURL, LAD1, and NEFH
predicts survival of clear cell renal cell cancer
patients. Clin Cancer Res, 2017, 23(8): 2006—2018.
Castle JC, Kreiter S, Diekmann J, et al. Exploiting
the mutanome for tumor vaccination. Cancer Res,
2012, 72(5): 1081-1091.

Jia J. Functions of platelets in tumor growth and
metastasis. J Int Oncol, 2013, 18(11): 1033-1036 (in
Chinese).

B ML/NICTE IR e A% O A . e PR iR~ 2%
%, 2013, 18(11): 1033-1036.

Joosse SA, Pantel K. Tumor-educated platelets as
liquid biopsy in cancer patients. Cancer Cell, 2015,
28(5): 552-554.

Rachidi S, Metelli A, Riesenberg B, et al. Platelets
subvert T cell immunity against cancer via GARP-TGFp
axis. Sci Immunol, 2017, 2(11): eaai7911.

Kamat AM, Hahn NM, Efstathiou JA, et al. Bladder
cancer. Lancet, 2016, 388(10061): 2796-2810.
Cleary AS. Teamwork: The tumor cell edition.
Science, 2015, 350(6265): 1174-1175.

Le DT, Hubbard-Lucey VM, Morse MA, et al. A
blueprint to advance colorectal cancer immunotherapies.
Cancer Immunol Res, 2017, 5(11): 942-949.

O’Donnell TJ, Rubinsteyn A, Bonsack M, et al.
MHCflurry: open-source class I MHC binding
affinity prediction. Cell Syst, 2018, 7(1): 129-132.
Boegel S, Lower M, Bukur T, et al. A catalog of
HLA type, HLA expression, and neo-epitope
candidates in  human cancer cell lines.
Oncoimmunology, 2014, 3(8): €954893.

Park TS, Rosenberg SA, Morgan RA. Treating cancer
with genetically engineered T cells. Trends
Biotechnol, 2011, 29(11): 550-557.

Porter DL, Levine BL, Kalos M, et al. Chimeric
antigen receptor-modified T cells in chronic lymphoid
leukemia. N Engl J Med, 2011, 365(8): 725-733.

Lee DW, Kochenderfer JN, Stetler-Stevenson M, et
al. T cells expressing CD19 chimeric antigen
receptors for acute lymphoblastic leukaemia in
children and young adults: a phase 1 dose-escalation
trial. Lancet, 2015, 385(9967): 517-528.

(B35 BRET)



