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The regulation of CAR-T cells
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The clinical success of genetically modified T cells utilizing chimeric an-
tigen receptors has been seen in the treatment especially of B cell he-
matological malignancies in several clinical trials to date. The regulatory 
requirements for CAR-T cell therapy is a challenging task because of the 
unique and novel nature of each therapy. The manufacture of genetically 
modified T cells, whether they are derived from an autologous or alloge-
neic source, requires reproducibility, safety and efficacy of the final prod-
uct. Therefore, the regulatory approach taken for these cell therapies is 
dictated not only by the manufacture of the products but also by their 
intended clinical use and method of clinical delivery.
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LATEST DEVELOPMENTS IN CAR-T  
CELL MANUFACTURING

Chimeric antigen receptors (CARs) 
are genetically engineered to com-
bine an extracellular single-chain 
antigen-recognition domain (ScFv, 
usually derived from a specific mu-
rine-derived monoclonal antibody) 
with one or more intracellular T 
cell signaling domains. Gene trans-
fer techniques have allowed CARs 
to be introduced into normal T 
cells and thereby, redirecting the 
cells to target specific new antigens, 
which is independent of major his-
tocompatibility complexes [1,2]. T 
cells are usually transduced with 
CARs that are encoded in lentiviral 

or retroviral vectors,  although oth-
er methods such as electroporation 
and RNA-based methods can also 
be employed [3,4]. These integrat-
ing vectors allow for the perma-
nent modification of the genome 
and increase the potential for long 
lasting expression of the CAR pro-
tein for the life of the T cell. The 
components and structure of the 
CAR signaling domain are critical 
for maximal activation, expansion 
and persistence of CAR-T cells. 
The so-called ‘first-generation’ 
CARs, which included only the an-
tigen-recognition domain with an 

intracellular CD3ζ signaling do-
main, had limited clinical activity 
[3,5,6]. Several groups have worked 
to improve treatment efficacy by 
developing ‘second-generation’ 
CARs, which include a costimula-
tory domain typically derived from 
CD28 or CD137 (also known as 
4-1BB), in addition to the CD3ζ 
domain. 

It has recently been shown in 
several clinical trials that geneti-
cally modified T cells expressing 
CARs that target the CD19 anti-
gen on the cell surface of tumor 
cells have significantly treated B 
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cell hematological malignancies [7],  
including acute lymphoblastic leu-
kemia (ALL), chronic lymphocytic 
leukemia (CLL) and non-Hod-
gkin’s lymphoma (NHL). Most of 
these clinical trials were conducted 
in the autologous setting, whereby 
T cells are procured from an apher-
esis product collected from the pa-
tient to be treated. Although in a 
therapy utilizing T cells expressing 
ErbB-targeted CAR and an IL-4 
responsive chimeric cytokine recep-
tor, the starting material consisted 
of peripheral blood mononuclear 
cells (PBMCs) isolated from pa-
tient-derived whole blood [8]. The 
patient’s cells are then genetically 
modified using an attenuated retro-
viral vector (usually a γ-retrovirus or 
self-inactivating lentivirus) express-
ing the CAR along with possibly 
other genes of interest, such as sui-
cide-triggering or cytokine-express-
ing genes [9], and then expanded to 
several billions of cells. These cells 
are usually cryopreserved and then 
reinfused into the patient at specific 
dosages, which are usually deter-
mined as the number of CAR+ T 
cells/kg body weight.

Recently, investigators at Great 
Ormond Street Hospital and Uni-
versity College London’s Institute of 
Child Health have treated two in-
fants with relapsed/refractory ALL,  
with a single dose of off-the-shelf 
CD19 CAR+ TCR- CD52- allogeneic 
T cells derived from a healthy donor 
(UCART19) [10]. The manufacture 
of allogeneic CAR-specific T cell 
therapies follow more or less similar 
manufacturing processes with re-
spect to the transduction and expan-
sion stages described above for autol-
ogous CAR-T cells except that the 
manufacturing starts with an aphere-
sis product originating from a single 
donor so as to provide treatments to 

large numbers of patients. For most 
of the allogeneic CAR-T cell prod-
ucts, the genetically modified T cells 
are further genetically engineered 
usually by gene editing to minimize 
graft versus host disease (GvHD) 
since studies have clearly demon-
strated that allogeneic CAR-T cells 
can not only induce tumor regres-
sion but also drive GvHD [11,12]. In 
this instance, the UCART19 infused 
allogeneic CARs expressing T cells 
were gene edited by nucleases to dis-
rupt expression of the endogenous T 
cell receptors (TCRs) to avoid allore-
activity [13]. 

The nature of a medical condi-
tion may dictate whether autolo-
gous or allogeneic therapy is most 
appropriate. For instance, allogene-
ic therapy may be the only option 
when emergency care is required be-
cause of the time needed to produce 
autologous therapy. Because of the 
potential for causing GvHD, the 
use of donor-derived cells, especial-
ly en route to off-the-shelf T cells, 
needs to be further evaluated. There 
are currently many studies that use 
multiple techniques to address safe-
ty concerns to avoid GvHD. How-
ever, there are many diseases where 
both autologous and allogeneic 
therapies are being considered. 
From a regulatory standpoint, 
when cell therapies first evolved, 
the US Food and Drug Adminis-
tration (FDA) struggled to regulate 
them since at that time regulations 
were tailored to different types of 
drugs; small molecule therapeutics 
that were usually chemical in na-
ture. The regulations on cell thera-
py products have evolved over time 
and have become relatively clearer. 

Since the manufacture of 
CAR-specific T cells, as briefly de-
scribed above, requires what we call 
‘more than minimal manipulations’ 
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(MTMM), the cell product is clear-
ly regulated under the Public Health 
Service Act (PHSAct) section 351. 
Regulating the CAR-T cell product 
under section 351 is a key distinc-
tion because section 351 requires 
pre-market approval usually via 
the clinical trial pathway. To pre-
vent failure at marketing authoriza-
tion approval, the manufacturing, 
pre-clinical and Phase 1 trial con-
siderations have to carefully navi-
gate the regulatory environment.

The FDA has made substantial 
progress in its efforts to address the 
rapidly evolving technology equat-
ed with the manufacture of CAR 
specific T-cell therapies. This is ev-
idenced by the numerous guidance 
documents on cell and gene thera-
pies that have been generated in the 
past decade as depicted in Box  1. 
The agency is a partner at the In-
ternational Council for Harmoni-
zation of Technical Requirements 
for Pharmaceuticals for Human 
Use (ICH). In the field of cell and 
gene therapy, several ICH Guide-
lines (Box 1) were developed so as to 
achieve harmonization via a process 
of scientific consensus with regula-
tory and industry experts working 
side by side. 

MANUFACTURING
There are currently many challenges 
facing the CAR-T therapy industry 
particularly in the regulated manu-
facture of these products under cur-
rent Good Manufacturing Practices 
(cGMP) [14]. cGMPs are described 
in the Code of Federal Regulations 
(CFR) Parts 210 (Definitions), 211 
(Basic Instructions) and Part 11 
(Electronic Data).

The cGMP regulations for drugs, 
which include biological drugs, 

contain minimum requirements for 
the methods, facilities and controls 
used in manufacturing, processing 
and packing of a drug product. The 
regulations make sure that a prod-
uct is safe for use in that it has the 
ingredients and strength it claims to 
have. Adherence to the cGMP regu-
lations assures the identity, strength, 
quality and purity of drug products 
and is required for manufacturers 
of medications to adequately con-
trol manufacturing operations. This 
includes establishing strong quality 
management systems, obtaining 
appropriate quality raw materials, 
establishing robust operating pro-
cedures, detecting and investigat-
ing product quality deviations and 
maintaining reliable testing of labo-
ratories. The components of a pro-
cess-oriented quality management 
system is depicted in Figure 1.

cGMPs should be applied 
throughout the product lifecycle. 
GMP stringency increases as the 
product moves through the prod-
uct development phases through 
to commercialization (Figure 2). 
For instance, the chemistry, man-
ufacturing and control (CMC) 
information that is included with 
the early-stage clinical trials may 
be less detailed than with the li-
censing application and post-ap-
proval amendment applications. 
Data requirements (such as pro-
cess validation) for GMP increase 
as knowledge about the product 
accumulates. Such information is 
submitted in the Quality section 
of the clinical trial and licensing 
applications. The Quality section 
contains detailed information on 
the quality aspects, characteristics 
and manufacture of the drug sub-
stance and drug products. In July 
2008, the FDA released a guidance 
“cGMP for Phase 1 Investigational 
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Drugs” exempting the manufac-
ture of most investigational new 
drug (IND) and biological prod-
ucts used in Phase 1 clinical trials 
from complying with 21 CFR part 

211 under 21 CFR 210.2(c). Be-
cause a Phase 1 clinical trial initial-
ly introduces an IND into human 
subjects, appropriate cGMP helps 
ensure subject safety. This guidance 

 fBOX 1
FDA [56]

 f Guidance for Industry

 f Guidance for Human Somatic Cell Therapy and Gene Therapy 3/1998

 f Supplemental Guidance on Testing for Replication Competent Retrovirus in Retroviral Vector-Based Gene 
Therapy Products and During Follow-up of Patients in Clinical Trials Using Retroviral Vectors 11/2006

 f Gene Therapy Clinical Trials - Observing Subjects for Delayed Adverse Events 11/2006

 f Eligibility Determination for Donors of Human Cells, Tissues, and Cellular and Tissue-Based Products 8/2007

 f Guidances for the Submission of Content and Review of Chemistry, Manufacturing, and Control (CMC) 
Information for Human Gene Therapy and Somatic Cell Therapy Investigational New Drug Applications 
(INDs) 04/2008

 f Recommendations for Microbial Vectors Used for Gene Therapy; Guidance for Industry 09/2016 cGTP and 
additional requirements for manufacturers of Human cells, Tissues, and Cellular and tissue-based Products 
(HCT/Ps) 1/2009

 f Characterization and Qualification of Cell Substrates and other Biological Materials Used in the Production 
of Viral Vaccines for infectious Disease indications 2/2010

 f Cellular therapy for Cardiac Disease 10/2010

 f Clinical Considerations for Therapeutic Cancer Vaccines 10/2011

 f Potency tests for Cellular and gene Therapy Products 1/2011

 f Clinical Considerations for Therapeutic Cancer Vaccines 10/2011

 f Preclinical Assessment of Investigational Cellular and Gene Therapy Products 11/2013

 f Determining the Need for and Content of Environmental Assessments for Gene Therapies, Vectored 
Vaccines, and Related Recombinant Viral or Microbial Products; Guidance for Industry 3/2015

 f Considerations for the Design of Early-Phase Clinical Trials of Cellular and Gene Therapy Products; 
Guidance for Industry 6/2015

 f Design and Analysis of Shedding Studies for Virus or Bacteria-Based Gene Therapy and Oncolytic Products; 
Guidance for Industry 8/2015

ICH [57]

Q5A (R1): Viral Safety evaluation of Biotechnology Products Derived from Cell lines of Human or animal origin 
Q5B: Quality of Biotechnological Products: analysis of the expression Construct
Q5D: Cells used for Production of r-DNA Derived Protein Products Derivation and Characterization of Cell 
Substrates Used for Production of Biotechnological/Biological Products
Q6B: Specifications — test Procedures and acceptance Criteria for Biotechnological/ Biological Products
Q7: Good manufacturing Practice Guide for active Pharmaceutical ingredients
Q8 (R2): Pharmaceutical Development
Q9: Quality risk management
Q11 (Draft): Development and manufacture of Drug Substances (Chemical entities and Biotechnological/Bio-
logical entities), current step 2 version dated 19 may 2011
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applies, as part of cGMP, quali-
ty control (QC) principles to the 
manufacture of Phase 1 investiga-
tional drugs (i.e., interpreting and 
implementing cGMP consistent 
with good scientific methodology), 
which foster cGMP activities that 
are more appropriate for Phase 1 
clinical trials, improve the quality 
of Phase 1 investigational drugs, 
and facilitate the initiation of in-
vestigational clinical trials in hu-
mans while continuing to protect 
trial subjects [15].  

It is important to note that 
during product development, 
the quality and safety of Phase 1 
investigational drugs should be 
maintained, in part, by having ap-
propriate QC procedures in effect. 
Using established or standardized 
QC procedures and following ap-
propriate cGMP will also facilitate 
the manufacture of equivalent or 
comparable IND product for fu-
ture clinical trials as needed. 

Adherence to cGMP during 
manufacture of Phase 1 investiga-
tional drugs occurs mostly through: 

 f Well-defined, written procedures

 f Adequately controlled equipment 
and manufacturing environment 

 f  Accurately and consistently 
recorded data from manu-
facturing (including testing) 

Meeting regulatory requirements 
for the manufacturing process of 
CAR-T cells means addressing sev-
eral technical challenges, which in-
clude setting suitable specifications 
to allow for variability in the start-
ing material (autologous or alloge-
neic sources). This inherent variabil-
ity between the sources of patients’ 
cells is a key reason for the higher 
batch failure seen with CAR-T 
cell therapies. Defining specifica-
tions for the final product as well 
as conducting suitably extensive 
final product characterization will 
enable comparison of results with-
in trials and following any changes 

 f FIGURE 1
Process-oriented quality management system.
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in the product manufacture process 
or manufacturing site. During the 
development process,  to reach the 
scale required, further manufactur-
ing optimizations will also be need-
ed to include the use of fully GMP 
or clinical-grade reagents and ideal-
ly remove serum-containing steps. 
Because the cell therapy field is 
evolving, GMP quality reagents are 
not always available and raw mate-
rials of biological origin are often 
required.

Another recognized critical man-
ufacturing step is the transduction 
of T cells with the viral vector (typ-
ically gamma-retrovirus or lentivi-
rus) so as to introduce the genetic 
modification required to express the 
CAR. To address the possibility of 
having a replication competent ret-
rovirus (RCR) develop in retroviral 
vector-based gene therapy products, 
there is a requirement for extensive 
and repeated viral-vector replica-
tion-competency testing [16]. RCR 
may develop at any step during 
manufacturing, from develop-
ment of the initial master cell bank 
through production of the retroviral 
vector supernatant. In addition, the 
growth of ex vivo transduced cells 
provides the potential for amplifi-
cation of any RCR contaminant, 
which may be below the level of 
detection in the retroviral vector 

supernatant. Therefore, current 
testing recommendations include 
testing of material obtained at mul-
tiple stages of product manufacture 
from Master cell banks, end of pro-
duction cells and vector containing 
supernatant from the manufacture 
of the retroviral vector and ex vivo 
transduced cells that are cultured 
for more than 4 days after trans-
duction. These recommendations 
stemmed from early trials but re-
cent experience with more modern 
vector constructs have shown no 

evidence of replication competency 
in vectors designed to be replica-
tion incompetent, with no positive 
replication competency results in 
samples of retrovirus or lentivirus 
vector lots that were used for clin-
ical studies in the past 10 years. It 
would be reasonable to anticipate 
that the extent of replication-com-
petency testing currently required 
could be minimized in the future 
as more clinical safety trials are run 
and show no evidence of RCR.

Another point of regulatory 
concern is the current use of gene 
editing to introduce genetic modi-
fications like the selective deletion 
of the endogenous T cell receptor  
in the manufacture of allogene-
ic CAR-T cells so as to minimize 
GvHD. With current gene edit-
ing technologies, the endogenous 
TCR could be excised through the 
use of nucleases such as zinc finger 
nucleases (ZFNs) [17], transcrip-
tion activator-like effector nucleases 
(TALEN) [13,18] and the CRISPR/
Cas9 system [19]. The possibility 
to control and finely tune the tar-
geting specificity of such platforms 
represents a key issue. These edit-
ing tools are not foolproof and may 
cause gene editing events with the 
introduction of variable length in-
sertion/deletion (indel) at off-target 

 f FIGURE 2
cGMP in clinical investigation.
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sites at the site of the break. Off-tar-
get sites are defined as sequences 
within the genome that contain 
a few mismatches relative to the 
targeted sequence of interest. The 
identification of these off-target 
sites in coding regions (gene, chro-
mosome location, gene function) 
and non-coding regions and deter-
mination that no indels have oc-
curred can be done by using bioin-
formatics scoring analyses as well as 
unbiased genome-wide approaches 
to assess off-target cleavage.

PRE-CLINICAL
In the preclinical area, regulatory 
guidance is available on the require-
ments for preclinical testing [20]. 
To date, the majority of preclin-
ical studies investigating CAR-T 
cell function have focused upon 
verifying specificity and potency 
of anti-tumor activity. This speci-
ficity has been generally confirmed 
by in  vitro assays establishing that 
the T cells endowed with a specific 
CAR show a significant differential 
functional response between the 
target antigen (either as a purified 
form or present on relevant target 
cells) and non-specific antigens. 
Such assays prove CAR function 
and support translation to the an-
imal model system. For genetical-
ly modified T cells, in addition to 
evaluating the safety of the product 
and the viral vector involved, the 
challenge is to evaluate the rele-
vance and utility of relevant effi-
cacy models. In majority of cases, 
utilization of a risk-based approach 
will help in the development of the 
non-clinical strategy. 

Within this approach, the follow-
ing elements should be addressed in 
pre-clinical studies:

 f Scientific basis for conducting 
clinical trials

 f  Data to recommend initial safe 
dose and dose escalation scheme 
in humans

 f Identification of potential target 
tissue(s) of toxicity/activity

 f Identification of parameters for 
clinical monitoring

 f Identification of patient 
eligibility criteria

 f Proof-of-concept studies in 
relevant animal models

 f Extent of functional correction

 f Durability of effect

 f Determine effective dose level 
range

 f Optimize route of 
administration/dose selection/
dosing regimen 

 f Collect safety data in the animal 
models

 f Toxicology studies in relevant 
animal species

 fIdentify, characterize, quantify 
the potential local and systemic 
toxicities

 f Identify target organs/sites 
for toxicity

 f Reversibility (acute or 
chronic toxicities)

 f Dose–response rela tionship

Regulatory authorities generally 
require information relating to the 
specific agent, which in this case is 
the CAR-T cell. It should be ex-
pected that the preclinical data that 
is generated for CAR-T cell prod-
ucts may not be optimally assessed 
and be as informative as that gener-
ated for small molecule pharmaceu-
ticals, particularly since it usually is 
not feasible to conduct traditional 
preclinical pharmacokinetic (PK) 
studies with cell and gene therapy 
products.

Human T cell engraftment in 
the majority of immune-compro-
mised mice is limited. Because 
of the human specificity of the 
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CAR-T cell, studies in standard 
immunocompetent animal mod-
els are not applicable due to the 
rapid targeting and elimination 
of human cells by xenogeneic im-
mune reactions and inability of 
scFv of the CAR-T cell to cross-re-
act with the targeted antigen from 
other species. Nonetheless, several 
studies have shown the efficacy of 
CAR-T cell function using Nude, 
NOD/SCID or SCID/Beige ani-
mals [21–24]. More recently, the 
availability of the highly immuno-
deficient murine xenograft model 
NOG/NSG mouse (NOD/SCID 
IL-2Rγ-/-) has allowed for both the 
efficient human T cell engraftment 
and corresponding recognized hu-
man tumor cells. This animal mod-
el has been extensively used for the 
assessment of in vivo activity of 
CAR-T cell therapies. While these 
models have the limitations with 
respect to on-target/off-tumor cy-
totoxicity and off-target cytotoxic-
ity, and completely eliminate any 
role of MHC mismatch, they have 
proven to be extremely useful for 
assessing in vivo anti-tumor effi-
cacy of CAR-T cells. They have 
emerged as the de  facto standard 
for assessment of in vivo activity of 
CAR-T cell products (see  [25–31] 
among many published articles). 
They have proven capable of dis-
criminating the relative anti-tumor 
activity of different CARs, high-
lighting their capacity to capture 
and semi-quantitatively read out 
useful human in vivo T cell func-
tions (see for example [32]). 

However, it has been observed 
that engrafted T cells can drive 
a xeno-graft-versus-host disease 
(xGvHD), which occurs around 50 
days after adoptive T cell transfer at 
doses above 109 cells/kg [33]. The 
occurrence of xGvHD is associated 

with transduced cell persistence 
and this is affected by the cytokine 
conditions used to culture the cells 
prior to injection into mice. Con-
sequently, this limits the ability to 
investigate the long-term effects of 
CAR-T cells in this model [33–35]. 

Presently, preclinical model sys-
tems are also being used to deter-
mine whether the adverse events 
observed in trials can be recapit-
ulated in mice to permit an exam-
ination of underlying mechanisms 
driving toxicity. At the moment, 
for the large part, such recapit-
ulation of the clinical situation 
has not been achieved. Toxicity 
induced by CD19 CAR-T cells 
in the BALB/c autologous model 
system does not completely reflect 
the toxicity observed in patients, 
especially considering that IL-6 
does not appear to be a major 
driver of acute toxicity unlike that 
observed in patients [36]. More-
over, Her2/neu-targeted CAR-T 
cells have failed to show any evi-
dence of autotoxicity in preclini-
cal models yet the death of a pa-
tient receiving such CAR-T cells, 
potentially as a result of cytokines 
released due to targeting of Her2/
neu present on lung epithelial cells 
[37] testifies the potency of the 
therapy and highlights the poor 
predictive nature of current model 
systems. The reasons for this di-
chotomy between preclinical re-
sults and the patient situation are 
not clear but are likely to include 
factors such as differences in CAR 
structures, T cell biology between 
the mouse and human and differ-
ential drug metabolic capacity be-
tween species [38]. 

With the observations of toxicity 
in the clinic, there is now a stronger 
drive to develop a better understand-
ing of the potential mechanisms of 
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toxicity. Whilst the poor predictive 
nature of current models may relate 
to biological differences between ro-
dents and humans, a more robust 
toxicity testing may be achieved 
when the CAR is able to engage both 
human and murine homologs [39].

Good Laboratory Practices 
(GLPs) are expected to be followed 
in non-clinical laboratory stud-
ies that support or are intended to 
support applications for research 
or marketing permits for products 
regulated by the FDA, including 
biological products. GLP stipulates 
a quality system concerned with 
the organizational process and the 
conditions under which non-clini-
cal health and environmental safe-
ty studies are planned, performed, 
monitored, recorded, archived and 
reported. GLPs are regulations pub-
lished in the Code of Federal Regu-
lations (21CFR part 58). The basic 
elements of GLP are shown in Box 2.

CLINICAL
The clinical trial designs that are 
initiated for CAR-T cell therapies 
do not mimic the traditional Phase 
1-2-3 development pathway that is 
usually utilized for the safety and 
efficacy testing of small molecule 
pharmaceuticals. Differences in 
trial design are necessitated by the 
distinctive features of these prod-
ucts, and may also reflect previous 
clinical experience. These features, 
which may contribute to their risks, 
include the potential for prolonged 
biological activity after a single 
administration, a high potential 
for immunogenicity or the need 
for relatively invasive procedures 
to administer the product. Unlike 
many small molecule pharmaceu-
ticals, the logistics and feasibility 

of manufacturing a CAR-T cell 
product more often influence the 
design of the clinical trials. There-
fore, the design of early-phase 
clinical trials of CAR-T cell prod-
ucts often involves consideration 
of clinical safety issues, preclinical 
issues, and CMC issues that are 
encountered less commonly or not 
at all in the development of other 
pharmaceuticals.

Early-phase clinical trials usu-
ally start directly in patients and 
often proceeds in such a manner 
so as to collect the data required. 
The IND regulations in 21 CFR 
Part 312 emphasize the importance 
of the assessment of trial risks and 
the safeguards for trial subjects. For 
early-phase clinical trials, especially 
first-in-human trials, the primary 
objective should be an evaluation 

 fBOX 2
Basic Elements of GLP

Personnel
 f Sponsor

 f Management

 f Study Director

 f Quality Assurance

Facility
 f Laboratory Operation

 f Animal care

 f Equipment

 f Reagents

 f Storage

Documents
 f SOPs

 f Reports

 f Archiving

Test and Control Articles
 f Characterization

 f Handling

 f Storage



CELL & GENE THERAPY INSIGHTS 

248 DOI: 10.18609/cgti.2017.030

of safety [40]. Safety evaluation in-
cludes an assessment of the nature 
and frequency of potential adverse 
reactions and an estimation of the 
relationship to dose. Consider-
ations are given to optimal dose 
and administration, defining the 
appropriate patient population and 
staggering of the dose escalation. In 
determining the optimal dose and 
administration, starting dose level/
dose-escalation schemes, the route 
of administration and dose schedule 
have to be considered. If immuno-
suppression is to be used, one has to 
consider additional factors such as: 

 f Justification of the dose schedule

 f  Long-term versus short-term 
effects of the immunosuppression 
regimen

 f  Single drug versus a combination 
regimen

Besides variations in the investi-
gational product, other differences 
across CAR-T cell treatment proto-
cols include the type and intensity 
of lymphodepletion, the timing and 
dose of anti-CD19 CAR-T cell in-
fusions, and the target patient pop-
ulation and malignancy. 
In CAR-modified T cell clinical tri-
als, one factor that has been shown 
to impact T cell engraftment and 
proliferation is the use of lympho-
depletion chemotherapy in patients 
prior to T cell infusion [41,42]. This 
pre-conditioning creates space for 
the expansion of infused cells, lim-
its the competition for homeostatic 
gamma chain cytokines IL-2, IL-7 
and IL-15, depletes regulatory T 
cells, and activates the innate im-
mune system. This typically consists 
of a non-myeloablative chemother-
apy regimen usually consisting of a 
course of cyclophosphamide plus 
fludarabine prior to infusion. This 
combination of chemotherapy and 

pre-conditioning reduces the num-
ber of immunosuppressive cells 
that can inhibit CAR-T cells from 
being effective. Lymphodepletion 
may have the additional benefit of 
tumor cytoreduction, which can 
potentially improve CAR-T cell 
treatment efficacy and minimize 
toxicity. Notably, however, some 
patients have responded to CAR-T 
cell therapy in the absence of prior 
lymphodepletion [43]. 

For example, in a Phase 1/2a trial, 
third-generation CD19 CAR-T cell 
therapy combined with chemother-
apy pretreatment resulted in com-
plete response in some lymphoma 
and leukemia patients, according to 
data presented by Prof. Angelica Lo-
skog of Uppsala University in Swe-
den at the CRI-CIMT-EATI-AACR 
International Cancer Immunother-
apy Conference, held in September  
2015. Loskog and colleagues tested 
whether combining chemotherapy 
with pre-conditioning to reduce the 
number of immunosuppressive cells 
could improve treatment outcomes. 
Six patients, three with leukemia 
and three with lymphoma, had 
complete remission. Two of them 
relapsed later. Of the patients who 
had complete response rates, five 
had received pre-conditioning ther-
apy. Of the first five patients who 
did not receive preconditioning 
treatment the day before CAR-T 
cell infusion, only one had an initial 
complete response and the rest had 
rapid disease progression.

In patients with significant dis-
ease burden, especially ALL with 
extensive marrow infiltration or 
non-Hodgkin lymphoma with 
bulky adenopathy, many groups 
start allopurinol for tumor lysis syn-
drome (TLS) prophylaxis prior to 
conditioning chemotherapy or pri-
or to cell infusion [43–45].
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It is worth mentioning that in July 
2016, Juno Therapeutics reported 
three deaths from cerebral edema in 
the so-called ‘ROCKET’ trial that 
was testing JCAR015, a CAR-T cell 
against the B cell antigen, CD19, 
in adult patients with relapsed/re-
fractory ALL. Juno attributed the 
deaths to the interaction between 
the preconditioning chemo reg-
imen – consisting of fludarabine 
and cyclophosphamide – and the 
CAR-T cells reinfused back into 
the patient. Since then, 12 new pa-
tients were treated with JCAR015 
using a pre-conditioning course of 
cyclophosphamide alone, following 
which two additional patients died 
of cerebral edema. Juno executives 
did not yet have an answer for what 
factor triggered the new deaths, al-
though Juno’s chief medical officer 
Mark Gilbert noted the recent cases 
of cerebral edema followed a simi-
lar clinical course as those in July.

Given the extreme potency of 
CAR-modified T cells, the use of 
this therapy itself has shown sig-
nificant toxic potential [38,45–47]. 
Toxicities range from life threat-
ening cytokine release syndromes 
(CRS) and macrophage activation 
syndromes (MAS) to on-target 
off-tumor toxicity, neurotoxicity 
and TLS. Guidelines for assessing 
and managing toxicity following 
CAR-T cell administration such as 
the diagnosis and management of 
CRS has been elucidated by Lee et 
al. [48]. The hallmark of CRS is im-
mune activation resulting in elevat-
ed inflammatory cytokines. Clinical 
and laboratory measures range from 
mild CRS (constitutional symptoms 
and/or grade 2 organ toxicity) to 
severe CRS (sCRS; grade ≥3 organ 
toxicity, aggressive clinical interven-
tion, and/or potentially life threat-
ening) [48]. Following diagnosis of 

CRS, it has been a challenge choos-
ing appropriate therapy to mitigate 
the physiological symptoms of un-
controlled inflammation without 
dampening the anti-tumor efficacy 
of the engineered cells. Systemic 
corticosteroid administration has 
been shown to rapidly reverse symp-
toms of sCRS without compromis-
ing initial anti-tumor response [49–

50]. However, prolonged use (e.g., 
>14 days) of high-dose corticoste-
roids has also resulted in ablation of 
the adoptively transferred CAR-T 
cell population potentially limiting 
their long-term anti-leukemia effect 
[49]. As an effective alternative, IL-6 
receptor (IL-6R) blockade with the 
FDA-approved mAb, tocilizumab 
has demonstrated near-immediate 
reversal of CRS [43,51]. 

Toxicities caused by CAR-T cells 
are diverse and not fully understood. 
Management requires vigilant mon-
itoring, aggressive supportive treat-
ments and, in some cases, intensive 
care. Administering immunosup-
pressive agents to decrease toxicity 
is an evolving practice. Consensus 

 fBOX 3
Patient and Clinical Safety Monitoring

Safety Monitoring plans

 f Systematic observations of patients should be performed

 f Clinical

 f Radiological 

 f Laboratory 

 f Defined timed intervals for observations

Safety monitoring should be guided by:

 f Findings from Preclinical studies 

 f Features of the underlying disease

 f Anticipated disease-product interactions 

 f Long-term follow-up for applicable products

Safety Reporting requirements described in 21 CFR 312
Pediatric issues
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guidelines for grading and manag-
ing toxicity will facilitate the ad-
ministration of CAR-T cells at more 
centers. Improving the manage-
ment of CAR-T cell toxicity is one 
of the most important avenues for 
overall improvement in the field of 
CAR-T cell therapies. A review by 
Brudno and Kochederfer describes 
the toxicities caused by CAR-T cells 
and the published approaches used 
to manage toxicities. It also presents 
guidelines for treating patients ex-
periencing CRS and other adverse 
events following CAR-T cell ther-
apy [52].

Since a major objective of ear-
ly-phase trials is evaluation of safe-
ty, early-phase trials should employ 
general tests and monitoring to look 
for both expected and unexpected 
safety issues. General safety moni-
toring typically includes recording 
of symptoms and common clini-
cal measurements, such as physical 
examinations, chemistry profiles, 
complete blood counts and possibly 
other examinations that are appro-
priate for the condition being inves-
tigated. An outline of the expected 

patient and clinical safety monitor-
ing is given in Box 3.

Trial designs can be challenging 
along with the requirements for 
long-term follow-up, usually 15 
years, of patients who have received 
genetically modified therapies. It is 
most likely that patient registries will 
be required in order to fulfill long-
term follow-up needs and guidance 
documents related to this are avail-
able from the regulators [53–55].

In summary, prior to initiating 
first-in-human, dose-finding (Phase 
1) clinical studies under an IND ap-
plication, preliminary specifications 
for product characterization should 
be in place. These product release 
specifications for immunotherapeu-
tic products are established based on 
the IND sponsor’s previous experi-
ence with their product (and other 
similar products, if available) and in-
clude analytical procedures based on 
CFR requirements and FDA-issued 
guidance documents. As product de-
velopment proceeds, additional and 
narrower, specifications for product 
quality and manufacturing consis-
tency should be implemented based 
on the data obtained (Figure 3). At 

 f FIGURE 3
Regulatory timeline.
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the time of initiation of clinical trials 
intended to support marketing ap-
plications (Phase 3), lot-release and 
other product specifications should 
be based on all information collect-
ed during product development, 
and consistent with data generated 
during clinical studies. During the 
conduct of Phase 3 trials, validation 
of analytical procedures for prod-
uct testing should be ongoing or 
completed.
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