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Abstract

Cutaneous T-cell lymphoma (CTCL) is heterogeneous form of T-cell lymphoma of which,
Mycosis fungoides (MF) is the most common entity. In early stages MF presents on skin as

a scaly plaques that in advanced stages develop into tumors and may disseminate to other sites
such as lymph node and central nervous system. There no prognostic markers of disease
progression. The disease is incurable, currently available therapies providing temporary
remissions but the disease inadvertently relapses.

The long-standing dogma in MF is that it develops from a mature, skin resident T-cell and
progresses in a linear fashion from plaques to tumors and finally disseminated to
extracutaneous sites. The purpose of this thesis was to critically test this assumption. Based on
previous studies and clinical observations we formulated a working hypothesis that MF is a
genetically and clonally heterogeneous disease. The testable consequence of this hypothesis
was that MF does not develop from the skin-resident T-cell but must originate by seeding of
transformed cells from the circulation to the skin leading to a multifocal development.

We decided to use whole exome sequencing (WES) as the primary research method taking
advantage from the fact that WES allows to quantify the tumor cell fraction, identify spectrum
of genomic mutations, cancer subclones and T-cell receptor (TCR) repertoire. We were able to
show conclusively that MF is not a monoclonal lymphoproliferation but comprised multiple
TCR- a, -B, and -y clonotypes indicating presence of clonal heterogeneity. Next, we compared
the TCR sequences from skin with those in the circulating blood and identified that neoplastic
TCR clonotypes from skin are present in the circulation, even in the early stages of

MF. Additional sampling of skin lesions from different areas on the body and longitudinal

sampling presented a model of MF, in which the lesions do not arise from skin-resident T-

i



cells but are initiated by seeding of transformed cells to the skin from the circulation. Further
analysis of the molecular architecture of MF, we catalogued genetic abnormalities

(somatic variants and copy number aberrations) and used this information to determine the
fraction of genetic aberrations which are clonal (common in most of cancer cells) and that
are subclonal (present in a subpopulation of malignant cells). We observed that significant
proportion of mutations were present in the subclones indicating genetic

heterogeneity. The phylogenetic deconvolution of the genetic aberrations presented MF to
be evolved via unrestricted branched evolution producing an increasing heterogeneity and
mutational complexity. Tumor cells in different lesions and in different tissue niches within
the same lesion (epidermis vs dermis) showed independent evolution with no evidence of

competition or cell transfer between the compartments.

We believe that our studies meaningfully advance the knowledge on the molecular
pathogenesis of MF. We propose a model for MF development, where the skin lesions
originate by seeding from the pool of circulating precursor cells in the blood. Those cells
proliferate in the skin, accumulate mutations and further branch into multiple genetic
subclones. Our model might provide a better understanding

of the mechanism of disease progression, treatment resistance and relapse. Further

studies by single cell sequencing techniques would increase the accuracy of identifying clonal

and subclonal populations for targeted therapies and immunotherapies.
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Key Definitions

1. Clonotype- single rearranged VJ or VDJ sequences of TCR coreceptors (a, 3, Y and d).

2. Clones- The clone represents a population of cells originating from a single precursor.
The term “T-cell clone” has been defined operationally as group of lymphocytes
exhibiting the same clonotype. In this thesis we also use the term “genetic clone”
which is defined as genetically identical cells and the term “clonal” which in the
context of mutations signifies genetic aberrations found in all cells in the tumor (as
opposed to “subclonal”- see below).

3. Subclone- a term used here in the context of mutational heterogeneity of the tumor
signifying a group of malignant cells presenting a common genomic mutational profile
of SVs and CNAs.

4. Phylogenetic tree- representation of evolutionary relation between the genetic

subclones.

5. Neutral evolution- is a pattern of mutational evolution of cancer when the generations

of cancer cells harboring new mutations are under no, or minimal selection pressure.

6. Darwinian evolution- is a theory that certain genetic aberrations are more fundamental

for the growth and development of the tumor and are therefore, under selection
pressure over other random genetic aberrations.

7. Divergent evolution- also defined as branched evolution, is an evolutionary process in

which a single genetic clone diverges to form two or more subclones.

8. Convergent evolution- an evolutionary process in which two genetic clones converge

to form a single clone.
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Chapter 1: Introduction
1.1 Cutaneous T-Cell Lymphoma

Primary cutaneous T-cell lymphomas are lymphoid malignancies that clinically manifest
themselves in the skin. They comprise the second most common form of extranodal non-
Hodgkin’s lymphomas.!? The annual incident rate is 6.4 cases per million.> Mycosis
fungoides (MF) and Sezary syndrome are the most common types of CTCL*’ which occur in

adults with median age of 56 at diagnosis.

1.1.1 Mycosis Fungoides

Mycosis fungoides comprises approximately 50% of all CTCL.>’ Skin lesions in early stages
of MF are comprised of red scaly patches or plaques that in advance stages develops into
tumors. MF may disseminate to other organs such as lymph nodes and the central nervous
system. The TNMB staging system of the skin (T), lymph nodes (N), viscera (M) and the
blood (B) classifies patients into four clinical stages (I-IV). Patients with stages I-IIA, which
is characterized by the presence of patches (T1) and plaques (T2) in the skin without
involvement of other organs. These are considered to be early stages because patients have
favorable prognosis and the life expectancy is similar to the healthy age-matched population.
The hallmark of disease progression from early to advanced stage is occurrence of skin tumors
(T3), an event that increases an overall risk of systemic spread to 30% of the cases. Five-year
survival in stage IIB is 5 years and further drops to 1.4 year in stage IVB.>7® Therapy is
individualized and based on patient age, extent of disease burden and risk of progression. In

early stages, the treatment is limited to skin directed therapies (e.g. psoralen UVA


https://paperpile.com/c/TozUh8/hUGnb+R9b4G
https://paperpile.com/c/TozUh8/qNJFe
https://paperpile.com/c/TozUh8/yEwLa+qNJFe

phototherapy (PUV A), recombinant beta-interferon, rexinoids) but in late stages a
combination of skin directed therapies, targeted therapies and chemotherapeutic agents is
required.” Even with complete eradication of skin lesions the disease eventually relapses and
complete cure is not achievable.

Histology of MF

The definitive diagnosis of MF in early stages of patch or plaque is difficult as many of the
clinical and histopathological markers mimic with those of skin inflammatory disease such as
dermatitis.!®!! The distinguishable features in early stage lesions are the lymphoid infiltrates
presenting with different degrees of atypical nuclei. These lymphocytes are often located in
the basal layer of epidermis and associated with vacuolar degeneration of the basal epidermal
layer. Pautrier microabscesses, which consists of small aggregates of atypical lymphocytes
and Langerhans cells in the epidermis are a useful marker for diagnosis but are present in only
25% of the cases (Fig 1). '>!3 Immunohistochemical staining usually reveal positivity for CD3

and CD4 and variable loss of common lymphocytic markers such as CD5 and CD7.

Pautrier Atypical lymphocytes at
microabscesses basal layer of epidermis

Figure 1.1: Histology of MF.
Hematoxylin and eosin staining of a section from MF skin lesion under 20x magnification.
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1.1.2 Sezary Syndrome

Sezary Syndrome (SS) is a leukemic subtype of CTCL. Patients present with erythroderma,
lymphadenopathy, and circulating malignant T-cells.'#!® It presents more aggressive clinical
behaviour and poor prognosis as compared to MF and other CTCL subtypes.”!” Sezary cells
are large, atypical T lymphocytes with convoluted nuclei and are a marker for identification of
SS. But as these cells are also found in normal people and in patients with inflammatory
diseases, additional markers such as absolute Sezary cell count >1000/pul, an increased number
of CD4", aberrant expression of pan-T-cell antigens (loss of CD7, CD26) and demonstration
of T-cell clonality in the PCR-based method are considered for diagnosis of SS.%!® Though SS
is considered as a continuum of MF, recent studies indicate that these may be distinct diseases
developing from different subset of T-cells.!®!2! T-cells isolated from SS samples are known
to express markers of the central memory T-cells (CCR7 and L-selectin) whereas, T-cells in

MF express skin resident T-cell markers (CCR4 and CLA).

1.2 Relevance of T-Cell Receptor sequences in CTCL

TCR is a membrane bound heterodimer composed of two polypeptide chains (aff or yo) linked
by a disulfide bond. In the peripheral blood, most T cells express aff receptor and up to 10%
express y6 receptor.?? 2* The TCR gene (TRA, TRB, TRG and TRD) loci contain many
different variable (V), diversity (D) and joining (J) gene segments. Random selection of VDJ
(TRB and TRD) or VI (TRA and TRG) generate a diverse T cell repertoire and the selected
V(D)J are joined using site specific recombinases RAG1 and RAG2 (Fig 1.2A).

Recombination of TRD, TRG and TRB occur sequentially during the CD4- CD8" double-
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negative (DN)2, DN1 and DN3 stages of thymocyte development. Successful recombination
of TRD and TRG promotes assembly of yd TCR, whereas successful recombination of 7RB
generates TCRp and pre-TRCa. After several rounds of proliferation and differentiation to
CD4"CDS8" double positive (DP) stage these cells rearrange TRA genes to generate off TCR
(Fig 1.2B).?>"?* Normal T-cells never coexpress aff or yd because & locus is nested within 7RA4
and excised during TRA gene recombination. However, TCRy rearrangement is retained in all
T-cells, even if it is not expressed. 7RB rearrangement is usually monoallelic (allelic
exclusion), but this rule does not apply to 7RG or TRA loci where rearrangements can occur
on both chromosomes.???% Recent studies with mathematical modeling and single cell
sequencing have indicated that 20-30% of cells express multiple TCRa but only one of the
sequences is expressed on the cell surface.?’?

For diagnostic purposes, TCR rearrangement can be detected by polymerase chain reaction
(PCR) using BIOMED-2 primers and analyzing the results by GeneScan. In GeneScan,
fluorochrome-labeled PCR products of rearranged TCR genes are denatured prior to fragment
analysis. Monoclonal samples will give rise to a single dominant peak, representing PCR
products of identical size, whereas in the case of polyclonal samples the PCR products of
numerous sizes will show distribution of peaks.? Identification of monoclonal TCR
rearrangement is considered to be diagnostic for CTCL since it is believed that these
neoplasms arise from mature T-cells.*® Recent studies have used next generation sequencing
techniques to replace the GeneScan analysis method but these studies rely heavily on
sequencing of a single TCR coreceptor (y or ) or the use of RNA to identify the rearranged

sequences.
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Figure 1.2: T-cell receptor (TCR) rearrangement.

T-cell during development undergo rearrangement at the coreceptor genes (a, 3, Y and 3). (A)
Each coreceptor is composed of multiple VJ or VDJ genes that are randomly selected and
rearranged to form a functional receptor. (B) T-cells in the thymus during development
undergo TCR rearrangement at coreceptor genes. The rearrangement happens sequentially
starting with TCRJ, followed by TCRy and -3 during DN1-DN3 stage of development. During
the DP stage the T-cells that are committed to express TCRyo will undergo positive selection.
The cells committed to express TCRaf chains will undergo rearrangement at the coreceptor a
gene which then undergo positive selection before being released into blood circulation.

1.3 Cytogenetics and Genomics of CTCL

Multiple genomic array based studies have implicated Copy number aberrations (CNAs) as

prognostically relevant in CTCL.3'* Studies have implicated the loss of chromosome 9p21 in
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correlation with a decrease in overall survival.*** Recent studies in CTCL have also
investigated the implications of CNAs with particular emphasis on the differences in MF and
SS. Increased copy number gains was observed in chromosome 1 and 7 for MF and
chromosome 8 and 17 for SS. Deletions were observed at chromosome 9 for MF and
chromosome 10 for SS. These significant differences of CNAs between MF and SS implicate
that the two entities have independent genetic evolution and therefore, require independent
investigations.*

Previous genomic studies in CTCL focused on SS (~84% of all sequenced cases of CTCL)
and less so on MF.*"3* The few studies that included MF samples implicated genes mutated in
NF-kB, JAK- STAT, T-cell activation and DNA repair pathways play an important role in T
cell development and proliferation.>*647 Promoter methylation, epigenetic instability and
mutations in many tumor suppressor genes, including those involved in the induction of
apoptosis, appears to be commonly employed mechanisms of lymphomagenesis in CTCL.**%
However, a recent meta-analysis study indicated that mutations identified in tumor suppressor
genes in CTCL were largely presented in SS samples but not in MF.>* Mutations and
molecular marker(s) that are catalogued vary between different patients suggest intratumor

heterogeneity in CTCL.

1.4 Intra-Tumor Heterogeneity (ITH)

Recent studies with solid tumors have documented that many malignant tumors are
genetically heterogeneous. The degree of intratumor heterogeneity can be highly variable, in
some instances reaching up to 8000 non-synonymous mutations in tumor subclones.>

Intratumor heterogeneity explains the process of tumor evolution, metastasis, resistance to
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treatment and factors responsible for tumor relapse. ITH implies that the tumors are composed
of multiple genetic subclones with different properties to proliferate and metastasize. ITH in
terms of degree of subclonality and its evolution within a tumor correlates with response to
treatment is presented in lung, melanoma and prostate cancer.>®>° To this end, few studies
with bulk or single cell RNA sequencing studies have implicated tumor heterogeneity in
CTCLS%% but there are no studies to date exploring the tumor heterogeneity at the genomic

level.

1.5 Rationale and Objectives

The current model of MF pathogenesis assumes that the disease develops from a single,
transformed, skin resident memory T-cell that does not recirculate and evolves in a linear
fashion by stepwise progression from early patch to plaque and finally to tumors and
metastases.'®04%® This “mature T-cell model” implies that MF is clonal (i.e. all malignant
cells comprise the same clonotype). However, it cannot easily explain why MF emerges
simultaneously in many different areas of the skin rather than as a single skin lesion. It is also
difficult to understand the mechanism of skin relapses which inevitably occur even after the
most powerful cytoreductive therapies such as total skin electron beam radiation. It is even
more puzzling that the relapses occur in multiple skin regions, not necessarily within

the previously affected areas. The obvious explanation that skin lesions in MF are initiated by
circulating, rather that skin-resident malignant T-cells has never been challenged
experimentally.

In our research we were motivated by gaps in knowledge regarding the molecular

pathogenesis of MF. Therefore, the first objective of this study was to develop a technique to
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identify TCR clonotypes of malignant cells. Second, we asked whether malignant T-cell
clones are present in circulating blood in early and late stage MF patients. Lastly, we decided
to determine the genetic landscape of MF skin lesions to study clonality of malignant cells on

the genetic level.

1.6 Hypothesis

According to the current model, MF is a clonal proliferation of malignant T-cells comprising a
single clonotype, that primarily develops in the skin, and progresses in a linear fashion by
accumulation of mutations.

Our alternative research hypothesis is that MF is composed of multiple neoplastic T-cell

clones, spreads via hematogenous seeding and presents substantial genetic heterogeneity.
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Chapter 2: Clonotypic heterogeneity in cutaneous T-cell
lymphoma reveled by comprehensive whole exome
sequencing®

2.1 Abstract

Mycosis fungoides (MF), the most common type of cutaneous T-cell lymphoma, is believed to
represent a clonal expansion of a transformed, skin resident, memory T-cell. T-cell receptor
(TCR) clonality (i.e. identical sequences of rearranged TCRa, B and vy), the key premise of this
hypothesis, has been difficult to document conclusively because malignant cells are not
readily distinguishable from the tumor infiltrating, reactive lymphocytes, which contribute to
the TCR clonotypic repertoire of MF. Here we have successfully adopted the technique of
targeted whole exome sequencing (WES) to identify the repertoire of rearranged TCR genes
in tumor enriched samples from patients with MF. Though some of the investigated biopsies
of MF had the expected monoclonal rearrangements of TCRy of the frequency that are
corresponding to those of tumor cells, majority of the samples presented multiple TCR-y, -a
and -3 clonotypes by WES. Our findings are compatible with the model in which the initial
malignant transformation in MF does not occur in mature, memory T-cells but rather at the
level of T-lymphocyte progenitor before TCRP or TCRa rearrangements. We have also shown
that WES can be combined with whole transcriptome sequencing (WTS) in the same sample
which enables comprehensive characterization of the TCR repertoire in relation to tumor
content. WES/WTS might be applicable to other types of T-cell lymphomas to determine

clonal dominance and clonotypic heterogeneity in these malignancies.
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*A version of this work has been published as A. Iyer, D. Hennessey, S. O’Keefe, J.
Patterson, W. Wang, G. Ka-Shu Wong, R. Gniadecki, Clonotypic heterogeneity in cutaneous
T-cell lymphoma (mycosis fungoides) revealed by comprehensive whole-exome sequencing.

Blood Adv. 2019;3(7):1175-1184.
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2.2 Background

Mycosis fungoides (MF) is the most prevalent form of cutaneous T-cell lymphoma (CTCL).
In early stages it presents with scaly plaques on the skin which may progress into tumors and
finally disseminate to lymph nodes and to other organs.! MF can be viewed as a model of
low-grade T-cell lymphomas: it has a chronic, relapsing course, low-grade proliferation,
chemotherapy resistance and 5-year mortality approaching 50%."* MF expresses markers of
memory T-cell and appears to exhibit T-cell receptor (TCR) monoclonality and is thus

considered to be caused by malignant transformation of a mature T-cell residing in the skin.’

TCR gene sequences are excellent markers of T-cell lineage because TCR-90, -y, -B and -a loci
become sequentially rearranged during intrathymic maturation of T-cell from diverse V, (D)
and J gene segment pools, and the unique products of the rearrangements are retained (with
the notable exception of TCR-8) in all daughter cells.® Complementarity- determining region 3
(CDR3) encoded by the V(D)J junction is especially useful for lineage tracing because its
sequence heterogeneity is increased beyond the combinatorial V(D)J diversity by random
insertions and deletions of nucleotides during segment recombination.” Thus, identical TCRy,
-B and -a sequences of CDR3 in all lymphoma cells would be conclusive proof that malignant
transformation took place in a mature T-cell which had completed TCR rearrangement.
However, true TCR monoclonality, as defined by a single T-cell clonotype, has not been
demonstrated in CTCL. Usually, the dominant clone is accompanied by several other TCR
clones thought to originate from reactive, tumor-infiltrating T-cells. Statistical methods have

been used to formally determine clonality® but these methods neither distinguish between
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tumor clones and expanded reactive clones nor determine clonotypic heterogeneity of the

tumor itself.

Determination of the clonotypic structure of CTCL is practically important, because clonality
assessments are used for clinical diagnosis, prognosis and staging of CTCL.!? The most
widely used method based on multiplexed PCR amplification of TCRy and - and Genescan
analysis!? is currently being replaced by methods based on high-throughput sequencing of
PCR amplified CDR3 regions.”!!"!* They seem to have superior sensitivity and specificity in
the detection of the T-cell clone but they cannot differentiate CDR3 sequences derived from
tumor cells versus those derived from reactive T-cells and do not provide any measure of
sample purity (the percentage of neoplastic cells). Moreover, the amplification step with
multiplex PCR makes sequencing of the complex TCRa locus virtually impossible. Currently,
sequencing of TCRa can be achieved by RNA-seq where primers binding to the invariable
constant TCR segment are used but only the transcribed TCR alleles are detected and the
information on other non-productive rearrangements in the genome is not captured.
Unfortunately, RNA-seq results may be distorted by the presence of alternatively spliced

mRNA and allele silencing, not uncommonly seen in cancer.'!

It has been reported that the CDR3 sequences of rearranged TCRJ} genes can be retrieved from
the whole exome sequencing (WES).!* Based on this finding, we have developed a protocol in
which samples are analysed by the probe capture WES. This allowed us to identify
recombined TCRa, -B and -y sequences from DNA in MF patients and compare their

respective expression patterns. Since WES also allows to quantify the percentage of tumor
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cells in the sample '°, we were able to reconstruct clonotypic composition of MF and provided

evidence for TCR heterogeneity of this lymphoma.

2.3 Material and Methods

2.3.1 Sample collection and storage

Ethical approval was obtained from the Health Research Ethics Board of Alberta, Cancer
Committee HREBA.CC-16-0820-RENI1. After informed consent, 4mm punch skin biopsies
were collected from patients and embedded in optimal cutting temperature (OCT) medium at -
80°C. 10 ml of blood was collected and Ficoll was used to isolate peripheral blood
mononuclear cells (PBMC) that were subsequently resuspended in 50% of Dulbecco’s
modified eagle medium (DMEM), 40% Fetal bovine serum (FBS) and 10% DMSO and frozen

in liquid nitrogen until further use.

2.3.2 Cryosectioning and laser capture microdissection (LCM)

10 um sections of the skin biopsies frozen in OCT were collected on 2 pm polyethylene
naphthalate (PEN) membrane slides (cat# 11505158) (Leica Microsystems, Wetzlar,
Germany). The slides were then stained using hematoxylin and eosin stains to identify the
tumor cells. The microdissected tumor cell clusters were pooled together and collected in RLT
buffer (cat# 79216) (Qiagen, Hilden, Germany) and used for simultaneous DNA/RNA
isolation using AllPrep DNA/RNA micro kit (cat# 80284) (Qiagen, Hilden, Germany).
Isolated DNA was preamplified using REPLI-g single cell kit (cat# 150343) (Qiagen, Hilden,

Germany).
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2.3.3 Sample preparation for whole exome sequencing (WES)

1 png of DNA measured using Qubit™ dsDNA HS assay kit (cat# Q32851) (Thermo Fisher,
Massachusetts, United States) was sheared at a peak size of 200 bp using Covaris S2 focused-
ultrasonicator (Covaris, Massachusetts, United States). Prior to end-repair sheared DNA for
samples MF1, MF2, MF25, MF30, MF33, MF35, MF36, MF37, MF43, MF44 and MF45
were incubated with NEBNext FFPE DNA repair mix (cat#M6630S) (New England Biolabs,
Massachusetts, United States) and later end-repaired, ligated with adaptors and indexed using
NEBNext® Ultra™ II DNA library prep kit for Illumina (cat# E7645S) (New England
Biolabs, Massachusetts, United States). For DNA amplification 4-7 cycles were used rather
than number of cycles recommended by NEB. Prepared libraries were hybridized with biotin
labeled RNA baits (SSELXT Human All exon V6 +UTR) (Agilent Technologies, California,
United State) at 65 °C for 2 hours. Few of the samples were also used for hybridization with
customized probes designed to target V and J regions of TCRa, TCRP and TCRy. These
customized probes were combined with the current SSELXT Human All exon V6 +UTR kit
(Custom + SSELXT Human All exon V6 +UTR) to improve the overall efficiency of the
capture protocol in identifying TCR clonotypes. Hybridized DNA was pulled down using
Dynabeads™ MyOne™ streptavidin T1 (cat# 65601) (Thermo Fisher, Massachusetts, United
States). Captured DNA was re-amplified using KAPA library amplification kit with primers
(cat# 07958978001) (Roche Diagnostics, Risch-Rotkreuz, Switzerland). The peak size of
enriched DNA libraries verified using 2100 Bioanalyzer, (Agilent Technologies, California,
United State) was average of 325bp. The DNA libraries were sequenced on an [llumina HiSeq
1500 sequencer using paired-end (PE) 150 kit (cat# PE-402-4002) (Hiseq PE rapid cluster kit

V2) or NovaSeq 6000 S4 reagent kit 300 cycles (cat# 20012866).
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2.3.4 Sample preparation for whole transcriptome sequencing (WTS)

10 ng of total RNA quantified using Qubit™ RNA HS assay kit (Q32852) (Thermo Fisher,
Massachusetts, United States) was used for rRNA depletion (E6310) (New England Biolabs,
Massachusetts, United States). rRNA depleted samples were used for cDNA synthesis and the
library was built using NEBNext® Ultra™ II directional RNA library prep kit for Illumina
(E7760) (New England Biolabs, Massachusetts, United States). The peak size of prepared
cDNA libraries was verified using 2100 Bioanalyzer, (Agilent Technologies, California,
United State). The cDNA libraries were later sequenced on an Illumina HiSeq 1500 sequencer

using paired-end 150 kit (cat# PE-402-4002) (Hiseq PE rapid cluster kit V2).

2.3.5 Data analysis

The fastq files were analyzed using MiXCR to identify the TCR clonotypes.'® Short and long
read alignments were included for whole-transcriptome sequencing (WTS); however, for
WES data, partial reads were filtered out because they might be the captures of only V or J
sequences. Threads were processed using the GATK4 generic data-preprocessing workflow!”
and then analyzed with Titan'> to determine copy number aberration (CNA) and tumor purity
using the hg38 human reference genome. The tcR package in R was used to calculate the
inverse Simpson diversity index and identify the overlapping clones.'® VJ combination bias

was analyzed using the VDJtools package in R."

2.4 Results
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2.4.1 Identification of T-cell clonotypes from whole exome sequencing (WES) and whole
transcriptome sequencing (WTS)

The sequences of CDR3 regions and TCR clonotypes can be determined from WES and WTS.
We performed laser capture microdissection (LCM) of the areas of atypical lymphocytic
infiltrate in 33 biopsies of plaques (early lesions) and tumors (advanced lesions) of the 27
patients with MF (Fig 2.1) (Appendix Table A1). Due to lack of tumor specific markers, T-
cells were identified only based on histology of the cells. We expected some contamination
with reactive T-cells because histology cannot unequivocally define early stage lymphoma
cells. Therefore, copy number aberration (CNA) analyzed from WES'®, was used to identify
the percentage of tumor cells in the LCM samples. Moreover, to compare the results of WES
and the whole transcriptome sequencing (WTS) directly, we purified DNA and RNA
simultaneously from the same isolated cell clusters for few of the tumor and plaque pairs
(early and late lesion samples collected from the same patient). As shown in Fig 2.2 A, B,
using the capture-based WES technique we successfully identified numerous CDR3 sequences
corresponding to TCRa, TCRB and TCRy clonotypes. With the sequencing depth of 87x10°
reads, we were able to capture (median and range): 146 (37-471) TCRa, 40 (5-110) TCRf and
21.5 (1-98) TCRy clonotypes. The relative excess in TCRa abundance is readily explainable
by the fact that during T-cell development, the TCRJ is under the strict allelic exclusion, but
TCRa locus is usually rearranged on both chromosomes, sometimes in multiple rounds
resulting in 2-4 TCRa rearrangements per single TCRB rearrangement.'®,!” This explanation is
confirmed by WTS results documenting a comparable number of expressed TCR[} clonotypes
to the number of clonotypes identified at the DNA level (35.5 vs 40) and practically the same

median number of transcribed TCRa clonotypes (n=50) in 9 of the MF samples with available
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WTS data (Fig 2.2 B). There was no bias in V and J segment detection in the controls of

peripheral blood samples (Appendix Fig A1) with the same WES protocol.
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Figure 2.1: Schematic representation of sample collection, processing, and TCR
sequencing.

Four-millimeter punch biopsies were collected from early lesions (plaques; red circles) or
tumors (green squares) in 27 patients with MF. Biopsies were cryosectioned and laser
microdissected to capture tumor cells that were pooled together. Original magnification 10x;
hematoxylin and eosin staining. DNA and RNA were isolated simultaneously from the
microdissected material and processed for WTS and WES. WTS data are available only for
samples MF4 2T, MF4 3P, MF5 1T, MF5 2P, MF7 1T, MF7 2P, MF11T, MF11 1P,
MF19 1T, and MF19 2P and a pool of normal CD4+ lymphocytes (data not shown). The
gene sequence is indicated in green; the adapter sequence is indicated in red, and the index
sequence is indicated in blue.

2.4.2 Efficiency of probe capture technique in identification of T-cell clonotypes
Previous protocols with probe-capture and high-throughput sequencing used TCR specific

probes rather than the vast panel of probes for the entire exome.'® The drawback of that
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approach is that fewer probes can paradoxically lead to decreased capture efficiency (Wong
GK-S, unpublished). Since the exome capture probe set was not specifically designed to
capture TCR genes, we asked whether the efficiency can be increased by adding probes
targeting V and J segments of TCRa, B and y. As shown in Fig 2.2 C-E, those additional
probes increased the total number of identified clonotypes in 3 of the 4 samples, but the
difference was not statistically significant. Therefore, for the subsequent experiments we used
standard exome capture probes. We have also tested the sequencing depth on clonotype
detection efficiency by sequencing two total blood samples with 400 million reads each. We
observed that at a depth of 348 million read per sample (approximately 800x sequencing
coverage), the capture experiments with deep sequencing did not reach saturation in
identifying TCR clonotypes. The efficiency with increased sequencing depth still remained

highest for TCRa and lowest for TCRy (Fig 2 F-H).
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Figure 2.2: Efficiency of WES probe capture and WTS protocols in the detection of
CDR3 clonotypes in MF biopsies.
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All of the samples were sequenced using whole-exome probe capture (A) and WTS (B), and
the number of clonotypes for TCRa, TCRp, and TCRy was determined for each sample, as
indicated. The lines connect the results for the same sample. (C-E) The effect of TCR-specific
probes. The capture was performed in 4 samples with whole-exome probes as in panel A
(Exome) or with whole-exome probes combined with specific TCR capture probes
(Exome+TCR) and sequenced, and the number of unique clonotypes for TCRa (C), TCRf
(D), and TCRy (E) was determined, as in panel A. The addition of probes slightly increased
the number of TCRy clonotypes (P = .024, paired Student # test) but not the number of TCRa
or TCRJ clonotypes. (F-H) The effect of sequencing depth on clonotype detection for TCRa
(F), TCRP (G), and TCRy (H). Two samples of whole peripheral blood mononuclear cells
were sequenced with WES at a maximum of 400 million reads, as in panel A. The samples do
not reach saturation up to 348 million reads (~800x sequencing depth).

2.4.3 Analysis of malignant TCR clonotypes in MF

MF is thought to develop from memory T-cells and therefore it should have the same TCRy, -
B and -a clonotypes. The concept of monoclonality of T-cell lymphoma has been well
documented using multiplex/heteroduplex PCR amplification and detection by capillary

electrophoresis or high throughput sequencing!'®!?

and is used as a diagnostic test in CTCL.
We were therefore interested whether our WES-based method of clonotype detection could
identify those TCR clones in MF samples. The biopsies always contain variable, usually
unknown, amounts of reactive T-cells contributing to the repertoire of TCR clonotypes.
Perhaps therefore, previous studies claimed monoclonality in samples showing dominant
clonotype of frequency as low as 15%, the rest of the clonotypes (up to 85% of sample
composition) being considered to represent reactive T-cells.”'? As shown in Fig 3, if the 15%
clonotype frequency threshold is applied, only 9 of 33 MF for TCRy, 15 of 33 MF for TCRf
and 5 of 33 MF for TCRa can be classified as monoclonal on the basis of WES.

Information from WES was used to identify CNA in cancer genome and hence calculation of

the enrichment tumor cells in the LCM sample. Even in the microdissected samples the

proportion of malignant cells varied between 21.1% to 98.6% (median 71.28%) and there
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were no differences between the plaques and the tumors. Contrary to expectation, neither the
frequency of the most abundant (dominant) clone nor diversity index (inverse Simpson index)
were correlated with the proportion of tumor cells in the sample (Appendix Fig A2). More
surprising was the finding that a single TCRJ clonotype cannot account for all malignant cells
in the sample (Fig 2.4). Even in samples with the ratio of the sum of two dominant (biallelic)
TCRy clonotypes to the proportion of tumor cells =1 (MF4 2T, MF4 3P, MF5 1T, MF5 2P,
MF7 1T, MF8P, MF9P, MF11T, MF11 _1P), representing samples with perfect TCRy
monoclonality, the dominant TCRf clonotype could account for a median of only 15% of
tumor cells. As shown in Fig 2.3B, WES revealed presence of additional one to three TCRf
clonotypes which together had a comparable frequency to the dominant clonotype. Intriguely,
WTS for these samples revealed single dominant TCRf3 and TCRa in MF4 3T and MFI11T,
oligoclonality in MF7 1T, MF7 2P and polyclonality for MF5 1T, MF11 1P, MF19 1T and
MF19 2P (Fig 2.3E, F). This result illustrates that a malignant T-cell clone can rearrange
multiple TCRy, TCRf and TCRa in some instances express more than a single TCRa and -3

mRNA.
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Figure 2.3: Relative frequency of T-cell clonotypes.

TCRa (A), TCRB (B), and TCRy (C) repertoire sequences identified from WES of MF
samples. Sample ID relates to patient number, as in Figure 1, with the suffix P (plaque) or T
(tumor). TCRa (D) and TCRp (E) repertoires identified by WTS of MF samples. Each bar
represents an individual CDR3 amino acid clonotype, with red and green indicating the first-
ranked and tenth-ranked clonotype, respectively, in decreasing order of relative frequency.
Gray bars represent the rest of the identified clonotypes in the samples. NormalLym, pooled
CD4+ normal lymphocytes from 4 healthy donors.
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Figure 2.4: Clonotypic diversity of MF.

Contribution of the dominant clonotypes of TCRa, TCRf, and TCRy relative to the tumor
DNA enrichment of the sample. Note that for samples MF4 2T, MF4 3P, MF5 1T, MF5 2P,
MF7 1T, MF7 2P, MF8P, MF9P, MF11T, and MF11 1P, the proportion of the dominant
TCRy clonotype is approximately equal to the proportion of tumor DNA in the samples,
indicating that all tumor cells share the same TCRy clonotype. However, in the same samples,
the relative frequency of the dominant TCRa and TCRJ clonotypes is only 15% (range, 6.52-
30.89), indicating that other clonotypes are found in tumor-derived DNA.

2.4.4 Identification of shared TCR clonotypes

The monoclonal mature T-cell theory dictates that the tumor is an expansion of the clone
found in early stage lesions such as patches and plaques.® Therefore, high degree of overlap
between clones of the tumor and the plaque samples collected from a patient at a single time
point is expected. Therefore, we were interested whether clonotypic composition is the same
in early (plaque) and advanced (tumor) lymphoma lesions. Due to the vast number of
clonotypes and reactive T-cell contamination we focused on sharing of top 10 dominant
clonotypes, most likely to represent the malignant clonotypes. For the 5 pairs in our dataset, 4

pairs (MF4 2T, MF4 3P, MF5 1T, MF5 2P, MF11T, MF11 1P, MF19 1T and MF19 2P)
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shared no more than 1-3 clonotypes independently for TCRa, - and -y and patient MF7
(samples MF7 1T and MF7_2P) shared no clonotypes. In retrospect, given the vastness of the
CDR3 repertoire it could be expected that individual clonotypes are not shared in samples
from different patients. However, interindividual clonotype sharing was relatively common
with the highest number of 4 of the top 10 dominant clonotypes shared between MF4 2T and
MF43T for TCRa, MF30P and MF37P for TCRB and MF31T and MF44T for TCRy (Fig
2.5A-C). For all clonotypes detected in a sample, the number of shared clonotypes was even
higher, reaching 45 shared TCRa clonotypes, 10 TCRp and 25 TCRYy clonotypes. The Va and
VP segment usage was characterized by high representation of pseudogenes (TRAV11,
TRAV28, TRAV31, TRBV12-1, TRBV22-1) but otherwise did not reveal any clues as to the

functional role of those clonotypes.
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Figure 2.5: Shared T-cell clonotypes.

The 10 most frequent CDR3 sequences identified using WES were tested for overlap. The red
boxes denote the TCRa (A), TCRp (B), and TCRy (C) clonotypes shared in tumor and plaque
lesion pairs collected from each individual patient.
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2.5 Discussion

In this report we demonstrate that TCR repertoire in MF can be assessed by probe-capture
based WES and identifies simultaneously TCRY, -p and -o rearrangement. The method gives
an advantage of identifying TCRa locus rearrangements that do not amplify reliably with
multiplex PCR due to large number of V and J genes. To date, all data on TCRa were

gathered with RNA sequencing 1920

and very little is known about the diversity of TCRa at
the DNA level. Another advantage of our approach is using the exome data to estimate the

percentage of malignant cells in the sample, eliminating the need of arbitrary thresholds for

reactive T-cell contamination in the samples.

The drawback of our method is its lower robustness than the PCR-based methods in capturing
the whole TCR repertoire in the sample. WES/WTS yielded hundreds rather than thousands of
TCRa and TCRJ clonotypes which although sufficient to analyse TCR rearrangement in
tumor cells that does not allow for comprehensive estimation of the entire T-cell diversity.
The number of detected clonotypes was linearly dependent on sequencing depth and does not
reach saturation at the depth of 348 million where a maximum of 390 TCRa and 109 TCRf
clonotypes could be detected in whole blood samples. It is possible that further improvements
in capture probe design the robustness of the technique could be increased to study clonotypes

of low frequency as well.

Analysis of TCR repertoire in MF by WES led to unexpected conclusions regarding the nature

of clonal expansion of malignant cells. By comparing the proportion of tumor-derived DNA in
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the sample with the relative frequencies of TCRy, -B and -a clonotypes, we found evidence for
existence of multiple, rather than single, malignant T-cell clonotypes. Especially informative
were the cases where the proportion of monoclonal TCRy rearrangement matched the
proportion of tumor-derived DNA, indicating that the sample was composed of a population
of malignant cells sharing identical TCRYy clonotype (e.g. cases MF4 2T, MF4 3P, MF5 1T,
MF5 2P, MF7 1T, MF8P, MF9P, MF11T, MF11 1P Fig 2.3, 2.4). Instead of expected TCRf
monoclonality, we detected 2-7 TCRP clonotypes and multiple TCRa clonotypes. This
indicates that at least in some cases of MF, the initial transformation does not happen at the
level of skin-resident memory T-cell, but possibly much earlier, during lymphocyte
development after completion of TCRYy rearrangement, but before initiation of TCRf and -a
recombination. Thus, all malignant cells inherit the identical TCRy CDR3 sequences, but not
TCR or TCRa which would be different in the subclones descending from the same
precursor. Other groups that performed TCR sequencing in CTCL also found evidence of

oligoclonality.?! Recently, Ruggiero et al."

using ligation-anchored PCR for mRNA
amplification and sequencing of TCRa and TCR in Sézary syndrome found oligoclonal,
rather than monoclonal pattern in 4/10 patients and polyclonal TCR repertoire was reported in
subgroups of patients with PTCL-NOS or AITL. Supportive evidence comes also from the
studies showing multiple TCRp transcripts in CTCL with the copy number aberration of
chromosome 7 containing TCRB.?* An explanation that malignant T-cells are able to
recombine TCR in the periphery is unlikely, because the essential recombination activating
genes RAG-1 and RAG-2 are not active in mature T-cells or in CTCL.** Moreover, in our

WTS dataset there is no evidence of RAG1/2 expression (data not shown). Previous findings

that chromosomal breaking points in CTCL contain RAG heptamer sequences, reinforce our
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conclusion that initial stages of malignant transformation happens early during lymphocyte

development when RAG enzymes are active.?*

We have also considered the possibility that the observed clonotypic heterogeneity in MF
could be caused by malignant transformation of multiple cells in an inflammatory infiltrate.?’
Previous studies have indicated Staphylococcus aureus in skin microbiota provides an
antigenic drive for MF. This hypothesis was supported by findings of a higher than expected
usage of V[ segments involved in recognition of staphylococcal superantigens (e.g. TRBV20
or TRBVS5.1).1218:19.26.27 e could not confirm those observations; on the contrary, we found
that MF clonotypes including those shared between patients, contain Va and V[ segments that
are found at a very low frequency in peripheral blood or in the inflamed skin (e.g.
pseudogenes TRAV11, TRAV28, TRAV31, TRBV12-1, TRBV22-1).28?° We hypothesize
that the putative increased frequency of pathogen recognizing Vf usage identified in previous
studies may be due to presence of reactive T-cell in the sample, which was minimized in our

material by using microdissected samples enriched in neoplastic cells.

In conclusion, we have demonstrated that probe-capture based WES is a useful and
straightforward approach to identify clonotypic composition in MF. Our data show that CTCL
is clonotypically heterogeneous which strongly suggests that the initial malignant
transformation may take place at a stage of T-cell precursor rather than the mature T-cell, as
currently believed. The clinical implications of clonotypic heterogeneity for diagnosis and
prognosis remain to be further investigated. It is however conceivable that clonotypic

heterogeneity is a feature of a more general phenomenon of tumor heterogeneity which is
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known to have profound impact on tumor prognosis and response to therapy.2®?! It remains to
be seen whether clonotypic heterogeneity is correlated with clinical outcomes and whether

this phenomenon is present in other T-cell lymphomas.
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Chapter 3: Skin colonization by circulating neoplastic
clones in cutaneous T-cell ymphoma*

3.1 Abstract

Mycosis fungoides (MF) is a mature T-cell lymphoma currently thought to develop primarily
in the skin by a clonal expansion of a transformed, resident memory T-cell. However, this
concept does not explain the key characteristics of MF such as the debut with multiple,
widespread skin lesions or inability of skin directed therapies to provide cure. The testable
inference of the mature T-cell theory is the clonality of MF with respect to all rearranged T-
cell receptor (TCR) genes. Here we have used whole exome sequencing approach to detect
and quantify TCRa, -f and -y clonotypes in tumor cell clusters microdissected from MF
lesions. This method allows us to calculate the tumor cell fraction of the sample and therefore
an unequivocal identification of the TCR clonotypes as neoplastic. Analysis of TCR
sequences from 29 patients with MF stage I-IV proved existence of multiple T-cell clones
within the tumor cell fraction, with a considerable variation between patients and between
lesions from the same patient (median 11 clones, range 2-80 clones/sample). We have also
detected multiple neoplastic clones in the peripheral blood in all examined patients. Based on
these findings we propose that circulating neoplastic T-cell clones continuously replenish the
lesions of MF thus increasing their heterogeneity by a mechanism analogous to the
consecutive tumor seeding. We hypothesize that circulating neoplastic clones might be a

promising target for therapy and could be exploited as a potential biomarker in MF.

* A version of this work has been published as A. Iyer, D. Hennessey, S. O’Keefe, J.

Patterson, W. Wang, G. Ka-Shu Wong, R. Gniadecki, Skin colonization by circulating
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neoplastic clones in cutaneous T-cell lymphoma, Blood (2019): blood.2019002516. Web. 13

Sept2019.
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3.2 Background

Cutaneous T-cell lymphomas (CTCL) are mature T-cell neoplasms, among which mycosis
fungoides (MF) is the most common disease entity.! MF presents initially as scaly,
erythematous patches and plaques on skin, which may progress to tumors and disseminate to
lymph nodes and other organs, such as the central nervous system.>* The pathogenesis of MF
has been studied for decades as a model disease reflecting key characteristics of low-grade

lymphomas such as progressive course and lack of curative treatments.

MF is believed to originate from the mature, memory, tissue-resident T-cells expressing skin
homing markers CLA and CCR4.> This straightforward hypothesis explains the affinity of
MF to the skin and its low capacity to disseminate to extracutaneous sites. However, some
clinical and molecular features of MF are incompatible with the model of the skin-resident
memory T-cell as origin of MF. It is unexplainable why the disease usually starts multifocally
in different areas of the skin rather than in a single site representing the location of the
founding, transformed T-cell. Second, even profound depletion of lymphocytes in the skin
(e.g. by electron beam radiation therapy or psoralen ultraviolet A therapy [PUVA]) almost
never results in a cure but only in a short-term responses.’ !° Third, cells sharing molecular
characteristics of malignant T-cells in MF have been found in the bone marrow of the patients
years before the emergence of skin lesions of the disease!' and CTCL can be transmitted via
bone marrow transplant from asymptomatic donors.'>!* Fourth, MF may share the common
precursor with other lymphomas (e.g. Hodgkin lymphoma) that do not originate in the skin

but primarily occupy extracutaneous sites, such as lymph nodes. '
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These observations are more compatible with a scenario in which CTCL originate by
hematogenous spread of precursor neoplastic cells to the skin niche.!> However, this concept
was met with skepsis and resistance because analysis of the clonality of the T-cell receptor
(TCR) seemed to strongly indicate that this disease is monoclonal and originates in the

skin. %16

TCR clonality assays have been the most powerful technique to dissect the pathogenesis of
CTCL and other T-cell lymphomas.'”!® During T-cell development, the V, (D) and J gene
segments of TCRG, TCRB and TCRA undergo sequential rearrangements producing unique
CDR3 sequences which are retained in the mature T-cells. The diversity at CDR3 is further
increased by insertions or deletions at V(D)J junctions and therefore those sequences
constitute a unique signature of a given T-cell clone.!” Most research focused on TCRG
because of its relatively small size and limited diversity and only recently on 7CRB which is

more diverse and has a unique property of allelic exclusion which simplifies data analysis.

We have recently shown that MF cells sampled from a plaque or a tumor may share the same
TCRYy clonotype but exhibit different TCRB and TCRa clonotypes.?**! Since TCRy loci
(TCRG) rearrange before TCRP (TCRB) and TCRa (TCRA) and the unique 7CRG CDR3
sequences are inherited by the T-cells derived from those early clones, these findings are
incompatible with the current model of mature T-cell as precursor of MF where all malignant
cells would share an identical clonotype for all rearranged TCR genes (TCRG, TCRB and

TCRA).
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Skin-resident T-cells do not recirculate but remain in the tissue where they can survive and
proliferate without migration to the lymph nodes.>???* Although atypical malignant T-cells
are conspicuously absent in the blood in MF patients in the early stages and clonality assays
are usually negative, it may be argued that standard TCRy detection methods are rather
insensitive for detecting rare clones in the background of highly diverse normal T-cells.?*
Indeed, using more careful experimental approaches such as tumor fraction enrichment by
laser capture microdissection and analysis of purified lymphocytes or mononuclear cells from
the blood, some authors were able to find clonal, circulating cells even in early stages of
disease development.?**-28 Unfortunately, due to the difficulties in PCR amplification of
TCRB and TCRA from genomic DNA these findings rely heavily on the analyses of TCRy,
which may give false positive results because of the low diversity of TCRG. Likewise, relying
on RT-PCR-based methods for TCR} may miss malignant clones with unproductive TCR

rearrangements.

Here, we have applied the technique of TCR detection by whole exome sequencing *! to
revisit the hypothesis of circulating neoplastic cells in MF. By comparing TCR clonotypes in
the skin and blood in patients with MF we reveal a complex pattern of recirculation of tumor
subclones. We propose that substantial clonotypic heterogeneity of skin lesions in MF is
caused by the mechanism of consecutive seeding of the skin niche by multiple subclones of

neoplastic cells.

3.3 Material and Methods

3.3.1 Patients, sample collection and storage
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We included 29 patients with diagnosis of mycosis fungoides established by a certified
dermatopathologist or a hematopathologist. Patient characteristics are summarized in
Appendix Table B1. None of the patients received systemic therapy, radiotherapy or
phototherapy at the time of tissue sampling. Most patients used medium and high potency
topical steroids, but the biopsies were obtained from the lesions that have not been treated
with steroids for at least 3 days. Ethical approval was obtained from the Health Research
Ethics Board of Alberta, Cancer Committee HREBA.CC-16-0820-REN1. After informed
consent, 4mm punch skin biopsies were collected from patients and embedded in optimal
cutting temperature (OCT) medium stored at -80°C. 10 ml of blood was collected into EDTA
tube, peripheral blood mononuclear cells (PBMC) were isolated by Ficoll centrifugation
which were resuspended in 50% of Dulbecco’s modified eagle medium (DMEM) (cat#
11965-084) (Thermo Fisher Scientific, Massachusetts, United States), 40% Fetal bovine
serum (FBS) (cat# 16000044) (Thermo Fisher Scientific) and 10% Dimethyl Sulfoxide
(DMSO) (cat# 20688) (Thermo Fisher Scientific) and frozen in liquid nitrogen until further
use. Before DNA isolation the PBMC cells were thawed, resuspended in Roswell Park
Memorial Institute (RPMI) 1640 medium with 10% FBS. DNA and RNA were isolated with

Trizol reagent (cat# 15596026) (Invitrogen, Carlsbad, California, United States).

3.3.2 Cryosectioning, laser capture microdissection (LCM) and sample preparation for whole
exome sequencing (WES)

Skin biopsies were cryosectioned and prepared for whole exome sequencing according to the

previously reported protocol.?! NEBNext® Ultra™ II DNA library prep kit for illumina (cat#

E7645S) (New England Biolabs, Massachusetts, United States) was used for preparing the
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samples for sequencing and SSELXT Human All exon V6 +UTR probes (Agilent
Technologies, California, United State) were used for the exome capture. The DNA libraries
were sequenced on an Illumina HiSeq 1500 sequencer using paired-end (PE) 150 kit (cat# PE-
402-4002) (Hiseq PE rapid cluster kit V2) or NovaSeq 6000 S4 reagent kit 300 cycles (cat#

20012866).

3.3.3 Data analysis

The fastq files were analyzed using MiXCR? (version 2.10.0) to identify the TCR clonotypes.
For WES data, partial reads were filtered out as these might be the captures of only V or J
sequences. The reads were processed using the GATK4*°(version 4.0.10) generic data-
preprocessing workflow, then analyzed with Titan*!(version 1.20.1) to determine copy number
aberration and tumor cell fraction (TCF) using the hg38 Human reference genome. The tcR*?
package for R was used to calculate the overlapping clones.

The number of neoplastic TCRf clonotypes (#np) is calculated to satisfy the following formula:

Z?f 1 TCRB; = TCF, where TCRB;is the percentage of the TCRp clonotype of i-rank (the
rank /=1 being the most abundant, dominant clonotype) and TCF is the tumor cell fraction in
the sample calculated from WES. We assumed that the proportion of malignant T-cells cells
with >1 rearranged TCRB is negligible (allelic exclusion) and therefore the number of
neoplastic TCRP clonotypes ng is equal to the number of malignant T-cell clones. Although
we have also computed the number of neoplastic clonotypes for TCRa (ny) and TCRYy (ny),
those values cannot directly be used for estimating the number of malignant clones because

TCRG and TCRA often, but not always, rearrange on both chromosomes and 7TCRA may re-

rearrange producing >2 clonotypes for each TCR B clonotype.
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3.4 Results

3.3.1 TCRB sequencing of MF shows lesional and topological heterogeneity of malignant
clonotypes

We have previously provided evidence that whole exome sequencing (WES) can be used for
identifying neoplastic TCR clonotypes, i.e. the TCR CDR3 sequences specific to malignant T-
cells in MF.?! Our method relies on the sequencing of CDR3 regions and quantification of the
fraction of TCRa, -B and -y clonotypes corresponding to the tumor cell percentage, thus
filtering out the TCR sequences from the reactive, tumor-infiltrating T-cells. Using the same
approach here, we have identified neoplastic clonotypes in 29 patients with MF using
microdissected samples of 46 biopsies from cutaneous lesions (Fig 3.1, Appendix Table B1).
To quantify clonogenic heterogeneity, we focused on 7CRB which is sufficiently diverse to
avoid the risk identical rearrangements of unrelated T-cell clones and which is rearranged on a
single chromosome in >98% of all T-cells (allelic exclusion) thus unequivocally defining a T-
cell clone.**% In a purely monoclonal disease, one can expect that the frequency of the single,
dominant TCR clonotype matches the tumor cell fraction of the sample. However, in our 46
skin biopsies the tumor cell fraction significantly exceeded the frequency of the most
abundant TCRJ clonotype which unequivocally proved clonotypic heterogeneity of MF. We
identified a range of 2-80 TCRJ clonotypes per sample, which corresponded to the tumor cell
fraction of the sample (i.e. neoplastic clonotypes) (Fig 3.2A, Appendix Fig B1A). On average,
the most frequent (dominant) TCRp clonotype comprised only 19.32% of the tumor fraction,
which was similar to the values obtained in other studies using the PCR-based approach and

NGS.3”* The number of neoplastic TCRP clonotypes correlated with the tumor cell fraction
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but not with the stage of the lesion (T1 plaque vs T2 tumor) which further supported the
notion that those clonotypes represented true tumor clones and were not derived from

infiltrating, reactive T-cells (Fig 3.2B).

Patients WES and TCR analysis

i ee 0000000 : :
: hybridization and capture with
] : : biotin labelled RNA probes
. — _ — :-j:
Material o o .
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Figure 3.1: Schematic representation of sample collection and processing.

4mm single or multiple punch biopsies from and 10 ml of total blood was collected from 29
patients. In 7 patients we collected more than one biopsy (green silhouettes) whereas three
patients were followed longitudinally with several biopsies and/or blood samples. The skin
biopsies were cryosectioned and used for laser microdissection of clusters of tumor cells,
which along with blood PBMC were processed for WES. Sequenced data was analyzed for
identifying rearranged CDR3 sequences of TCRA, TCRB and TCRG and to determine tumor
cell fraction. Rectangles represent DNA fragments, green areas are exons, yellow areas are
rearranged TCR genes.
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Figure 3.2: Clonotypic heterogeneity of skin lesions in MF.

(A) The tumor purity for the skin samples was estimated by the copy number aberration
(CNA) data from the WES. The tumor cell fraction (grey bars) is plotted versus the
cumulative frequency of the most abundant TCR clonotypes. The frequencies of the
clonotypes are represented with stacked bars representing clonotypes from the most abundant
(rank #1) to the least frequent. The ranks of clonotypes are color-coded as in the legend. (B)
Correlation between tumor cell fraction and the number of neoplastic clonotypes. Note that
the clonotypic heterogeneity is not dependent on the stage of the lesion (tumor vs plaque). The
size of the circle is proportional to the percentage of the most dominant (rank #1) TCRf
clonotype. (C) Topological heterogeneity in MF. Venn diagrams illustrating the number of
overlapping TCRJ clonotypes across different skin lesions. The location and type of the lesion
is plotted for each patient (green circle - plaque, red square - tumor). (D-E) VJ combination
diversity of TCRJ clonotypes in MF. The combinations of V.J genes of the neoplastic
clonotypes is presented in (D). MF32 and (E) MF16.

In 10 patients we obtained biopsies from multiple skin lesions which enabled us to study
clonotypic heterogeneity between different areas of the skin (Fig 3.2C). In 8 patients we

compared the biopsies from the plaque and the tumor (late lesion) (patients MF4, MF5, MF7,
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MF11, MF19, MF34, MF38 and MF40) and in 3 patients we compared lesions in the same
stage (two plaques from MF29, stage T2 and two tumors from MF4 and MF32, stage T3). The
heterogeneity of any single lesion was lower than the combined heterogeneity of all biopsies
from the same patient, measured by the clonotype richness (number of different neoplastic
TCRp clonotypes) and Simpson index (the probability that two clonotypes, randomly drawn
from the sample are different) (Appendix Fig B1). Surprisingly, the degree of overlapping
clonotypes between different lesions was very low (1-2 clonotypes) and in one case (MF7
tumor and plaque) we did not detect any shared clonotypes. Importantly, the shared
clonotypes were not always the most frequent ones. Thus, extensive clonotypic heterogeneity
was not detected only on the level of a single lesion, but also between different lesions

(topological heterogeneity).

3.3.2 Neoplastic clonotypes are frequently detected in the peripheral blood in MF

Having established that MF shows high clonotypic heterogeneity, both with regard to the
composition of a single lesion and between different lesions, we realized that this
heterogeneity could not be generated in the skin in sifu because cells in the MF infiltrate do
not express RAG1/2 and TdT, the key enzymes needed for TCR gene recombination (ref. 39
and our unpublished data on RNAseq of MF). We considered the possibility that there is a
pool of clonotypically heterogeneous neoplastic cells in the circulation which are able to seed
the skin and undergo clonal expansion in the skin niche. Therefore, we investigated whether
malignant T-cell clones could be found in the peripheral blood. For the consistency across
samples, we assumed conservatively that the top 10 frequent TCR clonotypes from skin

represent the true, tumor-related clonotypes. This assumption is based on the observation that
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the 10 most abundant TCRf clonotypes contributed to up to 85% (95% upper confidence
interval value) of the tumor-related clonotypes whereas the remaining clonotypes (ranked
>10) had a low abundance (95% CI: 1.3%-1.5%,) and only contributed to 6%-15% (95% CI)
of the total number of clonotypes. To provide a second layer of validation, we have also

compared the TCRA and TCRG CDR3 sequences in the blood and the skin.

In 79% (15/19) of patients we have detected at least one shared TCRf clonotype between the
skin and the blood. The same number of patients had one or more common TCRy shared
clonotype in the skin and blood, whereas 16 patients had circulating neoplastic TCRa
clonotypes (Fig 3.3A, Appendix Fig B2A and B3A). Thus, all patients had at least one shared
clonotype TCRa, -B or -y between the skin and the blood at the time of sampling. The number
of identical clonotypes in the skin and the blood was highest for TCRa (1-7 clonotypes, Fig
S2A), probably due to the fact that a single clone of T-cells defined by a common TCRJ
clonotype may comprise 1-3 different TCRa clonotypes (see Appendix Fig B4). Importantly,
the neoplastic clonotypes were composed of multiple V-J gene combinations that indicated

they originated at the stage of T-cell development (Fig 3.2D, E).
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Figure 3.3: Detection of the neoplastic TCRf clonotypes in the peripheral blood.

The sequences of the TCRP clonotypes in the blood that matched any of the top 10 neoplastic
TCRP clonotypes identified in the corresponding skin sample to detect the neoplastic
clonotypes in the circulation. The number and frequency of those shared neoplastic clonotypes
are shown separately for the three groups of patients as defined in Fig 1: (A, B): 19 patients
with a single biopsy, C-F: patients with multiple skin biopsies, of whom in 7 patients the
biopsies were obtained at a single time point (C, D) whereas 3 patients were sampled
longitudinally (E, F). In B, D, F the first ranking shared clonotype in the skin is indicated in
red and the subsequent shared clonotypes are color-coded as indicated in the legend. The non-
overlapping clonotypes are indicated in gray.

We subsequently analysed whether the frequency of the clonotypes in the skin correlated with
the frequency of those in the blood. The dominant (most abundant) TCRf clonotype from the
skin was identified in the blood in 8 patients and 6 of those clonotypes were also dominant in
the blood (Fig 3.3B). The pattern was more complicated for TCRy and TCRa, where

dominant clonotypes could be detected in the blood and the skin in only 2 patients (MF36 and

MF37) (Fig S2B and S3B).
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Similar occurrence of tumor-derived clonotypes was detected in 10 patients in whom we
analyzed multiple skin biopsies. 7 patients were analyzed with paired biopsies (tumor and
plaque) and for 3 patients multiple biopsies (between 3 and 7). All patients shared at least one
clonotype (TCRJ, -a or -y) between the blood and one or both skin biopsies (Fig 3.3C,
Appendix B2C, Fig B3C) and the degree of clonotypic sharing was higher between the blood
and the skin than between two skin biopsies (Fig 3.3D). No correlation was found between the
number of shared clonotypes and the stage of the disease and the progression-free survival
(Appendix Table B1).

It has not escaped our attention that some clonotypes were shared between different samples
(both skin and blood) from different patients, such as the CDR3 sequence CDNNNDMRF
(TRAV16/TRAJ43) which was found among malignant clonotypes of patients 8 of 29 patients
and CAASRGC_AKNIQYF (TRBV18/TRBJ2-4) that was found in 20 of 29 patients (see
Appendix Table B2). We have previously noticed frequent clonotypic sharing between
patients with MF and excluded laboratory error as a possible cause.”! We have also excluded
the possibility that those sequences represented sequences parts of unrelated captured exomes,
with the secondary verification using blastn and blastp that indicated the sequences to be TCR

(data not shown).

3.3.3 Temporal dynamics of malignant TCR clonotypes in the skin and blood
Clonotypic heterogeneity could be achieved by seeding the skin with malignant clones, a
mechanism which is responsible for the formation of metastases in solid tumors.**#?

Metastatic seeding may occur by single cancer cells (in which case the metastasis represents a

single subclone) or via continuous seeding when clusters of cancer cells transfer the entire
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heterogeneity of the primary tumor to the metastases.*'* The third seeding mechanism,
referred to as the consecutive seeding, relies on sequential recruitment of neoplastic cells to
the metastases and result in the metastatic lesions that only represent a fraction of the
heterogeneity of the primary tumor (Appendix Fig B5).* Clonotypic heterogeneity of skin
lesions excluded the single-cell seeding events whereas the fact that we detected single
neoplastic clonotypes in the blood rather than combinations of different clonotypes argued
against continuous seeding. To further elucidate the mechanism of tumor seeding, we
followed the malignant clonotypes in the skin and the blood in 3 patients (MF4, MF11, MF34)
over a period of 9 to 22 months (Fig 3.3E, F and Fig 3.4). In each case we found neoplastic
T-cell clonotypes in the blood, defined as those TCRB CDR3 sequences that were found in at
least one skin biopsy. The number of circulating neoplastic clonotypes varied from 2
clonotypes in MF34 to 10 clonotypes in MF4. Circulating neoplastic clonotypes were not
detected constantly in all blood samples and certain CDR3 sequences could be detected in the
blood before occurrence in skin biopsies, e.g. GPGTRLLVLGERGLLGRGRGR
WVWFLRGVPGLCSGANVLTF or CASCPH_VSCRRP that were found in the blood of
patient MF4 months before their detection in skin biopsies (Fig 3.4A). Together with the
finding that a single skin lesion contained only a fraction of all possible neoplastic clonotypes,
our data strongly supported the model of the development of the skin lesions in MF by

consecutive seeding (Fig 3.5 and Appendix Fig BS).
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Figure 3.4: Dynamics of neoplastic clonotypes in the skin and the blood.

Three patients were followed longitudinally with multiple skin biopsies and/or blood
sampling. All shared neoplastic clonotypes are plotted on the time axis for individual patients
(A) MF4, (B) MF11 and (C) MF34. The location and type of the lesion is indicated for each
patient on a silhouette (green circle - plaque, red square - tumor). Each dotted line corresponds
to a single, shared clonotype of the indicated amino acid sequence of CDR3. Circles above
the line are skin clonotypes (open red- tumor, open green- plaque) whereas the solid red
circles below the line are the clonotypes detected in the blood. The size of the dot is
proportional to the frequency of the shared clonotype in the sample.

lesion 1 lesion 2 lesion 3 lesion 4

initial colonization clonal seeding maturation advanced disease

@) early neoplastic clones @ mutated, late clones

Figure 3.5: The hypothesis of tumor seeding in the pathogenesis of mycosis fungoides.
Even in the early stages of the disease the patients have circulating neoplastic T-cell clones in
peripheral blood. Early lesions are initiated by the pioneer clones and create a niche (blue-
shaded area) that facilitates seeding of this area of the skin (“lesion 1”’) with subsequent clones
(“lesion 2”) (consecutive seeding model*’ and Fig S6). The clonal composition of different
lesions may differ (“lesion 3”) due to the stochastic nature of cancer seeding. Some clones
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may have a higher proliferation capacity in the skin and may overgrow other clones (green
clone in “lesion 3”, further mutate, re-enter the circulation (orange arrow) and re-seed another
area of the skin (lesion 4). The figures represent symbolically the structure of the skin with the
epidermis (Epi), dermis (Der) and a pink-shaded blood vessel (BV). Different clones of
neoplastic T-cells are marked with different colors.

3.5 Discussion

The major finding of this study was that lesions of mycosis fungoides comprise a highly
diverse collection of malignant T-cell clones which percolate between the skin and the blood.
We propose that consecutive seeding of circulating neoplastic T-cell subclones in the skin is a

likely mechanism of growth and evolution of the lesions in this cutaneous lymphoma.

Difficulties in distinguishing between the CDR3 sequences in malignant T-cells from those of
normal, reactive T-cells has been the major limitation of TCR analyses. Several indirect
approaches have been used to mitigate this problem, such as setting arbitrary thresholds for
clonotypic frequencies or surrogate measures of tumor cell fraction as a ratio of the frequency
of the most abundant TCRP clonotype to the sum of all TCRp clonotypes.*’ Obviously, both
approaches assume that all tumor cells are clonal (i.e. share a single TCRf clonotype). This
assumption is a cornerstone of the theory of CTCL as a neoplasm of the mature T-cell but has
not rigorously been tested experimentally. Experimental findings suggesting clonotypic
heterogeneity in CTCL* have either been ignored or attributed to contamination by clonal
inflammatory T-cells®, activation of skin resident T-cells by superantigens** or age-dependent
clonal expansion.***’ We were able to solve this methodological problem by calculating the
tumor cell fraction in the sample by WES and thus directly enumerate the clonotypes derived

from neoplastic T-cells?!. Our method relies on DNA sequencing which eliminates a potential
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error due to aberrant TCR expression in cancer cells. With this approach we confirmed our
previous findings?° demonstrating clonal heterogeneity in MF. Our findings contribute to the
increasing body of evidence showing that CTCL as well as other T-cell leukemias and
lymphomas exhibit genomic and transcriptomic heterogeneity, similar to what is seen in solid

tumors. %3

We have found a large variation in the clonotypic richness (number of different TCRf3
clonotypes) in MF lesions, ranging from 2 up to 80 distinct clonotypes. In most samples, the
frequency of the most abundant TCR clonotype has been relatively high (19.4%) which is
well above the usual 15% threshold accepted by many authors as a hallmark of monoclonality.
This is reflected by a relatively low Simpson index (a probability that a random draw from the
pool of clonotypes yields two different clonotypes; median 7% 1st and 3rd quartile 3.2% -
10.7%) (Appendix Fig B1). Thus, even consecutive draws from the pool of clonotypes of a
given lesion are most likely to yield identical clonotypes, which can be misinterpreted as
monoclonality (e.g. 10 consecutive draws yield identical results in ~50% of cases). In 33% of
biopsies, the frequency of the first TCRf clone was lower than 10%, which corresponds well
to the observed proportion of cases of MF in which monoclonality cannot be detected by

standard assays.>*

There is compelling evidence that staphylococcal enterotoxins facilitate progression of MF.>
Eradication of S. aureus with antibiotics leads to spectacular responses in some cases of MF.>
It is controversial whether superantigens stimulate the neoplastic cells directly or rather

indirectly, via activation of IL-2 by bystander T-cells.’>*’ Since binding of the superantigen to
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TCR is efficient for only a small subset of TCR VB°® we asked whether those TRVB segments

are found in neoplastic cells. In contrast to previous reports® !

we did not see any obvious
evidence of overrepresentation of superantigen-reactive TRVB segments, although the
presence of TRVBS5.3, TRVBS.1, TRVB19 was noted in 5/29 patients (Appendix Table B2).

Larger studies are needed to determine whether patients expressing those TCRJ variants are

more responsive to antibiotic therapy and S.aureus elimination.

We have considered potential mechanisms which could explain the finding of clonotypic
heterogeneity in absence of a true clonal diversity. We have rejected the idea that clonotypic
heterogeneity is attributed to secondary somatic mutations within the already assembled
CDR3 region because we detected that the rearranged TCRB were composed by numerous
combinations of various VJ segments. Moreover, extensive secondary mutations within TCRB
comes from the quantification of the ratio between TCRa and TCR clonotypes. In a
population of normal memory T-cells the TCRA/TCRB is between 2 and 3 because TCRA
rearrangements are usually biallelic and there are occasional secondary rearrangements of this
locus.%? Mutations in TCRB would result in an increase in the number of unique TCRp
sequences and thus in a decrease in the TCRA/TCRB ratio, which was not the case in our
material (TCRA/TCRB ratio was 2.76). Third, we have detected a higher than expected overlap
between clonotypes between patients (Appendix Table S2) which argues against the influence
of random mutations. Clonotypic richness of TCRf would also be increased if malignant T-
cells were not subject to allelic exclusion of TCRB locus. However, this scenario is unlikely
63,64

because allelic exclusion is a stochastic process, which is very resistant to perturbations

and is not violated in other T-cell malignancies investigated to date.’>%* Lack of allelic
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exclusion would also decrease the TCRA/TCRB ratio, in a similar way as described above for
secondary mutations. Finally, recombination of TCRB in post-thymic lymphocytes is
impossible because neither normal nor neoplastic T-cells in MF express the essential RAG1/2

recombinases.>’

Conceptually, the clonotypic heterogeneity described here is different from the mutational
subclonal heterogeneity, because it cannot be generated continuously in the tumor but only in
the time span when RAG1/2 recombinases are active (i.e. at the level of immature T-cell
precursor). It has been suggested though, that multiple malignant clones can be generated
from the pool of normal, reactive lymphocytes in the skin undergoing malignant
transformation.** However, such a mechanism would have to operate at an unprecedented
efficiency to generate hundreds of cancer clones simultaneously in different areas of the skin
and is therefore unlikely. The most likely mechanism is by accrual of malignant T-cells clones
from the circulation to the skin. Several lines of indirect evidence support such a hypothesis.
First, we were able to detect malignant TCR clonotypes in the blood. It has long been known
that TCRy clonotypes identical to those in lesional skin could be detected in the blood in MF
in 5%-10% of patients in early stage disease without any prognostic impact.***-® We have
found that the presence of circulating malignant clones is a rule rather than an exception; at
least one malignant TCRp or TCRa clonotype was present in the peripheral blood in all
examined patients. Although only a small fraction of the entire pool of neoplastic clonotypes
could be detected in the blood, the chances of detecting TCRf clonotypes increased by
repeated sampling, probably because of their very low frequency compared to the background

of normal T-cells. Second, the neoplastic clonotypes were found in the blood even in the very
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early stages of the disease, they were not correlated with the stage of the disease nor they
always represented the dominant clonotype in the skin. Therefore, those circulating clones
could not solely represent subclinical leukemization due to disease progression. Third,
clonotypic overlap (the number of shared TCRa, -p or -y clonotypes) was higher between the

skin and the peripheral blood than between discrete skin lesions.

Taken together, these observations are compatible with the presence of a pool of very diverse
neoplastic T-cell clones in the peripheral blood that may seed at different frequency to the skin
where they develop further into the lesions of MF (Fig 5 and Appendix B6). Our findings are
compatible with the model of consecutive seeding in which only a fraction of all neoplastic
clones transfers the diversity to the developing lesions of lymphoma. Previous modeling of
consecutive metastatic seeding events revealed that each lesion is likely to be funded by 10-

4. a number which is in the same range as the 6-20 clonotypes (1st-3rd

150 cancer clones
quartiles) detected by us in MF. Although not investigated here directly, we hypothesize that
neoplastic clones do not migrate unidirectionally from the blood to the skin. Recent findings
that downregulation of CD69 enables skin resident memory cells to exit the tissue and to
recirculate®® indicates that neoplastic cells in MF should also be able to re-enter the circulation
and contribute to the pool of circulating neoplastic clones. This mechanism is reminiscent of

40.70 where circulating metastatic cells colonize the

the phenomenon of tumor self-seeding
primary tumor. Tumor self-seeding is enhanced by changes in the tissue niche occupied by
cancer, which makes the niche more receptive for the subsequent entry of the waves of

circulating tumor cells.”! In MF, the source of those dermotropic neoplastic T-cell clones

remains unknown, although there is some evidence that bone marrow may play such a role.'”
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13 Research showed that the bone marrow niche provides shelter for different types of
malignant cells (e.g. breast or prostate cancers) and that the bone marrow pool of cancer might

be responsible for relapses after therapy.’!"’?

We wish to highlight several limitations of this study. Sensitivity of WES for TCR analyses is
limited and our method does not detect rare clonotypes. It is therefore possible that we have
not captured the entire repertoire of malignant clonotypes. It is also evident that
microdissected cells are not representative for the heterogeneity of the entire lesion. It is likely
that different tumor clones are not distributed homogeneously throughout the MF lesion and
our sampling method underestimates the true clonal diversity. Finally, our evidence of clonal
heterogeneity relies on the statistical analyses of the frequency of different clonotypes in
relation to the tumor cell fraction rather than analyses of individual cells. With the emerging
technologies allowing for mutation calling and TCR sequencing in single cells®*”* it should be

possible to confirm our findings directly and by independent methods.

The proposed mechanism of tumor self-seeding in the pathogenesis of MF may have several
practical implications. Circulating neoplastic T-cell clones may constitute an interesting target
for therapy. It is tempting to speculate that mogamulizumab’* which blocks CCR4, an
essential cutaneous homing receptor’, exerts it therapeutic efficacy via inhibition of skin
seeding by circulating cancer clones. Identification of TCRf clonotypes could also be used
diagnostically in CTCL. Interestingly, we have found significant interindividual overlap in
TCRP clonotypic sequences, dramatically exceeding the frequency of shared, public

clonotypes in healthy individual. Although the mechanism of clonotypic sharing remains
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elusive, the common 7CRB CDR3 sequences could easily, quantitatively and cost-effectively
be detected with PCR-based techniques and used for the diagnosis and monitoring of therapy

in CTCL.
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Chapter 4: Branched evolution and genomic intratumor
heterogeneity in the pathogenesis of cutaneous T-cell
lymphoma*

4.1 Abstract

Mycosis fungoides (MF) is a slowly progressive cutaneous T-cell lymphoma (CTCL) for
which there is no cure. In the early plaque stage, the disease is indolent, but development of
tumors heralds an increased risk of metastasis and death. Previous research into the genomic
landscape of CTCL revealed a complex pattern of >50 driver mutations implicated in more
than a dozen of signaling pathways. However, the genomic mechanisms governing disease
progression and treatment resistance remain unknown. Building on our previous discovery of
the clonotypic heterogeneity of MF, we hypothesized that this lymphoma does not progress in
a linear fashion as currently thought but comprises heterogeneous mutational subclones. We
sequenced exomes of 49 cases of MF and identified 28 previously unreported putative driver
genes. MF exhibited extensive intratumoral heterogeneity (ITH) of a median of six subclones
showing branched pattern of phylogenetic relationships. Stage progression was correlated with
an increase in ITH and redistribution of mutations from the stem to the clades. The pattern of
clonal driver mutations was highly variable with no consistent mutations between patients. A
similar intratumoral heterogeneity was detected in leukemic CTCL (Sezary syndrome). Based
on these findings we propose a model of the pathogenesis of MF comprising neutral, divergent
evolution of cancer subclones and discuss how ITH impacts the efficacy of targeted drug

therapies and immunotherapies of CTCL.
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* A version of this thesis is published online as a preprint in the format of A. Iyer, D.
Hennessey, S. O’Keefe, J. Patterson, W. Wang, G. Ka-Shu Wong, R. Gniadecki, Branched
evolution and genomic intratumor heterogeneity in the pathogenesis of cutaneous T-cell
lymphoma. bioRxiv. 2019;804351. This chapter will subsequently be submitted for peer

review publication.
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4.2 Background

Cutaneous T-cell lymphoma (CTCL) is the most common form of T-cell lymphoma
representing 5-10% of the total non-Hodgkin lymphomas.!* Mycosis fungoides (MF) is the
prevalent form of CTCL that initially presents as erythematous, scaly patches and plaques on
the skin (stage T1-T2, early lesions) which eventually progresses to advanced lesions, tumors
(T3) and erythroderma (T4). Progression to stage T3 is a threshold event during the clinical
evolution of MF, associated with a rapid drop in 5-year overall survival from >80% to 44%.3
The tumors may appear de novo on the clinically normal skin or may arise within the pre-
existing plaque. Therefore, stage T3 patients most often present with a combination of early
and late lesions. Thus, MF presents a unique opportunity to study the genetic mechanism of
the progression of a T-cell lymphoma and to analyse phyletic relationships between cancer

clones in early and advanced stages.

The genomic hallmarks of progressing MF have not been investigated in detail. The majority
(84%) of the currently available sequencing data are not derived from MF but from the Sézary
syndrome, a leukemic form of CTCL which albeit related, is an entity different from MF.* 13
The constellation of mutations in MF is very complex comprising at least 55 potential driver
genes, with a considerable variability between patients.® In advanced disease, mutations in the
p53 and NF-kB pathways occur frequently and are mutually exclusive, but the survival seems
to be similar whichever pathway is affected.'* It is also unknown how the pattern of genomic

mutations correlate with the phenotype of the lesion.!*

We hypothesized that lack of a repetitive constellation of mutations in CTCL is a result of the
heterogeneity in the mutational processes. It is well documented that in heterogeneous

cancers, the bulk sequencing approach will not provide insight into the essential driver genes
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because most of the detected mutations will be subclonal and only relevant for a
subpopulation of malignant cells.!” Intratumor heterogeneity (ITH), i.e. existence of
genetically different subclones of neoplastic cells within the tumor, has been extensively
studied and well documented in different types of solid cancers.'>"!” ITH turned out to be
important in tumor evolution which happens via selection of the fittest subclones. Thus tumors
with a high degree of ITH tend to be more aggressive and notoriously difficult to cure because
presence of subclones increases the risk of metastasis, facilitates immunological escape and

development of resistance to chemotherapy and immunotherapy.!>!?

The question whether ITH plays a role in the pathogenesis of CTCL has never been addressed
before. CTCL is considered to represent a relatively homogenous malignancy in which all
neoplastic cells descend from a transformed, mature T-cell in the skin.'®> We have recently
provided evidence supporting an alternative scenario. By analysing the repertoire of T-cell
receptor (TCR) sequences in malignant cells in MF, we found that even early lesions, such as
patches and plaques, show a considerable level of clonotypic diversity which occurs via
seeding of early precursors in the skin.!”2! It is conceivable that those malignant clonotypes

differ with respect to their mutational history and provide material for ITH in MF.

In this study we were able to confirm the existence of extensive subclonal heterogeneity in
MEF. We describe differences between early and advanced lesions with respect to the
distribution of driver mutations and copy number aberrations and show patterns of branched

evolution of cancer genomes during the clinical progression of the disease.
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4.3 Material and Methods

4.3.1. Samples and sequencing

Ethical approval HREBA.CC-16-0820-REN1 was obtained from the Health Research Ethics
Board of Alberta, Cancer Committee. Material (4mm punch skin biopsies from lesional skin
and 10 ml blood) was collected from 31 consented patients with the diagnosis of mycosis
fungoides in stages IA-IVA2 (Fig 4.1 and Appendix Table C1). The biopsies and blood were
processed for storage as explained in previous methods.?’ Frozen biopsies were sectioned at
10p and microdissected to isolate clusters of malignant cells, as previously described in
detail.?° Peripheral blood mononuclear cells were used as a source of control DNA except for
samples MF2 and MF18 for which we did not have matching blood and therefore used
microdissected epithelial cells from epidermis as the control. NEBNext® Ultra™ II DNA
library prep kit for illumina (cat# E7645S) (New England Biolabs, Massachusetts, United
States) was used for DNA library preparation and SSELXT Human All exon V6 +UTR probes
(Agilent Technologies, California, United State) were used for the exome and UTR sequence
capture. The DNA libraries were sequenced on an Illumina HiSeq 1500 sequencer using
paired-end (PE) 150 kit (cat# PE-402-4002) (Hiseq PE rapid cluster kit V2) or NovaSeq 6000

S4 reagent kit 300 cycles (cat# 20012866).

4.3.2 Bioinformatic analysis

The raw fastq files generated from WES were processed through the GATK (version 4.0.10)
best practices workflow?? and aligned to the hg38 reference genome. Somatic Variants (SV),
that include Single Somatic Mutations (SSMs) and indels were identified by two different
variant callers, MuTect2 (version 2.1)*>%} and Strelka2 (version 2.9.10).2* The variants

filtering as “Passed” by both variant callers were used for downstream analysis. The
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functional effects of SVs were identified by the Variant Effect Predictor (VEP) (version
95.2).2° The Copy Number Aberrations (CNA) and Tumor Cell Fraction (TCF) were
identified using TitanCNA (version 1.20.1).2>26 PhyloWGS (version 1.0-rc2) was used for

phylogenetic analysis to identify the clones and subclones (Fig 4.1).%°%7

Sequencing data from previous studies (Appendix Table C2) in CTCL were obtained from
public databases and were subjected to the same bioinformatics analysis as described above,

with the exception that only MuTect2 was used for variant calling.

4.4 Results

4.4.1. Genomic landscape of driver genes in MF

We have decided to revisit the genomics of MF because previous studies have largely focused
on Sezary syndrome, a rare leukemia-lymphoma syndrome which although related to MF, is
considered to be a separate entity. Only 11% of all previously sequenced CTCL cases were
MF and the material for sequencing was the entire skin biopsy which might have introduced
an error due to the contribution of mutations from other cells than the lymphoma.?® To enrich
the material in neoplastic cells, we microdissected clusters of lymphoma cells from 49 skin
biopsies from 31 MF patients in various stages (I-IV) (Appendix Table C1) for whole exome
sequencing (WES) (Fig 4.1). For the analysis, we decided to group the samples not only by
the clinical stage, but also by the morphological features of the biopsied lesion. In stages I-ITA
the lesions as per definition were either patches or plaques (abbreviated for the purpose of this
paper as ESP, early-stage plaques) but in stages >IIB we have distinguished between the

biopsies from tumors (TMR) and the plaques (referred to as the late-stage plaques, LSP).
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Figure 4.1: Summary of experimental methods and data analysis.

(A) 49 biopsies were obtained from 31 patients with MF. In 6 patients with tumor stage
disease paired biopsies from TMR and LSP were obtained. (B) Tumor cell clusters
microdissected from the lesional skin and matching control tissue (peripheral blood or the
epidermis, not shown) were sequenced by WES. (C) The genetic aberration data (SNV and
CNA) was used for the reconstruction of phylogenetic trees of MF. Abbreviations: ESP, early
stage plaque, LSP, late stage plaque, TMR, tumor, WES, whole exome sequencing, SV,
somatic variants, CNA, copy number aberration, TCF, tumor cell fraction.

We identified a median of 765 non-synonymous SV in ESP, 1269 in LSP and 2133 in TMR
(Fig 4.2), documenting that mutations accumulate during disease progression. These numbers
are an order of magnitude higher than was previously found in CTCL (median of 42 non-
synonymous mutations®). The high number of mutations was likely a result of the high tumor
cell fraction (TCF) in our material (Appendix Fig C1) as well as the deeper exome sequencing
compared with the previously published data. Among the mutations detected in our material,
265 genes were previously adjudicated as driver genes in cancer’” and 56 genes were reported
in CTCL.*%%13 Current analysis adds 28 additional genes which fulfill the criteria of cancer

drivers® that we found to be mutated in >20% of the patients (Fig 4.2, see Appendix Table
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C3 for the complete list of the mutated genes). Among those 28 genes, five genes (ZFHX3,
CIC, EP300, PIK3CB and HUWEI) were found in 33-45% of the samples (Fig 4.2). Most
mutated genes previously described as drivers, mapped to the already known pathways such
as transcription factors (34 genes) followed by chromatin modification (22 genes). The new
mutated pathways found here were the Wnt/B Catenin (4 mutated genes), microRNA
processing (DICER]I), protein homeostasis (HUWE]) and genome integrity (POLE, PDS5B).
Lastly, we found that mutations in the tumor suppressor genes dominated over the known
oncogenes (Appendix Fig C2), analogously to what have previously been reported in other

heterogeneous solid tumors.>%3!
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Figure 4.2: Mutational landscape of putative driver genes in MF.

(A) Number of non-synonymous SVs in samples from ESP, LSP and TMR. Box and whisker
plot showing 90" percentile respectively. (B) Identification of amino acid altering mutations
in 75 putative driver genes across 21 different pathways. Black gene symbols annotate the
previously reported 47 driver genes in CTCL; the previously unreported 28 potential drivers
identified in this study are highlighted in blue. Damaging mutations indicates frameshift
mutations, short read insertion and deletion (<6bp), stop gain or stop lost.
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We also investigated the CNA profiles for all our samples (Fig 4.3A) and were able to
confirm the previously noted amplifications of chromosome 1 and 7 and deletions in
chromosome 9 in MF.3? The patterns of changes in the CNA profiles were similar for samples
TMR and LSP but different from ESP that surprisingly was characterised by larger CNV
fragments and increased number of copy number gains across all chromosomes except 6, 9,13,
19 and 21 (Fig 4.3A). We have also analyzed CNA changes in the putative driver genes. We
reproduced the previous finding of Choi et al.!** of the deletion of TNFAIP3 and found
additional genes that were affected in all investigated samples: deletions in RHOA (tumor
suppressors) and amplifications in the oncogene BRAF (Fig 4.3B). In summary, we have
found that progression from early stage I to advanced (IIB or higher) was associated with an
increased number of non-synonymous SNV, both in the tumors and the plaques. Many of

those aberrations affected the potential driver genes and are reported here for the first time.

MF is very rich in mutations, both with respect to SNV and CNA. We have therefore asked

whether those mutations are clonal or rather a manifestation of the subclonal architecture of

MF.
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Figure 4.3: Genomic copy number changes in MF.

(A) Integrative genomic viewer (IGV) graph showing the changes in copy number for the 49
MEF samples separated by the type of the lesion (ESP, LSP, TMR). The red bar indicates an
amplification and the blue bar indicates the deletion. The number of amplifications or
deletions are presented as the log2 scale. The sparklines show combined frequencies of
amplifications or deletions at each chromosome. (B) Frequency of deletion or amplification
for putative driver genes in each subgroup of MF samples.

4.4.2. Intratumor heterogeneity in MF

Genetic aberrations (SVs and CNAs) in solid tumors have often clonal (present in all cells) or
subclonal distribution. The subclones may be present in the common stem (“trunk’) of the
phylogenetic tree or may occur as a result of branched evolution. In the latter situation the
subclonal mutations present in only a subset of cancer cells, often referred to as the clades, or
the branches of the tree (Fig 4.1).!6%

To investigate whether MF is characterized by a subclonal structure, we have used a
bioinformatic approach where the combined information from SVs and CNA for each of our
samples was used to reconstruct a phylogenetic tree. None of the 49 MF samples analyzed
here was clonal. We found the median of 6 subclones with a maximum of 9 clones (Fig 4.4A

and Appendix Fig C3). The TMR samples tended to have more subclones that ESP or LSP
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and the phylogenetic trees of TMR were also more branched than those of the plaques. The
highly branched trees (more than one branching node) were found in 12/19 of TMR (95% CI
40.9%-81.8%) and in 14/27 (52%; 95% CI 33.6-69.8) of the plaques. Only in a minority of
cases the phylogenetic tracing showed a linear pattern of subclones (one case of ESP and 2

cases of LSP and TMR) (Fig 4.4B, Appendix Fig C3).
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Figure 4.4: Intratumoral heterogeneity in MF.

Combined data from SVs and CNA for each sample was subjected to phylogenetic analysis to
identify genetic subclones, as in Fig 1. (A) Rainbow graph representing the number and
frequency of the subclones identified in each sample. The samples are arranged by increasing
number of subclones. The top bar graph shows TCF for each sample; the colour of the bars
indicates the type of the lesion (ESP, LSP, TMR). (B) Examples of three major categories of
phylogenetic trees: non-branched linear sequence of subclones (upper), simple branched
structure with one generation of subclones (middle) and complex structure with several
generations of subclones (lower). All phylogenetic trees are shown in supplementary Figure
S3. (C) Bubble plot showing correlation between the number of neoplastic clonotypes and the
number of subclones in the samples. The size of the bubble is proportional to the frequency of
the first-ranked (the most abundant) clonotype. Dashed line highlights the samples where the
first-ranked clonotype had a relative frequency of 60% or higher.
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The phylogenic trees reconstructed from the analysis of the distribution of mutations do not
necessarily reflect presence of actual cellular clones, defined as a group of identical cells that
share a common ancestry. However, being derived from mature T-cells, MF provides an
additional opportunity to analyze clonal composition-by counting the clonotypes, the unique
CDR3 sequences of rearranged TCRB genes.?! Because TCRB locus is rearranged on only one
allele and not re-rearranged in mature T-cells, it is possible to calculate the richness and
diversity of the repertoire of T-cells. To avoid confusion between different definitions of

clones, we will refer to the TCR heterogeneity as the “clonotypic”.

There was a weak, but significant correlation between ITH and clonotypic richness (Fig 4.4C)
and between the respective Simpson diversity indices (Appendix Fig C4). This suggests that
MF is characterized by a divergent evolution, in which the individual T-cell clones
accumulate mutations independently of one another. However, we also noticed that the
samples in which the most abundant TCRf clonotype outnumbered the remaining clonotypes
(relative frequency >60%) also had multiple mutational subclones (>5) (Fig 4.4C). This
represented expansion of some neoplastic clones and further branching into multiple
mutational subclones (examples of such highly branched phylogenetic trees are MF5 1,

MF32 1, MF19 1 and MF4 6 that present with 8-9 subclones, Appendix Fig C3).

To further examine whether ITH is present in other types of CTCL, we re-analyzed the
sequencing data from 56 samples Sezary syndrome, 13 MF and 8 CTCL not specified,
available through data sharing platforms (Appendix Table C2). 7 samples of SS did not
present any ITH, whereas the remaining cases demonstrated different degree of ITH ranging
from 2 to 9 subclones (median of 4 subclones) (Appendix Fig C5A). All MF samples showed

ITH similar to that found in our material.
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4.4.3. Subclonal distribution of mutations in MF

We compared the mutational burden in the stem and clades of phylogenetic trees. The

distribution of mutational burden changed with disease progression. In most ESPs (11 of 15,

73%), the majority (>50%) of the mutations were concentrated in stem (Fig 4.5A). The

situation was reversed in advanced stages. In 73% of LSP and 68% of TMR had >50%

mutation in the clades rather than in the stem. The gradual enrichment in the mutations in the

clades has been found to be characteristic for divergent evolution®*, which underscores our
conclusion that this is the dominant evolutionary pattern of MF. In only 5 of 49 samples all
mutations were concentrated in the stem and these were also the samples with the lowest
number of subclones (2-3 subclones) (Fig 4.5A). A slightly higher number of cases with
clonal (stem) mutations were found in Sezary syndrome (23%) (Appendix Fig C5B), but a
direct comparison with our data may be affected by different values of TCF (Appendix Fig

Cl).
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Figure 4.5: Distribution of mutations in the stem and clades in MF.

(A) Percentage of all SNV mutations in the stem (blue) and clade (red) of the phylogenetic
tree. (B) Mutational landscape of the putative driver genes in the stem and clades of the
phylogenetic tree. Black square indicates a function-changing mutation (missense, frameshift,
insertions, deletions, stop gain or loss, or variant in 3" and 5" UTR). Mutations of the same
gene are found both in the stem and the clades signify different position of the mutation.

We have also analyzed the distribution of mutations in the putative driver genes in the stem
and clades. Generally, the pattern of driver mutations followed the pattern seen for all SV with
an increasing proportion of mutation in the clades during stage progression (Fig 4.5B). Driver
genes such as CDK 12, POTI1, LAST1, STAT5B, NFKB2 and CD28, representing the pathways
of T-cell activation, DNA damage, growth and proliferation, were mutated equally between

the stem and clade. However, mutations in some other drivers showed a non-random
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distribution between the stem and the clade. PIK3CB and ERBB3 were only found in stem
whereas KMT2C, RFXAP and TNFAIP3 (essential for chromatin modification and immune
surveillance) were only in clades, which as will be discussed below, may have functional

importance for the pathogenesis of MF.

4.4.4. Topologic subclonal heterogeneity in MF

We have previously shown that lesions of MF in the same patient have different clonotypic
compositions, a phenomenon which we named “topologic heterogeneity”.2° To investigate
whether the topologic (interlesional) heterogeneity is also detectable in relation to tumor
subclones, we determined the phylogenetic relationships between the subclones in different
skin lesions of a single patient. We collected pairs of tumor and plaque biopsies from 6 MF
patients and used combined data of SSMs and CNAs from both lesions to map the
phylogenetic trees (Fig 4.6). Two patients (MF5, MF40) had no common ancestral clone
shared between the lesions and 3 other patients (MF4, MF7, MF38) had only a single clone
shared between the LSP and TMR. Each of the lesion presented an independent phylogenetic
branch with multiple subclones (Fig 4.6). We interpret these findings as an additional
evidence for divergent evolution of MF witnessing that each lesion evolves in relative

isolation from other lesions.
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Figure 4.6: Phylogenetic relationship between different lesions in the same patient:
topologic heterogeneity in MF.

Pairs of LSP and TMR biopsies were collected from six patients and analyzed as in Fig 4. Red
branches represent TMR (T), green branches symbolize the evolution of the LSP (P). The blue
circles represent common clones shared by TMR and LSP. The black circle represents a
phylogenetic tree without identifiable ancestor clone identifiable.

4.5 Discussion

Intratumor heterogeneity (ITH) refers to the recently described phenomenon of the
distribution of somatic mutations in subsets of malignant cells (subclones) rather than being

found in all malignant cells (“clonal” mutations). ITH has been documented in solid

16,35 36-38

tumors > and in non-Hodgkin lymphomas and is considered to be a genomic
manifestation of tumor evolution. ITH arises due to differences in the proliferation and

survival between cells bearing different mutations and enhances the evolution by providing
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material for natural selection where the fittest subclones determine prognosis and resistance to

therapy.'

Here we demonstrate that MF, previously considered to be a mutationally homogenous
lymphoma, is a highly heterogeneous neoplasm composed by multiple subclones. We have
found evidence of branched evolution in the majority (92%) of the analyzed MF cases. In
addition, subclonal structure was found for the Sezary syndrome, which indicates that ITH is a

general feature of CTCL.

Although extensive ITH has been found even in the early stages of MF (T1 in stage 1A),
disease progression was associated with further accumulation of mutations (SVs and CNA)
and increase in ITH. Thus, in contrast to the widely held presumption that progression of MF
is caused by a selection and expansion of a single aggressive clone®, our data indicate that it
is caused by an evolutionary branching leading to enrichment in neoplastic subclones. Several
lines of evidence indicate that progression of MF may occur in absence of strong natural
selection but happens via divergent evolution which is neutral or only mildly affected by
selective pressure on the subclones. The divergent evolution in ITH suggest that each genetic
subclone exhibits diversity from the parent clone due to gain or loss of mutations. In addition
to the already mentioned hallmarks of neutral tumor evolution such as branched phylogenetic
structure and progressive increase in the number of subclones®, we have also observed a
predicted increase in the number of clade mutations versus stem mutations in advanced stages.
Neutral divergent evolution also explains our previous finding of why the number of
malignant T-cell clonotypes is comparable in early and late stage disease. Malignant T-cell
expand and branch into subclones that cohabit the skin niche without evidence of competition

and clonal elimination.
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We hypothesized that neutral, divergent evolution could explain the resistance of advanced
MF to therapy. It has been shown in several types of cancer that ITH is negatively correlated
with the sensitivity to chemotherapy or immunotherapy'>!” because multiple, genetically
diverse malignant subclones provide material for selection of resistant cells. We have explored
this question further by analyzing the clonality of putative driver mutations in MF. We added
28 new potential driver mutations to the list of known mutated driver genes in CTCL now

including important targetable genes such as JAK1, JAK3, BRAF, ALK, MTOR, or PTCH|.

Unfortunately, we did not find any consistent pattern in the clonal driver mutations which
were very heterogeneous and varied vastly from patient to patient. However, we found that
certain pathways, in particular chromatin modification and transcription factors were very
frequently mutated in the phylogenetic stem in at least one constituent gene in most samples.
Based on this observation pathway targeting could be a more promising therapeutic strategy in
MF as compared to targeting of specific mutations. Already the drugs that affect chromatin
modification mechanisms, such as histone deacetylase blockers, have proved efficacy in

MF.40’41

Most potential driver mutations in advanced disease are confined to the subclones (clades)
which is likely to limit the efficacy of targeted treatment. However, it is worthwhile to
mention here that even subclonal mutations may present with drug targeting opportunities if
the given subclone is important for the progression of the entire tumor. Cooperativity between

distinct subclones was described for some metastasizing tumors**#*

, and it was proposed that
disruption of clonal cooperation might be an interesting therapeutic approach. Especially the

targeting of Wnt and Hedgehog seems to be promising*?, the pathway which we show here to

be frequently mutated in MF (genes MACFI, PTCHI, RNF43).
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Perhaps a better understanding of ITH and the impact of therapy on the subclonal evolution of
MF could be gained using multi-omics single cell sequencing of the samples collected before
and after the treatment. The subclones detected by bioinformatic reconstruction of
phylogenetic trees do not necessarily identify true cellular clones, defined as a group of
mutationally identical cells derived from a common ancestor. It has recently been discovered
by us and other groups that CTCL is heterogenous at transcriptomics and protein level.*>*8
Single cell approach would allow for precise mapping of malignant T-cell clones identified by
a unique pair of rearranged 7CRA and TCRB sequences to the mutational pattern and gene
expression profiles. However, our results identified one potential problem in studies on ITH in
multifocal tumor such as MF. By comparing ITH between samples taken from different
lesions we found very little phylogenetic relationship between the subclones. In 2/6 cases, the
distant lesions did not share any parental clone. Lack of relatedness between discrete lesions
could be a result of sampling and missing out the lesion that provides a phylogenetic link. This
may indicate that ITH of the totality of MF exceeds significantly the ITH found in single
biopsies. A similar conclusion was reached for ITH of lung cancer by mutational analysis of
multiple biopsies.*®> Driver mutations that were clonal in some biopsies were found to be

subclonal in other areas of the tumor. We recognize lack of data from repeated biopsies of

multiple skin lesions as a limitation of this study.

Another limitation of our study is the lack of longitudinal follow-up on ITH. We have noted
that some phylogenetic trees did not have an identifiable common clone. It is likely that such
ancestor clones may become extinct during the progression of the tumor and are no longer
detectable, a phenomenon which was described during the evolution of another highly

heterogeneous tumor, the glioblastoma.**
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Finally, we would like to propose a model for the pathogenesis of MF that accounts for the
previously found clonotypic heterogeneity'*! and the ITH described here (Fig 4.7). ITH is
readily detectable in ESP, which testifies to the history of mutational tumor evolution before
seeding of neoplastic cells in the skin. As the disease progresses, the seeded T-cell clones
undergo further mutations and branching into subsequent generations of subclones. Analysis
of the branching structure could also confirm our hypothesis that malignant clones from one
lesion can re-enter the circulation and seed another lesion. Exchange of malignant T-cell
clones between lesions could explain why there is more resemblance between LSP and TMR
than between LSP and ESP. A more direct evidence of cancer self-seeding was found in
patient MF19 (Fig 4.6) where a subclone shared between the plaque and the tumor was

interjected among the branches of the phylogenetic tree.

B Cc D
Blood Skin Skin
early stage late stage

Figure 4.7: Proposed model of the evolution of MF.

The skin lesions of MF are formed by seeding with the circulating malignant T-cell clones
which undergo further mutational evolution. It is likely malignant clones originate from an
immature T-cell transformed before TCRB rearrangement (A) and therefore show clonotypic
heterogeneity (highlighted by different colors of the “cytoplasm”). These circulating
neoplastic T-cells undergo expansion and accumulate mutations leading to emergence of
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genetically different malignant subclones (different colors of the “nucleus”) (B). Some of the
circulating malignant cells seed into the skin (stippled grey arrows) (C) where they proliferate,
accumulate further mutations and develop additional subclones as the disease progresses (D).
Some subclones may re-enter the circulation and seed other skin lesions (red stippled arrow)
further increasing the heterogeneity of the lesions and causing disease progression (E). Solid
lines symbolize the phylogenetic relationship between the generations of malignant cells that
follow the pattern of divergent, neutral evolution. Based on data in this paper and our previous

work.19721,49
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Chapter 5: Independent evolution of cutaneous lymphoma
subclones in different microenvironments of the skin

5.1 Abstract

Mycosis fungoides (MF) is the most common cutaneous T-cell lymphoma. Lesions of MF are
formed by hematogenous seeding the skin with polyclonal (clonotypically diverse) neoplastic
T-cells which accumulate numerous mutations and display a high degree of mutational,
intratumoral heterogeneity (ITH). A characteristic but poorly studied feature of MF is
epidermotropism, the tendency to infiltrate skin epithelial layer (epidermis) in addition to the
vascularized dermis. By sequencing the exomes of the microdissected clusters of lymphoma
cells from the epidermis and the dermis, we found that those microenvironments comprised
different malignant clonotypes. Subclonal structure witnessed to the independent mutational
evolution in the epidermis and dermis. Malignant cells in epidermal and dermal niches
exhibited different patterns of driver gene mutations. Thus, the epidermal involvement in MF
could not be explained by gradual infiltration from the dermis but was caused by a separate
seeding process. Independent invasion of different microenvironments in the skin allowed for
a higher degree of ITH because cancer subclones developed in each niche via a neutral,
branched evolution. In conclusion, tissue microenvironments shape the subclonal architecture
in MF leading to “ecological heterogeneity” which contributes to the total ITH. Since ITH
adversely affects cancer prognosis, targeting the microenvironment may present therapeutic

opportunities in MF and other cancers.
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5.2 Background

Mycosis fungoides (MF) is one of the most common diseases in the realm of extranodal T-cell
lymphomas.! It is a skin-tropic lymphoid neoplasm that initially presents as scaly,
erythematous patches and plaques, which may progress to tumours and disseminate to lymph

nodes and other organs.?™*

ITH has recently emerged as an important characteristic of solid and hematopoietic
malignancies.’ Although mutations in few driver genes may be sufficient to initiate
tumorigenesis, it is now evident that the progression depends on the accumulation of multiple
mutations to promote expansion and invasion of the primary niche and surrounding tissues.®’
Mutations occur randomly in malignant cells within the tumour, leading to the emergence of
multiple subclones. ITH allows cancer to withstand selection pressure from the
microenvironment and therapies by promoting the expansion of subclones harboring

mutations advantageous to these cells.

The generation of ITH is usually viewed as an evolutionary process with a single transformed
cell as a starting point. This cell proliferates and branches into phylogenetically related
subclones (Appendix Fig D1) that infiltrate the tissue. Although this model may be applicable
to cancers that grow expansively as single tumours, this is not necessarily true for all
malignancies. Many cancers comprise the entire ecosystem of primary and metastatic lesions
that are physically separated from each other. It has been shown that in such situations,

tumour heterogeneity may be augmented by cross-seeding by circulating, genetically diverse
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cancer subclones, for example, cancer self-seeding by the cells from the metastatic lesion re-
entering the primary tumour.® We hypothesized that a similar mechanism may operate at the
microscopic scale for primary cancers, where different compartments within an organ can be
colonized by different cancer subclones. Independent seeding of different microscopic
compartments within the same organ would increase the heterogeneity of the entire lesion
beyond what would have been possible by a continuous evolution from only one ancestral

clone (Appendix Fig D1).

MF provides with a convenient model to test this hypothesis. The skin has a simple layered
structure comprising ectodermal derived epidermis and the mesodermal dermis. Both layers
can be occupied by cancer cells in MF. The histopathology of MF reveals disconnected areas
of malignant cell clusters in the dermis and the epidermis. Dermal infiltrate is usually
perivascular or diffuse whereas lymphoma foci in the epidermis form well-demarcated
clusters of cells known as Pautrier abscesses (Appendix Fig D2). Pautrier microabscesses are
a characteristic feature of MF and are present in approximately 20% of all biopsies.”!® Unlike
the dermal perivascular infiltrates that comprise a significant proportion of reactive cells,
Pautrier abscesses are believed to contain predominantly cancer cells with a minor admixture
of apoptotic Langerhans cells and eosinophils.!! The initial points of entry of malignant cells
are the capillaries in the upper (papillary) dermis. Therefore, Pautrier microabscesses are a
manifestation of the infiltrative growth in MF by which “epidermotropic” subclones migrate

from the dermis to the epidermis.

We and others have recently studied the heterogeneity of MF on the genomic, transcriptomic
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and cellular levels.'?"'7 In contrast to previous views considering MF as a relatively simple,
monoclonal lymphoproliferation derived from a mature T-cell, we showed that MF comprises
multiple mature T-cell clones which undergo branched evolution producing generations of
cancer subclones.!®!” Interestingly, there seems to be very little competition between different
subclones and the disease progression is associated with an increase in subclonal diversity
rather than a selection of the fittest subclones. We have therefore asked whether different
microcompartments in the skin (epidermis vs dermis) play a role in the generation of ITH in
MF. We found that Pautrier microabscesses do not comprise a subpopulation of the dermal
malignant cells emigrating to the epidermis, but that they originate independently from

distinct seeding event and undergo autonomous evolution, reminiscent of the peripatric type of

ecological speciation of the organisms.

5.3 Material and Methods

Sample collection, cryosectioning, laser capture microdissection (LCM) and sample
preparation for whole-exome sequencing (WES)

Samples (4mm punch biopsy and 10ml of blood) were obtained from 7 patients under

Ethics approval number HREBA.CC-16-0820-RENT1 approved by Health Research Ethics
Board of Alberta, Cancer Committee. Peripheral blood mononuclear cells (PBMC) were used
as normal control except in sample MF18 where the epidermal cells were used as normal
control for data analysis. Frozen biopsies were sectioned at 10 um, transferred on 2 pum PEN
membrane slides and stained with hematoxylin and eosin. Clusters of atypical cells
representing malignant lymphocytes were microdissected from the dermis and the epidermis

under 20x or 40x magnification in Leica DM6000B microscope (Wetzlar, Germany). The
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microdissected epidermal lymphocytes represented Pautrier microabscesses which could
readily be identified based on their enlarged hyperchromatic nuclei, lighter cytoplasm and a
cleavage separating them from the surrounding epidermis (Appendix Fig D2). Sequencing
libraries were prepared with NEBNext® Ultra™ II kit for Illumina (cat# E7645S) (New
England Biolabs, MA) and exomes were captured with SSELXT Human All exon V6 +UTR
probes (Agilent Technologies, CA). Samples were sequenced on Illumina HiSeq 1500
sequencer or NovaSeq 6000 platform. Detailed protocol for samples processing for storage

and sequencing explained in previous methods. '

Data analysis

To identify the TCR sequences, the fastq files were analyzed using MiXCR (version 2.10.0).'8
To identify the genomic subclones, the sequenced reads were processed using the GATK4
(version 4.0.10). Somatic variants (SVs) were identified by MuTect2 (version 2.1) '*?* and
Strelka2 (version 2.9.10).2! Variants filtered as “Pass” from both variant callers were used for
downstream analysis. Variant effect predictor (VEP, version 95.2) was used to assign
functional significance to the predicted SVs.?* Titan-CNA (version 1.20.1) was used to
identify copy number aberrations (CNA) and predict the tumour cell fraction (TCF).?>%

PhyloWGS (version 1.0-rc2) was used for phylogenetic analysis of the genetic subclones.?>2*

5.4 Results

Clonotypic diversity of malignant T-cells in epidermal and dermal niches in the skin
Since the epidermis is not vascularized, the intraepidermal neoplastic cells of Pautrier

microabscesses must necessarily originate from the cells that initially enter the papillary
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dermis. Therefore, Pautrier microabscesses are assumed to represent a fraction of the dermal
cells that acquired an ability to survive and proliferate in the epidermis. To examine this
hypothesis, we microdissected atypical cells from both layers (epidermal and dermal) of the
skin in 7 MF patients (Appendix Table D1) and analysed their clonotypic composition by
comparing their T-cell receptor  (TCRP) repertoires. We used the previously described
methodology where the CDR3 sequences of the rearranged TCRB genes are detected by
bioinformatic analysis of WES data.!> Since TCRB locus is rearranged only on one
chromosome (allelic exclusion) at the stage of the double-positive thymocyte, the unique
CDR3 sequences constitute a molecular barcode identifying a single clone of the T-cell.®
Unlike the mutational heterogeneity which is constantly changing during tumour evolution by
hypermutation of cancer genomes, the clonotypic heterogeneity can only be generated at the
level of pre-malignant precursor T-cell, because the essential recombinases RAG1/2 that
mediate V, D, J rearrangements are neither expressed in mature T-cells nor in tumour

lymphocytes of MF.

We identified malignant TCR clonotypes by matching their frequency to TCF of the samples
and noticed that epidermal samples had a higher TCRf clonotype diversity in comparison to
the dermis (median of 25 clonotypes (range 1-70) versus 11 clonotypes (range 7-49),
respectively) (Fig 1A, B). However, the number of shared clonotypes between epidermis and
dermis was very low, from no shared clonotypes (sample MF17), 1 shared clonotype (MF41)
to a maximum of 2-5 clonotypes (MF18, MF22, MF23, MF28 and MF42) (Fig 1C). These
results indicated that the pools of malignant T-cells in the epidermis and dermis are largely

clonotypically unrelated that suggested that they originate from separate seeding events by
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different T-cell clones. Indeed, we observed that in 4 of 6 samples analyzed, T-cells from the
epidermal and dermal compartments individually shared between 1-8 TCRJ clonotypes with
those in the circulating blood (Fig 1D), which represented a higher degree of overlap than
seen for the epidermal and dermal compartments. Taken together, the epidermal and dermal

compartments of the skin are likely to be seeded by different circulating malignant clones.
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Figure 5.1: Clonotypic heterogeneity and tumour cell seeding of the skin
microenvironment in MF.

Percentage of Tumor cell fraction (TCF) and relative frequency of TCRJ clonotype sequences
for cells isolated from different skin layer (epidermis and dermis) was calculated and plotted
as a bar graph (A) The green and brown colour indicate the first and the 10th most frequent
TCRp clonotype in the sample. Gray colour indicates the tumour cell fraction (TCF). (B)
Bubble plot presenting the correlation between TCF and the number of neoplastic TCRf
clonotypes in cells from epidermis and dermis of each sample. The size of the bubble is
equivalent to the relative frequency of the most frequent TCRf clonotype in the sample. (C)
Circos plot indicates the frequency of TCRP clonotype for cells isolated from epidermis and
dermis of each sample. The connecting lines inside indicate the number of overlapping TCRp
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clonotype between the two regions of the same sample. E- Epidermis; D-Dermis. (D) Venn
diagram indicating the number of identical TCRJ clonotype between the epidermis, dermis
and the circulating blood in samples MF17, MF22, MF23, MF28, MF41 and MF42.

Mutational diversity in neoplastic T-cells in epidermis and dermis

The substantial clonotypic discordance between the epidermal and dermal compartments
prompted a question regarding differences and similarities in their mutational evolution. In our
previous work, we characterized 75 putative driver mutations involved in the pathogenesis and
progression of MF.!” Similarities in the patterns of driver mutations between the epidermal
and the dermal infiltrate would suggest parallel evolution in both compartments whereas lack

of substantial overlap would indicate a neutral evolution.

We identified a median of 856 non-synonymous mutations in cells from the dermal region and
1431 non-synonymous mutations in cells from the epidermal region (Fig 2A). The majority of
the mutations (48-93%) were in the Pautrier microabscess fraction and the overlap between
the compartments was less than 7% across all 7 samples (Fig 2B). When driver genes were
considered, 37 drivers were mutated in both epidermis and dermis, 13 genes (NCORI,
ARHGEF3, ZEBI, TP53, PLCGI, RFXAP, CD58, TNFRSFIB, JAK3, MAPK1, PRKCB,
MTOR and NF'1) were exclusively mutated in epidermis and 9 genes (DNMT3A, TET?,
SMARCBI1, KDM6A, SETDB2, STAT3, NFKB2, NOTCH?2 and CARD11) were mutated only in
dermis (Fig 2C). The mutations present only in the malignant T-cells of epidermis were in the
genes involved in cytoskeletal remodelling, DNA damage and immune surveillance. However,
the driver mutation profile in the epidermal and dermal fractions showed non-overlapping
patterns arguing against parallel evolution. Thus, the data supported the model of independent

mutational evolution of neoplastic cells in different skin microenvironments.
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Figure 5.2: Mutational landscape of putative driver genes in anatomical layers of skin.
Neoplastic T-cells isolated from epidermis and dermis were analyzed for somatic variants
(SVs) in putative driver genes. (A) Number of non-synonymous SVs in neoplastic cells
isolated from epidermis and dermis. Box and whisker plot showing 90™ percentile
respectively. (B) Bar graph represents the number of SSMs identified and the percent
overlapping mutations between epidermis and dermis. (C) Mutations in 59 genes across 18
different pathways were identified. The mutations were classified as missense or damaging.
Frameshift, insertion or deletion (<6bp), stop gain or lost are classified as damaging as these
mutations are likely to be deleterious.

Phylogenetic development of tumor T-cells in skin microenvironment

To further examine the phylogenetic relationships between the subclones in the epidermal and
dermal compartments we adopted the previously described bioinformatic approach based on
the analysis of the mutational pattern between cancer cells.!” We found evidence of subclonal
heterogeneity in all samples confirming previous findings of ITH in MF.!” A slightly higher

number of subclones were found in epidermal (5-8 subclones) versus the dermal layers (4-5
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subclones) (Fig 3A) reflecting the differences in clonotypic richness between those
compartments (Fig 3B). In the epidermal fraction, the mutational burden was mostly in the
clades whereas the dermal fraction tended to have a higher proportion of clonal (stem)
mutations (Fig 3C). Thus, the number of subclones correlated with the proportion of subclonal
mutations, as predicted for the neutral, branched evolution pattern.?® We also analyzed driver
gene mutations in the stem and clade population for the dermis and epidermis and found that
mutations in STAT5B and CDK12 where only present in clades in Pautrier microabscesses
whereas NOTCH?2 and PRKCB mutations were only in the dermal fraction, either in the stem

or clades (Fig 3D).
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Figure 5.3: Evolutionary facets of the genetic clones in skin microenvironment.
Combined data from SVs and CNA for each sample was subjected to phylogenetic analysis to
identify genetic subclones. (A) Rainbow graph representing the number and proportion of the
subclones identified in each sample. (B) Bubble plot representing the correlation between the
TCR} clonotypes and the genetic subclones. The number of TCRp clonotypes are represented
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as Log?2 scale. (C) Phylogenetic trees are composed of stem and clades (also recognized as
branches). Bar graph represents the percentage of all mutations in each section (stem and
clade) of the phylogenetic tree. The blue and red colour represents the mutations in stem and
clades respectively (D) Mutational landscape of the putative driver genes in the different
sections of the phylogenetic tree for two layers of skin (epidermis and dermis). Function
significance of the mutations include missense, frameshift, insertions, deletions, stop gain or
loss and variant in 3" and 5 UTR. No colour indicates absence of mutation in the sample.

To visualize how different subclones in the clades are related to each other, we reconstructed
the phylogenetic trees. In one case (MF41) there was no common ancestor clone linking

epidermal and dermal subclones. In other cases, we detected 1-2 subclones forming the stem
of the tree. All samples showed branched evolution of the subclones, with the epidermal and

dermal clades clearly separated from each other (Fig 4).
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Figure 5.4: Phylogenetic analysis of the neoplastic T-cells in skin microenvironment.
Genetic abnormalities (SVs and CNA) for neoplastic cells microdissected from epidermis an.
dermis were subjected to phylogenetic analysis. Each phylogenetic tree represents an
individual patient sample. The blue circles indicate the common clone between the two skin
layers. Red and green indicate the subclones in epidermis and dermis respectively. Black

d
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circles indicate absence of common ancestral clone. The tables adjacent to each figure
provides the number of SVs and CNA identified in each of the subclones in the phylogenetic
tree.

5.5 Discussion

Many normal tissues comprise a system of morphologically and functionally distinctive niches
that differ by their cellular composition, extracellular matrix, metabolic conditions, and
accessibility to the immune system. Although tissue microenvironment has been recognized as
a major factor that influences tumour cell morphology and function,?’?® the impact of the
niche on ITH and mutational evolution is poorly understood and largely limited to
metastasis.?*

Our results help to understand how the distinct microenvironments of the skin influence the
evolution of MF, a primary cutaneous, extranodal T-cell lymphoma. Our previous research
showed that MF is clonotypically and genetically diverse exhibiting a high degree of ITH. The
main mechanism responsible for the heterogeneity is the hematogenous seeding of skin
lesions by clonotypically diverse neoplastic T-cells. The finding that the epidermal and dermal
layers of the skin comprise distinct malignant clonotypes allowed us to conclude here that
those compartments had been colonized by different clones of cancer cells (in this context, we
define the clone as a population of malignant T-cells that are derived from the common
precursor cell and exhibit the same TCRp clonotype). Thus, the lesion of MF does not develop
via a gradual infiltration of the tissue by the expanding tumour, but by independent
microinvasion events in which different niches in the skin are colonized independently by
various T-cell clones (Fig 5 and appendix Fig D1). Our conclusion was further confirmed by

the finding that clonotypic diversity of the intraepidermal malignant cells exceeded the
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diversity found in the dermis. If the infiltration of the epidermis had been caused by some
clones in the dermal infiltrate, the opposite phenomenon would have been found, i.e. higher
number of malignant clonotypes in the dermis and a smaller number of epidermal clonotypes
overlapping with the dermal clones. These findings reinforce and broaden the concept of
epidermotropism in MF, which originally described the morphological impression of
movement of malignant T-cells from the epidermis to the dermis. It seems that
epidermotropism is a feature of early malignant T-cell clones which seed the epidermis more

readily than the dermis.

Epidermis

Dermis

Blood

Figure 5.5: Generation of ecological heterogeneity in MF.

Skin lesions of MF are initiated by circulating, clonotypically heterogeneous malignant T-cell
clones (various clonotypes are highlighted by different colours of the “cytoplasm’). Upon
entering the skin some clones remain in the dermis where they proliferate whereas others pass
directly to the epidermis. Expanding clones accumulate mutations leading to emergence of
genetically different malignant subclones (different colours of the “nucleus”). Solid lines
symbolize the phylogenetic relationship between the generations of malignant cells and
illustrate divergent, neutral evolution of the subclones. Based on data in this paper and our

previous work, 31736
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We were also able to conclude that the existence of different skin niches colonized by cancer
facilitates the development of mutational subclones and augments ITH. By analyzing the
phylogenic trees of MF, we found that cancer subclones seem to develop independently in
each compartment via a neutral, branched evolutionary process. Similar patterns of neutral
evolution have previously been found in other solid neoplasms such as the lung or colorectal
cancers.?®*! The symmetric shapes of the trees suggested lack of perceptible competition
between epidermal and dermal subclones. We postulate therefore that evolving subclones in
different compartments do not directly compete for the niche or the nutrients and develop
independently adding to the overall ITH of the lesion. Of note, lack of competition does not
imply lack of interactions between different subclones. It is likely (although at this stage still
hypothetical) that different MF subclones cooperate to achieve optimal tumour growth in a

similar manner to what has already been shown for solid cancers.>*

The described independent evolution of cancer subclones in different tissue
microenvironments is reminiscent of the well-known phenomenon of ecological speciation
during the evolution of organisms, in particular, the so-called peripatric speciation.>*-* It
occurs when a small fraction of the population becomes separated into a new environment.
The major difference, however, is the nature of the isolation. Rather than reproductive
1solation essential for speciation, different microenvironments of the tissue separate evolving
subclones protecting them against direct competition. The result is a more rapid increase in
ITH that what could be achieved in a homogenous environment. We would like to propose the

term ““ecological heterogeneity” to describe the difference in cancers subclones in various

microenvironments of the tissue.
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High ITH of the tumors has been correlated to unfavourable prognosis over a large range of
cancers.’ Currently, data are too limited to be able to investigate the prognostic role of ITH in
MF. Some indirect evidence, such as the correlation between the presence of Pautrier
microabscesses with the risk of progression ** and higher ITH in MF tumors as compared to
early plaques 7 suggest that this indeed may be the case. One of the indications that ecological
heterogeneity in MF may have functional significance is the non-overlapping pattern of driver
mutations in epidermal and dermal neoplastic cells, which potentially would limit the efficacy
of targeted therapies. However, a more detailed understanding of the differences between
functionally significant signalling pathways on the level of transcriptome and the protein is

needed.
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Chapter 6: Discussion and Conclusion

6.1 General Discussion

The work in this thesis challenges the long-standing concept of MF as a lymphoma
developing from the skin resident memory T-cells. We show that MF is heterogenous on
multiple levels: it comprises multiple T-cell clones and shows genetic heterogeneity being
composed of multiple genetic subclones. We further provide evidence that malignant T-cells
in MF are not solely skin resident but are also present in the circulating blood irrespective of
the stage of the disease.

The major contribution of the thesis is as following.

1. By using WES to calculate the TCF we can determine the frequency of malignant T-
cells and eliminate the need for arbitrary thresholds for “clonality”.

2. Identification of previously unreported mutations in putative driver genes in MF.

3. To provide evidence that MF skin lesions presents genetic and clonotypic
heterogeneity.

4. To propose the model of MF in which skin lesions develop from seeding by the
circulating precursors independently in different lesions and different niches in the
skin which further develop by neutral branched evolution.

We are aware of certain limitations of this work. First, the sensitivity of WES for identifying
the TCR repertoire was lower as compared with the PCR based amplification. Even with
increased sequencing depth of ~800x the number of TCR clonotypes identified by WES
cannot identify the low frequency clonotypes with the same sensitivity as target amplification
method. Second, we used LCM to isolate the malignant T-cells to improve the TCF for the

samples. Though we achieved this goal, we understand that the LCM cells may not represent
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the complete diversity of the skin lesion. Third, we did not corroborate our TCR and genetic

heterogeneity results at transcriptome level.

6.2 Conclusion and perspectives

MF is composed of a clonally and genetically heterogeneous mixture of mutation-rich,
malignant T-cells. The disease develops and progresses via hematogenous spread of malignant

cells that seed new areas of the skin as well as the already existing sites.

Our model of MF pathogenesis provides a plausible explanation of disease resistance and
relapse. Skin directed therapies alone are not likely to provide cure as they fail to target the
malignant T-cells in circulating blood. Drugs that target circulating cells and prevent their
entry to the skin (such as mogamolizumab, the CCR4 inhibitor) are likely to be effective in
MF. Finally, due to the heterogeneous nature of MF, combination therapies would be required
to efficiently target multiple subclones. Future studies with single cell sequencing and
additional normal control would be beneficial in identifying treatment targets and the

characteristics of the immature T-cell precursors lying at the root of pathogenesis of MF.
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Appendix Figure Al: VJ gene usage. (A) Peripheral blood mononuclear cells (MF5 PBMC)
sample was used for whole exome capture and sequenced at a maximum depth of 400 million
reads. Sequenced samples were analyzed for V and J gene combination and no preferential
combination was identified as opposed to the high frequency VJ combination identified in (B)
that can be associated with the presence of dominant clone in a MF5 1T sample. (C) VJ gene
usage of MF5_2P.
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Appendix Figure A2: Correlation of inverse Simpson index and dominant clone
frequency against tumor enrichment. Microdissected island containing atypical lymphoma
cells were subjected to WES/WTS. (A) Inverse Simpson index reflects the TCR repertoire
richness. (B) Indicates the most frequent most clonotype for TCRa, - and -y. Proportion of
tumor-derived DNA in the sample was calculated based on copy number aberration analysis
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from WES. Symbols represent values for individual samples.

Appendix Table A1: Samples included in the study, with patient age, sex and diagnosis.

Patient ID (age [years], Sample ID Lesion type Diagnosis and stage
sex [M-male, F-female])
MF1 (78, F) MFIT Tumor Mycosis Fungoides 11B
MF2 (83, M) MF2T Tumor Mycosis Fungoides 1B
MF4 (69, M) MF4 1P Plaque Mycosis Fungoides 1B
MF4 2T Tumor
MF4 3P Plaque
MFS5 (44, F) MF5 1T Tumor Folliculotropic Mycosis
Fungoides IIB
MF5 2P Plaque
MF7 (62, M) MF7 1T Tumor Mycosis Fungoides IVA
MF7 2P Plaque
MFS8 (54, F) MEFS8P Plaque Folliculotropic Mycosis
Fungoides IIIB
MF9 (42, F) MF9P Plaque Mycosis Fungoides TA
MF10 (56, M) MF10P Plaque Mycosis Fungoides 1B
MF11 (56, M) MFI1T Tumor Mycosis Fungoides 11B
MFI11 1P Plaque
MF12 (66, M) MF12P Plaque Mycosis Fungoides IVA
MF15 (65, M) MF15P Plaque Mycosis Fungoides 1B
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MF16 (68, M) MF16P Plaque Mycosis Fungoides 1B
MF19 (74, M) MF19 IT Tumor Mycosis Fungoides 11B
MF19 2P Plaque
MF20 (70, M) MF20P Plaque Mycosis Fungoides 1B
MEF25 (48, F) MEF25P Plaque Mycosis Fungoides 1B
MF26 (76, M) MF26P Plaque Mycosis Fungoides 1B
MF27 (71, M) MF27P Plaque Mycosis Fungoides 1A
MF30 (62, M) MF30P Plaque Mycosis Fungoides IB
MF31 (67, M) MEF3IT Tumor Folliculotropic Mycosis
Fungoides 11B
MF33 (75, M) MF33T Tumor Mycosis Fungoides IIB
MF35 (54, M) MF35P Plaque Folliculotropic Mycosis
Fungoides IIB
MF36 (64, M) MF36P Plaque Mycosis Fungoides TA
MF37 (63, M) MF37 Mycosis Fungoides 11B
MF39 (71, M) MF39 1P Plaque Mycosis Fungoides 1B
MF43 (60, M) MF43p Plaque Folliculotropic Mycosis
Fungoides 1A
MF44 (85, M) MF44T Tumor Mycosis Fungoides 11B
MF45 (77, M) MF45P Plaque Mycosis Fungoides I1IIA
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Appendix B
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Appendix Figure B1: Comparison of the number of neoplastic TCRp clonotypes and the
Simpson diversity in different stages of skin lesions and blood. Box plots represent median
value with 25th-75th percentiles; the whiskers show the largest value within 1.5 times the
interquartile range below the 25th percentile or above the 75th percentile. (A) represents the
number of neoplastic TCR clonotypes in stages of skin lesions (plaque and tumor). (B)
Indicates the Simpson diversity index of neoplastic TCRp clonotypes and all TCRf
clonotypes in skin lesions and blood.
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Appendlx Flgure B2: Shared neoplastic TCRa clonotypes in the skm and the perlpheral
blood. The sequences of the TCRa clonotypes in the blood were matched with the sequences
of the top 10 neoplastic TCRa clonotypes identified in the corresponding skin sample to
identify the neoplastic clonotypes in the circulation. The number and frequency of those
shared neoplastic clonotypes are shown separately for the three groups of patients as defined
in Fig 1: (A, B) 19 patients with a single biopsy, (C-F) patients with multiple skin biopsies, of
whom in 7 patients the biopsies were obtained at a single time point (C, D) whereas 3 patients
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were sampled longitudinally (E, F). In B, D, F the first ranking shared clonotype in the skin is
indicated in red and the subsequent shared clonotypes are color-coded as indicated in the
legend. The non-overlapping clonotypes are indicated in gray.
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Appendix Figure B3: Shared neoplastic TCRYy clonotypes in the skln and the perlpheral
blood. The sequences of the TCRYy clonotypes in the blood were matched with the sequences
of the top 10 neoplastic TCRy clonotypes identified in the corresponding skin sample to
identify the neoplastic clonotypes in the circulation. The number and frequency of those
shared neoplastic clonotypes are shown separately for the three groups of patients as defined
in Fig 1: (A, B) 19 patients with a single biopsy, C-F: patients with multiple skin biopsies, of
whom in 7 patients the biopsies were obtained at a single time point (C, D) whereas 3 patients
were sampled longitudinally (E, F). In B, D, F the first ranking shared clonotype in the skin is
indicated in red and the subsequent shared clonotypes are color-coded as indicated in the
legend. The non-overlapping clonotypes are indicated in gray.

Appendix Figure B4: Correlation between the number of TCRa and TCRp clonotypes in
the skin lesions of MF. Pooled data from all 46 samples. The regression coefficient is 0.786.
Note that all clonotypes are shown.
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Appendix Figure B5: Models of cancer seeding. The simplest scenario is the single-cell
seeding (upper row) when single neoplastic clonotypes (as detected by unique TCRf3
sequences B1-B1 marked with different colors enter the target tissue (skin) from the circulation
and develop into the lesions. In this case, each lesion represents a single clone (clonotypic
richness of any single n-lesion Rs,=1) and the Simpson diversity index (the probability of
detecting two different clonotypes in a single skin lesion, Ds,) is 0%. Note, that discrete
lesions may originate from different clones. During continuous seeding (middle row), all
malignant clonotypes will be detectable in any given skin lesion, either because the metastasis
is mediated by clusters of malignant cells or because cooperation between all malignant clones
is required for tumor growth. In this situation clonotypic richness of each lesion will be the
same and equal to the clonotypic richness of all lesions combined ( 5/ As,) and average
richness of the lesions (Rs) and to the neoplastic cells in the blood
(Rsi=Rsn+1...=2/Ks,=Rs=Rp). The consecutive seeding is an intermediate situation when only
a portion of circulating clones seeds the lesions (lower row, frame). Here, the clonotypic
richness of any single skin lesion will be lower that the richness of all lesions combined or the
richness of the entire repertoire of clonotypes in the blood (Rs,<S;Ks,<Rp) and the average
Simpson index of skin lesions (Ds) will be lower that the entire blood (Ds<Ds, Ds/Dp<100%).
This model is compatible with the data reported in this study. Note, that the richness and
Simpson index of the neoplastic clonotypes in the blood (R, Ds) cannot be determined
precisely experimentally because of insufficient sampling due to a low frequency of
circulating, neoplastic clones. The model is modified from Ref*® For simplicity, the traffic of
cancer clones is marked as unidirectional movement from the blood to the skin, however it is
likely that a recirculation of malignant clones between the blood and the tumors takes place as

wel],40-36
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Appendix Table B1: Patient characteristics and samples included in the study

Patient ID (age | Sample ID | Lesion | Diagnosis and Stage TTP? or PFS*
[years], sex [M- type stage! progression? (months)?
male, F-
female])
MF4 (69, M) MF4 1P Plaque Mycosis no 30
Fungoides IIB

MF4 2T Tumor

MF4 3P Plaque

MF4 4T Tumor

MF4 5P Plaque

MF4 6T Tumor

MF4 7T Tumor

MF5 (44, F) MF5_IT | Tumor | Folliculotropic no 31
Mycosis
MF5 2P Plaque Fungoides 11B

MEF7 (62, M) MF7 1T Tumor Mycosis no 17
Fungoides DOD’
MF7 2P | Plaque IVA2
MFS (54, F) MEF8P Plaque | Folliculotropic yes 3
Mycosis
Fungoides IIIB
MF9 (42, F) MF9P Plaque Mycosis no 29
Fungoides 1A
MF10 (56, M) MF10P Plaque Mycosis no 29
Fungoides IB
MFI11 (56, M) MFI1IT Tumor Mycosis no 29
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MF11 1P Plaque | Fungoides IIB
MF11 2P Plaque
MF12 (66, M) MF12P Plaque Mycosis no 27
Fungoides
IVA2
MF15 (65, M) MF15P Plaque Mycosis no 27
Fungoides IB
MF16 (68, M) MF16P Plaque Mycosis no 26
Fungoides IB
MF19 (74, M) MF19 1T Tumor Mycosis no 13
Fungoides [IB DOD’
MF19 2P Plaque
MF23 1(69,F) | MF23 1P Plaque Mycosis no 22
Fungoides, IA
MF25 (48, F) MEF25P Plaque Mycosis no 21
Fungoides IB
MF26 (76, M) MF26P Plaque Mycosis yes 6
Fungoides IB
MEF27 (71, M) ME27P Plaque Mycosis no 16
Fungoides 1A
MF29 MF29 1P Plaque Mycosis no 15
Fungoides 1A
MF29 2P Plaque
MF30 (62, M) MF30P Plaque Mycosis yes 2
Fungoides IB
MF31 (67, M) MF3IT Tumor | Folliculotropic no 19
Mycosis
Fungoides IIB
MF32 MF32T Tumor | Mycosis no 27
Fungoides
MF32 IT | Tumor |IVA
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MF34 MF34T Tumor | Mycosis no 20
Fungoides IIB
MF34 1P Plaque
MF34 2T Tumor
MF35 (54, M) MF35P Plaque | Folliculotropic no 11
Mycosis
Fungoides 11B
MF36 (64, M) MF36P Plaque Mycosis no 12
Fungoides 1A DOD?
MF37 (63, M) MF37 Tumor Mycosis no 16
Fungoides IIB
MF38 MF38 1P Plaque Mycosis no 15
Fungoides IIB
MF38 2T Tumor
MF39 (71, M) MF39 1P Plaque Mycosis yes 12
Fungoides IB DOD?
MF40 MF40 1P Plaque Mycosis no 29
Fungoides IIB
MF40 2T Tumor
MF43 (60, M) MF43P Plaque | Folliculotropic no 15
Mycosis
Fungoides 1A
MF44 (85, M) MF44T Tumor Mycosis no 23
Fungoides 11B DOD?
MF45 (77, M) MF45P Plaque Mycosis yes 9
Fungoides DOD?
1A

lestablished at the time of the biopsy; observed between the time of the biopsy and last
follow-up; *TTP - only for patients who progressed in stage during follow-up (months); *PFS -
progression free survival, for the patients who remained in the same stage during follow-up
(months); °DOD - dead of disease
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Appendix Table B2: CDR3aa sequences and the predicted V and J combinations for the TCR
clonotypes that are shared between at least two skin biopsies (including across different MF
patients) or skin biopsies and peripheral blood.

CDR3 sequence

Samples

V usage

J usage

CDNNNDMRF

MF4 2, MF4 3, MF4 1PBMC,
MF4 6, MF4 7, MF4 4PBMC,
MF9, MF9PBMC, MF11 1,
MF11PBMC, MF11 2PBMC,
MF23 1, MF23_1PB, MF29 1,
MF29PBMC, MF34 1,
MF34PBMC, MF38 1,
MF38PBMC, MF40 1, MF40 2,
MF40PBMC

TRAV16

TRAJ43

CAG AGA

MF4 2, MF4 3, MF4PBMC,
MF4 1PBMC, MF4 7,
MF4 4PBMC, MF11 1,
MF11PBMC, MF11 2,

MF11 2PBMC, MF27,
MF27PBMC, MF32 1,
MF32_1PBMC, MF34 1,
MF34PBMC, MF39 1,
MF39PBMC, MF40 1,
MF40PBMC, MF43, MF43PBMC

TRAV35

TRAJ4

CGCENSGGSNYKLTF

MF5_2, MF5PBMC, MF11 2,
MF11PBMC, MF11 2PBMC,
MF16, MF16PBMC, MF19 1,
MF19PBMC, MF27, MF27PBMC,
MF37, MF37PBMC, MF38 1,
MF38PBMC,

TRAV3

TRAJS53

CYEASHSVNTGTASKLT
F

MF4 2, MF4 3, MF4 1PBMC,
MF9, MF9PBMC, MF23_1,
MF23_1PBMC, MF38 1,
MF38PBMC

TRAV3l1

TRAJ44

CMIVGSPELTF

MF4 2, MF4 1PBMC, MF26,
MF26PBMC, MF36, MF36PBMC,
MF43, MF43PBMC

TRAV35

TRAJ10

CAGPCVFP*RREICYL L
NDALMWAKVNPFSPL

MF4 2, MF4 5, MF4_1PBMC,
MF4 4PBMC, MF8, MF8PBMC,
MF31, MF31PBMC

TRAV25

TRAJ48

CAV*G_LTNFS

MF5_2, MF5PBMC, MF11,

TRAV36

TRAJ21
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MF11PBMC, MF11 2PBMC,
MF27, MF27PBMC,

IGEWELVLPPTK LTRF

MF23 1, MF23 1PBMC, MF25,

LPAEQLPF MF25PBMC, MF45, MF45PBMC | TRAVI13-2 | TRAJ46
MF4 7, MF4_1PBMC,
CALVTAFLEPFF MF4 4PBMC, MF27, MF27PBMC | TRAV39 TRAJ12
CGCDLHHRGSWK _VQG| MF4 2, MF4 4PBMC, MF5 1,
DEGLDKLHF MF5PBMC TRAVS8-4 | TRAJI34
CALRCLKSILNYNDHSI | MF4 2, MF4 1PBMC, MF37,
GTTF MF37PBMC, TRAV41 TRAJ3
CAVRSNWLECVRDGW
EGGRYF*DGGSPCLEES | MF35, MF35PBMC, MF39 1,
[HQLHPQCA MF39PBMC TRAV21 TRAIJS
CAVKNTGLTAPC SSSR MF4 5, MF4PBMC,
YLPSRDF MF4 1PBMC, MF4 4PBMC TRAV3 TRAJ50
WTPY*E_F*ETLF MF4 1, MF 4 4PBMC TRAVS-3 TRAJS
CVASGC*PRFPPLHSVSP MF4 2, MF4 1PBMC
LSTPGAGTAPALIPQSS*S
LRQTF TRAVI2-1 | TRAJ48
CRE_IIF MF4 3, MF4 1PBMC TRAV7 TRAJ30
CAVRDTVTMRPL*L_PK
FKRQPQQREAVF MF4 4, MF4 4PBMC TRAVI-2 | TRAJ51
CSPEGPWPSLEPRT*VHL
T*S_GIRIPEFSQPGVQNS
RVRLL MF4 6, MF4 4PBMC TRAV34 TRAJ24
CAARHPPSWRQIIGSPRT
EPLGVP_LPRPGQPGRRA
AGGLLHLQHQLW MF4 6, MF4_4PBMC TRAVI13-1 | TRAJ33
CAVEG EHLPF MF4 4, MF4 4PBMC TRAV36 TRAJS
CALS RR*G MF9, MFOPBMC TRAV19 TRAJ4
FERNAILFIESLKACFTC
LFLKV* EGVQQGCDR
SSKN*NSFIYGHLIF MF10, MF10 2PBMC TRAVS TRAJ14
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CVWRQGVPPESPGLVRI
SP_ GTQKRKGQSREWGS

DHSQQ MF11, MF11 2PBMC TRAV29 TRAJS7
CGSNRYSS*LFH*CQ**S
LKWRSC_LSIDKVLTVFL
FQG*IGSESSLVF MF11 2, MF11 2PBMC TRAV34 TRAJ47
CVCECS*CVYICVCVCV
YV_VFVTDLIPVLSAGSI
LTC MF12, MF12PBMC TRAV10 TRAJ58
WQGLLLTGEERTSWERT MF19 1, MF19PBMC TRAV27 TRAJIS
SDSFRQSLLGSRRGRSSL
SLAKSVSTTNIAG*ASV
s MF23 1, MF23_1PBMC TRAV36 TRAJ55
CAL AF MF23 1, MF23_1PBMC TRAV15 TRAJ27
CALSGTVAGF MF27, MF27PBMC TRAV16 TRAJ16
CALRDRVG MF27, MF27PBMC TRAV18 TRAJ36
YAVSGLIFSASLGFLQS
RKLCAYSGAGSYQLTF MF27, MF27PBMC TRAVS8-4 | TRAIJ28
SAVGPAQDPPCHRQWG
PCVHP_TLRPSGTRPPM
WTGVWTGSPL MF29 1, MF29PBMC TRAV25 TRAJ30
CLVGLLMVTAHTTSPWL
RVLIWRACRGIPGPMRA
SG MF29 1, MF29PBMC TRAV4 TRAJ30
CAGPCVFP*RREICYL L
NDALMWAKVNPFSPL MF31, MF31PBMC TRAV25 TRAJ44
CALRDRVGGTAARAQ T
NPGERRWGLGVSRF MF31, MF31PBMC TRAVIS TRAJ14
CCVGI_TNFS MF32 1, MF32_1PBMC TRAV28 TRAJ21
FMVNVTGELARQHYAL
SSL*PLHFFGQVKR**DL
*L*LDARHTAS*FLKFFF | MF34, MF34 2, MF34PBMC TRAV3 TRAJ36
CAGQHSAPQT LQPVLK
LAA MF34 2, MF34PBMC TRAV35 TRAJS
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CVVSEMFLSLLISKIFQG
V*PQDITH _GPYAGGSLN
RSN*EK*KTESKILIF MF37, MF37PBMC TRAVS-2 TRAJ37
VFYVSSHLGVPLSYVPA
LFSDG _LLLREGVALTVI
VYQNLLYLTF MF37, MF37PBMC TRAVS-2 TRAJ2
CVVSGVSSGLLVPRLGIG
WFEQTLGSGLI MF38 2, MF38PBMC TRAV10 TRAJ4
SASCTMRSISSLLRRPLS
LVMVILLALPVLLSVAV
TFRMPLASMSKVTSIW MF38 2, MF38PBMC TRAV3 TRAIJ33
CAESTHCFSGTCILYPNL
HLGLKPHSISFTF MF38 2, MF38PBMC TRAVS TRAJ13
CAATTSGTYKYIF MF39 1, MF39PBMC TRAV21 TRAJ40
CVGVFQHGKVEIIANDQ
GN_HHPQLRGLHRHRAA
HWGC MF40 1, MF40PBMC TRAVI12-1 TRAJ54
*PGGCLSLFIRDWPRLNL
L GHWGLRLQALASSRP
RGI MF40 1, MF40PBMC TRAVI1-2 TRAJ9
CLLGDFPSLGLFLMWW#*
IHGS*RP_CGFERP*AGA
PG*T*IYLLVPPF MF44, MF44PBMC TRAV40 TRAJ22
CAGPCSWTRY_ AVSSHH
LTF MF45, MF45PBMC TRAV25 TRAJ46
TCR beta clonotypes
CAASRGC_AKNIQYF MF4 2, MF4 3, MF4 5,
MF4 1PBMC, MF4 6, MF4 7,
MF4 4PBMC, MF5 1, MF5PBMC,
MF11, MF11 1, MF11 2,
MF11 2PBMC, MF12, MF12PBMC,
MF23 1, MF23 1PBMC, MF25,
MF25PBMC, MF26, MF26PBMC,
MF27, MF27PBMC, MF30,
MF30PBMC, MF31, MF31PBMC,
MF32, MF32 1, MF32PBMC, TRBV18 TRBJ2-4
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MF34, MF34 1, MF34 2,
MF34PBMC, MF35, MF35PBMC,
MF36, MF36PBMC, MF37,
MF37PBMC, MF38 1, MF38 2,
MF38PBMC, MF39 1, MF39PBMC,
MF40 1, MF40 2, MF40PBMC,
MF44, MF44PBMC, MF45,

MF45PBMC
CVS GVL MF25, MF25PBMC, MF31,
MF31PBMC, MF40 1,
MF40PBMC TRBV5-3 | TRBJ2-4
CASSEATALHG MF30, MF30PBMC, MF34 2,
MF34PBMC, MF37, MF37PBMC | TRBV6-1 | TRBI2-2P
CAKQLNEDCSKTQPCDH MF4 5, MF4 1PBMC,
TKGLECNF MF4 4PBMC TRBV23-1 | TRBJ2-4
GPGTRLLVLGERGLLGR
GRGR_WVWFLRGVPGL
CSGANVLTF MF4 6, MF4 7, MF4 1PBMC TRBV13 TRBI2-6
CGGGARKTGQSPRQPRP| MF10, MF10 2PBMC, MF11 2,
GPSF MF11 2PBMC TRBV22-1 | TRBJ2-4
MF4 5, MF4 1PBMC, MF35,
CLARRQR TTVVVF MF35PBMC TRBV5-6 | TRBJ2-2
CELECTWPGSRNFECRR
GISETVDKTAWKKTERC
*SQTG MF4 2, MF4 4PBMC TRBV30 | TRBI2-7
CGRCSALP**RCGGRIPC
SPRSS NIVVEARGLVPT
HTA*LVPQHF MF4 2, MF4 4PBMC TRBVS-2 | TRBJI-5
CAT AR MF4 3, MF4 1PBMC TRBV27 | TRBJ2-2P
CAQQPVQSELVQRCQQL
QSRLSTLKI KRRGEFLP*
EAQSHTLSFPVETFAAA MF4 4, MF4 4PBMC TRBVS5-4 | TRBI2-2P
CASCPH_VSCRRP MF4 6, MF4 1PBMC TRBV4-2 | TRBJ2-4
CAS*LWW_*KSV**A MF4 6, MF4 4PBMC TRBV6-2 | TRBJI-3
*AAAWPAAAG LRRVG MF9, MFOPBMC TRBVS-5 | TRBI2-2P
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WLAG
FLRLLKYIRKLSG QLRV
SSSLNKPS MF11, MF11PBMC TRBV22-1 TRBJ1-4
CARVPRAV NTGELFF MF11, MF11 2PBMC TRBVS5-1 TRBJ2-2
CASSYSNQPQHF MF12, MF12PBMC TRBV19 TRBJ1-5
CAI*S*HPAS KSSHAYSL
FF MF23 1, MF23PBMC TRBV10-3 TRBJ2-2
CGSSEEGT MF30, MF30PBMC TRBVS§-2 TRBJ1-6
CASSF MF37, MF37PBMC TRBV12-1 TRBJ2-2
CTTMR*QSR*VRARAGG
RAAC _GGDFRLSMRFPA
PGRSTEHF MF38 1, MF38PBMC TRBVS5-6 TRBJ2-7
CASSLD*REETDTQYF MF39 1, MF39PBMC TRBVS5-6 TRBIJ2-3
CASSEPGRNQPQHF MF39 1, MF39PBMC TRBVG6-1 TRBJI1-5
CASSQDTALQSHCIPVH
KPPGSARKLQGSV_APA
PRAPVSIP*WPLMEFQSV
VQPASAPS MF40 2, MF40PBMC TRBV3-1 TRBJ2-2
TCR gamma clonotypes
CAAWDYH_GWFKIF MF4 1, MF4 7, MF4 4PBMC,
MF12, MF12PBMC, MF27,
MF27PBMC, MF29 1,
MF29PBMC, MF30, MF30PBMC,
MF31, MF31PBMC, MF32,
MF32 1, MF32 1PBMC, MF35,
MF35PBMC, MF36, MF36PBMC,
MF37, MF37PBMC, MF39 1,
MF39PBMC, MF43, MF43PBMC,
MF44, MF44PBMC, MF45,
MF45PBMC TRGV10 TRGJP1
MF4 3, MF4 5, MF4 7,
CATAAGLL WL*SLLP* MF4 1PBMC, MF4 4PBMC TRGVS5P TRGJ1
STAVGLA SQAVQDN MF4 2, MF4 4PBMC, MF11 2,
MF11 2PBMC, MF27, TRGVB TRGJP1
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MFE27PBMC

CATAAGLLVVVVF MF4 6, MF4 4PBMC, MF11,
MF11_2PBMC, MF23_1,
MF23 1PBMC TRGV5P | TRGJIPI
CATWENR_GWFKIF MF12, MF12PBMC, MF29 1,
MF29PBMC TRGVS TRGIJP1
CAAWDYGTGWFKIF MF12, MF12PBMC, MF29 1,
MF29 2, MF29PBMC, MF44,
MF44PBMC TRGV10 | TRGJPI
CAAWDYTK_TTGWFKIF MF15, MF15PBMC TRGV10 | TRGIPI
CATWVLP_GWFKIF MF16, MF16PBMC TRGVS5 TRGIJP1
CATRT YKKLF MF23 1, MF23 1PBMC, MF29 1,
MF29PBMC TRGVS TRGJ1
CATWD TRELF MF25, MF25PBMC TRGV2 TRGJ1
CACWIRH GDWIKTF MF29 2, MF29PBMC TRGV11 TRGJP2
STAVGLA KSGSSR* MF34 2, MF34PBMC TRGVB TRGIJP1
CATWDG YYKKLF MF39 1, MF39PBMC TRGV4 TRGJ1
CAAWDYGTGWFKIF MF44, MF44PBMC TRGV10 | TRGJP1
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Appendix C
100

TCF (%)

Appendix Figure C1: Tumor cell fraction (TCF) in analyzed CTCL samples. The TCF
was calculated for all samples in our study and the samples published in three other CTCL
studies (see supplementary Table S2). The samples from the previously CTCL studies were
classified as mycosis fungoides (MF), Sezary syndrome (SS) and other CTCL based on the
information provided in the original publications (labelled with _Ext for external datasets).
The violin plot represents the overall distribution of TCF in the samples.
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Appendix Figure C2: Functional classification of putative driver genes. Mutations
identified in putative driver genes were classified as oncogenes or Tumor suppressor genes
(TSG) based on their function with previously reported studies. “Possible” classifies the genes
that present a functional ambiguity.
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Appendix Figure C3: Phylogenetic structures for samples in ESP, LSP and TMR. (A-C)
Presents the phylogenetic trees for every sample in ESP, LSP and TMR respectively. The
sample IDs are presented in blue text below each phylogenetic tree.

Clonotypic diversity

Simpson index

304

Appendix Figure C4: Simpson heterogeneity index for clonotypic and intratumoral
heterogeneity (ITH) in MF. Simpson index for clonotypic heterogeneity was calculated as
previously described!, the ITH Simpson index was calculated and 1D where D=N(N-1)/n(n-1)
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(N - total number of subclones, n - the frequency of the individual subclone). A regression line
with 95% CI is plotted, R?>=0.11, p=0.028.
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Appendix Figure C5: Intratumoral heterogenelty in CTCL. Data obtained from previous
sequencing studies (supplementary Table S2) were analyzed by the same bioinformatic
pipeline as in Figure 4A and Figure 5SA. (A) Rainbow graph representing the number and
frequency of the subclones identified in each sample. The samples are arranged by increasing
number of subclones, followed by the relative frequency of the most abundant subclone. The
top bar graph shows TCF for each sample; the colour of the bars indicates the disease (MF,
mycosis fungoides, SS, Sézary syndrome, Other, CTCL unspecified). (B) Distribution of
mutations in the stem and clades. Percentage of all SNV mutations in the stem (blue) and
clade (red) of the phylogenetic trees. Asterisk next to the sample names, in red indicate the
MF samples and the green indicates CTCL not specified.
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Appendix Table C1: Patient characteristics and samples included in the study

Patient ID (age [years], sex [M- Sample Lesion Diagnosis and stage
male, F-female]) ID type
MF2(83, M) MEF2 Tumor Mycosis Fungoides 11B
MF4 (69, M) MF4 1P Plaque Mycosis Fungoides 11B

MF4 2T Tumor

MF4 3P Plaque

MF4 4T Tumor

MF4 5P Plaque

MF4 6T Tumor

MF4 7T Tumor

MFS5 (44, F) MFS5 1T Tumor Folliculotropic Mycosis
Fungoides IIB

MF5 2P Plaque

MF7 (62, M) MF7 1T Tumor Mycosis Fungoides IVA2

MF7 2P Plaque

MEFS8 (54, F) MEF§P Plaque Folliculotropic Mycosis
Fungoides I11B

MF9 (42, F) MF9P Plaque Mycosis Fungoides TA

MF10 (56, M) MF10P Plaque Mycosis Fungoides IB
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MF11 (56, M) MFI1IT Tumor Mycosis Fungoides 11B
MF11 1P | Plaque
MF11 2P | Plaque
MF12 (66, M) MF12P Plaque Mycosis Fungoides IVA2
MF15 (65, M) MF15P Plaque Mycosis Fungoides IB
MF16 (68, M) MF16P Plaque Mycosis Fungoides IB
MF19 (74, M) MF19 1T | Tumor Mycosis Fungoides 1B
MF19 2P | Plaque
MF19 3T | Tumor
MF20 (70, M) MF20 Plaque Mycosis Fungoides IB
MF23 1 (69, F) MF23 1P | Plaque Mycosis Fungoides, IA
MF25 (48, F) MEF25P Plaque Mycosis Fungoides IB
MF26 (76, M) MEF26P Plaque Mycosis Fungoides IB
MF27 (71, M) MF27P Plaque Mycosis Fungoides IA
MF29 MF29 1P Plaque Mycosis Fungoides IA
MF29_2P | Plaque
MF30 (62, M) MF30P Plaque Mycosis Fungoides IB
MF31 (67, M) MF31T Tumor Folliculotropic Mycosis

Fungoides 11B
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MF32(49, M) MF32T Tumor Mycosis Fungoides IVA
MF32_1T Tumor
MF34(65, M) MF34T Tumor Mycosis Fungoides 11B
MF34 1P Plaque
MF34 2T Tumor
MF35 (54, M) MF35P Plaque Folliculotropic Mycosis
Fungoides 11B
MF36 (64, M) MF36P Plaque Mycosis Fungoides IA
MF37 (63, M) MF37 Tumor Mycosis Fungoides |I1B
MF38(76, M) MF38 1P Plaque Mycosis Fungoides 1I1B
MF38 2T Tumor
MF39 (71, M) MF39_1P Plaque Mycosis Fungoides IB
MF40(59, F) MF40_1P | Plaque Mycosis Fungoides |1B
MF40 2T Tumor
MF43 (60, M) MF43P Plaque Folliculotropic Mycosis
Fungoides IA
MF44 (85, M) MF44T Tumor Mycosis Fungoides 11B
MF45 (77, M) MF45P Plaque Mycosis Fungoides IlI1A

Appendix Table C2: List of previous CTCL studies used for metaanalysis.
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Study Sample type Number of samples
McGrit.et.al’ MF 5
Choi.et.al® SS 31

Da Silva Almeida.e’t.al*

MF, SS and other CTCL 41

Appendix Table C3: Mutations in putative driver presented in <20% of the samples.

Genes TMR | LSP | ESP | Gene description Pathway
(%) | (%) | (%)

TRAF3 2 2 2 |TNF receptor associated factor 3 Apoptosis

BCL2 2 0 0 [BCL2 apoptosis regulator Apoptosis

BCL2L11 2 0 0 BCL2like 11 Apoptosis

CASPS8 2 0 0 |caspase 8 Apoptosis

CDK4 4 0 2 |cyclin dependent kinase 4 Cell cycle

BTG2 0 2 0 |BTG anti-proliferation factor 2 Cell cycle

CDKNIA 2 0 0 |cyclin dependent kinase inhibitor 1A |Cell cycle
Chromatin histone

ZMYM3 6 8 4  |zinc finger MYM-type containing 3 |modifiers
KATS regulatory NSL complex Chromatin histone

KANSL1 8 4 4  |subunit 1 modifiers
Chromatin histone

ARID5B 6 2 6  |AT-rich interaction domain 5B modifiers
Chromatin histone

KMT2A 8 4 2 |lysine methyltransferase 2A modifiers
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SIN3 transcription regulator family

Chromatin histone

SIN3A 2 |member A modifiers
NIPBL 2 INIPBL cohesin loading factor Chromatin other
ASXL1 2 |ASXL transcriptional regulator 1 Chromatin other
AJUBA 0 |ajuba LIM protein Chromatin other
activating transcription factor 7
ATF7IP 2 [interacting protein Chromatin other
H3F3C 0 [H3.5 histone Chromatin other
NPMI 0  |nucleophosmin 1 Chromatin other
SWI/SNF related, matrix associated,
actin dependent regulator of Chromatin SWI/SNF
SMARCA4* 2 |chromatin, subfamily a, member 4  |complex
Chromatin SWI/SNF
PBRM1 2 |polybromo 1 complex
Chromatin SWI/SNF
ATRX* 2 |ATRX chromatin remodeler complex
SWI/SNF related, matrix associated,
actin dependent regulator of Chromatin SWI/SNF
SMARCAI1 2 |chromatin, subfamily a, member 1  |complex
MSH6 10  |mutS homolog 6 Genome integrity
POLQ 2 |DNA polymerase theta Genome integrity
structural maintenance of
SMCIA 2 |chromosomes 1A Genome integrity
BRCA2 4 |BRCA2 DNA repair associated Genome integrity
ERCC excision repair 2, TFIIH core
ERCC2 8 |complex helicase subunit Genome integrity
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protein phosphatase, Mg2+/Mn2+

PPM1D 4 dependent 1D Genome integrity

RFC1 4 replication factor C subunit 1 Genome integrity

BRCALI 2 BRCA1 DNA repair associated Genome integrity

CHEK2 2 checkpoint kinase 2 Genome integrity

STAG2 2 stromal antigen 2 Genome integrity

ATR 2 ATR serine/threonine kinase Genome integrity
SET domain containing 2, histone

SETD2* 10 lysine methyltransferase Histone modification

SETBP1 10 SET binding protein 1 Histone modification

RNF111 2 ring finger protein 111 Immune signaling
IRF6 2 interferon regulatory factor 6 Immune signaling

major histocompatibility complex,

HLA-A 2 class I, A Immune signaling
IL7R 2 interleukin 7 receptor Immune signaling
HGF 2 interleukin 6 Immune signaling
B2M* 0 beta-2-microglobulin Immune signaling

mitogen-activated protein kinase
MAP3K4 8 kinase kinase 4 MAPK signaling
RPS6KA3 2 ribosomal protein S6 kinase A3 MAPK signaling

RRAS2 0 RAS related 2 MAPK signaling

isocitrate dehydrogenase (NADP(+))

IDH2* 2 2 Metabolism
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isocitrate dehydrogenase (NADP(+))

IDH1 4 0 0 |1 Metabolism
DMD 8 4 6 |dystrophin Other
SPTA1 10 4 4  |spectrin alpha, erythrocytic 1 Other
mucin 6, oligomeric mucus/gel-
MUC6 4 6 6 |forming Other
glutamate ionotropic receptor
GRIN2D 8 2 4 |INMDA type subunit 2D Other
SPTANI1 8 4 0 [spectrin alpha, non-erythrocytic 1 Other
FLNA 2 4 4  |filamin A Other
MYH9 4 4 2 |myosin heavy chain 9 Other
gamma-aminobutyric acid type A
GABRAG6 6 2 0 [receptor alpha6 subunit Other
KIF1A 2 2 4  |kinesin family member 1A Other
ALB 2 2 2 |Fas binding factor 1 Other
TXNIP 4 2 0 [thioredoxin interacting protein Other
cyclic nucleotide binding domain
CNBD1 2 2 0 |containing 1 Other
POLRMT 0 2 0 |RNA polymerase mitochondrial Other
COL5A1 14 18 14 |collagen type V alpha 1 chain Other
APOB 12 14 2 |apolipoprotein B Other
calcium voltage-gated channel
CACNAITA| 10 8 8 |subunit alphal A Other
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Kell metallo-endopeptidase (Kell
KEL 10 6 6 |blood group) Other

protein tyrosine phosphatase receptor

PTPRC 8 6 4 type C Other signaling
ARHGAP35| 4 8 4  |Rho GTPase activating protein 35 Other signaling
GNAS 10 2 4 |GNAS complex locus Other signaling

protein tyrosine phosphatase domain
PTPDC1 6 4 2 |containing 1 Other signaling

protein tyrosine phosphatase non-

PTPNI11 10 2 0 [receptor type 11 Other signaling
CDH1 6 0 4 |cadherin 1 Other signaling
KEAPI1 2 4 2 |kelch like ECH associated protein 1 |Other signaling

SOS Ras/Rac guanine nucleotide

SOSI1 0 6 2 |exchange factor 1 Other signaling
LEMD?2 6 0 0 |LEM domain containing 2 Other signaling
NF2 4 2 0  |neurofibromin 2 Other signaling
PLCB4 4 0 2 |phospholipase C beta 4 Other signaling
GNAIl 2 0 2 |G protein subunit alpha 11 Other signaling
GNAI3 2 2 0 |G protein subunit alpha 13 Other signaling
GNAQ 2 0 2 |G protein subunit alpha q Other signaling
PLXNB2 0 2 2 |plexin B2 Other signaling
RHOB 2 0 2 |ras homolog family member B Other signaling
DIAPH2 0 2 0 |diaphanous related formin 2 Other signaling
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GPS2 0 2 G protein pathway suppressor 2 Other signaling
mitogen-activated protein kinase
MAP2K4 0 0 kinase 4 Other signaling
Pim-1 proto-oncogene,
PIM1* 2 0 serine/threonine kinase Other signaling
protein kinase cAMP-dependent type
PRKARIA 2 0 I regulatory subunit alpha Other signaling
RACI1 2 0 Rac family small GTPase 1 Other signaling
FATI 22 10 FAT atypical cadherin 1 Other signaling
phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic
PIK3CG* 8 4 subunit gamma PI3K signaling
phosphoinositide-3-kinase regulatory
PIK3R2 6 0 subunit 2 PI3K signaling
AKTI1 2 0 AKT serine/threonine kinase 1 PI3K signaling
protein phosphatase 2 scaffold
PPP2RI1A 0 2 subunit Aalpha PI3K signaling
phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic
PIK3CA 2 0 subunit alpha PI3K signaling
ubiquitin specific peptidase 9 X- Protein
USP9X 0 6 linked homeostasis/ubiquitination
Protein
CYLD 6 2 CYLD lysine 63 deubiquitinase homeostasis/ubiquitination
Protein
CULI 6 0 cullin 1 homeostasis/ubiquitination
eukaryotic translation elongation Protein
EEF2 2 0 factor 2 homeostasis/ubiquitination
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Protein

BAP1 BRCALTI associated protein 1 homeostasis/ubiquitination
F-box and WD repeat domain Protein
FBXW7 containing 7 homeostasis/ubiquitination
Protein
SPOP speckle type BTB/POZ protein homeostasis/ubiquitination
Protein
VHL von Hippel-Lindau tumor suppressor |homeostasis/ubiquitination
Protein
CUL3 cullin 3 homeostasis/ubiquitination
eukaryotic translation elongation Protein
EEF1Al factor 1 alpha 1 homeostasis/ubiquitination
ZFP36L2 ZFP36 ring finger protein like 2 RNA abundance
DHX9 DExH-box helicase 9 RNA abundance
NUP93 nucleoporin 93 RNA abundance
CSDEI cold shock domain containing E1 RNA abundance
NUP133 nucleoporin 133 RNA abundance
RBM10 RNA binding motif protein 10 RNA abundance
zinc finger CCCH-type containing
ZC3HI2A 12A RNA abundance
SCAF4 SR-related CTD associated factor 4 |[RNA abundance
DDX3X* DEAD-box helicase 3 X-linked RNA abundance
XPO1 exportin 1 RNA abundance
ZFP36L1 ZFP36 ring finger protein like 1 RNA abundance
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ERBB2 8 erb-b2 receptor tyrosine kinase 2 RTK signaling
EGFR 4 epidermal growth factor receptor RTK signaling
EPHA3 6 EPH receptor A3 RTK signaling
FGFR2 4 fibroblast growth factor receptor 2 |[RTK signaling
platelet derived growth factor
PDGFRA 6 receptor alpha RTK signaling
EPHA?2 4 EPH receptor A2 RTK signaling
FGFR1 4 fibroblast growth factor receptor 1  |[RTK signaling
FLT3 4 fms related tyrosine kinase 3 RTK signaling
MET proto-oncogene, receptor
MET 4 tyrosine kinase RTK signaling
ERBB4 2 erb-b2 receptor tyrosine kinase 4 RTK signaling
KIT proto-oncogene, receptor
KIT 2 tyrosine kinase RTK signaling
RET 2 ret proto-oncogene RTK signaling
RIT1 2 Ras like without CAAX 1 RTK signaling
serine and arginine rich splicing
SRSF2 8 factor 2 Splicing
SF3B1 10 splicing factor 3b subunit 1 Splicing
DAZAPI 2 DAZ associated protein 1 Splicing
thyroid hormone receptor associated
THRAP3 4 protein 3 Splicing
ACVRIB 2 activin A receptor type 1B TGFB signaling
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SMAD2 4 SMAD family member 2 TGFB signaling
SMADA4 4 SMAD family member 4 TGFB signaling
ACVRI1 4 activin A receptor type 1 TGFB signaling
dachshund family transcription factor
DACHI1 2 1 TGFB signaling
ACVR2A 2 activin A receptor type 2A TGFB signaling
transforming growth factor beta
TGFBR2 2 receptor 2 TGFB signaling
TSC2 8 TSC complex subunit 2 TOR signaling
TSC1 2 TSC complex subunit 1 TOR signaling
MEDI12 8 mediator complex subunit 12 Transcription factor
GATA3 2 GATA binding protein 3 Transcription factor
FOXA1 4 forkhead box A1 Transcription factor
PGR 10 progesterone receptor Transcription factor
TGIF1 6 TGFB induced factor homeobox 1  |Transcription factor
ZNF750 6 zinc finger protein 750 Transcription factor
MGA 10 MAX dimerization protein MGA Transcription factor
RUNX1 6 RUNX family transcription factor 1 |Transcription factor
WTI 4 WTT1 transcription factor Transcription factor
KLF5 6 Kruppel like factor 5 Transcription factor
MYCN proto-oncogene, bHLH
MYCN 4 transcription factor Transcription factor
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EPASI1 endothelial PAS domain protein 1 |Transcription factor
TBX3 T-box transcription factor 3 Transcription factor
SOX17 SRY-box transcription factor 17 Transcription factor
UNCX UNC homeobox Transcription factor
cAMP responsive element binding
CREB3L3 protein 3 like 3 Transcription factor
SOX9 SRY-box transcription factor 9 Transcription factor
TATA-box binding protein
TAF1 associated factor 1 Transcription factor
ZCCHCI12 zinc finger CCHC-type containing 12{Transcription factor
CBFB core-binding factor subunit beta Transcription factor
CCAAT enhancer binding protein
CEBPA alpha Transcription factor
FOXQI forkhead box Q1 Transcription factor
GTF2I general transcription factor I1i Transcription factor
MY C proto-oncogene, bHLH
MYC* transcription factor Transcription factor
NFE2L2 nuclear factor, erythroid 2 like 2 Transcription factor
PSIP1 PC4 and SFRS1 interacting protein 1 |Transcription factor
TCF12 transcription factor 12 Transcription factor
ZMYM?2 zinc finger MYM-type containing 2 |Transcription factor
AXINI1 axin 1 Wnt/B-catenin signaling
CTNNBI1 catenin beta 1 Wnt/B-catenin signaling
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TCF7L2 2 6 4  [transcription factor 7 like 2 Wnt/B-catenin signaling

APC regulator of WNT signaling
APC 2 4 2 |pathway Wnt/B-catenin signaling

AXIN2 0 0 2 |axin2 Wnt/B-catenin signaling

* Genes previously reported mutated in CTCL
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Appendix D
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Figure D1: Possible scenarios of tumor evolution and generating intratumoral
heterogeneity in MF.

(A) Our previous work showed that lesions of MF are initiated by polyclonal circulating
malignant T-cells homing to the skin where they undergo expansion and accumulation of
mutations. Various clones (defined as T-cells sharing identical TCR clonotype) are
highlighted by different colours. Expanding clones accumulate mutations and form subclones
forming a phylogenetic structure. In lesions funded by a single T-cell clone (left), the entire
lesion will comprise the same clonotype and the epidermal subclones will form a branch of the
phylogenetic tree. If the lesion is initiated by diverse subclones (middle) that primarily
proliferate in the dermis and secondarily infiltrate the epidermis the malignant cells in the
epidermis and dermis would be polyclonal but epidermal malignant T-cells will form branches
derived from dermal subclones. Finally, in case of independent seeding of the dermal and
epidermal niches (right), both compartments will harbour cells showing non-overlapping (or
partially overlapping) clonotypes and independent patterns of mutational subclones. (B)
Different shapes of phylogenetic tree characteristic for neutral evolution and Darwinian
evolution by natural selection. In neutral evolution the shape of the phylogenetic tree is
symmetrical (left) in contrast to Darwinian evolution where the extinction of the subclones
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will prune some branches (right). To avoid confusion, we use the term “clone” as the group of
T-cells of identical clonotype (i.e. sharing a common ancestry) rather than to mutationally
identical groups of cells which we refer to as “subclones”. Clades are collections of several
subclones.

Figure D2: Histological identification of Pautrier microabscess in MF.
Skin biopsies of MF lesions were sectioned at 10u thickness and stained with H and E staining
protocol. Cluster of atypical lymphoid cells with enlarged hyperchromatic nuclei clustered in

epidermis were used as histological markers to identify Pautrier microabscesses.
Representative images (magnification of 20x or 40x) of the H and E stained issues are
presented for the 7 patients in the study. Black circles indicate the tissue microdissected for
WES.

188



Appendix Table D1: Patient characteristics and samples included in the study

Patient ID (age [years], sex [M-male, Sample Lesion Diagnosis and stage
F-female]) ID type
MF17 (70, M) MF17E Plaque Mycosis Fungoides,
IB
MF17D
MF18 (78, M) MFI18E Plaque Mycosis Fungoides,
IB
MF18D
MF22 (56, F) MF22E Plaque Mycosis Fungoides,
IA
MF22D
MF23 (69, F) MF23E Plaque Mycosis Fungoides,
IA
MF23D
MEF28 (65, M) MF28E Plaque Mycosis Fungoides,
IB
MF28D
MF41(77, F) MF41E Plaque Mycosis Fungoides,
1B
MF41D
MF42 (82, M) MF42E Plaque Mycosis Fungoides,
111B
MF42D
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