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Tumor heterogeneity Vs. Mutational Load: current 
assumptions in immunotherapy

• Tumors with increased mutational are associated with checkpoint blockade 
sensitivity (Rivzi et al, Science 2015 ; Van Ellen et al, Science 2015)

Van Allen et al, Science 2015 McGranahan et al, Science 
2016

• Low heterogeneity of the tumors is also associated with better response for checkpoint 
blockade (McGranahan et al, Science 2016) 

However, mutational count cannot predict responsiveness 
(Hugo et al, 2015)



Tumor heterogeneity Vs. Mutational Load: 
Experimental system

Osnat Bartok Yochai Wolf



Tumor heterogeneity Vs. Mutational Load: 
Experimental system

Cell lines are injected into immunocompetent/ immunocompromised mice
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Tumor growth in UVB irradiated cell line

Despite higher mutational count UVB irradiated cells gave rise to highly 
aggressive tumors

UVB
Parental

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



Tumor heterogeneity Vs. Mutational Load: 
Experimental system



UVB irradiated single cell clones are non 
aggressive
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The aggressive growth of the UVB tumor 
is not due to an escaper clone

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

Wolf, Bartok, et al, Cell 179, 219-235, 2019
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The aggressive growth of the UVB tumor 
Is not due to an escaper clone

Secondary cell line
Clones 1-5



Reduced growth of low heterogeneous UVB 
clones is due to immune rejection 
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Differential immune output in tumors with 
varying heterogeneity

Granzyme B-Cytotoxic mediator
CD107a-degranulation marker

TILs with both markers significantly 
reduced in UVB clones

IFNg-higher activation and cytotoxicity CD137-activation marker

Granzyme B+ CD107a-
Granzyme B+ CD107a+
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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

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

Two fundamental 
components of tumor 
heterogeneity:
• The number of 

clones comprising 
the tumor

• The genetic diversity
between them
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Mixture of 6 clones from the same terminal branch was 
swiftly rejected

6WB

Wolf, Bartok, et al & Samuels, Cell 179, 219-235, 2019
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6 clone mixes containing approximately the same number of 
mutations but with higher diversity, were not rejected

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



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 

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



nearly all mutations are 
concentrated in just one clone 

high number of clones, 
with mutations spread 
evenly/diversely across 

each clone 

Shannon diversity index: metric to quantify both the 
number of clones and the diversity of the mutations 

across clones in one index 

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



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

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

The combination of these factors will strongly dictate 
the extent of the overall immune response and 

have strong clinical implications

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



A need to quantify intra-tumor 
heterogeneity to improve patient 
selection for checkpoint blockade 

therapy



Costimulatory and coinhibitory interactions 
determine the amplitude of T-cell activation

The success of checkpoint inhibitors relies on 
T cell recognition of the neo-antigen



How do T cells recognize and kill tumor cells?

T Cell

Melanoma 
Cell

T-cell Receptor

Neo-Peptide

Melanoma  Cell

Peptide/HLA
complex

T 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

Arie Admon
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Sequence Protein name Mutation HLA allele

DANSFLQSV MED15 P677S B*51

KLFEDRVGTIK TPD52L2 S123L A*03

GVYPMPGTQK NCAPH2 S174Y A*03

Kalaora et al, Cancer Discovery 8, 1366-1375, 2018



Identification of bacteria-derived 
HLA-presented peptides



2012

2014

2017

Identification of intra-tumor bacteria

2017

Science 2020

However
It has never been shown whether tumor
HLA class I and HLA class II molecules can 

present microbial antigens



Identification of intra-tumor bacteria

HLA peptidomics

Bacteria proteome

5 Patients
13 metastases

Fresh tumor

Patients

5-plex PCR of bacterial16S rDNA

Isolation of HLA-I and HLA-II peptides Mass spectrometry

Methodology
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Identification and Filtration
of bacteria derived peptides
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b2 b3 b4 b5 b6 b8b7

y5 y4 y2y3

Binding groove

Peptides with MS/MS coverage > 60%

Peptides predicted to bind
the patient’s HLA alleles

Jennifer Wargo
Ravid Straussman
Deborah Rosenberg

Pipeline for the identification of intra-tumor 
Bacterial antigens

Shelly Kalaora Adi Nagler

Kalaora, Nagler et al & Samuels, Nature, In Revision

Short talk to be given by Adi Nagler
Concurrent Session 108: Diet and Microbiome

11/11/2020, 3:45 pm 



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



Bacterial peptides presented on HLA-I and HLA-II in each patient 
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Kalaora, Nagler et al & Samuels, Nature, In Revision- please do not post



Tr-type G domain-containing protein, Enterobacter hormaechei, HLA-II

55A7-1
55A7-1
55A7-1
55A7-10 40…195

Translation elongation factor EF-1 subunit alpha, Enterobacter hormaechei, HLA-II

55A7-1
55A7-2
55A7-1

320…4140…280

MMPL family transporter , HLA-I

27, Staphylococcus epidermidis
42RF, Staphylococcus epidermidis
55B3, Staphylococcus epidermidis
92C3, Staphylococcus epidermidis
51AL, Staphylococcus aureus
51BR-1, Staphylococcus aureus 290…8930…250

“Hot spot” HLA - presented bacterial peptides

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



Immunogenicity of bacterial peptides

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



Summary

• HLA peptidomics revealed bacterial antigens bound to HLA class I and class II 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 IFNγ-Induced ribosomal 
frame-shifting

and HLA-presentation of aberrant 
peptides



The interferon gamma (IFN) response

X

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

progression



Brar GA and Weissman JS, Nat. Rev. Mol. Cell Biol., 2015.

108T
12T 
MD55A3

-/+ 48h IFNγ

Riboseq and mRNAseq from three melanoma 
cell lines exposed to IFNγ

Noam Stern-Ginossar

Tranlatome Transcriptome 

Osnat Bartok



IDO1 induction results in Trp to Kyn conversion 

Tryptophan Kynurinine

Bartok et al & Samuels*, Agami* , Nature, In Revision- please do not post



Coding sequence

Global rate of 
translationMetagene RPF distribution analysis of all expressed genes 

Effects on mRNA translation (initiation)

Reuven Agami

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



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

Analysis of RPFs by DIRICORE (DIfferential Ribosome COdon REading)

Bartok et al & Samuels*, Agami* , Nature, In Revision- please do not post

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



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

A strong accumulation of RPFs downstream of Trp- ‘W Bumps’

MD55A3 108T



Effects of IDO1 inhibition (IDOi)

Position-specific 
codon enrichment 
analysis



Summary so far . . .

W

W

~15 codons

Ctrl.

IFN/Trp
depletion



Why bumps at ~15 amino acids after Trp
codons?



~15-20 codons

W-Bumps and protein disorderedness

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



Disorderedness created by frameshifting



IB
IP

IFNγ-induced frameshifting

Lentiviral Reporter System For The Identification of IFNγ-Induced 
Ribosomal Frame-Shifting

Bartok et al & Samuels*, Agami* , Nature, In Revision- please do not post



IDOi abolishes IFNγ-induced 
frameshifting

IB
IP

Lentiviral Reporter System For The Identification of IFNγ-Induced 
Ribosomal Frame-Shifting



IB

Trp depletion IFNγ treatment, Y mut

Tyr depletion

IP

Lentiviral Reporter System For The Identification of IFNγ-Induced 
Ribosomal Frame-Shifting



D10 -
IFNγ-sensitive, 
MART1+ melanoma cells

888-Mel-
IFNγ resistant,
MART1+ melanoma cells 

Frameshifting events are detected
also in this native context

Lentiviral Reporter System For The Identification of IFNγ-Induced 
Ribosomal Frame-Shifting

Bartok et al & Samuels*, Agami* , Nature, In Revision- please do not post



D10 -
IFNγ-sensitive, 
MART1+ melanoma cells

888-Mel-
IFNγ resistant,
MART1+ melanoma cells 

Lentiviral Reporter System For The Identification of IFNγ-Induced 
Ribosomal Frame-Shifting

The weaker IDO1 induction 
in 888-Mel by IFNγ signaling 
is the likely cause of the 
lower frameshifting rate.



D10 -
IFNγ-sensitive, 
MART1+ melanoma cells

888-Mel-
IFNγ resistant,
MART1+ melanoma cells 

Lentiviral Reporter System For The Identification of IFNγ-Induced 
Ribosomal Frame-Shifting



Frame-shifted polypeptides 
observed using deep proteomics 

Frame-shifted 
data base:

predicted out-of-
frame -1 and +1 

polypeptides 
created by 

frameshifting at 
endogenous 

tryptophans of 
proteins 

expressed in 
MD55A3 cells, as 

determined by 
ribosome profiling 

Search

IFNγ treatment induced a strong expression 
Allowing the detection of frameshifted peptides 



Endogenous production of trans-frame proteins 
and their presentation at on the cell surface

-1
+1

Bartok et al & Samuels*, Agami* , Nature, In Revision- please do not post

Gene Sequence Found in sample

KCNK6 VPLSLAEHAL IFNγ

DBNDD2 SPLSSLSTL IFNγ

DIP2B QFLAEILQV IFNγ

AC129492.1 SPTLSQCSL IFNγ

HSP90AB1 MVSPLAGVPK mTRP

ZNF513 VGQEGLVSL mTRP

STK25 SPALRTLTL IFNγ,mTRP

FCGBP APSGVAAGL IFNγ,mets

ESPNL LFLSHLEEI IFNγ,mets

RPL7A VAAAESHPL IFNγ,mets

TRAM1L1 TSLVNLSTL mTRP,mets

GEMIN5 SPRGPPSSL IFNγ,mTRP,mets

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

L      A       E       H      A      L

Aberrant: VPLSLAEHAL          Canonical: VPLSWLSMRW

Aberrant: VLGRGATTAL Canonical: VLGRWGNYSS

G       A      T      T A       L

V      L       G      R       W

GUU CUU GGA CGU UGG GGC AAC UAC AGC UCU G



Endogenous production of trans-frame proteins 
and their presentation at on the cell surface

-1
+1

Bartok et al & Samuels*, Agami* , Nature, In Revision- please do not post
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Tetramer screening of B07:02/C07:02 co-culture at Day 10 (D#18) 

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



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.

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. 



Summary

IDO



TAA

Neoantigen

Bacterial antigen

Altered peptide

Viral antigen

‘Black matter’

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



TAA

Neoantigen

Bacterial antigen

Altered peptide

Viral antigen

‘Black matter’

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

Cell lysis

Cell proliferation



The Samuels Lab 
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