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Abstract

Recently, immunotherapy for cancer has begun to garner traction with encouraging results in a 

number of malignancies. Included within this arena has been the genetic engineering of 

autologous T cells with chimeric antigen receptors (CAR) against tumor target ligands. The 

majority of this experience has included the use of CAR T cells directed against CD19 for B cell 

hematologic malignancies. The most striking efficacy to date with CAR T cells directed against 

CD19 has been in relapsed and refractory B cell acute lymphoblastic leukemia (B-ALL), with the 

overwhelming majority of patients experiencing complete remissions. Additionally, single-center 

and largely early phase studies have demonstrated responses in patients with varying histologies of 

relapsed and refractory B cell non-Hodgkin lymphoma (B-NHL). The favorable response rates 

seen with this technology have been tempered by the high-risk of toxicity, particularly in the form 

of cytokine-release syndrome (CRS) and neurotoxicity. Agents such as tocilizumab and 

corticosteroids have been used to treat these toxicities. The current state-of-the-science includes: 

strategies to circumvent and treat toxicity, manufacturing and study of later generation CAR 

constructs with the intention of improving efficacy and development of CARs against other tumor 

targets for both hematologic and solid tumor malignancies. The observation of an early efficacy 

signal assures further integration and development of this modality into future immunotherapeutic 

strategies for various cancers.
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The last few years have seen outstanding results from clinical trials evaluating gene-

engineered autologous T cells for cancer. More than just a new drug class, gene-targeted T 

cells represent a “living drug” with the potential to eradicate widespread cancer and provide 

long-term protection in the form of immunologic memory. As with any new therapeutic 
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drug class there are critical issues to understand when applying this therapy to patients and 

to assist in its further clinical development. We will briefly present the historical background 

and review the remarkable clinical success of this novel cell therapy.

The Chimeric Antigen Receptor

The chimeric antigen receptor[1] (CAR) is a hybrid molecule composed of antigen-binding 

domains fused to T cell activation and costimulatory domains (Figure 1). The antigen-

binding domain of an antibody is recreated in the form of a single chain variable fragment 

(scFv). It is expressed on the cell surface and anchored to the cell membrane via hinge and 

transmembrane domains, usually from CD8 or immunoglobulin proteins. The intracellular 

portion of the CAR is composed of CD3ζ immunoreceptor tyrosine-based activation motif 

(ITAM) domains that support T cell activation, signaling, and cytotoxicity when the scFv 

binds its antigen. Therefore, T cells genetically modified to express this hybrid protein are 

endowed with a new antigen-specificity in addition to the antigen-specificity encoded by the 

endogenous T cell receptor.

The CAR design of scFv, hinge, transmemembrane, and CD3ζ is considered to be 1st 

generation (Figure 1). T cells modified with 1st generation CARs were quite effective in 

vitro, but had limited expansion and persistence in vivo that did not provide protection 

against tumor growth in animal models.[1] This limited efficacy was overcome due to 

insights from T cell biology. For full activation and persistence of endogenous T cells, 2 

signals are needed: one through CD3ζ and the second through the CD28 costimulatory 

receptor. CAR researchers intuited that a chimeric receptor composed of a CD3ζ activation 

domain paired with a costimulatory domain could improve in vivo T cell function (Figure 

1). Indeed, this is what was observed when T cells modified with 2nd generation CARs were 

infused into immune deficient mice. Importantly, researchers determined that CD28 was not 

the only costimulatory domain that enhanced CAR T cell function; CD27, OX40, or 41BB 

also enhance CAR T cell in vivo function when paired with CD3ζ activation.[2-6] These 

pre-clinical results demonstrating increased persistence, expansion, and tumor protection of 

2nd generation CAR T cells were later confirmed by a Phase I trial comparing 1st generation 

CAR T cells and 2nd generation CAR T cells adoptively transferred into patients with B cell 

malignancies.[7] This clinical trial served as the critical rationale for further evaluating 2nd 

generation CAR T cell in patients.

The Phase I experience with CAR T cells as a cancer immunotherapy

B-cell non-Hodgkin’s Lymphoma (B-NHL)

While many CARs had undergone preclinical development and validation, the initial clinical 

evaluation focused on CD19-targeted CAR T cells because the CD19 B cell antigen was 

deemed a safe target. This is due to the limited expression pattern of CD19, which is 

restricted to the B cell lineage, so the potential of on-target off-tumor complications would 

be limited to B cell aplasia. The earliest trials focused on indolent histology-B-NHL such as 

chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) and the results 

were disappointing with sporadic objective responses.[7-9] However, these trials did 

advance the clinical application of CAR T cells by establishing critical factors required for 
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optimal CAR T cell function, which were then adapted by the next iteration of trials 

targeting CD19. In the first clinical experience of CAR T cell for patients with follicular 

lymphoma (FL) and diffuse large B-cell lymphoma (DLBCL), Jensen et al[9] demonstrated 

that electroporation of T cells and the subsequent long-term culture resulted in poorly 

functional CAR T cells and nearly all trials subsequently have used viral transduction as 

their mode of gene transfer with this 1st generation construct. This group was also the first to 

demonstrate the immune-mediated host rejection of “foreign” CARs, which could limit the 

persistence and long-term efficacy of CAR T cell therapy and is being addressed by 

humanizing murine-based scFv’s. Brentjens et al [8] from the Memorial Sloan Kettering 

Cancer Center (MSKCC) group targeted patients’ T cells to CD19 with a 2nd generation 

CAR that included CD3ζ and CD28 intracellular domains. All but one of the treated adults 

had relapsed/refractory CLL. Their report established that conditioning chemotherapy was 

required for optimal CAR T cell function. Patients treated with conditioning chemotherapy 

followed by CD19-targeted CAR T cells had better outcomes, including stable disease and 

objective response, and the CAR T cells persisted for up to two months and expanded to 

comprise up to 5% of peripheral blood cells, while CAR T cells were undetectable in 

patients treated without conditioning chemotherapy. Savoldo et al [7] reported a substantial 

improvement in expansion and persistence with 2nd generation vs 1st generation CAR T 

cells when infused into patients with B-NHL. They determined that 2nd generation CAR T 

cells could be detected up to 6 months post infusion, versus 2 weeks for 1st generation CAR 

T cells, and expanded up to a maximum that was 60x greater than 1st generation CAR T 

cells. However, there were no objective responses noted in any of the treated patients.

Recently, the group at the National Cancer Institute (NCI) has published the largest cohort 

of B-NHL patients treated with CD19-targeted CAR T cells preceded by chemotherapy 

consisting of cyclophosphamide 60-120 mg/kg and fludarabine at a total dose of 125 mg/m2 

with the purpose of lympho-depletion.[10] Six of 7 patients with DLBCL responded with 

either a complete (CR) or partial remission and all 6 patients with indolent histology B-NHL 

responded (PR or CR). The longest responses were 1 year in a DLBCL patient and 2 years 

in a patient with indolent B-NHL. The CAR T expansion peaked from 7-17 days post 

infusion. The investigators chose to lower the dose of CAR T cells from 5 ×106/kg to 1 × 

106/kg due to toxicity manifested predominately by the cytokine-release syndrome (CRS). 

Thirteen of 15 patients experienced ≥ grade 3 toxicity. In a follow-up study presented at the 

American Society of Hematology (ASH) meeting in 2014, the NCI investigators studied 

lower doses of conditioning chemotherapy (cyclophosphamide 900 mg/m2 and fludarabine 

90 mg/m2) and noted less toxicity related to severe CRS.[11]

Investigators from the University of Pennsylvania (UPENN) recently presented updated 

results of a phase IIa study treating chemotherapy refractory FL, mantle cell lymphoma 

(MCL) and DLBCL patients with CAR T cells.[12] The UPENN 2nd generation CAR 

incorporates a 4-1BB co-stimulatory domain. Patients received physician’s choice 

conditioning chemotherapy prior to administration of CAR T cells. Of 12 evaluable patients 

treated with DLBCL, 2 patients had a CR and 4 had a PR to CAR T cells with an overall 

response rate (ORR) of 50%. The longest responder is in continuous remission > 1 year 

following CAR-T treatment. All 7 patients with FL responded, with longest remission being 

> 1 year post-treatment. One of 2 patients with MCL experienced a response with short (< 2 
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months) follow-up thus far. Twelve non-hematologic ≥ grade 3 toxic events were observed 

with 4 of these events related to CRS or neurotoxicity. At the same meeting, investigators 

from the Fred Hutchinson Cancer Research Center group updated their study of CAR T 

cells, which include 4-1BB co-stimulation, for refractory B-cell malignancies.[13] The 

novelty of this study is that the CAR T product is composed of a fixed 1:1 ratio of CD8+ T 

central memory cells to CD4+ T cells based on encouraging data from animal models. Seven 

of 13 B-NHL patients responded (CR n=1, PR n=6) with no episodes of severe CRS. 

Responses appeared to correlate with peak expansion and persistence of CAR T in this 

interim analysis.

Lastly, the group from the Memorial Sloan Kettering Cancer Center (MSKCC) is currently 

evaluating CAR T cells in consolidation for high-risk relapsed/refractory DLBCL/aggressive 

histology B-NHL in partial remission after salvage chemotherapy following a HDT-ASCT.

[14] The intention of this approach is to deliver the cellular immune therapy in a maximally 

lympho-ablative setting immediately following HDT-ASCT for potential optimization of 

CAR T cell expansion and efficacy. The second generation CAR T construct includes a 

CD28 co-stimulatory molecule. In an update presented at the 2015 ASCO meeting, 4 of 10 

evaluable patients were in continuous remission at a median of 14 months, and 2 patients in 

CR at nearly 2 years, following study treatment.[14] All but one patient developed febrile 

neutropenia, as is expected post HDT. The most common ≥ grade 3 toxicity was reversible 

neurotoxicity in 7/11 patients. The investigators have attributed these toxicities to CRS 

related to CAR T cells.

Results from early stage clinical trials have demonstrated that CD19-targeted CAR T cells 

are an active therapy for NHL. Longer follow-up is needed to determine the durability of the 

remissions and there is a need for improvement in the CR rate. Multiple groups are 

evaluating how to improve this therapy by further optimizing conditioning chemotherapy, T 

cell subsets, combinatorial regimens, and even CAR design. While multiple agents have 

been recently approved for relapsed NHL, the large numbers of patients that relapse after or 

don’t respond to these agents are still in need of novel therapies.

B cell acute lymphoblastic leukemia (B-ALL)

Early evaluation in patients with NHL provided a proof-of-principle for CD19-targeted CAR 

T cells as a cancer immunotherapy. Therefore, Phase I trials were developed to evaluate the 

safety and efficacy of CD19-targeted CAR T cells against B-ALL.[15-19] There were 

concerns about the feasibility of targeting an acute leukemia, such as B-ALL, with a gene-

engineered cell therapy. It was unknown if a sufficient number of T cells could be collected 

from patients with high blast counts or pancytopenic from disease or high-doses of frequent, 

multi-agent chemotherapeutic regimens. Furthermore, multiple high-dose chemotherapy 

regimens could potentially affect the function of collected T cells. Another major concern 

was that the time required to collect, genetically modify, and expand CD19-targeted CAR T 

cells would be too long and result in patients dying due to progression of disease before they 

could be treated on trial. B-ALL remains one of the few oncologic diagnoses that require 

hospitalization and urgent treatment to prevent death. Indeed, the overall survival of adults 

with relapsed/refractory B-ALL is a few months.[20, 21] Lastly, it was unknown if the 
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adoptive transfer of CAR T cells could eradicate a rapidly proliferating acute leukemia. 

However, the efforts of multiple independent groups have demonstrated that B-ALL is 

uniquely sensitive to the adoptive transfer of 2nd generation CD19-targeted CAR T cells and 

none of the concerns regarding the feasibility of CAR T cells as a cancer therapy were 

realized.

The Sadelain and Brentjens group at MKSCC[15, 16], were the first to publish their 

experience targeting B-ALL with CD19-targeted CAR T cells. The exciting results from the 

MSKCC trial were later confirmed by studies from the Mackall group at the NCI[19] and 

the June group at UPENN[17, 18], suggesting that the first clinical indication for a gene-

modified cell therapy for a cancer is on the horizon. There are differences to highlight 

among the various clinical trial designs and therapeutic products that provide important 

insights about this cancer immunotherapy. The MSKCC group has detailed their efforts 

including adults with relapsed/refractory B-ALL (n=16), while the UPENN and NCI groups 

have treated mostly children (n=21 for NCI, n=25 for UPENN) with a few adults (n=5 for 

UPENN). [15-19] CAR T cells were produced by viral transduction, either using 

gammaretroviral (NCI and MSKCC) or lentiviral (UPENN) vectors, followed by expansion 

with CD3/CD28 beads. Both the NCI (0.03 to 3 × 106 CAR T cells/kg) and the UPENN (0.8 

to 21 × 106 CAR T cells/kg) groups evaluated ranges of CAR T cell doses, while the 

MSKCC group evaluated one dose level (3×106 CAR T cells/kg). While all the CARs are 

2nd generation CARs they differ through their co-stimulatory intracellular domain, CD28 

(NCI and MSKCC) or 41BB (UPENN), and scFv, FMC63 (NCI and UPENN) or SJ25C1 

(MSKCC). In addition, patients were treated with a fixed conditioning regimen consisting of 

either fludarabine and cyclophosphamide (NCI) or cyclophosphamide alone (MSKCC), or a 

physician’s choice regimen (UPENN). Despite these differences the outcomes were 

remarkably similar.[22-25]

The reports from these groups clearly establish the feasibility of collecting T cells from 

patients with an acute leukemia, genetically modifying the T cells to target CD19, and 

expanding them to a sufficient number in a timely fashion. The required T cell dose was 

achieved in all but 2 of the 57 treated patients.[15-19] This is further supported by the intent 

to treat analysis provided by the NCI[19], which demonstrated that every patient enrolled on 

their trial (n=21) was successfully infused with CAR T cells. The expected CR rate after 

salvage chemotherapy for patients with relapsed/refractory B-ALL is approximately 

20-30%.[21] However, the CR rate after CD19-targeted CAR T cell infusion was 

remarkably high in all the trials and without precedent: NCI (67%), MSKCC (88%), and 

UPENN (90%).[15-19] Furthermore, reports from the recent ASH 2014 and ASCO 2015 

meetings confirm that CR rates remain high (67-91%) as the number of patients (n=103) 

treated has increased and other medical centers have opened their own CD19-targeted CAR 

T cell trials for B-ALL.[22-25] Furthermore, these are high-quality remissions as reflected 

by the absence of disease by flow cytometry or immunoglobulin deep sequencing, with 

molecular CR (CRm) being reported in 57% of patients by the NCI[19] and 75% by 

MSKCC[16]. This suggests that these remissions will be durable and early follow-up data 

are supportive with event-free and/or disease-free survivals at 6 months ranging from 67 to 

78%.[17-19]
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Correlative analyses performed by the three groups have revealed important observations. 

The NCI group reported that CAR T cell expansion correlated with response, which is 

intuitive because en mass activation of CD19-targeted CAR T cells should result in 

expansion and tumor eradication.[19] While expansion is correlated with response, no such 

correlation has been reported with CAR T cell persistence, albeit with limited follow-up. 

The CD28 -containing 2nd generation CARs used by MSKCC and the NCI persist for < 2-3 

months and a contraction occurs after the loss of normal and malignant B cells, which 

models a normal immune response.[15, 16, 19] In contrast, about two-thirds of patients 

treated on the UPENN trial have CAR T cell persistence > 4 months.[17, 18] It is uncertain 

if this enhanced persistence is due to the lentiviral modification of T cells or the use of the 

41BB co-stimulatory domain in their 2nd generation CARs. It is also unknown if this 

enhanced persistence will result in more durable remissions than those seen in the MSKCC 

and/or NCI treated patients. Despite the impressive initial responses there is some concern 

regarding the potential for immune escape as a source for relapse. Reports of CD19-negative 

relapses in patients treated with CD19-targeted CAR T cells have been published[17, 18], 

and one group[25] presented results that estimate CD19-negative escape may account for 

half of all relapses. Finally, all groups investigating CD19-targeted CAR T cells have also 

reported that CRS correlates with pre-treatment disease burden. Understanding the biology 

of the CRS and developing effective clinical management schemes are now the main 

limiting factors for the successful clinical adaptation of CAR T cells to a wider population of 

cancer patients.

The Cytokine Release Syndrome

CD19-targeted CAR T cells infused into patients with relapsed/refractory B-ALL, and to a 

lesser extent NHL result in a constellation of clinical signs and symptoms that are likely a 

by-product of en masse T cell activation. The diagnostic hallmark of this syndrome is the 

secretion of cytokines, although no consistent pattern of up-regulated cytokines is evident, 

probably reflecting the personalized nature of this therapy, since every CAR T cell product 

is different. On average, within 1-5 days of CAR T cell infusion patients develop fevers, 

with some being high-grade (>40°C), that persist despite treatment with anti-pyretics.

[15-19] Over the ensuing days these patients develop varying levels of hypoxia, 

hypotension, and tachycardia. These toxicities can be self-limiting and require only 

monitoring with minimal support such as fluids and supplemental oxygen by nasal cannula. 

However, some patients require aggressive support such as vasopressors and/or mechanical 

ventilation, as well as therapies directed to attenuating the CRS.

While cytokines are largely the cause for the clinically worrisome toxicities, they also 

represent a potential target for attenuation of the CRS. Corticosteroids and cytokine blocking 

proteins, such as tocilizumab and etanercept, have been used with success at ameliorating 

the CRS.[15-19] Treatment of patients with these agents results in rapid (within a few hours) 

resolution of the toxicities from the CRS. However, early evidence suggests that some of the 

CRS interventions may affect CAR T cell efficacy. The MSKCC group determined that 

steroid treatment was lymphotoxic, resulting in no CAR T cell expansion presumably due to 

CAR T cell death.[15, 16] Importantly, they reported no such lymphotoxic CAR T cell 

effect after single agent tocilizumab treatment. In fact, CAR T cells were detected at 5x 
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greater levels in the BM of CRS patients given supportive care alone or treated with 

tocilizumab versus steroids.[15, 16] This lack of expansion impacts clinical outcome since 

all the patients treated with steroids in the MSKCC cohort developed early relapses. While 

cytokine blocking agents do not appear to affect CAR T cell expansion, it is unknown if they 

may limit long-term CAR T cell efficacy, which will only be revealed when there is a long 

enough follow-up to assess durability of remissions in patients treated with these agents.

Patients in all three trials also developed neurologic toxicities after CAR T cell infusion.

[15-19] These can range from mild complications, such as confusion, to severe 

complications such as seizures and/or obtundation requiring intubation and mechanical 

ventilation. In some patients the toxicities progressed with the patients first developing mild 

confusion, progressing to delirium, aphasia, and ultimately resulting in obtundation and/or 

seizures. The mechanism behind these toxicities remains in question although there is 

evidence to implicate CAR T cells. First of all, widespread activation of T cells can mediate 

a similar constellation of symptoms as reported by clinical trials using anti-CD28 or 

blinatumomab antibodies, which both activate T cells en masse.[26, 27] Furthermore, the 

majority of the neurotoxicities occur in patients with severe CRS. All three groups have 

documented infiltration of CAR T cells into the cerebrospinal fluid.[16, 18, 19] It is 

uncertain if infiltration of the CAR T cells is antigen-specific or a by-product of 

inflammation. While the CRS and neurotoxicities are concerning it is re-assuring that all 

groups have reported full resolution of symptoms and no long-lasting deficits.

Conclusions

The success of CD19-targeted CAR T cells against B-ALL has established the potential for 

CAR T cells as a cancer immunotherapy. The main focus over the next several years will 

involve confirming the clinical efficacy of this therapy for B-ALL to garner the first clinical 

indication for a gene-engineered cell immunotherapy. However, there will also be new trials 

evaluating CARs against a number of other malignancies to establish its utility as a general 

cancer therapy. Early results targeting solid tumors have demonstrated safety but limited 

efficacy suggesting that adapting this therapy to other cancers will require additional genetic 

modifications of the CAR or the CAR T cells that will utilize advances in CAR design.
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Figure 1. The Chimeric Antigen Receptor
On the left is a 1st generation CAR composed of an scFv (binds antigen), hinge and 

transmembrane (TM) domains (anchors the CAR in the cell membrane), and the three 

intracellular ITAM motifs of CD3ζ (signal 1 that mediates T cell activation). On the right is 

a 2nd generation CAR, which also includes the intracellular domain of an immunoreceptor, 

such as CD28 or 4-1BB, that mediates co-stimulation (signal 2).
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