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Abstract

While T cell lymphomas are classified as mature neoplasms, emerging evidence indicates
that malignant transformation may occur at an earlier stage of T cell maturation. In this
study, we determined clonal architectures in a broad range of T cell lymphomas. Our
multidimensional profiling indicates that a large part of these lymphomas in fact emerge
from an immature lymphoid T cell precursor at a maturation stage prior to V(D)J
rearrangement that undergoes branching evolution. Consequently, at single cell resolution
we observed considerable clonal tiding under selective therapeutic pressure. T cell
receptor next-generation sequencing suggested a highly biased usage of TRBV20-1 gene
segments as part of multiple antigen receptor rearrangements per patient. The
predominance of TRBV20-1 was found across all major T cell lymphoma subtypes
analyzed. This suggested that this particular V gene — independently of complementarity-
determining region 3 (CDR3) configuration - may represent a driver of malignant
transformation. Together, our data indicate that T cell lymphomas derive from immature
lymphoid precursors and display considerable intratumoral heterogeneity that may provide

the basis for relapse and resistance in these hard-to-treat cancers.
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Introduction

T cell lymphomas are a heterogenous group of malignancies that may reside in lymph
nodes, other primary or secondary lymphoid organs or even extralymphatic sites.’”’
Treatment for this group of diseases is systemic and includes chemotherapy, antibody-
drug conjugates as well as stem cell transplantation.®®° Yet, the prognosis remains poor.
Especially after failure of first-line treatment only up to 25% of patients experience long-
term survival.'®®® There is an unmet clinical need to better understand the biological
underpinnings of this group of diseases to establish novel avenues for precision targeting.

T cell lymphomas are classified as mature neoplasms due to their immunophenotype that
closely resembles subsets of normal mature T cells and their rearranged T cell receptor
(TCR) V(D)J genes.**'’” The TCR rearrangement is an excellent maturation marker since
TCRy, TCRB, and TCRa loci are sequentially rearranged from a diverse pool of V(D)J
genes during various stages of intrathymic development.’® As a result, each naive T cell
that emigrates from the thymus has a uniqgue TCR gene rearrangement that is retained as
the cell divides and differentiates. Prior to the development of advanced technical methods
for TCR clonality analysis, the prevailing theory was that T cell lymphomas are clonal
diseases that originate from a single mature T cell that has undergone both positive and
negative selection within the thymus.*® However, recent advancements in sequencing
have revealed that several types of T cell lymphomas are in fact oligoclonal in nature,
indicating that they originate from multiple clones with distinct TCR rearrangements, rather
than a single clone.'® This challenges the “maturity” paradigm in lymphoma development
and points to a lymphoid precursor as cell of origin. In angioimmunoblastic T cell
lymphoma (AITL) — one of the major subtypes of T cell ymphomas and characterized by a

T follicular helper (Tgy) phenotype®?*

— there is additional evidence supporting this view.
In this particular subtype, branching evolution appears to start as early as at the level of

the hematopoietic stem cell.?? The genetic landscape of AITL suggests that the initial
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oncogenic event might consist in mutations that are typically found in clonal hematopoiesis
such as TET2 or DNMT3A.?*# These mutant hematopoietic stem cell (HSC) may then
have the potential to evolve to AITL as well as neoplasms of other hematopoietic
lineages.?** This may also explain the frequent coexistence of lymphoid and myeloid
cancers in patients with AITL.?® For other T cell lymphomas, the transformation trajectory
including the acquisition of driver mutations is much more ill-defined.?"?

Here, we determined clonal architectures in a broad range of T cell ymphomas and their
development with or without selective therapeutic pressure to gain insight into the

mechanism of treatment failure for this hard-to-treat cancer.

Methods

Methods are provided more detailed in the Online Supplementary Appendix.

Patient samples and tissue microarray

Lymphoma tissue was collected after informed consent as approved by the ethics
committee of the University of Halle-Wittenberg (number 2021-074 and 2020-033).
Distribution of cases and samples are shown in Table 1 and Online Supplementary Table

1.

T cell receptor (TCR) immune repertoire sequencing and data analysis

The V(D)J rearranged TRB loci were amplified from genomic DNA isolated from formalin-
fixed and paraffin embedded (FFPE) tissue and sequenced on an lllumina MiSeq (lllumina,
San Diego, USA) with a 601-cycle paired-end run and V3-chemistry as described in
Schultheiss et al®® and Simnica et al®***! The MiXCR framework®? v.3.0.12 was used for
sequence alignment and clonotype (considered as one unige nucleotide CDR3 sequence)

assignment. Non-productive reads and clonotypes with less than 2 reads were discarded.
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TCR repertoires from patients with acute COVID-19 infection were derived from Schultheil3
et al** For analysis of repertoire metrics, healthy immune repertoires were proportionally
normalized to 30,000 productive reads. A more detailed description of immune repertoire

data generation, processing and analyses is given in the Online Supplementary Appendix.

Tissue microarray staining for TRBV20-1 usage

Available FFPE tissue from our TCR-NGS cohort as well as additional T cell lymphoma
samples were analyzed using a tissue microarray as reported by Schiimann et al**. The
staining was performed on 3 pm tissue sections using the TCR VB2-PE antibody (diluted
1:100, IM2213, Beckmann Coulter, CA).>**’ Deparaffinization and peroxidase block was
performed as described in Bauer et al*®,

Gene panel profiling

Profiled hotspots mutations associated with T cell lymphomas are listed in Supplementary
Table 2. Sequencing libraries were constructed using Qiaseq Targeted DNA Custom
Panels (Qiagen, Hilden, Germany) and sequenced on a lllumina NextSeq 500 platform
with 2 x 150 cycles at an average coverage of 52,700 reads per target region. Variant
calling of uniqgue molecular identifier (UMI) was performed using CLC Workbench
(Quiagen). Mutations were considered as positive if they were found with a variant allele
frequency (VAF) exceeding 10% at a read depth of more than 70 reads. To filter for
disease relevant mutations, common single nucleodtide polymorphisms (SNPs) stated by

dbSNP were discarded as well as synonymous variants.

Cell sorting and single-cell transcriptomic profiling
To enrich lymphoma cells for single-cell analyses using the 10X Genomics platform, we

sorted the malignant cells of a T-PLL case based on their aberrant CD4+/CD8+
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immunophenotype and cells of an AITL case for aberrant CD3 surface expression from
cryopreserved peripheral blood mononuclear cells (PBMCs) using the anti-CD3-APC-H7
(clone SK7, BD Biosciences), anti-CD4-PacificBlue (clone RPA-T4, Biolegend) and the
anti-CD8-FITC (clone SK1, BD Biosciences) antibodies. Sequencing, data processing and

analysis was performed as described by Schultheif3 et al*.

Results

TCR profiling of T cell lymphomas shows marked oligoclonality and
overrepresentation of TRBV20-1 rearrangements

We studied T cell lymphoma tissue (Table 1, TCR-NGS subcohort; Online Supplementary
Table 1) by next-generation TCR sequencing to obtain insight into TCR clonality and gene
usage of these cases. Most of these patients had angioimmunoblastic T cell lymphomas
(AITL) or peripheral T cell ymphomas not otherwise specified (PTCL NOS). As a reference
for TCR metrics, we used blood from 121 healthy individuals.

In order to avoid bias, we utilized only one sample per patient (baseline or earliest
available time point) to study the broad TCR architecture across this range of lymphomas.
In general, T cell lymphomas showed higher TCR clonality as compared to blood of
healthy individuals (Figure 1A). To visualize TCR gene usage in the repertoire, we plotted
the frequency of unique V, D and J gene rearrangements on a V(D)J matrix for one healthy
sample and an oligoclonal- and monoclonal T-NHL case (Figure 1B). We classified each
case as oligo- or monoclonal based on the algorithm described in the methods section
taking into account the tumor cell infiltration of each case and the statistical frequency of
biallelic rearrangements. According to this definition, 47.4% of cases were oligoclonal,
while 52.6% were monoclonal (Figure 1C). Next, we performed principal component
analysis (PCA) to investigate V or VJ gene skewing of the lymphoma TCR repertoire

towards specific receptor rearrangements. This analysis revealed a substantial skewing of
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lymphoma repertoires (Figure 1D). TRBV20-1 was the V gene contributing most to this
skewing (Figure 1D, right side; Online Supplementary Figure 1). Yet, as shown in the
exemplary case from panel 1B, heterogeneous rearrangements were present without
evidence for a specific complementarity-determining region 3 (CDR3) sequence involved.
To compare the usage of TRBV20-1, we used blood-derived T cells from healthy donors
and patients with acute COVID-19 as control. The COVID-19 samples were derived from
an own previously published dataset®® and were chosen due to the high systemic
inflammatory dysregulation (e. g. excessive IL6, TNF) during acute infection which was
linked to TRBV20-1 expansion in some cases®. This analysis showed a median TRBV20-
1 usage of around 1% in the controls, while the median TRBV20-1 usage was around 40%
in T cell lymphomas (Figure 1E). When examining TCR architecture in samples obtained
at the initial diagnosis and those collected at disease progression, we did not observe
changes in TCR repertoire metrics within our specific cohort size (Figure 1F). Also, TCR
repertoire metrics were very similar in different lymphoma subtypes as shown for AITL and

PTCL NOS in Online Supplementary Figure 2.

Tissue microarray staining confirms preferential usage of TRBV20-1 in the majority
of cases

To confirm this striking overrepresentation of TRBV20-1 rearrangements in lymphoma
tissue of T cell lymphoma patients, we subjected T cell lymphoma cases including the
majority of the TCR-NGS subcohort (Table 1) to TRBV20-1 staining using a monoclonal
commercial antibody (Figure 2A). The samples of this cohort were distributed across three
tissue microarrays. Consistently with our NGS results, the majority of samples showed
some positivity for TRBV20-1 in the lymphoma tissue (exemplarily shown in Figure 2A).
While only very few cases were homogeneously positive for TRBV20-1 throughout the

tissue section (Figure 2, exemplarily shown in a), many samples showed a patchy

8of 22



distribution of TRBV20-1 signals (Figure 2, exemplarily shown in b) suggesting that
TRBV20-1 rearrangements were expressed along with other rearrangements in the
lymphoma. About 50% of samples showed no staining for TRBV20-1 at all (Figure 2,
exemplarily shown in c¢). Matching of NGS and tissue microarray staining data showed
concordant results in some cases, but not in all, speaking in favor of spatial intratumoral
heterogeneity. Of the four cases with strong and homogeneous positivity for TRBV20-1 on
Immunohistochemistry, three showed very high TRBV20-1 gene usages taking up between
87.5 and 100% of the malignant repertoire. Samples with heterogeneous or negative
staining results showed variable levels of TRBV20-1 usage (Figure 2B). In the largest
lymphoma entities of this cohort — AITL, PTCL NOS and anaplastic large cell lymphoma
(ALCL) — TRBV20-1-containing rearrangements were about equally prevalent (Figure 2B

right panel).

Genetic heterogeneity extends to alpha chain rearrangements and corresponds with
transcriptomic heterogeneity

To better understand genetic and transcriptomic heterogeneity at single-cell resolution, we
performed TCR and single-cell RNA sequencing on enriched lymphoma cells from two
patients, patient 055 with T prolymphocytic leukemia (T-PLL) and patient 056 with AITL.
The integration of these lymphoma cells with T cells of two healthy individuals retrieved
from Herrera et al** (sample HC1) and resource datasets from 10X Genomics*? suggest a
clear separation between malignant and non-malignant cells (Figure 3A). The cells from
the two lymphoma cases clustered together (cluster M1 and M2) although representing
different lymphoma subentities (Figure 3A). The integrated lymphoma cells displayed
moderate expression of CCR7 and LEF1 reminiscent of naive-like peripheral T cells®, but
did otherwise not exhibit a clear shared transcriptomic profile relating to a distinct

functional canonical T cell subset (Online Supplementary Figure 3 and Online
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Supplementary Figure 4). Profiling for Tegy markers, revealed CD4 expression in the
lymphoma samples (Online Supplementary Figure 3) and high levels of ICOS and IL21 in
the AITL case (Online Supplementary Figure 5). Notably, downregulation of CCR7 as well
as LEF1 activity are associated with the initiation Tey differentiation programs.***° In line
with the phenotype of circulating Tey cells*, we did not detect BCL6 expression in the
majority of cells (Online Supplementary Figure 3). Furthermore, lymphoma cells showed
expression of T cell lymphoma-associated genes like GATA3 and TOX and were
characterized by high expression of EPHB1, CYP46A1 and TLR2 (Online Supplementary
Figure 3 and Online Supplementary Figure 4). The receptor tyrosine kinase EPHB1 is
linked to proliferation and metastasis in solid cancers*®, CYP46A1 acts in cholesterol
biosynthesis linked to T cell lymphomas*’ and TLR2 is linked with T cell activation and has
been demonstrated to lower the threshold required for TCR stimulation in CD8 T cells*®*°.
Next, we analyzed the distribution of TCR beta and alpha rearrangements at single-cell
resolution in both patients separately (Figure 3B, C). Consistently with the bulk TCR
sequencing analysis, the tumor cells of patient 055 showed monoclonality for a TRBV5-1
rearrangement, but also the alpha chain rearrangement was monoclonal (TRAV13-1
rearrangement). In line with this, the transcriptional profile was rather homogeneous in this
case. Module expression of genes regulated by MYC, signal transduction by p53, TNF
signaling and NFkB signaling was uniformly high in monoclonal T cells (Figure 3B). In
patient 056, single-cell sequencing showed several distinct subclones with different
configurations of the beta and alpha chain rearrangement. Two dominant beta and alpha
TCR rearrangements were combined either with each other or with other combination
partners and some of the cells showed more than one rearrangement per chain in their
transcriptome suggesting expression of different TCR chimera in a single cell. Cells with a
combination of the most dominant T cell receptor beta (TRBV3-1) and alpha (TRAV29/DV5)

rearrangements showed transcriptomes that were more driven towards MYC and TGF
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signaling (Figure 3C) as well as MAP kinase activity, histone modification and cell cycle
activity (not shown). In contrast, cells with more aberrant TCR configurations with either
more than one expressed rearrangement per locus or different rearrangements at the
other locus were more driven towards JAK/STAT signaling and showed more overlap with
non-malignant T cells (Figure 3C). This suggested that the transcriptomes expressed in
this case were dictated by the respective TCR configuration (Figure 3C).

Together, this data demonstrates the broad spectrum of genetic and transcriptomic
complexity in T cell lymphomas with the TCR configuration dictating downstream cellular

programs in these diseases.

Variant allele frequencies of lymphoma driver mutations and TCR clonality
demonstrates the sequence of transforming events

Next, we wished to assess the relationship between TCR clonality and lymphoma driver
mutations. All cases with complete TCR sequencing and TRBV20-1 staining data were
subjected to genomic profiling using a gene panel encompassing the most frequent T cell
lymphoma driver alterations (Online Supplementary Table 2). This analysis revealed a total
of 43 genomic alterations in 13 of 17 cases (Figure 4). Consistent with the literature, TET2
mutations were present in 9 of 17 cases, DNMT3A in 2 of 17 cases.”®>* Although all
lymphomas were classified by an experienced reference pathologist, the frequent co-
occurrence of IDH2 and RHOA mutations in TET2-mutated in AITLs***®> was not reflected
in our relatively small cohort. A comparison of variant allele frequencies (VAF) within the
same patient revealed distinct patterns: certain genetic alterations were classified as
founder lesions, likely present in every lymphoma cell, while others were classified as
subclonal, indicating their presence in only a subset of cells. Notably, we observed that the
clonal space defined by individual (sub)clonal driver mutations generally surpassed the

size of the clonal space defined by specific subclonal TCR rearrangements (Figure 4). This
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finding suggests that a single driver mutation serves as the foundation for the subsequent
development of diverse subclones with heterogeneous TCR rearrangements in the

majority of T cell lymphoma patients.

Clonal tiding

Finally, we explored clonal tiding of T cell lymphomas over the course of treatment. The
analysis of TCR repertoire overlap between lymphoma tissue from the same patients at
different time points suggested substantial clonal tiding with only limited clonal overlap at
disease progressions. This is shown in exemplary patient 010 with four available samples
at different time points (Figure 5A). While some clones were shared between the time
points (marked in red), a substantial number of clones did not reappear in consecutive
samples. Lymphoma tissue from different patients did not show any clonal overlap as

shown in the control panel.

To investigate clonal dynamics on selective treatment pressure in more detail, we
employed a case of AITL (patient 003) with multiple driver mutations that could be used as
clonal barcodes. In this patient, three lymphoma samples were collected at three
consecutive time points of disease progression. We hypothesized that the cellular co-
occurrence of one or more driver lesions with a clonotypic TCR rearrangement would be
reflected in synchronous expansion or contraction patterns over the disease course. Of
note, while a cell may have multiple distinct driver mutations, it will only have one
productive TCR rearrangement. To test for these patterns, we first plotted the dynamics of
the 17 driver mutations that were found in this patient. As shown in Figure 5B, these
mutations can be grouped into four dynamic patterns that either constantly contracted,
expanded or showed mixed dynamics during progression. Next, we calculated the
dynamics of the 547 unique TCR clonotypes that were found within the patient’s lymphoma
tissue at one of the sampled time points. For this, we used the normalized clonotype
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frequencies over the time course and generated an Euclidean distant matrix. Using
hierarchical clustering, we identified four distinct patterns of clonotype dynamics. We
generated a PCA based on the normalized clonotype trajectories, color-coded the four
different patterns and plotted their mean trajectories (Figure 5C). Surprisingly, the four
trajectories matched exactly the four driver mutation trajectories. This implied that driver
mutations and TCR clonotypes belonging to the same trajectory were very likely present in
the same cell. While cluster 1 was defined by only one driver mutation, but 443 TCR
clonotypes, cluster 2 showed four driver mutations along with 101 TCR rearrangements.
Cluster 4 showed two driver mutations and two TCR rearrangements. The driver mutations
must have been generated at a maturation stage prior to antigen receptor rearrangement
in all of these three clusters given the number of TCR rearrangements associated with
these. Finally, we assembled the information to illustrate the clonal landscape and its tiding
from the first to the third relapse of patient 003 (Figure 5D). Together, this analysis showed
that the dominant clone at diagnosis was replaced by alternative clones in the course of

treatment.

Discussion

In the past decades, cancer research and especially massive genomic sequencing studies
have contradicted the former paradigm of a linear evolution of malignancies. It has
become clearer that the clonal evolution of solid tumors is driven by the development of
different subclones emerging from immature cells leading to a complex and
heterogeneous clonal landscape with its inherent potential for resistance. Hematological
malignancies are traditionally conceived as less complex and an important number of
these diseases are believed to derive from a mature cell of origin.

In the work presented, we challenged this view for a broad variety of T cell lymphoma

entities. Almost half of our studied cases showed oligoclonality for the lymphoma TCR
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rearrangements thereby confirming that the cell of origin of these “mature” neoplasms is in
fact an immature precursor lymphocyte. This is in line with recent findings that suggest
acquired driver mutations in hematopoietic progenitor cells as origin of malignant clones in
Sézary syndrome.*

Moreover, the remarkable overrepresentation of TRBV20-1 rearrangements across all
lymphoma subtypes suggested that this receptor configuration acts as a fundamentally
relevant tumor driver in the development of these diseases.

Furthermore, this work provides insights in the evolution and shaping of the clonal
lymphoma architecture under selective pressure of treatment by serial profiling of one
lymphoma patient in the course of disease. In this exemplary case, the initially dominant
clone was replaced by alternative clones under treatment pressure that could be
demonstrated at the time point of first disease relapse. In the past years it has been
frequently shown that specific treatments do not equally suppress all existing tumor
subclones but may select for more aggressive, treatment-resistant clones.>*® The high
clonal complexity of neoplastic diseases that already exist at the time point of diagnosis
may provide the cause for this observation. Therefore, in this clonally complex diseases,
profiling and therapeutic targeting of all coexisting disease subclones may be particularly
important in the first-line setting while single-agent therapy may foster resistance. On the
other hand, our concept of resistance as a permanent feature ascribed to a specific
lymphoma and a specific drug may be revisited in light of our data. The replacement of the
dominant clone by others in the course of treatment may open up the possibility of re-
treatment with a regimen on which the patient has previously progressed. The
establishment of clonal monitoring techniques that permit real-time clonality snapshots
may, however, be a prerequisite for such personalized endeavors of guiding treatment.
Our work on lymphoma clonality may also be of relevance to guide the design of novel

treatment approaches such as engineered cell products or bispecific antibodies. The vision
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of using chimeric antigen receptor T cells for precision targeting of T cell lymphomas has
failed so far on the lack of targets that are reliably expressed on the malignant T cell, but
not on healthy T cells.***° Recent studies demonstrated successful targeting of single TCR
variable beta chains either with bispecific antibodies® or CAR T-cells®” while leaving the
postulated non-malignant T-cell compartment intact. However, our TCR clonality data calls
for caution to use a single TCR rearrangement as reliable target due to the observed
widespread oligoclonality and potential for regrowth from a more immature precursor cell
with alternative TCR rearrangements.

Beyond its therapeutic implications, our research holds the potential to reshape the
interpretation of studies conducted by others. In recent years, numerous single-cell
sequencing studies focusing on T cell lymphomas have been published. However, only a
minority of these studies sequenced unequivocal lymphoma cells characterized by an
aberrant immunophenotype.®? In the majority of manuscripts, classification was
predominantly reliant on the identification of the most dominant TCR rearrangement, often
leading to the categorization of cells with a divergent TCR rearrangement as non-
malignant bystander cells as seen in Zhu et al®® and Liu et al®®. In light of the findings
presented in our work, this prevailing paradigm must be questioned, urging a
reassessment of the obtained results. This includes determination of matched TRA chains
as well as TRG/D rearrangements, which were not covered in our analyses. Inclusion of
these data may help to pinpoint the differentiation stage of the transformed precursor cell
which can help to separate non-malignant bystander clonotypes and may have clinical
relevance regarding phenotype plasticity.**°°

Taken together, our data confirm the high degree of clonal heterogeneity in T cell
lymphomas with significant clonal tiding under selective therapeutic pressure. This data
may foster our understanding of the complex nature of the clonal landscape and

resistance in this group of diseases.
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Tables

Table 1. Characteristics of T cell ymphoma cohort

TCR-NGS* TMA**
cohort cohort
Nb of patients 21 50
Nb of samples 27 68
Sex
Female 5/21 16/50
Male 16/21 34/50
Median age (range) 67y 66y
(36-92) (36-92)
T-NHL subtype
Angioimmunoblastic T cell ymphoma (AITL) 12/21 15/50
Peripheral T cell lymphoma, not otherwise 6/21 14/50
specified (PTCL, NOS)
T cell prolymphocytic leukemia (T-PLL) 2/21 1/50
T cell large granular lymphocytic leukemia (T-LGLL) 1/21 2/50
Anaplastic large-cell ymphoma (ALCL) 0/21 7/50
PTCL with T follicular helper phenotype (PTCL-TFH) 0/21 3/50
Sézary syndrome (SS) 0/21 2/50
Monomorphic epitheliotropic intestinal T cell ymphoma 0/21 1/50
(MEITL)
Mycosis fungoides (MF) 0/21 1/50
Extranodal NK/T cell lymphoma, nasal type (ENKL) 0/21 1/50
Post-transplant lymphoproliferative disorder (PTLD) 0/21 1/50
Enteropathy-associated T cell ymphoma (EATL) 0/21 1/50
Subcutaneous panniculitis-like T cell ymphoma (SPTCL) 0/21 1/50

*TCR-NGS =T cell receptor next generation sequencing  *TMA = Tissue microarray




Figure Legends

Figure 1. Immunosequencing of T cell receptor (TCR) repertoires of T cell lymphoma
tissue. (A) TCR repertoire metrics of healthy blood (n=121) and lymphoma tissue (n=19).
For patients with multiple samples, the earliest time point was used. Statistics: ANOVA (B)
Frequency of unique V(D)J rearrangements in selected individual repertoires. Each dot
represents a unigue rearranged complementarity-determining region 3 (CDR3) amino acid
sequence where radius reflects clone size in repertoire. (C) Proportions of mono- and
oligoclonal cases within the analyzed T cell lymphoma cohort (n=19) and number of
cumulative clones per repertoire matching tumor cell fraction. (D) Principal component
analysis (PCA) of V gene usage in lymphoma tissue samples (red, n=19) and healthy
blood samples (blue, n=121). Bars show the top 10 contributing V genes responsible for
group differences at principal component 2. Dashed line indicates threshold. Statistics:
Manova over PCA with pillai trace. (E) Frequencies of TRBV20-1 gene usage in the T cell
lymphoma samples (n=19). TRBV20-1 frequencies in the blood of patients with acute
COVID-19 infection (n=19) or healthy individuals (n=121) as controls. (F) TCR repertoire
metrics for lymphoma samples at initial diagnosis (ID) and after progression. Statistics:
ANOVA

Figure 2. Tissue microarray staining of T cell lymphomas for TRBV20-1 expression.
(A) DAPI staining was performed to localize section borders. TRBV20-1 gene signals were
classified as homogeneously positive (a), patchy distributed (b) or negative (c). 123x
magnification of indicated examples on the right. Scale bar represents 200 um. (B) Left
panel: TRBV20-1 frequency (NGS) and grouped total cell fluorescence for TRBV20-1.
Right panel: Summary of detected TRBV20-1 staining pattern per lymphoma entity.

Figure 3. Single-cell ananlysis of sorted lymphoma cells from two patients. (A) t-
distributed stochastic neighbor embedding (tSNE) plot of integrated single-cell RNA data
set encompassing 985 lymphoma T cells from a patient with T prolymphocytic leukemia (T-
PLL) (055), 479 lymphoma T cells from a patient with angioimmunoblastic T cell lymphoma
(AITL) (056) and 4373 T cells from two healthy donors. Cells are colored by cluster or
sample origin. M1: Malignant cluster one; M2: malignant cluster two; T4N: naive CD4" T
cells; T4: CD4" T cells; CM: central memory T cells; gdT: y8T cells; aT8: activated CD8" T
cells; TC17-like: IL17 producing-like CD8" T cells; cT: cytotoxic T cells; Thl: Thl T cells. (B)
Uniform manifold approximation and projection (UMAP) plot of reclustered lymphoma cells
from patient 055. Characterizing expression programs of the malignant cells shown as
feature plot after scoring (Seurat addmodulescore function) of indicated GO gene sets.
The clonotypic TRA and TRB rearrangements per cluster are shown in red in the lower
UMAP. Proportions of these cells within each cluster (C1-6) are depicted in the stacked bar
plot. (C) UMAP of lymphoma cells from patient 056 as presented in (B). T cells with at
least one clonotypic TCR rearrangement are highlighted in color within the UMAP.
Proportion of cells with at least one clonotypic rearrangement are depicted in the stacked
bar plot per cluster (C1-5).

Figure 4. Overview matrix over T cell receptor (TCR) clonality of the respective
dominant clone and variant allele frequency of each detected single mutation in all



evaluable samples. VAF = variant allele frequency, AITL = angioimmunoblastic T cell
lymphoma, T-LGLL = T cell large granular lymphocytic leukemia, PTCL NOS = peripheral T
cell ymphomas not otherwise specified

Figure 5. Clonal tiding of T cell ymphomas over the course of treatment. (A) Clonal
overlap in lymphoma specimen from patient 010 sampled at different timepoints during the
course of the disease. Shared identical TCR rearrangements are displayed in red. A
control plot shows the lack of TCR overlap between lymphoma tissue of different patients.
(B) Four different dynamic patterns (indicated as purple, green, yellow, red) of 17 driver
mutations in a case of AITL (patient 003) over the course of treatment as determined using
gene panel sequencing. (C) Clustering and Principal Component Analysis (PCA) of the
547 unique TCR clonotypes of AITL patient 003 present at all sampled time points in the
lymphoma tissue. The dynamic trajectories of the clustered clonotypes are shown on the
right. (D) lllustration of the assembled mutational and clonal information over three disease
progressions. Circle size represents cumulative variant allele frequency (VAF) of mutations.
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Supplementary Methods:

T cell receptor (TCR) immune repertoire sequencing and data analysis

The ReliaPrep™ FFPE gDNA Miniprep System (Promega, Madison, United States) was
used for isolation of genomic DNA from FFPE tissue. The V(D)J rearranged TRBV loci were
amplified in a multiplex PCR using the Phusion™ High-Fidelity DNA Polymerase (Thermo
Fisher Scientific, Waltham, USA) and the BIOMED2-FR2/FR3 -TRB-B primer pools. The
primers were purchased from Metabion International AG (Martinsried, Germany). PCR
amplicons were purified using the Agencourt AMPure XP paramagnetic beads (Beckman
Coulter) and subjected to a second PCR for the addition of 7-nucleotide single indices and
lllumina adapter sequences. After bead-based purification, PCR amplicons were quantified
using the Qubit system (Thermo Fisher) and pooled to a final concentration of six nM. Pools
were quality controlled on an Agilent 2100 Bioanalyzer (Agilent Technologies, Bdblingen,
Germany). Sequencing and demultiplexing was performed on an lllumina MiSeq sequencer
(Nlumina, San Diego, USA) with a 601-cycle paired-end run and V3-chemistry. The MiXCR
framework! v.3.0.12 was used for sequence alignment and clonotype assignment. Non-
productive reads and clonotypes with less than two reads were discarded. Each unique
nucleotide CDR3 sequence was considered a clone. For analysis of repertoire metrics,
healthy immune repertoires were proportionally normalized to 30,000 productive reads.
Clonality of TRB repertoires was calculated according to the formula 1- H'/log2(S) with H’
being the Shannon diversity index and S the total number of TRB clonotypes (=richness) in
an individual repertoire. Principal component analysis (PCA) of V Gene usage and their
contributions were calculated using R package ade4. Data analysis and plotting was
performed with Rstudio (version 2023.03.1+446). Monoclonality was assumed if the
frequency of the most abundant clonotype in the repertoire matched the respective tumor

cell fraction of the sample (+/-20%). Moreover, monoclonality was assumed if the frequency



of the first two clonotypes of the repertoire showed a frequency that matched the tumor cell
fraction (+/-20%), but only if these two clonotypes had a similar frequency (+/-20%) to
account for biallelic rearrangements. All other cases were classified as oligoclonal. Tumor

cell fraction was determined by a reference pathologist.

Dynamics of TCR clones

Longitudinal dynamics of lymphoma subclones from patient 003 were calculated according
to the approach by Minervina et al®2. For this, a Euclidean distance matrix of the normalized
frequencies of the top 1000 TCR clonotypes for each sampling time point was generated.
Clusters were then identified using hierachical clustering and visualized over time using

PCA. Mean trajectories for all four patterns were shown at normalized frequencies.

Tissue microarray staining for TRBV20-1 usage

Available FFPE tissue from our TCR NGS cohort as well as additional T cell lymphoma
samples were analyzed using a tissue microarray as reported by Schimann et al*. Antigen
retrieval was performed using a TRIS-EDTA Buffer pH 9.0 antigen retrieval solution
(ZUC029-500, Zytomed, Germany) followed by a blocking step (ZUC007-100, Zytomed,
Germany). The TCR VB2-PE antibody (diluted 1:100, IM2213, Beckmann Coulter, CA, USA)
was incubated at room temperature for 60 minutes and a counterstaining with DAPI (Akoya
Biosciences, MA, USA) was performed as described in Bauer et al®. After a washing step,
all slides were mounted with Vectashield Antifade Mounting Medium (H-1000-10, Vector
Laboratories, CA; USA) and visualized with a Phenolmager HT (Akoya Biosciences, MA,
USA). Tissue microarray (TMA) spot intensity was determined using ImageJ (National
Institutes of Health) according to the online protocol provided by the Keith R. Porter Imaging

Facility.®



Gene panel profiling

Profiling of hotspots mutations associated with T cell lymphomas was performed using a
targeted DNA Custom Panels from Qiagen (Hilden, Germany). Genes with recurrent
mutations in T cell lymphoma were selected from cbioportal (Supplementary Table S2).
Sequencing libraries were constructed using Qiaseq Targeted DNA Custom Panels
(Qiagen, Hilden, Germany). The Qubit high-sensitivity double-strand DNA assay kit (Thermo
Fisher) was used for quantification of libraries and the Agilent 2100 Bioanalyzer (Agilent) for
final quality control. Libraries were sequenced on a lllumina NextSeq 500 platform with 2 x
150 cycles at an average coverage of 52,700 reads per target region. Variant calling of
unique molecular identifier (UMI) was performed using CLC Workbench (Quiagen).
Mutations were considered as positive if they were found with a variant allele frequency
(VAF) exceeding 10% at a read depth of more than 70 reads. To filter for disease relevant
mutations, common single nucleotide polymorphisms (SNPs) stated by dbSNP were

discarded as well as synonymous variants.

Cell sorting and single-cell transcriptomic profiling

Sorting of lymphoma cells was performed based on their aberrant CD4+/CD8+
immunophenotype (T-PLL case) or on aberrant CD3 surface expression (AITL case) from
cryopreserved peripheral blood mononuclear cells (PBMCs) of these two T cell lymphoma
patients. For that, the anti-CD3-APC-H7 (clone SK7, BD Biosciences), anti-CD4-PacificBlue
(clone RPA-T4, Biolegend) and the anti-CD8-FITC (clone SK1, BD Biosciences) antibodies
were used on a BD FACSArialll cell sorter with a 100 ym nozzle. Cells were processed on
a 10X Chromium Controller (10X Genomics, Pleasanton, CA, USA) within 1h after collection.
Single-cell libraries were generated using the Next GEM Single Cell 5’ Kit v2 and Chromium

Single Cell Human TCR Amplification kits according to the manufacturer instructions to



detect coupled TCR beta and alpha chains. For the integrated dataset we used two healthy
samples provided in Herrera et al” (sample HC1) and one 10X resource dataset.® The two
lymphoma samples and the two healthy samples were merged together using package
Seurat (v 5.0.0).° Cells with high mitochondrial content (>10%) and more than 2500 RNA
features were excluded. Normalization and detection of the top 2000 variable features was
done individually for each dataset. To merge data sets, integration anchors were calculated
using function FindIntegrationAnchors and datasets were integrated with IntegrateData to
one object. After scaling, PCA and t-distributed stochastic neighbor embedding (tSNE)
calculation were performed on 15 dimensions. T cell clusters were assigned according to
subset markers found with function FindAllIMarkers and selected T cell population marker
genes. Module scores for feature expression programs were calculated with function
AddModuleScore. The modules contained following genes: the MYC module contains
targets of MYC (CCT3, DUT, RPL34, RPS5, RPL22, RPLPO, RPS6, RPL6, EEF1B2, FBL,
SNRPD2, RACK1, RPS3, RPL14, RPS2, RPL18, RPS10, PPIA, EIF3D); the p53 module
comprises genes which regulate signal transduction by p53 positively (RPS15, RPS7, UBB,
RPL23, RPS20, RPL37); the NF-kB module contains genes, which are expressed when
NFkB is activated (UBB,UBC,RACK1,RPS27A,UBA52); TGFb module encloses genes of
the TGFb pathway (APP, MAP2K4, MAP2K1, CREBBP, SMAD4, SMURF2, SMURF1,
ITGA2, LIMK2, NEDD4L, NEDD9, NUP153, MAPK14, RUNX2, PIAS2, PIAS1, TGFBRS,
SKI, MAPK8, RBL1, BTRC, MAP2K®6); the STAT5 module contains genes involved in
IL2/STATS signaling (PHTF2, ABCB1, AHNAK, PTGER2, CTSZ, FURIN, CST7, NDRG1,
SOCS2, NFKBIZ, PIM1, LRIG1, CTLA4, SNX9, MAP3KS8, ITGAV, TNFRSF4, GABARAPL1,
ILAR, GADDA45B, CISH, NCOA3, IL10RA, TNFRSF18, FLT3LG, RHOH, TNFRSF1B,
IGF2R, HOPX, SERPINBG6, IL2RA, BHLHE40, BCL2, LTB, IL18R1).

Fastq files from V(D)J libraries were analysed with cellranger vdj pipeline, and the filtered

results were integrated with gene expression data with package scRepertoire (v 1.4.0).
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Supplementary Table 1: Characteristics of individual patients and samples.*

Pat. ID Diagnosis DOSC Tissue | Age decade | Sex
at diagnosis
001_1_1 AITL | ID 3 7 f
001_1_2 AITL | ID 1 7 f
002_1 T-LGLL | ID 1 8 m
003_1 AITL | ID 3 8 m
003_2 AITL | 1st relapse/progression 1 8 m
003_3 AITL | 2nd relapse/progression 1 8 m
003 4 AITL | 3rd relapse/progression 1 8 m
004_1 AITL | ID 3 8 m
005_1 AITL | 1st relapse/progression 3 7 m
006_1 AITL | ID 3 5 m
007_1 AITL | ID 3 8 m
008_1 AITL | ID 3 10 m
009_1 AITL | ID 3 8 m
010_1 AITL | ID 3 8 m
010_2 AITL | suspected relapse 3 8 m
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036_1_1 T-PLL | ID 3 8 f
036_1_2 T-PLL | ID 1 8 f
037_1 T-LGLL | ID 6 8 m
037_2 T-LGLL | 1st relapse/progression 1 8 m
037_3 T-LGLL | 2nd relapse/progression 1 8 m
038_1 AITL | ID 3 9 f
039_1 SS | 1st relapse/progression 1 7 f
040_1 ALCL | ID 3 6 m
041_1 PTCL,NOS | ID 1 9 m
042_1 SPTCL | ID 2 6 m
043_1 ALCL | ID 3 6 f
044 1 PTCL, NOS | ID 3 6 f
045_1 AITL | ID 3 7 f
046_1 EATL | ID 8 5 m
047_1 ALCL | ID 1 6 m
048_1 AITL | ID 3 6 f
049 _1 PTCL-TFH | ID 3 9 m
050_1 ALCL | ID 5 6 f
051_1 AITL | ID 1 6 f
052_1 PTCL, NOS | ID 1 5 m
053_1 PTCL, NOS | 1st relapse/progression 4 6 f
054 _1 PTCL-TFH | ID 3 6 m
055_1 T-PLL | ID 10 7 m
056_1 AITL | 1st relapse/progression 10 4 m

*ID = initial diagnosis, DOSC = date of sample collection

Tissue code: 1 = bone marrow, 2 = connective tissue, 3 = lymph node, 4 = skin, 5 = nasopharynx, 6
= spleen, 8 = colon, 9 = peritoneum, 10 = Peripheral blood mononuclear cells (PBMC)
PTCL, NOS = peripheral T cell ymphoma, not otherwise specified

AITL = Angioimmunoblastic T cell lymphoma

ALCL = Anaplastic large cell ymphoma

NKTCL = Extranodal NK-/T-cell lymphoma, nasal type

PTCL-TFH = Peripheral T cell ymphoma, T follicular helper phenotype

MF = Mycosis fungoides

SS = Sézary Syndrom

T-PLL =T cell prolymphocytic leukemia

T-LGLL =T cell large granular lymphocytic leukemia



EATL = Enteropathy-associated T cell lymphoms

MEITL = Monomorphic epitheliotropic intestinal T cell lymphoma

PTLD = Post-transplant lymphoproliferative disorder

SPTCL = Subcutaneos panniculitis-like T cell lymphoma

Supplementary Table 2: QlAseq custom DNA panel, covered genes and regions.

chromosome |start end covered gene
chr1 120457925 | 120459275 | NOTCH2
chr15 90631832 90631844 |IDH2
chr15 90631928 | 90631940 |IDH2
chr16 24135286 | 24135310|PRKCB
chr16 24166000 24166180 |PRKCB
chr16 24183585| 24183685 |PRKCB
chr16 24185835| 24185905 |PRKCB
chr16 24192105| 24192255 |PRKCB
chr16 24196425 24196515|PRKCB
chr16 24196775| 24196895 |PRKCB
chr16 24202405 24202555|PRKCB
chr16 24231275| 24231325 |PRKCB
chr17 7572921 7573013 | TP53
chr17 7573921 7574038 | TP53
chr17 7576531 7576589 | TP53
chr17 7576619 7576662 | TP53
chr17 7576847 7576931 | TP53
chr17 7577013 7577160 | TP53
chr17 7577493 7577613 | TP53
chr17 7578171 7578294 | TP53
chr17 7578365 7578559 | TP53
chr17 7579306 7579595 | TP53
chr17 7579694 7579726 | TP53
chr17 7579833 7579917 | TP53
chr17 40354353 | 40354470|STAT5B
chr17 40354774 | 40354831 |STAT5B
chr17 40359571 | 40359751 |STAT5B
chr17 40362184 | 40362365|STAT5B
chr17 40474374 | 40475165|STAT3
chr19 6822246 6822327 | VAV1
chr19 6828836 6828916 | VAV1
chr19 6829624 6829802 | VAV1
chr19 6832097 6832216 | VAV1
chr19 6833190 6833301 | VAV1
chr19 6833590 6833641 | VAV1
chr19 6833718 6833749 | VAV1
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Supplementary Figure 1: TRBV gene usage and frequencies in all ymphoma samples
(red, n=19) and healthy controls (blue, n=121). TRBV genes on the axis are sorted for
their median group difference.



Clonality

=0.87 0.66
1.00- PTR N i
- =
0.751 . g B . J'
. s .
0.50{ = 2 4 .
° § °
[¢]
0.25| F=-—f E;EQ g2 —:ﬁ——
[ )
0.00{__o! 0o o
PN Qv S
® \59 v
O QO
Q <

Richness

1500+

1000+

p=0.39

—
o0

===

=

«\/
Y}

R

o
e

&7

Supplementary Figure 2: TCR metrics in AITL (n=15) and PTCL NOS (n=7) lymphoma

samples. Available samples at all time points are shown. Statistics: ANOVA
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Supplementary Figure 3: Expression of canonical markers of T cell differentiation and

function per cluster. Expression profiles in the integrated single cell dataset of T cells from

two healthy and two lymphoma samples.
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Supplementary Figure 4: Top five differentiating marker genes for each cluster from
the integrated single cell analysis of T cells from two healthy and two lymphoma

samples.
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Supplementary Figure 5: Expression of markers associated with T follicular helper

differentiation in single cell data, separated by samples.



