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Opinion Statement:

Cellular immunotherapy has been rapidly evolving and increasingly utilized in the management of 

relapsed and refractory lymphoma. CD19-specific chimeric antigen receptor T cells (CARTs) have 

achieved impressive results in pivotal clinical trials. Although CART development continues, these 

products have fundamental limitations that may make them less desirable in particular settings. 

For example, CARTs can only target cell surface antigens and thus are incapable of targeting 

intracellular tumor-associated proteins. In contrast to CARTs, conventional T cell receptors (TCR) 

allow T cells to target any cellular antigen, including intracellular proteins, since they interact with 

peptides presented by MHC I and II molecules. T cells recognizing EBV antigens through native 

TCRs have been successfully employed for treatment and prophylaxis of EBV-associated 

lymphomas, including post-transplant lymphoproliferative disorder. Currently, transgenic TCR 

transduced T cells targeting non-viral tumor antigens remain experimental but, if successful, could 

become an invaluable cellular therapy option. Because the manufacturing process of autologous T 

cell products, including CARTs and other tumor-specific T cells, takes several weeks, patients 

often need bridging therapy to maintain disease control, which may be challenging. Novel cellular 

platforms, such as genetically modified NK and NKT cells, may be amenable to allogeneic use, 

and thus may allow production as a readily available, “off-the-shelf” product. As cellular therapies 

beyond CART continue to grow, available therapeutic options for relapsed and refractory 

lymphoma patients are expected to expand further.
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Introduction:

The field of immuno-oncology is rapidly evolving and has already significantly impacted 

outcomes in lymphoma. Various immunotherapeutic modalities have been pursued (Figure 

1), including monoclonal antibodies, checkpoint inhibitors and cellular immunotherapy. The 

latter encompasses the use of diverse immune effectors either in their native state or as 

genetically modified forms (Figure 1 and Table 1), which are delivered as adoptive cell 

therapy (ACT). ACT refers to a process whereby immune effectors (usually T lymphocytes) 

are isolated and ex-vivo expanded (while potentially being modified or selected for 

particular specificities) before being infused into patients. The types of T lymphocytes 

transferred include cells that have not been genetically modified and thus express their native 

T-cell receptor (TCR); cells transduced with an alternative, transgenic TCR (tgTCR); and 

cells genetically modified to express an artificial, chimeric antigen receptor (CAR). We will 

refer to these three types of T lymphocyte products as native T cells, tgTCR-T cells, and 

CAR-T cells (CARTs), respectively. While other immune effectors, such as NKT and NK 

cells, can be employed in a similar fashion, T cells targeting tumor-associated antigens 

(TAA) have been at the forefront of immune cellular approaches used to treat patients with 

refractory lymphoma. In this review, we will provide an overview of cellular 

immunotherapies in lymphoma with focus on cellular modalities other than CART.

1. CART Therapy

CART therapy (Table 1 and Figure 2) has achieved remarkable success in the management 

of aggressive non-Hodgkin lymphoma (NHL), as evidenced by the pivotal ZUMA1 and 

JULIET clinical trials [1, 2]. In ZUMA-1, an autologous CD19-specific CART product 

(axicabtagene ciloleucel) was used in 108 patients with relapsed or refractory aggressive 

NHL [1]. Updated analysis of the combined phase 1 and phase 2 portions showed 82% 

overall response rate (ORR), including 58% complete response (CR) rate, with 12-month 

overall survival (OS) and progression free survival (PFS) of 59% and 44%, respectively [1]. 

Comparable results were seen in the JULIET trial, in which another autologous CD19-

specific CART product (tisagenlecleucel) was used in 93 patients with relapsed or refractory 

diffuse large B cell lymphoma (DLBCL) [2]. ORR was 52% ORR, including 40% CR rate, 

with 12-month OS and PFS of 49% and 83%, respectively [2]. The main adverse events in 

both trials were cytokine release syndrome (CRS) and neurotoxicity, both of which are the 

focus of active research. Based on those two key trials, both axicabtagene ciloleucel and 

tisagenlecleucel were granted breakthrough FDA approvals in patients with relapsed or 

refractory DLBCL after two or more prior lines of therapy.

The success of CD19-specific CART cell therapy has led to the development of other CART 

products targeting the same or alternative hematopoietic antigens. Table 2 lists some of the 

antigens being pursued in NHL and other lymphoproliferative disorders. Nonetheless, 
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despite their remarkable activity in some settings, CARTs have several limitations, the most 

fundamental being that they can only target antigens that are expressed on the surface of 

tumor cells. Thus, intracellular proteins, which correspond to the majority of antigens 

expressed in a cell, are not targetable with CARTs. In contrast, T cells with native or 

transgenic TCRs have the potential to target any cellular antigen, including intracellular 

proteins, since their TCRs bind to major histocompatibility complex (MHC) molecules 

displaying fragments of every possible protein made in a cell (Figure 2). Thus, T cells whose 

activity depends on a conventional TCR may be preferable in some contexts.

2. Beyond CART Therapy

2.1 Donor Lymphocyte Infusion (DLI)

In a DLI, lymphocytes isolated from an allogeneic hematopoietic stem cell transplant (allo-

HSCT) donor are infused into a recipient who has residual or relapsed disease after 

undergoing HSCT, with the intent of eliciting graft versus lymphoma (GVL) activity [3]. 

The original forms of DLI employed native (unmodified) T cells and were truly the first 

example of ACT in a broad sense for lymphoma [4, 5]. Importantly, the susceptibility to the 

GVL effect depends on the specific type of lymphoma. Follicular lymphoma (FL), for 

example, seems to be particularly sensitive to DLI after allo-HSCT [4, 5, 3, 6]. A 

retrospective study evaluated DLI in 28 patients with either low grade NHL (n=23, including 

14 FL) or transformed FL (n=5) who had progressive disease (PD) or mixed chimerism 

(MC) post allo-HSCT. Cumulative response rates were 76.5% in patients with PD and 

91.6% in those with MC.

The GVL effect associated with unmodified DLI occurs presumably against minor (or 

major, if the transplant is not fully HLA matched) antigens expressed in tumor cells that are 

not shared between recipient and donor. In virtually all cases, the identity of those antigens 

is unknown. Nevertheless, in specific cases, for instance if a tumor expresses viral antigens, 

these can presumably be targeted. This was the rationale for using unmodified DLI to treat 

EBVassociated post-transplant lymphoproliferative disorder (PTLD), a complication that can 

occur after allo-HSCT performed with strongly immunosuppressive conditioning regimens. 

In this setting, T cell immune surveillance is weakened, which allows unchecked 

proliferation of EBVinfected B cells. Reasoning that the immune system of healthy donors 

(who have no evidence of active EBV infection) should contain a population of effector cells 

active against EBV, Papadopoulos et al investigated using DLI in 5 patients who had 

developed EBV-associated PTLD after allo-HSCT [7]. Remarkably, complete clinical or 

pathological responses were achieved within 30 days in all 5 patients [7]. Notably, 3 patients 

had skin and oral mucocutaneous graft-versus-host disease (GVHD), and the other 2 patients 

had different degrees of pulmonary deterioration of unclear etiology [7]. Despite the small 

number of patients, this study showed that unmodified DLI can be used to treat EBV-

associated PTLD after allo-HSCT, albeit with a significant risk of causing GVHD.

Further refinement of DLI can be achieved by modifying the lymphocyte product through 

depletion or enrichment of specific T cell populations. For example, regulatory (Treg) or 

naïve T cells can be depleted with the aim of selecting for the most potent antitumor T cells 

[8]. Selective depletion of Tregs prior to infusion enhances the product’s GVL effect [9]. In 
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addition, because naïve T cells appear to have a central role in the development of severe 

GVHD, naïve T cell depletion has been employed to lessen this risk [10]. Studies showed 

that this approach reduces the incidence of chronic GVHD but does not affect acute GVHD 

[11, 10].

Since DLI infusion monotherapy is unlikely to induce appreciable sustained responses in a 

heavily treated population, researchers have looked into combining chemotherapy with DLI. 

For instance, a retrospective study evaluating DLI plus bendamustine was conducted in 18 

patients with Hodgkin lymphoma (HL) who progressed after allo-HSCT [12]. Patients were 

treated with bendamustine followed by DLI and achieved an ORR of 55% (3 CR and 7 PR). 

Median OS was 11 months and PFS was 6 months. The OS at one year was 70% for patients 

who responded versus 16% for those who did not. These data suggest that DLI plus 

bendamustine can be a reasonable salvage option for HL patients who progress after allo-

HSCT, although larger scale prospective studies are needed to confirm this.

2.2 T cells Targeting EBV-Associated Lymphoma Antigens via Native TCRs

The close association between EBV infection and the development of some lymphomas[13–

18] prompted further strategies specifically targeting expressed EBV-encoded proteins. 

Although, as mentioned, DLI can be used as strategy to control PTLD, this treatment is 

associated with a very high risk of development of GVHD. To mitigate this risk, Rooney et 

al developed a method to selectively expand in-vitro EBV-specific T cells (EBVSTs) that are 

present in healthy donor peripheral blood lymphocytes [19]. Since these EBVSTs are 

specific for EBV-derived epitopes, they should not react against recipient antigens and thus 

the risk of GVHD should be virtually nil. Donor EBVSTs were used in 10 allo-HSCT 

recipients, 3 with evidence of EBV reactivation and the remaining being at high risk of 

reactivation. This therapy was tolerated well without significant complications [19]. In the 3 

patients with EBV reactivation, EBVST therapy led to remarkable reduction of EBV DNA 

levels to reach control range within 4 weeks [19], including one patient who had resolution 

of immunoblastic lymphoma. None of the 7 patients who received EBVSTs as prophylaxis 

had any GVHD or EBV reactivation for a follow-up period of up to 11 months [19]. Genetic 

marking showed persistence of EBVSTs for a median of 10 weeks [19]. This key study 

showed that EBVSTs are safe and effective to control EBV-associated PTLD. Results with 

this approach were updated in a larger study by Heslop et al, who reported on the use of 

EBVSTs in 114 patients to treat or prevent EBV-related PTLD after allo-HSCT [20]. 

Impressively, none of the 101 patients who received EBVSTs as prophylaxis developed 

EBV-related PTLD. Of 13 patients who had active PTLD, 11 attained complete remission 

[20]. This therapy continued to be well tolerated with no major side effects, and genetic 

marking of EBVSTs documented their persistence up to 9 years [20]. These and similar 

studies [21] confirm that EBVSTs are effective and safe to treat or prevent EBVrelated 

PTLD post allo-HSCT.

Many patients with EBV-associated lymphoma, however, are not post allo-HSCT and have 

no donors identified. In those patients, autologous T cells need to be used as a platform for 

EBVST-mediated ACT. This approach poses some problems because any EBV/tumor-

specific T cells are likely hyporesponsive to the patients’ tumors. Thus, further strategies 
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have been developed to optimize the immune reactivity of autologous T cells against EBV-

derived antigens, in particular focusing their activity against less immunogenic proteins such 

as latent membrane protein (LMP) 1, LMP2, and Epstein Barr nuclear antigen (EBNA) 1 

(Figure 3). For example, a study utilized genetically modified antigen presenting cells 

(APCs) to expand autologous T cells specifically targeting LMP1 and LMP2 [22]. It 

included 50 patients with EBV-associated lymphoma (HL or NHL) who received EBVSTs 

directed against LMP2 or LMP1 and LMP2. Among them were 29 patients who received 

EBVSTs as adjuvant therapy after achieving remission following multiple lines of therapy 

and were at high risk for relapse. At two years, their event free survival (EFS) was 82% [22]. 

As to the 21 patients with active disease who received EBVSTs, 11 achieved CR and 2 

attained PR [22]. These results indicate that autologous EBVSTs given as therapy for active 

disease or in an adjuvant setting can lead to sustained responses in EBV-associated 

lymphoma.

A rare subtype of EBV-associated lymphoma is the extranodal NK/T cell lymphoma 

(ENKTL). Cho et al investigated using EBVSTs targeting LMP1/LMP2 as prevention 

against relapse in 10 patients with ENKTL after achieving remission by conventional means 

(e.g. chemotherapy, radiotherapy and HSCT) [23]. Results were encouraging with a 4-year 

OS of 100% and PFS of 90% (median follow-up of 55.5 months). Thus, this study suggests 

that EBVSTs may have an adjuvant role in preventing relapse in patients with ENKTL who 

achieve remission by conventional therapies [23].

To further improve the antitumor activity of EBVSTs, additional modifications of these T 

cells may be needed. One of the efforts to improve the efficacy of EBVSTs has been to 

protect them against deleterious cytokines released by tumor cells or their 

microenvironment.

Abundance of transforming growth factor-β (TGF-β) in the tumor microenvironment is 

known to enhance tumor immune evasion. Accordingly, a phase 1 study was conducted 

involving eight patients with EBV-associated HL (seven with relapsed disease and one in 

remission) to evaluate if inhibiting the TGF-β effects in T cells would lead to enhanced 

efficacy of EBVSTs and better outcomes [24]. The EBVSTs targeting LMP1 and LMP2 

used in this study were further manipulated to express a dominant-negative TGF-β receptor 

type 2 (DNR2). Preclinical studies showed that DNR2-expressing EBVSTs were resistant to 

TGF-β in vitro and maintained their capacity to target tumor antigens effectively [24]. 

Among the 7 patients with refractory relapsed disease, 2 achieved CR (up to ≥ 4 years), 1 

achieved PR for 19 months and 4 had stable disease (SD) for 4–13 months [24]. One patient 

received EBVSTs for prevention of relapse and remained in CR beyond 2 years [24]. The 

persistence of EBVSTs exceeded 4 years and there were no significant toxicities [24]. These 

promising results indicate that rendering EBVSTs resistant to the inhibitory effects of TGF-

β can lead to better outcomes, although larger scale prospective studies are needed to 

confirm those findings.

Other potential approaches for improving T cell activity in hostile environments may be 

relevant in other settings. For example, PTLD has been described after solid organ transplant 

(SOT) as a consequence of the immune dysregulation that results from the 
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immunosuppressive anti-rejection drugs used (e.g. tacrolimus). These same drugs would also 

be deleterious to adoptively transferred T cells, potentially precluding the use of autologous 

EBVSTs to treat PTLD. To address this problem, investigators have genetically engineered 

EBVSTs to make them resistant to tacrolimus by retroviral transfer of a calcineurin A 

mutant (CNA12) [25]. EBVSTs transduced with CNA12 (CNA12-EBVSTs) were used in 

immunodeficient mice bearing a B cell lymphoma xenograft in the presence or absence of 

tacrolimus. Mice treated with CNA12-EBVSTs had a remarkable response in the form of 

lymphoma regression that was not hindered by the presence of tacrolimus, and had longer 

survival compared to mice treated with control EBVSTs [25]. These results are encouraging 

and have potential clinical applications in patients with PTLD post SOT in whom 

discontinuation of tacrolimus may not be an option.

Despite encouraging results with autologous EBVSTs, some practical problems persist. 

Firstly, their manufacture takes at least one month and thus they cannot be urgently used. 

Furthermore, it is not possible to generate EBVSTs in all patients, often due to excessive 

prior therapy, an underlying immune dysfunction, and the immunosuppressive effects of 

active tumor, all of which compromise T cell function. All these issues lead to cell products 

of variable specificity and potency. To circumvent these problems, a strategy of creating 

banks of EBVSTs from healthy donors has been developed. These third-party EBVSTs are 

“off-the-shelf” products that can be readily used to treat patients with EBV-associated 

lymphoma, provided they are at least partially HLA-matched [26–28].

2.3 T cells Targeting Non-Viral Lymphoma-Associated-Antigens via Native TCRs

Although some lymphomas are associated with EBV infection and thus express foreign, 

viral antigens, the vast majority are not. Owing to that, efforts have been invested in 

developing tumor-specific T cells (TSTs) able to target non-viral lymphoma-associated 

antigens. Tumorassociated antigens (TAA) are potentially immunogenic proteins expressed 

by tumor cells. Unfortunately, almost all TAAs are not tumor-specific but at best only 

preferentially expressed by tumors. Except for the foreign, viral antigens expressed by virus-

associated lymphoma, classic TAAs are usually endogenous proteins that are lineage 

restricted, are expressed at low levels in normal cells, or are expressed only during 

embryonic development or in immune privileged sites such as the testis. In contrast, 

neoantigens are tumor antigens that can potentially be truly tumor-specific and are expressed 

as a result of non-synonymous mutations and other genetic aberrations.

Both classic TAAs and neoantigens have been pursued as targets for cellular immunotherapy 

in lymphoma. Among the challenges faced with targeting classic TAAs is that many of those 

antigens are self-antigens and thus, in contrast with viral antigens, are weakly immunogenic. 

Protocols used to expand TSTs targeting lymphoma-associated antigens have been 

developed in a fashion similar to EBVSTs. Most utilize APCs that are infected by viruses 

that code for the specific TAA or that are loaded with peptide pools derived from TAAs [29].

Recently, the T cell leukemia/lymphoma 1 (TCL1) antigen has been identified as a TAA that 

can be targeted in B cell lymphomas [30]. Although TCL1 is expressed by normal B cells, 

there is significant overexpression in B cell lymphomas, including DLBCL and FL. Weng et 

al were able to develop and expand TSTs targeting TCL1 in vitro, with cytotoxicity assays 
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showing that TCL1-TSTs were successful at targeting and lysing B cell lymphoma cells 

[30]. While these data are still preclinical, they hold the promise of translation into future 

cellular immunotherapy.

Moreover, Leen et al developed a protocol to expand autologous TSTs targeting multiple 

TAA, including PRAME, SSX2, MAGEA4, NY-ESO-1 and survivin, and investigated their 

use in 18 patients with different types of lymphoma (NHL, HL and composite lymphoma) 

[31]. Remarkably, 10 of 11 patients who received TSTs as adjuvant therapy continued to be 

in remission at 24 months. Of the 7 patients who received TSTs as therapy for active disease, 

3 had CR (all had HL), 3 had SD at 3–6 months post therapy, and 1 had transient 

stabilization with subsequent progression [31]. These data are encouraging and expand the 

horizon for future research targeting multiple TAAs as a novel therapeutic modality.

2.4 T cells Targeting Neoantigens via Native TCRs

Mutations in cancer cells often lead to the expression of neoantigens, which distinctively set 

them apart from normal cells. Thus, they represent attractive targets since successful cellular 

immunotherapy would eliminate the cancer cells without affecting normal cells. One major 

challenge is that traditional techniques require personalized neoepitope detection and 

validation for every patient. A study by Khodadoust et al investigated neoantigen-based T 

cell cytotoxicity using samples from 17 patients with mantle cell lymphoma [32]. 

Neoantigens were identified using a novel methodology that involved MHC antigen 

profiling (via direct proteomic analysis) as well as genomic analysis of lymphoma cells. 

Interestingly, all neoantigens identified belonged to the lymphoma immunoglobulin (Ig) 

variable regions (heavy or light chain) and were mostly presented via MHC-II [32]. 

Subsequently, autologous T cells specifically targeting those neoantigens were isolated and 

expanded. When mixed with autologous lymphoma cells, T cell-mediated cytotoxicity 

against lymphoma cells occurred [32]. This identifies Ig neoantigens as possible targets for 

future cellular therapy in lymphoma and suggests that this methodology may be used to 

develop future cellular therapies targeting neoantigens.

In an effort to better understand and identify potential neoantigens, a large scale intensive 

analysis of different tumor samples (including some lymphomas) from 8705 patients was 

done with focus on alternative splicing [33]. Analysis of RNA and whole exome sequencing 

showed that cancer cells had up to 30% increase in alternative splicing compared to normal 

cells. In malignancies, peptides generated from RNA neojunctions, representing potential 

neoantigens, could be detected [33]. These tumor-specific splicing aberrations are thought to 

represent a large class of possible neoantigens. While this is still in a preclinical phase, it 

opens the door for future tumor vaccines as well as cellular immunotherapy targeting these 

neoantigens.

3. Tumor-Specific tgTCR-T cells

Instead of expanding in vitro T cell populations that react against specific antigens via their 

native TCRs, advances in cellular therapy have allowed genetic transfer of optimized tumor-

specific TCRs, which here we refer to as transgenic TCR-T cells (tgTCR-T cells) (Figure 2). 

While tgTCR-T cells have shown appreciable success in clinical trials of other cancers such 
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as melanoma [34], progress has lagged behind in lymphoma and this technology is currently 

still investigational. A critical hurdle to this approach is the limited number of well 

characterized tumor-associated epitopes for which a high affinity TCR is available. On the 

other hand, even if the gene for the tgTCR is successfully transduced in T cells, other 

problems can arise: if the native TCR is not ablated in the tgTCR-T cells, there is a potential 

for erroneous pairing of transgenic and endogenous chains (each TCR is composed of 2 

independent polypeptide chains) with subsequent production of dysfunctional TCRs or 

TCRs targeting an unintended (such as a self) antigen. Moreover, even if the tgTCR is 

correctly expressed, a major limitation of this approach is that the recognition of tumor 

epitopes is HLA-restricted, and therefore a specific tgTCR can only be used to treat patients 

that share a compatible HLA allele. Finally, a single epitope is targeted, which may facilitate 

the emergence of escape mutants.

Examples of antigens being studied for this approach are MAGE-A and NY-ESO-1, which 

are expressed in about 40–50% of NHL [29]. However, caution still has to be exercised since 

a recent study showed lethal cardiotoxicity (due to unexpected cross-reactivity) when high 

affinity tgTCR-T cells targeting MAGE-A3 were used to treat myeloma and melanoma 

patients [35]. Thus, currently, this tool remains investigational and needs further refinement 

before larger scale clinical application is pursued in lymphoma. A critical element for future 

success is the ability to ensure that tgTCR-T cells consistently distinguish cancerous from 

healthy cells.

4. Beyond T Cells

Although T cells have been the focus of most ACT efforts, other immune effector cell 

populations may offer specific advantages, in particular a much lower risk of GVHD when 

used in a non-autologous setting, and thus a greater potential to manufacture “off-the-shelf” 

products (which can be readily available for treatment). NKT cells are a subset of innate-like 

lymphocytes that share properties of both T cells and NK cells, and utilize an almost 

universal TCR to react to antigens presented on the invariant CD1d molecule. Tian et al 

recently discovered that the CD62L+ NKT subset has prolonged in vivo persistence, setting 

the stage for the development of NKT cellular therapy in lymphoma using NKT cells 

transduced with a CAR [36]. Mouse models examining the use of NKT CD62L+ transduced 

with anti-CD19 CAR showed sustained regression in B cell lymphoma [36]. While this data 

is still preclinical, a clinical trial is currently planned to explore this approach[37]. If 

successful, NKT CAR therapy will carry the advantage of possible “off-the-shelf” allogeneic 

use, which will represent a breakthrough in terms of cost and time of preparation of the 

product.

Alternatively, NK cell-based cellular immunotherapies are also being pursued. Apart from 

being amenable to genetic modification that can endow them with specific antitumor 

activity, NK cells are known to have intrinsic anti-lymphoma cytotoxicity. For example, a 

recent phase 2 clinical trial investigated using haploidentical NK cell therapy in combination 

with rituximab and interleukin-2 in patients with refractory NHL [38]. Among 15 patients 

evaluated, 2 (13.3%) had CR for 3 and 9 months, and 4 (26.6%) achieved objective response 

at 2 months [38]. This therapy was well tolerated overall. There was no GVHD, CRS or 
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neurotoxicity reported. Interestingly, patients who responded had low levels of immune-

suppressor cells (Tregs and myeloid derived suppressor cells) compared to those who did not 

respond [38]. These results support haploidentical NK therapy as another option in the 

growing arsenal of cellular immunotherapy for patients with refractory lymphoma.

Conclusions and Future Directions:

Cellular immunotherapy has been rapidly evolving and increasingly utilized in the 

management of relapsed or refractory lymphomas, especially as a consequence of the 

impressive results obtained with CD19-specific CARTs. Pivotal clinical trials of two CART 

products, axicabtagene ciloleucel and tisagenlecleucel, have led to their breakthrough FDA 

approval. Given this success, additional CAR lymphoma targets are currently being 

explored.

While effective, current CART products have significant drawbacks, including that their 

activity is limited against a single antigen that has to be located on the surface of tumor cells. 

TCR-mediated antigen recognition allows potential targeting of a much larger array of tumor 

antigens because virtually every tumor protein (membrane-bound or intracellular) can be 

processed and presented by MHC molecules. On the other hand, in contrast with the single 

epitope targeted by a CAR or a transgenic TCR, antigen recognition mediated by diverse 

native TCRs targets multiple epitopes and thus decreases the chance of immune escape 

driven by tumor mutations. Nonetheless, few bona fide tumor-specific antigens have been 

identified.

Virus-associated lymphomas should in theory be amenable to targeting of tumor-specific 

antigens via recognition of viral proteins (provided they continue to be expressed after 

malignant transformation occurs). The clinical activity seen with EBVSTs supports this 

approach, even though targeting foreign viral antigens alone may not be sufficient for 

consistent responses. Indeed, further engineering of EBVSTs may be needed for optimal 

activity, as demonstrated by the improved activity of EBVSTs when rendered resistant to the 

deleterious effects of inhibitory cytokines.

Unfortunately, apart from viral antigens and neoantigens (which are challenging to identify), 

most known TAAs are not truly tumor-specific, but rather endogenous molecules that are 

either poorly immunogenic or problematic as targets because of their expression in healthy 

organs. In this setting, effective immune responses against tumor cells can potentially be 

associated with toxicity to normal tissues. Nonetheless, the encouraging results seen with 

strategies focusing on developing T cells reactive against classic TAAs show that this 

approach may be feasible.

Finally, one major limitation of current T cell therapies is that products need to be 

autologous because of potential risks of GVHD and product rejection when they are used in 

an allogeneic setting. A major disadvantage of an autologous product is the time needed for 

its manufacture. In addition, previous exposure of a patient to lymphotoxic agents likely 

compromises the potential efficacy of an autologous product. Therefore, a readily available, 

“offthe-shelf”, universal immune effector product derived from healthy donors is highly 

desirable. Genetic modification of healthy T cells to prevent GVHD and rejection, through 
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ablation of native TCRs and MHC molecules for instance, is being investigated in this 

setting. Alternatively, specific immune effector populations such as NK and NKT cells are 

naturally less prone to cause GVHD and thus may be particularly suited for use as universal 

effectors instead of T cells.

All limitations notwithstanding, recent advances in immunology, genetics and cell 

processing, as well as improved understanding of tumor biology will likely expand far 

beyond CARTs the range of cellular immunotherapies available to treat lymphomas.
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Figure 1. Overview of Approaches to Immunotherapy in Lymphoma
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Figure 2. Native T cells, Transgenic TCR-Transduced T cells, and CAR-Transduced T cells
A conventional TCR is composed of 2 polypeptide chains (α and β chains) that are 

assembled as membrane complex together with the proteins making up the CD3 antigen. All 

T cells express TCRs (a native TCR) (A), but they can be genetically modified to express 

another TCR (a transgenic TCR) (B), which is also encoded as 2 separate chains. A CAR 

(C) is an artificial construct that combines the antigen-recognizing moiety of a monoclonal 

antibody with elements of the T-cell signaling machinery, most frequently a portion of the 

TCR/CD3-associated ζ chain and part of a costimulatory molecule such as CD28 or CD137 

(4–1BB). Like transgenic TCR-T cells, CAR-T cells are genetically engineered to express a 

CAR. A correctly assembled TCR recognizes epitopes presented by MHC molecules 

potentially representing every cellular protein. In contrast, a CAR can only bind whole 

surface antigens. (APC: Antigen presenting cell. MHC: Major histocompatibility complex. 

TCR: T cell receptor. Ag: Antigen)
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Figure 3. Examples of EBV Derived Proteins & Antigen Presentation
EBV encoded proteins LMP1, LMP2 and EBNA1. LMP1 and LMP2 are expressed as cell 

surface antigens. EBNA1 resides in the nucleus. These EBV proteins are processed and 

presented on MHC I and MHC II molecules. All these antigens are targets for adoptive 

cellular therapy using native T cells or transgenic TCR T cells.

LMP1: Latent membrane protein 1

LMP2: Latent membrane protein 2

EBNA1: Epstein-Barr virus nuclear antigen 1

MHC I: Major histocompatibility complex class I (composed of an α chain with 3 domains 

[α1, α2 and α3] and a β−2 microglobulin (B2-M) molecule).

MHC II: Major histocompatibility complex class II (composed of 2 polypeptide chains [α 
and β], each with 2 domains).
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Table 1.

Key terminologies referring to various kinds of cellular immunotherapy

Description

Adoptive Cell Therapy A process whereby immune effector cells are isolated and expanded exvivo before being infused into patients. 
During expansion, these cells can be manipulated or selected to enhance specificity and potency. The immune 
cells transferred may be used without genetic modifications or they can be genetically modified. T cells are 
usually employed but other immune effector cells can similarly be used, such as NK or NKT cells.

Native T Cells T cells bearing a native T cell receptor (TCR) and that have not been genetically modified.

Chimeric Antigen 
Receptor Transduced T 
Cells (CART)

T cells that are genetically modified in vitro via viral or non-viral transduction to express an artificial, chimeric 
antigen receptor (CAR). A CAR is composed of an extracellular antigen-binding domain (derived from a 
monoclonal antibody) and intracellular signaling domains (CD3ζ and CD28 or CD137) that drive T cell activation 
(Figure 2).

Transgenic TCR 
Transduced T Cells 
(tgTCR-T cells)

Genetically modified T cells where transgenic TCRs are transduced to recognize and target a single epitope of a 
specific tumor antigen presented via MHC I or II on antigen presenting cells or target cells (Figure 2). tgTCR-T 
cells can potentially be made to recognize any individual antigen expressed by target cells, including intracellular 
proteins.

Tumor-Specific T Cells 
(TSTs)

T cells that target a particular tumor-associated antigen (TAA). These may include viral antigens (e.g. EBV 
antigens) or endogenous antigens expressed by the tumor cells.

EBV-Specific T Cells 
(EBVSTs)

T cells that specifically target EBV antigens (e.g. LMP 1 and 2).
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Table 2.

CAR targets in lymphoproliferative disorders

Antigen Diseases

BCMA Multiple Myeloma [39, 40]

Kappa light chain Multiple Myeloma. NHL/CLL [41]

CD5 T cell malignancies (T-ALL and T cell lymphoma)[42]

CD19 NHL [2, 1], ALL[43, 44]

CD20 B-cell lymphoma, mantle cell lymphoma [45]

CD22 B-acute lymphoblastic leukemia (ALL)[46]

CD30 Hodgkin Lymphoma[47, 48]

CD37 B-cell and T-cell Lymphomas[49]
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