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Abstract

Refractory celiac disease (RCD) is a rare complication of celiac disease and bears a high risk for life-
threatening enteropathy-associated T-cell lymphoma (EATL). While RCD is generally considered a
direct EATL precursor, supporting evidence is limited and the predictive value for EATL development
of molecular aberrations in RCD as risk factors unclear. We aim to dissect the clonal evolution of RCD
and EATL to support molecular diagnostics-based clinical decision making.

RCD specimens of patients with (n=6) and without (n=21) development of EATL within 5 years after
diagnosis, and EATL specimens (n=13) with their paired adjacent small cell ymphocytosis (ASCL) in the
vicinity of the tumor were used for mutation and copy-number aberrations analysis using next-
generation sequencing (NGS). In addition, NGS-based T-cell receptor (TR) clonotype analysis for 11
EATL/ASCL pairs was performed. Clonal evolutionary models were inferred and associations of genetic
alterations in RCD to EATL risk assessed.

Integrated TR gene rearrangement and mutation profiles for 10/11 EATL and ASCL sample pairs shows
mixed clonally shared and independent T-cell populations. Only in 2/5 EATL/RCD pairs, a related
precursor population was demonstrated. Genetic aberrations were observed in 19/27 duodenal RCD
samples irrespective of progression to EATL and in both RCD1 and RCD2.

EATL develops via parallel subclonal evolution and selection from a pool of locally residing jejunal T-
cell populations with a restricted TR repertoire and a heterogeneous genetic makeup, but not
necessarily from RCD populations in the duodenum. These findings provide leads for modifying current
clinical decision-making for RCD and EATL patients.



Introduction

Celiac disease (CD) is a chronic inflammatory disorder and caused by consumption of gluten in
genetically susceptible individuals with a prevalence of 1% in the European population.>? Occasionally,
patients present with severe persistent villous atrophy, or have recurrent malabsorption despite
adhering to a strict gluten-free diet and are clinically diagnosed as having refractory CD (RCD).?
Traditionally, a distinction is made between RCD type 1 (RCD1) and type 2 (RCD2), which is defined by
the abundance of immunophenotypically abnormal intraepithelial lymphocytes (IELs) measured by
flowcytometry, with an internationally accepted cut point of >20% to diagnose RCD2.*° RCD2 generally
shows mono- or sometimes oligoclonal T-cell receptor (TR) gene rearrangements, while RCD1 generally
shows a polyclonal TR pattern.>” RCD2 bears a high risk for severe and fatal CD complications, including
a risk of 30 to 50% to develop enteropathy-associated T-cell lymphoma (EATL) within 5 years.®° RCD1
patients have a lower risk of 3 to 14% to develop EATL within 5 years, and 5 year survival is much
better.8® Taken together, current diagnostic criteria within RCD are rather arbitrary.

EATL presents either as the first manifestation of CD in previously undiagnosed patients or after a
period of a months to years of uncomplicated CD.** Only a minority presents after a period of RCD. The
5 year overall survival rate of EATL is only 10-30%.%13

Current models of EATL oncogenesis typically assume a linear clonal evolution from CD, via RCD2 to
EATL. Thereby, IELs with relatively subtle phenotypical aberrations (RCD2) would progress by acquiring
genetic alterations to eventually present as morphologically highly atypical tumor cells with a highly
aberrant immunophenotype, CD30 expression and extensive T-cell marker loss (EATL). This model is
based on immunophenotypical characteristics related to the shared cell-of-origin and receptor (TR)
rearrangements demonstrated in selected paired samples of RCD2/EATL and similarities in the overall
genomic landscapes of RCD2 and EATL.***” Thus far, however, actual evidence is very limited and as
a consequence the impact of specific acquired alterations as (genetic) risk factors for EATL
development is unclear. Such information, however, is a requirement for personalized advise and risk
management of individual CD and RCD patients.

Here, we study the genetic evolutionary trajectories of 35 patients using RCD samples with and without
progression to EATL, EATL samples, and populations of prominent epitheliotropic small cell T-cell
infiltrates in their vicinity that are distinct from the EATL tumor mass, further designated as “adjacent
small cell infiltrates” (ASCL) (Figure 1, Supplementary Figure S1A). With this patient sample series, we
dissect the longitudinal evolution of EATL through its presumed low-risk and high-risk evolutionary
stages.

Methods
Study cohort

Patients with RCD and EATL diagnosed and treated between 2004 and 2018 at the Gastroenterology
Department of AmsterdamUMC were selected for this study. Informed consent was obtained from
all patients, including for use of biopsy material for research purposes. This study was approved by
the Medical Ethical Review Committee of VU University Medical Center (METC 2019.467) and
Biobank Pathology Review Committee of VU University Medical Center (TcB 2017.023).

Minimum active follow-up of RCD patients who did not develop EATL was > 6 years. RCD1 and RCD2

classification was defined according to international criteria,** and progression to EATL was confirmed
according to the current WHO Classification.!®

In total 51 formalin-fixed paraffin-embedded (FFPE) tissue samples from 35 patients were collected
(Figure 2; Supplementary Table 1). Thirteen EATLs were included of which two had developed de novo
and 11 were previously diagnosed with RCD with an interval ranging <1 to 13 years. For all EATLs,
paired samples were available: adjacent small cell lymphocytosis ASCL (n=8), RCD (n=2) and both ASCL

4



and RCD (n=3). A separate set of RCD samples were included of 22 patients of whom 21 had not
developed EATL within 5 years after diagnosis.

Using H&E for morphological features and appropriate immunohistochemically stained sections
highlighting immunophenotypical differences as a guide, representative areas of EATL and ASCL were
demarcated by the hematopathologist (DDJ), carefully excluding any EATL contamination
(Supplementary Methods, Supplementary Figure S1). Immunophenotypical features of EATL, ASCL and
RCD are listed in Supplementary Tables 1 and 2. Demarcated regions were macro-dissected followed
by DNA extraction.®

Shallow whole genome sequencing (sWGS), whole exome sequencing (WES) and Bio-informatic
procedures.

ShallowWGS for CNAs, WES for mutation analysis and bioinformatic procedures were performed as
previously described (Supplementary Methods).?° The ACE algorithm (v0)?* was used to quantify tumor
content from sWGS CNA profiles. Variant allele frequencies (VAFs) of the mutations were corrected by
copy-numbers and tumor cell percentage. All analyses were performed using R (v4.1.3).

After an extensive filtering strategy to include high confidence variants and exclude low confidence
and germline variants, mutations identified by both Mutect2 (GATK4 v4.3.0) and LoFreq (v2.1.3.1)
pipelines???3 were used for downstream analysis (Supplementary Methods). We then applied a virtual
panel of 126 genes relevant to EATL and T-cell lymphomas (Supplementary Table 3) .16:17:24

NGS-based TR rearrangement analysis

NGS-based TR rearrangement analysis is described in detail in Supplementary Methods. In brief, a one-
step protocols for detection of the TRBV-TRBD-TRBJ, TRBD-TRBJ and TRGV-TRGJ rearrangement is
performed using primers as described by the EuroClonality-NGS Working Group? and NGS analyzed
using Euroclonality ARResT/Interrogate software.?® Clonotypes were identified according to the
DEPART algorithm similar to Van de Brand et al.?” and semi-quantified.?®

Evolutionary modelling

Evolutionary trajectories were predicted from combined TR rearrangement, CNAs and mutation data
of patient paired samples as described in (Supplementary Methods). Thereby, rearranged TRG and/or
TRB alleles (clonotypes) were considered as a primary ground truth to determine clonal relations. For
RCD samples, no TR data was available, and clonal relations were based on mutation and CNA data
only.



Results

The genetic landscape of enteropathy-associated T-cell ymphoma, adjacent small cell
lymphocytosis and refractory celiac disease

Enteropathy-associated T-cell ymphoma (EATL):

TR analysis confirmed monoclonality for 10/11 tested samples with varying addition of a polyclonal
background pattern and/or the presence of up to 3 additional minor clones (Supplementary Table 4).
TRG was most informative. Relative read abundance of bi-allelic TRG rearrangements was often
disbalanced either due to chromosomal gains at the TRB locus (7935) and/or TRG locus (7p15) as
determined by CNAs (Supplementary Table 4 and 12). WES and sWGS analysis was performed for all
EATL samples (n=13). Mutations were determined by WES to an average depth of 187 reads (range
152-245) for each EATL sample. CNAs and mutations were consistent with previously published
information?®'7:242% and confirm that the study cohort is representative (Supplementary Results, Figure
3, Supplementary Figure 2, Supplementary Tables 5-12).

Adjacent small cell lymphocytosis (ASCL):

TR rearrangements in ASCL identical to the paired EATL were observed in 5/11 cases (Supplementary
Table 3). In another 4/11 cases, the identical EATL-associated clonotypes were only detected as a minor
component in the polyclonal background of the ASCL that showed a restricted repertoire. In 2/11
cases, a clonal relationship between ASCL and EATL based on TR rearrangement could not be observed.
CNAs were significantly less frequent in ASCL samples compared to EATLs, only observed in 3/11 cases.
Each of these CNAs was also detected in the matching EATL (Figure 3, Supplementary Figure S2).
Mutations were determined by WES to an average sequence depth of 318 reads (range 148-475x),
which high depth was implemented to warrant sufficient sensitivity and comparability. A median of 11
non-synonymous mutations (range 4-83, mean 21) were identified in 11 ASCL samples (Figure 3,
Supplemental Tables 5-12). A very similar mutational spectrum as observed in EATL was observed for
JAK/STAT pathway mutations for all ASCL samples either as single alterations in JAK1, STAT3, SH2B3 or
SOCS1 (n=5) or combined (n=6) as well as for genes coding for epigenetic modification, histon
modification and other regulating mutations. Also, in ASCL, multiple different mutations in the same
gene within a single sample were seen at similar rates compared to EATL.

Refractory celiac disease (RCD):

Of 27 RCD samples (6 RCD1, 21 RCD2), 2 samples showed CNAs exceeding the standard cut point for
statistical significance, both including 1q loss.

Mutations were determined by WES to an average depth of 280 reads (range 68-462). In 8/27 cases,
no mutations were observed (Supplementary Table 13). In 19 cases, a median of 2 mutations per
sample (range 1-10) were seen, including 8 JAK/STAT pathway mutations in 7 cases (25.9%). Other
mutations were predominantly observed in epigenetic modification genes (37.0%). It should be noted
that 3/6 samples that classified as RCD1 according to standard criteria harbored mutations and/or
CNAs (Supplementary Tables 5-13).

Clonal evolution in ASCL and EATL

We constructed evolutionary trees for 11 ASCL/EATL pairs using shared and non-shared TR clonotypes
with their relative NGS read abundance as a starting point, followed by shared and non-shared
mutations with CNA-corrected VAFs, and CNAs as markers for their clonal and subclonal nature. Results
of all cases are documented in Supplementary Figure S3 and selected cases are illustrated in Figure 4.
The EATL-associated monoclonal TR clonotypes could be traced back in the paired ASCL sample in9/11
cases. The monoclonal clonotype was not the major product in ASCL in 4/9 pairs. In one case in which
no clonal TR rearrangements in the EATL sample were observed, the EATL clone could be traced back
in the ASCL sample based on a set of 5 shared identical mutations with high VAFs. Based on similar



VAFs within the sample, mutations were grouped and related to T-cell populations based on relative
TR allele abundance subclonal evolution was recognized in both ASCL and EATL

The majority of mutations as well as secondary dominant TR clonotypes in the ASCL sample could not
be assigned to the EATL precursor population, but rather to independent T-cell populations. Similarly,
independent admixed aberrant T-cell populations were sometimes also present in the EATL sample.
These findings support the notion that EATL develops in a background pool of aberrant small T-cells
with varying levels of clonal outgrowth and clonal selection.

In 6 patients (#29, #34, #37, #52, #67, #82), JAK/STAT pathway gene mutations (JAK1, STAT3, SOCS1,
SH2B3) that were observed in EATL were already present in the paired ASCL sample. In 7 patients,
JAK/STAT pathway mutations (JAK1, STAT3, and regulators) were not an early event but only acquired
at transformation to EATL or even later (#35, #40, #43, #52, #53, #72, #73). In various patients JAK/STAT
pathway mutations were observed in ASCL cells that were not clonally related to EATL and/or in not
clonally related T-cells admixed with tumor cells of the EATL samples (#4,#29, #40, #44, #72). This
indicates that JAK/STAT pathway activation is an important but not uniformly initiating event in EATL
lymphomagenesis.

Examples of clonal evolution

Case 37 (Figure 4A), illustrates evolution of an ASCL T-cell clone with bi-allelic, unproductive TRG
rearrangements (with clonotypes TRG V3 -0/3/-6 J1=J2 and TRG V3 -0/7/-10) without a polyclonal
background and JAK1, CXCR4, CIITA and TP73 mutations (VAF at clonal level) together with a set of
CNAs that was propagated to the EATL as clonal genetic alterations. At transformation, additional CNAs
were acquired with subsequent subclonal evolution. Also in the ASCL sample, independent subclonal
evolution was observed at the mutational level with at least two recognizable subclones with a larger
subclone bearing additional NCOR1, KMT2C and IKZF1 mutations (VAF >0.30 ) and a smaller one with
NOTCH1, BRD4 and CIITA mutations (VAF around 0.18). These alterations were not propagated to the
EATL.

Case 44 (Figure 4B), illustrates clonal evolution from a clonal population in the ASCL sample with bi-
allelic unproductive TRG rearrangements (clonotypes TRG V4 -0/2/-5 11=)2 and TRG V5 -6/7/-1 11=)2)
and a set of mutations and CNAs, which based on VAF levels were possibly acquired at two stages of
clonal evolution before transformation to EATL. Moreover, in the ASCL sample, a clonal TRB-
incomplete rearrangement (TRB D2 -13/9/-6 J2-2) was also detected most probably representing an
independent T-cell clone in the polyclonal background the ASCL sample since this rearrangement could
not be identified in the EATL. In the ASCL sample also a large set of mutations with various VAF levels
(ranging from 0.36 to 0.01) and including JAK1 and various epigenetic modifiers, that were also not
part of the EATL clone were observed. This illustrates the presence of multiple genetically aberrant T-
cell clones and an active subclonal evolution process in the tumor region that also includes a direct
EATL precursor.

In case 40 (Figure 4C), based on shared bi-allelic unproductive TRG rearrangements (clonotypes TRG
V5P -3/7/-5 JP and TRG V4 -1/0/-4 J1=J2) and TENM2, TET2 and KMT2D mutations an ASCL clone is
observed that is directly related as a precursor to the EATL. Additionally, a polyclonal irregular TR
pattern is observed. This is consistent with an oligoclonal/restricted TR repertoire derived from
independent admixed T-cell populations. These T-cell populations contain a set of mutations that is
not found in the EATL sample. In the EATL sample, next to the tumor clone two populations were
identified by their independent TRG rearrangements, suggesting admixture of various independent
populations. Based on relative VAF levels, a set of private mutations was not likely to be present in the
EATL clone, but rather in these independent T-cell populations. These are most likely similar to ASCL
and would then not be morphologically distinguished from normal T-cells as part of the tumor



microenvironment (as illustrated in Supplementary Figure S1B-E). In the EATL clone, various CNAs and
mutations, including two JAK1 mutations were acquired during further subclonal evolution.

In case 73 (Figure 4D), in the EATL sample, multiple dominant rearranged TRB and TRG alleles could be
detected, which represent at least 2 T-cell population in a polyclonal background. Of these rearranged
TR alleles, none could be traced back in the ASCL sample. A direct EATL precursor population could
therefore not be identified in the ASCL population. In the corresponding RCD sample, only 2 CNAs were
observed. Also, these bear no relation to ASCL or EATL clones.

Is RCD a step in clonal evolution to EATL?

In 5 patients, we could study the relation between EATL and a preceding RCD1 or RCD2 sample, of
which 3 patients also had an ASCL sample available. The interval between the RCD duodenal biopsy
sample and the jejunum-located EATL was 6-13 months. In all RCD samples genetic alterations could
be demonstrated, with only mutations in 2 cases, 1 case with CNAs only and in 2 cases with both. In
RCD34 a clonal relation with the subsequent EATL could be demonstrated based on shared identical
mutations (RASA2, STK10, SH2B3 VAF 0.136-0.066), identifying this population as a direct EATL
precursor.

To verify if mutations could be missed due to insufficient sensitivity four RCD samples (RCD35, RCD67,
RCD72, RCD73) were subjected to deeper sequencing (average depth 239-650). Thereby previous
results were confirmed in 3 cases (RCD1: RCD35, RCD72; RCD2: RCD67) lacking any indications for
clonal relations. For RCD72, an initially identified PIK3CA mutation (VAF 0.041), which was shared at
identical base-pair level in the subsequent EATL was confirmed and an additional GNAS mutation was
identified (VAF 0.031) that was also present in the background population of the ASCL sample.

These results indicate that RCD proliferations are genetically highly heterogeneous and in some cases
harbor very small populations that can proceed to malignancy, but not uniformly so.

Examples of relations between RCD, ASCL and EATL

In case 35 (Figure 5A), the RCD1 population in a duodenal biopsy sample shows more extensive CNAs
and only a single PTPRS mutation (VAF 0.022). These genetic alterations are not propagated to the
subsequent EATL at the jejunal site. A direct clonal relation is therefore not likely. No TR data are
available for this case. On top of the clonal JAKI mutation (VAF 0.4) in the complete EATL population,
clonal evolution has given rise subclones with two additional STAT3 mutations (based on similar VAF
levels of 0.12 likely bi-allelic in the same subclone) and various additional smaller subclones (VAFs
0.031-0.018)

In case 72 (Figure 5B), an ASCL clone can be identified as a direct clonal precursor to EATL (TRB D1 -
7/4/-4 11-5 and a TRG V3 -0/9/-7 J1=J2 and/or a TRG V10 -0/9/-2 11=J2), which based on an identical
PIK3CA mutation can be linked to a population in RCD at the duodenal site. Next to this clonal
evolutionary line, a population in ASCL outside the EATL tumor mass (characterized by the other clonal
TRG rearrangement) as well as intermixed with the EATL tumor cells can be observed. Moreover, A
second population within RCD1 in the duodenum characterized by a GNAS mutation can be traced to
the ASCL population in the jejunum but is not part of the EATL clone.

Molecular features of RCD as risk factors for EATL development

We evaluated if genetic features in RCD can predict development to malignancy within 5 years
(Supplementary Table 13). Five of 6 RCD progressing cases showed genetic mutations (median 3.8,
range 1-10), while non-progressors showed mutations aberrations in 14/21 cases with a median
mutation level of 1.5 (range 1-6) and CNAs in 2/21 cases. Mutations in the JAK-STAT pathway as well
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as characteristic 1q loss were observed in 5/21 (23.8%) in non-progressor cases of which one with
simultaneous JAK1 and STAT3 mutation and in 2/6 (33.3%) progressors. The majority of JAK1
mutations were nonsense mutations indicating their pathogenic nature. Within the limitations of the
small numbers of cases and genetic alterations, no unique predictive genetic features could be
identified. Notably, treatment of RCD was rather heterogeneous, but distribution of limited (topical
corticosteroids) and intensified treatments (amongst others cladribine, chemotherapy and stem cell
transplantation) did not differ between the groups (Supplementary Table 14).

In summary, we did not find evidence to apply genetic profiling of RCD samples in the clinical setting
to serve as a prognostic feature to guide clinical decision making.

Discussion

We demonstrate the complex clonal evolution of EATL from a regional pool of T-cell populations that
have a small lymphocytic morphology, varying clonal outgrowth and a heterogeneous genetic makeup.
This T-cell population also harbors the direct (clonally related) EATL precursor. Both ASCL populations
and EATLs are subject to subclonal evolution, adding to the genetic complexity. In RCD biopsy samples
diagnosed prior to EATL, only occasionally small cell populations that share identical mutations to ASCL
or EATL are observed. Overall, the presence and rate of mutations and other genetic alterations are
not specific for RCDs that progress to EATL.

Considering the current differentiation between RCD1 and RCD2 and resulting suboptimal risk
predictions, the pertinent clinical question for patients with RCD is to provide an individual risk
prediction for severe disease and transformation to EATL. In this study, we approached this issue by
dissecting the longitudinal evolution of EATL though its presumed low-risk and high-risk evolution
stages. In contrast to traditional methods that rely solely on PCR fragment length comparison, we
applied NGS-based TR rearrangement analysis that generates a complete fingerprint of T-cell clones®
allowed to recognize a direct clonally-related precursor population of the EATL in a mostly
heterogeneous pool of T-cell populations in the ASCL samples in which clonal precursors were not
always the dominant population. Complementary results were obtained by dissecting mutational
spectra in ASCL and EATL phases. Parallel clonal evolution resulted in a remarkable pattern of multiple
unique mutations in genes directly involved in the same signaling pathways (“redundancy”),
predominantly in JAK1, STAT3, JAK/STAT regulators and epigenetic regulators. These finding explain
the frequently reported multiple simultaneous JAK1/STAT3 mutations in EATL samples®'”429 that
were unexplained and seemed of no biological advantage. Moreover, oncogenesis did not follow an
ordered step-wise process from RCD to EATL with characteristic early and late events. JAK/STAT
dysregulation was not uniformly identified as an early driver event, but was regularly acquired only
late in clonal evolution.

We observed mutations and CNAs in RCD samples of patients who did and did not develop EATL,
confirmative of earlier observations®® In line with recent observations by Singh and co-workers*® but
in contrast to previous studies'®!’, we demonstrate that such alterations are not restricted to RCD2
classified samples but are also observed in RCD1 classified samples. This further underpins that the
distinction between RCD1 and RCD2 may not be a strict biological one, but rather a matter of
sensitivity. In only 2 of 5 cases, identical genetic alterations present in EATL were also observed in
paired RCD samples. This is in line with few published sample pairs in which an EATL clone was traced
back to preceding RCD using PCR-based TR rearrangements*>, but also shows that this is not a
common scenario and indicates that RCD biopsied at the duodenal site does not necessarily contain
the precursor population that accounts for transformation to an EATL at the jejunal site. RCD can
therefore be considered a risk factor for EATL, but not necessarily as a precursor lesion®,
Interpretation of RCD2 as a low-grade lymphoproliferative disorder®®3! or even low-grade lymphoma
is therefore not justified.3?



This study has various limitations. Like other orphan conditions, also our study is relatively small, but
with these 35 patients and paired samples, we were able to cover the complete spectrum of EATL
oncogenesis. With few RCDs evolving into EATL, conclusions on the predictive value of genetic
alterations for EATL risk remains limited. Using the novel technique of TR-NGS clonotyping, we were
able to monitor dominant and secondary TR clonality to determine clonal relations in greater detail,
but with only limited access to RCD biopsy samples, we were unable to include TR rearrangement
information for RCD and consequentially cannot exclude of a direct clonal relation between RCD and
EATL.

In conclusion, we propose a model of oncogenesis of EATL in which under immunological pressure in
the context of CD, a complex pool of small T-cell clones develops which is the target of genetic
alterations.® This notion is strongly supported by Singh and co-workers® who applied single cell multi-
omic technologies in samples of 10 RCD1 and 2 RCD2 individuals to show evolution of independent,
parallel T-cell populations in both RCD1 and RCD2 that are heterogeneous at the immunophenotypical
level (sCD3, CD4, CD8, CD103 status) and bear multiple independent pathogenic mutations (JAKZ,
STAT3, DDX3X, DNMT3A and others). While such T-cell clones may be biopsied at the duodenal site,
the immunological pressure in CD patients is present throughout the small intestine and oligoclonal T-
cell pools can be expected to be present throughout the small intestine. Moreover, RCD clones have
been shown to be prone to recirculation and can be observed in the peripheral blood and at various
organ sites.’ As the immunological pressure persists, aberrant T-cell clones remain at risk of acquiring
further oncogenic events and in a prolonged process of clonal evolution and selection may eventually
lead to transformation to EATL.” Thereby, our findings directly extent the recently proposed model of
parallel clonal evolution for RCD*° to the subsequent ASCL and EATL stages. This oncogenetic scenario
is not unique and parallels the oncogenesis of extranodal marginal zone lymphoma of mucosa-
associated lymphoid tissue type (EMZL) in which (microorganism-initiated) autoimmunity is the
primary driver of a B-cell deregulation which are also at continuous risk for accumulating additional
oncogenic events with subsequent prolonged clonal evolution and selection.®* The clinical
consequence of these findings is that RCD remains an important risk factor for the development of
EATL, but challenges the notion of duodenal biopsies to be used for identifying precursor lesions for
EATL. The presence of genetic alterations, even JAK/STAT pathway alterations, may not provide
sufficient additional evidence for risk assessment and hence would probably be insufficient to guide
treatment choices in the light of EATL prevention leading to both over- and undertreatment. Similarly,
when considering JAK/STAT as a treatment target such mutation should be specific for the malignant
EATL clone, distinct from alterations in admixed pre-malignant populations.
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Figure legends

Figure 1: Histomorphological and immunohistochemical features. RCD (row 1), ASCL (row 2) and
EATL (row 3) tissue samples. Left column Hematoxyline en Eosine (H&E) staining; middle column CD3
immunohistochemistry (IHC) staining; Right column CD30 IHC.

In total 51 formalin-fixed paraffin-embedded (FFPE) tissue samples from 35 patients

Figure 2: Schematic of the 51 FFPE samples from 35 patients included in the study. Upper box RCD
patients and samples without progression (blue), middle box RCD patient and sample with
progression (green). The lower boxes show paired and triplet samples of patients with RCD (green),
ASCL (yellow) and EATL samples (red). pt(s), patient(s).

Figure 3: Oncoprint depicting unique and shared genetic alterations and T-cell clonality of paired
and triplet patient samples. Genetic alterations (rows) in sample pairs/triplets (columns) of RCD
progressed < 5 years (yellow, n=5), ASCL (orange, n=11) and EATL (red, n=13). The left axis indicates
genes, grouped by pathways or chromosomal arms (CNA) on the far left. The right y-axis indicate the
relative frequency of genetic alterations for each of the 3 histological groups. Top x-axis from top to
bottom are the frequencies of each mutation and CNAs, the composition of the pairs and triplets
(Cohort), type of T-cell rearrangements (TR) and degree of clonal relationship (related). The nature
of the mutations is indicated by colour coding, missense, nonsense, nonstop, splice site, frame-shift
deletion, in-frame deletion (legend far right, alterations). Private (non-shared) mutations are
indicated by symbols in the boxes, and lettered from -a, to -f. In case multiple mutations in a single
gene are found in an individual sample, these symbols are combined. Shared mutations are depicted
by boxes without further symbols (or shared symbols in case of multiple alterations in single
samples). Information on shared and private alterations can also be found graphically depicted in
Supplementary Figure 3 (circos plots) and in Supplementary Table 7.

Figure 4: Variants of clonal evolution in ASCL and EATL pairs as inferred from TR clonotypes, shared
and private clonal and non-clonal mutations and CNAs. A, patient #37, B. Patient #44, C patient #40,
D patient #73. The EATL population is depicted in red, and the admixed independent T-cell
populations that are not part of the EATL clone are indicated in orange. ASCL populations are
depicted in yellow and RCD in green. Relative population sizes with the samples are estimated based
on TR clonotype abundance and VAF levels of mutations. X-CNAs, multiple additional chromosomal
copy number aberrations; LOH, Loss of heterozygosity

Figure 5: Variants of clonal evolution in RCD, ASCL and EATL as inferred from TR clonotypes, shared
and private clonal and non-clonal mutations and CNAs. A, patient #35, B. Patient #72.
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Supplementary

Enteropathy-Associated T-cell ymphoma: molecular clonal evolution and its clinical
consequences. Ylstra et al.

Supplementary Methods

Study cohort

Pathology and sampling: Histopathologically, regions of extensive T-cell infiltrates with small cell
morphology and with prominent epitheliotropic features are commonly observed around EATL tumor
sites in small intestinal resection specimens (Figure 1, Supplementary Figure S1A). These infiltrates lack
overt aberrant morphological features, clearly differentiating these from the tumor cells, but often show
some aberrant immunophenotypical features (varying T-cell marker loss, aberrant marker expressions).
CD30 expression is generally negative. For this study, we have designated these infiltrates “adjacent
small cell infiltrates” (ASCL). In the present series, in 11 jejunal resection specimens ASCL areas were
present in a 1-1.5 cm margin adjacent to the EATL tumor mass. Immunophenotypically, these infiltrates
were positive for CD3 (10/11) and CD7 (9/9) and showed marker loss for CD5 (7/7) and CD2 (3/9) and
were negative for CD30 with only weak and partial (20%) expression in 2/11 cases. Aberrant CD79a was
observed in one case (Supplementary Table 2, Figure 1 and Supplementary Figure S1).

Shallow whole genome sequencing (sWGS) and whole exome sequencing (WES)

Shallow WGS for copy number aberration (CNA) analysis and whole exome sequencing (WES) for
mutation analysis were performed as previously described!. Genomic DNA extraction was performed
according to the manufacturer’s protocols (GeneRead DNA FFPE kit, Qiagen, Hilden, Germany) and
genomic libraries were prepared from 100ng of DNA according to the manufacturer’s protocols. DNA
sequencing libraries were prepared using KAPA HyperPlus Library Preparation. For copy number
analysis, libraries were subjected to sSWGS using a 50bp single read modus on the NextSeq2000 machine
(Hlumina San Diego, CA).

For mutation analysis, exome target enrichment was performed from the same libraries using the KAPA
HyperCap workflow v3.0 and sequenced on an Illumina NovaSeq 6000. After filtering duplicate and off-
target reads, the mean coverage depth of exonic regions was approximately 50x for samples from
normal tissue, approximately 190x for tumor samples and approximately 285x for RCD and ASCL
samples to allow for optimal comparability of all samples across the cohort according to tumor/aberrant
cell content. Additionally, 4 RCD samples were further sequenced to a mean coverage depth of
approximately 500x.

Bioinformatic procedures for mutations and copy number aberrations

After genomic DNA extraction, libraries were prepared (100ng DNA) and subjected to sSWGS using a
50bp single read modus on NextSeq2000 (lllumina, San Diego, CA, USA). For mutation analysis, exome
targeted enrichment was performed from the same DNA libraries and sequenced on the Illlumina
NovaSeq 6000 to approximately 190x depth for tumor DNA samples and approximately 285x for RCD-
and ASCL- DNA samples to allow for optimal comparability of all samples across the cohort.
Additionally, 4 RCD DNA samples were further sequenced to a mean coverage of approximately 500x.
We performed genome-wide copy number alteration (CNA) analysis on shallow whole-genome
sequencing (sWGS) data using the QDNAseq.snakemake pipeline (available at https://github.com/tgac-
vumc/QDNAseq.snakemake)?. The workflow first aligns raw reads with BWA, followed by duplicate
marking with Picard. CNA profiles were then generated using the R package QDNAseq (v3.21) at a 100



kbp resolution and segmented using CGHcall (v3.21)%. To quantify tumor content and compare clonal
sizes, we integrated the CNA profiles using the ACE algorithm (v0)*.

Somatic mutations were identified using two comparable pipelines: a tumor-only workflow
(https://github.com/tgac-vumc/tumor-only-snakemake) and a tumor-normal workflow
(https://github.com/tgac-vumc/WES-snake). Both pipelines employ Mutect2 (GATK4 v4.3.0) and LoFreq
(v2.1.3.1) for variant calling>®. From the samples with available matched normal samples, we
constructed a preservation list using the tumor-normal workflow. High-confidence variants were
identified as those detected by both callers that met the following criteria: minimum coverage of 10x,
minimum allele frequency of 0.01, at least 2 reads per strand, a ROQ score of 220, and a TLOD score of
>10 intersected with BCFtools 1.9. These mutations were annotated by snpSift (v4.3) and funcotator
(v4.1.9)18 using the databases of COSMIC (v84), Gnomad (v2.0.2), gencode(v34), dbsnp (build 151),
clinvar (20180401), and Hartwig Medical Foundation panel of normals (v2.0). Mutations labeled as
common in dbsnp or present >3 times in HMF panel of normals were excluded. Intronic, silent, UTR or
flanking mutations were removed for further analysis. Next, we applied the tumor-only workflow for the
entire cohort, to be consistent across the samples. This pipeline uses panel of normal (PON) to remove
known germline mutations. Finally, mutations identified by both LoFreq and Mutect2, or those listed in
preservation list and called by only one of LoFreq/Mutect2 were used for the downstream analysis. We
then applied a virtual panel of 126 genes to study only genes relevant to EATL and T-cell lymphomas
(Supplementary Table 3)7-°. Variant allele frequencies (VAFs) of the mutations are corrected by copy-
numbers and tumor cell percentage for the subsequent clonal evolution analysis. Oncoprints were
created with Complexheatmap (2.21.2). All analyses were performed using R (v4.1.3).

NGS-based TR rearrangement analysis

NGS-based TR rearrangement analysis was performed using the primers as described by the
EuroClonality-NGS Working Group®®. For this study, the one-step protocols for detection of the TRBV-
TRBD-TRBJ, TRBD-TRBJ and TRGV-TRGJ rearrangement were performed. Libraries were sequenced on an
Illumina NextSeq-500 system (lllumina, Inc. San Diego, CA, USA) and analyzed using Euroclonality
ARResT/Interrogate software, developed within the EuroClonality NGS Working Group'!. The nucleotide
sequences were assessed for the presence of V, (D) and J genes and the junctional region containing the
complementary determining region 3, which is represented as an amino acid sequence. With this
information the sequences are attributed to clonotypes, which are characterized by the same V and J
gene and junctional region. Targets were evaluated according to the DEPART algorithm similar to Van de
Brand et al.*2. Abundance of clonotypes was calculated based on the number of reads of a clonotype in
relation to all clonotypes of the specific type of rearrangement. The molecular conclusion for the
clonality status was based on the integration of the results of the individual clonality targets, i.e: TRBV-
TRBD-TRBJ, TRBD-TRBJ and TRGV-TRGJ rearrangements, according to standard EuroClonality strategies
for the conventional GeneScan-based assays®:.

Evolutionary modelling

Evolutionary trajectories were predicted from combined TR rearrangement, CNAs and mutation data in
paired samples. For ASCL-EATL pairs, shared rearranged TRG and/or TRB alleles (clonotypes) were used
to determine a direct clonal relation (ASCL-EATL clone). Additional rearranged TR alleles or an irregular
polyclonal/restricted repertoire were observed in the ASCL or EATL sample, these were considered as
independent admixed T-cell populations. Abundance levels of rearranged TR alleles were considered as
the relative proportion of T-cell populations within the sample. Following rearrangements, shared
mutations were assigned to the ASCL-EATL clone. For those samples that, based on TR results, lacked
independent admixed T-cell populations in the background, non-shared (private) mutations were



considered subclonal evolution. VAF levels suggested the relative population size of the subclone(s)
(dominant, significant, minor population). In case TR results indicated the presence of independent T-
cell populations next to the ASCL-EATL clone, private mutations could not always be unequivocally
assigned. Based on similar VAFs within the sample, mutations were grouped and related to common T-
cell populations based on relative secondary TR allele abundance to infer most probable evolutionary
models. For RCD samples, no TR data was available, and clonal relations were based on CNA and
mutations data only.

Supplementary results

The genetic landscape of enteropathy-associated T-cell ymphoma

WES and sWGS analysis was performed in all EATL samples (n=13). Mutations were determined by WES
to an average depth of 187 reads (range 152-245) for each EATL sample.

The genomic landscape of CNAs for the 15 most commonly gained or lost chromosomal arms and
mutational spectrum is visualized in Figure 2 and Supplementary Figure S2). The most frequent CNAs in
13 EATL samples were gains of chromosome 1q (9/13, 69%), 7q with or without chromosome 7p (8/13,
61.5%), 9q (8/13, 61.5%), chromosome 5 (7/13, 53.8%) and to a lesser extent chromosome 12 and 8q
(both 4/13, 30.7%). Loss of chromosome 10p (7/13, 53.8%) with and without 10q (4/13) and 6q (4/13,
30.7%) were seen and commensurate with what is reported in the literature®. A median of 13 non-
synonymous mutations (range 3-54, mean 16) were identified in the 13 EATL samples in the 126 genes
of the virtual panel (Figure 2, Supplementary Tables 2-10). In this cohort, we confirmed the high
frequency of JAK/STAT pathway deregulation in 12/13 (92.3%) EATLs, either by single mutations in
STAT3 (n=3) or their regulator SOCS1 (n=1), but more often (8/13,61.5%) by multiple mutations both in
JAK1, STAT3 and STAT1 as well as various regulating genes (SH2B3, JAKMIP2, PTPRD, PTPRC) within a
single sample. A high level of mutations in genes affecting DNA methylation and histon modification was
observed in 12/13 EATLs with most frequent synchronous mutations in multiple genes including TET3,
TET2, KMT2D, KMT2C, DOTL1, SETD1A, EP300 and CREBBP. Also previously reported genes involved in
DNA damage repair (TP53, TERT, POT1), NFkB pathway signaling (TNFAIP3, CARD11, TRAF2) and other
regulatory genes were confirmed.

Taken together, these data are consistent with previously published information and confirm that this
cohort is representative.
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Online Supplementary Tables 1-14 provided as Excel files only.

Supplementary Table legends

Supplementary Table 1: Summary of clinical features of cases investigated

Dx, diagnosis; DOD, Dead of Disease; CR — Complete Remission; A(W)D — Alive (With) Disease; Lost to FU
Lest to Follow-Up

Supplementary Table 2: Inmunophenotypical features of ASCL and EATL as determined by
immunohistochemistry
Pos, positive; neg, negative; n.a. not available

Supplementary Table 3: Gene panel of EATL associated genes
Table of all genes selected with the ir main selecion source from literature, yes

Supplementary Table 4: NGS-based TR clonality analysis in ASCL and EATL

TRB, T-cell receptor beta; TRG, T-cell receptor gamma. * TRB-DJ are unproductive rearrangements. **
Bi-allelic TRG and/or TRB rearrangements are frequently occurring in T-cell ymphomas, however, from
the data obtained it can not be excluded that the two clonal rearrangements are present in two
different clones (bi-clonal)

Supplementary Table 5: Sequencing metrics

PCT_PF_UQ_READS, Percent Unique Reads Passing Filter; PCT_EXC_DUPE, Percent Excluded as
Duplicates; PCT_EXC_OVERLAP, Percent Excluded Due to Overlap; PCT_EXC_OFF_TARGET

Percent Excluded as Off-Target.

Supplementary Table 6: Cellularity as fitted by ACE,

Visually verified and most likely fit set. A fit of 1 means that no copy number alterations were present

or very limited.

Supplementary Table 7: Mutation overview
NA, no mutation data available, all other denominatoirs as described in Supplementary Table 8

Supplementary Table 8: Description of mutation overview

Supplementary Table 9: Number of mutations detected in the gene panel per sample.
Supplementary Table 10: Frequency of mutations per gene per group.

Supplementary Table 11: Mutation matrix used to create oncoprints

Supplementary Table 12: Copy humber aberration matrix per chrosomal arm, per sample, used to
create oncoprint

0, normal copy nhumber, -1 loss, 1 gain

Supplementary Table 13: Genetic aberrations in RCD with and without progression to EATL
g§.a., no mutation data available



Supplementary Table 14: Summary of clinical features of RCD cases, including treatment.

DOD: dead of disease, A(W)D: alive (with) disease, DOOC: dead of other causes, SCT: stem cell
transplantation, n.a.: not available. Marsh: classification of histological changes associated with celiac
disease
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Legend Supplementary Figure S1: Histological features of ASCL and EATL

A: Areas of ASCL are distinct from EATL and macrodissected for separate DNA isolation and sequencing
(H&E).

B: a case of EATL shows an extensive admixture of small T-cells (H&E). C: The large tumor cells and the
small admixed T-cells are positive for CD3. D: both populations are negative for CD5, supporting the
aberrant nature of the small T-cell population. E: the tumor cells are positive for CD30, while the small T-
cells are negative.
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Legend Supplementary Figure S2: Copy number alteration (CNAs) landscape of EATL and ASCL
Comparison plots for CNAs. Indicated are the percentages of cases with gains (positive value, red) and losses (negative value, blue), sorted by
chromosomal position (x-axis) of the EATL (filled areas) and ASCL (lines) samples. Although ASCL showed alterations in only few cases, the overall

landscape of ASCL and EATL are highly similar, underpinning the notion that ASCL is subject to the same molecular oncogenic events and can be
considered related to EATL.
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Integated interpretation:

A mixture of independent T-cell
proliferations with subclonal
evolution in both the ASCL and
EATL samples are observed of
which some are unique (TRG
clonotypes V3 -0/3/-10 J1=J2 and
V3 -0/8/-0 J1=J2 in the ASCL)and
others are shared ( clonotype TRG
V8 -3/0/-4 J1=J2 and TRB D1 -6/2/-
3J1-1,). It should be noted that the
EATL precursor clone in the ASCL
sample nor the EATL carried a
JAK/STAT mutation, while other
populations in the background did.
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Integated interpretation:
TR rearrangement provides no information. Based on 5 identically shared mutations, within the ASCL sample, a precursor population is identified.

Based on VAF differences, KMT2D likely precedes the other mutations in ASCL,. Since all other mutations in ASCL are not propagated to EATL, these do
not make part of the EATL precursor population. Similarly, the private mutations in EATL are likely either subclonally acquired in the tumor cells or are
present in independent ASCL-like clones in the polyclonal background. Since TR rearrangements do not show shared clones, these models cannot be

further differentiated.
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DOT1L
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Multiple additional CNAs

Integated interpretation:

Based on mutation patterns, a set of clonal mutations in the EATL component can be
traced back in the preceding RCD sample, supportive of a direct clonal relation. This
population is, however already derived from clonal evolution from a population bearing
only a KMT2D mutation. It should be noted, that in this case, JAK/STAT activation does not
play a major role in early phases of oncogenesis.

No TR data are available for this case.
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Integated interpretation:

The RCD population in a duodenal biopsy sample shows rather extensive CNAs and only a
single PTPRS mutation. These alterations are not propagated to the subsequent EATL at
the jejunal site. A direct clonal relation is therefore not likely. No TR data are available for
this case. On top of the clonal JAK1 mutation (VAF 0.4) in the complete EATL population,
clonal evolution has given rise subclones with two additional STAT3 mutations (based on
similar VAF levels of 0.12 likely bi-allelic in the same subclone) and various additional
smaller subclones (VAFs 0.031-0.018)
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EATL develops from an ASCL precursor and shows subsequent subclonal evolution. In the
ASCL population, several independent clones are observed, of which one is also admixed in
the EATL population. Morphologically this population cannot be distinguished from normal

T-cells in the tumor microenvironment
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Integated interpretation:

Based on TR and mutation data, EATL develops from an ASCL precursor which is the product of subclonal evolution within an ASCL population. Additional independent populations
with other TR clonotypes and various mutations that cannot be assigned to the EATL precursor clone are observed. Of these, One TR-identified clones is also found admixed with
the EATL tumor population. It should be noted that this ASCL clone cannot be morphologically distinguished from normal T-cells in the tumor microenvironment.
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Genes

@ ASCL-72
W EATL-72
W Shared

Case no. EATL/ ASCL

EATL

72

ASCL
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ASCL - EATL 72

Copy number profile

O Copy number gain
@ Copy number loss

Target score TRBV-TRBD- Rearrangement(s): Target score
TRBJ clonotype, abundance TRBD-TRBJ
percentage TRBV-TRBD-
TRBI
polyclonal irregular /
restricted repertoire clonal + PCB
(note; low reads)
clonal in
polyclonal
irregular /
polyclonal irregular restricted
repertoire
background

Genes

@ RCD-72
W EATL-72
W Shared

Rearrangement( Target score TRGV-TRG)
s): clonotype,

abundance

percentage

TRBD-TRBJ

D1-7/4/-4 11-5,

8% clonal (C/C) +PCB

D1-7/4/-4 11-5,

1% clonal (C/C) +PCB

RCD - EATL 72

Copy number profile

O Copy number gain
@ Copy number loss

Rearrangement(s): clonotype, molecular conclusion
abundance percentage TRGV-

V3 -0/9/-7 11=)2, 40%,
productive R and

V10 -0/9/-2 J1=)2, 21%,
unproductive R

V3 -0/9/-7 11=)2, 13%,
productive R and

V10 -0/9/-2 11=)2, 6%,
unproductive R

Disbalance without +7

clonal (biallelic TRG) in
addition to polyclonal
background

clonal (biallelic TRG) in
addition to polyclonal
background
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to the EATL
clone
TRAF2
TENM2 O RCD populations
TENM2
s TRG V10-0/9/-211=12 TRG V10-0/9/-211=12
RYR2
PTPN11
SMCHD1
1KZF1
KMT2A JAK1
-4q KMT2D o -
NF1 &3 &5
YLPM1 a' = a' t
PIPRD @ & Ty
TNFAIP3 £ © =
CSMD3 w © ® O
GRIDI 5 £ 5 &
— 3 3 3 g
=% =%
o w o w
[« T = o o

Integated interpretation:

An ASCL clone can be identified as a direct clonal precursor to EATL (TRB D1 -7/4/-4 J1-5/TRG V3 -0/9/-7 J1=)2), which based on an identical PIK3CA mutation can be linked to a
population in RCD at the duodenal site. Next to this clonal evelutionary line, a population in ASCL outside the EATL tumor mass as well as intermixed with the EATL tumor cells can
be observed (TRG V10 -0/9/-2 J1=J2). Moreover, A second population within RCD in the duodenum characterized by a GNAS mutation can be traced to the ASCL population in the
jejunum but is not part of the EATL clone.
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@ RCD-73 Copy number profile
W EATL-73 O Copy number gain
B Shared O Copy number loss
Case no. EATL/ ASCL Target score TREV-TRBD-TRBJ
abundance percentage TRBV- TREJ
TRED-TRBI
EATL clonal + PCB mgﬁ: LR TR clonal + PCB
73
ASCL no specific product clonal + PCB
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Genes

B ASCL-73
W EATL-73
B Shared

Rearrangement|s): clonotype, Target score TRBD- Rearrangement{s): Target score TRGV-TRG)

clonotype,
abundance
percentage TRBD-
TRBJ

D1 -1/5/-10 J1-6,
48%

D1-3/6/4 12-2,
45% in polyclonal
irregular [
restricted
repertoire
background

sy @
N :CJ.rf 1
Ths 3 e
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Copy number profile

O Copy number gain
@ Copy number loss

malecular conclusion

Rearrangement(s): clonotype,
abundance percentage TRGV-TRG)

V4 -16/0/-8 11=2, 18%,
unproductive R and

V8 -0/6/-6 J1=12, 3%, unproductive
R and

V9 -8/1/-1 J1=12, 7%, unproductive
R

clenal (biallelic TRB) + at beast bi-
clonal for TRG, or 3 clones based in
addition to polyclonal background

multiple products + PCB

Palydonal irr | top 15 clonotypes of
ASCL were not detected in the top
15 clanotypes of EATL)

(based on TRE)



RCD-ASCL-EATL 73
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Integrated interpretation:

O Additional
(ASCL)

populations
present in the
EATL sample,
but not related
to the EATL
clone

O RCD populations

From the data, derived from the EATL DNA sample, based on VAFs two clonal TRB rearrangements can be assigned to the EATL tumor clone, while the various other TR products
(three clonal TRG rearrangements and two (one with bi-allelic TRG rearrangement) or three (all with a single TRG rearrangement) T-cell clones should be assigned to the polyclonal
background. Of these, none could be traced back in the ASCL sample. A direct ASCL EATL precursor population could therefore not be identified in a population with features of a

restricted repertoire. In the corresponding RCD sample, only 2 CNAs were observed. Also these bear no relation to ASCL or EATL clones.
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| ASCL-82
W EATL-82
B Shared

Caseno.  EATL/ASCL

EATL

82
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ASCL - EATL 82

0

Copy number profile

0 Copy number gain
@ Copy number loss

Target score TRBV-TRBD- Rearrangement(s): Target score
TRBI clonotype, abundance TRBD-TRBJ
percentage TRBV-TRBD-
TRBJ
note:

polpolyclonal irregular / :’/::-3 'VI ::/3'::::“' ndant ™ data for this

restricted repertoire detectod don inthe junction class

background (3%)

note:

V11-3 -1/12/-0 J1-1
detected as 2nd abundant
detected clonotype in the
background (2%)

no data for this
junction class

polyclonal irregular /
restricted repertoire

TRG V2-0/13/-1111=)2
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Rearrangement( Target score TRGV-TRGJ

s): clonotype,
abundance
percentage
TRBD-TRBJ

clonal in polyclonal
background

polyclonal irregular /
restricted repertoire

TRG V2-0/13/-11)1=)2

Polyclonal irregular/

Restricted repertoire

pattern

Rearrangement(s): clonotype, molecular conclusion

abundance percentage TRGV-
TRGJ

V2 -0/13/-11 J1=J2, 37%,
productive R

note:

V2 -0/13/-11 J1=J2, detected
as 2nd clonotype in the
background (3%)

clonal in addition to
polyclonal background

polyclonal irregular /
restricted repertoire

Additional
(ASCL)
populations
present in the
EATL sample,
but not related
to the EATL
clone



Legend Supplementary Figure S3: Circos plots, TR rearrangement analysis and predicted models of clonal evolution of 13 paired EATL, ASCL and RCD cases.
For all cases for which paired samples of EATL and ASCL with or without RCD samples were available, evolutionary trees were inferred. Mutations and CNAs
are depicted as circosplots and TR clonotypes of TRB and TRG assays are depicted. Underlying VAF information is provided in Supplementary tables 9 and 10.
In the models, the EATL population is depicted in red, admixed independent T-cell populations that are not part of the EATL clone are indicated in orange.
ASCL populations are depicted in yellow and RCD in green. Relative population sizes with the samples are estimated based on TR clonotype abundance and

VAF levels of mutations.
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