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Abstract
Adoptive transfer of T cells genetically modified by TCRs or CARs represents a highly attractive novel therapeutic strategy 
to treat malignant diseases. Various approaches for the development of such gene therapy medicinal products (GTMPs) have 
been initiated by scientists in recent years. To date, however, the number of clinical trials commenced in Germany and Europe 
is still low. Several hurdles may contribute to the delay in clinical translation of these therapeutic innovations including the 
significant complexity of manufacture and non-clinical testing of these novel medicinal products, the limited knowledge 
about the intricate regulatory requirements of the academic developers as well as limitations of funds for clinical testing. A 
suitable good manufacturing practice (GMP) environment is a key prerequisite and platform for the development, validation, 
and manufacture of such cell-based therapies, but may also represent a bottleneck for clinical translation. The German Cancer 
Consortium (DKTK) and the Paul-Ehrlich-Institut (PEI) have initiated joint efforts of researchers and regulators to facilitate 
and advance early phase, academia-driven clinical trials. Starting with a workshop held in 2016, stakeholders from academia 
and regulatory authorities in Germany have entered into continuing discussions on a diversity of scientific, manufacturing, 
and regulatory aspects, as well as the benefits and risks of clinical application of CAR/TCR-based cell therapies. This review 
summarizes the current state of discussions of this cooperative approach providing a basis for further policy-making and 
suitable modification of processes.
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Abbreviations
ATMP	� Advanced therapy medicinal product
CARTOX	� CAR-T-Cell-associated toxicity
CREST	� chimeric antigen receptor (CAR)-T 

cell related encephalopathy syndrome
CRS	� cytokine release syndrome
DKFZ	� Deutsches Krebsforschungszentrum 

(German Cancer Research Center)
DKTK	� Deutsches Konsortium für Trans-

lationale Krebsforschung (German 
Cancer Consortium)

DLI	� donor lymphocyte infusion
DZG	� Deutsche Zentren der 

Gesundheitsforschung
EGFR	� epidermal growth factor receptor
ErbB2, HER2/neu	� human epidermal growth factor 

receptor 2
GMO	� genetically modified organism
GMP	� good manufacturing practice
GTMP	� gene therapy medicinal product
HZDR	� Helmholtz Zentrum Dresden 

Rossendorf
IMP	� investigational medicinal product
NCT	� Nationales Centrum für 

Tumorerkrankungen
PEI	� Paul-Ehrlich-Institut
TUM	� Technische Universität München

Introduction

Cellular therapy has been traditionally applied in the con-
text of allogeneic BMT or SCT in patients with high-risk 
leukemia, lymphoma and myeloma [1, 2]. T cells and other 
immune cells present in the stem cell product or transferred 
after SCT as donor lymphocyte infusion (DLI) may effi-
ciently eliminate residual leukemia cells but are also associ-
ated with GvHD [3–5]. The high treatment-related toxicity 
associated with GvHD has been accepted in these high-risk 
patients as their prognosis without this treatment option is 
particularly poor, and the therapeutic outcome has the poten-
tial to result in long-term response and survival [3] based 
on the memory potential of adaptive anti-tumor immune 
responses [6, 7].

Over the past decades, a series of approaches were put 
forward to target tumor cells in a more specific manner via, 
e.g., adoptive transfer of isolated and expanded tumor-spe-
cific T cells, development of bi- or multi-specific antibodies, 
or genetic modification of immune effector cells. Thereby, 
cellular therapies using genetically modified T cells experi-
enced a major advance by the introduction of either a CAR 
or TCR that target defined antigens presented by tumor cells 
[8, 9]. Clinical trials using CAR-T cells have demonstrated 

substantial efficacy especially in CD19-positive advanced 
B-cell malignancies including acute lymphoblastic leuke-
mia, chronic lymphocytic leukemia and aggressive B-cell 
lymphomas [10–12]. Recently, the first CD19-CAR-T-cell 
products from Novartis and Kite Pharma received approval 
in the US for the treatment of childhood and adolescent 
acute lymphoblastic leukemia and large B-cell lymphoma 
in adults, respectively. TCR-transgenic T cells are also 
evaluated in clinical trials, and anticancer activity has been 
reported in hematopoietic and non-hematopoietic malignan-
cies [13–16].

Although genetic modification of T cells has been shown 
to be therapeutically effective in a variety of malignancies, 
a careful clinical translation is needed given the potential 
risks associated with these therapeutic approaches. Previous 
clinical trials have demonstrated the occurrence of severe 
and life-threatening toxicities as well as some fatalities after 
therapeutic administration of CAR- and TCR-engineered T 
cells [17, 18]. The complexity of the risk profile is high 
and related to diverse but interconnected characteristics 
of the investigational medicinal product (IMP) as well as 
the individual medical condition and disease state of the 
recipient. Furthermore, the prediction of toxicities from non-
clinical studies is hampered as suitable animal models are 
often missing. Therefore, careful considerations are needed 
with regard to the design of first-in-human trials with such 
products and a robust infrastructure should be in place for 
identification and mitigation of toxicities. A joint effort of 
scientists, clinicians and regulators is required to enable suc-
cessful translation of these complex products to the benefit 
of the patients.

Apart from these challenges, genetically engineered T 
cells are considered as advanced therapy medicinal prod-
ucts (ATMPs) which need to be manufactured in compli-
ance with good manufacturing practice (GMP). The GMP 
requirements for these highly complex products render these 
therapeutic approaches quite cost-intensive, further slowing 
down clinical translation.

The Deutsches Konsortium für Translationale Krebs-
forschung—DKTK (German Cancer Consortium) is one 
of the Deutsche Zentren der Gesundheitsforschung—DZG 
(German Health Research Centers), established around the 
Deutsches Krebsforschungszentrum—DKFZ (German Can-
cer Research Center) in Heidelberg. Together with univer-
sities, university hospitals and academic research centers 
at the partner sites in Berlin, Dresden, Essen/Düsseldorf, 
Frankfurt/Mainz, Freiburg, Heidelberg, Munich and Tübin-
gen, this institution aims to focus, improve and enhance clin-
ically oriented innovative cancer research. DKTK research-
ers set out to systematically address issues associated with 
clinical translation of advanced cellular therapies, specifi-
cally the academic, societal and socio-economic challenges. 
DKTK, therefore, fosters close collaboration between 
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translational research and regulatory authorities on specific 
research topics. DKTK workshops organized together with 
the regulators of the Paul-Ehrlich-Institut (PEI), the German 
Federal Authority for Vaccines and Biomedicines, provide 
a new format to discuss the regulatory challenges related 
to the quality, non-clinical and clinical aspects of certain 
biomedicines. A DKTK/PEI workshop held in 2016 initi-
ated the problem-oriented discussion about novel therapies 
based on CAR- and TCR-modified T cells within this group, 
as a starting point for a continuing dialog between research 
scientists, clinicians and regulators towards more efficient 
translational processes in Germany and Europe. The follow-
ing chapters provide the present state of discussions within 
the cooperative DKTK/PEI approach.

Legal framework in Germany 
and the European Union

In the EU, T cells genetically modified by TCRs or CARs 
are classified as ATMPs. The corresponding regulation 
(European Commission (EC), No 1394/2007) applies since 
2008 and provides a common regulatory framework for gene 
therapies, somatic cell therapies and tissue engineered prod-
ucts. Article 2(5) of the ATMP regulation specifies that a 
product which may fall within the definition of a somatic 
cell therapy medicinal product and a gene therapy medicinal 
product (GTMP) shall be considered as a GTMP. Since this 
scenario applies for genetically engineered T cells, CAR- 
and TCR-modified T cells are classified as GTMPs [19]. 
However, in addition to the regulatory classification, in sci-
entific terms CAR- and TCR-modified T cells are also con-
sidered as cancer immunotherapies, and, more specifically, 
as adoptive cellular immunotherapies in accordance with 
their mechanism of action [20].

In general, the same standards regarding manufacture, 
non-clinical characterization and clinical trial design apply 
for clinical trials with CAR- and TCR-modified T cells as 
for other medicinal products independent of the phase of 
the clinical trial. This does especially include the overarch-
ing principle of clinical trials approval which consists of 
weighing benefits and risks. Thus, a clinical trial may only 
be undertaken if the foreseeable risks and inconveniences 
have been considered against the anticipated benefit for the 
individual trial subject and other present and future patients 
as stipulated in Directive 2001/20/EU.

In the EU, the approval of clinical trials is in the remit 
of the member states. In Germany, clinical trial applica-
tions for GTMPs are authorized by the PEI. Multinational 
clinical trial applications can be submitted based on the 
Voluntary Harmonization Procedure, a prototype of the 
new procedure laid down in Regulation 536/2014/EU, 
which is coordinated by the Clinical Trials Facilitation 

Group office, located at the PEI. The Voluntary Harmoni-
zation Procedure aims to provide a coordinated assessment 
of a clinical trial application between the participating 
member states, despite the fact that some critical issues 
are currently treated in a different manner between EU 
member states [21]. In Germany, as an additional prerequi-
site for approval of a clinical trial, a positive opinion from 
independent (and in the future: registered) Ethics Commit-
tees has to be obtained. A manufacturing license is granted 
by the respective local competent authority (Landesbe-
hörde) in accordance with Sect. 13 of the German Medici-
nal Products Act (see below). Since genetically engineered 
T cells fall under the definition of a genetically modified 
organism (GMO), an environmental risk assessment has to 
be performed by the sponsor for each clinical trial. Appro-
priateness of the environmental risk assessment is evalu-
ated by the PEI in consultation with the Federal Office 
for Consumer Protection and Food Safety (Bundesamt für 
Verbraucherschutz und Lebensmittelsicherheit), which is 
the German competent authority for the deliberate release 
approval of a GMO into the environment.

There is a significant concern in the cell therapy com-
munity in Germany and the EU about a delayed and inef-
fective translation of concepts for innovative therapies into 
clinical applications. It is a common understanding of both, 
researchers and regulators, that a balance has to be created 
between requirements of GMP that need to be considered, 
a coherent and integrative risk assessment that includes the 
clinical scenario of a severely ill patient population deprived 
of therapeutic alternatives, and novel approaches to respond 
to safety issues that are difficult to address such as target 
specificity, uncontrolled expansion of the genetically modi-
fied cells within the recipient and insertion of the CAR/TCR 
constructs into the genome of the modified cells.

The recently released Guidelines on Good Manufacturing 
Practice specific to Advanced Therapy Medicinal Products 
(https​://ec.europ​a.eu/healt​h/sites​/healt​h/files​/files​/eudra​lex/
vol-4/2017_11_22_guide​lines​_gmp_for_atmps​.pdf) have 
been adopted from an extensive consultation process that 
stakeholders were invited to contribute to. The document is 
understood to develop an understanding of the variability 
in manufacturing inherent to the nature of biological prod-
ucts, and to enable flexibility in the development of ATMPs, 
where the acceptable quality is related to the stage of devel-
opment and a concept of responsibility in the assessment and 
acceptance of risks. Similarly, industry has shown awareness 
of the need to respond to challenges in ATMP development 
and manufacture. In many instances, industry stakeholders 
have committed themselves to interact with academic insti-
tutions as the major source of ATMP development [22]. The 
multifold interactions show the willingness of the different 
stakeholders to communicate with each other and to find 
solutions. However, the highly different perspectives as well 

https://ec.europa.eu/health/sites/health/files/files/eudralex/vol-4/2017_11_22_guidelines_gmp_for_atmps.pdf
https://ec.europa.eu/health/sites/health/files/files/eudralex/vol-4/2017_11_22_guidelines_gmp_for_atmps.pdf
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as the complexity of the matter currently impede options for 
reconcilement.

Already early on, when the DZG were established to 
promote efficient translation of basic research findings into 
new treatment approaches for patients, the PEI joined such 
efforts by offering regulatory guidance. Regulatory support 
for ATMPs and other innovative products is also needed 
in view of certain specificities in the German regulatory 
environment. The regulatory situation in Germany is dif-
ferent from other EU member states: (a) the regulatory 
status of certain cellular blood products including periph-
eral blood stem cells is higher than in the other member 
states, as these are regulated as medicinal products under 
the German Medicinal Products Act; (b) due to the federal 
structure, local competent authorities are in charge of GMP 
oversight and grant manufacturing licenses. Hence, from 
the academic developers’ perspective, the establishment of 
focused “Academic Competence Centers for ATMPs” with 
a defined mission appears to be highly desirable (Table 1). 
In addition, harmonization of the regulatory framework on 
national, EU and in best case global level is seen as highly 
important to handle comparable requirements when prepar-
ing and conducting early and advanced phase clinical cel-
lular therapy trials.

Especially in academic centers, the speed of technological 
development will allow to make use of technology platforms 
and medical devices that challenge the conventional bor-
ders between processes and products. Highly standardized, 
semiautomatic systems will support the collaboration and 
mutual support between academic manufacturing sites, and 
the comparability of products that emerge from the standard-
ized manufacturing process.

From a regulatory perspective, it is proposed to align 
structures and efforts to shape an interactive network of 
academic institutions that will allow for faster access to 
innovative therapies in Germany. For academic institutions, 
the challenge lies in the development of a common, risk-
based pathway for the manufacture and quality control in 

compliance with standards of GMP. This calls for high-level 
proposals to the competent authorities to involve them in a 
collaborative effort to shape new models of accreditation 
of academic centers, process-oriented dossiers, generic 
tools, and fast-track development strategies for innovative 
medicines.

Critical aspects of engineered T cells

Many aspects substantially define the active pharmaceutical 
ingredient of genetically modified cells, and therefore, effi-
cacy and safety of the therapeutic approach. These include 
the type of cells to be modified, the means of genetic trans-
fer, the CAR/TCR construct itself including its specificity, 
as well as the transfer of additional genes that aim at either 
improving efficacy or safety of the therapeutic approach. All 
these aspects interrelate and incorporate many sub-aspects 
resulting in a high complexity of the medicinal product.

Immune effector cell type

In case of transfer of CAR or TCR coding genes, diverse 
hematopoietic cells such as T cells, NK cells, hematopoi-
etic stem cells or subsets thereof have been investigated in 
preclinical and clinical studies [10, 23–25]. With respect to 
toxicity there are a number of cell-related risk factors. For 
example, longevity of T cells is considered to be of high 
importance for durable responses [26, 27] but may represent 
a particular problem in case of serious adverse reactions. In 
contrast to T cells, NK cells lack long-term survival which 
may reduce the risk for long-term toxicity. Stem cell char-
acteristics of effector cells may provide the advantage of 
long-term efficacy [28] but concurrently may be associated 
with an enhanced potential for malignant transformation. 
Furthermore, many aspects of defined cell populations have 
not been studied in detail, making a risk assessment chal-
lenging. The plasticity of hematopoietic stem cells in general 

Table 1   A proposal of the academic developers group for the establishment of Academic Competence Centers for ATMPs and their mission

Mission of Academic Competence Centers for ATMPs

 Provide a defined quality assurance and infrastructure that will allow (in total or in part)
  The manufacture, quality control, storage, release and delivery of ATMPs
  The design and execution of early phase clinical trials with ATMPs
  The interdisciplinary management of toxicities
  The active follow-up of patients treated with ATMPs,

 Interact on both national and EU level
 Should be accredited in terms of process and structure quality by the local competent authority as the basis for a national accreditation
 May apply for the coverage of costs based on their national accreditation at health insurance companies for certain products
 Should be obliged to establish and maintain a network of exchange with other accredited centers to avoid redundancy and excessive consump-

tion of resources
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and the potential to differentiate [29] may add to the general 
risks of defined cell populations and challenges the benefit 
of meticulous characterization of cellular components. Thus, 
detailed definition of a cellular product and subsequent cor-
relation with clinical outcome will be an important step to 
further clarify these issues.

Mode of gene transfer

Redirection of cells to target cancer cells can be accom-
plished by a diversity of techniques. With respect to efficacy, 
high and long-term transgene expression is an important 
requirement for effective tumor rejection which can only be 
achieved by genomic integration of the transgene encoding 
the CAR or TCR. Currently, retroviral and lentiviral vec-
tors are mainly used for this purpose [30], with induction of 
insertional oncogenesis as observed in early gene therapy 
clinical trials initially being a concern [31, 32]. However, 
despite the high proliferative capacity of T cells, cases of 
insertional oncogenesis have not been observed so far when 
using genetically modified T cells. This indicates a certain 
resistance of T cells to malignant transformation and sug-
gests that retroviral and lentiviral vectors may be safe for 
genetic modification of T cells [33]. Nevertheless, develop-
ments such as non-viral genetic transfer by RNA [34], the 
use of transposons [35–37], or of novel gene-editing tech-
nologies [38] may further reduce risks associated with viral 
gene transfer. In any case, the mode of gene transfer repre-
sents one option to define a common standardized master 
approach which subsequently may be applied for different 
constructs.

Chimeric antigen receptors

CARs typically recognize the target antigen through a single 
chain fragment variable (scFv) domain of an antibody fused 
to a spacer/hinge domain of variable length which is usually 
derived from CD8-alpha chain or immunoglobulin G mol-
ecules. Over the past years, several generations of CAR con-
structs have been developed mainly differing with respect to 
their intracellular signaling domains. The signaling domains 
play a crucial role in determining efficacy as well as adverse 
reactions of CAR T cells [39–42], requiring an individual 
risk assessment for each construct. Consequently, to mini-
mize unexpected serious adverse reactions it is advisable 
to base as far as possible future generations of CARs on 
elements already tested successfully in clinical trials. With 
respect to antigen recognition by defined CARs, preclinical 
in vivo activity and safety may be investigated in selected 
animal models in case the target antigen provides a high 
homology to the target structure in humans, although minor 
differences in reactivity may result in unforeseen major tox-
icities as previously shown for other types of immunotherapy 

[43]. Thus, residual risks may persist when conducting a 
clinical trial, and an adequate benefit-risk analysis based on 
a clinical study design including an appropriately adapted 
starting dose needs to be established.

T‑cell receptors

With respect to TCRs, the mode of action is more complex 
than that of CARs due to several special features of T-cell 
mediated target recognition. As conventional TCRs consist 
of two chains [44], introduction of a transgenic TCR into 
T cells may result in mispairing between endogenous and 
the transgenic TCR chains potentially resulting in lethal 
autoimmunity as seen in mouse models [45]. However, 
in humans this has not been observed so far. Moreover, a 
number of approaches have been developed to reduce the 
risk for mispairing, including the introduction of additional 
cysteine bonds, murinization, also encompassing potentially 
less immunogenic minimal murine sequences of constant 
regions, and the construction of single-chain TCRs by fus-
ing the introduced alpha- and beta-chains [46–50]. Another 
special feature of TCRs is the binding affinity which is much 
lower as compared to antibodies [51]. In the autologous sys-
tem, TCRs with enhanced peptide-independent MHC bind-
ing are either deleted, or differentiate into selected T-cell 
subpopulations during thymic development [52]. As soon as 
the TCR derives from an allogeneic or xenogeneic environ-
ment or is affinity-maturated in vitro, off-target reactivity is 
more likely, even if the respective HLA molecule presenting 
the target peptide ligand is matched. Due to the large peptide 
ligandome presented by MHC molecules, preclinical exclu-
sion of any cross-reactivity is currently not feasible. Since 
cross-reactivity can usually not be addressed sufficiently in 
animal models, alternative testing strategies are important 
to potentially detect cross-reactivity before clinical applica-
tion. As for CARs, also for TCRs an adequate benefit-risk 
analysis based on an appropriate study design is essential to 
balance the remaining risk.

Introduction of additional genetic modifications

Other genetic modifications are currently applied in addi-
tion to the redirecting construct, with the aim to enhance 
efficacy, modify function or reduce toxicity [53–56]. These 
modifications may have an impact on the benefit-risk analy-
sis of the primary construct which needs to be considered. 
For instance, the inclusion of immunostimulatory cytokines 
or checkpoint-modulating constructs may enhance effector 
cell activity but also increase the risk for toxicity. In con-
trast, inclusion of a suicide gene that allows removal of the 
genetically modified cells may reduce the severity of poten-
tial adverse reactions and should be considered accordingly 
in the benefit-risk analysis. There are various approaches 
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to deplete potential autoreactive T cells by introduction of 
additional genes as, e.g., the HSV thymidine kinase suicide 
gene with ganciclovir prodrug [57], the transgene encod-
ing an inducible caspase-9 [55], and a truncated version of 
EGFR as target for antibody-mediated cell killing (Fig. 1a) 
[58]. The risk of serious adverse reactions may alternatively 
be reduced by controlled activation of the modified T cells 
using a modular system, for example, the UniCAR system 
(Fig. 1b) [59]. Irrespective of the chosen strategy, the func-
tionality of such systems needs to be investigated in non-
clinical studies.

While the non-clinical program for a GTMP before its 
first clinical administration is expected to be performed 
according to the European Medicines Agency (EMA) guide-
line on ‘Non-clinical studies required before first clinical use 
of gene therapy medicinal products’ [63], several compro-
mises have to be made for CAR- and TCR-modified T cells. 
These are necessary, since relevant animal models expected 
to provide reliable and translatable data for humans are often 
not available. Therefore, an adapted non-clinical program 
which is tailored to the specificities of the engineered T cells 
is usually performed.

Pharmacology studies and their limitations

Antigen-specific activation, expansion, and cytotoxic activ-
ity against tumor cells as well as engraftment and persis-
tence of the CAR- and TCR-modified T cells are considered 
essential parameters for achieving clinical efficacy. However, 

some of these parameters are not exclusively defined by 
the product-specific characteristics, but also influenced by 
patient-specific conditions such as the tumor load and the 
preconditioning regimen [64]. For example, non-clinical 
dose-finding studies are hampered in several ways. First, 
the administered number of genetically modified cells is 
expected to increase in vivo due to the activation and sub-
sequent expansion of these cells. However, the extent of 
T-cell expansion in vivo largely depends on diverse and as 
yet insufficiently defined determinants which can hardly be 
mimicked in animal studies. Second, if genetically modi-
fied human cells are administered to immunocompromised 
animals, the endogenous TCR may be activated through a 
xenogeneic immune reaction which could induce cell expan-
sion that is not expected to occur in patients in an autologous 
setting. In contrast, the survival of the human cells may be 
compromised in the animal models in the absence of human 
cytokines and other species-specific factors. Thus, even if 
administered to tumor-bearing animals, the expansion rate of 
the genetically modified human T cells may not be predictive 
for the expansion of the cells when administered to a patient. 
Therefore, it is generally accepted that the starting dose in 
humans is not based on the actual non-clinical testing of the 
CAR- or TCR-modified T cells, but instead derived from 
clinical experiences with other CAR- and TCR-modified T 
cells. As a consequence, it is in most cases not necessary to 
perform non-clinical dose-finding studies. However, other 
parameters can and should be tested in non-clinical stud-
ies. These include the expression of the transgenic CAR or 

Fig. 1   Technologies to overcome unwanted side effects of geneti-
cally modified (CAR) T cells. a In case severe side effects on healthy 
tissue occur upon adoptive transfer of genetically modified T cells, 
these cells can be eliminated by application of antibodies targeting 
genetically modified T cells; e.g., CAR T cells expressing a truncated 
EGFR domain can be eliminated via the clinically used antibody 
cetuximab. b T cells modified with the UniCAR system are inert 

(‘off’ status). Only in the presence of a target module, UniCAR T 
cells can recognize target cells and get activated (‘on’). As the respec-
tive target modules can reversibly and rapidly associate and dissoci-
ate with the UniCAR domain in a concentration-dependent manner, 
UniCAR T cells can be turned off in case severe side effects occur, 
simply by stopping infusion of the target module, and switched on 
again if necessary [60–62]
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TCR, the specificity of the modified T cells for the target 
antigen and their biological activity upon target recogni-
tion. These parameters can be investigated to some extent 
in vitro. In addition, animal pharmacology studies are gen-
erally expected to demonstrate tumor control by the geneti-
cally modified T cells in vivo. Usually, such studies are per-
formed using human cells in an appropriate tumor-bearing 
immunocompromised mouse model. However, the decision 
whether or not to include such studies should be made on 
an individual basis and in consultation with the responsible 
competent authority. Apart from that, non-clinical pharma-
cokinetic studies addressing the biodistribution of the geneti-
cally modified cells are usually not requested due to the dif-
ficulties of translating such data to the patient’s situation. 
Nevertheless, from a regulatory point of view it is advisable 
to evaluate the expansion and persistence of the genetically 
modified T cells concomitant to their anti-tumor activity in 
animal models, provided that such models are included in 
the pharmacology program.

Safety studies and their limitations

Some adverse events, such as tumor lysis syndrome, CRS, 
hemophagocytic lymphohistiocytosis, CAR-T cell-related 
encephalopathy syndrome (CREST) and macrophage acti-
vation syndrome, have been repeatedly observed in clinical 
studies with genetically modified T cells [10, 17, 39, 65, 
66]. These side effects are dependent on many different fac-
tors that are difficult to model in non-clinical experiments. 
Hence, it is generally accepted that these potential toxici-
ties are not investigated in non-clinical studies. Instead, they 
have to be expected when administering genetically modified 
T cells, with the severity of these adverse events assumed to 
largely depend on the tumor load of the patients and the cell 
type composition of the product. Consequently, appropri-
ate risk mitigation measures including a close monitoring 
of such adverse events and appropriate treatment options 
must be in place at the study site. A CAR-T-Cell-associated 
toxicity (CARTOX) group has been formed in the USA, 
working on recommendations for monitoring, grading and 
managing acute toxicities associated with this therapeutic 
approach [39].

Other potential toxicities relate more directly to the anti-
gen specificity of the CAR or TCR and include potential 
on- and off-target effects, which should be addressed to the 
extent possible before administering the genetically modified 
T cells to patients. Since the possibilities and limitations of 
non-clinical analyses for identifying potential on- and off-
target toxicities differ between CARs and TCRs, they are 
considered separately.

For CARs, a key question is whether or not the scFv anti-
body domain exclusively recognizes the human antigen. If 
binding is restricted to the human antigen, a relevant animal 

model is most likely not available. Even the use of a fully 
homologous animal model as previously described for CD19-
CAR T cells has clear limitations for predicting on- and off-
target toxicities [67]. Thus, it is rather recommended to address 
potential on-target toxicity of the CAR by a detailed investiga-
tion of the expression pattern of the target antigen in human 
cells, tissues and organs, while potential off-target toxicities 
might be addressed at least to some extent in in vitro studies 
using human cells and tissues. Clinical experiences with other 
CARs targeting the same antigen or with otherwise related 
or informative medicinal products might also be valuable for 
evaluating the potential risks of a given CAR approach before 
its translation to the human setting. For scFv antibodies which 
cross-react with the target antigen in another species, the situ-
ation is different, as safety studies could in principle be per-
formed in that species. In such case, it should be carefully 
evaluated what the limitations of the potential animal model 
are and how informative the obtained safety data will be for 
the translation to humans. As these considerations are essen-
tial with regard to the strategy and extent of the non-clinical 
safety testing, it is advisable to discuss this early on with the 
competent higher federal authority.

For TCRs it is generally accepted that on-target and 
off-target toxicity cannot be adequately addressed in ani-
mal models mainly due to the HLA-restriction of the TCR. 
Even in case that a transgenic animal model expressing the 
respective HLA molecule should exist, it is still possible that 
the relevant peptides including the target peptide as well as 
potential cross-reactive peptides are not adequately presented 
by defined cells of the animal. Therefore, a combination of 
in silico analyses and in vitro studies is usually performed 
to address the potential on-target and off-target toxicities of 
a TCR, while safety studies in animals are not performed. 
Such an alternative safety program ideally includes the fol-
lowing: (a) a detailed investigation of the expression pattern 
of the target antigen in human cells, tissues and organs; (b) a 
thorough characterization of the core peptide binding motif 
of the TCR, in particular if the TCR has been derived from 
a xenogeneic origin or has been affinity-maturated in vitro; 
(c) an in silico analysis with the core peptide binding motif 
for identification of potentially cross-reactive peptides; (d) 
an appropriate in vitro testing for actual evaluation of cross-
reactivity; and (e) an extensive alloreactivity screen. Such 
a dataset is expected to provide sufficient information on 
potential on-target and off-target toxicities, and to enable a 
well-balanced benefit-risk analysis.

Challenges of personalized therapies

Personalized therapies, e.g., when targeting somatic muta-
tions by neoantigen-specific TCRs [68, 69], represent a 
major challenge due to several reasons: (a) individual vector 
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constructs need to be manufactured, resulting in currently 
unreasonably high costs. This is even more demanding 
as usage of multiple TCRs targeting diverse neoantigens 
would be favorable [70, 71]; (b) the time period currently 
required for regulatory processes will often extend beyond 
the lifespan of the diseased patient. These hurdles may be 
best addressed in focused round table discussions, involving 
all stakeholders and including representatives from the PEI 
and the competent authorities of the German federal states. 
Production of redirecting constructs using pre-established 
master processes may represent a conceivable development. 
In case of usage of such a TCR in an autologous setting, 
extensive toxicity screens may not be needed. Nevertheless, 
the use of such TCRs in an allogeneic or xenogeneic setting 
would still require preclinical toxicity screens for the TCRs 
themselves as outlined above.

Modular concepts and off‑the‑shelf products 
for a broader application

Modular concepts and off-the-shelf products represent an 
interesting strategy with potential advantages concerning 
the safety, flexibility, and costs of genetically modified T 
cells. This can be effective by the development of new CAR 
constructs from earlier-generation CARs using the same vec-
tor backbone to which additional costimulatory molecules, 
hinge regions, and spacer elements may be added [72]. 
Another approach combines a universal CAR with modular 
adapter proteins for tumor cell recognition (e.g., UniCARs 
[60]).

Off-the-shelf products are based on allogeneic cells. 
However, in general, allogeneic T cells have a high risk of 
inducing GvHD due to the endogenous TCR of unknown 
specificity. While attempts are being made to eliminate the 
endogenous TCR using gene editing, allogeneic NK cells 
may provide a suitable alternative due to their considerable 
lower risk of inducing GvHD. Nevertheless, the develop-
ment of CAR-engineered primary NK cells is still in its early 
stages. More progress has been made with genetic modifica-
tion of the clinically usable NK cell line NK-92 [73], where 
a single center phase I clinical trial with ErbB2-specific 
CAR NK-92 cells in patients with recurrent ErbB2-positive 
glioblastoma is ongoing (NCT03383978; clinicaltrials.gov) 
[74].

Aspects of first‑in‑human clinical trials 
with CARs/TCRs

Adoptive transfer of genetically modified cells has shown 
high potential [75]. However, patient populations for phase 
I clinical trials need to be carefully selected considering 

type and stage of disease, the target antigen, and lack of 
alternative treatment options. In addressing the potential 
risks it is useful to take into account the published experi-
ence with other CARs/TCRs, and to implement appropriate 
risk mitigation in the trial design. Important risk mitiga-
tion strategies include the selection of a safe starting dose, 
staggered enrollment of trial subjects [76] and close patient 
monitoring, well trained clinical staff and availability of 
intensive care facilities. Different views have been expressed 
regarding the appropriateness of dose-escalation studies of 
CAR T cells. The administered cell dose may be less rel-
evant, as CAR T-cell toxicity is related to the cell expansion 
in vivo, and the individual disease burden of the patients is 
expected to modulate the extent of CAR T-cell activation 
and proliferation [77], resulting in a high subject-to-subject 
variability. On the other hand, dose-escalation studies have 
demonstrated higher toxicity with higher doses [78], thus 
arguing in favor of including dose escalation in the clinical 
study design. From a regulatory point of view, a rationale 
for the dosing regimen is needed. As outlined above, non-
clinical studies are less informative for dose-finding, and 
it is generally accepted that the starting dose in humans is 
derived from clinical experiences with other CAR- and TCR-
modified T cells. Product-specific factors like transduction 
efficiency, proliferation capacity, and disease-specific cri-
teria like antigen expression and tumor load should also be 
taken into account. Algorithms for the treatment of most 
prominent toxicities should be in place [39, 79, 80] and high 
alertness for other toxicities including on-target/off-tumor 
and off-target reactions, anaphylaxis, insertional mutagen-
esis, GvHD, as well as novel so far non described toxicities 
should be given. It is advisable to implement an independent 
safety monitoring board for decisions related to dose escala-
tion, if appropriate, and adherence to stopping rules (http://
www.ema.europ​a.eu/docs/en_GB/docum​ent_libra​ry/Scien​
tific​_guide​line/2017/07/WC500​23218​6.pdf). Feasibility to 
produce and apply the medicinal product is an important 
aspect in case of personalized therapies. With respect to 
GMP production and product validation, product stability as 
well as the patient condition needs to be taken into account. 
Therefore, failure to treat may be an important trial endpoint.

Future challenges, tasks and potential 
solutions

Clinical translation of complex novel therapeutics such as 
CAR- and TCR-engineered T cells is a high promise but also 
an enormous hurdle for academia with regard to the associ-
ated costs. The fact that usually autologous cells are used for 
CAR- and TCR-based therapies, which need to be manufac-
tured and controlled for each patient separately, and the risk-
mitigation measures needed during the clinical trial, increase 

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2017/07/WC500232186.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2017/07/WC500232186.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2017/07/WC500232186.pdf
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the costs even further. However, as for most other ATMPs, 
the development of new CAR- and TCR-based therapies is 
for the most part driven in academic environments, while 
pharmaceutical companies usually step in at later stages of 
clinical development. This is expected to limit clinical trans-
lation of novel and innovative approaches, since the funding 
of academia for bringing new therapies into clinical trials is 
highly limited. Approaches chosen in the USA, with major 
investments channeled into a few institutions jointly funded 
by academia, industry and charity, seem to be promising for 
overcoming some limitations. Further analysis of the reasons 
for the hurdles that delay clinical translation, and discussion 
of potential solutions should take into account the perspec-
tives of research scientists, regulators and clinicians. Hence, 
regular round table discussions on the national but also on 
the European level appear mandatory. With a better under-
standing of the clinical efficacy and adverse reactions, it 
might also be possible to adapt the regulatory requirements 
accordingly. Both, additional characterizations of the geneti-
cally modified cells before administration to the patients, and 
analyses of the genetically modified cells in patient sam-
ples after treatment might help to correlate, e.g., a certain 
design of the CAR, a minimal transduction efficiency of the 
cells, and a specific cellular composition of CAR- and TCR-
modified cells, respectively, with a certain clinical outcome. 
Inclusion of independent expert opinions with respect to 
the complex characteristics of the novel medicinal product 
is highly important for the development of such therapies 
towards clinical use. Likewise, discussing the ethical aspects 
of a benefit-risk analysis as well as a differentiated evalu-
ation of costs for safety measurements is urgently needed 
within the society, including not only research scientists, 
regulators and clinicians, but also patients, health care pro-
viders, and politicians. Chances and limitations of the cur-
rent legal framework need to be evaluated, and modifications 
discussed and followed under consideration of the state of 
the art. Master manufacturing processes and generic manu-
facturing licenses may help to reduce the efforts for novel 
highly personalized therapeutic agents. Communication of 
the outcome of discussions within the scientific community 
and among regulators is of high value to accelerate processes 
and harmonize procedures. In addition, public disclosure of 
product development proceedings between academia and the 
regulatory authorities may be a probate measure to push the 
whole field. This may be of particular importance to broadly 
drive improvements of the clinical translation process.

Conclusion

There is an urgent need for the structured promotion of clini-
cal application of CAR/TCR T-cell therapies within Ger-
many and the EU. Towards this aim, a cooperative initiative 

has been formed by scientists and clinicians within the 
DKTK, and representatives of the regulatory authorities. 
Based on their combined technological, regulatory and 
clinical expertise, this initiative aims to overcome existing 
hurdles for translation of academic research innovations 
into clinical studies. Key challenges and potential solutions 
have been formulated by respective partners including the 
vision of researchers towards the establishment of Academic 
Competence Centers for ATMPs as well as the structured 
exchange between all stakeholders to discuss the different 
aspects for clinical translation and first-in-human studies. 
These need to focus on patients’ risks and benefits as well as 
societal and socio-economic issues to make CAR/TCR ther-
apy more rapidly available for patients with hematological 
and solid malignancies who are desperately awaiting novel 
treatments for their life-threatening disease.
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