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Abstract

Background—Secondary cancer risk after CAR T-cell therapy is an emerging concern,
especially T-cell neoplasms related to viral vector integration.
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Methods—The clinical experience with adoptive cellular CAR therapy at Stanford since 2016
was reviewed and the occurrence of second malignancies ascertained. In one case of secondary
T-cell lymphoma, a broad array of molecular, genetic, and cellular techniques were used to
interrogate the tumor, the CAR-T cells, and the normal hematopoietic cells in the patient.

Results—We describe the second cancer risk in 724 patients receiving T-cell therapies at our
center. We identified a lethal T-cell lymphoma after axicabtagene ciloleucel therapy for DLBCL,
and deeply profiled both tumors. Each lymphoma had molecularly distinct immunophenotypes
and genomic profiles, but both were EBV+ and associated with DNMT3A and TET2 mutant
clonal hematopoiesis. We found no evidence of oncogenic retroviral integration using multiple
techniques.

Conclusion—These results highlight the rarity of secondary neoplasms, while providing a
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framework for defining clonal relationships and viral vector monitoring.

(Funded by NCI and others.)

Introduction:

Despite the remarkable therapeutic efficacy of commercial chimeric antigen receptor (CAR)
T-cell therapies,1 concerns over toxicities remain. Recent reports described cases of
post-infusion T-cell lymphoma (TCL) after CAR therapy, which can be associated with
integration of the CAR T-cell vector into the malignant lymphocytes!0-15, These reports
mirror prior concerns over vector integration causing direct tumorigenesis after gene
therapy16-18,

The concern over vector integration leading to T-cell leukemia/lymphoma (TCL) was
highlighted by a recent Food and Drug Administration (FDA) announcement focused on
gathering evidence of additional post-CAR TCLs after commercial CAR T-cell therapy,
while also noting that benefits of these therapies likely substantially outweigh potential
risks!L. Since this FDA alert describing 22 TCL cases with 3 interrogated for viral vectors,
another CD8* TCL was reported harboring a JAK3 lesion and diagnosed ~3 months after
commercial CAR19 therapy10. The TCL clone was identified at low levels in the blood
before CAR19 therapy, and vector levels in the clonal tissue were low. Accordingly, given
the relatively small number of reported cases thus far, additional comprehensive genetic
characterization of post-CAR TCLs remains essential to understanding the risk of potential
post-CAR malignancies, as well as defining the role of vector integration in malignant
transformation.

Here we report a single case of an Epstein-Barr virus positive (EBV*) TCL diagnosed 54
days after CAR therapy, when studying second malignancy incidence among 724 patients
infused with adoptive cellular therapies at our institution. We describe the molecular profile
of this TCL and the antecedent diffuse large B-cell lymphoma (DLBCL), through deep
molecular profiling of both tumors, including by flow cytometric immunophenotyping,
targeted and whole exome sequencing, as well as single cell RNA (scRNA) and DNA
(scDNA) sequencing of the incident TCL. We also describe the longitudinal blood profiling
of cell free DNA (cfDNA) for noninvasive genotyping of each tumor and for monitoring
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viral vectors, along with minimal residual disease (MRD) DNA monitoring of B- and T-cell

receptor clonotypes.

Detailed methods for all molecular techniques are available in the Supplementary Methods
section. Methods are additionally detailed in prior studies9-22,

Rarity of Secondary Cancers—We analyzed 791 cell therapy infusions (96.6% CAR

T cells, 0.8% cytokine induced killer T cells, 1.5% cytotoxic T lymphocytes, 1.1%

specific peptide enhanced affinity receptor T cells, hereafter referred to as CAR T-cell
therapy) administered to 724 unique patients at Stanford University Medical Center between
2/4/2016 and 1/15/2024 (Fig 1A, Table S1). After a median follow-up of 15 months, we
identified 25 second primary malignancies (SPM) excluding non-melanoma skin cancers. Of
14 hematologic SPMs 13 were myelodysplastic syndrome or acute myeloid leukemia, and

1 was TCL. Eleven SPMs were solid tumors (4 melanomas, 2 prostate carcinomas, 2 breast
ductal carcinomas, 1 endometrial adenocarcinoma, 1 lung adenocarcinoma, and 1 metastatic
mesothelioma, Fig S1A-B, Table S2). The cumulative incidence of hematologic SPM at 3
years was 6.5% reflecting the rarity of post-CAR SPM as previously reported1:23.24,

A rare post-CAR19 TCL case

Results:

This index TCL arose in a 59-year-old female who received CAR19 therapy for a Stage IV
EBV* DLBCL, originally presenting in the lymph nodes (LN) and bone marrow (BM). Of
note, the patient had a history of psoriasis and eosinophilic fasciitis treated with multiple
agents over three years before developing lymphoma (Fig 1B, Fig 2A). After early failures
of primary frontline DLBCL induction and second line chemoimmunotherapy regimens,
the patient received axicabtagene ciloleucel (axi-cel) CAR19 therapy. Despite achieving a
partial metabolic response on day 28 (D+28), the patient subsequently developed significant
pancytopenia. On D+54, BM biopsy revealed hemophagocytic lymphohistiocytosis (HLH)
associated with a CD3*CD4*EBV* T-cell lymphoma, with positron emission tomography—
computed tomography (PET-CT) confirming widespread nodal and marrow disease burden
(Fig 1B, Fig 2B). After substantial decline of her performance status, the patient was unable
to receive TCL treatment and succumbed to disease on D+62. Of note, this index patient
was among 5 total EBV* DLBCL cases in our cohort, with 3 other patients experiencing
disease progression by D+90 (2 biopsy proven DLBCL relapses, 1 radiographic tumor
progression at original primary anatomic site), and 1 patient remaining in remission after
CARL19, despite developing a secondary melanoma.

To better understand any potential role for CAR19 vector integration in driving the index
TCL, we performed comprehensive profiling of longitudinal samples from the patient (Fig
1B, Table S3). Immunohistochemical (IHC) features of the original DLBCL were consistent
with an aggressive mature B-cell neoplasm with non-germinal center B phenotype (non-
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GCB), expressing CD19, CD20, and EBV Encoded small RNA (EBER) in the atypical
large B cells, and without evidence for MYC, BCL2, or BCL6 aberrations by fluorescent

in situ hybridization. Importantly, at time of DLBCL diagnosis no obvious morphologically
abnormal T-cell population was observed, with T cells being EBER negative (Fig 2A,
Supplemental Note 1, Fig S1C). In contrast, the subsequent EBV* TCL was found to

be CD3*CD4*CD8 EBER™, with no evidence of residual DLBCL by morphological or
molecular criteria (Fig 2B).

Minimal Residual Disease (MRD) monitoring of the leukocytes from the peripheral blood
(PB) and BM revealed rapid eradication of B-cell lymphoma after axi-cel, when using
immunoglobulin high throughput sequencing to track the DLBCL B-cell receptor (BCR)
immunoglobulin heavy chain clonotype (Fig 2C). Similarly, using simultaneous tumor and
effector cell profiling (STEP) of cell-free DNA with CAPP-Seq?1, we again observed
clearance of the prior B-cell lymphoma derived circulating tumor DNA (ctDNA, Fig 2D).
We further performed TCR tracing and found that the dominant 7CRB clonotype of the TCL
identified in the day +54 BM sample was also detectable before infusion in the D-88 lymph
node and D-50 blood at low levels (0.006% and 0.0005% of cells respectively; Fig 2C).
This same 7CRB clonotype emerged on D+28 in the periphery and then dominating cfDNA
by D+54 (Fig 2D). Axi-cel expansion in the peripheral blood measured by flow cytometry
(Fig 2E, Fig S2A) demonstrated a normal peak® and remained at low levels until D+54.
Coincident with development of the TCL clone and HLH, the plasma viral load for EBV
also rose dramatically following CAR19 therapy (Fig 2F).

Shared & Distinctive Tumor Molecular Profiles

To better understand the clonal relationships between this TCL relative to the antecedent
DLBCL, we performed comprehensive genetic profiling using CAPP-Seq and whole exome
sequencing of three pre-infusion tumor samples (T1-3), four longitudinal plasma samples
(P1-4), and the TCL itself (T4, Fig 1B, Fig 2G). Gene expression profiles inferred
noninvasively from plasma using EPIC-seq?® demonstrated increased expression of several
immune cell and inflammatory markers alongside CD3 and CD4, consistent with origination
of the TCL in the background of HLH (Fig 2G panel 1, Fig S2B). Molecular profiling of the
DLBCL demonstrated a mutation pattern consistent with prior EBV+ B-cell lymphoma?6.27
that was not detected in the TCL sample (Fig 2G panel 2). Though the aggregate ctDNA
MRD level was below the limit of detection, a single CPEBZ mutation originally present

in DLBCL tumors was also detected in D+54 plasma; as such, small amounts of residual
DLBCL or its progenitor clone could not be entirely ruled out. Conversely, the index TCL
demonstrated a mutational spectrum consistent with mature T-cell neoplasms, including an
emergent FYNVR176C activating mutation that was not present in the original DLBCL (Fig
2G panel 3). Both DLBCL and TCL tumor specimens contained mutations in 7£72and
DNMT3A at high variant allelic fractions suggesting derivation from clonal hematopoiesis
(Fig 2G panel 4). The DLBCL tumor harbored a chr3q amplification and ch7q deletion
which were absent in the TCL, while the TCL harbored a chrlq amplification and chr6q
deletion that were not detectable in the DLBCL tumor (Fig 2G panel 5, Fig S2C).
Collectively, these data suggest that while the DLBCL and TCL were molecularly distinct,
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the presence of and shared lesions including mutations in 7E72and DNMT3A implicate a
common progenitor.

Evidence against oncogenic vector expression

To better define the phenotype of this post-CAR19 TCL and assess it for presence of

the viral vector, we performed scRNA profiling of the bone marrow in the axi-cel treated
patient using single cell RNA sequencing (SCRNA-seq), relying on 2 axi-cel products and

5 healthy adults as positive and negative controls for the retroviral vector, respectively (Fig
3A, Fig S3A-B). Within bone marrow cells from the index lesion, we could readily identify
a distinctive T-cell cluster representing the malignant T cells (Fig S3C-D). These T cells
were highly clonal when considering diversity at TCR loci (Fig S3E) and had a CD3*CD4*
and CD8™ phenotype, consistent with the immunophenotype determined by histopathology
(Fig S3F). The dominant TCRB clone found in these single cells was indeed identical with
that found in the plasma cfDNA by STEP, as well as in the TCL tumor by VDJ profiling
using clonoSEQ (Fig 2C-D, Fig 3B).

Inferred copy number profiles of the single cells within the malignant clone demonstrated
changes consistent with previously discovered structural rearrangements including 6q loss
and 1q gain (Fig S3G) and EBV positivity (Fig S3H). The expressed gene program
discovered in scCRNA sequencing included BALF3-5, LF1-2, and BARFOsuggesting an
EBV-related lytic expression pattern?8. A gene expression profile in the tumor along with
its mutation pattern and histopathology were most consistent with PTCL-NOS (Fig S31)%°.
Axi-cel vector transgene mRNA was conspicuously absent from the TCL tumor specimen
(Fig 3C), and consistently, flow cytometry profiling of the bone marrow specimen for
surface CAR19 protein levels (FMC63) also failed to support vector expression (Fig S2A).
Collectively, these data highlight the absence of evidence to directly implicate axi-cel vector
activity at the RNA or protein level in this index TCL.

Evidence against oncogenic vector integration

We next considered whether cryptic axi-cel integration into this TCL genome may not lead
to axi-cel RNA or protein expression, yet nevertheless serve as an oncogenic event. As a
first step to validate our single cell RNA and protein expression profiling results, we began
by testing the index TCL for presence of integrated vector DNA sequences by quantitative
PCR (gPCR), comparing levels to D+14 circulating leukocytes, when axi-cel was detected
as 3.61% of T cells by flow cytometry (Fig S2A). While axi-cel was reliably detected in
D+14 control leukocytes as expected, it was not detected in bone marrow cells containing
the TCL above the limit of detection of the assay (Fig S4A).

We also considered whether cryptic retroviral integration and associated structural
derangements may occur segmentally, leading to fragments of the integrated axi-cel vector
that may not be detectable using a single set of primers. To address this possibility, we first
tested for evidence of axi-cel integration into the TCL genome using a 112-probe hybrid
capture panel?! consisting of overlapping 120 bp probes directed against the entire axi-cel
retroviral vector (Fig S2B). Using this approach and consistent with our previous results, the
axi-cel vector was not detectable in the index TCL sample, despite being reliably detected
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at D+7 and D+21 in plasma cfDNA as well as D+14 in circulating leukocytes, as expected
during CAR19 T-cell expansion (Fig 2E).

To test the presence of axi-cel DNA more definitively in the index lesion at single cell
resolution, we next targeted 11 tiled amplicons spanning the length of the integrated axi-

cel vector (Fig S4B). Using cytopenic bone marrow aspirates from 7 unrelated patients
post-CAR19 (range D+137 — D+1561) as positive controls, we reliably detected low level
axi-cel signal in 5 of 7 controls at a frequency as low as 0.2% (range 0.2% - 1.1%, Fig

S4C). Amplicon DNA content per cell correlated with paired RNA-sequencing data within
the control subjects (Fig S4D). Concurrent cell surface protein analysis using antibody
probes demonstrated that >93% of axi-cel positive cells were identified as T cells, thus
validating the sensitivity and specificity of the assay (Fig S4E-H, Supplemental Note 2). The
presence of axi-cel in non-transformed bone marrow specimens up to four years after axi-cel
treatment indicates the need for caution before assigning vector integration as a method of
transformation. Indeed, persistence of CAR is expected at low levels for very prolonged
periods post infusion30.

Having established the accuracy of this single cell assay, we similarly characterized bone
marrow containing the index TCL using our ScONA panel with a total of 6723 cells
assayed. Using multiplexed antibodies to barcode and index each single cell, a population of
CD3*CD4*CD8™ T cells consistent with the TCL was again identified along with myeloid
cell populations (Fig 3G, Fig S4l). Remarkably, the pre-existing heterozygous DNMT3A
R882C and the TET2 L1212Vfs clones were present in 97.9% of these T cells (Fig 3H).
This finding provides strong evidence for the TCL to be both DNMT3A R882C and TET2
L1212Vfs mutant, and thus likely derived from lymphoid clonal hematopoiesis (L-CHIP)
present before infusion. The TET72clone was further characterized as hemizygous for
L1212Vfs, indicating a concurrent loss of heterozygosity event. Indeed, lineage tracing
analysis using copy number variation analysis in cells revealed a 7£72 deletion lacking
DNMT3A R882C and TET2 L1212Vfs in 31.5% of all cells (Fig 3D, Fig S4E), indicating
TET?2 loss of heterozygosity to be the founding clonal event. Following this event, the
presence of a subset of 7TE72deleted and DNMT3A mutant cells indicated DNMT3A
R882C mutation to be a subsequent clonal event. Finally, the L1212Vfs mutation was a third
clonal event leading to the founder progenitor clone from which the malignant population
derived (Fig S4J-K). The existence of the DNMT3A and TETZ2 clones throughout the
lymphoid and myeloid lineages in different proportions suggests the original clone derived
from a hematopoietic stem or progenitor cell (TET2 deletion + DNMT3A R882C + TET2
L1212Vfs was found in 35.8% of the myeloid population).

Despite direct identification of the index lesion at single cell resolution, axi-cel amplification
across all 11 amplicons was conspicuously absent, thus providing no evidence for
fragmented DNA integration of the vector as a mechanism of tumorigenesis (Fig 3F).
Collectively, these results demonstrate the clear absence of evidence to directly implicate the
viral vector in this TCL, as determined by multiple sensitive molecular assays to interrogate
retroviral vector DNA, RNA, and protein at single cell resolution.
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Discussion:

Second primary malignancies are now recognized as a risk after CAR19 therapy with

recent reports detailing higher reporting odds ratio for myeloid and T cell SPMs24. T-cell
lymphomas are of particular interest in this setting, due to the risk of CAR vector integration
contributing to oncogenesis. This study describes a comprehensive genomic profiling of a
TCL arising after commercial CAR19 at single cell resolution. The methods employed here
serve as a resource and a benchmark for characterization of post-CAR malignancies and

for vector monitoring. After surveilling for SPM across 724 patients who received cellular
therapy at our center, we found TCL to be rare, only accounting for a single case. No
evidence was found to implicate direct contribution from the engineered retroviral vector

in the index TCL at the DNA, mRNA, or protein level, and when interrogating circulating,
tissue resident, and cell-free anatomical compartments. We found this index TCL to be
molecularly distinct from the original DLBCL, without evidence for lineage-switch or
trans-differentiation. Instead, the TCL clone was first detected before infusion of CAR
T-cell therapy at D-88 and was associated with EBV* lymphoproliferation, novel structural
rearrangement, and a FY/Vactivating gene mutation. The pre-existing clonal population
retrospectively detected at D-88 in the LN was determined by TCRB detection at a low level
(0.006% of cells). While we are unable to definitively establish whether this clone reflects

a pre-malignant population or a mature, fully evolved neoplasm, the presence of this clone
at detectable levels before infusion supports an underlying susceptibility preceding CAR
treatment.

A bidirectional risk between B-cell lymphoma (BCL) and TCL3! is known where the
standardized incidence of TCL after BCL was described at approximately five-fold higher
than the general population. This increased incidence was highest in the first year post
diagnosis, possibly accounting for reports of TCLs arising within two years of CAR
treatment!?, In this prior report 354 TCLs were observed following 288,478 BCLs (0.12%).
Our observation of 1 TCL in 587 BCLs (0.17%, Table S1) is in line with these observations,
but the analysis would benefit substantially from a pooled multi-institutional analysis with
confirmatory molecular testing for CAR vector insertion.

Supporting a priori susceptibility to TCL transformation, the presence of a pre-existing
heterozygous DNMT3A R882C and hemizygous TET2 L1212Vfs co-mutant clones in this
patient suggests that underlying L-CHIP was likely a modifying factor in this malignancy,
even if alone insufficient to drive the T-cell neoplasm. Given the proclivity of EBV to
rarely infect hematopoietic stem and progenitor cells leading to chronic-active EBV32
combined with this patient’s known history of a prior EBV* B-cell malignancy and
underlying multilineage DNMT3A and TET2 mutations, we postulate that this tumor

was derived from a DNMT3A and TET2 comutant lymphoid progenitor (Fig 3G). This
study highlights the critical potential of L-CHIP mutations to transform into lymphoid
malignancies as previously reported32, and further suggests pre-existing susceptibility to
TCL3L, Such underlying TET2 and DNMT3A mutations are known to drive both EBV*
DLBCL?” and EBV* TCL34, thus implicating a common lymphoid progenitor in the
formation of both tumors. Given the prevalence of clonal hematopoiesis, screening all pre-
CAR patients for such mutations may be infeasible, especially since the likelihood of curing
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aggressive lymphoma could outweigh the rare risk of transformation of pre-existing clonal
hematopoiesis mutations. In such patients, an alternative pre-emptive strategy to intercept
SPMs after CAR T-cell therapies could involve more active noninvasive surveillance for
both the dynamics of CAR T cells and clonal hematopoiesis clones under selection, by
monitoring of cell-free DNA as described here. Caution is likely warranted if underlying
susceptibility mutations are present while treating non-malignant conditions such as
autoimmune disease with CAR T cells, especially when other drivers of lymphoproliferation
such as EBV are also present.

The tendency of TET2 or DNMT3A deficiency (but not both) to confer selective

fitness advantage for engineered T cells is well-known, especially in the CD8 lineage3®.
Nevertheless, despite the prevalence of the circulating CHIP clone harboring lesions in both
genes in this patient’s blood before leukapheresis, the emergent CD4* T-cell neoplasm was
devoid of vector integration. This surprising observation may perhaps reflect the CD4 versus
CD8 lineage-specific constraints for lymphoid clonal hematopoiesis, and/or gene-specific
effects36.

Here we found no evidence for axi-cel incorporation into this tumor by multiple techniques.
Our results are in contrast with rare prior reports using other therapeutic vectors including
transposons!3:14, These findings do agree with a recent report of another post-CAR TCL that
similarly did not demonstrate CAR19 integrationC. Importantly, the immunosuppression
associated with lymphodepleting chemotherapy, CAR-mediated inflammation, and B-cell
aplasia may each have contributed to the EBV-driven lymphoproliferation for the case
described here. Additional reports of EBV-driven TCL after CAR therapies would support
this hypothesis. This type of immunosuppression is a key long-term toxicity associated with
CAR19 therapy37-39 and underlies non-relapse mortality due to infection. Nevertheless,

in our cohort 4 additional patients with EBV* DLBCL did not develop subsequent
lymphoproliferative disorders, and limited prior reports have suggested that CAR19 therapy
can be safe in EBV* DLBCL?,

In summary, this analysis of 724 patients extends prior observations? to further suggest
that development of TCL CAR T-cell therapy is quite rare and may occur through various
mechanisms in susceptible patients. In our index case, despite comprehensive genetic
profiling, we could not find evidence for CAR vector integration into the TCL, or evidence
for CAR expression. Of note, given the known increased baseline risk of secondary T-

cell malignancies in patients with prior B-cell lymphomas even in the absence of CAR
therapies3!, when considering a sufficiently large population of patients, the observed T-cell
neoplasms after CAR therapies may reflect a bystander instead of a direct effect. In this
context, emerging data suggest that an inflammatory memory characterizes a special subset
of hematopoietic stem cells that expands with age and is enriched for somatic mutations
associated with clonal hematopoiesis*!. While this remains to be definitively determined,
we speculate that such mutant progenitors could be especially prone to CAR associated
inflammation and corresponding selection pressures.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Development of post-CAR19 T-cell lymphomaisrare.
A) Screening 724 patients treated with CAR T-cell therapy at Stanford reveals a

single T-cell lymphoma developed after standard of care axi-cel infusion. Experimental
products that were eventually approved for commercial distribution are included under

the commercial name in this figure for the purpose of clarity. B) The index patient

was a 59-year-old female with an EBV* DLBCL refractory to RCHOP and RGemOx
chemotherapy. She subsequently developed an EBV* PTCL-NOS noted on day 54 leading
to hemophagocytic lymphohistiocytosis and death. Axi-cel — axicabtagene autoleucel.
Timepoints for major sequencing experiments used in this manuscript are listed in the
timeline. DLBCL - Diffuse large B-cell lymphoma, TCL — T-cell lymphoma, RCHOP

— Rituximab, cyclophosphamide, hydroxydaunorubicin (Adriamycin), oncovin/vincristine,
and prednisone, R-RGemOx - rituximab, gemcitabine, oxaliplatin, CRS — cytokine release
syndrome, ICANS — immune effector cell associated neurotoxicity syndrome, MTX —
methotrexate, MMF — mycophenolate mofetil, HLH — hemophagocytic lymphohistiocytosis.
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Figure 2: Clinical and molecular characteristics of theindex TCL suggest molecular distinction
from the DLBCL clone.

A) Immunohistochemistry (IHC) of the original DLBCL tumor in the lymph node
demonstrated an abnormal large cell population that was CD19*CD20*EBER™. B) IHC

of the CD3*CD4*CD8 EBER™ index T-cell lymphoma C) BCR Clonotype analysis; loss
of DLBCL BCR detection after axi-cel infusion measured by cellular profiling of the LN,
blood and bone marrow (clonoSEQ). Longitudinal data points depicted in order from: 1)
DLBCL lymph node at Day —88, 2) peripheral blood at Day —50, 3) peripheral blood at
Day 25, 4) Bone marrow harboring TCL. TCRB tracing was performed by identifying the
dominant clone in the index bone marrow specimen and determining clonal abundance in
prior samples normalized as clones per million nucleated cells (see Methods). D) CAPP-Seq
profiling of the plasma. There was low-level detection of the original DLBCL at the time of
axi-cel infusion which subsequently became undetectable by. At D+28 a novel TCR clone
associated with the index TCL was detectable in the plasma by DNA capture profiling.
This clone dominated circulation at the time the TCL became clinically apparent. E) Axi-

N Engl J Med. Author manuscript; available in PMC 2024 August 21.
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cel expansion and retraction measured by hybridization capture sequencing (CAPP-Seq,
solid line) and flow cytometry (dotted line). F) Concurrent with development of the index
TCL EBV titers rose dramatically in clinical profiling of the plasma. G) Comprehensive
molecular profiling of longitudinal samples by CAPP-Seq. Panel 1 demonstrates increased
malignant TCR clonal load and increased EBV expression in conjunction with gain of CD3
and CD4 expression measured by TSS entropy (EPIC-seq). Grey boxes with diagonal line
indicate no data available. Panels 2 and 3 demonstrate the molecular mutational spectrum
associated with the original DLBCL and the index TCL are distinct providing no evidence
of trans-differentiation of the original B-cell malignancy. Grey boxes indicate the mutation
is not detected. Panel 4 demonstrates high burden of pre-existing DNMT3A and TET?2
clonal hematopoiesis which was present at the time of diagnosis and remained at high levels
throughout the patient’s course. Panel 5 demonstrates the presence of copy number variation
in the original DLBCL and the index TCL. DLBCL has a distinct chr3q gain whereas

the TCL has a distinct chrlg and chr6q loss. BCR — B-cell receptor. CAPP-Seq - CAncer
Personalized Profiling by deep Sequencing. TCR — T-cell receptor. EBV — Epstein-Barr
virus. TSS — transcription start site. LN — lymph node. BM — bone marrow.
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Figure 3. RNA and DNA profiling of theindex TCL at single cell resolution shows no evidence of
axi-cel vector integration.

A) scRNA analysis of the index patient marrow versus five healthy control marrows
demonstrates distinct clustering of the pathologic marrow consistent with the presence

of TCL and HLH. B) Single cell TCR sequencing reveals the previously described TCL
clone found in the plasma matches the T-cell cluster present in the index lesion. C)

There is complete absence of axi-cel mMRNA expression at single cell resolution in the
index TCL. D) Cell surface antibody profiling combined with single cell DNA profiling
again reveals the characteristic CD3*CD4*CD8- malignant clone clustering separately
from myeloid cell types. E) scDNA profiling of the pre-existing DNMT3A R882C, TET2
deletion, and TET2 L1212Vfs clone. The myeloid populations also have the same clonal
hematopoiesis mutations detected. The TET2 L1212Vfs clone is hemizygous following an
initiating 7TE72single copy deletion that preceding the DNMT3A and TETZ mutations.
Annotations as follows: TET2 del/wt — TET2 deletion only, TET2 del/wt + DNMT3A
mut/wt — TET2 deletion + DNMT3A R882C, TET2 del/mut + DNMT3A mut/wt — TET2
deletion + DNMT3A R882C + TET2 L1212Vfs. F) scDNA sequencing of axi-cel using an
11-amplicon panel tiled across the axi-cel vector again fails to demonstrate any evidence
of axi-cel integration into the index TCL. SCRNA - single cell RNA. scDNA - single cell
DNA. UMAP - Uniform manifold approximation and projection. Red circles indicate T-cell
lymphoma cluster location in each UMAP plot. G) Schematic of parallel development of
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LBCL and TCL from a common hematopoietic progenitor cell population. Single cell DNA
sequencing data indicates a linear accumulation of clonal hematopoiesis (7£72 deletion —
DNMT3A R882C mutation — TET2 L1212fs mutation). The presence of this mutation

in all cell populations in sScDNA sequencing data indicates the founder population was

in hematopoietic stem cells which propagated into the common lymphoid progenitor and
common myeloid progenitor (CLP and CMP). Both the DLBCL and TCL tumors contain
recombined BCR and TCR respectively consistent with mature lymphoid neoplasms and
indicating the DLBCL was derived after germinal center maturation and the TCL was
post-thymic. EBV-activation due to immune suppression were likely common events in both
tumors but led to unique subsequent mutation and structural variation that resulted in the
mature neoplasm. The malignant clones can be traced both by their respective BCR and
TCR sequences as well as their unique mutational and structural changes. TCR — T-cell
receptor, BCR — B-cell Receptor, BM — bone marrow, CH — clonal hematopoiesis.
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