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Tumor heterogeneity Vs. Mutational Load: current

assumptions in immunotherapy

* Tumors with increased mutational are associated with checkpoint blockade

Mutation or neoantigen load > ‘D]’

sensitivity (Rivzi et al, Science 2015 ; Van Ellen et al, Science 2015)
Low heterogeneity of the tumors is also associated with better response for checkpoint
blockade (McGranahan et al, Science 2016)
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However, mutational count cannot predict responsiveness
(Hugo et al, 2015)




g Tumor heterogeneity Vs. Mutational Load: ! ’
4 Experimental system } _
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Tumor heterogeneity Vs. Mutational Load:
Experimental system
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Tumor growth in UVB irradiated cell line
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Despite higher mutational count UVB irradiated cells gave rise to highly
aggressive tumors

Wolf, Bartok, et al, Cell 179, 219-235, 2019



Tumor heterogeneity Vs. Mutational Load:
Experimental system

Parental cell line UVB irradiated UVB-derived single cell clone
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UVB irradiated single cell clones are non
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UVB irradiated single cell clones are non

aggressive
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Clonal structure and heterogeneity of UVB
tumors remains stable in vivo over time

Sub-clonal Clonal
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The aggressive growth of the UVB tumor
is not due to an escaper clone

Wolf, Bartok, et al, Cell 179, 219-235, 2019



The aggressive growth of the UVB tumor
Is not due to an escaper clone
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Reduced growth of low heterogeneous UVB
clones is due to immune rejection
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Reduced growth of low heterogeneous UVB
clones is due to immune rejection
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Efficient infiltration of T cells to tumor core in
single cell derived tumors
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Differential immune output in tumors with
varying heterogeneity
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Identification of neoantigens that
mediate killing in vivo
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Assessing the role of intra-tumor heterogeneity in
tumor rejection-using phylogenetic tree reconstruction

Homogeneous Heterogeneous
&
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é%é‘  The number of
@.. clones comprising

the tumor
* The genetic diversity
between them

Wolf, Bartok, et al & Samuels, Cell 179, 219-235, 2019



Mixture of 6 clones from the same terminal branch was
swiftly rejected
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6 clone mixes containing approximately the same number of
mutations but with higher diversity, were not rejected
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Mixture of 12 clones from the same terminal
branch was swiftly rejected
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Mixes containing more clones and higher diversity
were most aggressive
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Although yielding large tumors, the 12AB tumors were still not as
aggressive as the UVB-irradiated tumors
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The number of clones and their genetic diversity play an
important role in mediating tumor growth and rejection
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Shannon diversity index: metric to quantify both the
number of clones and the diversity of the mutations
across clones in one index

Shannon diversity
index low:

nearly all mutations are
concentrated in just one clone

high number of clones,

with mutations spread

evenly/diversely across
each clone

Shannon diversity
index high:

Wolf, Bartok, et al, Cell 179, 219-235, 2019



Tumor clone number and genetic diversity are significantly
associated with response to immunotherapy

Shannon diversisty index (SDI) hazard ratio**:
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et al. !
|
; I
Riaz | 4p_0079 ~ +—@—
et al. I
I
Hugo 1
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Hazard Ratio** (95% Cl) (log scale)

¥**p =0.0105

meta

*P-value for SDI as a continuous variable, z-test from Cox PH model
**Hazard ratio, per unit increase in SDI
***Meta-analysis of p-values from Snyder, Riaz, Hugo and Van Allen cohorts

Hazard ratio value corresponding to the survival risk per unit increase (i.e.each+1increment) in SDI. Wolf, Bartok, et al, Cell 179, 219-235, 2019



Summary: our mouse, TCGA and ICT data are complimentary in
suggesting that:

» Mutational load alone is not a sufficient predictor for immune response

 Intra-tumor heterogeneity has to be considered as an additional biomarker

 Intra-tumor heterogeneity is composed of both: clonal diversity
number of clones

* Minimizing tumor heterogeneity exposes reactive neo-antigens to better immune detection

The combination of these factors will strongly dictate
the extent of the overall immune response and
have strong clinical implications
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Low-Heterogeneity Melanomas Are More Immunogenic and Less Aggressive



Costimulatory and coinhibitory interactions

determlne the amplitude of T-cell activation
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How do T cells recognize and kill tumor cells?

T Cell

| R o

T-cell Receptor

Peptide/HLA
Neo-Peptide ~ complex

Melanoma
Cell

Kalaora et al & Samuels, Oncotarget 2015

Scheme kindly provided by Paul Robbins and Cyrille Cohen



HLA Peptidomics to Identify Human
Immunogenic Neo-antigens

Shelly Kalaora
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Proof of Concept: Neoantigen characterization in
melanoma line 12T
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Identification of bacteria-derived
HLA-presented peptides



Identification of intra-tumor bacteria
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 Pipeline for the identification of intra-tumor
| Bacterial antigens
1

Shelly Kalaora
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Phylogenetic tree of all bacteria that were identified in the tumors
using 16s rDNA

Class Order Genus
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Bacterial peptides presented on HLA-I and HLA-II in each patient

Acidovorax temperans
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Actinomyces odontolyticus
Anaerococcus octavius
Arcobacter cibarius
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Bacteroides ovatus

Bacteroides vulgatus

Blautia sp. SC05B48
Brachybacterium sp. P6-10-X1
Campylobacter concisus
Campylobacter lanienae
Clostridium clostridioforme
Clostridium ramosum
Corynebacterium afermentans
Corynebacterium humireducens
Corynebacterium pseudopelargi
Corynebacterium singulare
Carynebacterium tuberculostearicum
Dialister pnreumosintes
Eikenella corrodens
Enterobacter cancerogenus
Enterobacter hormaechei
Enterococcus faecium
Fusobacterium nucleatum
Gardnerella vaginalis

Klebsiella oxytoca

Leptotrichia hongkongensis
Paracoccus marcusii
Photobacterium rosenbergii
Porphyromonas bennonis
Schaalia odontolytica
Selenomonas sp. oral taxon 920
Shewanella decolorationis
Sphingomonas dokdonensis
Sphingoemonas melonis
Sphingomonas mucosissima
Sphingomonas roseiflava
Sphingomonas sp. AAPS
Sphingomonas sp. Cra20
Sphingomonas sp. NIC1
Sphingomonas sp. PAMC26645
Sphingomonas sp. XS-10
Staphylococcus aureus
Staphylococcus capitis
Staphylococcus caprae
Staphylococcus epidermidis
Staphylococcus lugdunensis
Staphylococcus warneri
Streptococcus gordonil
Streptococcus salivarius
Streptococcus sanguinis
Veillonella dispar

Velillonella parvula
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Recurrent HLA class-I presented bacterial peptides

e|nased ejlauojis A

Jedsip e|jauojjisA

9¢)IS sluindues sn220201daJls
SnLIBAI[ES SN22020}dau1S
1IuopJ08 sN2202031da.41S
Iausem sn2odojAydels
sisuaunp8n| snad020jAydels
sipiwJapida snadodojAydels
seided snxodojAydels

sinded snaoodojAydels

snaine sn220d0jAydels

0T-SX "ds seuowoSuiyds
S¥997DINVd "ds seuowosuiyds
0zeJsD “ds seuowo3uiyds
SdvYv ‘ds seuowoduiyds
ewssisoonw seuowoguiyds
siuojaw seuowoguiyds
sisusuopyop seuowoduiyds
SIUOI}BJO0|0J3P B|[pUBMBYS
UoXe} |eJo *ds SeUOWOU|DS
ed13A|03u0po eleeyds
sajuisownaud

11SN2Jew snddodeled

©20}AXO B|[31Sg3])|

slleuiSen e|jaiaupien
wn3espPnu wnpaeqosny
19Yo9e W0y J930eqoialul
snuadouadued Jareqoaul
SUSPO0.J0D B||aUYI]
wno1IealsojndJagny wniaegqauiio)
2Je|n3uis wnaeqauiio)
131ejodopnasd wnuaeqauiio)
sudNpaJiwny wnieeqauiio)
SuUBjUSWIDJE WNLIRIIEgRUAIOD
wnsoweJ WnipLiso|)
9UWLI0J0IPLIISOJI WNIPLIASO|D
aeudjue| Jo1eqojAdwe)
snspuod JapeqojAdwe)
TX-0T-9d "ds wnuapeqAyoeig
snieS|nA saploaloeg

Sn1eAO saploJadeg

19J0p SaploJa1deg
snailAjoluopo savAwounoy
Sue|NWNJ 19108q012UNY

Ssoselsela|p

uaned

13
7
8

11(1]3

2

10

9(5]4]|7

10

10

Kalaora, Nagler et al & Samuels, Nature, In Revision- please do not post

10
4

88|11

4

19T
42RF
42RS
27
51AL
51BR-1
51BR-2
55A3
55A7-1
55A7-2
55B3
70.1
86B
86B2
86C
92B3
92C3
112
152A

42
70
86
92
112
152




“Hot spot” HLA - presented bacterial peptides

Translation elongation factor EF-1 subunit alpha, Enterobacter hormaechei, HLA-II
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Immunogenicity of bacterial peptides

Patient 51
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Summary

* HLA peptidomics revealed bacterial antigens bound to HLA class | and class Il in
melanoma tumors

 The identified antigens are derived from bacteria that enter the melanoma cells, some
are recurrent and some are immuno-reactive



Identification of IFNy-Induced ribosomal
frame-shifting
and HLA-presentation of aberrant
peptides



The interferon gamma (IFN) response

Kynurenine Trp

Uncharged tRNAs

: Reduced translation
T cell function

We still don’t completely understanding of the role of IDO1
and the consequences of Tryptophan degradation on cancer
progression



Riboseq and mRNAseq from three melanoma
cell lines exposed to IFNy
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IDO1 induction results in Trp to Kyn conversion
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Effects on mRNA translation (initiation)

Analysis of Ribosome Protected Fragments (RPF) by DIRICORE (DIfferential Ribosome COdon REading)

Subsequence analysis
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Analysis of RPFs at position 15 demonstrates ribosome
pausing on Tryptophan codons

Analysis of Ribosome Protected Fragments (RPF) by DIRICORE (Dlfferential Ribosome COdon REading)

Analysis of RPFs by DIRICORE (Dlfferential Ribosome COdon REading)
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Effects on mRNA translation (elongation)

Analysis of RPFs by DIRICORE (Dlfferential Ribosome COdon REading)
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Effects of IDO1 inhibition (IDOi)

Relative tryptophan levels
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Summary so far. ..

[ ~15 codons

< >

IFN/Trp
\_depletion




Why bumps at ~15 amino acids after Trp
codons?



W-Bumps and protein disorderedness
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Peptide sequences
corresponding to the W-
Bumps region form an
a-helix structure more
frequently than other
regions in the proteome



Disorderedness created by frameshifting

Amino acid

S '.
oau Ribosome

-Rare anticodon
J. Mol Bial, (1992) 223, 31-40

—— Polypeptide

Leftward Ribosome Frameshifting at a Hungry Codon
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Lentiviral Reporter System For The Identification of IFNy-Induced
Ribosomal Frame-Shifting
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IFNy-induced frameshifting

WB: anti-V5
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Lentiviral Reporter System For The Identification of IFNy-Induced
Ribosomal Frame-Shifting
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Lentiviral Reporter System For The Identification of IFNy-Induced
Ribosomal Frame-Shifting
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Lentiviral Reporter System For The Identification of IFNy-Induced
Ribosomal Frame-Shifting

888-Mel-
IFNy resistant,
MART1* melanoma cells

D10 -
IFNy-sensitive,
MART1* melanoma cells

) T cell co-culture
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- —

Frameshifting events are detected
also in this native context
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Lentiviral Reporter System For The Identification of IFNy-Induced

Ribosomal Frame-Shifting

888-Mel- D10 -

IFNy resistant,
MART1* melanoma cells
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The weaker IDO1 induction
in 888-Mel by IFNy signaling
is the likely cause of the
lower frameshifting rate.
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Lentiviral Reporter System For The Identification of IFNy-Induced
Ribosomal Frame-Shifting
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Frame-shifted polypeptides
observed using deep proteomics

-Log,,(p-value)

IFNy treatment induced a strong expression
Allowing the detection of frameshifted peptides
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Endogenous production of trans-frame proteins
and their presentation at on the cell surface

Gene Sequence Found in sample
KCNK6 VPLSLAEHAL IFNy
DBNDD2 SPLSSLSTL IFNy
DIP2B QFLAEILQV IFNy
AC129492.1 SPTLSQCSL IFNy
HSP90AB1 MVSPLAGVPK mTRP
ZNF513 VGQEGLVSL mTRP
STK25 SPALRTLTL IFNy,mTRP
FCGBP APSGVAAGL IFNy,mets
ESPNL LFLSHLEEI IFNy,mets
RPL7A VAAAESHPL IFNy,mets
TRAM1LA1 TSLVNLSTL mTRP,mets
GEMIN5 SPRGPPSSL IFNy,mTRP,mets

-1
+1

v P L S W
GUG CCC CUG UCU UGG CUG AGC AUG CGU UGG

Aberrant: VPLSLAEHAL Canonical: VPLSWLSMRW

V L G R W

GUU CUU GGA CGU UGG GGCAAC UACAGC UCU G

G T T A

Aberrant: VLGRGATTAL Canonical: VLGRWGNYSS
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Endogenous production of trans-frame proteins
and their presentation at on the cell surface

Gene Sequence Found in sample vV P L S W
GUG CCC CUG UCU UGG CUG AGC AUG CGU UGG
KCNK6 VPLSLAEHAL IFNy
DBNDD2 SPLSSLSTL IFNy ‘<L_ A E H A 1L
DIP2B QFLAEILQV IFNy
AC129492.1 SPTLSQCSL IFNy
HSP90AB1 MVSPLAGVPK mTRP Aberrant: VPLSLAEHAL Canonical: VPLSWLSMRW
ZNF513 VGQEGLVSL mTRP
STK25 SPALRTLTL IFNy,mTRP V L G R W
FCGBP APSGVAAGL IFNy,mets GUU CUU GGA CGU UGG GGC AAC UACAGC UCU G
ESPNL LFLSHLEEI IFNy,mets G ‘ T T A L
RPL7A VAAAESHPL IFNy,mets
TRAM1L1 TSLVNLSTL MTRP,mets
GEMIN5 SPRGPPSSL IFNy,mTRP,mets Aberrant: VLGRGATTAL Canonical: VLGRWGNYSS

-1
+1
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Identification of reactive T cells to tryptophan-derived
aberrant peptides

Tetramer screening of B07:02/C07:02 co-culture at Day 10 (D#18)

DMSO vehicle aberrant KCNK6 peptide

0%

KCNK6 pMHC- APC

KCNK6 pMHC - PE

KCNK6 peptide specific T cell population (0.05%) was detected in one well of D#18 T cells.
This population was single cell sorted onto feeders for T cell cloning and further validation

Maarja Laos
Johanna Olweus



Identification of reactive T cells to tryptophan-derived
aberrant peptides

16 out of 180 single cell sorted T cells from KCNK6 tetramer positive population grew out on feeders.

+ 100+ | | A * (o] (m]
801 ]
- HSV-2TCR €
= 804
= == Clone #1 5
o
E‘ =+ (Clone #3 S 604
ﬁ-_’. =¥ Clone #4 = *
a == Clone #9 %_ 407
(=] ~
® -©- Clone #12 +
2 204
=8~ Clone #15 )
=]
°\ 0 L | | L ¥ 1 1 | |
X N %) D )
" eﬁ e’% e% e‘ﬁt Ry
Qn' \0{\ \00 \OQ \00 & &
Qf) O < < C 00 (‘0

All 13 tetramer positive KCNK6 T cell clones reacted positively with KCNK6 peptide loaded K562-B07:02 cells.
Clone #4 that was tetramer negative did not react.

Maarja Laos
Johanna Olweus



Summary

slippage, frame-shifting
and accumulation »
of ribosomes
downstream to TRP

ribocsomes paused on

TRP residues
IDO uncharged
tRNAs

TRP reduced translation
initiation




New layer of intra-tumor heterogeneity:
on the HLA-presentation level

7TAA

7 Neoantigen

? Bacterial antigen

? Altered peptide “

T Viral antigen

T ‘Black matter’



New layer of intra-tumor heterogeneity:
on the HLA-presentation level

7TAA

7 Neoantigen
? Bacterial antigen
? Altered peptide

T Viral antigen

T ‘Black matter’

Cell proliferation
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