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Abstract

Autologous, patient-specific chimeric antigen receptor T cell (CART) therapy has emerged as a 

powerful and potentially curative therapy for cancer, especially for CD19-positive hematological 

malignancies. Indeed, CD19-directed CART (CART-19) cell therapy (tisagenlecleucel-t) was Food 

and Drug Administration (FDA) approved for acute lymphoblastic leukemia on August 30, 2017 

and approval of CART-19 in B-cell lymphomas is expected in late 2017. The development of this 

technology and its wider application is partly limited by the patient-specificity nature of such a 

platform and by the time required for CART manufacturing. The efficacious generation of 

universal allogeneic CART cells would overcome these limitations and represent a major advance 

in the field. However, several obstacles in the generation of universal CART cells need to be 

overcome, namely the risk of rejection of CART by the recipient and the risk of graft versus host 

disease mediated by the allogeneic CART. In this review, we discuss the different strategies being 

employed to generate universal CART and discuss our perspective on the successful development 

of a truly off-the-shelf CART product.

1. Background

It took more than 25 years from the initial conceptualization in the late ‘80s of a “chimeric 

antigen receptor” (CAR) as a system to redirect T cell specificity, to FDA approval of the 

first genetically engineered cellular product. [1] Chimeric antigen receptors are synthetic 

proteins generated by the fusion of a single chain variable fragment (scFv) derived from a 
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monoclonal antibody with the signaling and co-stimulatory machinery of the T cell receptor 

(TCR). In their most commonly used form in the clinic, CART are redirected to recognize 

CD19, a protein expressed in B-cell leukemias and lymphomas. CART19 are composed of 

an anti-CD19 scFv linked through a hinge/transmembrane sequence to a costimulatory 

domain (most commonly CD28 or 4-1BB) and then to the CD3ζ signaling domain. [2] This 

construct is able to recognize a defined tumor surface antigen like a monoclonal antibody 

and trigger full T cell activation.

To generate clinical grade CART cells, T cells are collected from the patient by 

leukapheresis (or peripheral blood), activated, transduced with the CAR constructs using 

viral vectors (or with transposons/sleeping beauty systems), expanded, and then reinfused to 

the patient after lymphodepleting chemotherapy. This procedure is carried out in specialized 

good manufacturing processes (GMP) compliant facilities. During this process, the formerly 

non-tumor specific T cells acquire the ability to recognize CD19-positive tumors and form 

potent activating synapses. This T cell-tumor interaction includes both signal 1 (TCR 

triggering) and signal 2 (costimulation, e.g. 4-1BB). Subsequently CAR T cells become 

activated, exert their effector functions, proliferate, traffic around the body and can establish 

immunological memory. This paradigm was proven to be particularly successful when 

CART19 were used to treat patients with relapsing/refractory B-cell acute lymphoblastic 

leukemia (r/r B-ALL), as demonstrated by multiple groups. [3] The initial results of a global 

multicentric registration trial of the University of Pennsylvania/Novartis CART19 product 

(CTL019, tisagenlecleucel-t) showed 83% complete response (CR) rate in 29 pediatric and 

young adult patients with r/r B-ALL [4], illustrating the power of this therapy. Similar 

results have been observed by other groups with other CART19 products in both adult and 

pediatric patients with r/r B-ALL [5–7] but also, to a lesser extent, in other B-cell neoplasms 

as non-Hodgkin lymphoma [8, 9] and chronic lymphocytic leukemia. [10]

However, despite the fact that CTL019 (tisagenlecleucel-t) is approved, significant 

challenges remain regarding the scalability and feasibility of such a platform. First, adoptive 

cell transfer is still a fairly complicated process that requires high-level cell production 

expertise and clinical management together with substantial economic and structural 

resources. Secondly, many patients are unable to receive CART treatment because of rapid 

disease progression during T cell manufacturing and lastly prior therapies can limit the 

ability to manufacture CAR T cells. Since these issues represent a major hurdle to the wider 

application of this approach, investigators from both Industry and Academia are working 

together to find the best strategy for delivering this treatments to patients. [11] A very 

appealing possibility is the generation of “allogeneic” CART products that could be used 

“off-the-shelf” for most of the patients with a relatively short waiting time. However, to 

accomplish this goal a fundamental paradigm of immunology need to be changed: the fact 

that main goal of our immune system is to preserve the “self” by attacking and destroying 

“non-self” cells. Therefore T cells are designed to recognize and kill allogeneic cells through 

their TCR and vice versa T cells can be recognized through their MHC and destroyed by an 

allogeneic immune system. For these reasons, CART cell production has been thus far 

patient-specific and CART production takes between three and four weeks. This is a drug-

manufacturing model that is very different from the one of small molecules or monoclonal 

antibodies where a single drug can be produced in large amounts and used to treat several 
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patients with a defined disease. Therefore developing a “universal” or “off-the-shelf” T cell 

product would represent a vertical advance in the field and would significantly widen the 

number of patients eligible to this treatment. To this aim, in the last few years several groups 

have pursued the generation of universal T cell products that could be produced on large 

scale and used for several patients in a timely and cost-effective manner. [12]

The successful track record of using allogeneic virus specific T cells provides a compelling 

rationale for the development of allogeneic off the shelf CART cells. The application of third 

party, off the shelf virus specific T cells has been proven to be an effective strategy in the 

prophylaxis and treatment of viral infections, specially post allogeneic transplantation. [13, 

14] Methods for the production of multivirus-specific T cells have become simplified over 

time and virus specific T cells are successfully isolated today from seropositive donors, 

seronegative donors or cord blood [15]. In a recent study, banks of T-cell lines specific for 12 

viral antigens from five viruses (EBV, CMV, AdV, HHV-6, and BKV) were generated and 

successfully used to treat infections post allogeneic transplantation.[16] Tzannou and 

colleagues reported this treatment in 38 patients with 45 infections post allogeneic 

transplantation. Thirty one patients treated for one infection and seven treated for multiple 

coincident infections experienced a clinical benefit, including a complete resolution of 13 of 

the 14 patients treated for BKV-associated hemorrhagic cystitis. Importantly, most infusions 

of third party virus specific T cells are safe without significant GVHD. In this study, five 

patients developed recurrent or de novo grade 1 to 2 skin GVHD, which resolved with the 

administration of topical treatments or the re-initiation of corticosteroid treatment after a 

taper (n = 1). [16] This highlights the feasibility of the adoptive transfer of allogeneic T cells 

as well as provide a backbone for the development of third party off the shelf CART cells.

2. Strategies to generate universal CART

In order to generate universal, third-party, off-the-shelf T cells two main issues should be 

addressed: i. graft-versus-host disease (GVHD): the attack of recipient tissues by the infused 

allogeneic CART. This is mediated by the presence of the alloreactive TCR on donor CAR T 

cells; ii. graft-rejection: the rejection of infused allogeneic CART by the recipient immune 

system. This is mediated by the presence of the class I major histocompatibility complex 

(MHC, or human leukocyte antigens (HLA)) on donor T cells and HLA class II that is 

overexpressed upon activation. It is long known that rejection is a major problem after 

hematopoietic cell transplantation. Furthermore, 3rd party allogeneic CAR-T cells have also 

been shown to cause GVHD in animal models. [17] Therefore, a number of strategies are 

being developed to overcome these problems. These can be summarized as follows:

2.1 Donor-derived allogeneic CAR-T cells

When a patient receives an allogeneic transplantation and subsequently relapses, CART cells 

can be generated from the original bone marrow transplant donor and infused into the 

patient. In a recent report, 20 patients with B cell malignancies received donor derived 

CD-19 directed CAR-T cells derived from the original donor. All patients had prior 

allogeneic transplantation and relapsed after transplantation. CAR-T cells were generated 

from the original donor and no lymphodepleting chemotherapy was given, due to concerns 
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of increased GVHD. Remarkably, 6 of the 20 patient achieved a CR and 2 had a partial 

response (PR). The response rate was higher in patients with B-ALL where minimal residual 

disease (MRD)-negative CR was achieved in 80% of patients. Most importantly, no cases of 

GVHD were recorded. [18] This report demonstrates the clinical feasibility, safety and 

initial efficacy of donor derived allogeneic CART19 and suggests that genetically targeted T 

cells could be an integral part of allogeneic transplant in an attempt to separate graft versus 

leukemia (GVL) from GVHD. Recent data suggest that allogeneic CART19 that use CD28 

co-stimulation exert potent GVL with diminished GVHD. In contrast, 1st generation and 

4-1BB co-stimulated 2nd generation CART have increased the occurrence of GVHD at least 

in preclinical setting. [19] The safety of allogeneic CART therapy in this setting could be 

further enhanced by the incorporation of a suicide system to control the potential 

uncontrolled GVHD. Several suicide systems like thymidine kinase (TK) from herpes 

simplex virus 1, induced caspase 9 (iCasp9), thetetracycline-inducible systems [20–24] and 

antibody-based T cell depletion strategies [25, 26]have been developed and shown to 

effectively deplete CART cells. In the clinic, the iCasp9 suicide system was able to stop the 

GVHD caused by the infused haploidentical T cells. [27] Therefore allogeneic CART19 

represent an attractive option for relapses after allogeneic transplantation but are still patient-

specific, limited to a restricted subset of patients (transplanted) and cannot be used if the 

patient has a baseline GVHD.

2.2 Selection of non-alloreactive T cells

Another strategy to reduce the likelihood of GVHD after infusion of off-the-shelf CART is 

the selection of non-alloreactive T cells. Virus specific T cells have been long used after 

allogeneic transplantation for the treatment of viral infections. [28–30] The main advantage 

for using virus specific T cells instead of polyclonal T cells is the known specificity of the 

TCR and therefore the risk for GVHD is minimal. In fact, their application to date has been 

safe without any reports of serious GVHD. [28, 31] Therefore, it is compelling to harness 

these properties for the generation of allogeneic CART combining the antigen specificity of 

the CAR with the TCR specificity towards viral antigens. This approach has been used to 

generate virus-specific CART19 for the treatment of B-cell malignancies relapsed after 

allogeneic transplantation. In a study reported by Cruz et al., [32] 8 patients were treated 

with allogeneic, donor derived virus specific CART19 for relapsed B-cell malignancies after 

allogeneic transplantation. Of the 6 patients with relapsed disease, 2 had an objective 

response that was transient. Notably, no patients developed GVHD. [32] CART cell 

expansion was noted after viral reactivation suggesting that TCR activity is enabled in 

CART. However, the manufacturing of these T cells required 5–6 weeks that is a 

significantly longer time as compared to standard CART19 (about 2 weeks), possibly 

reducing the applicability of this approach for patients with rapidly progressing disease. 

Lastly, co-activation of the TCR and the CAR may actually be detrimental for T cell 

function and persistence as demonstrated by Ghosh et al. [19]

Another strategy to select for non-alloreactive T cells is to generate CART from memory T 

cells. As compared to naïve T cells, memory T cells are associated with less GVHD because 

of their limited TCR specificity. [33, 34] Memory-derived CART cells have indeed shown to 

induce less GVHD in preclinical models. [35] Moreover, these T cells have demonstrated a 
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potent anti-leukemic activity when used in autologous setting against non-Hodgkin 

lymphoma. [36] However, the therapeutic efficacy of adoptive T cell transfer appears to be 

correlated with the presence of less-differentiated T cell subset, such as naïve and stem-cell 

memory T cells. [37] Therefore the selection of memory T cells for CART therapy might 

lead to diminished in vivo proliferation and anti-tumor activity. Lastly, a recent report shows 

that patients transplanted with naïve T cell-depleted stem cell grafts do not actually have 

reduced GVHD, suggesting that naïve-derived CART. [38] Lastly, CAR T cell that have low 

GHV reactivity could be potentially generated from induced pluripotent stem cells (iPSC), 

although more studies need to be conducted to assess the potency and safety of this 

approach. [39]

2.3 Use of alternative effector cells

Other components of the immune system could be potentially employed to generate 

universal cell products for adoptive immunotherapy. NK cells represent an alternative 

backbone to the use of T cells in the generation of CARs for adoptive immunotherapy. They 

do not require HLA matching and can be used as allogeneic effector cells [40]. Clinical 

studies of post allogeneic transplantation NK cell infusion demonstrated the safety of using 

such an approach in an off-the-shelf fashion. [41] Additionally, CAR expression in NK cells 

increased their specificity and enhanced their anti-tumor activity. In preclinical studies, 

potent antitumor activity has been demonstrated using NK CAR cells generated from NK 

cell lines as well as NK cells derived from patients, [42] and early phase clinical trials are 

ongoing (please refer to Table 1). Additional immune cells that have been demonstrated not 

to cause GHVD are NKT cells [43] and γδ T cells. [44] More recently, our group 

demonstrated that human macrophages can be also redirected to kill cancer cells using a 

CAR; interestingly, as part of the innate immune system, macrophages would not cause 

GVHD therefore representing a fascinating cell type for off-the-shelf adoptive 

immunotherapy [45]. However, for a successful use of these effector cells the issue of 

rejection should be addressed.

2.4 Gene-editing to generate universal CART

In the last few years several novel genome engineering tools have been developed and 

optimized to allow the specific and efficient modification of the human genome. [46] Zinc 

finger nucleases (ZFN), [47] transcription activator-like effector nucleases (TALEN) and 

megaTAL nucleases [48–50] and clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9 [51] systems have all been applied to modify T cells. [52] In particular, 

these techniques are poised to be ideal tools to generate universal off-the-shelf CART. [50] 

Most efforts to date are aimed at targeting the native TCR to reduce GVHD and only few 

studies are focused on modifying the native HLA to reduce graft rejection. The MD 

Anderson Cancer Center (MDACC) group generated ZFN that can knock out the 

endogenous TCR in order to avoid GVHD. [53] Investigators from the company Cellectis 

developed and reported an off-the-shelf TCR-negative CART19 product (UCART19) where 

the TALEN technology was used to disrupt TCRα and CD52 genes. [54] This therapy was 

used in 2 pediatric patients with relapsed leukemia as a bridge to allogeneic transplantation. 

Both patients achieved MRD negative CR without significant GVHD. Importantly, 

UCART19 cells persisted until the start of the pre-transplant conditioning chemotherapy. 

Ruella and Kenderian Page 5

BioDrugs. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[55] The CRISPR/Cas9 system allows for efficient and specific genomic disruption of 

multiple gene loci. Therefore this approach was used to generate off the shelf allogeneic 

donor cells, as well as potent effector T cells resistant to inhibitory pathways such as PD-1 

and CTLA4. To increase the efficiency of targeting multiple loci, our group used a single 

protocol that incorporated multiple guide RNAs in a CAR lentiviral vector. [56, 57] 

Importantly, the CRISPR/Cas9 technology together with an adeno-associated virus (AAV) 

vector repair matrix was recently employed to directly insert the CAR encoding DNA into 

the TCR alpha chain locus, simultaneously generating a TCR-negative CAR-positive T cell. 

These cells were shown to be more potent than conventional lentivirally transduced CART 

cells because of a more physiological – TCR-like regulation of CAR expression. [58, 59]

However, TCR-negative off-the-shelf T cells may still be subjected to killing by the patient’s 

own T cells that recognize non-self HLA if there is mismatch, causing rejection. On this 

regard, lymphodepletion with chemotherapy or irradiation before universal CART infusion 

could help delay the rejection until the recipient immune system recovers. However it is 

likely that the persistence of universal HLA-positive CART would be short and since 

CART19 persistence has been associated with increased responses in several trials [60, 61], 

early CART rejection could lead to short lasting responses. Therefore, it has been proposed 

to eliminate the HLA molecules from CART using gene-editing technologies like zinc finger 

nucleases. [62] Meganucleases can also be used to knock out beta-2-microglobuline 

(together with the TCR) to obtain HLA class I negative T cells and therefore avoid T cell 

mediated rejection ([63], abstract #200). High efficiency of double knockout of endogenous 

TCR and HLA class I as well as PD1 were achieved to generate allogeneic universal CAR T 

cells. Fas-resistant universal CAR T cells were also generated using this triple gene 

disruption approach. The gene-edited T cells were as potent as the non-modified CAR T 

cells, had reduced alloreactivity and did not cause GVHD. [56, 64] Naïve TCR- and PD1-

negative anti-NYESO T cell (NYCE cells) will be tested in phase I clinical trials for patients 

with myeloma, sarcoma and melanoma at the University of Pennsylvania, University of 

Maryland and at the MDACC.

On the other side, the complete absence of HLA class I on the off-the-shelf T cells, although 

avoid T cell-mediated rejection, would not prevent their recognition by recipient NK cells as 

“missing self”, potentially leading again to early rejection. To prevent activation of natural 

killer cells through “missing self” recognition would be circumvented by enforced 

expression of non-classical HLA molecules such as HLA-E and HLA-G that can protect 

universal CART from NK-cell–mediated lysis. [62, 65] Another recent approach to reduce 

NK-cell toxicity to HLA-negative universal T cells is the overexpression of Siglec-7 and -9 

ligands. [66] Another strategy to avoid rejection of HLA mismatched CART is the use of 

HLA homozygous donors to generate a bank of universal CART products. It was calculated 

that with limited numbers of donors homozygous for at HLA-A/B/DRB1 it is possible to 

generate compatible products to cover the majority of the population. [67, 68]

Although gene-editing technologies are certainly the most promising approach to generate 

universal off-the-shelf CART, additional studies are needed to integrate the gene-editing in 

the clinical-grade CART expansion protocol. Moreover, the efficacy and most importantly 
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the safety of these highly-engineered CART need to be carefully assessed in early phase 

clinical trials.

3. Conclusions and future perspectives

CART cell therapy is one of the most promising novel therapies for the treatment of cancer, 

and specifically hematological malignancies. Autologous CART cells have demonstrated 

unprecedented clinical results in B-cell malignancies and CART19 was the first genetically 

modified cellular product to gain FDA approval in August 2017. However, the possibility to 

generate universal off-the-shelf CART products would immensely increase the feasibility 

and diffusion of this approach. In particular, the successful generation of off-the-shelf 

universal CAR-T cells would lead to the following advantages:

i. Easier and cost-effective CART manufacturing: CART cell manufacturing could 

be readily undertaken in a centralized facility and off-the-shelf T cells can be 

generated and cryopreserved for future needs; there would be no need for 

patient-specific leukapheresis and CART production, drastically reducing the 

costs.

ii. Reduced time to CART cell infusion: in highly proliferative diseases (such as 

acute leukemia), a 2–4 week wait is detrimental and in some cases not feasible. 

Therefore a readily available CART product could be increase the number of 

candidates for this therapy.

iii. Increased probability of healthy CART cell generation: an off-the-shelf approach 

would overcome challenges in CART manufacturing from patients with diseases 

that are heavily pretreated with chemotherapy and in whom the quantity and 

quality (exhaustion, senescence, autoimmunity) of T cells is suboptimal. This 

standardization of the CART product could potentially lead also to higher 

predictability of clinical response.

The ideal universal CART product should: i. lack naïve TCRs to avoid GVHD; ii. have 

matched or absent HLA to avoid rejection; iii. include NK inhibitory strategies (non-

classical HLA or siglec-7/-9 ligands) and iv. include a significant amount of naïve and stem 

cell memory T cells to ensure adequate T cell expansion and persistence (see Figure 1).

Several strategies are currently being developed (see Figure 1) and many of these are in early 

phase clinical studies (see Table 1). Genome editing of T cells provides a wider application 

for the engineered T cells and the potential to generate truly off-the-shelf products, in large 

due to the capability of multiplex knockout and targeted transduction. While ZFN, TALEN 

and CRISPR technologies are used, we believe the CRISPR/Cas9 system is one most 

promising way to develop off-the-shelf CART products and to advance T cell 

immunotherapy because of the high specificity of this technology, the relative ease and the 

limited cost. Despite the complexity of the application of such tools, the possible benefits 

justify the development of a path to a broader clinical application.
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Key points

• CART cells represent an exciting novel treatment modality for cancer but they 

require patient-specific manufacturing

• Patient-specific manufacturing is costly and time-consuming, therefore 

universal CART products would be highly valuable

• Gene-engineering and cell selection techniques allow the generation of off-

the-shelf CART
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Figure 1. Schema of the currently used strategies to generate universal off the shelf or allogeneic 
CART cells
1) CART cells derived from original hematopoietic donors for patients relapsing after 

allogeneic transplantation; 2) Selection for non- alloreactive T cells to generate CART cells 

(such as virus specific CART cells) 3) Use of alternative effector cells, e.g. macrophages and 

NK cells; 4) Gene-edited CART. E.g.: TALEN technology used to generate TCR negative, 

CD52-negative CART cells; Zinc-finger nucleases and CRISPR-Cas9 to knock out the TCR 

and HLA; The CAR construct is directly delivered into the TCR locus with CRISPR-Cas9 

and an AAV template, generating TCR-negative CART cells. The ideal universal CART 

should be HLA and TCR negative and include non-classical HLA to avoid NK cell lysis. It 

should also include a suicide system to control for potential toxicity.
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