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Simple Summary: Peripheral T-cell lymphoma (PTCL) is a collection of aggressive malignancies with
poor long-term survival and limited effective treatment options. Despite unique challenges associated
with identifying and targeting malignant T-cell antigens, the use of antibody-based therapies holds
great potential. Here, we review the current and future roles of antibody-based therapies for PTCL.

Abstract: While antibody-based immunotherapeutic strategies have revolutionized the treatment of
B-cell lymphomas, progress in T-cell lymphomas has suffered from suboptimal targets, disease hetero-
geneity, and limited effective treatment options. Nonetheless, recent advances in our understanding
of T-cell biology, the identification of novel targets, and the emergence of new therapies provide hope
for the future. In this review, we explore four areas of current and evolving antibody-based strategies
for the treatment of peripheral T-cell lymphoma (PTCL): monoclonal antibodies (mAbs), bispecific
antibodies (BsAs), chimeric antigen receptor T-cell therapy (CAR-T), and antibody–drug conjugates
(ADCs). As part of this discussion, we will also include limitations, lessons learned, and potential
future directions.

Keywords: T-cell lymphoma; immunotherapy; CAR T-cell therapy; bispecific T-cell therapy; CAR-NK
cell therapy; bispecific NK cell therapy

1. Introduction

Peripheral T-cell lymphoma (PTCL) represents a rare and heterogeneous form of non-
Hodgkin lymphoma with inferior outcomes for most subtypes. According to the 5th edition
of the World Health Organization Classification of Lymphoid Neoplasms, there are over
30 subtypes of mature T- and NK-cell lymphoid neoplasms, which can be broadly divided
into PTCLs (typically presenting with nodal, extranodal, and/or leukemic involvement)
and cutaneous T-cell lymphomas (CTCLs) (typically presenting with cutaneous disease
with or without extra-cutaneous involvement) [1]. Subtypes of PTCL and CTCL are outlined
in Figure 1. The most common subtype is PTCL, not otherwise specified (PTCL, NOS),
followed by nodal T-follicular helper (TFH) cell lymphoma, angioimmunoblastic type
(AITL), and anaplastic large cell lymphoma (ALCL). Despite the development of novel
therapies and improvements in our understanding of T-cell biology, outcomes remain poor,
with 5-year overall survival rates of 30–40% [2].

While antibody-based therapies have revolutionized our management of B-cell lym-
phomas, their role in PTCL remains to be determined. In addition to disease rarity and
heterogeneity, the delayed progress in improving PTCL outcomes is driven in part by
fewer targets that can be safely and effectively leveraged in clinical practice. For example,
in contrast to the more modest infectious risks seen after B-cell depletive therapy, target-
ing universal T-cell antigens can result in dramatically immunocompromised states with
unacceptable risks of infection and toxicity. Furthermore, many of the antibody-based
therapies that are used for the treatment of B-cell lymphomas are unsuitable for T-cell
malignancies. This is driven largely by the overlapping targets and functions uniquely
shared by both the malignant and effector T-cells implicated in these therapies. For example,
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antibodies targeting PD-1 and PD-L1 block essential immune inhibitory molecules, leading
to augmented T-cell responses. Although increasing T-cell response and proliferation is
ideal for effector T-cells involved in neoplastic surveillance and destruction, clonal T-cell
expansion and associated hyperprogression of T-cell malignancies is a well-characterized
potential complication [3]. More recently, a variety of chimeric antigen receptor T-cell
therapy (CAR-T) strategies have been used for the treatment of T-cell lymphomas. While
initial responses are often seen, many of these approaches have led to unwanted activation
of the malignant T-cells upon engagement with the effector CAR T-cells, resulting in CAR-T
destruction and lack of sustained responses.
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Figure 1. Subtypes of mature T-cell lymphomas. Abbreviations: ALCL (anaplastic large cell lym-
phoma), EBV (Epstein–Barr virus), iTCL (intestinal T-cell lymphoma), LGL (large granular lympho-
cytic), LPD (lymphoproliferative disorder), NOS (not otherwise specified), PTCL (peripheral T-cell
lymphoma), TCL (T-cell lymphoma), TFH (T-follicular helper). Created using BioRender.

Despite these limitations, a concerted effort is underway to identify novel targets and
treatment options more suitable for T-cell malignancies. Here we review antibody-based
strategies in PTCL, including monoclonal antibodies (mAbs), bispecific antibodies (BsAs),
CAR-T, and antibody–drug conjugates (ADCs). As part of this discussion, we also include
limitations, lessons learned, and potential future directions.

2. Monoclonal Antibodies

First developed nearly five decades ago, monoclonal antibodies (mAbs) play an
essential role in the treatment of lymphoma. Ranging from well-established B-cell targets
such as CD20 and CD19 to targets including CD52 and CCR4 in T-cell malignancies, mAbs
continue to expand the treatment landscape in lymphomas [4]. In addition to their role as
immune checkpoint inhibitors, monoclonal antibodies exhibit anti-tumoral activity through
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several known mechanisms of action. One such mechanism is antibody-dependent cellular
cytotoxicity (ADCC), in which direct binding of the target cell (via the Fab region of the
antibody) with immune cells (namely, natural killer (NK) cells and macrophages) leads to
the secretion of cytotoxic granules that induce the RAS system, ultimately leading to cell
death. Another such pathway is antibody-dependent cellular phagocytosis (ADCP), where
the antibody binding to the target cell induces immune cells to consume the entire cell-
antibody complex. Additional mechanisms include complement-dependent cytotoxicity
(CDC), wherein antibody binding leads to activation of the complement cascade [4]. More
recently, disruption of chemokine-based pathways has demonstrated efficacy, as seen in
therapeutic agents such as mogamulizumab. This CCR4-targeting therapy, which will be
discussed in depth below, inhibits chemokine-mediated migration and proliferation of
T-cells as well as chemokine-driven angiogenesis [5]. Strengths of mAb therapy include
targeted action, versatility, and a relatively favorable toxicity profile. Challenges broadly fall
into three categories: (1) host-related factors (such as effector cell exhaustion); (2) antibody-
related factors (such as antigen affinity); and most importantly, (3) tumor factors (such
as antigen expression and tumor microenvironment) [4,6]. The use of mAbs in T-cell
lymphomas is further complicated by the inability to safely target pan T-cell antigens and
the potential for malignant clonal expansion following immune checkpoint inhibition [4,7].
Nonetheless, mAbs play an important role in the management of PTCL, including rare
subsets and settings where there are few remaining viable options.

2.1. CD52

T-cell prolymphocytic leukemia (T-PLL) is a rare T-cell malignancy associated with
a poor prognosis and limited effective treatment options. Alemtuzumab, a recombinant
DNA-derived IgG1 kappa mAb targeting CD52, has demonstrated meaningful efficacy
in T-PLL, leading to responses in more than 2/3 of patients [8–10]. Although most pa-
tients who do not receive consolidative allogeneic stem cell transplantation (alloSCT)
eventually relapse, this impressive response rate with otherwise limited effective alter-
natives has resulted in the NCCN recommendation for alemtuzumab to be the preferred
front-line therapy for T-PLL [11], despite lack of FDA approval for this indication [9–11].
Alemtuzumab has also been studied in adult T-cell leukemia/lymphoma (ATLL). In a
Phase II study including 29 patients with ATLL, 15 responded (51.7%) with a median
response duration of 14.5 months. The median progression-free survival (PFS) was 2.0
months, and the median overall survival (OS) was 5.9 months [9]. As CD52 is also ex-
pressed on the surface of non-malignant mature lymphocytes, treatment with alemtuzumab
and associated lymphodepletion can lead to life-threatening infectious complications, in-
cluding reactivation of cytomegalovirus (CMV), JC-virus-related progressive multifocal
leukoencephalopathy (PML), fungal infections, and non-opportunistic infections [9,10].
Nonetheless, alemtuzumab continues to play a vital role in the treatment of patients with
T-PLL.

2.2. CCR4

Mogamulizumab is a humanized IgG1 mAb targeting chemokine receptor 4 (CCR4),
which is expressed in many T-cell lymphomas as well as most Th2 and regulatory T-
cells. While CCR4 expression varies in PTCL, ranging from 30–65% in most subsets [12],
it is found in approximately 90% of patients with ATLL. In addition to mycosis fun-
goides/Sezary syndrome (MF/SS), mogamulizumab has been highly effective in ATLL,
resulting in overall response rates (ORRs) of approximately 50% [13]. Compared to the
historic median overall survival (OS) of 4 months for patients with relapsed or refractory
(R/R) ATLL, treatment with mogamulizumab has resulted in meaningful improvement
with a median OS of 13 months. These results led to the approval of mogamulizumab
for R/R ATLL in Japan in 2012 [5]. While not FDA-approved for the treatment of ATLL
in the United States, mogamulizumab is included as a recommended treatment option
for R/R ATLL on the NCCN guidelines [11]. Mogamulizumab has also been studied in
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other subsets of PTCL. Among non-ATLL forms of R/R CCR4+ PTCL, response rates vary,
including an ORR of 11–34% with stable disease (SD) or better in 46–65% [14]. Of note,
responses have been seen in PTCL-NOS, AITL, and ALK-ALCL. It remains unclear to what
extent response rates correlate with CCR4 expression, and further studies evaluating this
relationship may prove beneficial [14,15]. Clinical trials evaluating combination therapies
with mogamulizumab are now underway in T-cell lymphomas, including its combination
with chemotherapy, brentuximab vedotin (Bv), and allogeneic NK cells.

2.3. CD38C

CD38, a well-established target in multiple myeloma therapy, has also been studied
in certain subsets of T-cell lymphomas, most notably extranodal NK T-cell lymphoma
(ENKTL). In one study involving 94 patients with newly diagnosed ENKTL, CD38 was
expressed weakly in 47 patients and strongly in 47 patients, with higher CD38 expression
associated with a worse prognosis [16]. This finding has led to studies investigating the
role of daratumumab, an IgG1 kappa CD38-directed mAb often used for the treatment of
multiple myeloma, in the treatment of patients with PTCL. Unfortunately, daratumumab
monotherapy for ENKTL has led to only modest response rates. In a Phase II study
including 32 patients with R/R ENKTL, treatment with daratumumab led to an ORR of
25% with no complete responses (CRs) [12,17]. One possible explanation for the reduced
response is the upregulation of the complement inhibitory proteins (CIPs) CD55 and CD59,
which have been associated with later-stage ENKTL and can suppress the potency of
daratumumab-induced CDC [18].

2.4. CD30

CD30 is a transmembrane receptor in the tumor necrosis factor (TNF) receptor family,
which is universally expressed in classic Hodgkin lymphoma and ALCL, as well as most
other PTCL subtypes, with variable expression in approximately 55–60% of cases [19,20].
As will be discussed later in this review, CD30-targeted therapy has dramatically impacted
the treatment of PTCL through the CD30-directed ADC brentuximab vedotin. However,
prior to the development of brentuximab, the CD30-directed mAb SGN-30 was evaluated
in patients with CD30+ lymphomas. Despite demonstrating safety, monotherapy response
rates were low, and efforts were ultimately abandoned to prioritize the ADC form [21,22].

2.5. PD-1/PD-L1

Monoclonal antibodies targeting programmed cell death protein 1 (PD-1) and pro-
grammed death-ligand 1 (PD-L1), collectively referred to as immune checkpoint inhibitors
(ICIs), have revolutionized the treatment of solid tumors but have also demonstrated
efficacy in hematologic malignancies, including T-cell lymphomas. PD-L1, expressed in
varying degrees on the surface of neoplastic cells, binds PD-1 on T-cells, inhibiting cyto-
toxic T-cell mediated cellular killing and leading to immune evasion. Targeting PD-1 or
PD-L1 disrupts this interaction and augments T-cell-mediated destruction of malignant
cells. In the largest prospective study to date of PD-1/PD-L1 targeted therapies in PTCL,
102 patients from 41 centers in China were enrolled to receive the anti-PD-1 antibody
geptanolimab for R/R PTCL. Among 89 patients included in the analysis, the ORR was
40.4%, with a complete response rate (CRR) of 14.6%. Compared to those with PD-L1
expression <50%, those with PD-L1 expression ≥50% had a better ORR of 53.3% vs. 25.0%
and improved median progression-free survival (PFS) of 6.2 months vs. 1.5 months. On
subgroup analysis, the ORR was best in ENKTL (63.2%, 12/19), followed by ALK+ALCL
(53.8%, 7/13), ALK-ALCL (42.9%, 3/7), and PTCL-NOS (17.9%, 5/28) [23]. Similar results
have been seen with pembrolizumab [24] and nivolumab [25].

One option for improving response is to combine ICIs with agents that increase antigen
expression for immune priming. In a Phase II study among 28 patients with R/R T-cell
lymphomas, the combination of romidepsin, a histone deacetylase inhibitor (HDACi),
and pembrolizumab led to an ORR of 39.5% with a CRR of 34.2%. The combination
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was generally well-tolerated despite three patients discontinuing therapy early due to
immune-related adverse events (iRAEs) [26]. Another approach is to incorporate ICIs
into consolidation; in a Phase II study, among 21 patients with PTCL in first remission
undergoing autologous stem cell transplantation (ASCT), the estimated 18-month PFS
was 83.6% and OS 94.4%, with 14/21 patients completing the planned eight cycles of
pembrolizumab post-ASCT. The safety profile was as expected with pembrolizumab, and
there were no grade 5 toxicities [27].

Among T-cell lymphomas, PD-1/PD-L1 blockade appears to be most promising in
patients with ENKTL. When Jo et al. performed immunostaining and retrospectively
analyzed medical records in 79 patients with ENKTL, PD-L1 was expressed in 79.7% of
tumor cells, and PD-1 was expressed in only 1.3%. In this study, comparing individual
biopsy results with clinical outcomes demonstrated a trend toward better OS in patients
with PD-L1 positivity on tumor cells [28]. In a Phase II trial, the anti-PD-L1 antibody
avelumab was given to 21 patients with R/R ENKTL, resulting in an ORR of 38% and
CRR of 24%. Responses correlated with tumor PD-L1 expression [29]. Treatment with the
anti-PD-1 monoclonal antibody pembrolizumab resulted in similar responses in patients
with relapsed or refractory disease [30]. In a single-arm, multicenter Phase II study involv-
ing 80 patients with relapsed or refractory ENKTL, the anti-PD-L1 monoclonal antibody
sugemalimab resulted in an ORR of 44.9% and CRR 35.9% with a 12-month duration of
response rate of 82.5% among responders [31]. Efforts are now underway to incorporate
anti-PD-1/PD-L1-based therapy into earlier lines of therapy for ENKTL.

Aside from its role in ENKTL, therapeutic immune checkpoint inhibition in PTCL
remains limited due to underwhelming efficacy and concerns about inducing hyperpro-
gression. As malignant T-cells may express either PDL-1 or PD-1, treating with immune
checkpoint inhibitors can also lead to the expansion of clonal T-cells and associated dis-
ease progression. In a 2018 study of ATLL patients with increased mutational load and
overexpression of PD-L1 treated with nivolumab, the first 3/3 patients developed hyper-
progression after a single dose of nivolumab, resulting in early study discontinuation [7].
Similarly, in a 2022 Phase II prospective study of single-agent nivolumab for R/R PTCL,
4/12 patients demonstrated rapid progression of their disease, 3 (75%) of which had an-
gioimmunoblastic T-cell lymphoma (AITL) [25]. Interestingly, evidence from mouse models
of T-cell lymphoma suggests PD-1 may act as a tumor suppressor, providing a possible ex-
planation for the hyperprogression seen in these trials [32]. This theory is further supported
by real-world data in humans [33].

2.6. Future Directions

Future directions for the use of mAbs in PTCL include novel targets and combina-
tion therapies. One of these novel targets is CD94, a protein expressed on NK cells and
CD8+ T-cells [34], which is now being targeted in a Phase I trial treating large granular
lymphocytic (LGL) leukemia and cytotoxic T-cell lymphomas. Other targets being treated
with investigational mAbs in PTCL include TNF receptor 2 (TNFR2), a signaling molecule
found on the surface of regulatory T-cells that mediates proinflammatory responses [35];
the inducible T-cell costimulator (ICOS), which is highly expressed by T-follicular helper
cells (TFHs) [36]; and the killer cell immunoglobulin-like receptor (three domains) long
cytoplasmic tail 2 (KIR3DL2) to improve NK cell recruitment and ADCC [37].

In addition to novel targets, new combinations incorporating monoclonal antibodies
are an appealing option. For example, combining immunomodulatory therapies such as
lenalidomide with mAbs can augment ADCC. This approach has improved outcomes in
B-cell malignancies when combined with rituximab [38], obinutuzumab [39], and dara-
tumumab [40] and is now being evaluated with the anti-PD-L1 monoclonal antibody
durvalumab in T-cell lymphomas [41]. Additional combinations involving mAbs for PTCL
under investigation are described in Table 1. Mechanisms of antibody-based treatment
modalities with selected examples for PTCL are shown in Figure 2.
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Table 1. Current studies using monoclonal antibodies in peripheral T-cell lymphoma.

Study ID Title Phase Status Sponsor

NCT04365036

A Multicenter, Phase III, Randomized Trial of Sequential
Chemoradiotherapy With or Without Toripalimab (PD-1
Antibody) in Newly Diagnosed Early-Stage Extranodal
Natural Killer/T-Cell Lymphoma, Nasal Type (ENKTL)

3 Recruiting Sun Yat-sen University

NCT05700448
Study of Sugemalimab (or Placebo) Plus PGemOx

Regimen in Participants with Extranodal
NK/T-Cell Lymphoma

3 Not yet recruiting CStone
Pharmaceuticals

NCT05254899
Anti-PD-1 Antibody and P-GEMOX Chemotherapy

Combined with Radiotherapy in High-risk
Early-Stage ENKTL

2 Recruiting Chinese Academy of
Medical Sciences

NCT01703949
Brentuximab Vedotin with or without Nivolumab in

Treating Patients with Relapsed or Refractory
CD30+ Lymphoma

2 Recruiting University of
Washington

NCT05821192
Chemotherapy Plus PD-1 Monoclonal Antibody in the

Treatment of Refractory or Relapsed Peripheral
T-Cell Lymphoma

2 Recruiting The First Hospital of
Jilin University

NCT05182957
Clinical Study of Anti-PD-1 Plus Lenalidomide and

Azacitidine in Relapsed/Refractory Peripheral
T-Cell Lymphoma

2 Recruiting
The First Affiliated

Hospital of Soochow
University

NCT04127227
Sintilimab with P-GemOx Regimen for Newly

Diagnosed Advanced Extranodal Natural Killer/T-Cell
Lymphoma, Nasal Type

2 Recruiting Sun Yat-sen University

NCT04414969
Anti-PD-1 Antibody Combined with Peg-Asparaginase

and Chidamide for the Early Stage of
NK/T-Cell Lymphoma

2 Recruiting Hunan Cancer Hospital

NCT04984837 Study of Lacutamab in Peripheral T-Cell Lymphoma 2 Recruiting
The Lymphoma

Academic Research
Organisation

NCT04763616
Study of Isatuximab and Cemiplimab in Relapsed or

Refractory Natural Killer/T-Cell Lymphoma
Malignancy (ICING)

2 Recruiting Samsung Medical
Center

NCT05996185 Study of Mogamulizumab With DA-EPOCH in Patients
With Aggressive T-Cell Lymphoma 2 Not yet recruiting Yale University

NCT05475925 A Study of DR-01 in Subjects With Large Granular
Lymphocytic Leukemia or Cytotoxic Lymphomas 1/2 Recruiting Dren Bio

NCT06376721
Linperlisib Combined with Camrelizumab and

Pegaspargase in Advanced or Relapsed/Refractory
NK/T-Cell Lymphoma

1/2 Recruiting Beijing Tongren
Hospital

NCT03598998
Pembrolizumab and Pralatrexate in Treating Patients

with Relapsed or Refractory Peripheral
T-Cell Lymphomas

1/2 Not yet recruiting City of Hope

NCT03011814
Durvalumab With or Without Lenalidomide in Treating

Patients with Relapsed or Refractory Cutaneous or
Peripheral T-Cell Lymphoma

1/2 Not yet recruiting City of Hope

NCT04848064

Third-Party Natural Killer Cells and Mogamulizumab
for the Treatment of Relapsed or Refractory Cutaneous

T-Cell Lymphomas or Adult T-Cell
Leukemia/Lymphoma

1 Recruiting Ohio State University
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Table 1. Cont.

Study ID Title Phase Status Sponsor

NCT06385522

A Clinical Trial in Adults With Non-Hodgkin
Lymphoma (NHL), With a Particular Emphasis on

Cutaneous T-Cell Lymphoma (CTCL), Testing the Safety
and Activity of a Novel Drug to Inhibit a Protein Called

Tumor Necrosis Factor Receptor 2 That Drives Both
Lymphoma Growth and Escape of the Immune System

1 Not yet recruiting
Boston Immune

Technologies and
Therapeutics

NCT02520791

Anti-ICOS Monoclonal Antibody MEDI-570 in Treating
Patients with Relapsed or Refractory Peripheral T-Cell
Lymphoma Follicular Variant or Angioimmunoblastic

T-Cell Lymphoma

1 Not yet recruiting National Cancer
Institute
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3. Bispecific Antibodies

Bispecific antibodies (BsAbs) have emerged as an effective and well-tolerated, “off-
the-shelf” alternative to chimeric antigen receptor T-cell therapy (CAR-T). Through si-
multaneous binding of CD3 on T-cells and a target antigen on malignant cells, bispecific
T-cell-engaging therapies (TCEs) engage the patient’s T-cells for targeted anti-neoplastic
activity. In addition to seven FDA-approved BsAbs for the treatment of B-cell malignan-
cies [42–48], these therapies are now being used in solid malignancies as well, including
uveal melanoma [49], small cell lung cancer [50], and EGFR exon 20 insertion-mutated
non-small cell lung cancer [51]. The use of TCEs in T-cell malignancies has been more
limited for several reasons. First, targeting pan T-cell antigens or those frequently expressed
in all healthy T-cells—such as CD3, CD5, and CD7—can lead to T-cell aplasia, rendering
patients profoundly immunocompromised and at risk for life-threatening infections [52]. In
addition, the engagement of an effector T-cell with a target (malignant) T-cell often results
in bidirectional T-cell destruction. This phenomenon has been well described in CAR-T,
but is also seen in bispecific antibodies targeting T-cell malignancies.

The ideal BsAb target would consist of an antigen expressed on all malignant T-cells
but not all healthy T-cells. One option is to target one of two T-cell receptor (TCR) β chain
constant regions (TRBC1 or TRBC2), which should allow for the depletion of all malignant
T-cells while sparing ~50% of healthy T-cells. However, when Paul et al. used a TCE
targeting TRBC1-expressing T-cell cancers in vitro, both the malignant T-cells and most
healthy human T-cells (including TRBC1+ and TRBC2+ T-cells) were depleted, consistent
with unwanted bidirectional killing. A more specific approach is to target one of thirty TCR
β chain variable gene families (TRBV1 to TRBV30). In the same study, using TRBV-targeted
TCEs depleted cancerous T-cells in vitro and in vivo while preserving most normal T-
cells. However, this approach is limited by practical considerations, as it would require the
development of 30 distinct therapies—each targeting a different TRBV gene family—to treat
all mature T-cell lymphomas [53]. As small malignant subclones have been identified in
PTCL [54], there is also the question as to whether small malignant subclones may not share
the same variable gene family and could thus escape untargeted. As CD30 is expressed
in most T-cell lymphomas and has been safely and effectively targeted with the ADC
brentuximab vedotin [55], there are efforts being made to develop a CD30-directed TCE. A
first-in-human study is now underway evaluating anti-CD30/CD3 BsAb-coated activated
patient T-cells (ATCs) ex vivo before autologous re-infusions. This approach aims to harness
the specificity of the BsAb with the power of cellular therapy [56]. Another protein that has
been targeted with a TCE in animal studies is CD70, a type 2 transmembrane protein of
the TNF family, which is expressed by many malignancies including many T-cell cancers.
Despite the potent killing of CD70+ cancer cells in vitro and in vivo, toxicology studies
in cynomolgus monkeys suggest a potential for unanticipated therapy-related injury in
mesothelial and epithelial cells despite very low target antigen expression [57].

While the role of TCEs in T-cell malignancies remains to be determined, other bispecific
antibodies have shown promise, particularly the CD30/CD16a bispecific antibody, AFM13.
As CD16a is expressed on NK cells and macrophages, AFM13 is considered a tetravalent,
bispecific Innate Cell Engager (ICE), allowing for the destruction of CD30-expressing malig-
nant cells through targeted ADCC. In a Phase II study of AFM13 monotherapy in patients
with CD30+ R/R PTCL, among 108 patients, the ORR was 32.4% with a CRR of 10.2%.
Responses were seen in a variety of subtypes and were highest in AITL (n = 30), where the
ORR was 53.3% [58]. In a follow-up Phase I/II study of R/R CD30+ lymphomas, treatment
with AFM13 in combination with pre-complexed cord blood (cb)-derived allogeneic NK
cells that were IL-12/IL-15/IL-18-preactivated and subsequently ex-vivo expanded resulted
in an ORR of 94% and CRR of 71% for those treated at the recommended Phase II dose
(R2PD) (n = 36); however, the vast majority of patients had classical Hodgkin lymphoma
(cHL) rather than PTCL [59]. A Phase II study (LuminICE) is currently underway assessing
AFM13 in combination with the allogeneic cord blood (cb)-derived NK cell product opti-
mized for enhanced ADCC through selection for the KIR-B haplotype and CD16 F158V
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polymorphism (AB-101) for the treatment of R/R CD30+ cHL and PTCL [60]. Another BsAb
being investigated in T-cell lymphomas is the anti-PD-1/CD3 BsAb ONO-4685, which aims
to augment T-cell-mediated destruction of malignant cells. Current clinical trials evaluating
BsAbs in PTCL are shown in Table 2.

Table 2. Current studies using bispecific antibodies in peripheral T-cell lymphoma.

Study ID Title Phase Status Sponsor

NCT05883449
Phase II Study of AFM13 in Combination with

AB-101 in Subjects With R/R HL and CD30+ PTCL
(LuminICE-203)

2 Recruiting Affimed Gmb

NCT05627856
A Study of GNC-038 Injection in Patients with

Relapsed or Refractory NK/T-Cell Lymphoma, AITL,
and Other NHL

1/2 Recruiting Sichuan Baili
Pharmaceutical Co., Ltd.

NCT05079282 Study of ONO-4685 in Patients with Relapsed or
Refractory T-Cell Lymphoma 1 Recruiting Ono Pharmaceutical

Co., Ltd.

NCT05544968 CD30biAb-AATC for CD30+ Malignancies 1 Not yet recruiting Medical College of
Wisconsin

4. CAR T-Cell Therapies

CAR T has dramatically changed the management of B-cell malignancies by targeting
antigens, such as CD19 for B-cell lymphomas [61–63] and B-cell maturation antigen (BCMA)
for multiple myeloma [64]. This approach imparts the ability for healthy T-cells to recognize
malignant cells through an engineered chimeric antigen receptor (CAR), which recognizes
antigens expressed on malignant cells with the same specificity as an antibody but with
the killing power of T-cells. Utilizing this foundational technique, CAR-T trials targeting
CD3, CD5, CD7, TRBC1, and CCR4 are ongoing and possess immense potential in the
treatment of T-cell lymphomas. As described in the bispecific antibody section of this
review, however, the barriers to relying on effector T-cells for the killing of malignant
T-cells through targeted approaches have been well-characterized [52], including healthy
T-cell aplasia, fratricide, or unwanted killing of CAR T-cells, and specifically for CAR-
T, contamination of pheresis product with malignant T-cells. In this section we discuss
ongoing trials and future directions of CAR-based therapies for the treatment of PTCL.

4.1. CD7

Perhaps more than any other antigen, CD7 has been targeted in numerous CAR-T
studies for T-cell malignancies. While CD7 is expressed on T-cell acute lymphoblastic
leukemia (T-ALL) blasts and most mature T-cell lymphomas, it is also expressed on most
healthy T-cells, posing therapeutic challenges due to fratricide and T-cell aplasia. Various
approaches have been successfully used to mitigate fratricide in this setting. For example,
targeted disruption of the CD7 gene using cluster regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) prior to CAR expression has been
found to reduce fratricide and improve expansion of CD7-knock out (KO) CD7-CAR T-cells
in preclinical models [65]. The use of CRISPR-induced base editing of CAR T-cells has
since been used in clinical trials, including a Phase I study of pediatric T-ALL patients
treated with off-the-shelf anti-CD7 CAR-T with inactivated CD52, CD7, and β chain of the
αβ T-cell receptor to evade lymphodepleting serotherapy, fratricide, and graft-versus-host
disease, respectively [66].

Another option is selecting naturally occurring CD7-negative T-cells during apheresis,
creating a population of anti-CD7 CARCD7− T-cells [67]. Although this obviates the need
for resource-intensive genetic editing, given the relative rarity of CD7-negative T-cells,
collecting sufficient functional T-cells needed to manufacture CD7-directed CAR-T remains
challenging. The use of “naturally selected” CD7-CAR T-cells (NS7CAR) without genetic
manipulations was studied in a Phase I clinical trial for T-ALL/lymphoblastic lymphoma
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(LBL). Among 20 patients treated with NS7CAR-T, 19 achieved minimal residual disease-
negative complete response (CR) in the bone marrow by day 28, and 5 of 9 achieved
extramedullary CR [68]. Another CD7-CAR-T evaluated in clinical trials includes the
off-the-shelf, allogeneic, genetically modified anti-CD7 CAR-T product, WU-CART-007.
In a Phase I/II study presented at the 2024 European Hematology Association (EHA)
Congress, among 11 evaluable, heavily pretreated patients who received WU-CART-007 at
the recommended Phase II dose (R2PD), the ORR was 91% and CRR 82%. With a median
follow-up of 2.7 months, 6/11 patients remained in continuous CR at 1.3 to 4.3 months [69].

Alternative strategies for successful CD7-CAR-T deployment with fratricide mitiga-
tion include the integration of inhibitors of key CAR/CD3ζ signaling kinases. In a T-ALL
mouse xenograft study, unedited CD7 CAR T-cells supplemented with the tyrosine kinase
inhibitors ibrutinib and dasatinib led to robust ex vivo expansion with minimal fratricide,
as well as reduced terminal differentiation [70]. More recently, an ”all in one” approach
of sequential CD7-CAR-T followed by haploidentical alloSCT was evaluated in 10 pa-
tients with R/R CD7-positive hematologic malignancies. Following CAR-T, all 10 patients
achieved CR with grade 4 pancytopenia. After alloSCT, one patient died due to septic
shock, eight achieved full donor chimerism, and one had autologous hematopoiesis. With
a median follow-up of 15.1 months after CAR-T, six patients remained in minimal residual
disease (MRD)-negative CR, with an estimated 1-year OS of 68% and 1-year disease-free
survival of 54% [71]. While CD7-CAR-T has primarily been studied in T-ALL, loss of CD7
is relatively common in mature T-cell lymphomas [72,73], which may limit this approach in
PTCL. Nonetheless, the use of CD7-CAR-T is now being studied in clinical trials for PTCL
as well.

4.2. CD5

CD5 is a pan-T-cell marker that is also being targeted with cellular therapies. As
with CD7, anti-CD5 CAR-T can lead to the unwanted killing of CD5+ CAR T-cells. In
preclinical studies of anti-CD5 CAR T-cells, substituting the CD28 costimulatory domain
with 4-1BB led to increased fratricide. These effects were attributed to Tumor necrosis
factor receptor-associated factor (TRAF) signaling from the 4-1BB domain and associated
upregulation of the intercellular adhesion molecule 1, leading to stabilized fratricidal
immunologic synapses between CD5 CAR T-cells [74]. When compared to wild-type CD5-
CAR-T, CRISPR-Cas9-based KO CD5-CAR T enhances anti-tumor efficacy with improved
CAR-T activation and proliferation, which may be driven in part by reduced fratricide [75].
Dai et al. developed CRISPR-Cas9-based CD5 KO T-cells targeting CD5 with bi-epitopic
CARs using heavy-chain-only antigen recognition domains. When tested in vitro and
in vivo with mouse models, this approach led to potent anti-tumor effects with limited
fratricide [76]. Hill et al. conducted a Phase I dose-escalation study of an autologous
CD5-CAR-T product engineered to produce minimal and transient fratricide [77]. Among
nine patients with mature T-cell lymphomas who received treatment, the ORR was 44%,
with a CRR of 22%. There were no instances of grade 3 or higher cytokine release syndrome
(CRS), neurologic events, or major infectious concerns [78].

Concerns for tumor antigen escape have led to the interest in dual-targeted CARs. For
example, Dai et al. developed CD5/CD7-CAR T-cells with CD5 and CD7 KO to mitigate
fratricide with promising results [79]. Another option is to use sequential CAR-T to address
antigen escape. In a Phase I study of donor-derived CD5-CAR-T in patients with R/R
T-ALL, 10 of 14 patients enrolled had CD7 negativity or low expression (including 7 post-
CD7-CAR-T and 3 CAR-T-naive). Among 12 patients who received treatment, the day 30
CRR was 100%. With a median follow-up of 10.9 months, two of three patients who un-
derwent consolidative alloSCT maintained remission, with one who died of complications
related to the transplant. Of the nine patients who did not pursue consolidative alloSCT,
two maintained remission, three relapsed with CD5 loss, and three died from late-onset
grade 5 infections (two with EBV and one with Staphylococcus haemolyticus). Of note,
all three patients who died of infectious complications were found to have predominantly
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CD5-CD7- T-cells, suggesting the potential for increased risk of severe infectious complica-
tions in patients treated with both CD5- and CD7-targeted therapy, whether administered
simultaneously or in sequence [80].

In addition to methods for minimizing fratricide in CAR-T, novel options for reducing
T-cell aplasia have also been studied. Patel et al. used CRISPR-Cas9 to develop a unique
autologous CD5 KO anti-CD5 CAR T product consisting of >90% CD5 KO and >30% CAR
transduction to generate two populations of cells: one with CD5 KO CAR-T (to target
malignant T-cells) and one with CD5 KO normal untransduced cells (to reduce toxicity
from healthy T-cell aplasia) [81]. This approach has been studied in mice and is now being
evaluated in a Phase I clinical trial.

4.3. CD3

CD3 is a T-cell antigen that is universally expressed in both healthy and malignant
mature T-cells. As with CD7-CAR-T, unmanipulated anti-CD3 CAR-T leads to widespread
fratricide, limiting the use and efficacy of CAR T. The use of a CD3 protein expression
blocker (PEB) composed of an anti-CD3 single-chain variable fragment and an intracellular
retention domain to downregulate CD3 has been used to generate a CD3 protein expres-
sion blocker (PEBL-CAR T-cells). In preclinical studies involving immunodeficient mice
engrafted with CD3+ Jurkat cells, CD3 PEBL-CAR-T has successfully limited fratricide
and demonstrated anti-tumor effects with a marked reduction in leukemic cell burden [82].
Another option for targeting CD3 while avoiding the destruction of CD3-expressing CAR
T-cells is the use of anti-CD3 CAR NK cells. In a 2016 study by Chen et al., anti-CD3 CAR
NK cells were engineered using an NK cell line (N92). CD3CAR N92 cells were found to
effectively destroy CD3+ human PTCL samples and T-cell leukemia cell lines ex vivo and
controlled Jukrat tumor cell growth in vivo, leading to prolonged survival in mice [83].
These approaches have not yet been evaluated in clinical trials.

4.4. CD4

As most PTCLs express CD4, this represents another target of interest. Attempts to
treat T-cell lymphomas with anti-CD4 directed therapy date back to at least 1996, starting
with chimeric mAb therapy [84]. After the humanized anti-CD4 mAb zanolimumab was
studied in Phase II trials in both CTCL [85] and PTCL [86] with inadequate response rates,
efforts have since turned to anti-CD4 CAR therapies. Pinz et al. developed a CD4-directed
CAR T-cell product in which CD4-CAR T-cells maintained a central memory stem cell-like
phenotype (CD8+CD45RO+CD62L), demonstrated anti-tumor responses against CD4+
lymphoma cells, and led to prolonged mouse survival [87]. As with CD3, anti-CD4 CAR
NK cells using N92 have also been engineered and demonstrated to lead to responses ex
vivo and in vivo with mouse studies [88]. Clinical trials using CD4-CAR-T for PTCL are
now underway.

4.5. CD30

CD30-directed CAR-based therapies are an enticing option due to high malignant cell
expression with more limited healthy cell expression [89]. In vitro efforts to target CD30
with CAR-T date back to the 1990s [90]. Since then, numerous clinical trials have evaluated
the role of CD30-directed CAR-T, primarily for the treatment of classical Hodgkin lym-
phoma but also ALCL and other T-cell lymphomas in ongoing clinical trials. Despite ORRs
of 33–39% in initial studies for R/R cHL [91,92] and as high as 72% in patients receiving
fludarabine-based lymphodepletion prior to CAR-T infusion [93], the majority of patients
have relapsed within 1 year of treatment with 1-year PFS of 36% or lower. Of note, in studies
evaluating anti-CD30 CAR-T from in vitro cells to in vivo mouse models, third-generation
CAR-T containing two costimulatory domains (CD28 and 4-1BB) demonstrated superior
anti-tumor activity and tumor honing ability compared with second-generation CAR-T
containing only one costimulatory domain (CD28). Benefits were attributed primarily to
increased cytokine secretion with IFNγ and associated low-exhausted phenotype, with
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the authors emphasizing the importance of 4-1BB signaling for CAR-T persistence [94]. In
addition to its use in isolation, anti-CD30 CAR-T has also been investigated as consolidation
following autologous stem cell transplantation using carmustine, etoposide, cytarabine,
and melphalan (BEAM) conditioning in patients with high-risk CD30+ lymphomas. Among
18 patients who received treatment (11 with cHL, 6 with T-cell lymphoma, and 1 with grey
zone lymphoma), at a median follow-up of 48.2 months, the median PFS was 32.3 months,
and the median OS was not reached [95]. CD30 CARs have also been added to EBV-virus-
specific T-cells, generating off-the-shelf allogeneic CD30-CAR EBVSTs capable of killing
both CD30+ lymphoma cells and alloreactive T-cells [96]. Previously studied in cHL, this
approach is now being investigated in other CD30+ lymphomas, including PTCL.

4.6. CD70

CD70, as discussed above, is a type 2 transmembrane protein of the TNF family, which
engages with its ligand CD27 to serve as a costimulatory signal leading to lymphocyte
activation. CD70 was previously targeted as a monoclonal antibody with good safety and
tolerability [97]. In the Phase I COBAL-LYM dose escalation study of allogeneic CD70-CAR
T-cells (CTX 130) for R/R mature T-cell lymphomas, among four patients with PTCL treated
at the dose level of 3–4 the ORR was 75% [98]. CD70 has also been targeted with CAR
NK cells. In a 2023 study by Rafei et al., a novel retroviral vector targeting CD70 was
designed that also ectopically produced interleukin-15 to support NK cell proliferation and
expressed the suicide gene inducible caspase 9 (iC9), which could be pharmacologically
activated to eliminate transfused cells in the event of toxicity. This CAR70/IL-15 construct
demonstrated targeted killing of CD70+ cell lines with improved cytokine production
and increased expression of markers of cytotoxicity, including granzyme b, perforin, and
TRAIL [99].

4.7. CCR4

Similar to the mAb mogamulizumab, CCR4-targeted CAR-T is also under investiga-
tion. As CCR4 is expressed on limited subsets of healthy T-cells—such as type-2, type-17
helper T-cells, and regulatory T-cells—targeting CCR4 leads to less immunosuppression. In
a study by Watanabe et al., fratricidal depletion of CCR4+ T-cells led to a relative increase
of CAR T-cells in the final product. These CCR4-depleted anti-CCR4 CAR T-cells enriched
in Th1 and CD8+ T-cells led to potent anti-tumor activity against CCR4-expressing T-cell
malignancies in mice [100]. As anti-CD30 CAR T-cells expressing CCR4 lead to improved
tumor honing and anti-lymphoma activity when compared with anti-CD30 CAR T-cells
lacking CCR4 [101], this approach is now being studied in a clinical trial of patients with
R/R CD30+ cHL and CTCL.

4.8. TRBC1 and TRBC2

As described previously in this review, components of the clonal TCR represent a
promising target for cellular therapies. In the Phase I/II AUTO-4 study, Cwynarski et al.
studied tumor biopsies from 73 patients with R/R PTCL and identified 26 with TRBC1+
disease. Among nine evaluable patients who underwent pheresis, lymphodepletion, and
TRBC1-directed CAR T-cell (AUTO4) infusion, five achieved a CR, one achieved a PR, and
three did not respond. Of note, CAR-T expansion was not seen in the peripheral blood
by PCR, raising the concern for a limited duration of response [102]. This phenomenon
was further supported by studies from Nichakawade et al., in which incubation of anti-
TRBC1+ CAR T-cells with normal T-cells and TRBC1+ T-cell cancers led to bidirectional
killing, resulting in the depletion of both anti-TRBC1 CAR T-cells and TRBC1+ normal
T-cells [103]. TRBC2-directed CAR T-cells have been developed but have not yet been
evaluated clinically [104].
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4.9. γδ TCR

As with components of the αβ TCR, the γδ TCR can also be targeted. Mature T-cell
lymphomas arising from γδ T-cells include the vast majority of hepatosplenic T-cell lym-
phomas (HSTCLs) and primary cutaneous gamma delta T-cell lymphomas (PCGDTCLs),
both of which are rare, challenging to treat, and associated with poor prognosis [105,106].
The γδ TCR is also expressed in a substantial proportion of patients with monomorphic
epitheliotropic intestinal T-cell lymphoma (MEITL), another rare subset of PTCL with
limited effective treatment options, with reports of γδ TCR expression in up to 78% of
cases [107]. As γδ T-cells make up less than 5% of healthy peripheral T-cells, targeting the
γδ TCR is an attractive treatment option for these patients. Wawrzyniecka developed a
CAR-T product in which normal αβ T-cells were engineered to express anti-γδ TCR CAR
and demonstrated the killing of the malignant γδ T-cells in vitro and in vivo. As has been
seen with other CAR-T efforts in T-cell malignancies, however, CAR T-cell persistence was
limited, raising concerns about the bidirectional killing of the effector and target cells [108].

4.10. Future Directions

In addition to incorporating novel targets, future investigation into CAR-T for PTCL
and other T-cell malignancies will aim to reduce fratricide, improve CAR-T persistence,
and address healthy T-cell aplasia. While CAR therapy has traditionally focused on a T-cell
effector cell, CAR NK cells have also emerged as an area of interest in a wide variety of
malignancies. Unlike CAR-T, CAR NK cell therapy is typically off-the-shelf, associated with
lower toxicity (particularly CRS and neurologic toxicity), and does not cause graft-versus-
host disease (GVHD) [109]. In the case of T-cell malignancies, utilization of NK cell-based
therapies is especially appealing given the reduced risk of fratricide and malignant T-cell
contamination of the CAR product. Potential disadvantages of CAR NK-cell therapy
include a shorter half-life, questionable persistence and efficacy, and challenges associated
with NK cell isolation and efficient transduction [110]. There are currently 15 trials listed
on clinicaltrials.gov using CAR NK cells for T-cell malignancies, as shown in Table 3.

Table 3. Current studies using chimeric antigen receptor therapies in peripheral T-cell lymphoma.

Study ID Title Phase Status Sponsor

NCT05941156
Clinical Study of Anti-CD56-CAR-T in the Treatment of

Relapsed/Refractory NK/T Cell Lymphoma/NK
Cell Leukemia

2 Recruiting The Affiliated Hospital of
Xuzhou Medical University

NCT03590574 Phase I/II Study Evaluating AUTO4 in Patients With
TRBC1 Positive T-Cell Lymphoma 1/2 Recruiting Autolus Limited

NCT06492304
A Safety and Efficacy Study Evaluating CTX131 in Adult

Subjects With Relapsed/Refractory
Hematologic Malignancies

1/2 Recruiting CRISPR Therapeutics AG

NCT06420089 CD5-deleted Chimeric Antigen Receptor Cells (Senza5
CART5) for T-Cell Non-Hodgkin Lymphoma (NHL) 1 Recruiting Vittoria Biotherapeutics

NCT05377827

Dose-Escalation and Dose-Expansion Study to Evaluate
the Safety and Tolerability of Anti-CD7 Allogeneic CAR

T-Cells (WU-CART-007) in Patients With CD7+
Hematologic Malignancies

1 Recruiting Washington University

NCT05290155 Anti-CD7 CAR T-Cell Therapy for Relapse and
Refractory CD7 Positive T-Cell Malignancies 1 Recruiting Shanghai General Hospital

NCT04288726 Allogeneic CD30.CAR-EBVSTs in Patients With Relapsed
or Refractory CD30-Positive Lymphomas 1 Recruiting Baylor College of Medicine

NCT04083495 CD30 CAR for Relapsed/Refractory CD30+
T-Cell Lymphoma 1 Recruiting

UNC Lineberger
Comprehensive
Cancer Center

clinicaltrials.gov
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Table 3. Cont.

Study ID Title Phase Status Sponsor

NCT03829540 CD4CAR for CD4+ Leukemia and Lymphoma 1 Recruiting Indiana University

NCT03690011 Cell Therapy for High-Risk T-Cell Malignancies Using
CD7-Specific CAR Expressed On Autologous T-Cells 1 Recruiting Baylor College of Medicine

NCT03081910
Autologous T-Cells Expressing a Second Generation

CAR for Treatment of T-Cell Malignancies Expressing
CD5 Antigen

1 Recruiting Baylor College of Medicine

NCT02917083 CD30 CAR T-Cells, Relapsed CD30 Expressing
Lymphoma (RELY-30) 1 Recruiting Baylor College of Medicine

NCT05995028 Universal 4SCAR7U Targeting
CD7-Positive Malignancies 1 Recruiting Shenzhen Geno-Immune

Medical Institute

NCT05620680 CD7 CAR T-Cells in T-Cell Lymphoma/Leukemia 1 Recruiting Shenzhen University
General Hospital

NCT06176690 Constitutive IL7R (C7R) Modified Banked Allogeneic
CD30.CAR EBVSTS for CD30-Positive Lymphomas 1 Not yet

recruiting Baylor College of Medicine

NCT04712864
Study of CD4-Targeted Chimeric Antigen Receptor
T-Cells (CD4- CAR-T) in Subjects With Relapsed or

Refractory T-Cell Lymphoma
1 Not yet

recruiting Legend Biotech USA Inc

NCT06345027 Chimeric Antigen Receptor Treatment Targeting CD70
(Seventy) (Casey) 1 Not yet

recruiting Baylor College of Medicine

NCT04526834 Phase I Study of Autologous CD30.CAR-T in Relapsed or
Refractory CD30 Positive Non-Hodgkin Lymphoma 1 Not yet

recruiting Tessa Therapeutics

NCT04502446
A Safety and Efficacy Study Evaluating CTX130 in
Subjects With Relapsed or Refractory T- or B-Cell

Malignancies (COBALT-LYM)
1 Not yet

recruiting CRISPR Therapeutics AG

NCT05979792
Clinical Study of CD7 CAR T-Cell Injection in the
Treatment of Patients With Relapsed or Refractory

CD7-Positive Peripheral T-Cell Lymphoma
1 Not yet

recruiting Ruijin Hospital

NCT05013372 CD147-CAR T-Cells for Relapsed/Refractory T-Cell
Non-Hodgkin Lymphoma 1 Not yet

recruiting
Peking University
People’s Hospital

5. Antibody–Drug Conjugates

Antibody–drug conjugates (ADCs) represent a burgeoning approach to cancer therapy
that offers the cytotoxicity of conventional chemotherapeutic agents with the targeted
specificity of mAbs. There are three critical components to ADCs: the mAb providing
targeted specificity, the cytotoxic payload delivering anti-neoplastic activity, and a linker
connecting the mAb and payload. ADCs provide several mechanistic benefits over CAR-T
and TCEs, including controlled drug release, fixed pharmacodynamics, reduced risk of
immunologic reactions, and ease of manufacturing. For example, CAR T-cell persistence
may be considered a double-edged sword; while a single infusion can lead to prolonged
disease control, it can also cause persistent or recurrent immunologic toxicity. In contrast,
the pharmacokinetics and pharmacodynamics of ADCs are more controlled and predictable,
with dosing schedules approximating conventional chemotherapy. ADC manufacturing
and administration is also more scalable with off-the-shelf availability and the ability to
safely administer in the community without the intensive monitoring for immunologic
toxicity required for CAR-T or TCEs [99]. Closely related to ADCs are immunotoxins and
radioactive isotope conjugates, which deliver targeted toxins and radioactive particles,
respectively, to kill malignant cells. ADCs currently approved for use in lymphomas include
brentuximab vedotin (Bv, targeting CD30), polatuzumab vedotin (targeting CD79B), and
loncastuximab tesirine (targeting CD19). Of these agents, only Bv is approved in PTCL, but
it is arguably the single most important advancement for the treatment of PTCL in decades.
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Bv is a CD30-targeted ADC with a monomethyl auristatin E (MMAE) payload, which
leads to anti-neoplastic activity through microtubule disruption. In the pivotal Phase
III ECHELON-2 study, Bv plus cyclophosphamide, doxorubicin, and prednisone (Bv-
CHP) led to improved PFS and OS when compared with cyclophosphamide, doxorubicin
hydrochloride, vincristine sulfate (Oncovin), and prednisone (CHOP) for patients with
untreated PTCL. Among 452 patients with untreated CD30+ PTCL (≥10% expression by
immunohistochemistry [IHC]), with a median follow-up of 47.6 months, the 5-year PFS
was 51.4% vs. 43.0% (hazard ratio = 0.70; 95% confidence interval [CI] 0.53–0.91) and
the 5-year OS was 70.1% vs. 61.0% (hazard ratio = 0.72; 95% CI 0.53–0.99) for patients
receiving Bv-CHP vs. CHOP, respectively. Of note, 70% of patients receiving treatment
had ALCL as prespecified in the study design, given universal CD30 expression and
known activity of Bv in this population [111]. These results led to FDA approval of Bv
plus CHP for untreated CD30+ PTCL. Bv has also demonstrated activity as a single agent
in R/R PTCL expressing CD30 [112,113]. Interestingly, Bv seems to be effective even in
C30-negative T-cell lymphomas [114], and responses do not necessarily correlate with CD30
expression [115]. While the investigation is ongoing to better understand why Bv remains
effective in CD30-negative disease, potential explanations include the bystander effect [116],
lack of sensitivity when assessing for CD30 by IHC [117] and immunomodulation due to
depletion of CD30+ regulatory T-cells [114,118]. These concepts, particularly the latter, were
further supported by results from the Phase III randomized ECHELON-3 study presented at
ASCO 2024, in which the addition of Bv to rituximab plus lenalidomide for R/R DLBCL led
to significant benefits in PFS and OS, even among those with CD30-negative disease [119].
Brentuximab is now being studied in R/R T-cell lymphomas with low CD30 expression
and in combination with either ICIs or mogamulizumab.

SGN-35T is a new CD30-directed MMAE ADC, which is similar to Bv but with
a tripeptide cleavable linker consisting of D-leucine-alanine-glutamate (DLAE) found
to reduce hematopoietic toxicity in preclinical investigation [120]. A Phase I study of
SGN-35T in patients with CD30+ lymphomas is currently underway. Other ADCs and
related targeted therapies under investigation for T-cell lymphomas include those targeting
CD3, CD70, CD38, and TRBC1. Resimmune is a CD3-targeted immunotoxin consisting of
catalytic and translocation domains of the diphtheria toxin fused to two anti-human CD3 Fv
fragments [121]. Although three patients with PTCL were included in the Phase I clinical
trial, there were no responses seen in these patients [122]. Resimmune remains under
investigation with more promising results for CTCL. SGN-CD70A is an investigational
ADC targeting CD70 with the cytotoxic DNA-crosslinking agent, pyrollobenzodiazepine
(PBD) dimer, which has been studied in both renal cell carcinoma and non-Hodgkin
lymphoma [123]. In a Phase I study of SGN-70A for diffuse large B-cell lymphoma (DLBCL)
and mantle cell lymphoma (MCL), SGN-70A led to modest response rates limited by
thrombocytopenia [124]. SGN-70A has also been studied in patient-derived xenograft
CTCL models [125]. Its role in PTCL and potential candidacy for clinical trials remains to
be determined. CD38-SADA is a targeted radiotherapy delivering fixed doses of 177Lu-
DOTA, a chelated complex of a lutetium radioisotope and dotatate, which leads to targeted
emission of ionizing beta radiation against CD38+ malignant cells, resulting in DNA
damage and associated cancer cell death. Because a subset of lymphomas express CD38,
including the majority of ENKTL cases, targeting CD38 with radioisotopes could provide
both diagnostic and therapeutic benefits [126]. A Phase I clinical trial studying CD38-SADA
in non-Hodgkin lymphomas is now underway. As with CARs, components of the TCR
can also be targeted with ADCs. Nichakawade et al. developed a TRBC1-targeted ADC,
which demonstrated potent anti-tumor properties using two different payloads (MMAE
and tesirine) in mouse models with TRBC1+ T-cell cancer (Jurkat) cells [103]. This approach
has not yet been evaluated in humans. Current studies using ADCs for PTCL are outlined
in Table 4.
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Table 4. Current studies using antibody–drug conjugates in peripheral T-cell lymphoma.

Study ID Title Phase Status Sponsor

NCT02588651
A Phase II Study of Single Agent Brentuximab Vedotin in

Relapsed/Refractory CD30 Low (<10%) Mature T-cell
Lymphoma (TCL)

2 Recruiting
Cleveland Clinic, Case

Comprehensive
Cancer Center

NCT05313243 Pembrolizumab and Brentuximab Vedotin in Subjects
with Relapsed/Refractory T-Cell Lymphoma 2 Recruiting Yale University

NCT05316246
Efficacy and Safety of BV with Tislelizumab for the

Treatment of CD30+ Relapsed/Refractory
NK/T-Cell Lymphoma

2 Not yet
recruiting

Shanghai Zhongshan
Hospital

NCT06120504 A Safety Study of SGN-35T in Adults with
Advanced Cancers 1 Recruiting Seagen Inc.

NCT05994157
Phase I, Open-label, Dose-escalation Trial with

CD38-SADA:177 Lu-DOTA Drug Complex in Patients
with Relapsed or Refractory Non-Hodgkin Lymphoma

1 Not yet
recruiting Y-mAbs Therapeutics

6. Conclusions

Antibodies provide unique specificity which can be leveraged for targeting the de-
struction of malignant cells with a variety of therapeutic modalities: mAbs, BsAs, CARs,
and ADCs. Here we review current and investigational antibody-based therapies for the
treatment of PTCL, as well as the advantages and disadvantages of each. Despite a limited
number of approved agents, antibody-based therapies are essential tools for the treatment
of PTCL and an increasing focus of investigation. Nonetheless, a few challenges unique to
T-cell malignancies must be overcome for the development of safe and effective targeted
therapies. While some of these therapies (e.g., CAR-T and TCEs) are inherently at risk
for fratricide or bidirectional killing of malignant T-cells and effector T-cells, others are
at risk for serious infectious complications associated with targeting pan T-cell antigens.
Fortunately, recent preclinical investigation has revealed potential solutions through the
identification of novel targets, combinations, therapeutic sequencing, and clever gene edit-
ing techniques. Following their dramatic impact on the treatment of B-cell malignancies,
CAR therapies now represent the overwhelming majority of antibody-based therapies in
clinical trials for PTCL and other T-cell malignancies. While it remains to be seen which of
these novel antibody-based approaches will improve outcomes in PTCL, the future looks a
little brighter for our patients.
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Koehne, G.; Touzeau, C.; et al. Elranatamab in Relapsed or Refractory Multiple Myeloma: Phase 2 MagnetisMM-3 Trial Results.
Nat. Med. 2023, 29, 2259–2267. [CrossRef]

49. Nathan, P.; Hassel, J.C.; Rutkowski, P.; Baurain, J.-F.; Butler, M.O.; Schlaak, M.; Sullivan, R.J.; Ochsenreither, S.; Dummer, R.;
Kirkwood, J.M.; et al. Overall Survival Benefit with Tebentafusp in Metastatic Uveal Melanoma. N. Engl. J. Med. 2021, 385,
1196–1206. [CrossRef]

50. Paz-Ares, L.; Champiat, S.; Lai, W.V.; Izumi, H.; Govindan, R.; Boyer, M.; Hummel, H.-D.; Borghaei, H.; Johnson, M.L.; Steeghs, N.;
et al. Tarlatamab, a First-in-Class DLL3-Targeted Bispecific T-Cell Engager, in Recurrent Small-Cell Lung Cancer: An Open-Label,
Phase I Study. J. Clin. Oncol. 2023, 41, 2893–2903. [CrossRef]

51. Park, K.; Haura, E.B.; Leighl, N.B.; Mitchell, P.; Shu, C.A.; Girard, N.; Viteri, S.; Han, J.-Y.; Kim, S.-W.; Lee, C.K.; et al. Amivantamab
in EGFR Exon 20 Insertion-Mutated Non-Small-Cell Lung Cancer Progressing on Platinum Chemotherapy: Initial Results From
the CHRYSALIS Phase I Study. J. Clin. Oncol. 2021, 39, 3391–3402. [CrossRef] [PubMed]

52. Fleischer, L.C.; Spencer, H.T.; Raikar, S.S. Targeting T Cell Malignancies Using CAR-Based Immunotherapy: Challenges and
Potential Solutions. J. Hematol. Oncol. 2019, 12, 141. [CrossRef] [PubMed]

53. Paul, S.; Pearlman, A.H.; Douglass, J.; Mog, B.J.; Hsiue, E.H.C.; Hwang, M.S.; DiNapoli, S.R.; Konig, M.F.; Brown, P.A.; Wright,
K.M.; et al. TCR β Chain-Directed Bispecific Antibodies for the Treatment of T Cell Cancers. Sci. Transl. Med. 2021, 13, eabd3595.
[CrossRef] [PubMed]

54. Yoshida, N.; Umino, A.; Liu, F.; Arita, K.; Karube, K.; Tsuzuki, S.; Ohshima, K.; Seto, M. Identification of Multiple Subclones in
Peripheral T-Cell Lymphoma, Not Otherwise Specified with Genomic Aberrations. Cancer Med. 2012, 1, 289–294. [CrossRef]
[PubMed]

55. Horwitz, S.; O’Connor, O.A.; Pro, B.; Illidge, T.; Fanale, M.; Advani, R.; Bartlett, N.L.; Christensen, J.H.; Morschhauser, F.;
Domingo-Domenech, E.; et al. Brentuximab Vedotin with Chemotherapy for CD30-Positive Peripheral T-Cell Lymphoma
(ECHELON-2): A Global, Double-Blind, Randomised, Phase 3 Trial. Lancet 2019, 393, 229–240. [CrossRef]

56. Faber, M.L.; Oldham, R.A.A.; Thakur, A.; Rademacher, M.J.; Kubicka, E.; Dlugi, T.A.; Gifford, S.A.; McKillop, W.M.; Schloemer,
N.J.; Lum, L.G.; et al. Novel Anti-CD30/CD3 Bispecific Antibodies Activate Human T Cells and Mediate Potent Anti-Tumor
Activity. Front. Immunol. 2023, 14, 1225610. [CrossRef]

57. Harper, T.; Sharma, A.; Kaliyaperumal, S.; Fajardo, F.; Hsu, K.; Liu, L.; Davies, R.; Wei, Y.L.; Zhan, J.; Estrada, J.; et al.
Characterization of an Anti-CD70 Half-Life Extended Bispecific T-Cell Engager (HLE-BiTE) and Associated On-Target Toxicity in
Cynomolgus Monkeys. Toxicol. Sci. 2022, 189, 32–50. [CrossRef]

58. Kim, W.S.; Shortt, J.; Zinzani, P.L.; Mikhaylova, N.; Marin-Niebla, A.; Radeski, D.; Ribrag, V.; Domenech, E.D.; Sawas, A.; Alexis,
K.; et al. Abstract CT024: REDIRECT: A Phase 2 Study of AFM13 in Patients with CD30-Positive Relapsed or Refractory (R/R)
Peripheral T Cell Lymphoma (PTCL). Cancer Res. 2023, 83, CT024. [CrossRef]

59. Nieto, Y.; Banerjee, P.; Kaur, I.; Griffin, L.; Barnett, M.; Ganesh, C.; Borneo, Z.; Bassett, R.L.; Kerbauy, L.N.; Basar, R.; et al. Innate
Cell Engager (ICE®) AFM13 Combined with Preactivated and Expanded (P+E) Cord Blood (CB)-Derived Natural Killer (NK)
Cells for Patients with Refractory CD30-Positive Lymphomas: Final Results. Blood 2023, 142, 774. [CrossRef]

60. Moskowitz, A.; Harstrick, A.; Emig, M.; Overesch, A.; Pinto, S.; Ravenstijn, P.; Schlüter, T.; Rubel, J.; Rebscher, H.; Graefe, T.; et al.
AFM13 in Combination with Allogeneic Natural Killer Cells (AB-101) in Relapsed or Refractory Hodgkin Lymphoma and CD30 +
Peripheral T-Cell Lymphoma: A Phase 2 Study (LuminICE). Blood 2023, 142, 4855. [CrossRef]

61. Neelapu, S.S.; Locke, F.L.; Bartlett, N.L.; Lekakis, L.J.; Miklos, D.B.; Jacobson, C.A.; Braunschweig, I.; Oluwole, O.O.; Siddiqi, T.;
Lin, Y.; et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N. Engl. J. Med. 2017, 377,
2531–2544. [CrossRef]

62. Wang, M.; Munoz, J.; Goy, A.; Locke, F.L.; Jacobson, C.A.; Hill, B.T.; Timmerman, J.M.; Holmes, H.; Jaglowski, S.; Flinn, I.W.;
et al. KTE-X19 CAR T-Cell Therapy in Relapsed or Refractory Mantle-Cell Lymphoma. N. Engl. J. Med. 2020, 382, 1331–1342.
[CrossRef] [PubMed]

63. Morschhauser, F.; Dahiya, S.; Palomba, M.L.; Martin Garcia-Sancho, A.; Reguera Ortega, J.L.; Kuruvilla, J.; Jäger, U.; Cartron, G.;
Izutsu, K.; Dreyling, M.; et al. Lisocabtagene Maraleucel in Follicular Lymphoma: The Phase 2 TRANSCEND FL Study. Nat. Med.
2024, 30, 2199–2207. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMoa2206913
https://www.ncbi.nlm.nih.gov/pubmed/36507690
https://doi.org/10.1200/JCO.22.01725
https://www.ncbi.nlm.nih.gov/pubmed/36548927
https://doi.org/10.1056/NEJMoa2204591
https://doi.org/10.1056/NEJMoa2203478
https://doi.org/10.1038/s41591-023-02528-9
https://doi.org/10.1056/NEJMoa2103485
https://doi.org/10.1200/JCO.22.02823
https://doi.org/10.1200/JCO.21.00662
https://www.ncbi.nlm.nih.gov/pubmed/34339292
https://doi.org/10.1186/s13045-019-0801-y
https://www.ncbi.nlm.nih.gov/pubmed/31884955
https://doi.org/10.1126/scitranslmed.abd3595
https://www.ncbi.nlm.nih.gov/pubmed/33649188
https://doi.org/10.1002/cam4.34
https://www.ncbi.nlm.nih.gov/pubmed/23342278
https://doi.org/10.1016/S0140-6736(18)32984-2
https://doi.org/10.3389/fimmu.2023.1225610
https://doi.org/10.1093/toxsci/kfac052
https://doi.org/10.1158/1538-7445.AM2023-CT024
https://doi.org/10.1182/blood-2023-172980
https://doi.org/10.1182/blood-2023-174250
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1056/NEJMoa1914347
https://www.ncbi.nlm.nih.gov/pubmed/32242358
https://doi.org/10.1038/s41591-024-02986-9
https://www.ncbi.nlm.nih.gov/pubmed/38830991


Cancers 2024, 16, 3489 20 of 22

64. Berdeja, J.G.; Madduri, D.; Usmani, S.Z.; Jakubowiak, A.; Agha, M.; Cohen, A.D.; Stewart, A.K.; Hari, P.; Htut, M.; Lesokhin, A.;
et al. Ciltacabtagene Autoleucel, a B-Cell Maturation Antigen-Directed Chimeric Antigen Receptor T-Cell Therapy in Patients
with Relapsed or Refractory Multiple Myeloma (CARTITUDE-1): A Phase 1b/2 Open-Label Study. Lancet 2021, 398, 314–324.
[CrossRef] [PubMed]

65. Gomes-Silva, D.; Srinivasan, M.; Sharma, S.; Lee, C.M.; Wagner, D.L.; Davis, T.H.; Rouce, R.H.; Bao, G.; Brenner, M.K.; Mamonkin,
M. CD7-Edited T Cells Expressing a CD7-Specific CAR for the Therapy of T-Cell Malignancies. Blood 2017, 130, 285–296. [CrossRef]
[PubMed]

66. Chiesa, R.; Georgiadis, C.; Syed, F.; Zhan, H.; Etuk, A.; Gkazi, S.A.; Preece, R.; Ottaviano, G.; Braybrook, T.; Chu, J.; et al.
Base-Edited CAR7 T Cells for Relapsed T-Cell Acute Lymphoblastic Leukemia. N. Engl. J. Med. 2023, 389, 899–910. [CrossRef]

67. Freiwan, A.; Zoine, J.T.; Crawford, J.C.; Vaidya, A.; Schattgen, S.A.; Myers, J.A.; Patil, S.L.; Khanlari, M.; Inaba, H.; Klco, J.M.;
et al. Engineering Naturally Occurring CD7− T Cells for the Immunotherapy of Hematological Malignancies. Blood 2022, 140,
2684–2696. [CrossRef]

68. Lu, P.; Liu, Y.; Yang, J.; Zhang, X.; Yang, X.; Wang, H.; Wang, L.; Wang, Q.; Jin, D.; Li, J.; et al. Naturally Selected CD7 CAR-
T Therapy without Genetic Manipulations for T-ALL/LBL: First-in-Human Phase 1 Clinical Trial. Blood 2022, 140, 321–334.
[CrossRef]

69. Ghobadi, A.; Aldoss, I.; Maude, S.; Bhojwani, D.; Wayne, A.; Bajel, A.; Dholaria, B.; Faramand, R.; Mattison, R.; Rijneveld, A.; et al.
Anti-CD7 Allogeneic WU-CART-007 in Patients with Relapsed/Refractory T-Cell Acute Lymphoblastic Leukemia/Lymphoma: A
Phase 1/2 Trial. Res. Sq. 2024. [CrossRef]

70. Watanabe, N.; Mo, F.; Zheng, R.; Ma, R.; Bray, V.C.; van Leeuwen, D.G.; Sritabal-Ramirez, J.; Hu, H.; Wang, S.; Mehta, B.; et al.
Feasibility and Preclinical Efficacy of CD7-Unedited CD7 CAR T Cells for T Cell Malignancies. Mol. Ther. 2023, 31, 24–34.
[CrossRef]

71. Hu, Y.; Zhang, M.; Yang, T.; Mo, Z.; Wei, G.; Jing, R.; Zhao, H.; Chen, R.; Zu, C.; Gu, T.; et al. Sequential CD7 CAR T-Cell Therapy
and Allogeneic HSCT without GVHD Prophylaxis. N. Engl. J. Med. 2024, 390, 1467–1480. [CrossRef] [PubMed]

72. Huang, Z.; Chen, B.; Ling, Y.; Pan, Y.; Jiang, S.; Zhang, S.; Yu, K.; Han, Y. Increase of CD3+CD7- T Cells in Bone Marrow Predicts
Invasion in Patients with T-Cell Non-Hodgkin’s Lymphoma. Transl. Cancer Res. 2022, 11, 1463–1471. [CrossRef] [PubMed]

73. Alaibac, M.; Pigozzi, B.; Belloni-Fortina, A.; Michelotto, A.; Saponeri, A.; Peserico, A. CD7 Expression in Reactive and Malignant
Human Skin T-Lymphocytes. Anticancer Res. 2003, 23, 2707–2710. [PubMed]

74. Mamonkin, M.; Mukherjee, M.; Srinivasan, M.; Sharma, S.; Gomes-Silva, D.; Mo, F.; Krenciute, G.; Orange, J.S.; Brenner,
M.K. Reversible Transgene Expression Reduces Fratricide and Permits 4-1BB Costimulation of CAR T Cells Directed to T-Cell
Malignancies. Cancer Immunol. Res. 2018, 6, 47–58. [CrossRef]

75. Chun, I.; Kim, K.H.; Chiang, Y.-H.; Xie, W.; Lee, Y.G.G.; Pajarillo, R.; Rotolo, A.; Shestova, O.; Hong, S.J.; Abdel-Mohsen, M.; et al.
CRISPR-Cas9 Knock out of CD5 Enhances the Anti-Tumor Activity of Chimeric Antigen Receptor T Cells. Blood 2020, 136, 51–52.
[CrossRef]

76. Dai, Z.; Mu, W.; Zhao, Y.; Jia, X.; Liu, J.; Wei, Q.; Tan, T.; Zhou, J. The Rational Development of CD5-Targeting Biepitopic CARs
with Fully Human Heavy-Chain-Only Antigen Recognition Domains. Mol. Ther. 2021, 29, 2707–2722. [CrossRef]

77. Hill, L.C.; Rouce, R.H.; Smith, T.S.; Yang, L.; Srinivasan, M.; Zhang, H.; Perconti, S.; Mehta, B.; Dakhova, O.; Randall, J.; et al.
Safety and Anti-Tumor Activity of CD5 CAR T-Cells in Patients with Relapsed/Refractory T-Cell Malignancies. Blood 2019,
134, 199. [CrossRef]

78. Hill, L.Q.C.; Rouce, R.H.; Wu, M.J.; Wang, T.; Ma, R.; Zhang, H.; Mehta, B.; Lapteva, N.; Mei, Z.; Smith, T.S.; et al. Antitumor
Efficacy and Safety of Unedited Autologous CD5.CAR T Cells in Relapsed/Refractory Mature T-Cell Lymphomas. Blood 2024,
143, 1231–1241. [CrossRef]

79. Dai, Z.; Mu, W.; Zhao, Y.; Cheng, J.; Lin, H.; Ouyang, K.; Jia, X.; Liu, J.; Wei, Q.; Wang, M.; et al. T Cells Expressing CD5/CD7
Bispecific Chimeric Antigen Receptors with Fully Human Heavy-Chain-Only Domains Mitigate Tumor Antigen Escape. Signal
Transduct. Target Ther. 2022, 7, 85. [CrossRef]

80. Pan, J.; Tan, Y.; Deng, B.; Ling, Z.; Xu, J.; Duan, J.; Wang, Z.; Wang, K.; Hu, G. S116: DONOR-DERIVED CD5 CAR T CELLS FOR
T-CELL ACUTE LYMPHOBLASTIC LEUKEMIA. Hemasphere 2023, 7, e3515785. [CrossRef]

81. Patel, R.P.; Ghilardi, G.; Porazzi, P.; Yang, S.; Qian, D.; Pajarillo, R.; Wang, M.; Zhang, Y.; Schuster, S.J.; Barta, S.K.; et al. Clinical
Development of Senza5TM CART5: A Novel Dual Population CD5 CRISPR-Cas9 Knocked out Anti-CD5 Chimeric Antigen
Receptor T Cell Product for Relapsed and Refractory CD5+ Nodal T-Cell Lymphomas. Blood 2022, 140, 1604–1605. [CrossRef]

82. Qian, H.; Gay, F.P.H.; Pang, J.W.L.; Lee, Y.; Ang, J.; Tan, H.C.; Lek, E.S.; Campana, D.; Tan, Y.X. Development of Anti-CD3 Chimeric
Antigen Receptor (CAR)-T Cells for Allogeneic Cell Therapy of Peripheral T-Cell Lymphoma (PTCL). Blood 2022, 140, 4510–4511.
[CrossRef]

83. Chen, K.H.; Wada, M.; Firor, A.E.; Pinz, K.G.; Jares, A.; Liu, H.; Salman, H.; Golightly, M.; Lan, F.; Jiang, X.; et al. Novel Anti-CD3
Chimeric Antigen Receptor Targeting of Aggressive T Cell Malignancies. Oncotarget 2016, 7, 56219–56232. [CrossRef] [PubMed]

84. Knox, S.; Hoppe, R.T.; Maloney, D.; Gibbs, I.; Fowler, S.; Marquez, C.; Cornbleet, P.J.A.; Levy, R. Treatment of Cutaneous T-Cell
Lymphoma with Chimeric Anti-CD4 Monoclonal Antibody. Blood 1996, 87, 893–899. [CrossRef] [PubMed]

85. Kim, Y.H.; Duvic, M.; Obitz, E.; Gniadecki, R.; Iversen, L.; Österborg, A.; Whittaker, S.; Illidge, T.M.; Schwarz, T.; Kaufmann, R.;
et al. Clinical Efficacy of Zanolimumab (HuMax-CD4): Two Phase 2 Studies in Refractory Cutaneous T-Cell Lymphoma. Blood
2007, 109, 4655–4662. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(21)00933-8
https://www.ncbi.nlm.nih.gov/pubmed/34175021
https://doi.org/10.1182/blood-2017-01-761320
https://www.ncbi.nlm.nih.gov/pubmed/28539325
https://doi.org/10.1056/NEJMoa2300709
https://doi.org/10.1182/blood.2021015020
https://doi.org/10.1182/blood.2021014498
https://doi.org/10.21203/rs.3.rs-4676375/v1
https://doi.org/10.1016/j.ymthe.2022.09.003
https://doi.org/10.1056/NEJMoa2313812
https://www.ncbi.nlm.nih.gov/pubmed/38657244
https://doi.org/10.21037/tcr-21-2666
https://www.ncbi.nlm.nih.gov/pubmed/35836512
https://www.ncbi.nlm.nih.gov/pubmed/12894562
https://doi.org/10.1158/2326-6066.CIR-17-0126
https://doi.org/10.1182/blood-2020-136860
https://doi.org/10.1016/j.ymthe.2021.07.001
https://doi.org/10.1182/blood-2019-129559
https://doi.org/10.1182/blood.2023022204
https://doi.org/10.1038/s41392-022-00898-z
https://doi.org/10.1097/01.HS9.0000967376.35157.85
https://doi.org/10.1182/blood-2022-166605
https://doi.org/10.1182/blood-2022-162222
https://doi.org/10.18632/oncotarget.11019
https://www.ncbi.nlm.nih.gov/pubmed/27494836
https://doi.org/10.1182/blood.V87.3.893.bloodjournal873893
https://www.ncbi.nlm.nih.gov/pubmed/8562959
https://doi.org/10.1182/blood-2006-12-062877
https://www.ncbi.nlm.nih.gov/pubmed/17311990


Cancers 2024, 16, 3489 21 of 22

86. D’Amore, F.; Radford, J.; Relander, T.; Jerkeman, M.; Tilly, H.; Österborg, A.; Morschhauser, F.; Gramatzki, M.; Dreyling, M.; Bang,
B.; et al. Phase II Trial of Zanolimumab (HuMax-CD4) in Relapsed or Refractory Non-Cutaneous Peripheral T Cell Lymphoma.
Br. J. Haematol. 2010, 150, 565–573. [CrossRef] [PubMed]

87. Pinz, K.; Liu, H.; Golightly, M.; Jares, A.; Lan, F.; Zieve, G.W.; Hagag, N.; Schuster, M.; Firor, A.E.; Jiang, X.; et al. Preclinical
Targeting of Human T-Cell Malignancies Using CD4-Specific Chimeric Antigen Receptor (CAR)-Engineered T Cells. Leukemia
2016, 30, 701–707. [CrossRef] [PubMed]

88. Pinz, K.G.; Yakaboski, E.; Jares, A.; Liu, H.; Firor, A.E.; Chen, K.H.; Wada, M.; Salman, H.; Tse, W.; Hagag, N.; et al. Targeting
T-Cell Malignancies Using Anti-CD4 CAR NK-92 Cells. Oncotarget 2017, 8, 112783–112796. [CrossRef]

89. Hombach, A.A.; Görgens, A.; Chmielewski, M.; Murke, F.; Kimpel, J.; Giebel, B.; Abken, H. Superior Therapeutic Index in
Lymphoma Therapy: CD30+ CD34+ Hematopoietic Stem Cells Resist a Chimeric Antigen Receptor T-Cell Attack. Mol. Ther. 2016,
24, 1423–1434. [CrossRef]

90. Hombach, A.; Heuser, C.; Sircar, R.; Tillmann, T.; Diehl, V.; Pohl, C.; Abken, H. Characterization of a Chimeric T-Cell Receptor
with Specificity for the Hodgkin’s Lymphoma-Associated CD30 Antigen. J. Immunother. 1999, 22, 473–480. [CrossRef]

91. Wang, C.M.; Wu, Z.Q.; Wang, Y.; Guo, Y.L.; Dai, H.R.; Wang, X.H.; Li, X.; Zhang, Y.J.; Zhang, W.Y.; Chen, M.X.; et al. Autologous T
Cells Expressing CD30 Chimeric Antigen Receptors for Relapsed or Refractory Hodgkin Lymphoma: An Open-Label Phase i
Trial. Clin. Cancer Res. 2017, 23, 1156–1166. [CrossRef] [PubMed]

92. Ramos, C.A.; Ballard, B.; Zhang, H.; Dakhova, O.; Gee, A.P.; Mei, Z.; Bilgi, M.; Wu, M.F.; Liu, H.; Grilley, B.; et al. Clinical and
Immunological Responses after CD30-Specific Chimeric Antigen Receptor-Redirected Lymphocytes. J. Clin. Investig. 2017, 127,
3462–3471. [CrossRef] [PubMed]

93. Ramos, C.A.; Grover, N.S.; Beaven, A.W.; Lulla, P.D.; Wu, M.F.; Ivanova, A.; Wang, T.; Shea, T.C.; Rooney, C.M.; Dittus, C.; et al.
Anti-CD30 CAR-T Cell Therapy in Relapsed and Refractory Hodgkin Lymphoma. J. Clin. Oncol. 2020, 38, 3794–3804. [CrossRef]
[PubMed]

94. Zhang, S.; Gu, C.; Huang, L.; Wu, H.; Shi, J.; Zhang, Z.; Zhou, Y.; Zhou, J.; Gao, Y.; Liu, J.; et al. The Third-Generation Anti-CD30
CAR T-Cells Specifically Homing to the Tumor and Mediating Powerful Antitumor Activity. Sci. Rep. 2022, 12, 10488. [CrossRef]

95. Grover, N.S.; Hucks, G.; Riches, M.L.; Ivanova, A.; Moore, D.T.; Shea, T.C.; Seegars, M.B.; Armistead, P.M.; Kasow, K.A.; Beaven,
A.W.; et al. Anti-CD30 CAR T Cells as Consolidation after Autologous Haematopoietic Stem-Cell Transplantation in Patients
with High-Risk CD30+ Lymphoma: A Phase 1 Study. Lancet Haematol. 2024, 11, e358–e367. [CrossRef]

96. Quach, D.H.; Ramos, C.A.; Lulla, P.D.; Sharma, S.; Ganesh, H.R.; Nouraee, N.; Briones, Y.D.; Hadidi, Y.F.; Becerra-Dominguez, L.;
Thakkar, S.G.; et al. CD30.CAR-Modified Epstein-Barr Virus-Specific T Cells (CD30.CAR EBVSTs) Provide a Safe and Effective
Off-the-Shelf Therapy for Patients with CD30-Positive Lymphoma. Blood 2022, 140, 6411–6420. [CrossRef]

97. Aftimos, P.; Rolfo, C.; Rottey, S.; Offner, F.; Bron, D.; Maerevoet, M.; Soria, J.C.; Moshir, M.; Dreier, T.; Van Rompaey, L.; et al.
Phase I Dose-Escalation Study of the Anti-CD70 Antibody ARGX-110 in Advanced Malignancies. Clin. Cancer Res. 2017, 23,
6411–6420. [CrossRef]

98. Iyer, S.P.; Sica, R.A.; Ho, P.J.; Hu, B.; Zain, J.; Prica, A.; Weng, W.-K.; Kim, Y.H.; Khodadoust, M.S.; Palomba, M.L.; et al. S262:
THE COBALT-LYM STUDY OF CTX130: A PHASE 1 DOSE ESCALATION STUDY OF CD70-TARGETED ALLOGENEIC
CRISPR-CAS9–ENGINEERED CAR T CELLS IN PATIENTS WITH RELAPSED/REFRACTORY (R/R) T-CELL MALIGNANCIES.
Hemasphere 2022, 6, 163–164. [CrossRef]

99. Rafei, H.; Basar, R.; Acharya, S.; Zhang, P.; Liu, P.; Moseley, S.M.; Li, P.; Daher, M.; Agarwal, N.; Marques-Piubelli, M.L.; et al.
Targeting T-Cell Lymphoma Using CD70-Directed Cord Blood-Derived CAR-NK Cells. Blood 2023, 142, 4811. [CrossRef]

100. Watanabe, K.; Gomez, A.M.; Kuramitsu, S.; Siurala, M.; Da, T.; Agarwal, S.; Song, D.; Scholler, J.; Rotolo, A.; Posey, A.D.;
et al. Identifying Highly Active Anti-CCR4 CAR T Cells for the Treatment of T-Cell Lymphoma. Blood Adv. 2023, 7, 3416–3430.
[CrossRef]

101. Grover, N.S.; Ivanova, A.; Moore, D.T.; Cheng, C.J.A.; Babinec, C.; West, J.; Cavallo, T.; Morrison, J.K.; Buchanan, F.B.; Bowers, E.;
et al. CD30-Directed CAR-T Cells Co-Expressing CCR4 in Relapsed/Refractory Hodgkin Lymphoma and CD30+ Cutaneous T
Cell Lymphoma. Blood 2021, 138, 742. [CrossRef]

102. Cwynarski, K.; Iacoboni, G.; Tholouli, E.; Menne, T.F.; Irvine, D.A.; Balasubramaniam, N.; Wood, L.; Shang, J.; Zhang, Y.; Basilico,
S.; et al. First in Human Study of AUTO4, a TRBC1-Targeting CAR T-Cell Therapy in Relapsed/Refractory TRBC1-Positive
Peripheral T-Cell Lymphoma. Blood 2022, 140, 10316–10317. [CrossRef]

103. Nichakawade, T.D.; Ge, J.; Mog, B.J.; Lee, B.S.; Pearlman, A.H.; Hwang, M.S.; DiNapoli, S.R.; Wyhs, N.; Marcou, N.; Glavaris, S.;
et al. TRBC1-Targeting Antibody-Drug Conjugates for the Treatment of T Cell Cancers. Nature 2024, 628, 416–423. [CrossRef]
[PubMed]

104. Ferrari, M.; Righi, M.; Baldan, V.; Wawrzyniecka, P.; Bulek, A.; Kinna, A.; Ma, B.; Bughda, R.; Akbar, Z.; Srivastava, S.; et al.
Structure-Guided Engineering of Immunotherapies Targeting TRBC1 and TRBC2 in T Cell Malignancies. Nat. Commun. 2024,
15, 1583. [CrossRef] [PubMed]

105. Pro, B.; Allen, P.; Behdad, A. Hepatosplenic T-Cell Lymphoma: A Rare but Challenging Entity. Blood 2020, 136, 2018–2026.
[CrossRef]

106. Alberti-Violetti, S.; Maronese, C.A.; Venegoni, L.; Merlo, V.; Berti, E. Primary Cutaneous Gamma-Delta T Cell Lymphomas: A
Case Series and Overview of the Literature. Dermatopathology 2021, 8, 54. [CrossRef]

https://doi.org/10.1111/j.1365-2141.2010.08298.x
https://www.ncbi.nlm.nih.gov/pubmed/20629661
https://doi.org/10.1038/leu.2015.311
https://www.ncbi.nlm.nih.gov/pubmed/26526988
https://doi.org/10.18632/oncotarget.22626
https://doi.org/10.1038/mt.2016.82
https://doi.org/10.1097/00002371-199911000-00001
https://doi.org/10.1158/1078-0432.CCR-16-1365
https://www.ncbi.nlm.nih.gov/pubmed/27582488
https://doi.org/10.1172/JCI94306
https://www.ncbi.nlm.nih.gov/pubmed/28805662
https://doi.org/10.1200/JCO.20.01342
https://www.ncbi.nlm.nih.gov/pubmed/32701411
https://doi.org/10.1038/s41598-022-14523-0
https://doi.org/10.1016/S2352-3026(24)00064-4
https://doi.org/10.1182/blood-2022-160244
https://doi.org/10.1158/1078-0432.CCR-17-0613
https://doi.org/10.1097/01.HS9.0000843940.96598.e2
https://doi.org/10.1182/blood-2023-184864
https://doi.org/10.1182/bloodadvances.2022008327
https://doi.org/10.1182/blood-2021-148102
https://doi.org/10.1182/blood-2022-165971
https://doi.org/10.1038/s41586-024-07233-2
https://www.ncbi.nlm.nih.gov/pubmed/38538786
https://doi.org/10.1038/s41467-024-45854-3
https://www.ncbi.nlm.nih.gov/pubmed/38383515
https://doi.org/10.1182/blood.2019004118
https://doi.org/10.3390/dermatopathology8040054


Cancers 2024, 16, 3489 22 of 22

107. Chan, J.K.C.; Chan, A.C.L.; Cheuk, W.; Wan, S.K.; Lee, W.K.; Lui, Y.H.; Chan, W.K. Type II Enteropathy-Associated T-Cell
Lymphoma: A Distinct Aggressive Lymphoma with Frequent Γδ t-Cell Receptor Expression. Am. J. Surg. Pathol. 2011, 35,
1557–1569. [CrossRef]

108. Wawrzyniecka, P.A.; Ibrahim, L.; Gritti, G.; Pule, M.A.; Maciocia, P.M. Chimeric Antigen Receptor T Cells for Gamma–Delta T
Cell Malignancies. Leukemia 2022, 36, 577–579. [CrossRef]

109. Zhang, L.; Meng, Y.; Feng, X.; Han, Z. CAR-NK Cells for Cancer Immunotherapy: From Bench to Bedside. Biomark. Res. 2022,
10, 12. [CrossRef]

110. Glienke, W.; Esser, R.; Priesner, C.; Suerth, J.D.; Schambach, A.; Wels, W.S.; Grez, M.; Kloess, S.; Arseniev, L.; Koehl, U. Advantages
and Applications of CAR-Expressing Natural Killer Cells. Front. Pharmacol. 2015, 6, 21. [CrossRef]

111. Horwitz, S.; O’Connor, O.A.; Pro, B.; Trümper, L.; Iyer, S.; Advani, R.; Bartlett, N.L.; Christensen, J.H.; Morschhauser, F.; Domingo-
Domenech, E.; et al. The ECHELON-2 Trial: 5-Year Results of a Randomized, Phase III Study of Brentuximab Vedotin with
Chemotherapy for CD30-Positive Peripheral T-Cell Lymphoma. Ann. Oncol. 2022, 33, 288–298. [CrossRef] [PubMed]

112. Horwitz, S.M.; Advani, R.H.; Bartlett, N.L.; Jacobsen, E.D.; Sharman, J.P.; O’Connor, O.A.; Siddiqi, T.; Kennedy, D.A.; Oki,
Y. Objective Responses in Relapsed T-Cell Lymphomas with Single-Agent Brentuximab Vedotin. Blood 2014, 123, 3095–3100.
[CrossRef] [PubMed]

113. Pro, B.; Advani, R.; Brice, P.; Bartlett, N.L.; Rosenblatt, J.D.; Illidge, T.; Matous, J.; Ramchandren, R.; Fanale, M.; Connors, J.M.;
et al. Brentuximab Vedotin (SGN-35) in Patients with Relapsed or Refractory Systemic Anaplastic Large-Cell Lymphoma: Results
of a Phase II Study. J. Clin. Oncol. 2012, 30, 2190–2196. [CrossRef] [PubMed]

114. Kim, Y.H.; Tavallaee, M.; Sundram, U.; Salva, K.A.; Wood, G.S.; Li, S.; Rozati, S.; Nagpal, S.; Krathen, M.; Reddy, S.; et al. Phase II
Investigator-Initiated Study of Brentuximab Vedotin in Mycosis Fungoides and Sézary Syndrome With Variable CD30 Expression
Level: A Multi-Institution Collaborative Project. J. Clin. Oncol. 2015, 33, 3750–3758. [CrossRef] [PubMed]

115. Jagadeesh, D.; Horwitz, S.; Bartlett, N.L.; Kim, Y.; Jacobsen, E.; Duvic, M.; Little, M.; Trepicchio, W.; Fenton, K.; Onsum, M.; et al.
Response to Brentuximab Vedotin by CD30 Expression in Non-Hodgkin Lymphoma. Oncologist 2022, 27, 864–873. [CrossRef]

116. Masuda, S.; Miyagawa, S.; Sougawa, N.; Sawa, Y. CD30-Targeting Immunoconjugates and Bystander Effects. Nat. Rev. Clin. Oncol.
2015, 12, 245. [CrossRef]

117. Onaindia, A.; Martínez, N.; Montes-Moreno, S.; Almaraz, C.; Rodríguez-Pinilla, S.M.; Cereceda, L.; Revert, J.B.; Ortega, C.; Tardio,
A.; González, L.; et al. CD30 Expression by B and T Cells: A Frequent Finding in Angioimmunoblastic T-Cell Lymphoma and
Peripheral T-Cell Lymphoma-Not Otherwise Specified. Am. J. Surg. Pathol. 2016, 40, 378–385. [CrossRef]

118. Heiser, R.A.; Cao, A.T.; Zeng, W.; Ulrich, M.; Younan, P.; Anderson, M.E.; Trueblood, E.S.; Jonas, M.; Thurman, R.; Law, C.-L.; et al.
Brentuximab Vedotin-Driven Microtubule Disruption Results in Endoplasmic Reticulum Stress Leading to Immunogenic Cell
Death and Antitumor Immunity. Mol. Cancer Ther. 2024, 23, 68–83. [CrossRef]

119. Bartlett, N.L.; Yasenchak, C.A.; Ashraf, K.K.; Harwin, W.N.; Orcutt, J.M.; Kuriakose, P.; Zinzani, P.L.; Mamidipalli, A.; Fenton, K.;
Glenn, C.; et al. Brentuximab Vedotin in Combination with Lenalidomide and Rituximab in Patients with Relapsed/Refractory
Diffuse Large B-Cell Lymphoma: Safety and Efficacy Results from the Safety Run-in Period of the Phase 3 ECHELON-3 Study. J.
Clin. Oncol. 2022, 40, 7559. [CrossRef]

120. Hamblett, K.J.; Jin, S.; Yumul, R.; Chen, Y.; Kwon, J.; Simmons, J.; Henderson, C.; Sun, H.; Schrum, J.P.; Lim, A.R.; et al. Abstract
C132: SGN-35T: A Novel CD30-Directed Antibody-Drug Conjugate for the Treatment of Lymphomas. Mol. Cancer Ther. 2023,
22, C132. [CrossRef]

121. Thompson, J.; Stavrou, S.; Weetall, M.; Hexham, J.M.; Digan, M.E.; Wang, Z.; Woo, J.H.; Yu, Y.; Mathias, A.; Liu, Y.Y.; et al.
Improved Binding of a Bivalent Single-Chain Immunotoxin Results in Increased Efficacy for in Vivo T-Cell Depletion. Protein Eng.
2001, 14, 1035–1041. [CrossRef] [PubMed]

122. Frankel, A.E.; Woo, J.H.; Ahn, C.; Foss, F.M.; Duvic, M.; Neville, P.H.; Neville, D.M. Resimmune, an Anti-CD3ε Recombinant
Immunotoxin, Induces Durable Remissions in Patients with Cutaneous T-Cell Lymphoma. Haematologica 2015, 100, 794–800.
[CrossRef] [PubMed]

123. Jeffrey, S.C.; Burke, P.J.; Lyon, R.P.; Meyer, D.W.; Sussman, D.; Anderson, M.; Hunter, J.H.; Leiske, C.I.; Miyamoto, J.B.; Nicholas,
N.D.; et al. A Potent Anti-CD70 Antibody-Drug Conjugate Combining a Dimeric Pyrrolobenzodiazepine Drug with Site-Specific
Conjugation Technology. Bioconjug. Chem. 2013, 24, 1256–1263. [CrossRef] [PubMed]

124. Phillips, T.; Barr, P.M.; Park, S.I.; Kolibaba, K.; Caimi, P.F.; Chhabra, S.; Kingsley, E.C.; Boyd, T.; Chen, R.; Carret, A.S.; et al.
A Phase 1 Trial of SGN-CD70A in Patients with CD70-Positive Diffuse Large B Cell Lymphoma and Mantle Cell Lymphoma.
Investig. New Drugs 2019, 37, 297–306. [CrossRef] [PubMed]

125. Wu, C.H.; Wang, L.; Yang, C.Y.; Wen, K.W.; Hinds, B.; Gill, R.; McCormick, F.; Moasser, M.; Pincus, L.; Ai, W.Z. Targeting CD70
in Cutaneous T-Cell Lymphoma Using an Antibody-Drug Conjugate in Patient-Derived Xenograft Models. Blood Adv. 2022, 6,
2290–2302. [CrossRef]

126. Kang, L.; Li, C.; Rosenkrans, Z.T.; Huo, N.; Chen, Z.; Ehlerding, E.B.; Huo, Y.; Ferreira, C.A.; Barnhart, T.E.; Engle, J.W.; et al.
CD38-Targeted Theranostics of Lymphoma with 89Zr/177Lu-Labeled Daratumumab. Adv. Sci. 2021, 8, 2001879. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/PAS.0b013e318222dfcd
https://doi.org/10.1038/s41375-021-01385-0
https://doi.org/10.1186/s40364-022-00364-6
https://doi.org/10.3389/fphar.2015.00021
https://doi.org/10.1016/j.annonc.2021.12.002
https://www.ncbi.nlm.nih.gov/pubmed/34921960
https://doi.org/10.1182/blood-2013-12-542142
https://www.ncbi.nlm.nih.gov/pubmed/24652992
https://doi.org/10.1200/JCO.2011.38.0402
https://www.ncbi.nlm.nih.gov/pubmed/22614995
https://doi.org/10.1200/JCO.2014.60.3969
https://www.ncbi.nlm.nih.gov/pubmed/26195720
https://doi.org/10.1093/oncolo/oyac137
https://doi.org/10.1038/nrclinonc.2014.159-c1
https://doi.org/10.1097/PAS.0000000000000571
https://doi.org/10.1158/1535-7163.MCT-23-0118
https://doi.org/10.1200/JCO.2022.40.16_suppl.7559
https://doi.org/10.1158/1535-7163.TARG-23-C132
https://doi.org/10.1093/protein/14.12.1035
https://www.ncbi.nlm.nih.gov/pubmed/11809934
https://doi.org/10.3324/haematol.2015.123711
https://www.ncbi.nlm.nih.gov/pubmed/25795722
https://doi.org/10.1021/bc400217g
https://www.ncbi.nlm.nih.gov/pubmed/23808985
https://doi.org/10.1007/s10637-018-0655-0
https://www.ncbi.nlm.nih.gov/pubmed/30132271
https://doi.org/10.1182/bloodadvances.2021005714
https://doi.org/10.1002/advs.202001879

	Introduction 
	Monoclonal Antibodies 
	CD52 
	CCR4 
	CD38C 
	CD30 
	PD-1/PD-L1 
	Future Directions 

	Bispecific Antibodies 
	CAR T-Cell Therapies 
	CD7 
	CD5 
	CD3 
	CD4 
	CD30 
	CD70 
	CCR4 
	TRBC1 and TRBC2 
	 TCR 
	Future Directions 

	Antibody–Drug Conjugates 
	Conclusions 
	References

