the NEW ENGLAN D
JOURNAL of MEDICINE

ESTABLISHED IN 1812 JUNE 13, 2024

VOL. 390 NO. 22

Risk of Second Tumors and T-Cell Lymphoma

after CAR T-Cell Therapy

Mark P. Hamilton, M.D., Ph.D., Takeshi Sugio, M.D., Ph.D., Troy Noordenbos, M.D., Ph.D., Shuyu Shi, B.Med.,
Philip L. Bulterys, M.D., Ph.D., Chih Long Liu, Ph.D., Xiaoman Kang, B.S., Mari N. Olsen, B.S.,
Zinaida Good, Ph.D., Saurabh Dahiya, M.D., Matthew J. Frank, M.D., Ph.D., Bita Sahaf, Ph.D.,

Crystal L. Mackall, M.D., Dita Gratzinger, M.D., Ph.D., Maximilian Diehn, M.D., Ph.D.,
Ash A. Alizadeh, M.D., Ph.D., and David B. Miklos, M.D., Ph.D.

ABSTRACT

BACKGROUND

The risk of second tumors after chimeric antigen receptor (CAR) T-cell therapy,
especially the risk of T-cell neoplasms related to viral vector integration, is an
emerging concern.

METHODS

We reviewed our clinical experience with adoptive cellular CAR T-cell therapy at our
institution since 2016 and ascertained the occurrence of second tumors. 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

A total of 724 patients who had received T-cell therapies at our center were in-
cluded in the study. A lethal T-cell lymphoma was identified in a patient who had
received axicabtagene ciloleucel therapy for diffuse large B-cell lymphoma, and
both lymphomas were deeply profiled. Each lymphoma had molecularly distinct
immunophenotypes and genomic profiles, but both were positive for Epstein—Barr
virus and were associated with DNMT3A and TET2 mutant clonal hematopoiesis.
No evidence of oncogenic retroviral integration was found with the use of multiple
techniques.

CONCLUSIONS
Our results highlight the rarity of second tumors and provide a framework for
defining clonal relationships and viral vector monitoring. (Funded by the National
Cancer Institute and others.)
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ESPITE THE REMARKABLE THERAPEU-

tic efficacy of commercial chimeric anti-

gen receptor (CAR) T-cell therapies,?
concerns over toxicities remain. Recent reports
described cases of postinfusion T-cell lymphoma
after CAR T-cell therapy, which can be associated
with integration of the CAR T-cell vector into the
malignant lymphocytes.!®" These reports mirror
previous concerns over vector integration caus-
ing direct tumorigenesis after gene therapy.'®®

The concern over vector integration leading
to T-cell leukemia or lymphoma was highlighted
by a recent Food and Drug Administration (FDA)
announcement® that focused on gathering evi-
dence of additional T-cell lymphomas after com-
mercial CAR T-cell therapy, although the an-
nouncement also noted that the benefits of these
therapies probably outweigh substantially the
potential risks.!* Since the release of this FDA
alert describing 22 cases of T-cell lymphoma,
with three of the lymphomas containing viral
vectors, another CD8+ T-cell lymphoma was re-
ported to harbor a JAK3 lesion and was diag-
nosed approximately 3 months after commercial
CD19-targeting CAR T-cell (CAR19) therapy.'?
The T-cell lymphoma clone was identified at low
levels in the blood before the administration of
CAR19 therapy, and vector levels in the clonal
tissue were low. Accordingly, given the relatively
small number of reported cases thus far, addi-
tional comprehensive genetic characterization of
T-cell lymphomas after CAR T-cell therapy re-
mains essential for understanding the risk of
potential tumors with this therapy, as well as for
defining the role of vector integration in malig-
nant transformation.

We studied the incidence of a second tumor
among 724 patients who had received infusions
of adoptive cellular therapies at our institution
and report a single case of an Epstein—Barr virus—
positive (EBV+) T-cell lymphoma that was diag-
nosed 54 days after CAR T-cell therapy. We
describe the molecular profile of this T-cell lym-
phoma and the antecedent diffuse large B-cell
lymphoma (DLBCL) through deep molecular pro-
filing, including flow cytometric immunophe-
notyping, targeted and whole-exome sequenc-
ing, and single-cell RNA and DNA sequencing of
the incident T-cell lymphoma. We also describe
profiling of serially collected plasma samples of
cell-free DNA (cfDNA) for noninvasive genotyping,

viral vector monitoring, and minimal residual
disease assessment.

METHODS

A detailed description of the methods for all the
molecular techniques is available in the Supple-
mentary Methods section in the Supplementary
Appendix, available with the full text of this ar-
ticle at NEJM.org. These molecular techniques
have also been described in previous studies.**

CASE REPORT

Rarity of Secondary Cancers

We analyzed 791 therapeutic cell infusions in
724 unique patients at Stanford University Medi-
cal Center between February 4, 2016, and Janu-
ary 15, 2024 (Fig. 1A and Table S1 in the Supple-
mentary Appendix). A total of 96.6% of the
infusions were with CAR T cells, 0.8% were
with cytokine-induced killer T cells, 1.5% were with
cytotoxic T lymphocytes, and 1.1% were with
specific peptide-enhanced affinity receptor T cells
(hereafter referred to as CAR T-cell therapy).
After a median follow-up of 15 months, we iden-
tified 25 second tumors, excluding nonmelano-
ma skin cancers. Of 14 hematologic second tu-
mors, 13 were associated with myelodysplastic
syndrome or acute myeloid leukemia and 1 was
a T-cell lymphoma. Eleven second tumors were
solid tumors (4 melanomas, 2 prostate carcino-
mas, 2 breast ductal carcinomas, 1 endometrial
adenocarcinoma, 1 lung adenocarcinoma, and 1
metastatic mesothelioma) (Fig. S1A and S1B and
Table S2). The cumulative incidence of a hema-
tologic second tumor at 3 years was 6.5%, a
finding that reflects the rarity of an incident
second tumor after CAR T-cell therapy as previ-
ously reported.’>**

A Rare Case of T-Cell Lymphoma after CAR19
Therapy

The index T-cell lymphoma occurred in a 59-year-
old woman who had received CAR19 therapy for
stage IV EBV+ DLBCL that had originally mani-
fested in the lymph nodes and bone marrow. Of
note, the patient had a history of psoriasis and
eosinophilic fasciitis, which had been treated with
multiple agents over a 3-year period before the
development of lymphoma (Fig. 1B and Fig. 2A).
After early failures of frontline induction therapy
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for the primary DLBCL and second-line che-
moimmunotherapy regimens, the patient received
CAR19 therapy with axicabtagene ciloleucel
(axi-cel). Despite that a partial metabolic re-
sponse was observed on day 28, clinically sig-
nificant pancytopenia subsequently developed in
the patient. On day 54, bone marrow biopsy re-
vealed hemophagocytic lymphohistiocytosis as-
sociated with CD3+CD4+CD8-EBER+ T-cell lym-
phoma, with positron-emission tomography—
computed tomography (PET-CT) confirming
widespread nodal and marrow disease burden
(Figs. 1B and 2A). After a substantial decline in
the patient’s performance status, she was unable
to receive treatment for T-cell lymphoma and
died of disease on day 62. Of note, the case in
this index patient was among five cases of EBV+
DLBCL treated with axi-cel in our cohort; three
other patients had disease progression by day 90
(two biopsy-proven relapses of DLBCL and one
radiographic tumor progression at the original
primary anatomical site), and one patient re-
mained in remission after CAR19 therapy, de-
spite the development of a secondary melanoma.

RESULTS

TUMOR PROFILING AND BLOOD MONITORING
To better understand any potential role for
CAR19 vector integration in driving the index
T-cell lymphoma, we performed comprehensive
profiling of serially collected plasma samples
from the patient (Fig. 1B and Table S3). Immu-
nohistochemical features of the original DLBCL
were consistent with an aggressive mature B-cell
neoplasm with a nongerminal center B pheno-
type, expressing CD19, CD20, and EBV-encoded
small RNA (EBER) in the atypical large B cells;
there was no evidence of MYC, BCL2, or BCL6
aberrations on fluorescence in situ hybridiza-
tion. It is notable that at the time the DLBCL was
diagnosed, no obvious morphologically abnor-
mal T-cell population was observed, and the
T cells were EBER- (Fig. 2A and Fig. S1C and
Supplemental Note S1). In contrast, the subse-
quent EBV+ T-cell lymphoma was found to be
CD3+CD4+CD8-EBER+, with no evidence of re-
sidual DLBCL according to morphologic or mo-
lecular criteria (Fig. 2A).

Minimal residual disease monitoring of the
leukocytes from the peripheral blood and bone

N ENGL J MED 390;22

marrow, with the use of immunoglobulin-based
high-throughput sequencing to track the DLBCL
B-cell receptor immunoglobulin heavy-chain
clonotype, revealed rapid eradication of B-cell
lymphoma after axi-cel therapy (Fig. 2B). Simi-
larly, using simultaneous tumor- and effector-
cell profiling of cfDNA with CAPP-Seq (cancer
personalized profiling by deep sequencing),?
we again observed clearance of the previous
B-cell lymphoma-—derived circulating tumor DNA
(ctDNA) (Fig. 2C). By means of T-cell receptor
tracing, we found that the dominant TCRS clono-
type of the T-cell lymphoma identified in the day
54 bone marrow sample was also detectable be-
fore infusion in the day —88 lymph node and day
—50 blood sample at low levels (0.006% and
0.0005% of cells, respectively [clonoSEQ assay,
Adaptive Biotechnologies]) (Fig. 2B). This same
TCRp clonotype emerged on day 28 in the pe-
riphery and then dominated cfDNA by day 54
(Fig. 2C). Axi-cel expansion in the peripheral
blood, as measured by flow cytometry (Fig. 2D
and Fig. S2A), showed a normal peak® and re-
mained at low levels until day 54. Coincident
with development of the T-cell lymphoma clone
and hemophagocytic lymphohistiocytosis, the
plasma viral load for EBV also rose dramatically
after CAR19 therapy (Fig. 2E).

SHARED AND DISTINCTIVE TUMOR MOLECULAR
PROFILES

To better understand the clonal relationships
between this T-cell lymphoma relative to the
antecedent DLBCL, we performed comprehen-
sive genetic profiling using CAPP-Seq and whole-
exome sequencing of three preinfusion tumor
samples, four serially collected plasma sam-
ples, and samples from the T-cell lymphoma
itself (Fig. 1B, Fig. 2F). Gene expression profiles
that were inferred noninvasively from the plas-
ma samples with the use of EPIC-seq (epigenetic
expression inference from cfDNA sequencing)*
showed increased expression of several immune-
cell and inflammatory markers alongside CD3
and CD4, a finding that is consistent with the
origination of the T-cell lymphoma in the back-
ground of hemophagocytic lymphohistiocytosis
(Fig. 2F [“gene expression”] and Fig. S2B). Mo-
lecular profiling of the DLBCL showed a muta-
tion pattern consistent with previous EBV+ B-cell
lymphoma?*"?® that was not detected in the T-cell
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lymphoma sample (Fig. 2F [“DLBCL”]). Though
the aggregate ctDNA minimal residual disease
level was below the limit of detection, a single
CPEB2 mutation originally present in DLBCL tu-
mors was also detected in the day 54 plasma
sample; as such, small amounts of residual
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DLBCL or its progenitor clone could not be en-
tirely ruled out. Conversely, the index T-cell
lymphoma showed a mutational spectrum con-
sistent with mature T-cell neoplasms, including
an emergent FYN R176C-activating mutation
that was not present in the original DLBCL
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Figure 1 (facing page). Rarity of T-Cell Lymphoma De-
velopment after CD19-Targeting CAR T-Cell (CAR19)
Therapy.

Panel A shows that among the patients who received
chimeric antigen receptor (CAR) T-cell therapy at Stan-
ford University (791 infusions in 724 patients), a single
T-cell lymphoma (TCL) developed after standard care
with axicabtagene ciloleucel (axi-cel) CAR19 infusion.
Experimental products that were eventually approved
for commercial distribution are included under their
commercial name for the purpose of clarity. Lines be-
tween bar plots connect data for a single infusion. AML
denotes acute myeloid leukemia, B-ALL B-cell acute
lymphoblastic leukemia, brexu-cel brexucabtagene au-
toleucel, cilta-cel ciltacabtagene autoleucel, ide-cel
idecabtagene vicleucel, FL follicular lymphoma, liso-cel
lisocabtagene maraleucel, LBCL large B-cell lymphoma,
MCL mantle-cell lymphoma, MDS myelodysplastic syn-
drome, MM multiple myeloma, and tisa-cel tisagenlec-
leucel. Panel B shows a timeline of the clinical course
of disease and treatment in the index patient, a 59-year-
old woman with an Epstein—Barr virus—positive (EBV+)
diffuse large B-cell lymphoma (DLBCL) refractory to
RCHOP (rituximab, cyclophosphamide, hydroxydauno-
rubicin [Adriamycin], oncovin-vincristine, and predni-
sone) and RGemOx (rituximab, gemcitabine, and oxali-
platin) chemotherapy. An EBV+ peripheral TCL-not
otherwise specified developed subsequently (noted on
day 54), leading to hemophagocytic lymphohistiocyto-
sis and death. The major sequencing experiments that
were performed in this study are shown along the time-
line. T1, T2, and T3 indicate three preinfusion tumor
samples; T4, the TCL sample drawn from a bone mar-
row biopsy; M1, peripheral-blood mononuclear cells
(PBMCs); and P1, P2, P3, and P4, four serially collected
plasma samples. BM denotes bone marrow, CRS cyto-
kine-release syndrome, HLH hemophagocytic lympho-
histiocytosis, ICANS immune effector cell-associated
neurotoxicity syndrome, LN lymph node, MMF myco-
phenolate mofetil, and MTX methotrexate.

(Fig. 2F [“DLBCL” and “TCL”]). Both DLBCL and
T-cell lymphoma tumor specimens contained
mutations in TET2 and DNMT3A at high variant
allelic fractions, which suggests derivation from
clonal hematopoiesis (Fig. 2F [“CH”]). The
DLBCL tumor harbored a chr3q amplification and
chr7 deletion, which were absent in the T-cell
lymphoma, and the T-cell lymphoma harbored a
chrlq amplification and chr6q deletion that
were not detectable in the DLBCL tumor (Fig. 2F
[“CNV”] and Fig. S2C). Collectively, these data
suggest that although the DLBCL and T-cell lym-
phoma were molecularly distinct, the presence
of shared lesions including mutations in TET2
and DNMT3A implicate a common progenitor.

N ENGL J MED 390;22

EVIDENCE AGAINST ONCOGENIC VECTOR
EXPRESSION

To better define the phenotype of this post-
CAR19 therapy T-cell lymphoma and assess it
for the presence of the viral vector, we per-
formed single-cell RNA profiling of bone mar-
row samples from the axi-cel-treated patient.
For positive and negative controls, we used two
axi-cel products that were created for infusion
into different patients and bone marrow sam-
ples from five healthy controls, respectively
(Fig. 3A and Fig. S3A and S3B). Within the
bone marrow cells from the index lesion, we
could readily identify a distinctive T-cell cluster
that represented the malignant T cells (Fig. 3B
and Fig. S3C). These T cells were highly clonal
in consideration of the diversity at T-cell receptor
loci (Fig. S3D) and had a CD3+CD4+CD8-
phenotype, a finding consistent with the im-
munophenotype that was determined on histo-
pathological analysis (Fig. S3E). The dominant
TCRp clone found in these single cells was
indeed identical with that found in the plasma
cfDNA by simultaneous tumor- and effector-
cell profiling, as well as that found in the
T-cell lymphoma tumor by T-cell receptor high-
throughput sequencing (Fig. 2B and 2C and
Fig. 3C).

Inferred copy-number profiles of the single
cells within the malignant clone showed chang-
es consistent with previously discovered struc-
tural rearrangements including 6q loss and 1q
gain (Fig. 3D) and EBV positivity (Fig. 3E). The
expressed gene program discovered in single-
cell RNA sequencing included BALF3-5, LF1-2,
and BARFO, which suggests an EBV-related lytic
expression pattern.”® A gene-expression profile
in the tumor along with its mutation pattern
and histopathological characteristics were most
consistent with peripheral T-cell lymphoma-
not otherwise specified (Fig. S3F).>° Axi-cel
vector transgene messenger RNA was conspicu-
ously absent from the T-cell lymphoma tumor
specimen (Fig. 3F), and the results of flow-
cytometry profiling of the bone marrow speci-
men for surface CAR19 protein levels were con-
sistent with this finding and did not show
vector expression. Collectively, these data high-
light the absence of evidence to directly impli-
cate axi-cel vector activity at the RNA or protein
level in this index T-cell lymphoma.
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Figure 2 (facing page). Clinical and Molecular Characteristics of the Index TCL with Molecular Distinction from the
DLBCL Clone.

Panel A shows the immunohistochemical (IHC) analyses of the original DLBCL tumor in the lymph node in which an
abnormal population of large cells that were CD19+CD20+EBER+ was detected (top, CD20 staining not shown) and of
the CD3+CD4+CD8-EBER+ index TCL (bottom, CD4 and CD8 staining not shown). NOS denotes not otherwise speci-
fied. Panel B shows the B-cell receptor clonotype analysis and the loss of DLBCL B-cell receptor detection after axi-cel
infusion as measured by cellular profiling of the lymph nodes, blood, and bone marrow (clonoSEQ assay, Adaptive Bio-
technologies). Longitudinal data points are depicted in the following order: DLBCL lymph node at day -88, peripheral
blood at day -50, peripheral blood at day 25, and bone marrow harboring TCL. TCRB tracing was performed by identi-
fying the dominant clonotype in the index bone marrow specimen and determining clonal abundance in previous sam-
ples (P1 to P4) that were normalized as clones per million nucleated cells (see the Supplementary Methods in
the Supplementary Appendix). The horizontal line at the bottom of the plot represents undetectable values. Panel C
shows the CAPP-Seq (cancer personalized profiling by deep sequencing) profiling of the plasma samples. There was
low-level detection of the original DLBCL at the time of axi-cel infusion, which subsequently became undetectable.
At day 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. The abbreviation ctDNA denotes cir-
culating tumor DNA, and hGE haploid genome equivalents. The horizontal line at the bottom of the plot represents
undetectable values. Panel D shows the axi-cel expansion and retraction as measured by hybridization capture sequenc-
ing (CAPP-Seq, solid line) on plasma samples and flow cytometry (dashed line) on PBMCs. Panel E shows that concur-
rent with development of the index TCL, EBV titers rose dramatically in the clinical profiling of the plasma samples.
Panel F shows the comprehensive molecular profiling of serially collected samples by CAPP-Seq. The section of the grid
labeled “gene expression” shows increased malignant TCR clonal load and increased EBV expression in conjunction
with gain of CD3 and CD4 expression, as measured by epigenetic expression inference from cell-free DNA-sequencing

(EPIC-seq). Gray boxes with a diagonal line indicate no data available. The grid sections labeled “DLBCL” and “TCL"
show that the molecular mutational spectrum associated with the original DLBCL and the index TCL are distinct,
thereby providing no evidence of transdifferentiation of the original DLBCL. Gray boxes indicate that the mutation is
not detected. The grid section labeled “CH” (clonal hematopoiesis) shows the high burden of preexisting DNMT3A
and TET2 clonal hematopoiesis, which was present at the time of diagnosis and remained at high levels throughout
the patient’s clinical course. The grid section labeled “CNV” (copy number variation) shows the copy number variation
in the original DLBCL and the index TCL. DLBCL has a distinct chr3q gain and chr7 deletion, whereas the TCL has a
distinct chrlq and chréq loss. AF denotes allelic fraction, and GEP gene expression profiling.

EVIDENCE AGAINST ONCOGENIC VECTOR
INTEGRATION

We next considered whether cryptic axi-cel inte-
gration into this T-cell lymphoma 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 tested
the index T-cell lymphoma for the presence of
integrated vector DNA sequences by quantitative
polymerase chain reaction. Although axi-cel was
reliably detected in the day 14 control leukocytes
as expected, it was not detected in bone marrow
cells containing the T-cell lymphoma above the
limit of detection of the assay (Fig. S4A).

We also considered whether cryptic retroviral
integration and associated structural derange-
ments may occur segmentally and thereby lead
to fragments of the integrated axi-cel vector that
may not be detectable with a single set of prim-
ers. To address this possibility, we first tested
for evidence of axi-cel integration into the T-cell
lymphoma genome using a 112-probe hybrid
capture panel*? consisting of overlapping 120-bp

probes directed against the entire axi-cel retro-
viral vector. With this approach, the axi-cel vec-
tor was not detectable in the index T-cell lym-
phoma sample (a finding that was consistent
with our previous results), despite having been
reliably detected at day 7 and day 28 in plasma
cfDNA and at day 14 in the circulating leuko-
cytes during CAR19 expansion (Fig. 2D).

To test the presence of axi-cel DNA more de-
finitively in the index lesion at single-cell resolu-
tion, we next targeted 11 tiled amplicons span-
ning the length of the integrated axi-cel vector
(Fig. S4B). As positive controls, cytopenic bone
marrow aspirates were obtained from seven un-
related patients who had received CAR19 therapy
(date range of aspirates obtained after therapy,
day 137 to day 1561). We reliably detected a low-
level axi-cel signal in five of the seven controls
at a frequency as low as 0.2% (range, 0.2 to 1.1)
(Fig. S4C). Amplicon DNA content per cell cor-
related with paired RNA-sequencing data within
the control samples (Fig. S4D). Concurrent cell-
surface protein analysis with antibody probes
showed that more than 93% of the axi-cel-positive
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Figure 3 (facing page). Absence of Axi-cel Vector Inte-
gration on RNA and DNA Profiling of the Index TCL at
Single-Cell Resolution.

Panel A shows the single-cell RNA analysis of the bone
marrow sample from the index patient as compared with
the bone marrow samples from five healthy controls.
Distinct clustering of the pathologic marrow is shown to
be consistent with the presence of TCL and hemophago-
cytic lymphohistiocytosis. Cells were plotted after di-
mensional reduction with the use of uniform manifold
approximation and projection (UMAP). UMAP plots are
a two-dimensional representation of high-level data.
Single points represent single cells, and the distance be-
tween points represents similarity of the measured fea-
tures (i.e., RNA or protein). Panel B shows cell-type pre-
diction with the use of Seurat (a statistical package in
R dedicated to the analysis of single-cell RNA data) and
indicates that one of the index patient’s unique clusters
is defined as T cells. NK denotes natural killer. Panel C
shows the single-cell T-cell receptor (TCR) sequencing,
in which the previously described TCL clone that was
identified in the plasma samples was found to match the
T-cell cluster present in the index lesion. Panel D shows
copy-number variation as determined by RNA inference,
indicating that the novel T-cell cluster carries gain of
chromosome 1q and loss of chromosome 6q consistent
with DNA copy-number profiling. Panel E shows EBV
RNA expression localizing to the putative malignant
clone. Panel F shows the complete absence of axi-cel
messenger RNA expression at single-cell resolution
in the index TCL. Panel G shows that cell-surface anti-
body profiling combined with single-cell DNA profil-
ing revealed a separate cluster containing primarily
CD3+CD4+CD8- T cells consistent with the malignant
clone. Panel H shows the single-cell DNA profiling of the
preexisting DNMT3A R882C, TET2 deletion, and TET2
L1212Vfs*15 clone. The same clonal hematopoiesis mu-
tations were detected in the myeloid populations. “TET2
del/wt” denotes TET2 deletion only, “TET2 del/wt+DN-
MT3A mut/wt” TET2 deletion+ DNMT3A R882C, “TET2
del/mut+ DNMT3A mut/wt” TET2 deletion+ DNMT3A
R882C+TET2 L1212Vfs*15, and WT wild type. Panel |
shows that single-cell DNA sequencing of axi-cel with
the use of an 11-amplicon panel tiled across the axi-cel
vector again failed to show any evidence of axi-cel inte-
gration into the index TCL. Red circles indicate the TCL
cluster location in each UMAP plot.

cells were identified as T cells, thereby validat-
ing the sensitivity and specificity of the assay
(Fig. S4E through S4H and Supplemental Note
2). The presence of axi-cel in nontransformed
bone marrow specimens that were obtained up
to 4 years after axi-cel treatment indicates the
need for caution before assigning vector integra-
tion as a method of transformation. Indeed,
persistence of CAR is expected at low levels for
very prolonged periods after infusion.?

N ENGL J MED 390;22

Having established the accuracy of this sin-
gle-cell assay, we similarly characterized bone
marrow containing the index T-cell lymphoma
using our single-cell DNA panel with a total of
6723 cells assayed. Using multiplexed antibodies
to barcode and index each single cell, we again
identified a population of CD3+CD4+CD8- T cells
that were consistent with the T-cell lymphoma,
along with myeloid cell populations (Fig. 3G and
Fig. S41). It was notable that the preexisting
heterozygous DNMT3A R882C and the TET2
L1212Vfs*15 clones were present in 97.9% of these
T cells (Fig. 3H). This finding provides strong
evidence for the T-cell lymphoma to be both
DNMT3A R882C— and TET2 L1212Vfs*15-mutat-
ed and thus were probably derived from lymphoid
clonal hematopoiesis present before infusion. The
TET2 clone was further characterized as hemizy-
gous for L1212Vfs*15, which indicates a concur-
rent loss-of-heterozygosity event. Indeed, lineage-
tracing analysis with copy-number-variation
analysis in cells revealed a TET2 deletion lacking
DNMT3A R882C and TET2 L1212Vfs*15 in
31.5% of all cells (Fig. 3H), a finding that indi-
cates TET2 loss of heterozygosity to be the
founding clonal event. After this event, the pres-
ence of a subset of TET2-deleted and DNMT3A
mutant cells indicated DNMT3A R882C muta-
tion to be a subsequent clonal event. Finally, the
L1212Vfs*15 mutation was a third clonal event
leading to the founder progenitor clone from
which the malignant population was derived
(Fig. S4J and S4K). The existence of the DNMT3A
and TET2 clones throughout the lymphoid and
myeloid lineages in different proportions sug-
gests that the original clone was derived from
a hematopoietic stem or progenitor cell (TET2
deletion+ DNMT3A R882C+TET2 L1212Vfs*15
was found in 35.8% of the myeloid popula-
tion).

Despite direct identification of the index le-
sion at single-cell resolution, axi-cel amplifica-
tion across all 11 amplicons was conspicuously
absent, thereby providing no evidence for frag-
mented DNA integration of the vector as a
mechanism of tumorigenesis (Fig. 3I). Collec-
tively, these results show the clear absence of
evidence to directly implicate the viral vector in
this T-cell lymphoma, as determined by multiple
sensitive molecular assays to interrogate retrovi-
ral vector DNA, RNA, and protein at single-cell
resolution.
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Figure 4 (facing page). Parallel Development of DLBCL
and TCL from a Common Hematopoietic Progenitor-
Cell Population.

Shown is a schematic of parallel development of DLBCL
and TCL from a common hematopoietic progenitor-
cell population. Single-cell DNA sequencing data in-
dicate a linear accumulation of clonal hematopoiesis
(TET2 deletion->DNMT3A R882C mutation>TET2
L1212fs*15 mutation). The presence of this mutation
in all cell populations in single-cell DNA sequencing
data indicates that the founder population was in
hematopoietic stem cells, which propagated into the
common lymphoid progenitor and common myeloid
progenitor. Both the DLBCL and TCL tumors contain
recombined B-cell and T-cell receptors, respectively, a
finding that is consistent with mature lymphoid neo-
plasms and that indicates that the DLBCL was derived
after germinal center maturation and that the TCL was
post-thymic. EBV activation due to immune suppres-
sion was probably a common event in both tumors but
one that led to unique subsequent mutation and struc-
tural variation that resulted in the mature neoplasm.
The malignant clones can be traced by their respective
B-cell and T-cell receptor sequences and their unique
mutational and structural changes.

DISCUSSION

Second neoplasms are now recognized as a risk
after CAR19 therapy, with recent reports detail-
ing higher odds ratio for myeloid and T-cell
second tumors.” T-cell lymphomas are of par-
ticular interest in this clinical setting owing to
the risk of CAR T-cell vector integration contrib-
uting to oncogenesis. This study describes com-
prehensive genomic profiling of a T-cell lym-
phoma arising after commercial CAR19 therapy
at single-cell resolution (illustrated in Fig. 4). The
methods used here serve as a resource and a
benchmark for characterization of tumors after
CAR T-cell therapy and for vector monitoring.
After surveilling for second tumor in 724 pa-
tients who had received cellular therapy at our
center, we found that T-cell lymphoma was rare,
accounting only for a single case. No evidence
was found to implicate a direct contribution
from the engineered retroviral vector in the in-
dex T-cell lymphoma at the DNA, messenger
RNA, or protein level and on interrogation of
circulating, tissue-resident, and cell-free anatomi-
cal compartments. We found this index T-cell
lymphoma to be molecularly distinct from the
original DLBCL, with no evidence of lineage
switch or transdifferentiation. Instead, the T-cell
lymphoma clonotype was first detected before

infusion of CAR T-cell therapy at day —88 and
was associated with EBV+ lymphoproliferation,
novel structural rearrangement, and a FYN-acti-
vating gene mutation. The preexisting clonal
population retrospectively detected in the lymph
nodes at day —88 was determined by TCRp
clonotype detection to be at a low level (0.006%
of cells). Although we are unable to definitively
establish whether this clone reflects a premalig-
nant population or a mature, fully evolved neo-
plasm, the presence of this clone at detectable
levels before infusion supports an underlying
susceptibility preceding CAR T-cell therapy.

A bidirectional risk between B-cell lymphoma
and T-cell lymphoma is known, with a standard-
ized incidence of T-cell lymphoma after B-cell
lymphoma that was described in a previous re-
port to be approximately five times as high as
that in the general population.? This higher in-
cidence peaked in the first year after diagnosis,
which possibly accounts for reports of T-cell
lymphomas arising within 2 years after CAR
T-cell therapy." In this previous report,*> among
288,478 patients with B-cell lymphoma, 354 T-cell
lymphomas (0.12%) were observed to follow the
B-cell lymphoma. Our observation of one T-cell
lymphoma among 587 B-cell lymphomas (0.17%)
is in line with these observations, but the analy-
sis would benefit substantially from a pooled
multiinstitutional analysis with confirmatory mo-
lecular testing for CAR T-cell vector insertion.

Supporting a priori susceptibility to T-cell
lymphoma transformation, the presence of a pre-
existing heterozygous DNMT3A R882C and hemi-
zygous TET2 L1212Vfs*15 comutant clone in the
patient described in the current study suggests
that underlying lymphoid clonal hematopoiesis
was probably a modifying factor in this malig-
nant condition, even if its presence alone is in-
sufficient to drive the T-cell neoplasm. Given
the underlying multilineage DNMT3A and TET2
mutations,® we postulate that this tumor was
derived from a DNMT3A and TET2 comutant
lymphoid progenitor. EBV tends to infect mature
B cells, but it is also known to occasionally in-
fect hematopoietic stem cells and progenitor
cells. However, it is not possible to conclude at
what level of differentiation EBV infection oc-
curred in the present case (Fig. 4). This study
highlights the critical potential of lymphoid
clonal hematopoiesis mutations to transform
into lymphoid malignant conditions as previously
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reported® and further suggests preexisting sus-
ceptibility to T-cell lymphoma.** Such underlying
TET2 and DNMT3A mutations are known to drive
both EBV+ DLBCL*® and EBV+ T-cell lympho-
ma,® a fact that implicates a common lymphoid
progenitor in the formation of both tumors.
Given the prevalence of clonal hematopoiesis,
screening patients for such mutations before
CAR T-cell therapy may be infeasible, especially
since the likelihood of curing aggressive lym-
phoma could outweigh the rare risk of trans-
formation of preexisting clonal hematopoiesis
mutations. In such patients, an alternative pre-
emptive strategy to intercept second tumors after
CAR T-cell therapies could involve more active
noninvasive surveillance for both the dynamics
of CAR T cells and clonal hematopoiesis under
selection, by monitoring of cfDNA as described
here. Caution is warranted if underlying suscep-
tibility mutations are present during CAR T-cell
therapy for nonmalignant conditions such as
autoimmune disease, especially when other driv-
ers of lymphoproliferation such as EBV are also
present.

The tendency of TET2 or DNMT3A deficiency
(but not both) to confer a selective fitness advan-
tage for engineered T cells is well known from
mouse models, especially in the CD8 lineage.3*#
This effect is consistent with reports of long-
lived CAR populations in human subjects after
integration into TET2 mutant lymphoid clonal
hematopoiesis.* Nevertheless, in our index case,
despite the high prevalence of comutant clonal
hematopoiesis before CAR T-cell therapy posing
a substantial risk for their transduction by the
retroviral vector, CAR integration was not re-
quired for malignant transformation. Accord-
ingly, this suggests that vector transduction is
not necessary for malignant transformation of
T-cells after CAR T-cell therapy. Additional work
is needed to fully address the synergies between
CAR therapies and clonal hematopoiesis, as rel-
evant for T-cell lymphoma risk. This phenome-
non may be more prominent with 4-1BB—con-
taining vectors, which tend to have greater
persistence over CD28 constructs. Of note, a re-
cent report also identified a TET2 mutant T-cell
lymphoma after ciltacabtagene autoleucel infu-
sion, with evidence of lentiviral integration.”
These observations further reinforce the impor-

tance of characterizing lymphoid clonal hemato-
poiesis before and after CAR T-cell therapy.

Using multiple techniques, we found no evi-
dence of axi-cel incorporation into this tumor.
Our results are in contrast to rare previous re-
ports of CAR vector integration into a second
tumor from studies in which other therapeutic
vectors including transposons were used.’*'* Our
findings are in line with a recent report of an-
other post-CAR T-cell therapy T-cell lymphoma
that similarly did not show CAR19 integration."
It is important to note that the lymphodepleting
chemotherapy, CAR-mediated inflammation, and
B-cell aplasia that are associated with immuno-
suppression may each have contributed to the
EBV-driven lymphoproliferation for the case de-
scribed here. Additional reports of EBV-driven
T-cell lymphoma after CAR T-cell therapies
would support this hypothesis. This type of im-
munosuppression is a key long-term toxicity as-
sociated with CAR19 therapy**** and underlies
nonrelapse mortality due to infection. Neverthe-
less, in our cohort, subsequent lymphoprolifera-
tive disorders did not develop in four additional
patients with EBV+ DLBCL, and limited previous
reports have suggested that CAR19 therapy can
be safe in patients with EBV+ DLBCL.*

The findings from our study involving 724
patients expand on previous observations® to
further suggest that the development of T-cell
lymphoma after CAR T-cell therapy is rare and
may occur through various mechanisms in sus-
ceptible patients. In our index case, despite
comprehensive genetic profiling, we found no
evidence for CAR T-cell vector integration into
the T-cell lymphoma or evidence for CAR expres-
sion. Given the known increased baseline risk of
second T-cell malignant tumors in patients with
previous B-cell lymphomas even in the absence
of CAR therapies,* the observed T-cell tumors
after CAR T-cell therapies, in a sufficiently large
population of patients, may reflect a bystander
instead of a direct effect. In this context, emerg-
ing 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.** Although this remains to be
definitively determined, we speculate that such
mutant progenitors could be especially prone to
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CAR-associated inflammation and correspond-
ing selection pressures.
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Double Take Video: Depression — Screening and Treating
Depression in Adolescents

This final episode of the
four-part miniseries on

depression reviews the

prevalence of depression
among adolescents as

well as available screen-
ing tools and g
therapies for
this patient
population.
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