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PUBLIC SUMMARY
■   Peripheral T-cell lymphomas (PTCLs) are clinically challenging for their heterogeneity and low chemo-sensitivity.

■   Multi-omics studies reveal pathogenic mechanisms and new treatment targets for PTCLs.

■   Emerging strategies bridge the research-practice gap in precise medicine for PTCLs.
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Peripheral  T-cell  lymphomas  (PTCLs)  encompass  a  diverse  group  of
aggressive non-Hodgkin’s lymphomas originating from mature T lympho-
cytes.  Despite  their  relatively  low  prevalence  compared  to  B-cell
lymphomas, PTCLs pose significant clinical challenges due to their hetero-
geneity, lack  of  specific  biomarkers,  and  often  poor  response  to  conven-
tional  chemotherapies.  Unraveling  the  intricate  pathogenic  mechanisms
underlying  PTCLs  is  pivotal  for  the  development  of  targeted  therapies,
which has become a major focus of PTCL research in recent years. It was
previously postulated that  genomic alterations play a pivotal  role in  T-cell
transformation  and  lymphomagenesis.  Recent  multi-omics  investigations
and functional studies focusing on pathogenic mechanisms have unveiled
that  in  addition  to  genetic  abnormalities,  diverse  intrinsic  and  extrinsic
mechanisms are  implicated  in  the  pathogenesis  of  PTCLs.  In  this  Review,
we  provide  an  overview  of  the  recent  advances  in  the  pathogenesis  and
management of PTCLs, focusing on the current and potential precise diag-
nosis and treatment based on intrinsic and extrinsic mechanisms. Bioengi-
neering  and  drug  development  have  enabled  the  effective  modulation  of
many previously “undruggable” targets, which offers the potential to target
new  biomarkers  associated  with  PTCL  pathogenesis.  The  integration  of
artificial  intelligence  (AI)  in  clinical  practice  enables  a  comprehensive
framework,  merging  diverse  data  sources  and  clinical  context  to  discover
precise biomarkers for personalized medicine. Finally, we present pressing
questions  and  challenges  that  demand  attention  and  discuss  emerging
solutions.
 

INTRODUCTION
Peripheral  T-cell  lymphomas  (PTCLs)  constitute  a  diverse  group  of

aggressive non-Hodgkin’s lymphomas derived from mature T lymphocytes.1,2

Although the molecular characteristics of these hematological malignancies,3

especially the genetic abnormalities, have been revealed, the clinical transla-
tion is still  in its infancy.4,5 While targeted therapy has dramatically improved
the treatment  of  B-cell  lymphomas,6 PTCLs still  lack  precise diagnostic  and
therapeutic targets, leading to poor disease outcomes.

According  to  National  Cancer  Institute  data,  a  total  of  80,550  lymphoma
cases  are  estimated  to  be  diagnosed  in  2023,  resulting  in  about  20,180
deaths  in  the  United  States  (source: https://seer.cancer.gov/statfacts/html/
nhl.html).  PTCLs  constitute  approximately  15-20%  of  these  cases.  The  5th
edition WHO classification of hematological and lymphoid neoplasms identi-
fied  30  distinct  entities,  each  with  unique  clinical,  histopathological,  and
molecular  traits.7 Prognosis varies  considerably  among these entities,  rang-
ing from favorable outcomes in anaplastic large cell lymphoma (ALCL) to less
promising  prognosis  in  entities  like  follicular  helper  T-cell  lymphoma  (TFH
lymphoma)  and  specific  subtypes  of  PTCL,  not  otherwise  specified  (PTCL-
NOS).8 Traditional chemotherapies based on anthracycline regimens are still
the  primary  treatment  for  PTCLs,  which  face  challenges  such  as  low
response  rates,  frequent  relapses,  and  treatment-related  side  effects.9

Despite  the  advent  of  autologous  hematopoietic  stem  cell  transplantation,
cellular therapies, and various new agents, there remains a pressing need for
improving outcomes among PTCL patients.

With the development of biotechnology, multi-omics profiling has accumu-
lated since the new millennium, revealing various molecular characteristics of
PTCLs (Figure 1).2 However, few of them have been translated into biomark-

ers,  especially  therapeutic  targets.10-12 To  address  this  challenge,  recent
research has shifted its focus from large-scale sequencing to the pathogenic
mechanisms of PTCLs,  which facilitates better  analysis of  multi-omics data
and  identification  of  targetable  biomarkers.13 By  modulating  specific
pathogenic  pathways,  genes,  or  molecules  responsible,  mechanism-based
precision  treatment  aims  to  enhance  therapeutic  efficacy  while  minimizing
harm to healthy tissues. Reported studies have illuminated the intricate inter-
play  of  genetic,  transcriptomic,  epigenetic,  microenvironment,  and  pathogen
factors, contributing to the development and progression of these heteroge-
neous malignancies (Figure 1).14-16 These insights have set the stage for novel
therapeutic targets and approaches, heralding the emergence of mechanism-
based precise treatment in PTCLs.

In the last two decades, bridging the gap between bench work and clinical
practice in PTCLs has been a focal point of intensive clinical research aimed
at developing new strategies to improve outcomes. Since 2009, the Food and
Drug Administration has approved several  new drugs for PTCLs (e.g.,  prala-
trexate,17 romidepsin,18 brentuximab  vedotin,19 and  mogamulizumab20).
Several  promising  compounds  have  entered  clinical  trials  (e.g.,  histone
deacetylase  inhibitor21,  dual  phosphoinositide-3-kinase  (PI3K)  inhibitor22,
EZH2  inhibitor23,  and  immunomodulatory  agent24). However,  due  to  limita-
tions in our understanding of the structural biology,  protein engineering,  and
receptor  pharmacology  of  biomarkers,  many  molecules  with  identified
pathogenic potential lack targeted agents, such as RHOA G17V mutation and
TCR signaling.

Here, we comprehensively explore recent advances in PTCL pathogenesis
and,  rooted  in  these  mechanisms,  summarize  the  latest  achievements  and
potential avenues in precise diagnosis and treatment. We also discuss recent
developments  in  other  fields  that  may  aid  therapeutic  targeting  in  PTCLs,
including  structure-based  drug  design,  protein-targeting  pharmacology,  and
AI-aided data integration. Our review aims to provide an innovative perspec-
tive on PTCLs by translating basic research into clinical practice. 

DISSECTING CLINICAL HETEROGENEITY OF PTCLS
Malignant transformation occurring at various stages of T-cell maturation

leads to a spectrum of malignancies characterized by diverse clinical features
(Figure  2A).25 Transformation  of  immature  T-cells  leads  to  T-cell  acute
lymphoblastic  leukemia/lymphoma  (T-ALL/LBL),  whereas  mature  T-cell
transformation  within  peripheral  lymphoid  organs,  such  as  lymph  nodes,
extra-nodal  sites,  and  skin,  results  in  PTCLs.  During  T-cell  differentiation,
PTCLs rise from various types of mature T-cells and express diverse sets of
transcription  factors  (TFs),  cytokines,  and  surface  markers  (Figure  2B).2 For
instance,  TFH  lymphoma  derived  from  T-follicular  helper  (TFH)  cells,  which
require  ICOS  signal  co-stimulation  from  B-cells,  and  express  TFH-specific
markers  such  as  CXCR5  through  the  action  of  relative  TFs.26 The  5th  WHO
classification recognizes 30 PTCL entities with distinct clinical,  morphologic,
immunophenotypic, and  molecular  features,  reflecting  the  intrinsic  differ-
ences  of  tumor  origin  T-cells  (Table  S1).7,8,27 Such  diverse  nature  of  PTCLs
requires prognostic stratifications and treatment decisions for each entity.

TFH  lymphoma  accounts  for  15%-19% of  PTCLs,  including  the  angioim-
munoblastic type, follicular type, and not otherwise specified.28 Common clin-
ical manifestations include systemic symptoms, generalized lymphadenopa-
thy,  skin  lesions,  immunological  abnormalities,  and  hematological
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disorders.29,30 The  prognosis  for  TFH  lymphoma  remains  dismal,  with  a  5-
year overall survival (OS) rate not exceeding 40%.31 These tumor cells, resem-
bling  their  normal  TFH counterparts,  are  typically  located  in  the  germinal
center of lymph nodes, regulating B-cell differentiation.32 Histological features
include  expression  of  TFH markers,  such  as  CXCL13,  PD-1,  ICOS,  BCL-6,
CD10,  and  CXCR5,33 alongside  a  prominent  reactive  background  of  B-cells,
macrophages,  dendritic  cells,  and  high  endothelial  venules.34 Epstein-Barr
virus (EBV) infection is frequently detected in tumor cells and/or background
B-cells.35 The angioimmunoblastic type and follicular type of TFH lymphoma
are distinguished based on the presence of  abundant endothelial  venules in
biopsy  samples  for  the  angioimmunoblastic  type  and  their  absence  in  the
follicular type.36 Among PTCLs, TFH lymphoma displays characteristic epige-
netic  dysregulation,  with  frequent  mutations  in TET2, RHOA, DNMT3A,  and
IDH2.3

ALCL constitutes a PTCL subtype characterized by the expression of CD30,
which  belongs  to  the  tumor  necrosis  factor  receptor  (TNFR)  superfamily.37

Further  classification  distinguishes  between  ALK-positive  (ALK+)  and  ALK-
negative  (ALK−)  based on the  presence or  absence of  ALK protein  identified
via  immunohistochemistry.38 ALK+ ALCL  is  more  prevalent  in  younger
patients and has a better prognosis than ALK− ALCL, featuring a 5-year OS of
79%  versus  46%.39-41 ALK+ ALCL  is  marked  by  chromosomal  translocations
implicating  the ALK gene,  which  encodes  a  tyrosine  kinase,  orchestrating
diverse  pathways  pivotal  in  cell  survival,  proliferation,  and  differentiation.42

The  most  common  partner  gene  for ALK is NPM1,  resulting  in  consistent
activation of STAT3, NOTCH, and PI3K pathways.37 ALK− ALCL shares similar
morphology  and  phenotype  with  ALK+ ALCL,  except  for  ALK  expression.  It
accounts for about 2.6%-7.8% of all PTCL cases and is more frequent in older
adults.40 Despite  the  absence  of ALK rearrangement,  ALK− ALCL  harbors
other  genetic  alterations  that  affect  similar  pathways,  such  as DUSP22 or
TP63 rearrangements, JAK-STAT mutations or fusions, NOTCH mutations or
activation,  etc.43,44 Based  on  these  molecular  features,  ALK− ALCL  can  be
classified  into  three  variants  with  widely  disparate  clinical  outcomes:  a)
DUSP22-rearranged (30%),  which has a distinctive morphology and a favor-
able prognosis similar to ALK+ ALCL; b) TP63-rearranged (8%), which has the
worst  prognosis;  and  c)  triple  negative,  which  lacks  genetic  lesions  of ALK,
DUSP22 and TP63 and has an intermediate prognosis.45

PTCL-NOS is a diagnosis reached through exclusion criteria among nodal
lymphomas,  encompassing  cases  that  do  not  conform  to  any  other  PTCL

subtypes.7,31 It  stands  as  the  most  prevalent  and  heterogeneous  entity,
accounting  for  approximately  22%-34%  of  all  PTCL  cases,  yet  bears  a
discouraging 5-year OS rate of  less than 30%.46 PTCL-NOS displays diverse
morphology  and  immunophenotype.  Gene  expression  profiling  (GEP)  and
molecular  analysis have discerned two discrete subgroups characterized by
the expression of TFs TBX21 and GATA3, which are associated with distinct
putative cells of origin (TH1/cytotoxic T-cells and TH2, respectively), immuno-
histochemistry features, and prognosis.47-49

The  above  significant  heterogeneity  among  PTCL  entities  highlights  the
need to  consider  different  subtypes  in  terms  of  both  pathogenic  mecha-
nisms and clinical efficacy studies. 

RETHINKING  PTCL  PATHOGENIC  MECHANISMS  WITH  NEW  ETIOLOGY
PARADIGMS

The etiology of cancers has long been attributed to stochastic errors during
DNA  replication  in  stem  cells,  known  as  driver  mutations,  leading  to  the
expansion of mutant clones and subsequent oncogenesis.50 The introduction
of next-generation sequencing (NGS) in PTCLs has yielded intriguing insight
into  the  pathogenic  significance  of  gene  mutations.  Unexpectedly,  PTCLs
(excluding  ALK+ ALCL)  exhibit  a  highly  variable  genetic  landscape,  where
mutations  independent  of  cell  division  contribute  substantially  to  somatic
alterations.2,51,52 These  malignancies  lack  hallmark  mutations  found  in  other
cancers,  such  as BCR::ABL translocation  in  chronic  myeloid  leukemia
(CML),53 BRAFV 6 0 0 E in melanomas,54 and HER2 in breast cancers.55 Moreover,
in contrast to leukemia, PTCLs originate from terminally differentiated T-cells
with  limited  stemness.  These  observations  challenge  the  application  of
conventional mutation-centric oncogenesis theories in PTCLs.

Jassim et al. recently proposed a novel etiology paradigm ‘the ground state
theory’,  which  shifts  focus  from  a  cell’s ‘stemness’,  such  as  stem  cell  or
lineage-committed  progenitor,  to  its  functional  state  or ‘ground  state’.50

Mounting  evidence  show  that  cell  plasticity  is  a  double-edged  sword  for
developing and ageing tissues: it is essential for tissue formation and mainte-
nance,  but  also  risks  overstepping  into  tumor.  While  the ‘bad  luck’ theory
relies on cell  division,56 the ‘ground state’ theory suggests that cell  plasticity
can  be  reshaped  by  developmental  processes,  ageing,  injury,  and  other
factors  independent  of  cell  division,  thus  increasing  the  risk  of
oncogenesis.57,58 In  the  context  of  PTCLs,  T  lymphocytes  are  inherently
susceptible to genetic alterations, given their continuous generation over the
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lifetime (producing around 50 million thymocytes daily)59,60.  According to the
‘ground  state’ theory,  we  proposed  that  the  inherent  instability,  along  with
other intrinsic and extrinsic factors,  culminates in the shifted balance of cell
plasticity in T-cells, leading to pathogenesis.

The  differences  in  pathogenesis  between  PTCLs  and  T-ALL/LBL  also
support  this  change  of  perspective.  Despite  both  originating  from  T-cells,
these  diseases  exhibit  distinct  clinical  and  molecular  features,  implying
diverse pathogenic mechanisms. PTCLs arise from peripheral mature T-cells,
which predominantly affect older adults (excluding ALK+ ALCL) (Figure 3A).61

T-ALL/LBL,  which  arises  from  T-cell  progenitors,62,63 primarily impacts  chil-
dren and young adults (Figure 3A).64,65 T-ALL/LBL features NOTCH signaling
and T-cell  TF activation,  with NOTCH1 activating mutations notably  discov-
ered  in  50-70%  of  the  cases  (Figure  3B).66-68 Moreover,  loss-of-function
mutations of FBXW7, a protein that degrades activated NOTCH1, were found
in  8-30%  of  cases  (Figure  3B).69,70 The  constitutive  activation  of  NOTCH
signaling by  somatic  mutations  in  hematopoiesis  stem  cells  (HSCs)  signifi-
cantly enhances cell plasticity of T-cell progenitors and simultaneously extin-
guishes  self-renewal  of  long-term  HSCs  (Figure  3C).71,72 As  neonatal  stem
cells are relatively resistant to cancer, this driver mutation is capable of onco-
genesis  through  an  uphill  path,  without  the  help  of  other  ageing  or  injury

factors.50 Compatible with  theories  of  pedi-
atric tumor etiology, a driver mutation impacts
stem  cells  and  drives  lineage-restricted
expansion, leading to oncogenesis.73-75

Meanwhile  in  PTCLs,  recurrent  mutations
are  discovered  in  epigenetic-related  genes
such as TET2 and DNMT3A, which occur in up
to  40-50%  of  all  cases,  excluding  ALK+ ALCL
(Figure  3B).76-78 Other  epigenetic  mutations
associated  with  histone  modification  are  also
frequently  seen  in  PTCLs  (Figure  3B).79

However,  these  genomic  variants  have  also
been discovered in non-malignant disease and
healthy  elderlies.80-83 Such  mutations  are
associated  with  ageing-related  clonal
hematopoiesis  (ACH),  which  is  the  expansion
of HSC clones that carry somatic mutations or
chromosomal  alterations  with  increasing
age.84-87 TET2, DNMT3A,  and IDH2 mutations
in  HSCs  or  progenitor  cells  represent  a  pre-
malignant  event  that  has  been  extensively
studied in  hematologic  malignancies,  includ-
ing lymphomas (Figure 3C).84,88,89 These muta-
tions cause reduced methylation of  CpG sites
at gene-regulatory regions, which leads to the
activation  of  genes  that  promote  cell
plasticity.85,90,91 Thus,  initial  mutations in  these
vital  epigenetic  modifiers  create  a  favorable
landscape permissive to expansion and trans-
formation,  known  as  clonal  hematopoiesis  of
indeterminate  potential  (CHIP).92,93 Subse-
quent  accumulation  of  additional  oncogenic
factors,  facilitated  by  this  susceptible  state,

leads  to  further  gain  of  cell  plasticity  and  full  lymphomagenesis.94 Such
factors include other genetic changes, ageing, microenvironment remodeling,
infection, etc.95 Moreover, a recent study reported that the germinal center B
(GCB) cells found in the angioimmunoblastic form of TFH lymphoma niches
carried TET2 deficiency as well  and supported tumorigenesis  via  the CD40-
CD40LG axis.96 This finding supports the notion that ACH occurs at an early
stage  of  lymphoma  development.  Related  evidence  for  precursor-derived
tumors in children with less complex molecular pathogenesis has also been
observed in B-cell malignancies. B-ALL is a common type of leukemia in chil-
dren  that  often  involves  recurrent  gene  fusions,  such  as ETV6::RUNX1,
TCF3::PBX1, and BCR::ABL1,97 while DLBCL is a prevalent form of mature B-
cell malignancy in adults with a much more complex genetic landscape and
multiple molecular subtypes.98,99

Based  on  this  novel  etiological  theory,  we  need  to  recognize  that  PTCLs
possess  a  multi-step  pathogenic  mechanism,  influenced  by  intrinsic  and
extrinsic factors. Genetic alterations are only one aspect of this multifaceted
process, which poses a challenge for targeting them with the same approach
as targeting EGFR mutants or BCR::ABL fusion proteins.100,101 Instead, under-
standing the  intrinsic  and extrinsic  factors  that  drive  malignant  transforma-
tion holds promise for the discovery of novel strategies in treating PTCLs. 
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ment  (A)  and differentiation  (B)  during  T-cell matu-
ration.  Abnormalities  at  different  stages  of  T-cell
development  can  lead  to  different  T-cell
leukemias/lymphomas,  including  PTCLs  occurring
in peripheral  lymphoid  organs.  Different  PTCL  enti-
ties  are  derived  from  different  types  of  mature  T-
cells  and  express  distinct  molecular  features  that
reflect  the  intrinsic  differences  of  tumor-origin  T-
cells.  DN,  double  negative;  DP,  double  positive;  SP,
single positive; TH1, T helper cell 1; TH2, T helper cell
2;  TH17,  T helper  cell  17;  TFH,  T  follicular  helper  cell;
Treg, regulatory T-cell.
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INTRINSIC  PATHOGENIC  MECHANISMS  AND  RELEVANT  TARGETED
THERAPIES 

Cell identity and targeted therapies
Under physiological conditions, T lymphocytes possess certain cell plastic-

ity  and  can  differentiate  into  various  types  or  interconvert  with  each  other
depending  on  the  instructive  signals  they  receive  (Figure  2B).102 Malignant
transformation causes T-cells to acquire genetic and regulatory defects that
make  them  express  specific  TFs  and  differentiate  into  a  particular  T-cell
lineage.103,104 These cells mimic their normal counterparts in their phenotype,
including surface markers and microenvironmental interactions. This similar-
ity  serves  as  the  basis  for  predicting  the  PTCL  cell  identity  through
immunophenotypic  resemblance  (Table  S1).47,48,105-108 However,  progenitor
cells  with  abnormal  differentiation may lead to  differences from their  cell  of
origin,  as  revealed by  GEP comparing tumor  and normal  T-cells.109,110 Some
PTCL entities have ambiguous cell identities, and bulk tissue sequencing may
introduce  a  confounding  mixture  of  other  normal  cellular  components,
including reactive T cells, which impede data analysis and interpretation.

Functional  biomarkers  are  needed  to  capture  the  diverse  transcriptional
networks  that  differentiate  malignant  T-cells.  Stained  tissue  specimens  can
reveal the morphometric features of these processes, which are essential for
the  diagnosis  and  classification  of  PTCLs.111 For  example,  the  diagnostic
criteria  of  TFH  lymphoma  require  simultaneous  detection  of  at  least  three
TFH-related  antigens:  CXCL13,  PD-1,  BCL6,  CD10,  ICOS,  SAP,  and  CCR5.107

While  within  PTCL-NOS,  two  gene  expression-based  subgroups  have  been
identified: one characterized by high GATA3 expression, and the other marked
by elevated expression of TBX21 and eomesodermin, along with their down-
stream targets.48,112,113 GATA3 is a master regulator for TH2 cells, while TBX21
is a master regulator for TH1 cells and cytotoxic T-cells, supporting different
cell identities for these subgroups.114,115 The GATA3 subgroup exhibits a less
favorable prognosis, marked by reduced stromal reliance, elevated MYC, and
proliferation gene signatures, while the TBX21 subgroup generally has a more
favorable  prognosis,  except  for  a  cytotoxic  subset  with  CD8 expression and
poor  outcome.116 A  novel  transcriptomic  approach  has  been  developed  for
accurate  and  reproducible  subclassification  of  PTCL-NOS  using  formalin-
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Figure 3.  Comparison between PTCLs and T-ALL/LBL (A)  Age distribution of  disease onset of  TFH lymphoma (dark blue),  PTCL-NOS (purple),  ALK+ ALCL (cyan),  ALK− ALCL
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fixed,  paraffin-embedded  tissue  samples.117 Despite  these  advances,  the
pathological  diagnosis  of  PTCLs  remains  a  challenge  due  to  their  rarity,
heterogeneity,  similarity  to  other  lymphoproliferative  disorders,  and  limited
tissue  samples  from  core  needle  biopsies.  AI-driven digital  pathology  tech-
nologies,  based  on  whole-slide  digital  scanning  and  deep  learning  neural
networks,  can  improve  PTCL  diagnosis  by  increasing  accuracy  and  speed,
supporting  clinical  decisions,  and  reporting  prognostic  or  predictive
variables.118 Building a reliable reference database with manual annotations is
an  important  direction  for  future  research.  Two  major  targeting  strategies
based  on  surface  markers  related  to  cell  identity  include  humoral
immunotherapy  with  monoclonal  antibodies  and  cell-based  therapy  with
target-specific chimeric antigen receptor T (CAR-T) cells (Figure 4). 

Monoclonal  antibodies. CD30,  a  TNFR superfamily  member,  serves as a
diagnostic and prognostic marker, as well as a therapeutic target, in PTCLs.119

In 1985, Stein et al. first reported the restricted expression of the Ki-1 antigen
(CD30)  in  Hodgkin’s  lymphoma  cases  and  specific  histiocytic  malignancies
originating from activated lymphoid  cells,  now recognized as ALCL.120 While
CD30  expression  is  a  distinctive  biomarker  for  ALCL,  it’s  noteworthy  that
other PTCL entities also exhibit surface and/or cytoplasmic CD30 expression,
encompassing  TFH  lymphoma  (46-80%)109,  PTCL-NOS  (32-64%)109,
enteropathy-associated T-cell  lymphoma (EATL) (50-100%)121, and subcuta-
neous  panniculitis-like  T-cell  lymphoma  (SPTCL)122.  However,  its  role  in

lymphoma  remains  unclear.  Brentuximab  vedotin  (BV)  is  an  antibody-drug
conjugate that targets CD30-positive cells (Figure 4) and stands out as one of
the most successful targeted therapies for PTCLs.123,124 A recent phase III trial
(ECHELON-2) compared BV plus  cyclophosphamide,  doxorubicin,  and pred-
nisone (BV+CHP) with cyclophosphamide, doxorubicin, vincristine, and pred-
nisone  (CHOP)  for  patients  with  CD30-positive  PTCLs.125 BV+CHP signifi-
cantly  improved  progression-free  survival  (PFS)  and  OS  over  CHOP,  with  a
30%  reduction  in  progression  events  and  a  28%  reduction  in  the  risk  of
mortality  (Table  2).125 Consequently,  the  NCCN  Guidelines® recommend
BV+CHP as the preferred first-line therapeutic option for ALCL (category 1) or
other CD30-positive entities (category 2A).126

Other antibody drugs include mogamulizumab targeting chemokine recep-
tor 4 (CCR4)127 and camidanlumab tesirine targeting CD25128 (Figure 4). CCR4
is mainly expressed on the surface of  TH2 cells,  Treg cells, and skin lympho-
cyte antigen-positive homing T-cells.129 Together with its ligands CCL17 and
CCL22,  CCR4  mediates  T-cell  accumulation  in  skin,  which  is  an  important
pathogenic  mechanism  of  CTCL.130,131 Its  expression  is  also  upregulated  in
tumor cells  of  adult  T-cell  leukemia/lymphoma (ATLL)  and PTCL-NOS.132-134

Mogamulizumab  is  a  humanized  monoclonal  antibody  targeting  CCR4,
featuring a defucosylated Fc region that amplifies antibody-dependent cellu-
lar cytotoxicity.135 It was approved by the FDA in 2018 for adult patients with
relapsed and refractory (r/r) mycosis fungoides or Sézary syndrome,20 and by
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Japan in 2012 for ATLL (Table 2).136 CD25, a T-cell activation marker, is highly
expressed in tumor cells of PTCLs and Hodgkin’s lymphoma. Camidanlumab
tesirine  is  an  anti-CD25  antibody-drug conjugate  with  a  pyrrolobenzodi-
azepine dimer cytotoxin SG3199.128 It has shown antitumor activity in PTCLs
as a single drug and needs more mechanistic and pre-clinical studies.128,137
 

CAR-T  cell  therapies. CAR-T  cells  are  generated  by  transducing  a  CAR
fusion  protein  designed  to  target  specific  surface  markers  on  tumor  cells.14

The  success  of  CAR-T  cell  therapies  in  treating  B-cell  lymphomas  has
spurred  its  exploration  for  potential  use  in  PTCLs.  Pre-clinical  studies  have
demonstrated  the  promise  of  CAR-T  cell  therapies  targeting  multiple  T-cell
markers.138,139 A  spectrum of  clinical  trials  with diverse targets for  r/r  PTCLs
are currently underway,  as reviewed elsewhere.140 Notably,  there are at least
28 completed phase I trials, 15 completed phase II trials, and over 250 ongo-
ing  phase  I/II  trials  for  T-cell  lymphomas  utilizing  CAR-T  cells  (source:
https://clinicaltrials.gov). However, CAR-T cell therapy for PTCLs faces chal-
lenges  due  to  the  similarity  between  malignant  T-cells  and  CAR-T  cells,
which  can  cause  CAR-T  cell  fratricide,  product  contamination,  and  T-cell
aplasia.141 Therefore, choosing suitable antigens is crucial to avoid off-target
effects.  Currently  tested  antigens  mainly  encompass  CD4,  CD5,  CD7,  CD30,
CD37, and TRBC.140 Among these markers, TRBC represents a more person-
alized target  for  CAR-T cell  production than the common cell  markers in  T-

cells. The T-cell receptor (TCR) is composed of six polypeptides, including the
αβ  subunits,  with  the  β-constant  region  encoded  by  two  distinct  genes,
TRBC1 and TRBC2.142 Each  T-cell,  as  well  as  malignant  T-cells,  exclusively
expresses one of these genes. In a healthy individual, approximately 35% of T-
cells  are  TRBC1+,  and  65%  are  TRBC2+.129 Importantly,  targeting  either  of
these T-cell subgroups does not compromise the function of the other. While
in PTCLs, the malignant clone typically dominates gene expression due to the
monoclonal  or  oligoclonal  expansion  of  mature  T-cells.143,144 This  principle
underpins  the  development  of  anti-TRBC CAR-T cell  therapies.  Ideally,  anti-
TRBC1  or  anti-TRBC2  CAR-T  cells  can  selectively  target  malignant  and
normal  T-cells  sharing  the  same  TRBC  molecule,  while  preserving  T-cells
with the alternative TRBC variant. This approach minimizes the risk of fratri-
cide and non-specific killing of T-cells. Both in vitro and in vivo studies have
demonstrated  that  anti-TRBC1  CAR-T  cells  specifically  eliminate  TRBC1+

cells,  sparing TRBC2+ cells,  thereby reducing tumor burden and significantly
prolonging survival in murine models.143

The key strategy for improving PTCL treatment and reducing side effects is
to  choose  a  highly  specific  target  for  CAR-T  cell  production.129 The  optimal
target  should  exhibit  exclusive  expression  on  malignant  cells  without  being
present  on  normal  T-cells,  so  that  CAR-T  cells  can  precisely  discern  and
target  tumor  cells.  As  highly  specific  markers,  neoantigens  refer  to  de  novo

M
ed

icine

 

Table 1.  Intrinsic pathogenic mechanisms relevant to the most frequent PTCL entities

Lymphoma type

Associated genomic events
(Mutations, CNVs, and fusion
genes)

Dysregulated translational
pathways

Related TFs Epigenetic features Metabolism signatures

TFH lymphoma Mutations: TET2, DNMT3A, IDH2,
RHOA, CD28, VAV1, PLCG1,
CTNNB1, GTF2I, PI3K pathway
components

TCR, JAK-STAT, PI3K-AKT-
mTOR, NF-κB

GATA3, BCL6, BATF, IRF4, MAF Multiple epigenetic-related
mutations; DNA methylation and
hydroxymethylation alterations;
overexpression of a specific
subset of miRNAs interacting
with BCL6 to induce TFH

phenotype

GAPDH overexpression;
2-HG accumulation due to IDH2
R172 mutations inhibiting α-KG-
dependent dioxygenases;
potential perturbation of
tricarboxylic acid cycle and
glutamine metabolism

CNVs: Generally not well-defined,
but likely involve specific genes
like VAV1
Fusions: Not a prominent feature,
but some cases may have unique
fusion events, such as VAV1
fusions, ITK::SYK, and
FYN::TRAF3IP2, ICOS::CD28,
CTLA4::CD28, etc.

PTCL-NOS Mutations/CNVs: TET2, DNMT3A,
KMT2C, KMT2D, SETD1B, SETD2,
CREBBP, EP300, ARID1A, KDM6A,
CDKN2A/2B, TP53, PTEN, MYC,
STAT3, REL, NOTCH1, CCR4,
CCR7, etc.

TCR, NF-κB, JAK-STAT, PI3K-
AKT-mTOR, Notch,
Translation initiation factors
alteration

GATA3 or TBX21/EOMES
depending on molecular
subgroup

Multiple epigenetic-related
mutations; histone acetylation or
deacetylation; DNA
hypermethylation or
hypomethylation; complicated
miRNA dysregulation

Overexpression of proteins linked
to lipid metabolism;
reprogramming of metabolic
pathways towards glucose and
glutamine upon demethylating
agent treatment; dysregulated
choline metabolism sustaining
RAS, AKT, ERK, and MYC activity

Fusions: Not a prominent feature,
but some cases may have unique
fusion events, such as VAV1
fusions, ITK::SYK, and
FYN::TRAF3IP2, etc.

ALK+ ALCL Mutations/CNVs: Generally not a
major factor in ALK+ ALCL

TCR (bypassed by ALK), JAK-
STAT, PI3K-AKT-mTOR,
Notch,
AP-1

STAT3, STAT5B, NFAT, JUN,
JUNB, AP-1, BATF

TET2 mutations; low genomic
complexity; global
hypomethylation; promoter
hypermethylation of tumor-
suppressive miRNAs;
overexpression of miRNAs
targeting apoptosis,
differentiation, and signal
transduction

High glucose uptake and
glycolytic activity; increased
nucleotide biosynthesis;
cholesterol auxotroph due to
squalene monooxygenase loss

Fusions: NPM1::ALK and other
ALK fusions

ALK− ALCL Mutations: TP53, TP63, TET2,
JAK1, STAT3, etc.

TCR, JAK-STAT, PI3K-AKT-
mTOR, Notch

IRF4, TP63, STAT3, STAT5B TET2 mutations; low genomic
complexity; global
hypomethylation; lower
expression of miRNAs regulating
angiogenesis, survival, and
metabolism

Altered cellular metabolism
affecting energy production and
macromolecule biosynthesis;
specific metabolic changes may
vary based on underlying genetic
alterations

CNVs: TP53 and PRDM1
deletions; loss of phosphatases
Fusions: DUSP22::IRF4 and other
DUSP22 fusions; TP63::TBL1XR1
fusion; NCOR2::ROS1 and other
ROS1 fusions; PABCA2::TYK2
and other TYK2 fusions

Note: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 2-HG, 2-hydroxyglutarate; α-KG, alpha-ketoglutarate.
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Table 2.  Major clinical results of new treatment for PTCLs

Agent Target Mechanism Lymphoma type Setting
Response
rate

PFS (months) OS (months) Adverse effects

Brentuximab
vedotin

CD30 Antibody-drug
conjugate that
targets CD30+ cells
and delivers a
cytotoxic agent

CD30+ PTCLs,
including ALCL and
PTCL-NOS

r/r,
frontline
(with
CHP)

83% ORR, 68% CR in
newly diagnosed; 86%
ORR, 57% CR in r/r

20 (r/r); 48.2
(frontline)

Not reached (r/r); not
reached (frontline)

Peripheral neuropathy,
neutropenia, anemia,
thrombocytopenia,
nausea, fatigue

HDAC inhibitors
(belinostat,
romidepsin,
chidamide)

Histone acetylation Histone
deacetylase
inhibitors that
modulate gene
expression and
induce apoptosis,
cell cycle arrest,
and differentiation
of tumor cells

Various PTCL
subtypes, including
PTCL-NOS, TFH
lymphoma, ALCL

r/r 25.8% ORR, 10.8% CR
for belinostat; 25%
ORR, 15% CR for
romidepsin; 28%
ORR, 14% CR for
chidamide

1.6 for belinostat; 4
for romidepsin; 2.1
for chidamide

7.9 for belinostat;
11.3 for romidepsin;
21.4 for chidamide

Thrombocytopenia,
neutropenia, anemia,
nausea, vomiting,
diarrhea, fatigue

Hypomethylating
agents
(azacytidine,
decitabine)

DNA methylation
and
TET2/DNMT3A/IDH
2 mutations

Hypomethylating
agents that inhibit
DNA
methyltransferase
s and restore the
expression of
tumor suppressor
genes

TFH lymphoma r/r 75% ORR, 50% CR for
azacytidine; 40%
ORR for decitabine

15 for azacytidine;
not reported for
decitabine

21 for azacytidine;
not reported for
decitabine

Neutropenia,
thrombocytopenia,
anemia, infection,
nausea, vomiting

Immune
checkpoint
inhibitors
(pembrolizumab,
nivolumab)

PD-1/PD-L1
pathway and EBV
infection or PD-L1
amplification in
tumor cells or
microenvironment

Immunomodulatio
n and antitumor
immunity
enhancement

Various PTCL
subtypes, including
PTCL-NOS, TFH
lymphoma, ALK-ALCL,
ATLL

r/r 33% ORR, 27% CR for
pembrolizumab; 33%
ORR, 17% CR for
nivolumab

2.9 for
pembrolizumab; 3.6
for nivolumab

3.2 for
pembrolizumab; 1.9
for nivolumab

Rash, pruritus, colitis,
pneumonitis, hepatitis,
endocrinopathies

Tyrosine kinase
inhibitors
(crizotinib,
alisertib)

ALK in ALK+ ALCL
(crizotinib); other
kinases in various
PTCL subtypes
(alisertib)

Signal
transduction
inhibition and
tumor cell
apoptosis
induction

ALK+ ALCL
(crizotinib); various
PTCL subtypes kinase
activation or mutation
(alisertib)

r/r 100% ORR, 100% CR
for crizotinib; 33%
ORR, 16% CR for
alisertib

63.7% at 2 years for
crizotinib; 2.7 for
alisertib

72.7% at 2 years for
crizotinib; 9.9 for
alisertib

Nausea, vomiting,
diarrhea, edema,
fatigue, elevated liver
enzymes

JAK-STAT
inhibitors
(ruxolitinib)

JAK/STAT pathway
and cytokine
signaling in various
PTCL subtypes

Signal
transduction
inhibition and
tumor cell
apoptosis
induction

Various PTCL
subtypes with
JAK/STAT pathway
activation or mutation

r/r 42% ORR, 11% CR for
ruxolitinib

3 for ruxolitinib 10 for ruxolitinib Anemia,
thrombocytopenia,
neutropenia, infection,
weight gain

PI3K inhibitors
(duvelisib)

PI3K-δ/γ pathway in
various PTCL
subtypes

Signal
transduction
inhibition and
tumor cell
apoptosis
induction

Various PTCL
subtypes, especially
TFH lymphoma,
angioimmunoblastic
subtype with PI3K
mutations

r/r 50% ORR, 19% CR for
duvelisib

4.4 for duvelisib Not reported for
duvelisib

Diarrhea, colitis,
neutropenia, pyrexia,
rash, nausea, fatigue,
cough

mTOR inhibitors
(everolimus)

mTOR pathway and
cell cycle
progression in
various PTCL
subtypes

Signal
transduction
inhibition and
tumor cell
apoptosis
induction

Various PTCL
subtypes with mTOR
pathway activation or
mutation

r/r 44% ORR for
everolimus

4.1 for everolimus 10.2 for everolimus Myelosuppression

Immunomodulator
y agents
(lenalidomide)

Tumor
microenvironment
and immune system
modulation in
various PTCL
subtypes

Immunomodulatio
n and antitumor
immunity
enhancement

Various PTCL
subtypes with
immune dysregulation
or evasion

r/r 22% ORR, 11% CR for
lenalidomide

2.5 for lenalidomide Not reported for
lenalidomide

Myelosuppression,
infections, rash

Anti-CCR4 mAb
(mogamulizumab)

CCR4 Antibody mediated
cytotoxity

Various PTCL
subtypes, including
ATLL, PTCL-NOS, TFH
lymphoma

r/r 34% ORR, 13.5% CR
for mogamulizumab

2 for
mogamulizumab

14.2 for
mogamulizumab

Lymphopenia,
neutropenia,
leukopenia, skin rash

Antifolate
(pralatrexate)

Dihydrofolate
reductase

Folate analogue
metabolic inhibitor

Various PTCL
subtypes, including
PTCL-NOS, TFH
lymphoma, ALCL

r/r 29% ORR, 11% CR for
pralatrexate

3.5 for pralatrexate 14.5 for pralatrexate Mucositis,
thrombocytopenia,
neutropenia, anemia

Note: r/r, relapsed and refractory; ORR, objective response rate; CR, complete response; PFS, progression free survival; OS, overall survival; mAb, monoclonal antibody.
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epitopes derived from mutational  events,  which can escape T-cell  tolerance
of  self-epitopes and trigger  immune responses to  tumors.145 Computational
methods for neoantigen discovery and prioritization have demonstrated their
efficacy in various studies such as therapeutic cancer vaccines,146-148 but their
application in CAR design remains uncharted territory.149 These methods may
help identify and select optimal targets for CAR-T cell therapies.

In  addition to cell  surface markers,  cytokines are also cell  identity-depen-
dent  factors  that  influence  the  differentiation  and  expansion  of  tumor  T-
cells.150 Cytokines  promote  the  growth  of  certain  subpopulations  while
suppressing others, which can be exploited to block the abnormal differentia-
tion  of  tumor  cells  with  specific  phenotypes.151 Cytokine  therapy  used to  be
limited by short half-lives, low specificity, and bad biodistribution.152 However,
recent  advancements  in  bioengineering  have  yielded  new  technologies  for
cytokine engineering,  which have found application in  the treatment  of  vari-
ous autoimmune diseases.153,154 This may offer new opportunities for target-
ing PTCL cell identity in the future. 

Genomic aberrations and targeted therapies
Large-scale  genomic  sequencing  studies  have  revealed  the  complex  and

diverse  genomic  landscape  of  PTCLs,  with  a  spectrum  of  characteristic
mutations, copy number variations (CNVs), and gene fusions that vary signif-
icantly  among different  entities  (Table  1).68,116,155 Despite  the  efforts  invested
in  PTCL  genomics  over  the  past  decade,  our  understanding  of  its  driving
defects remains limited.

In  contrast  to  the  highly  prevalent  mutations  typically  observed  in  other
malignancies, gene defects in PTCLs often exhibit enrichment within specific
pathways,  which  implies  their  potential  pathogenic  significance.14,116 For
example,  TFH  lymphoma  often  carries  mutations  related  to  Ras  family
signaling  (RHOA G17V),  epigenetic  regulators  (TET2, DNMT3A,  and IDH2
R172), and TCR pathway (CD28, VAV1, and PLCG1).156-158 PTCL-NOS features
mutations or CNVs within epigenetic regulators (TET2, DNMT3A, IDH2 R172,
KMT2C/2D, KMT6A, SETD1B, SETD2, CREBBP,  and EP300),  TCR  pathway
(CD28, VAV1, PLCG1, CARD11,  and FYN),  tumor  suppressors  (TP53,
CDKN2A/2B, PRDM1,  and PTEN),  and  chromatin  remodelers  (ARID2/4 and
SMARCA2B).49,51,159 Within  the  PTCL-NOS  entity,  the  PTCL-GATA3  shows
greater genomic instability, with frequent deletion of tumor suppressor genes
(PRDM1, CDKN2A/2B, TP53,  and PTEN).160 The  PTCL-TBX21  subgroup  has
fewer CNVs and more frequent mutations involving DNA methylation.161 ALK−

ALCL acquires mutations or deletions within epigenetic regulators and tumor
suppressors  (TP53, TP63,  and PRDM1).162 Recurrent  gains  and  increased
expression  of  TFs  (STAT3/5A/5B, JAK2/3,  and NOTCH1/3)  and  cell  cycling
(CDK6) were frequently detected in PTCL-NOS and ALCL.163

Fusion genes were also discovered in many entities, often at low frequen-
cies,  and  recurrent  ones  are  mainly  seen  in  ALCL.  The  expression  of  ALK
fusion  proteins  is  a  characteristic  feature  of  ALK+ ALCL,  which  results  from
the translocation of ALK with various partners.37 The most common partner
is NPM1 (85%), while others include TPM3, TPM4, TFG, ATIC, MYH9, TRAF1,
CLTC, MSN, RNF213, and TRAF1.164 The novel fusion proteins aberrantly acti-
vate intracellular signaling pathways, such as STAT3, leading to uncontrolled
cell  proliferation,  evasion  of  immune  response,  and  the  development  of
ALCL.165-167 Preliminary  clinical  trials  suggest  that  targeting NMP1::ALK
induces  enduring  complete  remissions  in  a  large  proportion  of  pre-treated
adult patients and most children diagnosed with advanced-stage ALK+ ALCL
(Figure 4).168-170 Recurrent rearrangements of IRF4, DUSP22, TP63, ROS1, and
TYK2 have  been  observed  in  ALK− ALCL,  each  carrying  distinct  prognostic
implications.171-173 VAV1,174 ITK::SYK,175 FYN::TRAF3IP2,176,177 and ICOS/
CTLA4::CD28178 fusions have been reported in the angioimmunoblastic form
of TFH lymphoma and PTCL-NOS cases, all with relatively low frequencies.

With  the  extensive  accessibility  of  NGS  technology,  mutational  screening
becomes a common diagnostic  procedure using a  targeted panel  approach
that covers the most frequently mutated genes in PTCLs.179 The panel should
include “targetable” mutations (e.g., TET2, DNMT3A, and IDH2 R172), as well
as other prognostic biomarkers (e.g., TP53, PRDM1, and CDKN2A/2B).10 The
detection  of  characteristic  mutations,  such  as  the RHOA G17V mutation  in
the angioimmunoblastic form of TFH lymphoma, can also aid the diagnosis
of patients with atypical pathological features.180

Despite  this  understanding,  the  clinical  impact  of  genomic  profiling  in

PTCLs  has  yet  to  be  limited  by  the  scarcity  of  highly  prevalent,  actionable
driver mutations. The main exceptions are recurrent mutations involving DNA
methylation, especially in TFH lymphoma patients.15 Targeted therapies avail-
able  for  these  genomic  alterations  are  limited  to  hypomethylating  agents
(HMAs), such as 5-azacitidine and decitabine (Figure 4, Table 2).181,182

RHOA, the representative mutated gene in TFH lymphoma, is a member of
the  RHO  family  of  small  GTPases.183 Rhoa  operates  as  a  molecular  switch,
transitioning between an active state bound to guanosine triphosphate (GTP)
and an inactive state bound to guanosine diphosphate (GDP).184 The activa-
tion  of  Rhoa  is  orchestrated  by  RHO  guanine  nucleotide  exchange  factors
(GEFs), which facilitate the exchange of GDP with GTP.185 In biochemical and
cellular assays, RHOA G17V exhibits impaired GTP loading and fails to acti-
vate  downstream RHOA effector  proteins.186,187 Furthermore,  it  disrupts  the
function of wild-type Rhoa, possibly by sequestering or modifying the activity
of  RHO  GEFs.  In  vivo  and  in  vitro  investigations  have  confirmed  that RHOA
G17V induces TFH specification and promotes lymphomagenesis, rendering it
a  potential  therapeutic  target.188,189 However,  small  GTPases have long been
deemed “undruggable”, primarily due to the lack of pharmacologically acces-
sible  binding  pockets  within  both  wild-type  and  mutant  isoforms.190 In  the
past  decade,  the  covalent  inhibitors  targeting  KRAS  G12C  have  proven  an
enormous  success,  which  induced  conformational  changes  of  switch  II  to
form  an  allosteric  pocket  for  drug  targeting.191,192 The  59DXXGQ63  motif  in
switch II  is conserved among Ras superfamily members, including RHOA.193

Recent crystal structure analysis and molecular dynamics simulation studies
have elucidated similar dynamics of switch II in wild type Rhoa and identified
a homologous allosteric pocket for small molecule binding.194 However, unlike
Kras G12C, which binds GDP with lower affinity,195 Rhoa G17V does not bind
either nucleotide,  suggesting a different pathogenic mechanism. With RHOA
no longer an undruggable target, future structural studies on its G17V mutant
will  help us understand the pathogenic mechanism and facilitate the design
of mutant-specific drugs. 

Transcriptional abnormalities and targeted therapies
Advances in sequencing technologies have enabled deep dissection of the

PTCL  transcriptome.  Revealed  by  large-scale  GEP  and  RNA  sequencing
(RNAseq),  PTCLs exhibit  different  transcriptional  profiles  depending  on  their
subtype and cell of origin (Table 1). For example, TFH lymphoma possesses a
TFH-like transcriptomic signature that reflects its heritage from normal TFH.26

ALK+ ALCL  has  a  unique  transcriptional  signature  driven  by  the NPM1::ALK
fusion.37 The  expression  level  of ERBB4196 and GATA3/TBX2148 within  ALK−

ALCL and PTCL-NOS, respectively, has led to recognition of new subclasses,
with distinct transcriptional signatures and clinical manifestations. The tran-
scripts  involving  cell  cycle  progression,  survival,  metabolism,  and  immune
evasion (e.g., MYC, BCL2, MCL1, HIF1A, and PD-L1) are upregulated by onco-
genic TFs, such as STAT3, NF-κB, AP-1, and IRF4.3 PTCLs also show altered
expression  of  genes  that  determine  T-cell  differentiation  and  function,  such
as TBX21, GATA3, RORC, BCL6,  and FOXP3.  These  genes  are  controlled  by
master TFs that define the phenotype and plasticity of T-cells. 

Dysregulated  signaling  pathways. Dysregulated  signaling  pathways  are
pivotal in the pathogenesis of PTCLs, with TCR, JAK-STAT, PI3K-AKT, and NF-
κB pathways prominently involved. These pathways undergo profound alter-
ations, driving disease progression and offering therapeutic opportunities.

In PTCLs,  the TCR signaling pathway experiences aberrant  activation due
to genetic or epigenetic alterations affecting key components and regulators
like CD28, PLCG1, CARD11, VAV1, RHOA, and DUSP22.197-200 These changes
result in antigen-independent TCR signaling, amplified co-stimulatory signals,
disrupted  negative  feedback  loops,  and  rewired  downstream  pathways.197

Intriguingly, some genetic defects uncouple TCR signaling from TCR engage-
ment, exemplified by ALK fusions in ALK+ ALCL201-203 or ITK::SYK fusion in the
angioimmunoblastic form of TFH lymphoma and PTCL-NOS.204,205 The JAK-
STAT  pathway  is  also  constitutively  activated  in  PTCLs  as  supported  by
immunohistochemistry and GEP,108,206 partly due to alterations in JAK1, JAK3,
STAT3, STAT5, SH2B3, and DUSP22.207 This activation leads to the upregula-
tion  of  genes  essential  for  cell  growth,  survival,  angiogenesis,  and  immune
evasion.208 Additionally, cytokines  released  by  tumor  cells  or  microenviron-
ment  can  stimulate  the  JAK-STAT  pathway.209,210 The  PI3K-AKT  signaling
pathway, a significant regulator of cell metabolism, growth, and survival, also
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plays a central role in pathogenesis. Related genetic alterations include PI3K,
AKT, PTEN, RHOA, CD28,  and ICOS.188,211,212 The  activation  of  the  PI3K-AKT
signaling  pathway  exhibits  dual  intrinsic  and  extrinsic  functions.  It  conveys
mitogenic  and  survival  signals,  facilitates  the  release  of  cytokines  and
chemokines,  and  induces  tumor-suppressive  effects  through  M2
macrophages.3 In  TFH  lymphoma,  mutations  or  translocations  involving
RHOA G17V189, CD28200, FYN::TRAF3IP2,176 and VAV1,174 result in constitutive
activation  of  NF-κB.  Recently,  a  TFH  lymphoma,  angioimmunoblastic  type
mouse  model  generated  by  overexpressing  glyceraldehyde-3-phosphate
dehydrogenase  (GAPDH)  in  T-cells  revealed  a  strong  activation  of  the  non-
canonical  NF-κB  pathway,  which  results  in  oncogenesis.213 In vivo  experi-
ments  demonstrated  the  potential  therapeutic  efficacy  of  targeting  NIK,  a
critical  kinase  within  the  non-canonical  NF-κB  pathway,  for  treating  the
angioimmunoblastic form of TFH lymphoma.213

Targeting these signaling pathways is a promising therapeutic strategy for
PTCLs.  Several  inhibitors  of  TCR-related kinases (such as LCK and ZAP70),
JAKs  (such  as  ruxolitinib  and  fedratinib),  STATs  (such  as  napabucasin  and
stattic),  PI3K  (such  as  idelalisib  and  duvelisib),  AKT  (such  as  crizotinib  and
perifosine) or mTOR (such as temsirolimus and everolimus) have been devel-
oped and tested in pre-clinical  and clinical  studies.  Some of these inhibitors
(e.g.,  ruxolitinib,214 duvelisib,22 and  everolimus215)  have  shown  anti-tumor
activity  with  manageable  toxicity  in  PTCL patients  (Figure 4, Table  2), espe-
cially  in  combination  with  other  agents.  However,  the  efficacy  of  these
inhibitors is  limited  by  the  heterogeneity  of  PTCLs,  the  presence  of  alterna-
tive or compensatory signaling pathways, and the development of resistance

mechanisms.  Therefore,  further  research  is  needed  to  identify  biomarkers
capable  of  predicting  the  response  to  these  inhibitors,  optimize  the  dosing
and  scheduling  of  these  agents,  and  explore  novel  combinations  with  other
targeted therapies or immunotherapies. 

Dysfunctional  TFs. Dysfunctional  TFs  in  PTCLs  can  be  classified  into
three  categories:  (1)  TFs  that  are  mutated  or  translocated,  resulting  in  their
gain or loss of function; (2) TFs that are overexpressed or silenced by epige-
netic mechanisms, leading to their altered activity or interaction; and (3) TFs
that  are  modulated  by  upstream  signaling  pathways  (Figure  5).  Targeted
strategies can be designed based on different mechanisms underlying these
categories.

Mutations or CNVs involving STAT3, STAT5A, STAT5B, JAK1, JAK2, JAK3,
NOTCH1,  and NOTCH3 have  been  documented  in  PTCL-NOS,  TFH
lymphoma,  and  ALCL,  which  are  related  to  poor  prognosis.14 IRF4 is  also
frequently  overexpressed  in  ALK− ALCL due  to  translocations  of DUSP22 or
TP63,173 which  promotes  STAT3-mediated oncogenesis  and  CD30  expres-
sion.216 Genetic  aberrations  in  TFs  often  lead  directly  to  cell  proliferation.
Inhibitors  of  mutated  proteins  or  their  downstream  effectors,  such  as  JAK,
STAT, and NOTCH inhibitors, can be used as targeted therapies.

TFs associated with T-cell differentiation and cell identity are often dysreg-
ulated by epigenetic modifications, such as TET2, DNMT3A, and IDH2 muta-
tions. BCL6 is a TF characteristically overexpressed in TFH lymphoma and a
subset of ALCL.217 It controls contact-dependent help delivery during T-B cell
interactions,  leading  to  the  expression  of  TFH markers  and  TFH  lymphoma
progression.218,219 Expression of  GATA3 or  TBX21 divide PTCL-NOS into two
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Figure 5.  Common mechanisms of transcriptional factor dysregulation in PTCLs Various mechanisms by which the normal function of an example TF can be dysregulated in
PTCLs (top), including genetic alteration (medium left), epigenetic regulation (medium), and upstream signaling mediation (medium right). TFs that drive a disease state can be
overactive  and/or  overabundant,  often  resulting  from  TF  gain-of-function  mutations,  TF  gene  amplification,  epigenetic  overexpression,  or  activation  of  signaling  pathways
(bottom left). In contrast, TFs that play a protective role against disease can be aberrantly downregulated by TF loss-of-function mutations, TF gene deletions, epigenetic silenc-
ing, or activation of repressor proteins targeting the TF (bottom right).
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distinct subtypes with different cell  identity,  GEP, and prognosis.48 RORγ is a
crucial factor for the differentiation of TH17 cells and is ectopically expressed
in  some  CTCLs  and  CD30-positive  lymphomas.220,221 These  key  TFs  fine-
tuning T-cell  fate are essential for tumor cell  identities and the development
of certain entities. Drugs that target the epigenetic machinery are anticipated
to have some clinical efficacy for this category.

AP-1  TFs  comprise  a  family  of  proteins  that  bind  to  specific  DNA
sequences  known  as  AP-1  sites  and  hand  in  a  wide  range  of  cellular
processes,  encompassing  cell  growth,  differentiation,  and  apoptosis.222 In
PTCLs,  AP-1  TFs  are  often  dysregulated  in  response  to  various  abnormal
stimuli,  such  as  cytokines,  growth  factors  and  TCR  signaling.220,223,224 The
expression of AP-1 TFs and their target genes regulates tumor growth, which
can  be  used  as  biomarkers  to  identify  different  subtypes  of  PTCLs  and  to
predict their clinical outcomes. For instance, the amplification or overexpres-
sion of JUNB is associated with CTCL and CD30-positive PTCLs,223 whereas
low expression of JUNB and high expression of BATF3 is characteristic of the
angioimmunoblastic  form  of  TFH  lymphoma.220 The  upstream  signaling
pathways of these TFs can be exploited as therapeutic targets. For instance,
inhibitors  of  JAK-STAT  signaling,  ERK  signaling,  or  NF-κB  signaling  can
potentially block the activation of AP-1 TFs and their downstream effects on
pathogenesis.

The dysfunction of key TFs leads to aberrant gene expressions that under-
lie  the  hallmarks  of  PTCLs,  highlighting  the  need  to  discover  selective  and
efficient  therapies  that  target  their  activity.  In  recent  years,  multiple
approaches have been demonstrated, pre-clinically and, in some cases, clini-
cally.  Traditional  approaches  encompass  inhibiting  protein-protein interac-
tions between TFs and their  cofactors,  impeding the binding of TFs to DNA,
and  altering  ubiquitylation  levels  and  subsequent  proteasome-mediated
degradation.  Innovative  techniques  have  also  emerged,  such  as  modulating
auto-inhibition,  employing  proteolysis  targeting  chimeras,  utilizing  cysteine-
reactive inhibitors, and targeting intrinsically disordered regions within TFs.225

For  instance,  BCL6  is  a  pivotal  TF  implicated  in  the  pathogenesis  and
progression  of  TFH-derived  PTCLs,  diffuse  large  B-cell  lymphoma,  Burkitt
lymphoma, and follicular lymphoma, which is a potential druggable target for
these  diseases.226 Nevertheless,  many  BCL6  inhibitors  have  low  activity  in
vivo and are unsuitable for clinical use. A recent study has identified a small
molecule, BI-3802, that can induce polymerization and specific protein degra-
dation, resulting in enhanced activity compared with other BCL6 inhibitors.227

These advances  in  drug  design  offer  opportunities  for  the  future  develop-
ment of TF-targeting therapeutics for PTCLs. 

Epigenetic features and targeted therapies
Although TFs  ultimately  govern  gene  expression  programs,  the  impact  of

epigenetic modifications on DNA and histones cannot be overlooked, as they
shape  transcriptional  outcomes  by  altering  chromatin  structure  and  the
recruitment  of  effector  proteins  (Figure  5).228 PTCLs,  especially  TFH-derived
entities, feature recurrent mutations in genes encoding epigenetic regulators,
including TET2, DNMT3A,  and IDH2.15 Moreover, deficits  in  histone  acetyla-
tion reflected by  related mutations,  such as EP300 and CREBBP,  have been
detected in several entities of PTCLs, mainly PTCL-NOS and ALCL.79

As  discussed  earlier,  mutations  related  to  CHIP  are  common  in  ageing
patients  and  significantly  contribute  to  the  etiology  of  PTCLs. TET2,  which
encodes  a  DNA  demethylase,  is  mutated  in  34%-76%  of  TFH  lymphoma,
angioimmunoblastic  type  and  38%  of  TFH  lymphoma,  follicular  type
cases.229,230 DNMT3A, which encodes a DNA methyltransferase, is mutated in
10%-30% of  TFH lymphoma,  angioimmunoblastic  type  cases  and often  co-
exists  with TET2 mutations  (Figure  4).78,85 Recent  research  reported  that
DNMT3A mutations  perturb  early  progenitor  states  through  selective
hypomethylation  in  binding  motifs  of  key  hematopoietic  TFs,  suggesting  a
potential  mechanistic  link  between DNMT3A mutations and  aberrant  tran-
scriptional  phenotypes.90 Current  hypotheses  suggest  that  they  represent  a
pre-malignant  condition  that  can  lead  to  the  transformation  of  lymphoid  or
myeloid  tumors  when  additional  mutations  are  acquired,  such  as RHOA,
IDH2, CD28, PLCG1, and NOTCH2.231

IDH2 mutations are found in 20-45% of TFH lymphoma patients and may
affect  T-cell  activation,  differentiation,  and  signaling.232 IDH2 encodes  for  a
mitochondria  enzyme  that  converts  isocitrate  to  alpha-ketoglutarate  (α-
KG).233 The  gain-of-function IDH2 R172 substitutions  further  convert  α-KG

into  2-hydroxyglutarate  (2-HG)  and  lead  to  the  accumulation  of  this
oncometabolite in T-cells.234 2-HG inhibits a panel of α-KG-dependent dioxy-
genases,  including  the TET family,  and  decreases  the  levels  of  5-hydrox-
ymethylcytosine (5hmC) in the nuclear, resulting in defective lymphoid devel-
opment  (Figure  4).235,236 Of  note, IDH1 R132 and IDH2 R172 mutations  are
also frequently detected in acute myeloid leukemia (AML) and confer adverse
prognosis.237,238 Enasidenib,  an  allosteric  IDH2 inhibitor,  functions  by  binding
to the IDH2 dimer interface, thereby obstructing the production of 2-HG.239 It
has  been approved for  treating  r/r  AML patients  with IDH2 mutations  since
2017.240 An  ongoing  clinical  trial  of  Enasidenib  for  r/r  TFH  lymphoma,
angioimmunoblastic type (NCT02273739) may provide novel approaches for
targeting genomic aberrations in PTCLs.241 Other mutations involving epige-
netic  regulation  include KMT2D, KMT2A, SETD2, EZH2, MLL2, KDM6A,
CREBBP, EP300, MEF2B, ARID1B and ARID2. These genes encode for histone
methyltransferases,  histone  demethylases,  histone  acetyltransferases,  or
chromatin remodelers that regulate gene transcription by altering chromatin
accessibility.

Histone deacetylase inhibitors (HDACi) and HMAs are the main classes of
epigenetic modulators that have been validated in PTCL treatment.242 HDACi
block  the  removal  of  acetyl  groups  from  histones,  resulting  in  increased
histone acetylation and gene expression of  related tumor suppressor  genes
that  affect  cell  survival,  apoptosis  and  signaling  (Figure  4).  HDACi  have
proven clinical efficacy in r/r PTCLs, and romidepsin and belinostat are FDA-
approved  for  this  indication.243-244 HMAs  inhibit  DNA  methyltransferases,
which add methyl groups to DNA and downregulate gene expression (Figure
4). HMAs can reverse the epigenetic silencing of tumor suppressor genes or
negative regulators of T-cell signaling. Two HMAs, azacitidine and decitabine,
have demonstrated activity in PTCLs (Table 2).245-247 Other epigenetic modu-
lators  under  investigation  include  IDH  inhibitors,  EZH2  inhibitors,  and  more
selective HDACi.

As  CHIP  garners  increasing  attention  within  PTCLs,  hematologists  are
increasingly  intrigued  by  the  prospect  of  early  intervention  to  identify  and
address  ACH  before  it  manifests  into  associated  clinical  consequences.
Initiatives  to  achieve  early  detection  include  increasing  lymphoma  studies
that perform NGS assays on cell-free DNA (cfDNA) from blood plasma.248-251

These efforts  can identify  ACH variants,  thus  improving  risk  stratification  or
monitoring  treatment  responses.252 However,  the  available  mutant-specific
targeted  therapies  (e.g.,  HMAs  and  IDH2  inhibitors)  face  several  concerns
when used for early intervention. The risk of transformation is relatively low,
so the potential toxicity of these drugs must be weighed against the potential
benefit. Moreover, there is a long time gap between the detection of ACH and
the  occurrence  of  clinical  events,  which  requires  surrogate  endpoints  or
biomarkers  to  evaluate  the  efficacy  of  these  drugs.253 Future  studies  on  the
molecular  mechanisms  that  control  the  expansion  and  progression  of  ACH
pre-malignant  clones  will  help  to  identify  high-risk  individuals  and  optimize
therapeutic interventions. 

Metabolic processes and targeted therapies
The uptake and metabolism of nutrients enable cells to perform essential

functions such  as  energy  generation,  biosynthesis,  and  cell  fate  determina-
tion.228 Like other tumors, lymphomas exhibit diverse metabolic changes that
influence both malignant cells and host cells.254 The unique metabolic profiles
of PTCL cells are different from those of resting or activated T-cells and are
closely  related  to  pathogenesis  (Table  1).255-257 Overexpression  of  GAPDH,  a
product  of  aerobic  glycolysis,  in  T-cell  lineage  was  found  to  promote  TFH
lymphoma pathogenesis in vivo through NF-κB signaling.213 Proteins involved
in lipid metabolism are overexpressed in PTCL-NOS,258 and HMA application
induces a metabolic shift in this subtype, reducing lipid synthesis, increasing
glucose  and  glutamine  utilization,  and  upregulating  cell  cycle  arrest  gene
expression.259 In  ALK+ ALCL,  NPM-ALK protein  phosphorylates  PKM2,  lead-
ing to a metabolic shift to aerobic glycolysis, lactate production, and biomass
production.260 Cholesterol  dependency  in  ALK+ ALCL  cells  results  from  the
deficiency  of  squalene  monooxygenase,  which  catalyzes  the  conversion  of
squalene  to  lanosterol.260 Squalene  accumulation  protects  these  cells  from
ferroptosis,  a  form  of  regulated  cell  death  induced  by  oxidative  stress,  and
confers a  growth advantage.261 PI3K pathway dysregulation also affects the
metabolism  and  phenotype  of  malignant  T-cells,262,263 as  the  PI3K-AKT-
mTOR  axis  controls  the  uptake  and  utilization  of  glucose,  glutamine,
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nucleotides, and lipids for tumor cell survival and proliferation.264 Furthermore,
altered  choline  metabolism  in  PTCLs  activates  RAS  signaling,  AKT,  ERK
phosphorylation, and MYC oncoprotein expression.265

Metabolites also intersect  with the chromatin remodeling.  2-HG-accumu-
lating tumors resulting from IDH2 R172 mutation share the characteristic of
chromatin hypermethylation  and  impaired  differentiation,  while  the  chro-
matin  modifications  and  genetic  loci  involved  differ  according  to  lineage.228

TET2 loss-of-function mutations are involved in PTCLs, where they often co-
exist with IDH2 mutations, especially in the angioimmunoblastic type of TFH
lymphoma, suggesting crosstalk between metabolism and epigenetic regula-
tion  in  the  pathogenic  mechanism.266 The IDH2 mutation  alters  the
metabolism  of  α-KG,  a  key  intermediate  of  the  TCA  cycle  and  the  malate-
aspartate  shuttle,  which  are  essential  for  oxidative  phosphorylation  and
glutamine utilization.236

Metabolic networks are attractive targets for pathogenesis, but their effec-
tive inhibition faces challenges. A significant obstacle is toxicity, as tumor and
normal  cells  share  these  networks,  complicating  selective  targeting.
Metabolic viability  is  another  challenge,  as  cells  employ  redundant  mecha-
nisms  to  maintain  essential  metabolic  processes,  enabling  them  to  bypass
pathway inhibition over time. To date, the most significant success in hema-
tology  metabolism  is  the  inhibition  of  mutated IDH.267 Small  molecules
designed to inhibit IDH2 mutants reduce the production of 2-HG specifically
and have demonstrated efficacy in AML, although relapse can occur.268 Some
tumor  cells  in  other  hematology  malignancies  harbor  inherent  liabilities.  In
NK/T-cell  lymphoma,  metabolomic  profiling  revealed  that  lymphoma  cells
often  possess  impaired  asparagine  synthetase  activity,  leading  to  elevated
levels of alanine, aspartic acid, glutamine, and succinic acid in the serum.269,270

A  parallel  observation  exists  in  acute  lymphoblastic  leukemia  cells,  which
exhibit a substantial demand for asparagine but possess limited capacity for
de novo asparagine synthesis.271 Consequently, treatment with asparaginase
has  proven  to  be  efficacious  in  combating  these  tumors.272 These achieve-
ments may guide PTCL treatment,  and the more specific metabolic charac-
teristics may facilitate the discovery of new therapeutic targets, besides IDH2
mutations.

As a measure of heightened glucose metabolism, [18F]2-fluoro-2-deoxy-D-
glucose  positron  emission  tomography  (FDG-PET)  /  computed  tomography
(CT)  is  now  recommended  for  PTCL  staging,  as  most  PTCL  cases  exhibit
high  FDG  uptake.273 Recent  investigations  have  explored  the  potential  of
quantitative  parameters  derived  from  baseline  FDG-PET/CT,  such  as
metabolic  tumor  volume,  for  predicting  prognosis  during  interim  and  post-
treatment  phases in  PTCLs.274,275 AI methods,  especially  deep learning tech-
niques, can also enhance the analysis of PET-CT data by extracting rich and
robust features and combining them with other modalities, such as histology
and  genomics,  to  provide  more  accurate  and  personalized  predictions  with
less cost and invasiveness. 

EXTRINSIC PATHOGENIC MECHANISMS AND TARGETED THERAPIES 

Microenvironmental signatures of different entities and specific
therapeutics

The lymphoma microenvironment (LME) of PTCLs is a complex network of
cellular and molecular interactions that influences tumor growth, survival, and

treatment response. The LME comprises various components, such as stro-
mal  cells,  immune  cells,  cytokines,  chemokines,  extracellular  matrix  (ECM),
and  blood  vessels  (Table  3).  It  modulates  the  phenotype  and  function  of
PTCL cells through direct cell-cell contact or paracrine stimuli. Moreover, the
LME  also  affects  the  immunogenicity  and  immunosuppression  of  tumor
cells,  creating a  favorable  niche for  tumor evasion and progression.  Despite
its  critical  role  in  pathogenesis,  the LME of  PTCLs has not  been researched
so rigorously compared with other lymphomas.276

The characteristic  T-cell identities  of  PTCL entities  enable  them to  selec-
tively release cytokines and chemicals, thereby recruiting functionally diverse
LME  cells.  TFH  lymphoma,  which  has  a  distinct  cell  origin  and  associated
LME  features,  is  the  most  extensively  studied  entity.277 The  malignant  TFH

cells  in  TFH lymphoma exhibit  co-stimulatory  markers  like  ICOS,  as  well  as
expression  of  multiple  immune  checkpoint  molecules,  such  as  PD-1,  TIGIT,
and CD27.278 Accordingly, the survival and proliferation of these malignant TFH

cells are highly dependent on their collaboration with GCB cells.279 Intriguingly,
TET2-mutated GCB  cells  were  discovered  in  the  LME,  which  undergo  inde-
pendent  clonal  evolution  and  support  the  growth  of  TFH-like  tumor  cells  via
the CD40-CD40LG axis in ACH-related TFH lymphoma, angioimmunoblastic
type.96 These genetically aberrant B-cells exhibit a global shift in phenotypes,
marked  by  a  decreased  expression  of  CD73  and  CXCR5,  which  are  critical
molecules for B-cell homing and germinal center formation.278 It was specu-
lated  that  the  altered  B-cell  phenotypes  in  the  angioimmunoblastic  type  of
TFH  lymphoma  may  contribute  to  the  disruption  of  follicular  dendritic  cell
networks  and  the  production  of  autoantibodies. IDH2 mutation  in  these
neoplastic TFH cells results in modified intercommunication with GCB cells.266

This  alteration  promotes  clonal  expansion  of  B-cells  while  diminishing  the
Fas-FasL interaction and reducing B-cell apoptosis.266 The plasma cell count
and  angiogenesis  are  also  elevated  in  the IDH2-mutated  TFH  lymphoma.
Additionally,  the  angioimmunoblastic  type  of  TFH  lymphoma  features  the
expansion of a unique CD8+ T-cell subset with an exhausted phenotype (PD-
1+, TIGIT+).280 Their GEP suggests impaired cytotoxicity and increased expres-
sion  of  specific  chemokines,  such  as  XCL2  and  XCL1.  Depending  on  their
differentiation  state  and  interaction  with  other  cell  types,  these  expanded
CD8+ T-cells may serve a dual role, potentially promoting tumor growth and
suppressing anti-tumor immunity.278

A GEP study of PTCL-NOS revealed three LME cell signatures representing
B-cells, DC cells, and macrophages, respectively.281 B-cell and DC cell signa-
tures  were  related  to  favorable  prognosis,  whereas  macrophage  signature
exhibited  a  poor  outlook.  A  clinical  study  (jRCT2071210101)  is  ongoing  to
determine if  these LME cell  traits can predict responders to immune check-
point inhibitors (ICIs). Macrophages can have different phenotypes and func-
tions depending on the signals they receive from the LME. M1 macrophages
have  pro-inflammatory  and  tumoricidal  properties,  while  M2  macrophages
have anti-inflammatory and tumor-promoting properties.282 Some PTCL enti-
ties,  such  as  the  angioimmunoblastic  type  of  TFH  lymphoma  and  PTCL-
GATA3, secrete TH2 cytokines (e.g., IL-4 and IL-13) and IL-10 that induce M2
macrophage  differentiation.112 Vav1::Myo1f fusion  promotes  a  PTCL-GATA3
phenotype,  thereby  inducing  a  therapeutically  targetable  M2  macrophage-
enriched  microenvironment.283 M2  macrophages  support  PTCL  growth  by
producing growth factors, angiogenic factors, or immunosuppressive factors,

 

Table 3.  Extrinsic pathogenic mechanisms relevant to the most frequent PTCL entities

Lymphoma type Cellular components of LME Non-cellular components of LME Immune checkpoints
Co-stimulatory
signals

Viral factors

TFH lymphoma Follicular dendritic cells, B-cells, Treg

cells, TAMs, eosinophils, and
endothelial cells

CXCL13, IL-21, IL-4, IL-10 PD-1 (61.6%-93%), PD-L1 (78.9%-
80%), TIGIT, and CD27

ICOS and CD28 EBV infecting microenvironment B or
malignant T-cells; HHV6B

PTCL-NOS Treg cells, myeloid-derived
suppressor cells, TAMs, B-cells,
follicular dendritic cells,

IL-2, IL-4, IL-5, IL-10, IL-13, IFN-γ,
and TNF-α depending on their
differentiation stage and activation
status

PD-1 (39.3%-62%), PD-L1 (26%-
35.7%), TIM-3 (8%)

CD28 EBV (rare)

ALK+ ALCL Fibroblasts, Treg cells, TAMs,
eosinophils, mast cells

Extracellular matrix components, IL-
6, IL-8, IL-13, and VEGF

PD-L1 (71.4%-80%), PD-1 barely
detectable

CD28 None

ALK− ALCL Fibroblasts, Treg cells, TAMs,
eosinophils, mast cells

Extracellular matrix components, IL-
6, IL-8, IL-13, and VEGF

PD-1 (13.3%), PD-L1 (38.5%-80%) CD28 None

Note: TAM, tumor-associated macrophage; Treg, regulatory T-cell; VEGF, vascular endothelial growth factor; EBV, Epstein-Barr virus; HHV6B, Human herpesvirus 6B.
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leading to poor clinical outcomes.284-286 Suppressive Treg cells are recruited by
PTCL-NOS  and  ALCL,  which  protect  PTCL  cells  from  immune  surveillance
and enhance their survival.287 While tumor-killing Treg cells are found in NK/T-
cell  lymphoma,  incompetent  Treg cells  contributing  to  the  development  of
autoimmune clones are associated with the angioimmunoblastic type of TFH
lymphoma.  Meanwhile,  tumor  and  endothelial  cells  produce  vascular
endothelial growth factors, also linked to lymphoma progression.288

The  expression  of  immune checkpoints,  such  as  PD-1  and  PD-L1,  inhibit
the  anti-tumor  immune  response  by  binding  to  their  ligands  on  effector  T-
cells  or  macrophages  (Figure  4).289 In  recent  years,  there  has  been  active
research into immune checkpoints in PTCLs and related agents.290 PD-1 and
PD-L1  expression  is  detectable  in  both  tumor  and  immune  cells  within  the
LME,  with  varying  expression  profiles  in  different  entities  (Table  3).291-295

Blocking  the  PD-1/PDL-1  axis  with  monoclonal  antibodies  has  shown
promising  results  in  some  PTCL  subtypes  (Table  2).296-298 PD-1/PD-L1
inhibitors  in  combination  with  chemotherapy  or  targeted  therapy,  have
demonstrated significant clinical efficacy. Research on other immune check-
points, including CTLA-4, TIM-3, LAG-3, and TIGIT, holds promise for identi-
fying novel targets in immunotherapy.

The  LME of  PTCLs is  a  dynamic  and  heterogeneous  system that  shapes
the  biology  and  behavior  of  neoplastic  cells.  Current  therapies  targeting  the
LME focused on different ICIs (Figure 4). Although B-cells play a crucial role in
the  pathogenesis  of  TFH-derived  PTCLs,  anti-CD20  monoclonal  antibody
rituximab  was  found  ineffective  in  treating  the  angioimmunoblastic  type  of
TFH  lymphoma.299 A  deeper  understanding  of  molecular  mechanisms  may
yield new insights into therapeutic possibilities within the LME. Challenges in
this field stem from the lack of pre-clinical or translational models for PTCL,
including  patient-derived  xenografts  (PDXs)  and  organoids.  Compared  to
transgenic animals,  these models better  replicate the LME conditions within
the patient's body, thereby facilitating disease research. In addition, single-cell
transcriptomics  and  proteomics  studies  are  more  promising  for  dissecting
the  PTCL  microenvironment  than  bulk  sequencing  methods,  due  to  the
significant  overlap  in  phenotype  between  tumor  and  normal  T-cells. There-
fore, exploring these avenues should be a focal point for future research. 

Pathogen-related oncogenesis and specific therapies
EBV can infect up to 90% of the human population and persist in the host

for  life  without  any  clinical  manifestation.300 The  extended  latency  and
sporadic reactivation of EBV leads to malignant transformation, giving rise to
various lymphoproliferative  diseases,  encompassing  the  angioimmunoblas-
tic  type  of  TFH  lymphoma  and  primary  EBV-positive  peripheral  T-cell
lymphoma  (PTCL-EBV)  (Table  3).301,302 PTCL-EBV  represents  a  variant  of
PTCL-NOS with poor prognosis, which shows a CD8+/CD56- cytotoxic T-cell
phenotype.303,304 Most  TFH  lymphoma,  angioimmunoblastic  type  and  PTCL-
EBV  display  a  latency  II  pattern,  expressing EBNA1, LMP1 and LMP2.305

However, the precise pathogenic mechanisms responsible for these diseases
and how EBV-positive cells evade immune surveillance remain incompletely
understood.  Notably,  both  tumoral  T-cells  and  LME  cells  can  be  infected,
implying distinct pathogenic mechanisms. Recurrent mutations are detected
in  chronic  active  EBV  infection,  and  the  sequential  accumulation  of  genetic
and/or  viral  abnormalities  may  underlie  the  neoplastic  proliferation  of  EBV-
infected cells.  Additionally,  oligoclonal  or  polyclonal  EBV-infected B-cells  are
observed in some PTCL entities,306,307 especially the angioimmunoblastic type
of  TFH  lymphoma  (80-90%).308 It  is  speculated  that  EBV  within  neighboring
cells  contributes  to  PTCL pathogenesis  through chronic  antigen  stimulation
and/or cytokine production.

PTCL-EBV  features  lower  genomic  instability  compared  to  NK/T-cell
lymphoma  and  other  EBV-negative  PTCL-NOS,  with  frequent  mutations
focusing on TET2, PIK3CD, and STAT3.309 Both angioimmunoblastic form of
TFH lymphoma and PTCL-EBV exhibit upregulation of immune-related path-
ways  in  tumor  and  non-tumor  cells,  particularly  NF-κB and  its  downstream
genes,  such  as BIRC3, NFKB1,  and CD27.213,309 Transcriptomic  studies  also
revealed an elevated expression of Bam-HI A rightward transcripts (BARTs) in
the  angioimmunoblastic  type  of  TFH  lymphoma,  which  are  complex  non-
coding  RNAs  that  may  regulate  viral  and  cellular  gene  expression  and
contribute  to  tumor  development.310 BARTs  are  implicated  in  the  immune
escape  of  EBV-associated  tumors,  such  as  nasopharyngeal  carcinoma  and

gastric  carcinoma,311-313 by  suppressing  FOXP1  and  PBRM1  and  enhancing
PD-L1  transcription  in  antigen-presenting  cells.314 PD-L1  overexpression  is
also observed in the angioimmunoblastic type of TFH lymphoma and PTCL-
EBV, which may result from BARTs and immune-related pathways (e.g., IFNγ,
IL6-JAK-STAT3, and NF-κB)304,315.

Human  T-lymphotropic  virus  type  1  (HTLV-1)  is  a  retrovirus  that  infects
mainly CD4+ T-cells and persists as a provirus in the host genome.316 HTLV-1
can  cause  the  fatal  malignancy  ATLL  in  about  5%  of  infected  individuals,
which is characterized by the clonal expansion of leukemic T-cells.317 HTLV-1
oncogenesis is mediated by the expression of two viral genes, Tax and HBZ,
which  have  opposite  effects  on  viral  replication  and  host  immune
response.318 Tax  activates  viral  transcription  and  several  cellular  pathways
that promote T-cell proliferation and survival, but also triggers immune clear-
ance by cytotoxic T-cells. HBZ represses viral transcription, antagonizes Tax-
mediated activation of NF-κB and other pathways, and enhances the survival
and  infectivity  of  HTLV-1  infected  cells.  HBZ  expression  is  more  persistent
and  less  immunogenic  than  Tax,  and  its  mRNA  has  a  dual  function  as  a
protein-coding and a long non-coding RNA.319 HTLV-1 integration into tran-
scriptionally active regions of the host genome may also contribute to onco-
genesis by disrupting the expression of  cancer driver  genes or  affecting the
chromatin structure.320-322

Based  on  the  knowledge  gained  from  other  EBV-associated  tumors,
targeting viral factors may offer therapeutic opportunities for PTCLs. Specific
antivirals or vaccines against EBV or HTLV-1 could be incorporated into PTCL
treatment.  Cell-based  immunotherapies,  such  as  EBV-specific  CTL,  have
shown  efficacy  in  treating  post-transplantation  lymphoproliferative  disorder
and other EBV-associated lymphomas,300 which could potentially be extended
to  EBV-positive  PTCLs.  Moreover,  novel  antiviral  agents,  such  as  tenofovir
alafenamide, may inhibit EBV DNA polymerase and reduce viral loads.323
 

Biomarkers-driven precise diagnosis and treatment
Biomarkers  are  measurable  indicators  of  biological  processes  or  states

that can inform clinical decision-making and enable personalized cancer care
in PTCLs (Table 4).  For instance,  CD30 expression can predict the response
to  BV,  and  epigenetic  modifiers  can  target  epigenetic  defects.  However,
biomarkers are  only  sometimes reliable,  as the detection is  based on single
data  modalities,  such  as  genomics,  histology,  or  radiology,  which  may  not
capture  the  full  complexity  and  heterogeneity  of  tumors.  Moreover,  most
current PTCL biomarkers require invasive procedures,  such as lymph nodes
or  bone  marrow  biopsies,  which  may  not  be  feasible  or  accessible  for  all
patients.  Hence,  novel  and  highly  specific  biomarkers  integrating  multiple
data modalities are needed.

AI can leverage diverse and complementary information from clinical, radi-
ological, histological,  and laboratory data to provide more accurate and reli-
able predictions of clinical outcomes (Figure 6).324,325 It can also identify novel
patterns and associations within and across modalities that  can reveal  new
biological  insights  and  potential  biomarkers.  For  example,  AI  models  can
discover correlations between genomic mutations and tissue morphology; or
between  radiomic  features  and  histological  subtypes.326 These  associations
can serve as non-invasive or surrogate biomarkers that facilitate early diag-
nosis,  risk stratification,  treatment selection,  and monitoring.  When provided
with clinical  data,  AI  can  identify  biomarkers  that  indicate  treatment  resis-
tance or toxicity, enabling timely adjustments or preventive measures. Hence,
AI serves as a vital aid in future biomarker detection of PTCLs. 

UNANSWERED QUESTIONS AND FUTURE DIRECTIONS 

1. Pre-clinical  models  for  pathogenic  mechanism  study. Pre-clinical
models of PTCLs are essential for understanding the molecular mechanisms
and testing  novel  therapeutic  strategies.  However,  PTCLs  are  a  heteroge-
neous group of non-Hodgkin’s lymphomas with complex molecular features
and strong dependence on LME interactions,  which hinder  the development
of  representative  models  for  effective  therapy  evaluation.  Currently,  only  a
few  PTCL  cell  lines  are  available,  mainly  representing  ALCL  and  ATLL
subtypes. However, these cell lines do not fully capture the molecular intrica-
cies  and  LME  interactions  observed  in  primary  PTCLs.  Several  genetically
engineered  murine  models  that  mimic  specific  genetic  alterations  and
immune  dysregulation  of  human  PTCLs  have  also  been  developed,  mainly
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focusing  on TET2 loss327,328, RHOA G17V188,189, DNMT3A329,  and IDH2 R172
mutations266,  as  well  as  MYC330 and  GAPDH213 overexpression.  Although
these models mimic some phenotypes of human PTCLs, they do not reflect
the variable human disease landscape and only provide materials for study-
ing mechanisms  related  to  these  molecular  events.  Moreover,  these  trans-
genic models have limitations regarding availability, cost, and time consump-
tion.  PDXs  can  preserve  the  genetic  and  phenotypic  diversity  of  human
PTCLs  and  can  be  used  to  evaluate  various  treatments  in  a  personalized
manner.331,332 Possible obstacles include low engraftment rate, loss of tumor
heterogeneity, immune deficiency, and ethical concerns.

Future  endeavors  should  focus on optimizing methods to  establish PDXs
and  enhance  the  engraftment  rate.  For  example,  humanized  mice  may  be
advantageous  for  simulating  LME,  and  introducing  different  humanized
cytokines may promote the growth of certain PTCL entities.333 Other potential
pre-clinical  models  include  organoids.  While  conventional  organoids  are
predominantly  employed  for  studying  tumors  derived  from  endothelial  and
epithelial  sources, Khan et  al.  recently  established  bone  marrow  organoids
generated  from induced  pluripotent  stem cells  committed  to  mesenchymal,
endothelial,  and  hematopoietic  lineages.334 These  bone  marrow  organoids
provide a  conducive  environment  for  the  engraftment,  viability,  and  expan-
sion  of  primary  cells  from  various  hematologic  malignancies.  Thus,  it  may
provide  an  alternative  for  culturing  PTCL  primary  cells  in  three-dimensional
structures. 

2. Understanding  clonal  evolution  and  targeting  implications. Clonal
evolution remains one of the major cancer hallmarks that is not yet therapeu-
tically  actionable.  This  process  witnesses  a  population  of  cells  acquiring
genetic changes over time, leading to the emergence of new subclones with
different phenotypes and behaviors.335 Clonal outgrowth in response to thera-
peutic pressure stands as the primary driver of relapse or therapy resistance,
thus  presenting  a  significant  therapeutic  hurdle.  In  the  realm  of  precise

medicine,  this  concept  holds  importance  because  the  actionable  targets
identified by molecular diagnosis (e.g., immunohistochemistry, FISH, and bulk
NGS)  often  pertain  to  sub-clonal  events  found  within  a  limited  fraction  of
tumor cells.  To study clonal evolution, paired single-cell  sequencing offers a
finer-grained  insight  into  clonality  dynamics  before  and  after  treatments,
surpassing  the  capabilities  of  bulk  NGS.336 Additionally,  it  can  unveil  the
evolutionary  trajectory  reshaped  by  selective  pressures,  which  is  a  critical
factor  in  predicting  an  individual’s  response  to  targeted  therapies.  Liquid
biopsies,  by  enabling  genetic  sequencing  of  DNA  shed  from  multiple
lymphoma sites, also prove valuable in reflecting clonal evolution.337

Underlying  this  concept  is  the  notion  that  the  effectiveness  of  precise
treatment  hinges  largely  on  the  ability  to  simultaneously  target  as  many
subclones  as  possible  while  avoiding  treatment-related  side  effects.  Given
that  different  subclones might  bear  both  overlapping and distinct  molecular
alterations,  the  convergent  pathways  should  be  highlighted.  Lineage  tracing
may help elucidate when alterations occur throughout the lineage. Targeting
early  events  with  key  pathogenic  functions  can  maximize  the  disruption  of
malignant subclones. 

3. Pinpointing  the  moment  of  transformation. A  plethora  of  PTCL
genomes  and  transcriptomes  are  under  extensive  investigation,  and  the
advent  of  NGS in  molecular  diagnosis  has yielded accumulating data about
pathogenic  mutations.  Interestingly,  whereas TET2 mutations  are  hallmarks
of  hematological  malignancies,  they  were  also  frequently  found  in  the  bone
marrow  of  healthy  individuals  with  negligible  risk  of  tumor
transformation.338,339 TET2 loss in CD34+ or CD4+ cells is insufficient to induce
PTCL  tumorigenesis  in  murine  models,327,328 but  co-occurring  mutations  in
RHOA or IDH2 can  accelerate  this  process.188,189,266 The preceding  observa-
tions imply a multi-step pathogenesis within PTCLs. However, high-through-
put  sequencing  often  reveals  multiple  pathogenic-related  mutations  in  the
same patient.340 These co-occurring hits involve various signaling pathways,

 

Table 4.  Biomarkers with potential relevance to the most frequent PTCL entities

Lymphoma type Biomarker Test Purpose Comment

PTCLs TCR gene rearrangements PCR Diagnosis Characteristic event in T-cell lymphomas

EBER IHC Diagnosis and treatment Diagnosis for TFH lymphoma and potentially targetable

CD30 expression IHC Diagnosis and treatment Diagnosis for ALCL; Predict response to anti-CD30 therapy

CCR4 expression IHC Treatment Predict response to anti-CCR4 therapy

TFH lymphoma RHOAG 1 7 V mutations NGS Diagnosis Characteristic event in TFH lymphoma

TET2 mutations NGS Diagnosis and treatment Characteristic event in TFH lymphoma; Predict response to HMA and HDACi

DNMT3A mutations NGS Diagnosis and treatment Characteristic event in TFH lymphoma; Predict response to HMA and HDACi

IDH2 R 1 7 2 mutations NGS and IHC Diagnosis and treatment Characteristic event in TFH lymphoma; Predict response to HMA and HDACi

PTCL-TBX21 TBX21/CXCR3 expression IHC Diagnosis and prognosis Biological and prognostic subgroup of PTCL-NOS with a more favorable outcome

PTCL-GATA3 GATA3/CCR4 expression IHC Diagnosis and prognosis Biological and prognostic subgroup of PTCL-NOS with a more adverse outcome

PTCL-NOS DNMT3A mutations NGS Diagnosis and prognosis Biological and prognostic subgroup of PTCL-NOS associated with cytotoxic T-cells

CDKN2A deletion FISH Prognosis Deletion of CDKN2A and PTEN highly specific for PTCL-NOS

PTEN deletion FISH Prognosis Deletion of CDKN2A and PTEN highly specific for PTCL-NOS

TP53 deletions and mutations FISH and NGS Prognosis Enriched in PTCL-GATA3 cases; Adverse prognosis.

ALK+ ALCL ALK expression IHC Diagnosis Differential diagnosis of ALK+ ALCL from ALK− ALCL

ALK rearrangement IHC Diagnosis Differential diagnosis of ALK+ ALCL from ALK− ALCL

NOTCH1 mutation NGS Treatment Predict response to Notch-targeted therapy

ALK− ALCL DUSP22 rearrangement FISH Prognosis Favorable prognosis in sALCL

TP63 rearrangement FISH Prognosis Aggressive behavior in sALCL

JAK1 and STAT3 mutations NGS Diagnosis and treatment Characteristic event in ALK− ALCL and potentially targetable

Note: PCR, polymerase chain reaction; IHC, immunohistochemistry; NGS, next-generation sequencing; FISH, fluorescence in situ hybridization; HMA, hypomethylating agent; HDACi, histone deacetylase

inhibitor; sALCL, systemic anaplastic large cell lymphoma.
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each  displaying  the  potential  to  induce  full  transformation.  This  raises  a
question as to which molecular events are necessary for malignant transfor-
mation, if  not  solely  deleterious mutation.  Importantly,  answering this  ques-
tion  can  help  better  determine  the  selection  of  genomic  aberrations  when
assessing targets for therapy. 

4. Neoplastic  T-cell  interactions  with  LME  cells. Compared  to  other
lymphomas, PTCLs feature highly heterogeneous LME constitutions, varying
extensively in both cellular and non-cellular components.  The microenviron-
ment  in  solid  tumors  mainly  functions  by  maintaining  immunosuppression
and creating physical  barriers to hinder drug delivery.  Previous studies have
unraveled  similar  mechanisms  in  PTCL  LME,  involving  Treg cells,  CTLs,  and
TAMs.  However,  due  to  the  unique  nature  of  neoplastic  T-cells,  the  LME
immune  cells  may  directly  participate  in  PTCL  pathogenesis.  For  instance,
EBV-positive  B-cells  can  promote  T-cell  transformation  via  chronic  antigen
stimulation.  Further, TET2-deficient  B-cells  play  a  supportive  role  in TET2-
mutated  TFH  lymphoma,  angioimmunoblastic  type,  indicating  that  PTCL
development could initiate from clonal  hematopoiesis in HSCs.96 During this
process,  abnormal  stem  cells  may  differentiate  into  other  cell  types.  These
pre-malignant immune cells reside in the LME and assist T-cell survival and
transformation.  Hence,  regulating the interactions between T-cells  and LME
cells  in  PTCL  may  not  only  modulate  immune  functions  but  also  directly
inhibit  PTCL  pathogenesis.  Of  note,  single-cell  sequencing  methods  could
distinguish  tumor  and  normal  T-cells,  thus  more  suitable  for  studying
lymphoma. 

5. Pathogenic  role  of  EBV  and  insights  from  other  EBV-associated
oncogenesis. EBV,  the  most  potent  and  widely  prevalent  human  pathogen,
can  easily  transform  human  B-cells into  continuously  growing  lymphoblas-
toid cell  lines in laboratory cultures.  However,  despite its strong tumorigenic
capabilities,  over  95% of  the  adult  population  with  persistent  EBV infections
never  develop  EBV-related  tumors.314 The  current  model  suggests  that  the
immune system can control the virus and prevent excessive proliferation and
transformation  of  infected  cells.  Only  under  certain  conditions,  such  as
immune  suppression,  genetic  mutations,  or  co-infection  with  other

pathogens,  can  EBV  escape  from  immune  control  and  cause  tumors.314 In
agreement  with  this  model,  abnormalities  of IFIH1 and/or DDX3X genes  in
EBV-associated NK/T-cell lymphoma led to elevated levels of EBV in plasma
and  NK  cells,  resulting  in  an  unfavorable  prognosis.341 Moreover,  EBV-posi-
tive diffuse large B-cell lymphoma are less prone to MYD88 and CD79B gene
mutations  than  EBV-negative  diffuse  large  B-cell  lymphoma.342 Gastric
cancer  features  extensive  tumor  genome  methylation,  and  EBV-positive
gastric  cancer  is  particularly  notable  for  its  markedly  elevated  methylation
known  as  the  CpG  island  methylator  phenotype.343 These  clues  from  other
tumors suggest that the pathogenic role of EBV in PTCLs may also associate
with  specific  genetic  alterations  or  epigenetic  traits,  such  as  the  recurrent
TET2/DNMT3A mutations  and  DNA  modifications  in  TFH  lymphoma  and
PTCL-NOS.  Future  research  should  focus  on  the  association  between  EBV
infection and host intrinsic characteristics. 

6. Discrepancy  between  pathogenic  mechanisms  and  clinical  results.
Despite  the  promising  biological  rationale  for  targeting  PTCLs  with  novel
agents  discussed above,  the  clinical  results  have  been disappointing  so  far.
The response rates and survival outcomes of these treatments are generally
low  and  variable  across  different  PTCL  subtypes  and  settings  (Table  2).
Several factors may contribute to the poor efficacy of these treatments, such
as  tumor  heterogeneity,  immune  evasion,  and  resistance  mechanisms.  For
example,  PTCLs  express  different  levels  of  surface  antigens  that  affect  the
binding of antibody drugs or CAR-T cells.119 PTCLs also modulate their epige-
netic landscape or signaling pathways to escape from the effects of HDACi or
HMAs.12 Moreover, PTCL tumor cells interact with their microenvironment to
create an immunosuppressive niche that protects them from immune-medi-
ated  killing.96,278 Therefore,  there  is  a  need  to  identify  biomarkers  that  can
predict the response and resistance to these treatments and develop rational
combination strategies to overcome these challenges. 

CONCLUDING REMARKS
The field of PTCLs has witnessed a plethora of multi-omics analyses over

the past decade, which have provided researchers and clinicians with a more
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profound  comprehension  of  the  molecular  characteristics  inherent  to  this
ailment.  Nevertheless,  translating  these  molecular  features  into  precision
medicine has encountered impediments, primarily stemming from the insuf-
ficient  elucidation  of  the  pathogenic  mechanisms.  In  addition  to  genomic
studies, further  investigations  into  transcriptional  traits,  epigenetic  modula-
tion, metabolic processes, lymphoma microenvironment, and virus-mediated
tumorigenesis may yield innovative strategies for targeting both intrinsic and
extrinsic  pathogenic  factors.  Concurrently,  emerging  bioengineering
approaches  hold  promise  in  bridging  the  gap  between  basic  research  and
clinical application. Given the relative rarity of PTCLs, the imperative lies in the
establishment  of  multi-center,  large-scale  clinical  trials,  which  will  provide
significant  support  for  future  mechanism-driven  therapeutics.  These  efforts
require  new partnerships and a collaborative  approach from both academia
and industry.
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