Large-scale T cell epitope discovery
in Yellow Fever

‘\ I.‘.“
-

f» .\ ~w

f, 5.?

Immunological Bioinformatics @ Center for Biological Sequence

Jan 2nd, 2018 .
Analysis



YFV T cell epitope discovery strategy

Donor/patient samples: Antigen:
240 YFV vaccinated donors - YFV whole proteome
- 2-3 weeks post vaccination: Peptide strategy:

200ml blood : =450*10° PBMC 870 overlapping peptides (15aa

Initial screening (forward immunology):
Assay: ELISpot of peptides distributed in a 30x30 matrix

Epitope validation (reverse immunology):
HLA-I tetramers
HLA-II tetramers




Overlapping peptide representation of antigens
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| 3411 aa long YF precursor protein |
MSGRKAQGKTLGVNMVRRGVRSLSNKIKQKTKQIGNRPGPSRGVQGF IF FFLFNILTGKKITAHLKRLWKMLDPRQGLAVLRKVKRVVASLMRGLSSRKRRSHDVL TV

MSGRKAQGKTLGVNM
KAQGKTLGVNMVRRG
KTLGVNMVRRGVRSL
VNMVRRGVRSLSNKI
RRGVRSL SNKIKQKT
RSLSNKIKQKTKQIG
NKIKQKTKQIGNRPG
QKTKQIGNRPGPSRG
QIGNRPGPSRGVQGF
RPGPSRGVQGFIFFF

= 900 YF peptides, 15 amino acids long with 11 amino acid overlap,
potentially representing all CD4 and CD8 T cell epitopes
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One 30X30 matrix analyzed by ELISpot

Donor YF10-1067

24 positive columns x 27 positive rows = 635 intersections

Matrix Columns
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Cl|Cc2|C3|C4|C5(C6|C7|C8|C9 ([C1l0({C11{C12|C13(C14(C15(C16|C17|C18|C19|C20|C21|C22|C23|C24|C25|C26|C27|C28|C29|C30
0 0 0 0 0
25232 25233 25234 25238 25239
25261 25262 25263 25267 25268
25292 25293 25295 25299 25300
25322 25323 25324 25328 25329
25351 25352 25353 25357 25358
25379 25380 25381 25385 25386
25415 25416 25417 25421 25422
25445 25446 25447 25451 25452
25476 25477 25478 25482 25483
25505 25506 25507 25513 25514
25537 25538 25539 25545
25569 25570 25571 25575 25576
“ 25597 25598 25599 25603 25604
g 25626 25627 25628 25632 25633
=}
x 25655 25656 25657 25661 25662
x
': 25684 25685 25686 25690 25691
=)
© 25713 25714 25715 25719 25720
1N 2 e e e e o
25775 25779 25782
25805 25806 25812 25813
25839 25840 25841 25844 25845 m
25897 25898 25899 25903 25904
25926 25927 25928 25932 25933
25955 25956 25957 25961 25962
25984 25985 25986 25990 25991
26013 26014 26015 26019 26020
26043 26044 26045 26049 26050
26484 26486 26487 26491 26492
Rso 0 26502 26503 26504 26505 26506 26507 26508 26509 26510 26511 26512 26513 26514 26515 26516 26517 26518 26520 26521 26522 26523 26524 26525 26526 26527 26528 26529 26530 26531
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Four 15x15 matrices analyzed by ICS

Donor YF10-1067

Intersections
ELISpot 30x30: 635
ICS four 15x15: 345

CD4 responses:
CD8 responses:

CD4 T cell response

D Tetramer validated

CD8 T cell response

42 (7 tetramer validated)
23 (23 tetramer validated)

CD8 T cell response
26014: VRPIDDRFGLALSHL

CDA T cell response

25984: EQEILNYMSPHHKKL

151 | 152 | 153 | 154 | 15 357
25310 [ 25311 | 25312 [ 25313 | 25314 25321 2 | 25493 25498
25325 | 25326 | 25327 | 25328 | 25320 25336 25508 | 25509 25516
25339 | 25340 | 25341 [ 25342 [ 25343 25350 25920
25354 | 25355 | 25356 | 25357 | 25358 25364
25396 | 25397 | 25398 | 25399 | 25400 25414
25418 | 25419 25420 [ 25421 25429
25433 | 25434 | 25435 | 25436 | 25437 25444 25975
25448 | 25449 | 25450 [ 25451 | 25452 25461 25988 | 25989 | 25990 25994 25996 | 25997
25855 | 25856 | 25857 | 25858 | 25859 25863 25866 26031 | 26032 | 26033 26038 26040 | 26041 | 26042
1R10 25870 | 25871 | 25872 | 25873 | 25874 | 25875 | 25876 | 25877 | 25878 25881 | 25882 | 25883 | 257154 3.R10 26046 | 26047 | 26048 | 26049 | 26050 | 26051 | 26052 | 26053 | 26054 | 26055 | 26056 | 26057 | 26058 | 26059 | 15916
1R11 25885 | 25886 | 25887 | 25888 | 25889 [ 25890 | 25891 | 25892 | 25803 25896 | 25897 | 25898 | 2584 26062 | 26063
1R12 25900 [ 25901 | 25902 | 25903 | 25904 [ 25905 | 25906 | 25907 | 25908 25911 [ 25912 [ 25913 | poa 26490 | 26491
1R13 26001 26002 | 26003 | 26004 | 26005 | 26006 26. 26008 26011 | 26012 | 26 ) 25795
1R14 26016 | 26017 | 26018 | 26019 | 26020 [ 26021 | 26022 | 26023 | 26024 26026 | 26027 | 26028 |“aGaas 25811 | 25812
1R15 25787 | 25788 | 25789 | 25790 | 25791 | 15872 | 25848 | 25849 | 25850 15887 | 26015 | 27479 25771 | 25772
256 | 257 as12 | as13
25225 | 25226 25536 | 25537
25240 | 25241 15878 25550 | 25551 | 25552 | 25553 [ 25554
25283 | 25285 25295 25594 | 25505 | 25596 | 25597 [ 25598
25300 | 25301 25309 25603 25607 | 25608 10 25611 | 25612
25254 | 25255 25263 25614 | 25615 | 25616 | 25617 25621 | 25622 | 25623 | 25624 | 25625 [ 25626
25269 25277 25630 | 25631 | 25632 25636 | 25637 | 25638 | 25639 | 25640 | 25641
25372 | 25373 25381 25651 | 25652 | 25653 | 25654 | 25655
2.R8 25382 | 25383 | 25384 | 25385 | 25386 [ 25387 [ 25388 | 25389 | 25300 [ 25391 | 25302 [ 25393 | 25394 | 25305 25661 25666 | 25667 | 25668 | 25669 | 25670
2.R9 25464 | 25465 | 25466 | 25467 | 25468 | 25469 | 25470 [ 25471 | 25472 [ 25473 | 25474 [ 25475 | 25476 | 25477 [ 25478 25675 25679 | 25680 | 25681 | 25682 | 25683 | 25684
2.R10 25479 | 25480 | 25481 | 25482 | 25483 | 25484 | 25485 25486 | 25487 | 25488 | 25489 | 25490 | 25491 | 27463 25690 25694 25698 | 25699 [128700
2.R11. 25555 | 25556 | 25557 25562 bos 12803 1289 | 25571 25704 25708 25712 | 25713 | 25714
2.R12 25572 | 25573 | 25574 25577 | 25578 25581 | 25582 | 25583 | 25584 | 25585 25723 25727 | 25728 [R38729
z.R13. e = B baa | ?a @ AT enter 26508 | 26509 [ 26510 | 26511 | 26512 | 26513 | 26514 | 26515
25735 | 25736 | 25737 8| 25739 | 25740 | 25741 | 25742 | 25743 | 25744 26524 | 26525 | 26526 | 26527 | 26528 | 26529 [ 26530 [ 26531
a .
EZZS 25824 | 25825 | 25829 | 25830 | 25831 | 25832




CD8 T cell epitope prediction; NetMHCpan

CD8 T cell response

26014: VRPIDDRFGLALSHL

# NLAreatrictor with NetMiCpan Islouse varsiocn 2.9

# NLA typos useod: HLA-A02:91, NIA-AI2:01, HLA-37:02, HLA-DAD:01, RIA-O07:102, HLA-C0):04 |

¢ Poptide lexgthe:| B, 9, 10, 11 |

¢ Sort-motiod: OR. Sort-soder HlA-orieated

# Arank threahold for swrong binding peprides: 0.5%rank

# Arank sheeahold for weak binding peptidess 2.00rank

# AMiinlvy threshold for strong binding peptides: 50.0am

# AMiiaicy throstold for weak binding peptides: 540.0mx

# Nusber of predictiona per poptide: Sot specified

¢ Non-bindera shown op to a prodiction score of 1.0¢(weak binding threshold)

Results for npna muom.|mzooamx.m

roe hmh Pept ide A i xqsououn Muouyum SRank Label Estimated prediction acouracy
2 11 RPIDORTCLAL ELA-DODY:02 D.927 7 0.05% Strong binder 9 L)
3 9 EPIDDRTCL ELA-DD7:02 D.402 b ) | 0.25% Strong binder 0.933
3 10 RPIDORIGLA KA-RD7:02 .40) 248 1.0 ¥Woak binder 0.45)
: 10 VRPTOORFOL BAC0Y402 0.402 A 1.0 Seak biader 0.4%
L " FCLALSEL ELA-CO0) 04 0.506 210 4.0 Conbined binder 0,694
P 11 EPIDORIGLAL BLA-CO): 04 0.508 212 4.0 Coabined bisder 0.469%¢
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HLA-I tetramer validation

Ex Vivo Tetramer
analysis
VRPIDDRFGLALSHL HLA- Peptide Prediction  Stability TMR+ (J l\c/';;_
RPIDDRFGL g (nm) (t)  (6CD8Y) ol
RPIDDRFGLA B07:02 RPIDDRFGL 31 6.3 0,3% 2.3%
RPIDDRFGLAL ' ' ' '
B07:02 RPIDDRFGLA 268 3.1 0% 0%
B07:02 RPIDDRFGLAL 7 2.5 0.1% 1%
2 8% 3 1 67% 2 5 = 5,8%
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ldentified YFV specific CD8* T cell epitopes

Epitope screening and identification in 50 YFV vaccinated donors

Tetramer validated 127 epitopes

90%
41 different HLA-I molecules ® All epitopes

80%
e 103 different peptides

B HLA-A epitopes
B HLA-B epitopes

70%

60%

50%

40%

30%

Frequency of epitopes

20%

10%

0% -
8-mer 9-mer 10-mer 11-mer

Epitope size
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CD8* T cell dominance

The 127 tetramer validated epitopes were ldentified by screening
of 50 YFV vaccinated donors

For dominance analysis the 127 epitopes were evaluated in 192
YFV vaccinated donors and whenever possible tested in at least
20 donors with the HLA-I allotype in question



A*01:01

A*02:01

A*03:01

A*11:01

A*24:02

A*32:01

A*68:01
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CDA T cell epitope prediction; NetMHCllpan

YF10-1067: DRB1*13:02; DRB1*15:01; DRB3*03:01; DRB5*01:01

# NetMNCIIpan versioa 2.1

# Input is in FEA format

# Throshold for Strong binding peptides 50.000

# Threshold for Weak binding peptides 500.000

# Rank Threshold for Strong binding peptidea 0.5%00
# Rank Threshold for Weak binding peptides 2.000

0 DRBI*1302 EQEILNYMSPHHKKL Sequence 3 ILNYMSPHH 0.332

# Threshold for Sirong binding peprides 50,000

# Throakold for Weak binding peptidea 500.000

# Rank Threshold for Strong binding peptides 0.500
# Rank Threahbold for Weak binding peptides 2.000

poa HZA peptide Identity Poa Core l-loglSk{aff) Affinity(nNM) ARank DindLevel
0 papleisol EQEILNYMSPUNKXL Sequence 3 ILNYMSPHM 0.680 21.68 0.70 <~ 5B

Protein Sequence., Allele DRRLI*1501, Number of high binders 1. Number of weak binders 0. Nuaber of peptides 1

# Threshold for Stroaqg binding peptides 50.000

# Threshold for Weak binding peoptides 500.000

# Rank Threshold for Strong binding peptides 0.500
¢ Rank Threshold for Weak binding peptideas 2.000

pos nZA poptide Identity Pom Core 1-loglSk{aff) Afinity(mN) tRank DBindLevel
0 DARRl+0J01 EQEILNYMSPHNXXL Soquonce 3 ILNYMSPHN 0.507 114.90 16.00 <= WD

Prorein Sequence, Allele DRBI*0301., Number of high binders 0, Number of weak binders 1. Nember of peptides )

# Threahold for Strong binding peptidea 50.000

# Threshold for Weak binding pepiides 500,000

# Rank Threshold for Stroang binding peptides 0.500
# Rank Threshold for Weak binding peptides 2,000

pos HZA popt ide Identivy Poe Core 1-logiSk{aff) AMfiinity(nN) ARank BindLevel

0 PRASs+0101 BOQRILNYMSPHNXKL Soquence 4  LNYMSPHRE 0.858 3.9 0.30 <~ &b

Immunological Bioinformatics @ Center for Biological Sequence
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HLA-Il tetramer analysis

DRB5*01:01/NS5 551-565 (APC)

DRB1*15:01/NS5 551-565 (APC)

I N
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Immunological Bioinformatics @ Center for Biological Sequence

HLA- Protein Sequence

DRB1*15:01 NS5551-565 EQEILNYMSPHHKKL

DRB5*01:01 NS5 551-565 EQEILNYMSPHHKKL

DRB1*15:01/NS5 551-565 (APC)

1J. 800
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Tetramer validated CD4* T cell epitopes; donor YF1067

Donor YF1067 CD4* T cell
responses
15-mer peptides recognized 36
Tetramer validated epitopes 22 out of 36
DRB1*13:02 DRB1*15:01

1.7% 2.1% 0.8% 4.2% 0.4% 1.8% 0.3%

DRB3*03:01 DRB5*01:01
| 7.7% 0.7% 1.4%

\-'xs 4

2.1% 1.1%

0.5% 1.3% 0.3% 1.0% 0.8% 1.0%

DPA01:03/DPB04:01
- 8.4%

13
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Tetramer validated CD4* T cell epitopes

CD4+ T cell epitopes identified:
119 different 15-mer peptide epitopes

Number of
HLA-

Analyzed 142 HLA-Il tetramers epitopes

. DRB1*01:01
* 14 different HLA-Il molecules DRB1*0301

* 63 different peptides DRB1*0401
DRB1*0404

DRB1*07:01

Tetramer validated 51 epitopes DRB1711:01
DRB1*1301

e 13 different HLA-Il molecules DRB1*1302
DRB1*1501
DRB3*0101
DRB3*0301
DRB5*0101

DPA1*01:03/DPB1*04:01

u

* 39 different peptides

P O d N W O N PFP N ODN O

Total

(9]
[N




Modes of T cell Epitope Discovery

"Forward Immunology”

Have a T cell response -> search experimentally for epitope specificity & restriction

"Reverse Immunology”

Predict epitope specificity and restriction -> search experimentally for responding T cells

"Forward & Reverse” — HLA tetramer empowered

Have a T cell response -> predict epitope specificity and restriction -> validate experimentally

Jan 2nd, 2018 Immunological Bioinformatics @ Center for Biological Sequence Analysis Slide 15



Cancer immunotherapy against cancer mutations

Self tolerant TcR Cencer-specific TcR

2]

Cancer mutation

Self-peptide APC
APC
Auto tolerance Cancer Immunotherapy

Immunological Bioinformatics @ Center for Biological Sequence

Analysis Slide 16
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Cancer immunotherapy against cancer mutations

* |dentify cancer mutation by
— exome sequencing
— “elute and sequence” (nLC-MS)
— bioinformatics-driven epitope identification

* Generate immunotherapy
— Immune check-point inhibitors

— Vaccination
— Adoptive T cell transfer



Cancer immunotherapy against cancer mutations

LETTER

S0l LA IS0 matere LAO0L

Predicting immunogenic tumour mutations by
combining mass spectrometry and exome sequencing

Mahesh Yodav'®, Suchin Rununwala'®, Qui T. Phung', Pacrick Lupardes’, Joshus Tenguay', Stephasie Bussbacs',
Chrtsian Pranct’, Tomeny K. Cheany, Joss Friosche’, Toal Wenschenk®, Zors Modrusas', lrs Melmuan', Jensée R, LIS

& LG Delamarre’y
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Cancer immunotherapy against cancer mutations

LETTER e

Mutant MHC class Il epitopes drive therapeutic
immune responses to cancer

Setantian Keedter', Mathias Vorsachs ™, Neds van de Roemes™, Mustads Diken’, Martin Lower’, Jan Digkmann',
Setarian Bocgel, Barbars Schrdes', Fulvia Vascotio', Joha C. Castle', Asbel D. Tadmoe', Stephen P. Schoesbenger”,
Chrissoph Heber’, Oziem Torect's & Ugur Sahin'*s

n.s. e ke
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D g8
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Cancer immunotherapy against cancer mutations

 Yadav et al

— “to be fully useful in the clinic, it will probably be
necessary ... to rely entirely on computational
predictions of peptide binding”

e Kreiter et al

— T cell epitopes “selected as vaccine targets solely
through bioinformatic prioritization on the basis of
their expression levels and HLA-II-binding capacity ...
may exert their antitumour function by augmentation
of CTL responses through epitope spreading”



Cancer immunotherapy against cancer mutations

LETTER

doi:10.1038/nature23003

Personalized RNA mutanome vaccines mobilize
poly-specific therapeutic immunity against cancer

Ugur Sahin'*3, Evelyna Derhov ancssi:m' Martthias Miller', Bjorn - Philipp Kloke', Petra Simon', Martin Lower?, Valesca Bukur',
Arbel D. Tadmor?, Ulrich Luxem r’, Barbara Schrors?, Tana Omokoko', Mathias Vormehr'~, Christian Albrecht?,

Anna Paruzynski', Andreas N. Kuhn', Janina Buck', Sandra Heesch', Katharina H. Schreeb’, Felicitas Moller!, Inga Ortscifer’,
Isabel Vogler’, Eva Godehardt', Sebastian Attig?”, Richard Rae?, Andrea Breitkreuz’, Claudia Tolliver', Martin Suchan?,

Goran \hnu’ Alexander Hohberger”, Patrick Som Jan Dickmann', Janko Ciesla®, Olga Waksmann®,

Alexandra- Kemmer Brilck', Meike Witt!, Martina Zillgen', Andree Rothermel’, Barbara Kasemann®, David Langer’,

Stefanie Bolte!, Mustafa Diken'~, Sebastian Kreiter'~, Romina Nemecek®, Christoffer Gebhardt®, Swph;m Grabbe,

Christoph Holler®, Jochen Utikal®?, Christoph Huber' -, Carmen Loquai’™ & Ozlem Threci™

NATURE|VOL 547|13 JULY 2017
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Cancer immunotherapy against cancer mutations
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Cancer immunotherapy against cancer mutations

a Time relative to neo-epitope RNA vaccination (month)
-24 21 -18 <15 .12 9 6 -3 +3 +6 +9 +12 +15 +18 +21 +24
Stage Patient
IV POt < AL >
v P02 ._%_FF_L% _______ T
IV P03 « Av4 Av4 >
S v_ Y vt
{]]+] P05 « e &
e P06 << VAR | -
N BoT VAR v A vAv.v.v.v4 B 4 3
ic P09 « >
o P10 < A >
b P11 « AV S
vV P12 < A >
vV P17" < AYALY.Y/ >
lic P19 >
 Metastasis (resected) 1 Death V Vemurafinib R Radiotherapy | Ipiimumab
V¥V Metastasis L Lostto foliow-up a Interferona P Pembrolizumab D Dabrafenib

Neo-epitope RNA vaccination «~ Initial diagnosis  * Measurable lesion at start of RNA vaccination

13 late stage melanoma ptt received RNA mutanome vaccines
8 were tumor free at vaccination. CD4 & CD8 T cell responses were induced
5 had relapse before vaccination
2 developed clinical response
1 stable, 1 slowly progressing
1 progressive, terminated, received ICl, complete response

Immunological Bioinformatics @ Center for Biological Sequence
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Cancer immunotherapy against cancer mutations

An immunogenic personal neoantigen vaccine for
patients with melanoma

Patrick A. Ot Zhuting Hu'*, Derin B. Keskin'~*4, Sachet A. Shukla'*, Jing Sun', David ). Bozym', Wandi Zhang',

Adrienne Luoma®, Anita Giobbie- Hurder®, Lauren Peter’®, Christina Chen’, Oriol Olive’, Todd A. Carter®,

Shuqiang Li*, David 1. Licb?, Thomas Eisenhaure®, Evisa Gfini®, Jonathan Stevens™, William J, Lane™, Indu Javeri®,
Kaliappanadar Nellaiappan®, Andres M. Salazar'™, Heather Daley', Michael Seaman’, Elizabeth I, Buchbinder'-,

Charles H. Yoon™'*, Maegan Harden®, Niall Lennon®, Stacey Gabriel®, Scott 1. Rodig”'?, Dan H. Barouch’’#, Jon C. Aster™"”,
Gad Getz"*™_ Kai Wucherpfennig’*, Donna Neuberg®, Jerome Ritz'?, Eric S, Lander™?, Edward F, Fritsch**¢, Nir Hacohen***
& Catherine J. Wy'-4

NATURE|VOL 547|13 JULY 2017
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Cancer immunotherapy against cancer mutations

Tumour
procurement

Target
selection

Personal
vaccine
manufacture

Vaccine
administration

Jan 2nd, 2018

Peripheral blood Melanoma ﬁ
mononuclear  Stage IlIB/C
cells Stage IVM1a/b (resectable)

N W

« DNA and RNA sequencing to identify
tumour-specific mutations

« HLA typing
« Prediction of personalized HLA-
binding peptides

Pools of l

synthetic long \ P
peptides  + Poly-ICLC )

HaaEa—
A ¥

Prime Boost Boost
Wil | |
T I I T 1)
0 4 8 12 16 20 24

Weeks

Immunological Bioinformatics @ Center for Biological Sequence

Analysis

25



Cancer immunotherapy against cancer mutations

Neoantigen Recurrence Anti-PD-1 Clinical
vaccination after vaccination  antibody response

Patient 1
Stage e 3

B/C naiia
Patient 5

P———e
Stage Patient 2 —_— A
IVM1b patient 6 —A. ) %

L e —
e -
r— <

0 3 6 9 12 15 18 21 24 27 30 33
Months after surgery
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The MHC project

Department of Immunology and Medical Microbiology, University of Copenhagen

- Anette Stryhn, Thomas Jsterbye, Daniel Jensen, Kasper Lamberth, Mikkel Harndahl,
Sune Justesen, Michael Madsen, Gustav Roder, Lotte Nielsen, & Soren Buus

Center for Biological Sequence Analysis, Technical University of Denmark
- Morten Nielsen, Claus Lundegaard, Thomas Blicher, Soren Brunak, & Ole Lund
La Jolla Institute

- Alessandro Sette, Bjorn Peters

Funding:
— NIAIDx2
- EU commission x 3
- Danish MRC, Novo Nordisk Foundation, Lundbeck Foundation

Monomers or tetramers for your research?

- Contact info@immunaware.com

CBS

immunAware.
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