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Summary eBioMedicine
Background Peripheral T-cell lymphoma (PTCL) represents a highly heterogeneous group of non-Hodgkin’s lym- 2023115 105693
phomas, often with aggressive biological behaviour. CD30 serves as a pivotal surface antigen in PTCL, however, its ~ PUblished Online xxx

biological functions and therapeutic potential warrant further investigation. hitps://do.org/10.
1016/j.ebiom.2025.

105693
Methods We analysed 415 de novo patients with PTCL including 314 in the training cohort and 101 in the validation

cohort across 11 medical centres in China. Genomic and transcriptomic profiles were examined by DNA- and RNA-
sequencing in 355 and 169 patients, respectively.

Findings In both cohorts, CD30" PTCL presented significantly increased frequencies of SETD2, STAT3, and PTPRS
mutations. Therefore, three molecular subtypes with distinct biological signatures were identified, including the
HMA subtype characterised by dysregulation of histone methylation and acetylation, the JNE subtype by alterations in
JAK-STAT, Notch signalling pathway, and EBV infection, and the PCT subtype by mutations in phosphorylation,
chromatin remodelling, and T-cell receptor-major histocompatibility complex interaction, with extracellular matrix
enrichment. Clinically, the JNE subtype demonstrated inferior progression-free survival (PFS) and overall survival
(OS), as compared to the HMA and PCT subtypes. Brentuximab vedotin (BV)-containing treatment was associated
with improved PFS and OS in the JNE and PCT subtypes. Furthermore, gene expression profile analysis
demonstrated underlying vulnerabilities for the HMA, JNE, and PCT subtypes to epigenome-targeting agents, JAK
or PI3K inhibitors, and PD-1 inhibitors, respectively.

Interpretation The molecular subtypes of CD30* PTCL demonstrated prognostic significance and varied sensitivity to
BV treatment. Our findings further elucidated molecular regulatory networks of CD30" PTCL, providing potential co-
targeted approaches for genotype-guided precision medicine in PTCL.
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Brentuximab vedotin

Research in context

Evidence before this study

PTCL is a malignant proliferation of mature T-lymphocytes
often with aggressive clinical course and dismal clinical
outcomes. CD30 serves as an important phenotypic marker of
PTCL, however, its biological functions and therapeutic
potential warrant further investigation. Although BV-CHP is
recommended as the first-line therapeutic option for CD30"
PTCL, there still exists clinical unmet to improve the response
rate and long-term survival, prompting us to explore the
additional biological vulnerabilities of this heterogeneous
entity.

Added value of this study

To the best of our knowledge, this is the largest multi-omics
analysis on CD30" PTCL utilising both a training cohort and
an external validation cohort across 11 medical centres in
China. We have provided comprehensive insights into this
molecularly heterogeneous entity, identified and validated

Introduction
Peripheral T-cell lymphoma (PTCL) is a highly hetero-
geneous group of non-Hodgkin’s lymphoma derived
from mature T-lymphocytes.! Anaplastic large-cell lym-
phoma (ALCL), nodal T-follicular helper cell lymphoma
(nTFHL), and PTCL-not otherwise specified (NOS) are
the most frequent subtypes within PTCL. Except for
anaplastic lymphoma kinase (ALK)-positive ALCL, other
nodal PTCL exhibit dismal outcomes upon treatment
with standard cyclophosphamide, doxorubicin, vincris-
tine, and prednisolone (CHOP)-based chemotherapy.*
CD30, encoded by TNFRSFS8, is a 120-kd trans-
membrane cytokine receptor of the tumour necrosis
factor receptor superfamily and serves as an important
phenotypic marker of PTCL.” Histologically, CD30 is
uniformly expressed in ALCL and varies from 24% to
58% in nTFHL and 23%-64% in PTCL-NOS, respec-
tively.*” Functionally, CD30 confers a survival advantage
to the lymphoma cells and mediates tumour microen-
vironment through various signalling pathways.® Our
previous study identified three molecular subtypes ac-
cording to CD30 in DLBCL, including the NM subtype,
characterised by dysregulations in nuclear factor
Kappa-B (NF-kB) signalling pathway and methylation,

three molecular subtypes-HMA, JNE, and PCT-with distinct
biological characteristics and differing clinical prognoses.
Moreover, survival analysis showed BV-containing treatment
was associated with improved PFS and OS in the JNE and PCT
subtypes and gene expression profile analysis revealed
underlying vulnerabilities for the HMA, JNE, and PCT subtypes
to epigenome-targeting agents, JAK or PI3K inhibitors, and
PD-1 inhibitors, respectively.

Implications of all the available evidence

The current study not only provided large-scale resource data
of this relatively uncommon disease, but also illustrated the
benefit of integrating multiple omics data to better
understand the relationship between biological and clinical
behaviours of CD30* PTCL. These findings underscore the
importance of genotype-guided precision medicine, providing
potential co-targeted approaches with BV treatment in PTCL.

with high CD4" T and follicular helper T (Tfh) cell
infiltration; the JA subtype, associated with mutations
in Janus kinase (JAK)- signal transducer and activator
of transcription (STAT) signalling pathway and acety-
lation, with high dendritic cell infiltration; and the IB
subtype, marked by activation of the B-cell receptor
(BCR)- mitogen-activated protein kinase (MAPK)
pathway and suppression of immune response.’ As for
CD30 in PTCL, nucleophosmin-ALK fusion is the
oncogenic driver in ALK* ALCL." TYK2 fusions, as
well as JAKI and STAT3 activating mutations, were
frequently observed and proved oncogenic in ALK~
ALCL and cutaneous CD30" T-cell lymphoproliferative
disease (CD30* LPD).""'> Additionally, dual specificity
phosphatase 22 (DUSP22) and TP63 fusions may serve
as prognostic markers in ALK~ ALCL, with DUSP22
rearrangements potentially indicating the absence of
JAK/STAT surrogate markers."** Gene expression
profile highlights that T-cell receptor (TCR)-proximal
tyrosine kinases, T-cell differentiation and activation
are downregulated in CD30" PTCL."*'* Despite these
progress made, biological function of CD30 with
therapeutic implications warrant further investigation
in PTCL.
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Brentuximab vedotin (BV), an anti-CD30 monoclonal
antibody-drug conjugate, has exhibited remarkable effi-
cacy in CD30" PTCL when combined with chemo-
therapy, as shown in the ECHELON-2 trial."”'* However,
post hoc analysis failed to detect the correlation between
CD30 expression levels and treatment response, and
other clinical studies showed that patients with elevated
CD30 expression may not experience significant bene-
fits from BV treatment.””” To address this, we con-
ducted an integrated analysis of clinicopathologic,
genomic, and transcriptomic analysis in a multi-centre
cohort of 418 de novo PTCL. Our study uncovered
three molecular subtypes of CD30" PTCL with prog-
nostic significance and varied sensitivity to BV treat-
ment. Furthermore, distinct biological signatures and
vulnerabilities of these subtypes may suggest potential
co-therapeutic strategies in the era of precision medi-
cine in PTCL.

Methods

Ethics

The retrospective study was approved by the Shanghai
Ruijin Hospital Institutional Ethics Review Board (No.
2018-167) and informed consent was obtained in
accordance with the Declaration of Helsinki. Ten other
medical centres in China within the cooperative network
of the Multicentre Haematology-Oncology Programs
Evaluation System (M-HOPES) including Peking Uni-
versity Third Hospital, West China Hospital, First
Affiliated Hospital of Nanjing Medical University,
Union Hospital, Zhongnan Hospital, Shanghai General
Hospital, First Affiliated Hospital of Nanchang Univer-
sity, First Hospital of Jilin University, First Hospital of
China Medical University, and Shanghai Ninth People’s
Hospital have accepted the decision of the Ethics Review
Board of Shanghai Ruijin Hospital.

Patients

As the training cohort, 314 de novo patients with PTCL
including 44 ALK" ALCL (14.0%), 39 systemic ALK™
ALCL (12.4%), 153 nTFHL (48.7%, including 145
nTFHL-angioimmunoblastic-type [nTFHL-AI] and 8
nTFHL-NOS), and 78 PTCL-NOS (24.8%) were enrolled
from Shanghai Ruijin Hospital between January 2013
and July 2023. Additionally, 101 de novo patients with
PTCL were recruited from other ten medical centres
during the same period, comprising 9 ALK" ALCL
(8.9%), 4 systemic ALK~ ALCL (4.0%), 56 nTFHL
(55.4%, including 51 nTFHL-AI and 5 nTFHL-NOS),
and 32 PTCL-NOS (31.7%) as the validation cohort
(Fig. 1a). All patients were Asian and their sex was ob-
tained from clinical health records.

Histological diagnoses were reviewed in accordance
with the 5th WHO classification and international
consensus classification from the clinical advisory
committee, and independently confirmed by two expert
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pathologists (H.-M Yi and L. Dong).>* All patients had
available immunohistochemistry results for CD30 and
clinical parameters in international prognostic index
(IPI). The majority of the patients (88.0%) received
anthracycline-containing regimens, with or without
etoposide, while other patients (12.0%) received BV-
containing treatment. Autologous (auto-) or allogeneic
(allo-) hematopoietic stem-cell transplantation (HSCT)
was selectively performed based on clinical consensus
and patients’ intentions, with a total of 52 patients un-
dergoing HSCT.

Immunohistochemistry and chromogenic in situ
hybridisation

Immunohistochemistry was performed on 4-pm
formalin-fixed paraffin-embedded (FFPE) tissue using
indirect immunoperoxidase using the LEICA BOND-III
automated staining platform as previously described.”
CD30 staining was performed using anti-CD30 BerH2
antibody (Cat# GAG602, RRID: AB_3675588, DAKO,
Danmark) and the protein expression levels were esti-
mated semi-quantitatively (increments of 5%, i.e., 5%,
10%, 15%). CD30 positivity was confirmed when 10% or
greater of neoplastic cells (in cases where enumeration
of neoplastic cells was not possible, total lymphocytes
may have been used) expressed CD30 at any in-
tensity.”'* Double staining of PAX5/CD30 were also
performed in available tissues to detect the existence of
CD30" large B-cell blasts. The sections were firstly
incubated with anti-PAX5 antibody (Cat# GA650, RRID:
AB_3678472, DAKO, Danmark) and treated with AEC to
produce the visible red-purple pigment. After rinsing,
sections were incubated with the second anti-CD30
antibody and treated with DAB to produce the visible
brown pigment.

Tth makers, including BCL6, CD10, CXCL13, ICOS
and PD-1 were evaluated during differential diagnosis
between nTHFL and PTCL-NOS.** At least two positive
Tth markers, including strong PD1 expression, B-
immunoblasts, follicular dendritic cell expansion, and
RHOA p.G17V or IDH2 p.R172 mutations were
considered as the desirable diagnostic criteria to di-
agnose nTFHL.* To distinguish ALK~ ALCL and CD30"
PTCL-NOS, ALK™ ALCL was diagnosed when large
lymphoid cells with copious cytoplasm and pleomorphic
characteristics with horseshoe-shaped or reniform
nuclei. Evading of lymph node sinuses and strong uni-
form CD30 expression were considered as the desirable
diagnostic criteria for ALK~ ALCL.*

Chromogenic in situ hybridisation (CISH) for
Epstein—-Barr virus-encoded RNA (EBER) was per-
formed using an ISH kit (Roche, Switzerland) on FFPE
sections using the LEICA BOND-III automated staining
platform as previously described.” EBER positivity was
assessed in total lymphocytes, encompassing both par-
tial and strong positivity, as previously reported.”** In
addition, double labeling of EBER-ISH and CD20
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Fig. 1: Flowchart of the study and survival analysis in PTCL. (a) Flowchart of cohort selection and exploratory aspects. (b) Semi-quantitative
evaluation by IHC of CD30 expression in nTFHL and PTCL-NOS. (c) TNFRSF8 transcripts by RNA-sequencing among each CD30 expression
subgroup by IHC in PTCL. p-value was calculated with the Pearson correlation test. (d) Kaplan-Meier curves of progression-free survival (left
panel) and overall (right panel) survival according to histological types and CD30 expression. p-values were calculated with the log-rank test.

IHC, immunohistochemistry.

immunohistochemistry was performed to detect the
existence of EBER" B cells in cases with available tis-
sues. The immunohistochemical demonstration of
CD20 antigens (anti-CD20 antibody, Cat# GAG04,
RRID: AB_3678473, DAKO, Danmark) followed by
EBER-ISH was performed under RNase-free condition.
EBV-infected B cells became visible by their purple
nuclei and brown membrane staining.

DNA sequencing and subtype establishment

For DNA sequencing, 62 whole exome sequencing
(WES) and 192 targeted next-generation sequencing
(tNGS) data from Shanghai Ruijin Hospital, as well as

101 tNGS data from other MHOPES centres were ana-
lysed in this study. Among them, all WES and 95 tNGS
data from Shanghai Ruijin Hospital were referred in our
previous study.” The sequencing and data analysis
procedures of WES were consistent with those reported
in our previous study.” For targeted next-generation
sequencing (tNGS), genomic DNA was extracted using
a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. A
total of 82 genes were selected from WES data for
further study based on two criteria: (i) genes with
recurrent mutations (>3%) and/or (ii) genes relevant to
pathogenesis of PTCL. Targeted capture sequencing was

www.thelancet.com Vol 115 May, 2025
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performed using established Illumina protocols on
novaseq6000 platform. Multiplexed libraries of tagged
amplicons from PTCL tumour samples were generated
by Shanghai Yuangi Bio-Pharmaceutical Multiplex-PCR
Amplification System.

Overall, non-silent mutations were inspected
including 1302 nonsynonymous SNV, 95 in-frame
deletion or insertion, 298 frameshift deletion, inser-
tion or stop-gain, and 32 splicing in the training cohort
and 343 nonsynonymous SNV, 38 in-frame deletion and
insertion, 138 frameshift deletion, insertion or stop-
gain, and 15 splicing in the validation cohort
(Supplementary Table S1). Based on Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) database, candidate genes were assigned to
specific biological processes, including chromatin
remodelling, DNA methylation, histone methylation,
histone acetylation, JAK-STAT signalling pathway,
Notch signalling pathway, P53 signalling pathway,
phosphorylation, phosphatidylinositol 3-kinase (PI3K)-
AKT signalling pathway, Rho GTPase, and TCR-major
histocompatibility = complex (MHC) interaction
(Supplementary Table S2).

The method used to establish molecular subtypes in
CD30" PTCL was similar to the approach described for
CD30" DLBCL.” To establish the molecular subtypes, we
first identified the seed genes including SETD2, STAT3,
and protein tyrosine phosphatase receptor S (PTPRS)
for each molecular subtype. Subsequently, we screened
additional genes and EBER protein based on their cor-
relation with the seed genes in CD30" PTCL and their
involved pathways listed in Supplementary Table S2, to
determine the scoring factors for each subtype. A total of
24 additional mutated genes and EBER were identified
as scoring factors in subtype establishment. When
classifying patients, those with the seed genes of a
specific subtype were assigned to that subtype. If a pa-
tient did not have any seed genes, scores were assigned
to each patient based on the scoring factors of the sub-
types, with each scoring factor contributing one point.
The patient was then assigned to the subtype with the
highest score. Importantly, the seed genes and scoring
factors of a specific subtype must exhibit the highest
frequency of gene mutation or protein expression within
their respective subtypes. Few patients could be un-
classified due to the absence of relevant scoring factors.

RNA sequencing and bioinformatics analysis

For RNA sequencing (RNA-seq), a total of 169
sequencing data was analysed in this study, including
131 sequencing data referred in our previous study.”
Extended 38 patients total RNA was extracted from
frozen tumour samples of patients using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) as previously
report. RNA size, concentration, and integrity were
verified using Agilent 2100 System (Agilent). RNA
libraries were constructed by using VAHTS total

www.thelancet.com Vol 115 May, 2025

RNA-seq (HMR) library prep kit according to the man-
ufacturer’s instructions, and sequenced on Illumina
NovaSeq 6000 System. Paired-end reads were harvested
from Illumina NovaSeq 6000 System, and the quality
were controlled by Q30.

Read pairs were aligned to GRCh37 RefSeq by STAR
(version 2.5.3a).”” The HTSeq was applied to generate
table files containing transcript counts.”® R package sva
(version 3.50.0) to remove the batch effect and R pack-
age limma (version 3.58.1) was used to normalise the
raw reads and obtain differentially expressed genes
(DEGs, defined as fold change >1.500 and p < 0.050).
Transcripts per million (TPM) were generated using
Kallisto (version 0.46.0) with default parameters.”” The
original Kallisto outputs were integrated with R package
tximport (version 1.24.0) and the TPM of all alternative
splicing transcripts of a gene were summed to represent
the gene expression level. Before gene expression sig-
natures for lymphoma microenvironment and drug
sensitivity calculation, log2 transformed TPM data
(log,TPM) were processed with R package preprocessCore
(version 1.58.0), which implemented the quantile nor-
malisation described before and removed batch effect
caused by sequencing time, which confirmed by PCA
analysis, with R package limma (version 3.58.1).*°

Gene Set Enrichment Analysis (GSEA) was per-
formed using R package clusterProfiler (version 4.10.1)
with MSigDB-curated gene sets (c2.cp. kegg.v6.2.sym-
bols.gmt) and (c5.all.v7.1.symbols.gmt).*’ PTCL origins
and tumour microenvironmental cells gene sets were
extracted from published literature.”>*” Functional gene
expression score (F"%) of PTCL origins and tumour
microenvironmental cells were calculated using single
sample GESA (ssGESA) algorithm with the R package
GSVA (version 1.50.5).” The Cancer Therapeutics
Response Portal (CTRP) V2 was applied to predict the
therapeutic response of each patient with PTCL to small-
molecules using the R package oncoPredict (version
1.2).** Each patient’s drug sensitivity, linked to detailed
genomic information, was estimated by the half-
maximal inhibitory concentration (IC50).

Genomic and microenvironment classification of
PTCL

Genomic and microenvironment classification of PTCL
were identified as described by Huang et al.”® For 355
patients with DNA sequencing data, patients were
assigned to 103 T1, 94 T2, 119 T3.1, and 39 T3.2. For
169 patients with RNA-seq data, hierarchical clustering
of the matrix was performed using the R package
pHeatmap (v 1.0.12) using ward.D2 as linkage, resulting
in 59 LME1, 49 LME2, 19 LME3, and 42 LME4.

Cell lines and transfection

The H9, Jurkat, and Karpas-299 were mycoplasma free
and independently authenticated by short tandem repeat
profiling (Supplementary Table S3). All cell lines were
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grown in RPMI-1640 medium, supplemented with 10%
heat-inactivated fetal bovine serum and 1% penicillin/
streptomycin (15140122, Gibco, Carlsbad, CA, USA)
in a humidified atmosphere containing 5% CO, at
37 °C.

To overexpress SETD2, STAT3, and PTPRS,
pLXT-SFFV-mCherry-BSD  (vector), pLXT-SFFV-m
Cherry-BSD-SETD2 (NM_014159, wild-type, wt), pLXT-
SFFV-mCherry-SETD2 (NM_01415, G2299R), pLXT-
SFFV-GFP-puro-STAT3 (NM_139276, wild-type, wt),
pLXT-SFFV-GFP-puro-STAT3 (NM_139276, DG661Y),
pLXT-SFFV-GFP-puro-PTPRS (NM_002850, wild-type,
wt),  pLXT-SFFV-GFP-puro-PTPRS  (NM_002850,
Q1549L) plasmids were constructed. To knockdown
SETD2, STAT3, and PTPRS, pLKO5-mCherry-BSD
(Scramble), pLKOS5-mCherry-BSD-shSETD2, pLKOS5-
GFP-Puro (Scramble), pLKO5-GFP-Puro-shSTAT3, and
pLKO5-GFP-Puro-sh PTPRS plasmids were constructed.
Cell lines were transfected with viral particles contain-
ing above purified plasmids using lipofectamine 2000
(11668019, Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol (MOI = 50). The stably
transduced clones were selected by FITC green or red
fluorescence protein using flow cytometry. The shRNA
sequences are listed in Supplementary Table S4.

Quantitative real-time PCR (qRT-PCR)

The total RNA was extracted using Trizol reagent and
reverse transcribed using a PrimeScript RT Reagent Kit
with gDNA Eraser for qRT-PCR (RR047A, TaKaRa,
Japan). qRT-PCR was performed using SYBR Premix Ex
TaqIM II (RR820A, TaKaRa, Japan) and ABI ViiA7
(Applied Biosystems, Bedford, MA, USA) following the
manufacturer’s instructions. Relative quantification was
calculated using the 2-AACT methods. The primers are
listed in Supplementary Table S5.

Western blot

Cells were lysed in 200 pl lysis buffer (0.5 M Tris—HCI,
pH 6.8, 2 mM EDTA, 10% glycerol, 2% SDS, and 5%
p-mercaptoethanol). Protein lysates (20 pg) were elec-
trophoresed on 10% SDS polyacrylamide gels and
transferred to nitrocellulose membranes. Membranes
were blocked with 5% non-fat dried milk and incubated
overnight at 4 °C with the appropriate primary anti-
bodies, followed by a horseradish peroxidase-conjugated
secondary antibody. The immunocomplexes were
visualized using a chemiluminescence phototope-
horseradish peroxidase Kit (Cell Signalling Technolo-
gies, Danvers, MA, USA). The antibodies were validated
and listed in Supplementary Table S3.

Flow cytometry

The antibody used for testing CD30 was PE anti-CD30
(Cat# 550041, RRID: AB_393541, BD Biosciences,
USA). Flow cytometry data were collected by a FACS

Calibur cytometer (BD Biosciences), and the median
fluorescent intensity (MFI) was analysed using FlowJo
software (version 10.8.1).

Statistical analysis

The Fisher’s exact test was used to compare categorical
variables. For normally distributed data, comparisons
between groups were made using the Student’s t-test. In
cases where the data did not follow a normal distribu-
tion, the Mann-Whitney U test was used for comparing
two groups, and the Kruskal-Wallis test was applied for
comparisons involving three groups. Pearson correla-
tion coefficients were used to evaluate the correlation
between variates. Progression-free survival (PFS) was
measured from the date of diagnosis to the date when
disease progression/relapse was recognized or the date
of the last follow-up. Overall survival (OS) was calculated
from the date of diagnosis to the date of death or the
date of the last follow-up. Survival functions were esti-
mated using the Kaplan-Meier method and compared
using the log-rank test. Univariate and multivariable
hazard estimates were generated with Cox proportional
hazards model. Covariates with p < 0.050 in both PFS
and OS of univariate analysis were included in the
multivariate model and analysed with the backward
Wald method. Statistical significance was defined as
p < 0.050. All statistical analysis was performed using
Statistical Package for the Social Sciences (SPSS) 25.0
(SPSS Inc., Chicago, IL, USA), GraphPad Prism 9, and
RStudio (version 4.3.2).

Role of funders

The funders did not have any role in the study design,
data collection, data analyses, data interpretation, or
writing of the manuscript.

Results

Clinical and pathological characteristics of CD30*
PTCL

Cohort selection and exploratory aspects were outlined
in Fig. 1a. Using semi-quantitative immunohistochem-
istry, both ALK* ALCL and ALK~ ALCL were charac-
terised by high CD30 expression with CD30 level >50%.
In the nTFHL subgroup, 46 (22.0%), 69 (33.0%), 31
(14.8%), 43 (20.6%), and 20 (9.6%) cases showed CD30
level <1%, 1-10%, 10-20%, 20-50%, and >50%,
respectively. In the PTCL-NOS subgroup, 45 (40.9%), 30
(27.3%), 11 (10.0%), 8 (7.3%), and 16 (14.5%) cases
showed CD30 level <1%, 1-10%, 10-20%, 20-50%, and
>50%, respectively. Using a cut-off value of 10%, CD30"
PTCL accounted for 45.0% and 31.8% of PTCL in the
nTFHL and PTCL-NOS subgroups, respectively
(Fig. 1b). Semi-quantitative immunohistochemistry of
CD30 was significantly correlated with TNFRSF8 tran-
scriptional level by RNA-seq in PTCL (R = 0.473,
p < 0.001, Pearson correlation test; Fig. 1c). CD30/PAXS
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double staining was performed on 22 cases of nTFHL, 4
cases of PTCL-NOS, and 4 cases of ALCL. None of the
PTCL-NOS or ALCL cases exhibited double-positive
staining. Among the 22 nTFHL cases, 10 (45%)
showed double-positive cells, while the remaining 12
(55%) exhibited only CD30 single-positive cells. In the
10 double-positive cases, the proportion of such cells
ranged from 5% to 50% (Supplementary Fig. S1a).

In the training cohort, with a median follow-up of
27.5 months, the 2-year PFS and OS rates were 42.6%
(95% CI 36.5-48.7) and 65.3% (95% CI 59.4-71.2),
respectively. In the validation cohort, with a median
follow-up of 20.0 months, the predictive 2-year PFS and
OS rates were 37.3% (95% CI 25.9-48.7) and 74.8%
(95% CI 63.8-85.8), respectively. No significant differ-
ences in PFS and OS were observed between the
training and validation cohorts (Supplementary Fig. S2a
and b). Pathologically, ALK* ALCL exhibited a 2-year
PFS rate of 80.1% (95% CI 68.3-91.9) and a 2-year OS
rate of 89.5% (95% CI 85.2-100.0), which were signifi-
cantly better than other PTCL subgroups (all p < 0.001,
log-rank test). CD30 was not a prognostic predictor for
PES or OS neither in the nTFHL nor in the PTCL-NOS
subgroups (Fig. 1d).

The main clinical and pathological characteristics of
PTCL according to CD30 expression were summarized
in Supplementary Table S6. Patients with CD30" PTCL
were significantly more likely to have young age
(p = 0.010), good performance status (p = 0.011), early
Ann Arbor stage (p < 0.001), normal Lactate Dehydro-
genase level (p = 0.003), less bone marrow involvement
(p =0.012), and low-risk IPI score (p < 0.001, all Fisher’s
exact test) compared to those with CD30" PTCL. How-
ever, no significant differences were observed between
patients with CD30* PTCL and CD30" PTCL within the
nTFHL and PTCL-NOS subgroups. In addition, patients
with CD30" PTCL in the PTCL-NOS subgroup were
significantly more likely to be EBER-positive than those
with CD30" PTCL (p = 0.042, Fisher’s exact test). For the
double-labeling of EBER-ISH and CD20 immunohisto-
chemistry, a total of 10 cases were analysed, including 8
nTFHL and 2 PTCL-NOS cases. All 8 nTFHL cases
displayed double-positive cells. Among the 2 PTCL-NOS
cases, 1 (50%) exhibited double-positive cells, while the
other (50%) presented only EBER single-positive cells
(Supplementary Fig. S1b).

Genomic and transcriptomic analysis of CD30" PTCL
DNA sequencing was performed on 355 patients,
including 39 ALK* ALCL (11.0%), 37 ALK  ALCL
(10.4%), 189 nTFHL (53.2%), and 90 PTCL-NOS
(25.4%) and separated into the training cohort of 254
cases and the validation cohort of 101 cases. Mutations
of candidate genes with annotated biological processes
are shown in Fig. 2a and Supplementary Table S7. The
mutational landscape of CD30* PTCL displayed an
enrichment in ALCL, which fitted the pathobiology of
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ALK" ALCL and ALK~ ALCL, as previously reported.*>*
In the training cohort, CD30" PTCL had higher fre-
quencies in SETD2 (11.5% vs. 3.8%, p = 0.036),
NOTCH2 (10.1% vs. 1.9%, p = 0.010), STAT3 (9.5% vs.
1.9%, p = 0.017), and PTPRS (9.5% vs. 1.9%, p = 0.017)
mutations, along with lower frequencies in TET2 (49.3%
vs. 642%, p = 0.015), and VAVI (2.7% vs. 8.5%,
p = 0.047, all Fisher’s exact test) mutations than CD30°
PTCL (Fig. 2b). In the validation cohort, SETD2 (12.8%
vs. 1.9%, p = 0.048), STAT3 (12.8% vs. 1.9%, p = 0.048),
and PTPRS (12.8% vs. 0.0%, p = 0.008, all Fisher’s exact
test) mutations were also more frequent in CD30" PTCL
than in CD30" PTCL (Fig. 2b).

Mutant sites of SETD2, STAT3, and PTPRS in pa-
tients with CD30* PTCL are illustrated in
Supplementary Figure S3a. Preclinical models were
constructed based on the expression of SETD2, STATS3,
PTPRS, and TNFRSF8in H9, Jurkat and Karpas-299 cell
lines (Supplementary Fig. $3b). SETD2™, SETD2°%*%°%,
as well as STAT3*? and PTPRS*Y, were established and
transfected into the H9 cells. Meanwhile, STAT3™,
STAT3P%*™Y, PTPRS™, PTPRS2"*”*, as well as shRNA
to knockdown SETD2*Y, were established and trans-
fected into the Jurkat cells. Western blot analysis
confirmed the transfection efficiency (Supplementary
Fig. S3c—e). Total CD30 expression was upregulated in
SETD2°%%R compared to SETD2™, with a similar
pattern in PTPRS*, compared to scramble and down-
regulated in STAT3", compared to scramble H9 cells
(Fig. 2c, upper panel). On the other hand, total CD30
expression was upregulated in SETD2*! compared to
scramble, with a similar pattern in STAT3P6Y
compared to vector, and PTPRSQI>#L, compared to
PTPRS™ Jurkat cells (Fig. 2c, lower panel). Moreover,
CD30 expression on tumour cell membrane revealed by
flow cytometry confirmed the above results
(Supplementary Fig. S4a—f). Together, these data
demonstrated that functional loss of SETD2 and PTPRS,
as well as functional gain of STAT3, contributed to
increased CD30 expression in T-lymphoma cell models.

RNA-seq was further analysed in 169 patients,
including 22 ALK* ALCL (13.0%), 14 ALK  ALCL
(8.3%), 98 nTFHL (58.0%), and 35 PTCL-NOS (20.7%).
Three hundred and eight-five upregulated differentially
expressed genes (DEGs), including BATF3, RUNX2,
SP8, as translational factors, and 683 downregulated
DEGs were identified in 95 CD30" PTCL cases,
compared with 74 CD30" PTCL cases (Supplementary
Table S8). As revealed by GSEA, extracellular matrix
structural constituent, fibroblast growth factor receptor
signalling, Hedgehog signalling, Notch receptor pro-
cess, and response to tumour growth factor (TGF)-p
were significantly upregulated, while processes
including B-cell activation, CCR and CXCR chemokine
receptor, T-cell activation, and T-cell mediated immu-
nity were significantly downregulated in CD30" PTCL
(Supplementary Fig. S5a). As for PTCL origin, CD30"
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Fig. 2: Genomic analysis in PTCL according to CD30 expression. (a) Waterfall plot of mutations of 68 candidate genes according to CD30
expression between patients with CD30" PTCL and CD30™ PTCL in the training and validation cohorts. Functional clusters of the candidate
genes are indicated at left: 1, DNA methylation; 2, Rho GTPase; 3, histone methylation; 4, P53 signalling pathway; 5, chromatin remodelling; 6,
histone acetylation; 7, Notch signalling pathway; 8, phosphorylation; 9, PI3K-AKT signalling pathway; 10, T-cell receptor-major histocom-
patibility complex; 11, JAK-STAT signalling pathway. The column represents each patient with histological types and EBER expression. (b) Gene
mutations with significant differences between patients with CD30" PTCL and CD30™ PTCL in the training and validation cohorts along with the
p-value for the distribution. p-values were calculated using the Fisher's exact test. (c) Total CD30 expression of tumour cells detected in H9
(upper panel) and Jurkat cell lines (lower panel) transfected with subtype-specific SETD2, STAT3, and PTPRS lentiviruses, respectively, by Western
blot.
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PTCL harbored a significantly increased score of func-
tional genes representing ALCL, but a decreased score
of Tth and PTCL-NOS-TBX21 (all p < 0.001, Mann—
Whitney U test; Supplementary Fig. S5b).

Molecular subtypes of CD30" PTCL

Based on the aforementioned results, SETD2, STAT3,
and PTPRS, representing three significant molecular
alterations in CD30" PTCL, were defined as the seed
genes to form the three molecular subtypes. The
schema diagram of CD30" PTCL molecular subtyping
was illustrated in Supplementary Fig. S6a. Genes asso-
ciated with histone methylation and acetylation
(KMT2A, KMT2C, KMT2D, SETD2, SETD1B, BCOR,
CREBBP, and NCOR2) were selected as the scoring
factors for the HMA subtype. Additionally, genes
involved in the JAK-STAT and Notch signalling path-
ways (JAK3, SOCS1, STAT3, STAT5B, NOTCH]1, and
NOTCH2), along with EBER were included in the JNE
subtype, while genes related to phosphorylation, chro-
matin  remodelling, and TCR-MHC interaction
(PTPN13, PTPRC, PTPRS, ARIDI1A, ARIDI1B, ARID2,
ASLX3, SMARCA2, HLA-B, and TAL1) were selected for
the PCT subtype (Fig. 3). Overall, 136 out of 148 (91.9%)
CD30" PTCL in the training cohort and 43 out of 47
(91.5%) CD30" PTCL in the validation cohort were
classified into three molecular subtypes including the
HMA subtype (56 cases), JNE subtype (62 cases), and

Genes & Frequency (%)
Protien  HMA JNE PCT

PCT subtype (61 cases). Detailed percentages of certain
scoring factors in the training, validation, and overall
cohorts were illustrated in Supplementary Fig. S6b—d.
The molecular subtypes also remained valid with the
same seed genes and scoring factors in nodal PTCL
except for ALK ALCL (Supplementary Fig. S6e).

No significant differences were observed among the
three molecular subtypes in the aspect of histological
types, semi-quantitative immunohistochemistry of
CD30, and clinical parameters (Supplementary Fig. S6f
and g, Supplementary Table S9). As for the genomic
aspect, CD30" PTCL harbored more T3.1 than CD30
PTCL (p = 0.002, Fisher’s exact test), with the HMA
subtype harboring the highest percentage of T3.1
(p = 0.033, Fisher’s exact test) and the PCT subtype
harboring the highest percentage of T3.2 (p = 0.009,
Fisher’s exact test; Supplementary Fig. S7a and b).

Clinical and prognostic significance of molecular
subtypes of CD30" PTCL

In the training cohort of classified 136 patients with
CD30" PTCL, the 2-year PFS rates for the HMA, JNE,
and PCT subtypes were 62.1%, 33.4%, and 53.7%, and
the 2-year OS rates for the HMA, JNE, and PCT sub-
types were 90.6%, 61.5%, and 81.3%, respectively. Three
molecular subtypes differed significantly in PFS and
OS, with poorer prognosis in the JNE subtype than the
HMA subtype (p = 0.003 for PFS, p = 0.001 for OS, log-
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Fig. 3: Genetic features of molecular subtypes of CD30" PTCL. Genetic composition in the HMA (upper panel), NE (middle panel), and PCT
(lower panel) subtypes. The prevalence of the indicated genetic mutations and EBER was indicated at the left. The column represents each
patient with histological types.
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rank test) and the PCT subtype (p = 0.008 for PFS,
p=0.013 for OS, log-rank test; Fig. 4a). In the validation
cohort of classified 43 patients with CD30" PTCL, the
predictive 2-year PFS rates for the HMA, JNE, and PCT
subtypes were 32.1%, 22.5%, and 65.6%, and the pre-
dictive 2-year OS rates for the HMA, JNE, and PCT
subtypes were 100%, 69.2%, and 100%, respectively.
Three molecular subtypes also showed significant dif-
ferences in PFS and OS, with poorer prognosis in the
JNE subtype than the HMA subtype (p = 0.048 for PFS,
p = 0.030 for OS, log-rank test) and the PCT subtype
(p = 0.018 for PFS, p = 0.037 for OS, log-rank test;
Fig. 4b).

Due to relatively limited number of the patient for
each cohort, univariate and multivariate models were
constructed between clinicopathological factors, treat-
ment interventions, and molecular subtypes of CD30"
PTCL in the overall cohort. The JNE subtype was
strongly related to inferior PFS (p < 0.001, Cox propor-
tional hazards model) and OS (p < 0.001, Cox propor-

(hazard ratio [HR] = 3.299, 95% CI 2.137-5.092,
p < 0.001, Cox proportional hazards model) and OS
(HR = 4.807, 95% CI 2.356-9.807, p < 0.001, Cox pro-
portional hazards model) when IPI risk group was
controlled (Table 1).

Transcriptomic analysis of molecular subtypes of
CD30" PTCL

As revealed by RNA-seq of 89 classified patients with
CD30* PTCL, epigenetic processes, oncogenic signal-
ling pathways, and immune-associated pathways were
consistent with the gene mutation profile (Fig. 5a). The
HMA subtype (Fig. 5b, upper panel) was mainly
involved with aberrant histone methylation and acety-
lation (EED, HDAC2, METTL3, SETD4), as well as cell
cycle (ANAPC7, MYC, SSBP1, TP63) processes. The
JNE subtype (Fig. 5b, middle panel) was mainly involved
with upregulated JAK-STAT (IL-27RA, JAK3, STAT3/
5A), Notch (DLL1, DTX1, NOTCH1/2), and PI3K-AKT
(PIK3C2B, PIK3CD, PIK3CG, PIK3IP1) signalling

tional hazards model) and recognized as an  pathways. The PCT subtype (Fig. 5b, lower panel) was
independent adverse prognostic factor for both PFS  mainly involved with dysregulated extracellular
a
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Fig. 4: Survival analysis in CD30" PTCL according to molecular subtypes. Kaplan-Meier curves of progression-free survival and overall survival
according to molecular subtypes of CD30" PTCL in the training cohort (a) and the validation cohort (b). p-values were calculated with the log-

rank test.
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IPI, international prognostic index; OS, overall survival; PFS, progression-free survival. p-values were calculated with the Cox proportional hazards model.

Risk factors Univariate analysis Multivariate analysis
PFS oS PFS oS
p-value HR (95% Cl) p-value HR (95% Cl) p-value HR (95% Cl) p-value HR (95% Cl)
Histology 0.001 0.066
Non-ALK* ALCL Reference Reference
ALK" ALCL 0.257 (0.112-0.588) 0.034 (0.001-1.253)
IPI risk group <0.001 0.003 <0.001 <0.001
Low Reference Reference Reference Reference
Low-intermediate 1.692 (0.846-3.383) 4.106 (0.871-19.365) 1.541 (0.769-3.085) 3.549 (0.752-16.744)
Intermediate-high 2.674 (1.390-5.141) 5.595 (1.236-25.317) 3.101 (1.606-5.989) 5742 (1.269-25.983)
High 4151 (2.113-8.155) 12.455 (2.797-55.461) 5.282 (2.653-10.514) 13.902 (3.108-62.183)
BV treatment 0.050 0.589 (0.346-1.001) 0.014 0.165 (0.040-0.690)
HSCT 0.164 0.680 (0.395-1.171) 0.060 0.320 (0.098-1.048)
HMA subtype 0.030 0.582 (0.357-0.950) 0.007 0.197 (0.060-0.645)
JNE subtype <0.001 2,613 (1.722-3.966) <0.001 4314 (2.132-8.728) <0.001 3.299 (2.137, 5.092) <0.001 4.807 (2356, 9.807)
PCT subtype 0.033 0.601 (0.376-0.960) 0.200 0.607 (0.283-1.303)

Abbreviations: ALCL, anaplastic large-cell lymphoma; ALK, anaplastic lymphoma kinase; BV, brentuximab vedotin; Cl, confidence interval; HR, hazard ratio; HSCT, hematopoietic stem-cell transplantation;

Table 1: Univariate and multivariate analysis for progression-free survival and overall survival in CD30" peripheral T-cell lymphoma.

regulated kinase (ERK)/fibroblast growth factor (FGF)
signalling pathway (FGF12/7, HTRA1, SP8), chromatin
remodelling (CENPH, CENPL, CENPW), and extracel-
lular matrix (ECM) structural organization (collagen
type I alpha 2 [COL1A2], hyaluronan Synthase [HAS] 1/
2, laminin Beta 4 [LAMB4]). As for lymphoma micro-
environment (LME), CD30* PTCL showed a higher
percentage of mesenchymal subtype, compared to
CD30" PTCL (p = 0.048, Fisher's exact test;
Supplementary Fig. S7c and d). Considering cellular
and non-cellular stromal components, the PCT subtype
was significantly associated with higher cancer-
associated fibroblasts (CAFs) (p = 0.044, t-test), and the
HMA subtype was significantly associated with lower
ECM (p = 0.045, Mann-Whitney U test) and lymphatic
endothelial cells (p = 0.030, t-test; Fig. 5c). Overall, a
schematic description of specific driver mutations,
distinct gene expression profiles, and tumour microen-
vironment patterns in three molecular subtypes of
CD30" PTCL was illustrated in Fig. 5d.

Therapeutic implications of molecular subtypes of
CD30" PTCL

We first analysed the efficacy of the front-line BV-con-
taining treatment in molecular subtypes of CD30*
PTCL. ALK" ALCL was excluded due to notably better
survival and unbalanced proportion between non-BV
and BV treatment to control confounding bias. In the
HMA subtype, BV treatment had no statistical survival
benefit (Fig. 6a). Nevertheless, BV treatment demon-
strated significantly better PFS and OS than non-BV
treatment in the JNE (p = 0.019 for PFS, p = 0.046 for
OS, log-rank test; Fig. 6b) and the PCT subtypes
(p = 0.023 for PFS, p = 0.037 for OS, log-rank test;
Fig. 6¢). Functional analysis related to BV response
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showed significant upregulated adaptive immune
response (p = 0.004) and complement activation
(p = 0.040) in the JNE subtype (Fig. 6d, upper panel) and
endoplasmic reticulum lumen (p = 0.001) and response
to oxidative stress (p = 0.013, all adjusted by Benjamini
& Hochberg) in the PCT subtype (Fig. 6d, lower panel).
In addition, we sought other targeted agents for mo-
lecular subtypes of CD30" PTCL. Based on the CTRP
database, hypomethylating agents, 5-azacytidine
(p = 0.006, t-test), and histone deacetylase (HDAC) in-
hibitor (p = 0.014, t-test) showed significantly higher
efficacy in the HMA subtype (Fig. 6e and f). JAK
(p < 0.001, t-test) and PI3K (p = 0.012, t-test) inhibitors
were significantly more effective in the JNE subtype
(Fig. 6g and h).

Discussion
This is, to our knowledge, the largest multi-omics study
on CD30" PTCL, demonstrating the genomic and tran-
scriptomic pattern of this molecularly heterogeneous
entity. More importantly, we identified and validated
three molecular subtypes of CD30" PTCL with distinct
biological characteristics and therapeutic implications.
The HMA subtype was mainly based on alterations
in histone methylation and acetylation. SETD2, the
methyltransferase of histone 3 lysine 36 trimethylation,
mediates multiple transcriptional-related events in
lymphoma progression.** SETD2, as well as other his-
tone methylation-associated genes including SETD1B
and KMT2A/C/D, are frequently mutated in ALCL and
CD30" LPD, together with histone acetylation-associated
genes, mainly as CREBBP.”** KMT2C, KMT2D, and
CREBBP mutations are also the prominent features of
T3.1, contributing to the highest prevalence of T3.1 in
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Fig. 5: Gene expression signature and lymphoma microenvironment of molecular subtypes of CD30" PTCL. (a) Epigenetic processes,
oncogenic signalling pathways, and immune-associated pathways among three molecular subtypes in CD30" PTCL. p-value and normalised
enrichment score were calculated between certain molecular subtype vs. other subtypes of CD30" PTCL. (b) Gene expression profiling of main
alterations in the HMA (upper panel), JNE (middle panel), and PCT (lower panel) subtypes. Involved pathways are indicated at the left. The
column represents each patient with CD30" PTCL with histological types and TNFRSF8 transcriptional expression. (c) Functional gene expression
score of stroma components among three molecular subtypes in CD30" PTCL. p-value was calculated between certain molecular subtype vs.
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Fig. 6: Clinical implications of molecular subtypes of CD30" PTCL. Kaplan-Meier curves of progression-free survival (upper panel) and overall
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other subtypes of CD30" PTCL using the Mann-Whitney U test or t-test on the basis of the data distribution. (d) Schematic description
illustrating pathogenesis of CD30" PTCL molecular subtypes. Based on genomic and transcriptomic data, three molecular subtypes were
identified in CD30" PTCL with specific driver mutations (highlighted with lightening stickers), and distinct gene expression profiles and tumour
microenvironment patterns. CAF, cancer-associated fibroblast; ECM, extracellular matrix; ER, endoplasmic reticulum; FOES
expression score; FRC, fibroblastic reticular cells; LEC, lymphatic endothelial cells; VEC, vascular endothelial cells.
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the HMA subtype.” As for the gene expression profile,
mutations of histone modification genes resulted in
dysregulation of epigenetic processes and further
influenced cell cycle progression, explaining why TP63
and MYC were highly expressed in the HMA subtype.”
Regarding therapeutic implications, the hypomethylat-
ing agents and HDAC inhibitors are effective in the
HMA subtype. 5-Azacytidine treatment improves the
effect of standard CHOP in the nTFHL subgroup and
integrated analysis indicates that deletion of SETD2
induced sensitivity to hypomethylating agents.***!
Moreover, chidamide, a class I HDAC inhibitor in-
creases response rate in PTCL-NOS with KMT2D or
CREBBP mutations, and another class I HDAC inhibi-
tor romidepsin demonstrates improved PFS in nTFHL,
when combined with CHOP.**** Although BV alone did
not show a significant survival benefit, preclinical
research demonstrates a synergistic effect between BV
and chidamide in promoting apoptotic pathways of T-
lymphoma cells, suggesting future rationale of
combining epigenetic agents with BV to further
improve the outcomes of the HMA subtype.*

The JNE subtype was characterised by mutations in
JAK-STAT and Notch signalling pathways, as well as
EBV infection. Accumulating evidence suggests that
STAT3 activation leads to constitutive CD30 expres-
sion.’>* Mutations in Notch signalling pathway are
enriched in ALCL, and NOTCH1 and Jaggedl over-
express in CD30* LPD.**” EBV status is also related to
susceptibility and phenotype of CD30" lymphomas.**
Correspondingly, the gene expression profile of this
subtype was characterised by upregulation of immune-
associated signalling pathways, including JAK-STAT,
Notch, PI3K-AKT, and activation of adaptive immune
response. Of note, the patients with the JNE subtype
presented worse clinical outcome, similar to those of the
JA subtype in CD30" DLBCL.> Regarding therapeutic
implications, the JNE subtype demonstrated signifi-
cantly improved PFS and OS upon the BV treatment,
likely due to the immune activation.”**' Moreover, the
JNE subtype showed increased sensitivity to JAK and
PI3K inhibitors. Recent clinical trials have evaluated
golidocitinib, a selective JAK1 inhibitor, in treating
relapsed or refractory PTCL, demonstrating a higher
overall response rate in patients with pSTAT3 > 60%.°**
The JAK1/2 inhibitor ruxolitinib is also effective in
PTCL with activating JAK and/or STAT mutations.*
Combination of ruxolitinib and BV shows sustained
tumour elimination in murine models of Hodgkin’s
lymphoma, which is also characterised by CD30
expression and JAK-STAT activation, providing a po-
tential therapeutic approach for investigation in the JNE
subtype.”

The PCT subtype exhibited aberrations in phos-
phorylation, chromatin remodelling, and TCR-MHC
interaction. Phosphorylation plays a critical role in
CD30"* lymphomas, and protein tyrosine phosphatases

including PTPRS, PTPRC, and PTPN13 were frequently
mutated in the PCT subtype, sharing similar charac-
teristics with T3.2.° ARIDIA/B, ARID2, ASXL3, and
SMARCA2 mutations were also enriched in the PCT
subtype, correspondence to the fact that CD30 is regu-
lated by chromatin organizers in ALCL and CD30*
LPD.***” Moreover, abnormalities in MHC molecules
are commonly observed in primary mediastinal B-cell
lymphoma highly expressing CD30.** As for the gene
expression profile, chromatin remodelling, ERK signal-
ling pathway, and downstream endoplasmic reticulum
activity were upregulated in the PCT subtype. SP8 pro-
moted the FGF signalling pathway in this subtype,
contributing to CAF and ECM enrichment in the
tumour microenvironment as reported in the solid
tumour.”>® Regarding therapeutic implications, BV
treatment significantly improved PFS and OS in this
subtype, likely due to enhanced endoplasmic reticulum
activity.”’ Additionally, PD-1 inhibitors may offer thera-
peutic benefits by reversing the immune evasion.®
Combining PD-1 inhibitors with BV has demonstrated
efficacy in relapsed or refractory primary mediastinal B-
cell lymphoma and Hodgkin’s lymphoma.**** Clinical
trials evaluating similar regimens for patients with
relapsed or refractory PTCL are ongoing (NCT04795869
and NCT05313243).

This study has limitations. The molecular subtypes
were established by retrospective data, but further vali-
dated by the multi-centre validation cohort without sig-
nificant differences in prognostic features. Secondly, a
relatively limited sample size was shown in patients
upon BV treatment, due to marketing availability of the
drug in China until August 2020.

In conclusion, this multi-omics analysis identified
distinct molecular subtypes of CD30* PTCL. Genetic
and microenvironmental alterations contributed to
additional biological vulnerabilities, highlighting poten-
tial targeted approaches combined with BV treatment
for genotype-guided precision medicine in PTCL.
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