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Abstract

Chimeric antigen receptor (CAR) T cell therapy represents one of the greatest breakthroughs in
modern immunotherapies. To date, it has been approved by the Food and Drug Administration
(FDA) for the treatment of several hematological malignancies, including different subtypes of
leukemia, lymphoma, and multiple myeloma. However, recent reports suggest that CAR T therapy
may also be effective in the treatment of severe systemic autoimmune diseases, such as systemic
lupus erythematosus (SLE) and systemic sclerosis (SSc). Case reports and small case series have
demonstrated the efficacy of anti-CD19 CAR T cell therapy while maintaining a favorable safety
profile. The most frequently reported adverse events include grade 1 or 2 cytokine release syndrome
(CRS), hypogammaglobulinemia, and mild infectious complications. Moreover, CAR T therapy may
also have potential in the treatment of advanced metastatic solid tumors, including melanoma. Early
clinical studies have demonstrated the feasibility and safety of CAR T cell therapy in metastatic
melanoma; however, several challenges remain. These include limited tumor trafficking and
infiltration of CAR T cells, due to the presence of an immunosuppressive tumor microenvironment.
Additionally, following the remarkable success of CAR T therapy in lymphomas, this approach may
also be applied to the treatment of cutaneous lymphomas, including cutaneous T-cell and B-cell
lymphomas. Key challenges include tumor heterogeneity, optimal target antigen selection, fratricidal
activity of CAR T cells, and potential contamination of the CAR T product with lymphoma cells.

Keywords: CAR T cell therapy; chimeric antigen receptor T cells; adoptive cell therapy;
immunotherapy; melanoma; autoimmune diseases; systemic lupus erythematosus; cutaneous
lymphoma; systemic sclerosis; tumor microenvironment; cytokine release syndrome; CD19

1. Introduction

Initially developed to treat hematological malignancies, chimeric antigen receptor (CAR) T cells
have emerged as a focus of modern immunotherapies across multiple medical fields. CAR T cells are
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genetically engineered T lymphocytes that express chimeric antigen receptors (CARs) on their
surface. Those receptors recognize antigens expressed by cancerous or autoimmune cells. Upon
antigen recognition, lymphocytes release cytotoxic molecules such as granzyme, perforin, and
cytokines, leading to apoptosis and lysis of targeted cells [1,24].

CARs consist of four main domains: an extracellular antigen-biding domain, a hinge or spacer
region, a transmembrane domain, and one or more intracellular signaling domains [2]. The antigen-
binding domain, which consists of a single-chain variable fragment (scFv), is the part of CARs
responsible for recognizing targeted cells. Typically, CARs target extracellular autoimmune or
tumor-associated antigens via scFvs, resulting in major histocompatibility complex (MHC)-
independent T cell activation [2,3]. The most important characteristic of the antigen-binding domain,
determining CARs' function, is its affinity. It must be high enough to provide antigen recognition,
induce CAR signaling, and activate T cells, but at the same time not overly high to cause CAR T cell
exhaustion or toxicity [4,5]. The hinge or spacer region connects the scFv to the transmembrane
domain. Its function is to provide flexibility to overcome steric hindrances, as well as sustain an
appropriate length, allowing the antigen-binding domain to access the target epitope [6,7]. The length
of the spacer domain also influences the immunological synapse formation by ensuring the
appropriate intercellular distance [8]. The main function of the transmembrane domain is to anchor
CAR to the T cell membrane. In addition, these domains can influence the expression level of CAR
receptors or the transmission of ligand recognition signals to the intracellular cytoplasmic domain
[9,10]. The intracellular signaling domain is a key component of CAR T cells, crucial for their
activation, persistence, and clinical effectiveness [10].

Based on the number and molecular structure of the intracellular domain, CAR T cells can be
divided into 5 generations [11,12]. First-generation CAR T cells consist of an scFv, a hinge region, a
transmembrane domain, and an intracellular signaling domain such as CD3-C or FcyRI, which acts
as the main transducers of T-cell receptor (TCR) signaling and induce signaling cascades [13].
However, modest CD3 (-mediated activation led to insufficient therapeutic efficacy due to poor
cytokine production and limited proliferation, which significantly altered the clinical outcomes
[14,15]. To overcome these challenges, second-generation CAR T cells were enriched with
costimulatory domains such as CD28, 4-1BB, ICOS, OX40 (CD134), CD27, and others, which
significantly improved T cell proliferation, cytokine production, and persistence [16,236]. To further
enhance T cell function, third-generation CAR Ts combine multiple costimulatory domains (e.g.,
CD28 and 4-1BB) to enhance efficacy, and preclinical studies support their improved performance
with similar safety profile compared to earlier designs. A clinical trial of third-generation CAR T cells
targeting CD19 demonstrated greater expansion and persistence than second-generation CARs.
Although some data suggest that multiple costimulatory signals may promote lymphocyte
exhaustion [17,244]. The fourth generation CAR T cells, also known as T cells Redirected for Universal
Cytokine-mediated Killing (TRUCK) or armored, is an evolution of the second-generation design,
enriched with mechanisms for precisely controlling the immune response. A key innovation is the
ability to induce cytokine production (including IL-7, IL-12, and IL-15) directly within the tumor
microenvironment, often via a module activated by nuclear factor of activated T cells (NFAT) [18,19].
This process not only increases the cytotoxicity of the lymphocytes themselves but also recruits other
immune cells, as well as promotes T lymphocyte infiltration within tissues, which is particularly
important in the treatment of solid tumors [20,21]. To ensure safety, these systems are equipped with
adjustable suicide genes that allow lymphocytes to be turned off in the event of severe complications
[9]. The fifth generation of CAR T cells are second-generation CARs containing an additionally
shortened cytokine receptor domain (e.g. IL-2Rp) fused to the biding site for the transcription factor
STATS3. After antigen recognition, the JAK-STAT pathway is activated, in addition to the CD3C and
co-stimulatory domains. This design more closely mimics natural T-cell activation by providing all
three signals required for robust immune responses, leading to enhanced proliferation, persistence,
and antitumor activity [22,23].
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Figure 1. Evolution of five generations of chimeric antigen receptors (CARs). First-generation CARs contain
CD3( signaling domain; second- and third-generation CARs include one or two co-stimulatory molecules (CM),
e.g., CD28, 4-1BB. Fourth-generation CAR-T cells (TRUCKS) secrete cytokines (e.g., IL-7, IL-12, IL-15), while fifth-
generation CAR-T cells incorporate cytokine receptor signaling domains (e.g., IL-2Rp) activating JAK/STAT
pathways. Abbreviations: CARs — chimeric antigen receptors; CD - cluster of differentiation;, CM -
costimulatory molecule; IL — interleukin; JAK - Janus kinase; FcyRI — Fc gamma receptor I; ScFv — single-chain

variable fragment; STAT — signal transducer and activator of transcription.

The process of generating CAR T cells begins with the collection of the patient's white blood cells
(WBCQ), after discontinuing immunosuppressive treatment at least three weeks prior to cell collection
(expect of low-dose prednisone) [25]. The collected T cells are then activated by artificial antigen-
presenting cells (aAPCs) or monoclonal antibodies (mAbs) targeting CD3/CD28 [26]. T-cells used in
this process can be either CD4+ or CD8+, but CD8+ are more favorably used than autoreactive CD4+
cells despite the higher risk of CAR T cell exhaustion [27]. The activated cells are then incubated with
genetically modified viral vectors (lentiviral or retroviral) that contain the CAR gene. The vector
delivers RNA encoding the CAR gene to the T-cells. Then the viral RNA undergoes reverse
transcription into DNA, integrating it into the T-cell genome [28,29]. This allows T-cells to express
CAR receptors on their surface. Genetically modified CAR T cells are expanded in vitro using growth
factors such as IL-2, IL-12, IL-7, IL-15, and IL-21 [28,30]. The final product is then cryopreserved
before being administered to the patient [27]. In most cases, patients undergo lymphodepletion with
fludarabine and cyclophosphamide prior to receiving the final product. This is the most common
regimen used in clinical trials, but there is no specific standardization of this process. After
administration of the CAR T product, these cells proliferate in the patient's body, multiplying its
quantity many times over and can persist for years, providing long-term remission [29].

In 2017, axicabtagene ciloleucel (axi-cel) became the first CAR T cell product approved by the
Food and Drug Administration (FDA) for the treatment of adult patients with relapsed or refractory
(r/r) large B-cell lymphoma. Since then, FDA-approved applications for the CAR T cell therapy have
grown to include B-cell acute lymphoblastic leukemia, large B-cell lymphoma, follicular lymphoma,
mantle cell lymphoma, chronic lymphocytic leukemia, and multiple myeloma [31].

Beyond current indications, CAR T cells may also be applicable in the treatment of skin and
connective tissue disorders, including autoimmune diseases like systemic lupus erythematosus
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(SLE), systemic sclerosis (SSc), as well as solid tumors, in particular metastatic melanoma and
cutaneous T-cell lymphoma (CTCL). Current immunotherapies used in clinical practice to treat the
above-mentioned conditions do not provide a consistently satisfactory response to treatment in all
patients, which highlights the need to develop new therapeutic approaches [32-36].

This narrative review aims to explore the application, efficacy, and safety of CAR T therapy in
the treatment of different skin and connective tissue disorders. By providing a comprehensive
overview of the current evidence regarding the efficacy of CAR T cell therapy in both autoimmune
disorders and oncology, this review highlights the clinical potential, safety, limitations, and future
directions of the treatment.

2. Systemic Lupus Erythematosus (SLE)

SLE is a chronic autoimmune disease with highly heterogeneous clinical presentations affecting
multiple organ systems [37,38]. Clinical manifestations can range from relatively mild symptoms—
such as arthritis, fatigue, pleuritis, lymphadenopathy, and cutaneous lesions—to severe, potentially
life-threatening complications including lupus nephritis, central nervous system involvement, and
systemic vasculitis. Severe disease occurs in a substantial subset of patients and is associated with a
poorer prognosis and increased mortality [38,39]. At the molecular level, the immunopathogenesis
of SLE centers on a breakdown of immune tolerance with the generation of pathogenic
autoantibodies targeting nuclear antigens. Central mechanisms include defective clearance of
apoptotic cells and excessive neutrophil extracellular trap (NET) formation, leading to persistent
antigenic stimulation and chronic inflammation. Dysregulation of innate and adaptive immunity is
driven in part by sustained overproduction of type I interferons (IFN-a, IFN-{3), which amplify
autoreactive processes and contribute to an imbalance between T helper 17 (Thl17) cells and
regulatory T (Treg) cells. This imbalance supports proinflammatory responses and loss of self-
tolerance, promoting autoantibody production by autoreactive B cells and immune complex—
mediated tissue injury [40—43]. B cells are central to SLE pathogenesis not only through autoantibody
production, but also via antigen presentation and cytokine secretion. Normally, autoreactive B cells
are eliminated during central tolerance in the bone marrow and peripheral tolerance in secondary
lymphoid organs. A breach of these checkpoints results in the survival and expansion of autoreactive
clones. Phenotypic markers such as CD19, CD20, CD21, CD24, CD27, IgM, and IgD characterize B-
cell differentiation stages, with CD19 present on nearly all B-cell stages and CD20 absent on pro-B
cells and plasma cells—an important distinction for targeted therapies [44—49].

The treatment of SLE aims to control disease activity, prevent organ damage, and improve long-
term outcomes and quality of life. Therapy is individualized according to disease severity and organ
involvement and includes conventional immunosuppressive agents and biologic therapies [50,51].
Hydroxychloroquine remains the cornerstone of baseline therapy due to its immunomodulatory
effects and ability to reduce disease flares, with ophthalmologic monitoring required during long-
term use [52]. Glucocorticoids are widely used for rapid disease control during flares but are tapered
to limit cumulative toxicity [53-55]. Additional immunosuppressive agents, including methotrexate,
azathioprine, mycophenolate mofetil, and cyclophosphamide, are employed in patients with
inadequate disease control or major organ involvement. NSAIDs and low-dose aspirin are used for
symptomatic relief and thrombosis prevention in selected patients [50,56,57]. Biologic therapies have
expanded treatment options by targeting key immune pathways. Belimumab, a monoclonal antibody
against B-lymphocyte stimulator (BLyS/BAFF), was the first biologic approved for SLE and has
demonstrated efficacy in reducing disease activity and flare rates when added to standard therapy,
particularly in moderate disease [58]. Other biologics aim to deplete B cells or modulate immune
signaling. Rituximab, an anti-CD20 monoclonal antibody, depletes mature B cells but spares plasma
cells, contributing to variable clinical efficacy despite frequent use in refractory disease [48,58-60].
Newer anti-CD20 agents, such as ocrelizumab and obinutuzumab, have shown mixed results,
highlighting the need for deeper and more sustained B-cell targeting [61-63]. More recent agents
targeting non-B-cell pathways, including anifrolumab and voclosporin, have further broadened the
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therapeutic landscape; however, durable drug-free remission remains uncommon, and prolonged
immunosuppression is often required [50,51]. Adjunctive therapies such as intravenous
immunoglobulin and plasmapheresis may be considered in selected severe cases, although their
long-term benefit remains limited [50,51].

Given the central role of B cells and the limitations of current biologics, CAR T cell therapy has
emerged as a promising treatment paradigm for refractory SLE. CAR T technology involves
engineering patient-derived T cells to express a synthetic receptor that recognizes specific antigens,
most commonly CD19, leading to targeted cell lysis [20-24]. In SLE, CD19-directed CAR T cells can
achieve profound depletion of autoreactive B cells and their precursors—including those resistant to
anti-CD20 therapy—offering the potential for deep and sustained immunologic remission and
resetting of immune tolerance [47,48,64,65].

Early case reports and pilot studies (Mougiakakos et al.(2021); Zhang et al.(2021), Mackensen et
al. (2022)), laid the groundwork for clinical application by demonstrating feasibility and clinical
responses in refractory SLE. Building on these foundational experiences, studies published since 2023
have provided systematic evidence of efficacy and safety in larger and more diverse patient cohorts
[66-68]. In one of the latest studies by Jinhui Shu, Wei Xie et al., the safety and efficacy of CD19-
directed CAR T therapy (relma-cel) were evaluated in patients with active systemic lupus
erythematosus. Of 12 initially screened individuals, 8 female patients aged 18-70 years ultimately
received a single relma-cel infusion following lymphodepletion with fludarabine (25 mg/m?/day) and
cyclophosphamide (250 mg/m?/day). Four dose levels were administered (25 x 10, 50 x 109, 75 x 109,
and 100 x 10° CAR T cells). Treatment resulted in marked clinical improvement, with the mean Safety
of Estrogens in Lupus Erythematosus National Assessment — Systemic Lupus Erythematosus Disease
Activity Index (SELENA-SLEDAI) score decreasing from 11.75 at baseline to 1.63 at 6 months, the
mean Physician’s Global Assessment (PGA) score from 1.82 to 0.52, and the mean total British Isles
Lupus Assessment Group (BILAG) score from 6.50 to 0.88. Six patients achieved a SELENA-SLEDAI
score < 4 within 3 months, including three who reached complete clinical remission (major clinical
response), one as early as 1-month post-infusion; all patients met Systemic Lupus Erythematosus
Responder Index (SRI) response criteria. Only one patient experienced a serological relapse at month
3 and withdrew consent at month 6. Adverse events were reported in all participants, predominantly
grade 1-2. The most common events were cytopenia (100%), cytokine release syndrome (88%), and
hypogammaglobulinemia (88%). No cases of immune effector cell-associated neurotoxicity
syndrome (ICANS) or clinically significant hepatic or renal toxicity were observed, and immune
effector cell-associated hematotoxicity was limited to grade 1 in most cases. Overall, these findings
suggest that a single infusion of relma-cel can induce rapid and profound disease activity reduction
in refractory SLE, with an acceptable short-term safety profile [74]. In a compassionate-use cohort by
Taubmann et al. involving seven patients with severe refractory SLE and active lupus nephritis, a
single infusion of autologous CD19 CAR T cells after lymphodepletion resulted in complete
peripheral B-cell depletion, normalization of complement levels, disappearance of anti-dsDNA
antibodies, and achievement of Definition of Remission in SLE (DORIS) remission and low disease
activity in all patients, with minimal toxicity (grade 1 CRS) and no flares despite cessation of
immunosuppressive therapy [69]. A multicenter cohort by Miiller et al. expanded the scope to 15
patients with severe autoimmune diseases including SLE, demonstrating drug-free remission in all
SLE patients by 3 months, normalization of disease activity scores, and reconstitution of
predominantly naive B cells with low toxicity, supporting the concept of immune recalibration after
CAR T therapy [64]. Pediatric application of anti-CD19 CAR T in SLE was reported by Krickau et al.
in a 15-year-old girl with refractory class IV lupus nephritis requiring dialysis. Following
lymphodepletion and CAR T infusion, the patient experienced rapid B-cell aplasia, disappearance of
autoantibodies, normalization of complements, resolution of proteinuria, and discontinuation of
dialysis, highlighting the potential for profound and durable remission even in severe pediatric
manifestations [71]. In a case reported by Friedberg et al. anti-CD19 CAR T cell therapy administered
for refractory diffuse large B-cell lymphoma in a patient with coexisting SLE and antiphospholipid
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syndrome resulted in sustained oncologic remission and a complete immunological response. The
treatment led to rapid and durable disappearance of all antiphospholipid antibodies, including lupus
anticoagulant, anticardiolipin, and anti-32 glycoprotein I antibodies, accompanied by normalization
of ANA titers. Serological remission persisted throughout one year of follow-up, with no recurrence
of thrombotic events or SLE activity, supporting a profound and lasting suppression of autoreactive
B-cell compartments [73].

Emerging constructs combining B-cell maturation antigen (BCMA) and CD19 targeting have
further improved the capacity to eliminate long-lived plasma cells contributing to autoantibody
persistence. In a study by Wang et al., bi-specific BCMA-CD19 CAR T cells led to effective plasma
cell eradication and prolonged clinical benefit including more than 1-year drug-free remission in
most treated patients with SLE and lupus nephritis [72]. In a Phase I study by Huang et al. evaluated
sequential infusion of CD19 and BCMA CAR T cells in 12 patients with refractory SLE. This approach
produced profound B-cell depletion, significant reductions in disease activity scores (SLEDAI-2K),
and manageable safety, with only low-grade CRS reported. Recovery of B cells typically occurred by
~3 months post-infusion, often with a naive phenotype suggestive of immune “reset,” while clinical
benefit persisted [70].

Table 1. Clinical outcomes of CD19 CAR T cell therapy in patients with SLE.
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Abbreviations : AEs — adverse events, AZA - azathioprine, BCMA - B-cell maturation antigen, BILAG — British
Isles Lupus Assessment Group, BEL —belimumab, CAR T — chimeric antigen receptor T cells, CD19 — cluster of
differentiation 19, CS — ciclosporine, CYC - cyclophosphamide, CRS - cytokine release syndrome, DORIS -
definitions of remission in SLE, F - female, GCs - glucocorticoids; steroid medications used for
immunosuppression and inflammation control, HCQ - hydroxychloroquine, ICAHT (or ICHAT) — immune
effector cell-associated hematotoxicity, ICANS — immune effector cell-associated neurotoxicity syndrome; a
neurotoxicity complication that may occur after immune effector cell therapies, i.v. — intravenously, IVIG -
intravenous immunoglobulins, LD - lymphodepletion, LEF — leflunomide, M — male, MMF — mycophenolate
mofetil, mRSS - modified Rodnan skin score, MTX — methotrexate, MFR — major free remission, NIN —
nintedanib, NR — not reported, PGA - Physician Global Assessment, RTX - rituximab, SELENA-SLEDAI -
Safety of Estrogens in Lupus Erythematosus National Assessment — Systemic Lupus Erythematosus Disease
Activity Index, SLE — systemic lupus erythematosus, SLEDAI / SLEDAI-2K / SLEDAI 23 — Systemic Lupus
Erythematosus Disease Activity Index, SRI — SLE Responder Index, TAC - tacrolimus, TET - tetracycline,
TCZ/TOC - tocilizumab, URTIs — Upper Respiratory Tract Infections, VKA — vitamin K antagonists.
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3. Systemic Sclerosis (SSc)

Systemic sclerosis (SSc) is a rare rheumatic disorder characterized by immune dysregulation,
leading to widespread vascular damage and progressive fibrosis. It primarily affects the skin and
connective tissue, but often involves multiple organs and systems, including the lungs, kidneys,
heart, gastrointestinal tract, and musculoskeletal system. SSc is marked by the highest mortality rate
among all rheumatic diseases. [75,76]. Its pathogenesis involves both adaptive and innate immune
systems. Early events include microvasculopathy and immune activation, with T cells playing a key
role by producing profibrotic cytokines such as IL-4 and IL-13, exerting cytotoxic effects on
endothelial cells, and promoting B cell activation. B cells contribute through the production of
autoantibodies, pro-inflammatory cytokines like IL-6, and antibody-dependent cytotoxicity, while
regulatory B cell function is impaired [77-79]. The presence of disease-specific autoantibodies,
including anti-topoisomerase I (Scl-70), anticentromere (ACA), and anti-RNA polymerase III (anti-
RNAPIII), further reflects adaptive immune involvement [80]. Additionally, the innate immune
system, particularly plasmacytoid dendritic cells (pDCs) stimulated by CXCL4-induced IFN-a
production, links innate and adaptive responses and promotes disease progression [81]. These
immunological processes drive fibrosis and vascular damage, the characteristic features of SSc
pathology. Evidence highlights elevated levels of B-cell-stimulating factors and impaired B-cell
homeostasis in SSc patients, as well as antifibrotic effects following B-cell depletion in mouse models,
pointing a crucial role for B cells in the disease pathogenesis [82,83]. Based on these findings, drugs
that attempt to reset the immune system by targeting B cells, such as rituximab, which targets CD20+
B-cells have been tested in SSc patients, however, complete disease control is often limited [84]. In
severe, refractory forms of SSc, autologous hematopoietic stem cell transplantation (auto-HSCT) can
be performed, although its use is limited due to significant treatment-related mortality [85].

SSc is characterized by enhanced B-cell receptor signaling due to increased expression of
costimulatory molecules (e.g., CD19) and reduced expression of inhibitory ones (e.g., CD22), driven
by elevated levels of B cell survival signals, such as B cell activation factor (BAFF), which correlate
with disease severity [79,86]. Case reports of CAR T cells targeting CD19* B cells suggest that this
therapy can induce a deeper and better-tolerated reset of the immune system in patients with SSc.
Thus far, data on the efficacy and safety of autologous CD19 CAR T cell therapy in SSc remain scarce,
with only a few case reports or small case series available [64,87-92].

In the latest case series conducted by Pecher et al., five SSc patients, who were unsuitable for
hematopoietic stem cell transplantation (HSCT), were treated with CD19-targeted CAR T cell
therapy. Four patients showed clinical improvement, including reduced skin involvement according
to modified Rodnan skin score (mRSS), and fewer digital ulcers in one patient. All patients showed
improvement in general physical condition along with a reduction in organ involvement, including
enhanced lung function in 4/5 patients, reduced gastrointestinal involvement in one patient with
severe weight loss, and stabilization of the cardiac disease in one patient, who experienced no new
cardiac events. One patient with advanced disease and renal failure developed severe complications,
including hemophagocytic lymphohistiocytosis (HLH) due to herpes simplex virus infection after an
allergic reaction to acyclovir and massive CAR T expansion, ultimately resulting in death. Peripheral
B cells were effectively depleted in all patients, with partial recovery in 3 cases after 3 months, and
Scl70 autoantibodies temporarily declined. The therapy was generally well tolerated, with only mild
cytokine release syndrome (CRS) in most patients and no neurotoxicity or major infectious
complications [87]. In another case series by Auth et al., six adult patients with severe diffuse SSc
received CD19-targeted CAR T cell therapy, resulting in significant clinical improvement and good
safety profile. Skin involvement improved in all patients (median 31% (=8 points) mRSS reduction
within 100 days), and three patients had a four-fold decrease in digital ulcers. Hand function and
disability improved, with increased grip strength and a 36.6% faster task completion on the Moberg
Picking-Up Test. Lung function remained stable for up to 600 days post-infusion, with a median 4%
reduction in interstitial lung diseases (ILD) extent on CT, mainly from decreased ground-glass
opacities. Myocardial fibrosis remained stable, brain natriuretic peptide (pro-BNP) decreased in one
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patient, and renal function improved in one case, allowing reduced dialysis frequency (from 3x/week
to 2x/week). Peripheral B cells were depleted within the first week and recovered in 2—-6 months, with
antinuclear antibody (ANA) titers declining 10-fold within 3 months. The therapy was well tolerated,
with only mild to moderate CRS (grades 1-2), no neurotoxicity, and no need for additional
immunosuppressive or antifibrotic therapy during follow-up [88]. Furthermore, in an early-phase
clinical trial conducted by Wang et al., using TyU19 - allogeneic CD19 CAR T cell therapy, two
patients with refractory diffuse cutaneous systemic sclerosis (dcSSc) presented rapid and sustained
clinical improvement. Both showed significant skin fibrosis improvement (mRSS scores dropped
from 26 to 6 (50102) and from 39 to 19 (S0103) by 6 months), improved lung and cardiac parameters
(nearly complete high-resolution computed tomography (HRCT) lesion resolution with mild forced
vital capacity (FVC) improvement, and cardiac magnetic resonance (CMR) showed reduction of
edema/fibrosis), as well as marked reduction in anti-Scl-70 autoantibodies. The therapy was well
tolerated, with no CRS or graft versus host disease (GVHD) and preserved immunoglobulin levels
[89]. Additionally, in a clinical trial involving 4 patients diagnosed with SSc, CD19 CAR T therapy
resulted in improvement in skin lesions - mRSS decreased by a median of -9 points (IQR -10 to -7)
in all patients within 6 months after administration. The level of disease-related autoantibodies
decreased or disappeared, and there was a permanent loss of memory cells and pathogenic B cells
[64]. Case reports using CD19-targeted CAR T therapy also demonstrate promising results, including
satisfactory efficacy and a good safety profile. Most patients experienced clinical improvement,
regression of skin and visceral fibrosis, as well as seroconversion and absence of autoantibodies,
without any serious complications of therapy —in most cases, only mild grade 1 CRS [90-92]. One
controlled study of patients diagnosed with systemic autoimmune diseases including 2 patients with
SSc revealed promising results of CD19 CAR T cell therapy. CAR T/B cell safety and efficacy data
were available for all 8 patients, with clinical efficacy evaluable in 5 patients (follow-up 26 weeks).
CART cells expanded in all patients, leading to clinical response (including stable lung function in 1
patient with SSc), complete B-cell depletion within 10 days, and discontinuation of all
immunosuppressive therapies. Treatment was well tolerated, with no grade 34 CRS, ICANS, or
prolonged myelotoxicity. Adverse events were limited, including neutropenia, SLE exacerbation in
one patient, and two cases of pneumonia (SARS-CoV-2 and CMV), which resolved with appropriate
treatment [93]. We are currently awaiting official results from the Phase 1 Breakfree-1 study
(NCT05869955), which enrolled 26 patients with SSc. Current information regarding the study results
includes data from 19 SSc patients and shows unprecedented improvement in lung function,
interstitial lung disease (ILD) as well as clinically significant improvement in skin thickness. A
median relative predicted forced vital capacity (pFVC) increase from baseline of 10% was seen at six
months (n=6) in subjects with ILD at baseline. Most of all treatment-emergent adverse events
(TEAEs), which occurred soon after infusion, were mild in intensity, and resolved rapidly with
standard treatment. CRS in patients was mild and resolved within two days. Two patients
experienced grade 3 immune effector cell-associated neurotoxicity syndrome (ICANS) events, which
were transient and resolved completely within five days [94].

Table 2. Clinical outcomes of CD19 CAR T cell therapy in patients with SSc.
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Abbreviations : ANA - antinuclear antibodies, ARC-CRISS — American College of Rheumatology — Combined
Response Index in Systemic Sclerosis, BLM — belimumab, CAR T — chimeric antigen receptor T cell, CD-19 —
cluster of differentiation, CSA — ciclosporin A, CT — computed tomography, CRS — cytokine release syndrome,
CYC - cyclophosphamide, DLCO - diffusing capacity of the lungs for carbon monoxide, DLCO-SB - diffusing
capacity of the lungs for carbon monoxide, single breath, EF — ejection fraction, EUSTAR - European
Scleroderma Trials and Research group, F — female, FVC — forced vital capacity, GCS — glucocorticoids, GI —
gastrointestinal, HCQ - hydroxychloroquine, HLH - hemophagocytic lymphohistiocytosis, HSCT -
haematopoietic stem cell transplantation, ILD - interstitial lung diseases, IQR - interquartile range, i.v. —
intravenously, IVIG - intravenous immunoglobulin, KL-6 — Krebs von den Lungen-6, M — male, MB-CAR T -
Mesothelin/B-cell Maturation Antigen Chimeric Antigen Receptor T cells, mRSS — modified Rodnan skin score,
MMF - mycophenolate mofetil, MTX — methotrexate, MSC — mesenchymal stem cell transplantation, NIN —
nintedanib, NR — not reported, NT-proBNP — N-terminal pro-B-type Natriuretic Peptide, NYHA — New York
Heart Association, PASP — pulmonary artery systolic pressure, RA — right atrium, RNA - Ribonucleic Acid,
RAPA - rapamycin, RNAPIII - RNA Polymerase III, RP11 — RNA Polymerase III subunit 11, RTX - rituximab,
Scl-70 — topoisomerase I antibody, SSc — systemic sclerosis, TAC — tacrolimus, TCZ/TOC - tocilizumab.

4. Melanoma

Melanoma remains the deadliest form of skin cancer due to its high metastatic potential [95]. It
originates from melanocytes located at the dermal-epidermal junction, which undergo uncontrolled
proliferation [96]. Its incidence has increased in recent decades, and although melanoma accounts for
only a small fraction of all skin cancers, it is responsible for over 80 % of skin cancer-related deaths
[97,98]. The risk group includes individuals with fair skin, a history of sunburn (especially during
childhood), older adults, and those with a family history or prior history of skin cancer [99]. Standard
therapies, such as chemotherapy, radiotherapy, and surgery, face limitations due to melanoma's
inherent resistance and tendency to recur [100]. This has prompted the search for new clinical and
therapeutic approaches, with anti-PD-1 checkpoint blockade immunotherapy, and BRAF inhibitor
targeted therapy being the most advanced option [101,102].

Although CAR T therapy has shown significant efficacy in treating hematologic malignancies,
the treatment of solid tumors presents greater challenges, such as limited tumor trafficking, limited
infiltration, the presence of an immunosuppressive tumor microenvironment (TME), as well as
adverse events associated with such therapies [102,103]. According to the 2009 American Joint
Committee on Cancer (AJCC) staging system, stage IV, in which tumor cells metastasize to distant
organs, is considered metastatic melanoma [104]. Melanoma cells metastasize primarily via the
lymphatic route, but in some cases, the hematogenous route also appears to be involved [105].
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Multiple antigens are involved in tumor development and metastasis and selecting the ideal antigen
that has high surface expression on tumor tissues while exhibiting low surface expression on normal
tissues is critical and can significantly reduce the risk of CAR T cell-mediated extra tumoral toxicity.
Various surface antigens are currently targeted by CAR T cells, as therapeutic strategies undergoing
clinical trials including: CD20, cMET, GD2, VEGFR2 [34,106].

The results of preclinical studies conducted both in vitro and in vivo on mice showed promising
outcomes, which included: increased cytotoxic activity, elimination of cancer cells, tumor regression,
and increased survival rate among mice population, but the clinical trials have highlighted challenges
associated with treatment of solid tumor with CAR T cell therapy [34].

In the phase 1 trail conducted by Garett et al., 9 patients with GD2-positive metastatic melanoma,
7 of which had the BRAF/MEKi mutation received GD2-specific CAR T cell therapy. According to the
results 93 % of CAR T products were successfully administered to the patients, and all of them
showed some level of CAR T cell expansion. Increased cytokines release (IL-6, IL-8, IFN-y, TNF-a,
GM-CSF) indicated CAR T cell induced immune activity. Moreover, no dose-limiting toxicities or
severe adverse events (AEs) were noted, just as no neurotoxicity was observed. The main challenge
was limited clinical efficiency - partial responses occurred only with concurrent BRAF/MEK
inhibitors, and CAR T therapy alone showed minimal effect, requiring modifications before phase 2
trials. Even though CAR T cells were detected in biopsies, tumor response was limited. Additionally,
expansion of circulating myeloid-derived suppressor cells (MDSCs) post-treatment suggested a
potential immune-suppressive response to CAR T therapy [107]. Another clinical trial conducted by
Aleksandrova et al., tested the feasibility and functional capabilities of the CAR T cell product. This
article presents the production and characterization of autologous anti-CD20 CAR T cells from
patients with stage III/IV melanoma. Patients were pre-treated with 60 mg/kg body weight
cyclophosphamide (day-7 and day—6) and 25 mg/m2 body surface area fludarabine (day-5 to day-1)
before intravenous infusion of MB-CART20.1 on day 0. All cell products were able to recognize
CD20+ tumor cells, as evidenced by CAR T cell expansion and increased IFN-g release, as well as
elimination of CD20+ tumor cells upon repeated contact with target cells. However, some inter-
individual, cell-intrinsic differences were observed in the levels of secreted cytokines and the degree
of CAR T cell amplification. Notably, T-cell activation by CAR depends on the level of target antigen
expression. The more CD20 antigen on target cells, the greater the activation [108]. In a pilot phase I
trail conducted by Shah et al. three patients with metastatic melanoma and metastatic triple-negative
breast cancer (nNTNBC) with at least 30% tumor expression of cMET received six infusions of CAR T
cells without prior lymphodepleting chemotherapy. Study results showed that intravenous cMET-
directed CAR T cell therapy is safe and feasible in patients with metastatic melanoma. Despite this, a
clinical response to treatment was achieved only in 4 cases, which resulted in disease stabilization,
and in 5 patients who underwent post-infusion biopsy, no CAR T cell signal was detected in tumor.
Eventually, all patients discontinued study participation due to disease progression and begin
alternate therapy or pursue hospice. Most patients — 6/7 experienced at least one adverse event that
was related to study therapy. All adverse events were grade 1 or 2 and medically manageable. One
of the patients experienced CRS manifested by low-grade fever (maximum temperature 100.1 degrees
Fahrenheit) and arthralgias which resolved within 24 hours. Three clinically relevant adverse events
occurred in greater thanlpatient: anemia (n=3), fatigue (n=2), and malaise (n=2). No serious adverse
events or TLTs, as well as, neurotoxicity, anaphylaxis, or allergic reactions were observed [109]. Phase
I clinical trial using CAR T cells targeting VEGFR2 showed no objective clinical responses, such as
complete or partial remission, with 23/24 patients experiencing progressive disease and only one
patient showing stable disease. The trial was terminated due to the lack of efficacy. Approximately
20.8% of patients experienced serious adverse events, including elevated liver enzymes, bilirubin,
and hypoxia. CRS was rare and mild, presenting as fever, mild hypotension, or transient fatigue, and
no cases of ICANS were reported [110].
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Furthermore, TYRP1, a transmembrane glycoprotein essential for melanin synthesis, has been
shown to be a viable target for CAR T therapy in cutaneous melanoma and rare subtypes with high
TYRP1 expression [111].

Table 3. Results of clinical trials using CAR T cell therapy in metastatic melanoma.
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of fatigue,
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d. were
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Abbreviations : AEs — adverse events, BRAF — B-Raf proto-oncogene, serine/threonine kinase, CD3 — cluster of
differentiation 3, CD8 — cluster of differentiation 8, CD20 — cluster of differentiation 20, cMET - cellular
mesenchymal-epithelial transition factor, CRS - cytokine release syndrome, F - female, GD2 -
disialoganglioside GD2, GD2-CAR T - disialoganglioside GD2 Chimeric Antigen Receptor T cells, ICANS —
immune effector cell-associated neurotoxicity syndrome, IL2 - interleukin 2, IHC — immunohistochemistry, Ki67
— marker of cell proliferation, M — male, MB-CAR T — Mesothelin/B-cell Maturation Antigen Chimeric Antigen
Receptor T cells, MEK — Mitogen-Activated Protein Kinase Kinase, mRNA — messenger Ribonucleic Acid, NR -
not reported, PD - progressive disease, pS6 — phosphorylated ribosomal protein S6, RT-PCR — Reverse
Transcription Polymerase Chain Reaction, SAEs — serious adverse events, SD — stable disease, VEGFR2 —

vascular endothelial growth factor receptor 2.
5. Cutaneous Lymphomas

5.1. Cutaneous T Cell Lymphoma (CTCL)

Cutaneous T cell lymphoma (CTCL) is a group of non-Hodgkin lymphomas derived from CD4-
positive T cells, with mycosis fungoides (MF) and Sézary syndrome (SS) being the most common
subtypes [112]. Due to the indolent nature of early stages and lack of standardized treatment, CTCL
has a poor prognosis [113]. Current therapeutic approaches include skin-directed therapies such as
topical steroids, chlormethine gel, phototherapy or local radiotherapy, as well as systemic therapies
including interferon, methotrexate, retinoid, total skin radiotherapy, chemotherapy, and allogeneic
blood stem cell transplantation (allo-HCT). However, these treatments have limited efficacy in
advanced disease stages [114,115]. Therefore, there is a need to develop new therapies that can
effectively eliminate lymphoma cells. Currently identified therapeutic targets in CAR T cell therapy
for cutaneous lymphomas include: CD30, CD70, TAG-72 and CCR4 [116-119].

In a study by Evtimov et al., significantly higher levels of TAG-72 expression were found on the
surface of circulating CD3+ and CD4+ T cells from CTCL patients compared to healthy donors. In
vitro, CAR T cells directed against TAG-72 effectively eliminated CD3+ TAG-72+ cells from the
peripheral blood of CTCL patients, compared to control cells. Furthermore, the study demonstrated
that CAR T cells isolated from both CTCL patients and healthy donors demonstrated comparable
functionality in vitro assays, suggesting their therapeutic potential. In a mouse model transplanted
with OVCAR-3 ovarian cells, CAR T cells from CTCL patients effectively eliminated tumor cells,
achieving results comparable to CAR T cells from healthy donors [116]. One of the latest preclinical
study conducted by To et al. tested the efficacy of CAR T cell therapy directed against two different
antigens. The authors developed and characterized three different CAR T cell lines directed against
two antigens, TAG-72 and CD30, for the treatment of cutaneous T cell lymphoma (CTCL). All three
CAR T lines demonstrated high cytotoxic activity against CTCL tumor cells in vitro, significantly
reducing tumor mass and improving mouse survival. Additionally, the CAR T product demonstrated
high specificity for cells expressing TAG-72 and CD30, minimizing damage to healthy cells. No
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serious side effects were observed in preclinical studies, suggesting good tolerability of the therapy
[117]. One of the most studied CTCL-specific antigens to date is CCR4. This antigen is highly
expressed in Sezary syndrome and mycosis fungoides, but it is not entirely specific for lymphoma
cells. Its presence has also been demonstrated on T-reg cells and some normal Th2 lymphocytes. It
plays a crucial role in malignant lymphocyte chemotaxis [118]. A study conducted by Watanabe et
al., revealed promising results indicating that CCR4-CAR T cells can provide a notable lytic activity
against primary CTCL cells. Other key findings from their study included inhibition of helper and
regulatory T cells function, while sparing cytotoxic T lymphocytes and their anti-tumour activity,
because the CAR T therapy specifically inhibits Th2, Th17 and Tregs function, while saving CD8+
and Thl T cells. Additionally, mogamulizumab-based CCR4-CAR T cells induced superior anti-
tumor efficacy and long-term remission in mice engrafted with human T cell lymphoma cells [119].
In a phase 1 study of 6 patients with CTCL, CCR4.CD30.CAR T therapy demonstrated a good safety
profile but moderate clinical efficacy. The overall response rate (ORR) was 50% after 6 weeks of
treatment, but no complete remissions (CR) were observed. A reduction in skin lesion severity was
noted (median mSWAT reduction of 42.2%), but all patients required further treatment, and the
median time to subsequent systemic therapy or death was relatively short (7.4 months). There were
no treatment-related deaths, dose-limiting toxicities, or typical CAR T complications such as CRS or
ICANS. The most common grade 3-4 adverse events were hematologic, primarily lymphopenia (in
all patients), neutropenia, anemia, and thrombocytopenia, with relatively slow recovery. Two serious
adverse events were also reported (including diverticulitis and severe neutropenia) [120]. In a single-
arm, open-label, phase 1 study by Iyer et al., 39 patients with relapsed or refractory peripheral T-cell
lymphoma or cutaneous T-cell lymphoma, received CTX130 therapy — CAR T cells directed against
CD70, after prior lymphodepletion with fludarabine 30 mg/m? and cyclophosphamide 500 mg/m?
(intravenously daily for 3 days). CTX130 was administrated intravenously at dose levels ranging
from 3 x 107 CAR+ T cells (dose level 1) to 9 x 108 CAR+ T cells (dose level 4). CRS was the most
common adverse event, occurring in 26 (67%) of 39 patients (only one was a grade 4 dose-limiting
toxicity at dose level 4). Grade 1-2 neurotoxic events were observed in 4 (10%) of 39 patients. The
most common grade 3—4 adverse events were neutropenia (14 [36%]), anaemia (11 [28%]), and
thrombocytopenia (6 [15%]). Serious adverse events occurred in 25 (64%) patients, with CTX130-
related serious adverse events in 14 (36%) patients, the most common related serious adverse event
being cytokine release syndrome in 11 (28%) patients. Out of 39 patients, 18 had an objective response.
These findings highlight the promising therapeutic potential of CAR T therapy in CTCL, while also
underscoring the need for further clinical studies to optimize efficacy, minimize adverse events, and
evaluate long-term outcomes in this patient population [121].

Table 4. Results of preclinical and clinical trials using different CAR T cell therapies in CTCL.

Author  Year Targeted antigen  Study type CART cell Response to CAR Complications
protocol T cell therapy
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Abbreviations : AE — adverse event, CAR T — chimeric antigen receptor T cell, CCR4 — C-C chemokine receptor
4, CCR4-CAR T - C-C chemokine receptor 4 chimeric antigen receptor T cells, CD30 — cluster of differentiation
30, CD4+ — CD4-positive T lymphocytes (T helper cells), CD70 — cluster of differentiation 70, CD8+ — CD8-
positive T lymphocytes (cytotoxic T cells), CRS - cytokine release syndrome, CTCL - cutaneous T-cell
lymphoma, ICANS — immune effector cell-associated neurotoxicity syndrome, i.v. — intravenously, NA — not
applicable, TAG-72 — tumor-associated glycoprotein 72, Th17 — T helper 17 cells, Th2 — T helper 2 cells, Treg —
regulatory T cells.

5.2. Cutaneous B Cell Lymphoma (CBCL)

While CAR T therapy is being investigated in CTCL, data on its application in primary
cutaneous B-cell lymphoma (PCBCL) remains limited. CAR T may be a promising therapeutic
approach, but data specific to PCBCL is limited —most evidence comes from studies of systemic B-
cell lymphomas and a few case reports with skin involvement [122-124]. This highlights a significant
gap in knowledge and underscores the need for further preclinical and clinical studies to assess the
safety and efficacy of CAR T therapy, especially for PCBCL. To date in B-cell non-Hodgkin
lymphomas (NHL), two CD19-specific CAR T cells axicel and tisagenlecleucel are FDA-approved to
treat relapsed and refractory DLBCL after at least two lines of systemic therapy [125,126]. One of the
primary cutaneous B-cell lymphomas that could be cured with CAR T therapy is primary cutaneous
diffuse large B-cell lymphoma, leg type (PCDLBCL, LT). Treatment of relapsed or refractory
PCDLBCL, LT remains a challenge, and the National Comprehensive Cancer Network (NCCN)
guidelines recommend second-line therapies typically used for systemic DLBCL [127] Clinical trials
such as ZUMA-7, TRANSFORM and BELINDA have confirmed the efficacy of CAR T cell therapy as
a second-line treatment for large B-cell lymphoma, with at least one case of PCDLBCL, LT reported
in the ZUMA-7 study. The ZUMA?7 and TRANSFORM studies showed benefit of axicel and lisocel
respectively over standard of care, whereas BELINDA did not demonstrate superiority of
tisagenlecleucel in the same setting. [128-130]. These data suggest a possible evolution of the
therapeutic approach in large B-cell lymphoma that may influence future treatment strategies for

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0846.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 April 2026 d0i:10.20944/preprints202604.0846.v1

30 of 56

PCDLBCL, LT. Although the therapeutic rationale for using CAR T in PCBCL is strong, its clinical
implementation remains theoretical at this stage and will require further validation.

6. Safety Concerns of CAR T Cell Therapy

Despite its transformative therapeutic potential across both malignant and autoimmune
diseases, CAR T-cell therapy is accompanied by a distinct and complex toxicity profile that
necessitates careful monitoring and specialized management. A thorough understanding of these
adverse effects is essential to ensure treatment safety and optimize clinical outcomes. Among the
most frequently encountered and clinically significant complications is cytokine release syndrome,
which reflects the potent immune activation intrinsic to CAR T-cell therapy.

6.1. Cytokine Release Syndrome (CRS)

CRS occurs in 42-93% of patients treated with CD19 CAR T therapies [131] and in 84-95% of
those receiving BCMA CAR T products [134]. It arises from excessive cytokine and chemokine
release, with IL-6 acting as a key mediator [132]. Although IL-6-blocking agents such as tocilizumab
and siltuximab effectively alleviate CRS manifestations, they may be insufficient for preventing—and
in some cases may even worsen—neurotoxicity (immune effector cell-associated neurotoxicity
syndrome, ICANS) [133,134]. New approaches under investigation include preemptive use of IL-6—
binding molecules (“IL-6 sponges”) and higher-frequency dosing of IL-1 inhibitors, such as anakinra,
offering promising avenues for CRS mitigation. In addition, single-cell RNA sequencing (scRNA-seq)
studies have revealed IFN-y-driven inflammatory signatures and IL-1-associated resistance
pathways, highlighting novel therapeutic targets. However, preclinical evidence suggests that these
interventions may affect CAR T expansion and functional capacity [135,136].

6.2. Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS)

ICANS represents another major adverse effect, characterized by a wide range of neurological
manifestations and typically appearing concurrently with, or shortly after, CRS. [137]. Its underlying
mechanisms are thought to involve disruption of the blood—brain barrier (BBB) due to endothelial
injury and a systemic inflammatory environment, which together allow circulating cytokines and
CAR T cells to enter the central nervous system, ultimately leading to glial cell damage [138]. Mild
ICANS is generally addressed with supportive measures and frequent neurological assessments. For
moderate to severe cases, current ASCO and ASTCT recommendations designate corticosteroids—
such as dexamethasone or methylprednisolone—as the primary treatment [139,140]. Tocilizumab,
although beneficial for CRS, is not advised for isolated ICANS. High-throughput proteomic studies
have highlighted IL-18 as a cytokine linked to ICANS onset, indicating that targeting the IL-18
pathway could potentially mitigate neurotoxicity [141,142]. Nevertheless, the efficacy of IL-18
blockade in ICANS prophylaxis or treatment has not yet been validated in preclinical or clinical trials.
In parallel, next-generation CAR constructs are being engineered to reduce the risks of CRS and
ICANS while enhancing tumor antigen specificity and T-cell activation.

6.3. Immune Effector Cell-Associated Hematotoxicity (ICAHT)

Growing clinical experience has increasingly emphasized cytopenias as a common and often
subtle complication of CAR T therapy, now classified as immune effector cell-associated
hematotoxicity (ICAHT) [143]. ICAHT is closely associated with both the depth and duration of
neutropenia, with late ICAHT defined as neutropenia persisting beyond one month after infusion
[144]. The CAR-HEMATOTOX model—incorporating measures of hematopoietic reserve such as
baseline hemoglobin, platelet, and neutrophil counts, as well as ferritin and CRP levels—has proven
effective in predicting delayed ICAHT and infection susceptibility [145]. As management strategies
continue to advance, such predictive tools may support proactive approaches, including careful use
of G-CSF and individualized anti-infective prophylaxis, enabling tailored interventions for early
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ICAHT [146]. In cases of extended cytopenia, previously collected autologous stem cells can be
utilized, with successful augmentation reported following both CD19- and BCMA-directed CAR T
therapy. For the minority of patients (<5%) with persistent, therapy-resistant late ICAHT, allogeneic
hematopoietic stem cell transplantation (HSCT) remains the final therapeutic option [147].

6.4. On-Target Off-Tumor Toxicity (OTOT)

CAR T therapies directed against antigens that are also present on normal tissues can cause
severe and sometimes fatal off-target, off-tumor toxicity (OTOT), a challenge most evident in the
treatment of solid tumors (Figure 2). A notable example is the use of CD19 CAR T cells, which
effectively eliminate malignant B cells in ALL but also deplete normal B cells due to shared antigen
expression [148]. Additionally, a subset of mural cells essential for maintaining BBB integrity express
CD19 and may inadvertently be targeted, leading to BBB disruption and contributing to neurological
toxicities [149]. The limited availability of truly tumor-specific cell-surface antigens—distinct
neoantigens—complicates target selection. Most solid tumor targets are tumor-associated antigens
(TAAs), such as EGFR, CAIX, and HER2, which are also present on healthy tissues [150]. Surface
neoantigens are particularly uncommon in tumors with a low mutational burden [151]. Severe
toxicities have been documented with CAR T therapies aimed at TAAs, including fatal lung injury
with HER2-targeted CAR Ts, pulmonary toxicity with CEA-directed products, liver toxicity with
CAIX-targeting CAR Ts, and skin toxicity with EGFR-directed therapies [152].

Autologous CAR T Cell Production
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Figure 2. Autogenic CAR T cell production process. The process of CAR T cell production begins with the
collection of the patient’s white blood cells. The isolated T cells are then activated in vitro and genetically
modified using viral vectors to introduce the gene encoding the chimeric antigen receptor (CAR). Genes can be
introduced using Zinc Finger Nucleases (ZFN) or Transcription Activator-Like Effector Nucleases (TALEN). The
engineered CAR T cells are subsequently expanded in vitro using cytokines and then cryopreserved. Before
infusion, patients typically undergo lymphodepleting chemotherapy, after which the CAR T cells are
administered and expand in vivo to exert their therapeutic effect. Abbreviations: CAR T cell — chimeric antigen
receptor T-cell; CD - cluster of differentiation; IL — interleukin; TALEN - Transcription Activator-Like Effector
Nucleases; TCRaf3 - T-cell receptor alpha-beta; WBCs — white blood cells; ZFN - Zinc Finger Nucleases;.

6.5. B-Cell Depletion
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Recent evidence underscores that CD19 CAR T therapy not only eliminates malignant B cells
but also induces profound depletion of normal B-cell populations across multiple tissue
compartments. A landmark study by Tur et al. (2025) demonstrated that CD19 CAR T cells achieve
deep, tissue-level B-cell clearance, with sequential ultrasound-guided lymph node biopsies from
patients with autoimmune diseases revealing complete eradication of CD19+ and CD20+ B cells,
disruption of follicular structures, and loss of follicular dendritic cells. Notably, whereas rituximab-
treated individuals retained substantial lymph node B-cell reserves despite peripheral depletion,
CAR T recipients exhibited uniform B-cell absence in both secondary lymphoid tissues and non-
lymphoid organs—including the colon, kidney, and gallbladder—while plasma cells, T cells, and
macrophages were preserved. This provides compelling in vivo evidence for a true immunologic
“reset,” which may underpin the durable remissions observed after CD19 CAR T therapy. However,
this same on-target mechanism contributes to B-cell aplasia, a clinically significant toxicity
characterized by the loss of normal B cells and consequent hypogammaglobulinemia, often requiring
immunoglobulin replacement. In addition, CAR T therapy is associated with bone marrow
suppression leading to prolonged neutropenia, anemia, and thrombocytopenia. Together with CD4
lymphopenia and persistent cytopenias, these effects substantially heighten susceptibility to
infections: bacterial infections are most common within the first month post-infusion, respiratory
viral infections can occur for up to a year, and fungal infections develop in roughly 8% of patients
[153].

6.6. Malignances Secondary to Theraphy

The final, but most serious, complication of CAR T therapy is T-cell malignancies secondary to
therapy. The role of CAR T cells in this process is still being investigated, and 22 cases out of 27,000
treatments have been reported so far. This raise concerns that the genetic engineering process could
cause malignant transformation of CAR T cells, as viral insertion of the CAR gene, located near
genetic regions that control T cell growth, can cause malignancies through a process called insertional
mutagenesis. However, thousands of patients have received CAR T cell therapy for life-threatening
hematologic malignancies, and these events are rare, and the benefits of CAR T cell therapy outweigh
the risks [154].

6.7. Fertility

Fertility considerations are particularly relevant in SLE, given that most patients are women of
reproductive age. Conditioning regimens containing cyclophosphamide may contribute to
cumulative gonadotoxicity, especially in patients with prior exposure. Future trials should
systematically evaluate the impact of CAR T therapy and conditioning regimens on ovarian reserve
and fertility, and alternative conditioning strategies (e.g., bendamustine-based regimens) may be
explored to mitigate reproductive risk [155].

7. Future Perspectives

7.1. Future Perspectives in Autoimmune Diseases

Recent advances in CAR T technology and early clinical signals support a cautious but optimistic
outlook for expanding CAR T approaches into dermatology. Novel delivery platforms — notably in-
vivo reprogramming using lipid-nanoparticle (LNP) RNA or cell-tropic viral vectors — promise to
overcome logistical bottlenecks of ex-vivo manufacture and could make CAR T therapeutics more
scalable and broadly accessible for autoimmune cutaneous diseases. Complementing delivery
innovations are precision gene-editing strategies that enable more controllable, less genotoxic CAR
designs (e.g., transient or regulatable CARs, safety switches, and ‘armoured’ constructs), which
together reduce the barrier to testing CAR-based approaches outside oncology.[156]
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Emerging clinical and real-world observations indicate concrete dermatologic opportunities.
Case reports and early autoimmune trials describe marked improvement or even remission of
cutaneous autoimmune manifestations — for example, striking psoriasis resolution after CD19 CAR
T administered for lymphoma and durable remissions in forms of cutaneous lupus in CD19-targeted
programs — while phase-1 autoimmune programs (e.g., CD19 CAR T candidates) have reported
encouraging safety and B-cell-depletion kinetics. These signals justify pilot studies in diseases with
clear B-cell or autoantibody drivers (cutaneous lupus erythematosus, certain psoriasis endotypes,
and antibody-associated dermatomyositis) and motivate exploratory work in Sjogren’s syndrome
where glandular autoimmunity and B-cell pathology are prominent. [157]

7.1.1. Future Perspectives in Systemic Lupus Erythematosus (SLE)

The pathobiological complexity and molecular heterogeneity of systemic lupus erythematosus
(SLE) have long hindered the development of curative strategies, as autoreactive immune circuits are
established years before clinical manifestation and are maintained through dynamic interactions
among B cells, T cells, plasma cells, and interferon-driven pathways. In this context, CD19-directed
CAR T-cell therapy introduces a mechanistically distinct paradigm that extends beyond transient
immunosuppression toward durable immune reprogramming. Clinical observations to date indicate
that CAR T therapy induces profound depletion of CD19-expressing B cells, including plasmablasts
and activated memory B cells associated with disease activity, followed by reconstitution of a
predominantly naive, non—class-switched B-cell compartment characterized by IgM- and IgD-
positive phenotypes and marked reduction of autoreactive clones. B-cell receptor sequencing data
suggest not merely depletion but clonal remodeling, supporting the concept of an “immune reset.”
This capacity to simultaneously disrupt germinal center reactions, attenuate type I interferon
signaling, and eliminate pathogenic B-cell subsets reframes lupus management from chronic disease
suppression to the possibility of sustained, treatment-free remission [64].

Refinement of antigen-targeting strategies remains a major priority. Although CD19-directed
CAR T therapy has demonstrated remarkable efficacy, it does not fully eliminate long-lived plasma
cells capable of ongoing autoantibody production [68,72]. Dual-target constructs (e.g., CD19/BCMA),
chimeric autoantibody receptor (CAAR) designs directed against disease-specific autoreactive clones,
or strategies targeting autoreactive T cells may enhance selectivity and long-term disease control
while limiting unnecessary immune depletion [158-161]. Next-generation CAR architectures
incorporating affinity tuning, logic-gated systems (AND/NOT circuits), or inducible safety switches
may improve therapeutic precision and mitigate risks such as prolonged hypogammaglobulinemia
and infection [156,160-162]. Furthermore, emerging in vivo CAR engineering platforms—such as
mRNA constructs delivered via lipid nanoparticles or engineered viral vectors—offer the possibility
of transient, controllable CAR expression without ex vivo manipulation or cytotoxic conditioning,
potentially broadening accessibility and improving safety in autoimmune indications [160-162].

Optimization of timing, dosing, and combination strategies is another key research direction.
Earlier intervention— prior to irreversible organ damage —may improve long-term outcomes, though
safety considerations remain paramount [163,164]. Rational combination regimens, such as short-
course BAFF/BLyS inhibition to prevent early B-cell rebound or temporary biologic co-therapy, may
allow for lower CAR T dosing while preserving efficacy [72,159,160]. Equally critical is defining
controlled B-cell reconstitution strategies that restore protective immunity without facilitating
relapse of autoreactive clones [158,165].

Translational models will remain indispensable for mechanistic insight. Current murine lupus
models incompletely recapitulate the immunologic heterogeneity and interferon-driven networks
characteristic of human SLE, as well as CAR T pharmacodynamics [158,160]. Humanized mouse
systems, large animal models, and ex vivo studies utilizing patient-derived immune cells may more
accurately reflect human immune architecture and facilitate evaluation of safety, persistence, and
immune remodeling [160-165].
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Finally, structured long-term monitoring and registry-based follow-up will be essential to assess
durability of remission, late toxicities, and broader effects on immune homeostasis [166]. Given that
CAR T therapy induces sustained immune modification rather than transient immunosuppression,
its long-term impact on infection susceptibility, vaccine responsiveness, secondary autoimmunity,
and immune aging warrants careful investigation [167]. Collectively, advances in antigen precision,
safety engineering, delivery technologies, and biomarker-driven patient stratification may ultimately
position CAR T therapy as a mechanism-based, disease-modifying strategy for carefully selected
patients with severe SLE [160-165].

Nevertheless, critical questions remain regarding durability, safety, and patient selection. Long-
term follow-up is required to determine whether autoreactive memory populations re-emerge over
time, how immune competence against infections and vaccines is restored, and whether prolonged
hypogammaglobulinemia or immune dysregulation may occur. Future research must prioritize
identification of immunologic correlates of sustained remission and molecular endotypes most likely
to benefit from deep B-cell ablation, including interferon-high signatures or plasma-cell-dominant
phenotypes. Refinement of antigen-targeting strategies, such as dual CD19/BCMA constructs or more
selective autoreactive clone—directed approaches, may further enhance precision while limiting
unnecessary immune depletion. In parallel, advances in CAR design, including affinity tuning, logic-
gated systems, and inducible safety switches, aim to mitigate toxicity and improve controllability.
Emerging in vivo CAR engineering platforms may broaden accessibility and reduce procedural
burden, potentially redefining the feasibility of cellular therapy in autoimmune disease. When
positioned within the broader landscape of next-generation B cell-directed therapies—including
anti-CD20 and anti-CD19 monoclonal antibodies and bispecific constructs—CAR T therapy
represents the most profound and durable form of immune modulation, albeit with greater
complexity and unresolved long-term considerations. Collectively, ongoing clinical trials,
translational studies, and structured registry follow-up will determine whether CAR T therapy
evolves from a rescue intervention for refractory SLE into a mechanism-based, disease-modifying
strategy capable of fundamentally altering the therapeutic trajectory of this heterogeneous
autoimmune disorder.

7.1.2. Future Perspectives in Systemic Sclerosis (SSc)

Systemic sclerosis (SSc) remains one of the most therapeutically challenging autoimmune
diseases, given its complex interplay between immune dysregulation, vasculopathy, and progressive
fibrosis, as well as its high disease-related mortality [75-79]. Although conventional
immunosuppressive therapies and B-cell-depleting strategies such as rituximab have demonstrated
partial efficacy, durable disease modification remains elusive, and autologous hematopoietic stem
cell transplantation (auto-HSCT), while effective in selected patients, is limited by substantial
treatment-related risks. In this context, CD19-directed CAR T-cell therapy has emerged as a
potentially transformative approach capable of inducing a deeper and more comprehensive immune
reset. Early case reports, small series, and preliminary trial data consistently demonstrate rapid and
sustained depletion of peripheral B cells, marked reductions in disease-specific autoantibodies
(including anti-Scl-70), and clinically meaningful improvements in skin fibrosis, lung function, and
overall functional status, often with acceptable safety profiles characterized predominantly by low-
grade cytokine release syndrome. These observations support the concept that profound B-cell
ablation may interrupt the pathogenic crosstalk between autoreactive B cells, T cells, and profibrotic
pathways that drive tissue injury and fibroblast activation in SSc [76-79,168].

Future perspectives in SSc increasingly focus on defining whether CAR T-cell therapy can move
beyond symptomatic control toward true disease modification by halting or even reversing fibrosis.
Given the central role of B cells in promoting profibrotic cytokine production (e.g., IL-6, IL-4, IL-13),
sustaining autoantibody-mediated endothelial injury, and amplifying adaptive immune activation,
sustained B-cell depletion may disrupt upstream immune triggers that perpetuate fibroblast
activation and extracellular matrix deposition. However, critical questions remain regarding
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durability of response, optimal patient selection, and timing of intervention. It is plausible that earlier
use—prior to irreversible organ fibrosis—may yield more pronounced benefits, particularly in
patients with progressive diffuse cutaneous disease or early interstitial lung involvement.
Identification of predictive biomarkers, such as BAFF levels, B-cell activation signatures,
autoantibody profiles, or specific molecular subsets of SSc, may enable stratification of patients most
likely to benefit from cellular therapy [89,169].

Refinement of CAR design also represents an important research direction. While CD19-targeted
approaches effectively eliminate circulating and tissue B cells, long-lived plasma cells and fibrotic
memory circuits may persist. Dual-target constructs (e.g., CD19/BCMA) or strategies addressing
broader immune-stromal interactions could potentially enhance depth of immunologic
reprogramming. In addition, safety optimization through affinity tuning, logic-gated constructs, or
controllable CAR expression systems may reduce risks such as prolonged hypogammaglobulinemia,
infection, or immune effector cell-associated neurotoxicity. Emerging allogeneic and in vivo CAR
platforms may further improve accessibility and reduce procedural complexity, which is particularly
relevant in a disease population with significant cardiopulmonary vulnerability.

Importantly, future investigations must also clarify whether clinical improvements reflect true
antifibrotic effects or secondary consequences of immune modulation. Longitudinal imaging,
histopathologic assessment, and molecular profiling of fibrotic tissue will be essential to determine
whether CAR T-cell therapy alters fibroblast phenotypes, myofibroblast persistence, and extracellular
matrix remodeling. Structured registry-based follow-up and controlled trials—such as the ongoing
Breakfree-1 study —will be critical to evaluate long-term safety, durability of organ stabilization, and
potential late adverse effects. Ultimately, if larger prospective studies confirm sustained
improvement in skin and lung fibrosis with manageable toxicity, CAR T-cell therapy may represent
a paradigm shift in SSc management, transitioning from incremental immunosuppression to
mechanism-based immune reprogramming with the potential to alter the natural history of this
devastating disease.

7.1.3. Future Perspectives in Psoriasis

Recent clinical observations have illuminated a novel and unexpected role for CAR T cell
therapy in the modulation of immune-mediated skin diseases, particularly psoriasis. A striking case
report described a patient with refractory/relapsed diffuse large B-cell lymphoma who, after
receiving CD19-targeted CAR T cells, experienced not only durable control of his lymphoma but also
near-complete and sustained remission of chronic psoriasis, lasting over 3.5 years post-treatment.
This serendipitous finding raises compelling questions about the immunologic underpinnings of
psoriasis and the therapeutic potential of CAR T approaches beyond oncology [170].

Psoriasis is a chronic inflammatory dermatosis driven by a complex interplay of genetic
susceptibility and immune dysregulation, with Th1l and Th17 T-cell pathways at its core. Activated
dendritic cells promote differentiation of effector T cells, which secrete key cytokines such as IL-17,
IL-23, TNF-a, and IFN-v, leading to keratinocyte hyperproliferation, angiogenesis, and recruitment
of additional inflammatory cells into the skin. While historically considered predominantly T-cell-
mediated, emerging evidence implicates B cells and their interactions with T follicular helper (Tth)
cells in psoriasis pathogenesis. Altered B-cell subsets, elevated plasma cells, and increased IL-21-
producing Tth cells have been correlated with disease severity, suggesting that B cells may contribute
to the autoimmune amplification in psoriasis beyond classical antibody production [171,172].

The reported case of psoriasis remission following CD19 CAR T therapy indicates that targeted
elimination of B cells can disrupt pathogenic immune circuits in this disease. B-cell depletion may
influence disease biology either by directly removing pro-inflammatory B-cell subsets or by altering
crosstalk with Tfh and Thl7 cells, thereby rebalancing dysregulated cutaneous immunity.
Importantly, in this case, conventional B-cell depletion with anti-CD20 therapy (rituximab) failed to
improve psoriasis, while CD19 CAR T therapy, which more completely ablates B-cell compartments,
coincided with dramatic clinical improvement, suggesting that deeper or broader targeting of B
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lineage cells might be necessary for therapeutic effect. Although these findings are derived from
individual case reports and mechanistic insights remain preliminary, they shed new light on the
potential of cellular immunotherapies in dermatology. The observation supports the hypothesis that
pathogenic B cells—possibly including skin-resident autoreactive populations—play a contributory
role in psoriasis, and that CAR T-mediated modulation of these cells could represent a novel
therapeutic avenue. However, systematic clinical studies are required to validate this approach,
determine optimal antigenic targets, evaluate long-term safety, and understand how CAR T
immunotherapy may be tailored for chronic inflammatory skin disorders.

7.1.4. Future Perspectives in Dermatomyositis

Dermatomyositis is a chronic inflammatory myopathy driven by complement-mediated
microvascular injury, type I interferon pathways, and dysregulated T- and B-cell responses, with B
cells producing pathogenic autoantibodies (e.g., anti-Mi-2, anti-MDADJ5, anti-TIF1y), presenting
antigens, and supporting ectopic lymphoid structures. Conventional therapies often provide
incomplete disease control, highlighting the need for new strategies. CD19-targeted CAR T therapy
offers the potential for profound and sustained immune reprogramming by depleting plasmablasts
and activated memory B cells, disrupting autoantibody production, and attenuating interferon-
driven inflammation. Early data suggest CAR T may remodel pathogenic immune circuits, improve
muscle and skin outcomes, and reduce extramuscular complications. Future research should define
durability of immune reset, identify biomarkers of response, optimize antigen targeting (e.g., dual
CD19/BCMA constructs), and refine safety through next-generation CAR designs, positioning this
approach as a mechanism-based, disease-modifying therapy for refractory or organ-threatening DM
[173-175].

7.1.5. Future Perspectives in Sjogren’s Syndrome (SS)

Sjogren’s syndrome is a systemic autoimmune disease characterized by lymphocytic infiltration
of exocrine glands, autoantibody production (anti-Ro/SSA, anti-La/SSB), type I interferon activation,
and dysregulated B- and T-cell networks, contributing to sicca symptoms, systemic inflammation,
and lymphoma risk. B-cell-targeted biologics have shown variable efficacy, likely due to persistence
of tissue-resident B cells and long-lived plasma cells. CD19-directed CAR T therapy represents a
promising strategy for durable immune reprogramming, effectively depleting pathogenic B cells,
reducing autoantibody titers, and potentially restoring glandular function. The study by Pecher et al.
and recent evidence (PMID: 40285991) support CAR T’s ability to modulate pathogenic immune
pathways beyond autoantibody reduction. Future directions include evaluating durability of
immunologic reset, refining CAR design and targeting (including dual-target or T-cell-engaging
constructs), establishing biomarkers predictive of response, and integrating CAR T into broader
therapeutic strategies to maximize efficacy while maintaining safety in this complex autoimmune
condition [176]

7.1.6. Future Perspectives in Pemphigus Vulgaris (PV)

Pemphigus vulgaris (PV) is an autoimmune disease characterized by autoantibodies against
desmogleins 1 and 3 (Dsgl and Dsg3), key proteins involved in epidermal cell adhesion. Their
disruption leads to intraepidermal blister formation [237]. Standard treatment includes systemic
corticosteroids and immunosuppressive agents, but significant morbidity and mortality persist due
to treatment resistance and long-term adverse effects [238].

Pathogenic autoantibodies are mainly produced by short-lived plasma cells derived from CD20*
B cells expressing Dsg3-specific B-cell receptors (BCRs). To selectively eliminate these autoreactive B
cells, chimeric autoantibody receptor T cells (CAAR-T) expressing Dsg3 (Dsg3-CD137-CD3() have
been developed. These cells specifically target B cells with anti-Dsg3 BCRs, eliminating those
responsible for autoantibody production [239,240].
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In 2016, Ellebrecht et al. demonstrated in a mouse model that Dsg3-targeting CAAR-T cells
effectively treated PV and induced long-term immune memory. Patients’ T cells were engineered to
express Dsg3 as part of a chimeric receptor, enabling them to recognize and eliminate B cells
producing anti-Dsg3 antibodies. In preclinical studies, Dsg3-CAAR-T cells significantly reduced
autoantibody levels and improved disease symptoms in mouse models, suggesting the potential for
durable remission with a favorable safety profile [241]. In 2020, Lee et al. reported preclinical studies
of DSG3-CAAR-T cells that enabled the initiation of a first-in-human clinical trial for mucosal
pemphigus vulgaris (mPV). Dsg3-CAART cells were observed to virtually eliminate all anti-Dsg3 B
cells in experimental cell cultures using B cells from PV patients, while sparing other B cells.
Additionally, Dsg3-CAART treatment alleviated blistering symptoms and reduced anti-Dsg3
antibody levels in both a passive hybridoma transfer cell line and an active immune PV mouse model,
without noticeable side effects. In ex vivo human cell cultures and high-throughput membrane
proteome arrays, Dsg3-CAART cells appeared to have no significant interactions with targets other
than their intended targets: Dsg3-targeting B cells. Dsg3-CAART production from cells collected from
PV patients undergoing immunosuppressive therapy was as good as that from cells collected from
healthy donors, with the exception of a small group of patients receiving high doses of more than one
immunosuppressant; however, cell product was obtained in all cases [242].

Currently, as of December 2022, an open-label phase 1 study is undergoing to evaluate the safety
and dosing of Dsg3 CAART in patients with pemphigus vulgaris with a predominance of anti-Dsg3
antibodies in the mucosa (mPV)(NCT04422912) [243].

7.2. Future Perspectives in Oncology

7.2.1. Melanoma

CAR T cell therapy for solid tumors, including melanoma, faces several challenges. The most
important include the presence of an immunosuppressive tumor microenvironment, insufficient
CART cell infiltration and penetration into the tumor, antigen selection, as well as off-target toxicity.

The tumor microenvironment (TME) in melanoma is a dynamic, three-dimensional network of
cells and extracellular elements surrounding cancer cells, which significantly influences proliferation,
invasion, immune response, angiogenesis, and resistance to therapy. The main immunosuppressive
components of melanoma TME are Cancer-Associated Fibroblasts (CAFs) and M2-predominant
Tumor-Associated Macrophages (TAMs). CAFs, derived from skin fibroblasts, are responsible for
extracellular matrix (ECM) remodeling, angiogenesis, and therapy resistance. TAMs further support
immunosuppression and angiogenesis. The above data support the production of CAR T cells
capable of overcoming the tumor microenvironment. A clinical trial is currently underway to
investigate the efficacy of CAR T therapy targeting the IL13Ra2 receptor in patients with advanced
cancers that express IL13Ra2, including melanoma [177]. Another concept involves “armored CAR
T cells” engineered to secrete cytokines (IL-12, IL-15) or "traps" for suppressive factors such as TGF-
(3, which improves their infiltration and function in the immunosuppressive tumor environment. This
strategy is undergoing translational and early clinical trials, although it has not yet achieved mass
results in melanoma [178]. Attempts to target specific TME cell factors have shown promising results.
PD-1-mutant T cells (TCRs) genetically engineered to target Melan-A demonstrated enhanced
antitumor efficacy and delayed progression of PD-L1* melanoma in NSG mice [179]. Additionally,
targeting the adenosine receptor 2A in CAR T cells improved their antitumor activity by overcoming
TME-mediated immunosuppression [180,181] Anti-VEGFR-2 CAR T cells genetically engineered to
express IL-12 induced tumor regression without exogenous IL-2 and reduced the
immunosuppressive myeloid cell population [182]. These approaches demonstrate that modifying
inhibitory pathways or arming CAR T cells can enhance their efficacy in melanoma treatment.
However, because not all immunosuppressive factors in the TME can be addressed by manipulating
CAR T cells alone, combination therapies are sometimes necessary, which will be discussed later.
Another important limitation of CAR T cell therapy in melanoma is insufficient infiltration into the
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tumor mass, primarily due to stromal barriers and insufficient chemokine signaling [183,184].
Chemokines such as CCL2-5 and CXCL9/10 correlate with the presence of T cells in metastatic
melanoma. These receptors are overexpressed on effector T cells, suggesting that enhancing the
chemokine-receptor axis may improve CAR T cell trafficking [185]. Although temozolomide
increases CXCL9/10 expression, effective T cell infiltration into cutaneous tumors requires additional
stromal disruption. Improved infiltration following combined collagenase and temozolomide
treatment underscores the barrier function of stromal cells [186]. Additionally, CAR T cells
genetically engineered to express heparinase (HPSE), which degrades ECM components, have
demonstrated enhanced tumor infiltration and antitumor efficacy [187].

One of the most important molecular factors influencing the effectiveness of CAR T therapy in
the treatment of solid tumors is the selection of the specific antigen. The same tumor may show
different expression of its antigens, which is often referred to as tumor heterogeneity [188,189].
Therefore, there is a risk that not all cancer cells express the target antigen. For this reason, various
strategies to increase cancer detection by modifying CAR T cells are being developed. One solution
to this problem may be the engineering of CAR T cells that simultaneously recognize two or more
tumor antigens, which helps limit the risk of tumor cell escape through heterogeneity [190-192].
Another solution may be the strategy of pooled CAR Ts, which involves simultaneous or sequential
administration of different CAR Ts directed against several antigens, that improves the range of
tumor diagnosis and reduces the likelihood of the growth of antigen-negative clones. Moreover, the
design of universal CAR T cells, which separate the recognition domain from the signaling domain,
allows for target switching and greater flexibility in recognizing multiple antigens without creating
a new design for each target [192].

The loss of the targeted antigen by cancer cells is as big a challenge as the selection of the
appropriate antigen. Immune editing induced by the therapy can lead to immune escape and tumor
outgrowth. The previously mentioned multi-antigen CARs (dual-CARs, or tandem CARs) increase
the chances of recognizing cancer cells, even if some of them lose expression of specific antigens.
However, beyond this, the use of "armored” CARs and stimulation of the immune response and
epigenetic re-expression of antigens may also provide a proper solution. CAR T cells designed to
secrete cytokines or immunomodulatory factors — armored CARs — increase the activity of
endogenous immune cells, which may counteract antigenic escape through the bystander killing
effect. In turn, epigenetic modulators (e.g., DNA methylation inhibitors or HDACi) may restore the
expression of antigens lost or silenced by cancer cells, potentially reducing the risk of antigen escape
[192].

One of the major challenges with CAR T therapy is on-target/off-tumor toxicity. This occurs
when CAR T cells recognize and eliminate normal cells that also express the same antigen as the
tumor, although to a lesser extent than cancerous cells. One solution to this problem is the design of
"on-switch CARs," which enable precise regulation of CAR T cell activation. Their design requires
the incorporation of an external activation molecule, which allows for control of the timing, location,
and intensity of CAR T activity. This reduces adverse effects on healthy tissue. Additionally, by using
various safety mechanisms, we can also minimize the toxicity of CAR T cells. Suicide genes/safety
switches (for e.g., iCasp9) involve the introduction of genetic "death switches" that selectively disable
CART cells in the event of severe toxicity [192]. Affinity tuning involves modifying the affinity of the
antigen-recognizing molecule so that CAR T cells respond only to high antigen expression typical of
cancer cells. Low antigen expression in healthy tissues will not trigger CAR activation [193].

Another obstacle to CAR T therapy in melanoma is cancer cell resistance to CAR T-induced
apoptosis. Melanoma cell resistance to apoptosis is primarily due to the overexpression of
antiapoptotic proteins from the Bcl-2 family and apoptosis inhibitors (IAPs), which block caspase
activation and stabilize mitochondria [194,195]. Additionally, cancer cells may downregulate death
receptors such as Fas and TRAIL-R and limit the efficacy of the perforin/granzyme pathway, which
together reduce susceptibility to CAR T-induced killing [196]. Melanoma resistance to apoptosis can
be overcome through several synergistic strategies. BH3 mimetics and IAP inhibitors lower the
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threshold for the activation of TRAIL- and Fas-dependent apoptosis, sensitizing cancer cells to death
[197]. Epigenetic modulators, such as HDAC inhibitors or DNA demethylators, can increase the
expression of death receptors and proapoptotic genes, facilitating their recognition and elimination
by CART [198]. Furthermore, designing CARTSs capable of secreting cytokines or factors stimulating
the expression of death receptors, as well as combining therapy with TRAIL agonists or NF-kB/ERK
kinase inhibitors, allows for a coordinated increase in the susceptibility of melanoma cells to
apoptosis and improves the efficacy of therapy [199].

One of the most promising strategies is combining CAR T cells with oncolytic viruses (OVs),
such as the FDA-approved for the treatment of advanced melanoma called Talimogene
laherparepvec (T-VEC), which can remodel the TME by inducing type I interferons, amplifying
danger signals, reversing immunosuppression, and enhancing immune cell infiltration [200].
Preclinical studies suggest that OVs can improve CAR T cell infiltration, persistence, and activity by
promoting tumor antigen release and modulating stromal barriers, although precise timing appears
crucial because type I IFNs can also transiently impair CAR T cell function [201-203]. Another
important direction is combining CAR T cells with immune checkpoint blockade, given the crucial
role of CTLA-4 and PD-1 inhibitors in melanoma treatment [204]. Checkpoint blockade can rescue
CAR T cell exhaustion, counteract inhibitory signals (like PD-1/PD-L1) in the TME, and enhance
antitumor efficacy when used with CAR T cells [205,206]. Additional approaches include targeting
immunosuppressive or metastasis-promoting factors in the TME (e.g., MMPs) or enhancing soluble
antimetastatic mediators, indicating that effective CAR T therapy in melanoma will likely require
rational, multimodal strategies that actively reprogram the tumor microenvironment [207-209].

7.2.2. Cutaneous T-Cell Lymphoma (CTCL)

Having shown remarkable success in the treatment of B-cell lymphomas, CAR T-cell therapy
holds great potential for treating CTCL patients; however, its successful application requires
overcoming several challenges. Current research should primarily focus on selecting the most
lymphoma-specific antigen, preventing the fratricidal effect of CAR T cells, and avoiding
contamination of the final product with lymphoma cells.

The biggest limitation of CAR T therapy in the treatment of cutaneous T-cell lymphomas is that
both normal and malignant lymphocytes often share the same antigens (e.g., CD3, CD4, CD5, CD?,
CD30, CCR4) [210]. This results in a common complication of the therapy which is the off-tumor
toxicity — also observed in melanoma cases. However, in this context, it leads to the destruction of
normal T lymphocytes, which are a crucial component of the immune system, ultimately resulting in
immunosuppression and development of severe infections [211]. Furthermore, lymphoma cells
express a wide range of antigens, contributing to high tumor heterogeneity and making the selection
of an appropriate therapeutic target even more challenging [212].

The most desirable approach is to select an antigen that is specific to lymphoma cells and is not
presented on normal T lymphocytes. According to the literature, there are potential targets that could
be used during the process of manufacturing CAR T cells, which could provide greater affinity for
lymphoma cells. Studies using CAR T cells directed against single antigens such as TAG-72, CCR4,
CD70 have shown effective elimination of lymphoma cells while sparing normal T cell populations,
indicating them as a potential therapeutic target [116,119,121]. Apart from them, other antigens such
as KIR3DL2 and TRBC1 could be a promising target of such therapies. The KIR3DL2 antigen is
considered one of the best therapeutic targets for the treatment of cutaneous T-cell lymphomas due
to its low expression on normal T lymphocytes and healthy tissues. It is an antigen strongly associated
with Sézary syndrome and mycosis fungoides. The use of this antigen may lead to reduced off-tumor
toxicity and high specificity towards lymphoma cells [213,214]. CTCL is a monoclonal tumor, and
lymphoma cells express only TRBC1 or TRBC2, whereas normal T cells contain both subtypes. CAR
T cells directed against TRBC1 could eliminate only the lymphoma clone, leaving some normal T
cells, which limits immunosuppression [215-217].
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However, in many cases, due to tumor heterogeneity, targeting a single antigen may not be
sufficient to eliminate all lymphoma cells. The implication of dual or multi-specific CARs, which
target two or more antigens simultaneously, reducing tumor escape and increasing tumor coverage
is a good solution to tumor heterogeneity. For this reason, various logic gate systems could be used
to provide both safety and efficacy. In the "HELP" logic gate system, the first antigen targeting one of
the two CAR receptors must be expressed on both lymphoma and normal cells, while the second
antigen must be tumor-specific. In this system, CAR T cells are activated only after binding to the
second antigen, because the first CAR is truncated —lacking the costimulatory activation motif —and
thus incapable of activating CAR T cells. In a logic gate system known as an "OR" logic gate, CAR T
cells are activated upon contact with either the first antigen or the second antigen. Each CAR has its
own signaling domain, which is sufficient to activate the CAR T cell, thereby increasing the chance
of recognizing the tumor and preventing tumor escape. An example of the use of multi-specific CARs
in the “OR” logic gate system is the study by To et al., using the TAG-72 and CD30 antigens, in which
the CAR T product demonstrated high specificity for cells expressing both antigens, minimizing
damage to healthy cells. In the logic gate "NOT" system, CAR T cells are deactivated when both
antigens are engaged. The inhibitory CAR (iCAR) allows CAR T cells to distinguish cancer cells from
off-target cells [218,219].

If the CART cell target is also expressed on the CAR T cells themselves, they may eliminate each
other during production or in vivo, which interferes with the expansion and stability of the final
product. Strategies to overcome this obstacle include selecting an antigen present only on tumor cells,
genetically removing the target antigen on CAR T cells ex vivo, and using antibodies that block the
target antigen during CAR T expansion to prevent scFv binding and lymphocyte fratricide. Studies
have shown that antigen blockade effectively prevents T-cell fratricide and improves CAR T cell
expansion. However, it is important to note that when antibodies are used, the final product requires
thorough washing before harvesting; otherwise, residual antibodies could compete with CAR T cells
for binding to target tumors and reduce CAR T cell efficacy [220,221]. Fratricide depends on the
lymphocyte subtypes used to produce CAR T cells. Cells expressing the target antigen should be
avoided. Alternatively, expression of the unwanted antigen can be switched off, for example, using
CRISPR/Cas9 in the case of CD7, which protects the cells from fratricide while preserving their
cytotoxicity [222]. Studies have shown that antigen blockade effectively prevents T-cell fratricide and
improves CAR T cell expansion. However, it is important to note that when antibodies are used, the
final product requires thorough washing before harvesting; otherwise, residual antibodies could
compete with CAR T cells for binding to target tumors and reduce CAR T cell efficacy [218].

During CAR T cell production, lymphocytes derived from the patient's blood (autologous CAR
T cells) are used. During this process, circulating malignant T cells can be inadvertently collected and
transduced, which carries the risk of reinfusion of cancer cells, accelerated tumor growth, and
therapeutic failure [223]. Given that CTCL originates from the CD4+ T cell subset, circulating tumor
T cells can be collected during apheresis and transduced alongside healthy T cells during CAR
production [224]. The higher the tumor burden in the blood, the greater the risk of CAR T product
contamination, particularly in patients with advanced disease [218]. Malignant cells can then
proliferate during ex vivo culture, potentially enhancing tumor growth and masking tumor antigens
from the action of healthy CAR T cells [225,226]. A possible solution to this problem is the use of
allogeneic T lymphocytes to produce CAR T cells. However, it should be remembered that a possible
complication of this treatment is the occurrence of graft-versus-host disease (GVHD). Therefore, to
minimize this risk, a donor with the closest human leukocyte antigen (HLA) match to the recipient
should be selected. HLA matching, expansion time, and cell persistence are currently the focus of
intensive research aimed at developing a truly universal therapy [218,227-230]. The second option is
to generate CAR T cells from a subset of disease-neutral T cells, i.e., purify and utilize the CD8+
population. To effectively implement this approach, a purification protocol is needed to prevent the
incorporation of any malignant CD4+ T cells into the final therapeutic cell product [218,231]. Studies
indicate that patients with mycosis fungoides tumors who have a higher number of infiltrating CD8+
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lymphocytes have a better prognosis compared to patients whose lymphoma cells are predominantly
CD4+ lymphocytes [232]. This suggests the potential efficacy of CD8+ CAR T cell therapies. Both
CD4+ and CD8+ CAR T cells could eliminate tumor cells, but CD4+ cells also play a supportive role,
increasing proliferation, survival, and a long-lasting CD8+ antitumor response through cytokine
production and supporting the development of memory cells [233]. The highest efficacy is observed
when using a combination of CD4+ and CD8+ CAR T cells, particularly when the cells are derived
from naive or central memory CD8+ populations, which are characterized by higher activity and
longer survival [234]. However, a significant limitation remains the quality of autologous T
lymphocytes collected from patients, which often demonstrate lower proliferation capacity than cells
from healthy donors, indicating the need to optimize CAR T culture and production conditions to
increase the efficacy of therapy in CTCL [235].

8. Conclusions

CART cell therapy represents a breakthrough in modern immunotherapies. Its application may
extend beyond hematological diseases to include severe autoimmune conditions, such as SLE and
SSc, offering hope to patients who do not respond to standard treatment options. Additionally, CAR
T therapy may be beneficial in advanced solid tumors, such as melanoma, as well as in cutaneous T-
cell and B-cell lymphomas. However, its effective use requires overcoming the specific challenges
associated with each disease. To date, clinical trial data on CAR T therapy in these settings remain
scare. Further studies involving larger patient cohorts and multiple centers worldwide are necessary.
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