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COMMENTARY

Chimeric Antigen Receptor T-Cells: Successful 
Translation of the First Cell and Gene Therapy From 
Bench to Bedside 

Luis G. Rodriguez-Cartagena1,2, Bradley S. Bowles1, Shaheen S. Kurani1, Anthony J. Windebank1,3, Saad S. Kenderian4,5,6 and 
Alexandra J. Greenberg-Worisek1,7,* 

More than 2 decades after the initial concept of chime-
ric antigen receptor T (CAR-T) cell was described, in-
cremental improvements in molecular biology, virology, 
T-cell immunology, and manufacturing process led to 
regulatory approval of the first CAR-T cell product for 
the treatment of B-cell malignancies. Here, we detail 
the unique translational pathway of CAR-T cell therapy, 
highlighting challenges and facilitators of its translation 
that may be applicable to future cell and gene therapies 
in development.

CANCER AND THE NEED FOR NOVEL THERAPEUTICS

Cancer remains a major international public health concern, 
with a predicted 1.7 million new cases and 609,640 cancer-
related deaths in the United States during 2018.1

Current treatment options include surgery, chemotherapy, 
and radiotherapy. Despite advances in cancer detection, 
surgical technologies, radiation precision, chemotherapeu-
tic agents, and the emergence of targeted therapy, meta-
static cancer remains largely incurable. The rare but durable 
responses after immunotherapy have highlighted the po-
tential for this approach as a new pillar in the treatment of 
cancer.

HISTORY AND DEVELOPMENT OF CELLULAR 
IMMUNOTHERAPY

Allogeneic bone marrow transplantation represents the 
oldest form of cellular immunotherapy. The pivotal exper-
iments were performed by Jacobson and Ford in 1948 
(Figure 1). In 1977, the initial report of 100 patients with 
leukemia who received an allogenic transplantation high-
lighted a few novel observations: (i) patients can engraft 
after bone marrow transplantation; (ii) this technique is an 
effective therapy for the treatment of otherwise fatal leuke-
mia; and (iii) patients develop a “secondary disease,” graft-
vs.-host disease.

These findings prompted scientists to explore new ways 
of using human T cells to target and destroy cancer cells. 

The initial concept consisted of harvesting T cells from a 
patient, genetically modifying them ex vivo to confer them 
anticancer activity, in vitro expansion in sufficient numbers 
to reach therapeutic levels, and, reimplantation of cells back 
into the patient.

In 1989, Gross and colleagues2 designed and detailed 
the construction process of what later became known as 
first-generation CAR-T. Gross et al.2 engineered geneti-
cally modified human cytotoxic T cells in which expression 
of chimeric surface receptors was promoted, conferring 
antibody-like specificity upon the cells. Although first-
generation CAR-T cells were innovative, existing tissue-
culture techniques failed to produce cells in sufficient 
numbers for therapeutic reimplantation. Despite overcom-
ing production limitations, first-generation CAR-T cells re-
mained incapable of achieving clinical effectiveness due 
to their inability to undergo robust proliferation or persist 
inside the body. These challenges stalled further progress 
until 2007, when Brentjens and colleagues3 demonstrated 
complete eradication of acute lymphocytic leukemia (ALL) in 
mouse models using first-generation CAR-T cells designed 
to target CD19. Results pictured CD19 as a promising target 
for B-cell malignancies; however, levels of CAR-T cells per-
sisting inside the body remained low. In 2009, Milone and 
colleagues4 showed that by adding an additional CD-137 
co-stimulatory signal to a first-generation CD19-targeted 
CAR-T cell not only conferred the ability to persist inside the 
body, but also increased its antileukemic efficacy in mouse 
models (known as second-generation CAR-T cells). Two 
years later, investigators from the University of Pennsylvania 
reported complete remissions in three patients with 
refractory chronic lymphocytic leukemia after therapy with 
a second-generation CAR-T cell (CTL019).5 CAR-T cells 
persisted at high levels for 6 months; in follow-up reports, 
CAR-T cells persisted for up to 5 years.6,7 Based on this 
success, investigators decided to extend these findings to 
patients with ALL and, in 2013, reported complete remis-
sion in two patients with relapsed and refractory B-cell ALL 
after infusion with CTL019. These studies showed highly 
promising results that ignited interest and research in the 
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field from major pharmaceutical companies, academic in-
stitutions, and regulatory bodies.

TRANSLATION TO THE CLINIC

US Federal regulations define human cells, tissues, and cel-
lular and tissue-based products as “articles containing or 
consisting of human cells or tissues that are intended for 
implantation, transplantation, infusion, or transfer into a human 
recipient.” For cells or nonstructural tissues, “minimal manipu-
lation” means that the processing of the HCT/P does not alter 
the relevant biological characteristics of cells or tissues. Due to 
the processes involved in the generation of CAR-T cells, they 
do not meet the criteria for “minimal manipulation” set forth in 
these regulations and are, therefore, considered as “more than 
minimal manipulation” products. Such products and processes 
are the responsibility of the US Food and Drug Administration 
(FDA) Center for Biologics Evaluation and Research.

Biologics require the submission of an investigational new 
drug (IND) application to Center for Biologics Evaluation and 
Research. In an IND, the sponsor details information regard-
ing the target subject population, justification for the use of 
the product, prior preclinical experience, known toxicities 
and their management, and manufacturing processes that 
ensure consistency of product quality. In the case of CAR-T 
cell therapy, which involves multiple components, each with 
its own manufacturing challenges, one of the most challeng-
ing sections of the IND is the “Chemistry, Manufacturing, 
and Controls.” Here, the sponsor must show compliance 
with current Good Manufacturing Practice requirements, 
and outline the manufacturing process for each component 
involved. Compliance with the current Good Manufacturing 
Practice ensures the sterility and safety of the therapy’s 
components throughout the manufacturing process, while 

also confirming that the final identity, purity, and potency of 
the manufactured CAR-T cells are sufficient for clinical use.

Upon IND approval, sponsors are allowed to begin early, 
first-in-human trials; however, these can be halted at any 
moment if severe and/or fatal adverse events occur. Trials 
traditionally proceed through four phases; this pathway 
notoriously prolongs clinical translation of novel therapies. 
However, in the case of cutting-edge products with highly 
demonstrated need in serious diseases, the FDA has cre-
ated several newer regulatory pathways/programs in hopes 
of accelerating testing, review, and approval of these prod-
ucts. The FDA’s expedited programs include: (i) “Fast Track,” 
which grants the sponsor access to frequent meetings and 
written communications with the FDA and Rolling Review 
status; (ii) “Breakthrough Therapy,” which grants all Fast 
Track features, plus intensive guidance on drug develop-
ment programs for product testing and organizational com-
mitment; (iii) “Accelerated Approval,” which reduces the 
standard waiting period to obtain clinically meaningful bene-
fit from the drug; and (iv) “Priority Review,” in which the FDA 
commits to reviewing the application within 6 months.

THE RACE FOR FDA APPROVAL

Based on the results of early phase clinical trials,6–8 Novartis 
Pharmaceuticals initiated collaborations with the University 
of Pennsylvania in 2012 that allowed investigators to expand 
CTL019 therapy to a larger number of patients. With this 
support, investigators conducted a seminal trial (n = 30) that 
provided evidence of complete remission of relapsed or re-
fractory ALL in 90% of study participants.8 Although the trial 
demonstrated substantial evidence for clinical effectiveness, 
there were adverse reactions related to the therapy. However, 
the lack of effective treatments for ALL allowed the sponsors 

Figure 1  Historical timeline of the clinical translation of chimeric antigen receptor T (CAR-T) cell therapy. ALL, acute lymphocytic 
leukemia; CLL, chronic lymphocytic leukemia; FDA, US Food and Drug Administration.
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to receive “Orphan Drug” designation from the FDA, which 
provided additional regulatory assistance to speed translation.

In 2015, Novartis conducted a multicenter phase II trial 
(n = 75) to explore tisagenlecleucel’s (formerly CTL019) 
clinical effectiveness in treating pediatric and young adult 
patients with CD19+ relapsed or refractory B-cell ALL.9 
Preliminary data led the FDA to grant KYMRIAH (tisagen-
lecleucel, Novartis, Basel, Switzerland) an additional 
“Breakthrough Therapy” designation. An interim analysis of 
trial data in 2016 demonstrated tisagenlecleucel efficacy, 
later earning it “Priority Review” designation.

In 2017, the importance of the synergistic effects of “Orphan 
Drug,” “Breakthrough Therapy,” and “Priority Review” desig-
nations were highlighted by the FDA approval of tisagenlec-
leucel for the treatment of relapsed or refractory B-cell ALL in 
patients 25 years of age or younger, making it the first FDA ap-
proved cell therapy available in the United States. Because of 
the risks of cytokine release syndrome and neurotoxicity, tis-
agenlecleucel was approved with a risk evaluation and mitiga-
tion strategy. This aims to reduce the risk of adverse reactions 
by (i) ensuring that those who prescribe, dispense, or adminis-
ter tisagenlecleucel are aware of how to monitor for and man-
age side effects and (ii) that hospitals and associated clinics 
have on-site immediate access to effective adverse reaction 
treatments. However, tisagenlecleucel status as the only FDA-
approved cell therapy available was short lived. Six weeks 
after tisagenlecleucel approval, YESCARTA (axicabtagene-
ciloleucel), a CAR-T cell therapeutic from competing Kite 
Pharma (Los Angeles, California, USA), was approved by the 
FDA for the treatment of refractory diffuse large B-cell lym-
phoma after appropriate testing in clinical trials. Similar to its 
competitor, axicabtagene-ciloleucel received “Orphan Drug,” 
“Breakthrough Therapy,” and “Priority Review” designations 
that allowed for accelerated testing, review, and approval. 
Although these medications were approved independently for 
two different diseases and patient populations, both followed 
nearly identical regulatory pathways. Therefore, these two 
therapies may have set the standard and path to follow for 
developing gene and cell therapies.

APPLICATION AND FEASIBILITY

Despite clinical success, FDA approval achievement, and 
overwhelming positive response internationally from physi-
cians and the public, CAR-T cell therapies still face many 
challenges in clinical practice. Due to their complex nature, 
CAR-T cell therapies are only offered at institutions capable 
of providing the equipment, resources, and clinical expertise 
needed to successfully administer the therapy. Furthermore, 
this exclusivity may have played a role in CAR-T cell therapy 
cost, which can be as high as $475,000 and $373,000 for a 
one-time treatment of tisagenlecleucel or axicabtagene-cil-
oleucel, respectively. Therefore, the combination of limited 
offering centers and excessively high costs may prevent 
most patients from receiving this therapy.

LESSONS LEARNED

The translational history of CAR-T cell therapy can provide 
important lessons to help future researchers navigate the 

burgeoning regulatory environment for more than mini-
mally manipulated cell-based therapies. First, researchers 
need to be aware of regulatory bodies that oversee bio-
logic therapies and show compliance with requirements. 
Second, investigators working on therapies intended for 
serious conditions with no available effective treatments 
should be aware of the various pathways provided by the 
FDA designed to help accelerate translation of such novel 
therapeutics. This is especially evident in the case of tis-
agenlecleucel and axicabtagene-ciloleucel, which were able 
to take advantage of three of the four expedited programs. 
It is hoped that lessons learned from CAR-T cell therapies 
will smooth the clinical translation of new gene and cell ther-
apies in the dynamic regulatory environment surrounding 
these treatments. Last, developing gene and cell therapies 
must be mindful of circumstances that may limit the number 
of patients who can ultimately benefit from innovative tech-
nologies, such as patient’s access to and potential costs 
associated with said therapies that may limit the number of 
patients who can ultimately benefit from them.
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