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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 architecture in a broad range of T-cell
lymphomas. Our multidimensional profiling indicates that many of these lymphomas do in fact emerge from an immature
lymphoid T-cell precursor at a maturation stage prior to V(D)J rearrangement that undergoes branching evolution. Conse-
quently, at single-cell resolution we observed considerable clonal tiding under selective therapeutic pressure. T-cell recep-
tor 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 configuration
— may represent a driver of malignant transformation. Together, our data indicate that T-cell lymphomas are derived from
immature lymphoid precursors and display considerable intratumoral heterogeneity that may provide the basis for relapse

and resistance in these hard-to-treat cancers.

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 che-
motherapy, antibody-drug conjugates as well as stem cell
transplantation.®®® Nevertheless, 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 which closely resembles sub-
sets 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, TCRp, 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 unique 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 lym-
phoid precursor as the cell of origin. In angioimmunoblas-
tic T-cell lymphoma (AITL) — one of the major subtypes
of T-cell lymphomas and characterized by a T follicular
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helper (T_) phenotype**? — there is additional evidence
supporting this view. In this particular subtype, branching
evolution appears to start as early as the hematopoietic
stem cell.?? The genetic landscape of AITL suggests that
the initial oncogenic event might consist in mutations that
are typically found in clonal hematopoiesis such as TET2 or
DNMT3A.2>2 These mutant hematopoietic stem cells may
then have the potential to evolve to AITL as well as neo-
plasms 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 less well-defined.?"28

Here, we determined clonal architecture in a broad range
of T-cell lymphomas and its development with or without
selective therapeutic pressure to gain insight into the mech-
anism of treatment failure for these hard-to-treat cancers.

Methods

Details of the methods are provided in the Online Supple-
mentary Appendix.

Patients’ samples and tissue microarray

Lymphoma tissue was collected after informed consent
as approved by the ethics committee of the University of
Halle-Wittenberg (numbers 2021-074 and 2020-033). The
distributions of the cases and samples are shown in Table
1 and Online Supplementary Table S1.

T-cell receptor 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
tissue and sequenced on an Illumina MiSeq (Illumina,
San Diego, CA, USA) with a 601-cycle paired-end run and
V3-chemistry as described by Schultheiss et al.?® and Sim-
nica et al.*** The MiXCR framework?? v.3.0.12 was used for
sequence alignment and assignment of clonotype (consid-
ered as one unige nucleotide complementarity-determin-
ing region 3 [CDR3] sequence). Non-productive reads and
clonotypes with fewer than two reads were discarded. TCR
repertoires from patients with acute coronavirus disease
2019 (COVID-19) infection were derived from Schultheiss
et al.*®® For analysis of repertoire metrics, healthy immune
repertoires were proportionally normalized to 30,000 pro-
ductive reads. A more detailed description of immune rep-
ertoire data generation, processing and analyses is given
in the Online Supplementary Appendix.

Tissue microarray staining for TRBV20-1 usage
Available formalin-fixed and paraffin-embedded tissue from
our TCR-next-generation sequencing (NGS) cohort as well
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as additional T-cell lymphoma samples were analyzed using
a tissue microarray as reported by Schimann et al.** The
staining was performed on 3 um tissue sections using TCR
Vp2-PE antibody (diluted 1:100, IM2213, Beckmann Coulter,
CA, USA).*-%" Deparaffinization and peroxidase block was
performed as described by Bauer et al.*®

Gene panel profiling

Profiled hotspot mutations associated with T-cell lympho-
mas are listed in Online Supplementary Table S2. Sequenc-
ing 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 unique molecular identifiers was performed using
CLC Workbench (Quiagen). Mutations were considered as
positive if they were found with a variant allele frequen-
cy exceeding 10% at a read depth of more than 70 reads.
To filter for disease-relevant mutations, common single
nucleotide polymorphisms as stated by the dbSNP were
discarded, as were 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
from a patient with T-cell prolymphocytic leukemia based

Table 1. Characteristics of the T-cell lymphoma cohort.

TCR-NGS TMA
cohort cohort

N of patients (N of samples) 21 (27) 50 (68)
Sex, N

Female 5 16

Male 16 34
Age in years, median (range) 67 (36-92) 66 (36-92)
Subtype of T-cell non-Hodgkin lymphoma, N

Angioimmunoblastic T-cell ymphoma 12 15

PTCL, not otherwise specified 6 14

T-cell prolymphocytic leukemia 2 1

T-cell large granular lymphocytic 1 5

leukemia

Anaplastic large-cell ymphoma 0 7

PTCL with T follicular helper phenotype 0 3

Sézary syndrome 0 2

Monomorphic epitheliotropic intestinal 0 1

T-cell lymphoma

Mycosis fungoides 0 1

Extranodal NK/T cell lymphoma, nasal 0 1

type

Post-transplant lymphoproliferative 1

disorder

Enteropathy-associated T-cell ymphoma 0 1

Subcutaneous panniculitis-like T-cell 0 1

lymphoma

TCR-NGS: T-cell receptor next-generation sequencing; TMA: tissue
microarray; PTCL: peripheral T-cell lymphoma.
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on their aberrant CD4*CD8* immunophenotype and cells
from an AITL case with aberrant CD3 surface expression
from cryopreserved peripheral blood mononuclear cells by
using anti-CD3-APC-H7 (clone SK7, BD Biosciences), an-
ti-CD4-PacificBlue (clone RPA-T4, Biolegend) and anti-CD8-
FITC (clone SK1, BD Biosciences) antibodies. Sequencing,
data processing and analysis were performed as described
by Schultheiss et al.*®

Results

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

We studied T-cell lymphoma tissue (Table 1, TCR-NGS sub-
cohort; Online Supplementary Table S7) by next-generation
TCR sequencing to obtain insight into TCR clonality and
gene usage of these cases. Most of these patients had AITL
or peripheral T-cell lymphomas not otherwise specified
(PTCL NOS). As a reference for TCR metrics, we used blood
from 121 healthy individuals.

In order to avoid bias, we used only one sample per pa-
tient (baseline or earliest available timepoint) to study the
broad TCR architecture across this range of lymphomas. In
general, T-cell lymphomas showed higher TCR clonality as
compared to blood from 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 oligoclonal and
monoclonal cases of T-cell non-Hodgkin lymphoma (Figure
1B). We classified each case as oligoclonal 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 oligoclo-
nal, while 52.6% were monoclonal (Figure 1C). Next, we
performed principal component analysis to investigate V or
VJ gene skewing of the lymphoma TCR repertoire towards
specific receptor rearrangements. This analysis revealed a
substantial skewing of lymphoma repertoires (Figure 1D).
TRBV20-1 was the V gene that contributed most to this
skewing (Figure 1D, right side; Online Supplementary Figure
S7). Nevertheless, as shown in the exemplary case in panel
1B, heterogeneous rearrangements were present without
evidence for a specific CDR3 sequence involved. To com-
pare the usage of TRBV20-1, we used blood-derived T cells
from healthy donors and patients with acute COVID-19 as
controls. The COVID-19 samples were derived from our own
previously published dataset®* and were chosen because of
the high systemic inflammatory dysregulation (e.g., exces-
sive 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
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lymphomas (Figure 1E). When examining TCR architecture
in samples obtained at initial diagnosis and those collected
at disease progression, we did not observe changes in TCR
repertoire metrics within our specific cohort (Figure 1F).
Furthermore, TCR repertoire metrics were very similar in
different lymphoma subtypes, as shown for AITL and PTCL
NOS in Online Supplementary Figure S2.

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 from patients with
T-cell lymphoma, we subjected T-cell lymphoma cases, in-
cluding the majority of the TCR-NGS subcohort (Table 1), to
TRBV20-1 staining using a commercial monoclonal 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 (ex-
emplarily shown in Figure 2Aa), many samples showed a
patchy distribution of TRBV20-1 signals (exemplarily shown
in Figure 2Ab) 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 (exemplarily shown in Figure 2Ac). Match-
ing 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 usage, taking up between 87.5% and 100% of the ma-
lignant repertoire. Samples with heterogeneous or negative
staining results showed variable levels of TRBV20-1 usage
(Figure 2B). In the most frequent lymphoma entities of this
cohort — AITL, PTCL NOS and anaplastic large cell lymphoma
— 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 hetero-
geneity at single-cell resolution, we performed TCR and
single-cell RNA sequencing on enriched lymphoma cells
from two patients, patient 055 with T-cell prolymphocytic
leukemia and patient 056 with AITL.

The integration of these lymphoma cells with T cells from
two healthy individuals retrieved from Herrera et al.* (sam-
ple 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 repre-
senting different lymphoma subentities (Figure 3A). The
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Figure 1. Inmunosequencing of T-cell receptor repertoires of T-cell lymphoma tissue. (A) T-cell receptor (TCR) repertoire metrics
of healthy blood (N=121) and lymphoma tissue (N=19). For patients with multiple samples, the earliest timepoint was used. Sta-
tistics: analysis of variance (ANOVA). (B) Frequency of unique V(D)J rearrangements in selected individual repertoires. Each dot
represents a unique rearranged complementarity-determining region 3 (CDR3) amino acid sequence where the radius reflects
clone size in the 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 ten contributing V
genes responsible for group differences at principal component 2. The dashed line indicates the threshold. Statistics: multivar-
iate ANOVA 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. ****P<0.0001.
(F) TCR repertoire metrics for lymphoma samples at initial diagnosis and after progression. Statistics: ANOVA. T-NHL: T-cell
non-Hodgkin lymphoma; AITL: angioimmunoblastic T-cell lymphoma; PTCL-NOS: peripheral T-cell lymphoma, not otherwise spec-
ified; PC: principal component; ID: initial diagnosis.
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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), distributed patchily (b) or negative (c).
Magnification of the indicated examples on the right, 123x. The scale bar represents 200 um. (B) Left panel: TRBV20-1 frequency
(next-generation sequencing) and grouped total cell fluorescence for TRBV20-1. Right panel: summary of detected TRBV20-1
staining pattern per lymphoma entity. DAPI: 4,6-diamidino-2-phenylindole; AITL: angioimmunoblastic T-cell lymphoma; PTCL,
NOS: peripheral T-cell lymphoma, not otherwise specified; ALCL: anaplastic large-cell lymphoma; MEITL: monomorphic epithe-
liotropic intestinal T-cell lymphoma; T-LGLL: T-cell large granular lymphocytic leukemia; PTCL TFH: peripheral T-cell lymphoma
with T follicular helper phenotype; NKTCL: natural killer/T-cell lymphoma; SS: Sézary syndrome; T-PLL: T-cell prolymphocytic
leukemia; EATL: enteropathy-associated T-cell lymphoma; SPTCL: subcutaneous panniculitis-like T-cell lymphoma; MF: mycosis

fungoides.

integrated lymphoma cells displayed moderate expression
of CCR7 and LEFT reminiscent of naive-like peripheral T
cells,” but otherwise did not exhibit a clear shared tran-
scriptomic profile relating to a distinct functional canonical
T-cell subset (Online Supplementary Figures S3 and S4).
Profiling for T_, markers, revealed CD4 expression in the
lymphoma samples (Online Supplementary Figure S3) and
high levels of /ICOS and /L217 in the AITL case (Online Sup-
plementary Figure S5). Notably, downregulation of CCR7 as
well as LEFT activity are associated with the initiation of T,
differentiation programs.**“5 In line with the phenotype of
circulating T, cells,** we did not detect BCL6 expression
in the majority of cells (Online Supplementary Figure S3).
Furthermore, lymphoma cells showed expression of T-cell
lymphoma-associated genes such as GATA3 and TOX and
were characterized by high expression of EPHB1, CYP46A1
and TLR2 (Online Supplementary Figures S3 and S4). The
receptor tyrosine kinase EPHB1 is linked to proliferation
and metastasis in solid cancers,* CYP46A1 acts in choles-
terol 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.*849

Next, we analyzed the distribution of TCR 3 and o rearrange-
ments 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 monoclo-
nality for a TRBV5-1 rearrangement, but the a chain rear-
rangement was also monoclonal (TRAV13-1 rearrangement).
In line with this, the transcriptional profile was rather ho-
mogeneous in this case. Module expression of genes regu-
lated by MYC, signal transduction by p53, TNF signaling and
NFkB signaling were uniformly high in monoclonal T cells
(Figure 3B). In patient 056, single-cell sequencing showed
several distinct subclones with different configurations of
the p and a chain rearrangements. Two dominant § and
o 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 f (TRBV3-1) and a
(TRAV29/DV5) rearrangements showed transcriptomes that
were more driven towards MYC and TGF signaling (Figure
3C) as well as MAP kinase activity, histone modification

and cell cycle activity (data 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 to-
wards JAK/STAT signaling and showed more overlap with
non-malignant T cells (Figure 3C). This suggests that the
transcriptomes expressed in this case were dictated by
the respective TCR configuration (Figure 3C).

Together, these data demonstrate 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 T-cell receptor clonality demonstrate the sequence

of transforming events

Next, we wanted 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 encom-
passing the most frequent driver alterations for T-cell
lymphoma (Online Supplementary Table S2). 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 nine of 17 cases and DNMT3A in two of 17
cases.?%% Although all lymphomas were classified by an
experienced reference pathologist, the reported frequent
co-occurrence of IDH2 and RHOA mutations in TET2-mutat-
ed AITL®*® was not reflected in our relatively small cohort.
A comparison of variant allele frequencies within the same
patient revealed distinct patterns: certain genetic alter-
ations were classified as founder lesions, likely present in
every lymphoma cell, while others were classified as sub-
clonal, 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 finding suggests that
a single driver mutation serves as the foundation for the
subsequent development of diverse subclones with het-
erogeneous TCR rearrangements in the majority of T-cell
lymphoma patients.

Clonal tiding
Finally, we explored clonal tiding of T-cell lymphomas over
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the course of treatment. The analysis of TCR repertoire were available at different timepoints (Figure 5A). While
overlap between lymphoma tissue from the same patients some clones were shared between the timepoints (marked
at different timepoints suggested substantial clonal tiding in red), a substantial number of clones did not reappear
with only limited clonal overlap at disease progression. This in consecutive samples. Lymphoma tissue from different
is shown in exemplary patient 010 for whom four samples patients did not show any clonal overlap, as illustrated in
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Figure 3. Single-cell analysis of sorted lymphoma cells from two patients. (A) A t-distributed stochastic neighbor embedding
(t-SNE) plot of an integrated single-cell RNA dataset encompassing 985 lymphoma T cells from a patient with T prolymphocyt-
ic leukemia (patient 055), 479 lymphoma T cells from a patient with angioimmunoblastic T-cell lymphoma (patient 056) and 4,373
T cells from two healthy donors. Cells are colored by cluster or sample origin. (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 Gene Ontology 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 depict-
ed in the stacked bar plot. (C) UMAP of lymphoma cells from patient 056 as presented in (B). T cells with at least one clonotyp-
ic T-cell receptor rearrangement are highlighted in color within the UMAP. Proportions of cells with at least one clonotypic rear-
rangement are depicted in the stacked bar plot per cluster (C1-5). tSNE: t-distributed stochastic neighbor embedding; M1:
malignant cluster one; M2: malignant cluster two; T4N: naive CD4* T cells; T4: CD4* T cells; CM: central memory T cells; gdT: y0T
cells; aT8: activated CD8* T cells; TC17-like: interleukin 17 producing-like CD8* T cells; cT: cytotoxic T cells; Th1: T helper 1 cells;
T-PLL: T-cell prolymphocytic leukemia; AITL: angioimmunoblastic T-cell lymphoma;
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the control panel.

To investigate clonal dynamics on selective treatment pres-
sure 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 timepoints of disease
progression. We hypothesized that the cellular co-occur-
rence of one or more driver lesions with a clonotypic TCR

E. Willscher et al.

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 dy-
namic patterns that either constantly contracted, expanded
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Figure 4. Overview matrix over T-cell receptor clonality of the respective dominant clone and variant allele frequency of each de-
tected single mutation in all evaluable samples. TCR: T-cell receptor; AITL: angioimmunoblastic T-cell lymphoma; T-LGLL: T-cell
large granular lymphocytic leukemia; PTCL NOS: peripheral T-cell lymphoma, not otherwise specified; VAF: variant allele frequency.
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Figure 5. Clonal tiding of T-cell lymphomas over the course of treatment. (A) Clonal overlap in lymphoma specimens from patient
010 sampled at different timepoints during the course of the disease. Shared identical T-cell receptor (TCR) rearrangements are
displayed in red. A control plot shows the lack of TCR overlap between lymphoma tissue from different patients. (B) Four different
dynamic patterns (indicated as purple, green, yellow, red) of 17 driver mutations in a case of angioimmunoblastic T-cell lymphoma
(AITL) (patient 003) over the course of treatment as determined using gene panel sequencing. (C) Clustering and principal compo-
nent analysis of the 547 unique TCR clonotypes in the lymphoma tissue of AITL patient 003 present at all sampled timepoints. The
dynamic trajectories of the clustered clonotypes are shown on the right. (D) Illustration of the assembled mutational and clonal
information over three disease progressions. Circle size represents cumulative variant allele frequency of the mutations. ID: initial

diagnosis; VAF: variant allele frequency; PC: principal component.

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 timepoints. For this, we used the nor-
malized clonotype frequencies over the time course and
generated an Euclidean distance matrix. Using hierarchical
clustering, we identified four distinct patterns of clonotype
dynamics. We generated a principal component plot based
on the normalized clonotype trajectories, color-coded the
four different patterns and plotted their mean trajectories
(Figure 5C). Surprisingly, the four trajectories matched ex-
actly the four driver mutation trajectories. This implies 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 associ-
ated with them. 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 during the course of
treatment.

Discussion

In the past decades, cancer research and especially mas-
sive genomic sequencing studies have contradicted the
former paradigm of a linear evolution of malignancies. It
has become clearer that the clonal evolution of solid tu-
mors 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. Hematologic 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 challenge this view for a broad
variety of T-cell lymphoma entities. Almost half of our
studied cases showed oligoclonality for the lymphoma

TCR 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 the origin of malignant clones in Sézary
syndrome.®®

Moreover, the remarkable overrepresentation of TRBV20-1
rearrangements across all lymphoma subtypes suggests that
this receptor configuration acts as a fundamentally relevant
tumor driver in the development of these diseases. Fur-
thermore, this work provides insights into 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 which could be demonstrated
at the timepoint of first disease relapse. In the past years
it has been frequently shown that specific treatments do
not suppress all existing tumor subclones equally but may
select for more aggressive, treatment-resistant clones.5"%®
The pronounced clonal complexity of neoplastic diseases
that already exists at the time of diagnosis may provide the
cause for this observation. Therefore, in clonally complex
diseases, profiling and therapeutic targeting of all coex-
isting 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 the light of our data.
The replacement of the dominant clone by others during
the course of treatment may open up the possibility of
re-treatment with a regimen on which the patient has pre-
viously 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 of using chimeric antigen receptor T cells for pre-
cision targeting of T-cell lymphomas has failed so far
because of the lack of targets that are reliably expressed
on the malignant T cells, but not on healthy T cells.5%6°
Recent studies demonstrated successful targeting of single
TCR variable p chains with either bispecific antibodies®
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or chimeric antigen receptor T cells® while leaving the
postulated non-malignant T-cell compartment intact.
However, our TCR clonality data call for caution to use
a single TCR rearrangement as a reliable target due to
the observed widespread oligoclonality and potential for
regrowth from a more immature precursor cell with al-
ternative TCR rearrangements.

Beyond its therapeutic implications, our research holds
the potential to reshape the interpretation of studies con-
ducted 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 man-
uscripts, classification relied predominantly on the iden-
tification 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 the research by Zhu et al.®® and Liu et al.® In the light
of the findings presented in our work, this prevailing par-
adigm must be questioned, urging a reassessment of the
results obtained. 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 could help to separate non-malignant
bystander clonotypes and may have clinical relevance re-
garding phenotype plasticity.+®

Taken together, our data confirm the high degree of clonal
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