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Advanced therapy medicinal products (ATMPs) are innovative
therapies that mainly target orphan diseases and high unmet
medical needs. The uncertainty about the product’s benefit-
risk balance at the time of approval, the limitations of nonclin-
ical development, and the complex quality aspects of those
highly individualized advanced therapies are playing a key
role in the clinical development, approval, and post-marketing
setting for these therapies. This article reviews the current
landscape of clinical development of advanced therapies, its
challenges, and some of the efforts several stakeholders are con-
ducting to move forward within this field. Progressive iteration
of the science, methodologically sound clinical developments,
establishing new standards for ATMPs development with the
aim to ensure consistency in clinical development, and the
reproducibility of knowledge is required, not only to increase
the evidence generation for approval but to set principles to
achieve translational success in this field.
INTRODUCTION
Advanced therapy medicinal products (ATMPs) are a medicinal class
that includes gene therapy medicinal products, somatic cell therapy
medicinal products, and tissue-engineered therapies1.2,3 The market-
ing approval of these therapies in the last years has been crucial to the
growth of clinical research in this field.4 However, due to the current
type of target diseases, i.e., orphan and unmet needs, and the inherent
complexity of these products, less comprehensive clinical data have
justified their approval. Here, we review and discuss the current land-
scape and challenges for clinical development and approval of
advanced therapies, as well as the current efforts and potential future
approaches to overcome these obstacles.
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LEVEL OF CLINICAL EVIDENCE AT THE TIME OF
MARKETING AUTHORIZATION
Until September 31, 2021, 19 advanced therapies were approved in
the EU5.6 The key therapeutic areas mainly include hematological
malignancies, monogenic diseases, and cartilage diseases (Table 1).
The clinical development of these approved ATMPs for the autho-
rized clinical indications was based on 25 pivotal trials. Most of these
trials consisted of small, open-label, non-randomized, single-arm
studies, comparing the efficacy with historical controls, and using in-
termediate variables to evaluate the primary efficacy outcome (Table
2)5. Other studies that analyzed ATMP clinical trials in an early devel-
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opment phase reported similar results.7 The type of current target dis-
eases including orphan indications,8 unmet needs,9 and the presence
of pediatric patient populations has justified more flexible clinical de-
signs and methodologies using adaptive pathways and balancing the
need for timely patient access through staggered approval (Table 2).10

Although controlled randomized clinical trials are the standard for ev-
idence generation in terms of efficacy and safety for regulatory decision-
making, the treatment comparison with the standard of care (SOC) or
placebo might have not been considered feasible and/or ethical in these
cases. This is translated into less comprehensive clinical data at the time
of marketing authorization (MA), and therefore, greater uncertainty
about the product’s benefit-risk balance.11 For instance, Zalmoxis
authorization was mainly based on promising results of an open-label,
non-randomized phase I–II study, supported by the preliminary effi-
cacy and safety data from the first 17 patients of an ongoing phase III
controlled study. The final results from this controlled study failed to
confirmanybenefit at post-marketing level and the drug had to bewith-
drawn.12 Another recent case is Kymriah, approved based on a phase II
open-label and single-arm study and where the randomized post-mar-
keting phase III trial that analyzed the drug against SOC failed to meet
the primary efficacy endpoint, i.e., event-free survival.13,14Nevertheless,
the patient profile for this last studymay differ from that included in the
pivotal trial that led to its MA. It should be mentioned that although
most of the products were approved based on single-arm designs,
some of their competitors conducted controlled studies to support the
MA for the same indication, e.g., Spinraza,15 or planned controlled
post-marketing trials, e.g., Kymriah or Yescarta.11 By contrary for cell
therapies, it should be noted that even though Zalmoxis and Alofisel
were granted with an orphan designation, phase III studies were con-
ducted including a comparator arm.16,17

With these types of flexible and expedited developments with the
ATMPs, the current landscape of biological therapies has initiated a
shift from traditional clinical developments to a highly product-spe-
cific one. Elsallab et al. conducted a matched comparison of the reg-
ulatory submissions between ATMPs (n = 17) and other biologicals
ber 2021 ª 2021 The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2021.11.003
mailto:avallano@catsalut.cat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2021.11.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1. Approved ATMPs in the EU and therapeutic indication

Trade name International non-proprietary
name or common name

Pharmacotherapeutic
group/ATC code

Therapeutic area (MeSH)/type
of authorization

Gene therapy medicinal products

Kymriah
(orphan medicine)

tisagenlecleucel antineoplastic agents/L01XX71
precursor B cell lymphoblastic leukemia-
lymphoma lymphoma, large B cell,
diffuse/standard approval

Yescarta
(orphan medicine)

axicabtagene ciloleucel antineoplastic agents/L01XX70
lymphoma, large B cell, diffuse/
standard approval

Tecartus
(orphan medicine)

autologous peripheral blood T cells
CD4 and CD8 selected and CD3 and
CD28 activated transduced
with retroviral vector expressing anti-
CD19 CD28/CD3-zeta chimeric antigen
receptor and cultured

antineoplastic agents/L01X
lymphoma, mantle cell/conditional
approval

Imlygic talimogene laherparepvec antineoplastic agents/L01XX51 melanoma/standard approval

Glybera
(orphan medicine)

alipogene tiparvovec lipid-modifying agents/C10AX10
hyperlipoproteinemia type I/approval
under exceptional circumstances

Strimvelis (orphan medicine)

autologous CD34+ enriched cell fraction
that contains CD34+ cells transduced
with retroviral vector that encodes for the
human ADA cDNA sequence

immunostimulants/L03
severe combined immunodeficiency/
standard approval

Luxturna
(orphan medicine)

voretigene neparvovec
ophthalmologicals, other
ophthalmologicals/S01XA27

Leber congenital amaurosis
retinitis pigmentosa/standard approval

Zynteglo
(orphan medicine)

betibeglogene autotemcel other hematological agents/B06AX02 b-thalassemia/conditional approval

Zolgensma
(orphan medicine)

onasemnogene abeparvovec
other drugs for disorders of the
musculoskeletal system/M09AX09

muscular atrophy spinal/conditional
approval

Libmeldy
(orphan medicine)

atidarsagene autotemcel other nervous system drugs/N07
leukodystrophy, metachromatic/
standard approval

Abecma
(orphan medicine)

idecabtagene vicleucel antineoplastic agents/L01 multiple myeloma/conditional approval

Skysona
(orphan medicine)

elivaldogene autotemcel other nervous system drugs/N07 adrenoleukodystrophy/standard approval

Somatic cell therapy medicinal products

Provenge

autologous peripheral blood mononuclear
cells activated with prostatic acid phosphatase
granulocyte-macrophage colony-stimulating
factor (Sipuleucel-T)

other immunostimulants/L03AX17
prostatic neoplasms/standard
approval—withdrawn

Zalmoxis
(orphan medicine)

allogeneic T cells genetically modified with
a retroviral vector encoding for a truncated
form of the human low-affinity nerve growth
factor receptor (DLNGFR) and the herpes
simplex I virus thymidine kinase (HSV-TK Mut2)

antineoplastic agents/L01
hematopoietic stem cell transplantation
graft versus host disease/conditional
approval—withdrawn

Alofisel
(orphan medicine)

darvadstrocel immunosuppressants/L04 rectal fistula/standard approval

Tissue-engineered medicinal products

Chondrocelect
characterized viable autologous cartilage
cells expanded ex vivo expressing specific
marker proteins

other drugs for disorders of the
musculoskeletal system/M09AX02

cartilage diseases/standard
approval—withdrawn

MACI
matrix-applied characterized autologous
cultured chondrocytes

other drugs for disorders of the
musculoskeletal system/M09AX02

fractures, cartilage/standard
approval—withdrawn

Spherox
spheroids of human autologous matrix-
associated chondrocytes

other drugs for disorders of the
musculoskeletal system/M09AX02

cartilage diseases/standard approval

Holoclar
(orphan medicine)

ex vivo expanded autologous human corneal
epithelial cells containing stem cells

ophthalmologicals/S01XA19
stem cell
corneal diseases/conditional approval
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(n = 17). The results showed that clinical studies for ATMPs did not
meet the same strict standards for clinical evidence that were applied
to other biological products. The evidence on the design, conduct, and
outcome of ATMP clinical studies suffered from more objections
when compared with other biologicals. Despite matching for the dis-
ease area and orphan status, ATMPs had more non-randomized,
non-blinded trials and included significantly lower numbers of pa-
tients, raising doubts about the trial outcomes.18 How this non-robust
data can affect the approval of advanced therapies has also been re-
viewed. Bravery and co-workers tried to answer the question whether
ATMPs are more or less likely to be approved than other medicines.
The results showed that for all medicine applications combined, there
is a 76% success rate (n = 632) compared with 59% for ATMPs (n =
22), but for non-orphan ATMPs the chance of success seems to be
lower, at only 50% (n = 10).19 Other studies also analyzed the evidence
submitted to support the ATMPs MA by quantifying the objections
raised by regulatory authorities during the assessment. The two
more common issues included suitable quality and clinical data
demonstrating the efficacy and safety.20,21 Barkholt et al. identified
the “hotspots” in ATMP development analyzing the MA applications
(MAAs) (n = 20) and all scientific advice given for ATMPs by the Eu-
ropean Medicines Agency (EMA) (from 2009 to 2018). The clinical
data package, the clinical results, the target indication, limited safety
information and limited safety and efficacy follow-up, and risk man-
agement were the most common development issues and objections
raised during the MAA procedure.21 Similar results were obtained
by Bravery et al., where 74% of applications (n = 19 ATMP submis-
sions) raised major objections to the clinical data package. This cate-
gory covers issues such as lack of randomization, issues with the
design, conduct of the clinical study, and/or choice of control group.
It was found that failed products have more issues in this category
(83% of applications; n = 6). The authors found that evidence submit-
ted with the ATMP dossiers are in need of improvement.19 This point
is also highlighted by the fact that those applications that have been
granted with an accelerate assessment revert to standard timelines
during the MA procedure due to the immaturity of the data and
the major issues raised (n = 6 out of 7 EU approved ATMP granted
with accelerate assessment; as of September 31st, 2021).2 Carvalho
et al. analyzed and compared the major objections reported in the
MAA assessment for approved ATMPs (n = 3) and non-approved
ATMPs (n = 4).22 The most frequent objections for gene therapy me-
dicinal products in terms of clinical efficacy were the lack or insuffi-
cient efficacy demonstration, the change or use of novel and non-vali-
dated primary endpoints, and efficacy claims based on non-
prespecified post-hoc analysis. Regarding safety, the most common
objections were the limited safety database and the risks associated
with immunogenicity. Most deficiencies were addressed through
the submission of additional data either during the MAA review or
post-marketing setting.22

EFFORTS TO OVERCOME THE CLINICAL
CHALLENGES FACED BY ADVANCED THERAPIES
All these reported data support the fact that there is room for
improvement in terms of clinical evidence generated to support the
608 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
drug approval (Figure 1). A more efficient, consistent, and robust
clinical development not only may give more chances to achieve
MA and led to less objections by the agencies allowing for a quicker
product launch, but it also may prevent post-marketing withdrawal
anticipating the negative benefit/risk balance. It is recognized that
clinical development for diseases that have a high unmet need and/or
are orphan can be complex and can leverage the opportunities that
regulatory bodies offer to speed up access and get an accelerated
approval. However, given all the implications that expedited clinical
developments might have—not only to the patients and payers but
to the pharmaceutical companies—whenever feasible, the gold stan-
dard pivotal randomized clinical trials, clinically relevant endpoints,
and longer follow-up should be performed.

When randomized control designs are not feasible, alternative design
options should be considered aimed to provide robust evidence.
Many efforts have been carried out to launch methodological recom-
mendations to address the shortcomings of conducting studies in
small populations. The Small Population Clinical Trials Task Force
within The International Rare Diseases Research Consortium inves-
tigated the use of non-conventional statistical methods on small pop-
ulation trials with the input of regulatory agencies.23 Three relevant
European Commission-funded projects (i.e., ASTERIX, IDeAl, and
InSPiRe) are promoting the development of new or improved statis-
tical methodology for clinical trials for small population groups, as
well as defining adequate randomization procedures, investigating
adaptive designs, extrapolating dose-response information, among
others.24–26

On the other hand, several innovative trial designs under the concept
of master protocol are starting to change the landscape of clinical
research.27–29 This approach uses a single infrastructure, trial design,
and protocol to simultaneously evaluate multiple drugs and/or dis-
ease populations in multiple sub-studies, allowing for efficient and
accelerated drug development. A master protocol provides an oppor-
tunity to increase data quality through shared standardized trial pro-
cedures and the use of centralized data capture systems.30 Within this
concept there are different innovative typologies, i.e., basket,
umbrella, and platform designs, which have been raised as a potential
solution to improve clinical evidence robustness. Platform trials allow
multiple interventions to be evaluated simultaneously against a com-
mon control group within a single master protocol. The treatments
are tested for similar indications and with test products entering
and leaving the study based on results. The control arm usually con-
sisting of the SOC may change over time if newer drugs replace the
SOC.31 Comparisons between each of the intervention arms and
the control arm can be done to determine which is the best interven-
tion option for a given disease. Yescarta and Kymriah are chimeric
antigen receptor (CAR) T cell therapies approved for patients with re-
fractory diffuse large B cell lymphoma (DLBCL) on the basis of
ZUMA-1 and JULIET trials, respectively.32,33 In the absence of
head-to-head trials, an indirect treatment comparison between both
products was carried out. It was concluded that this comparative
analysis is not feasible due to the substantial differences between
ber 2021

http://www.moleculartherapy.org


Table 2. Design features of pivotal clinical trials for the approved advanced therapy medicinal products in the EU

Trade name Pivotal study Non-randomized Non-controlled Historical control Intermediate endpoints Population/no. of
patients (enrolled)

Gene therapy medicinal products

Kymriah (ALL) Phase II U U U U Children/92

Kymriah (DLBCL) Phase II U U U U Adults/147

Yescarta Phase I/II U U U U Adults/111

Tecartus Phase II U U Adults/105

Imlygic Phase III U Adults/437

Glybera 3 Phase II/III U U U Adults/45

Strimvelis Phase I/II U U U Children/12

Luxturna Phase III U Children and adults/31

Zynteglo Phase I/II and Phase III U U U Children and adults/41

Zolgensma Phase III U U U Children/22

Libmeldy Phase I/II U U U Children/22

Skysona Phase II/III U U Children/32a

Abecma Phase II U U U U Adults/140

Somatic cell therapy medicinal products

Provenge Phase III Adults/512

Zalmoxis Phase I/II and Phase III U (Phase I/II) U (Phase I/II) U Adults/71

Alofisel Phase III Adults/212

Tissue-engineered medicinal products

Chondrocelect Phase III U Adults/138

MACI Phase III U Adults/144

Spherox Phase II and Phase III U (Phase II) U Adults/177

Holoclar Observational retrospective U U Adults/104a

ALL, refractory B cell acute lymphoblastic leukemia; DLBCL, diffuse large B cell lymphoma.
aNumber of patients in the intervention arm.
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the trials, e.g., timing of leukapheresis and enrollment, use of bridging
chemotherapy (90% in JULIET versus 0% in ZUMA-1), different
lymphodepleting regimens, different outcome definitions, etc.34 In
addition, as previously mentioned, the comparison of Kymriah
against SOC failed to meet the primary efficacy endpoint.35 To
explore the option of a platform trial for these therapies would have
allowed the comparisons between each of the intervention arms
and the SOC, as well as efficiently sharing the same control group
given that is an orphan disease. The same point can be raised in the
case of spinal muscular atrophy (SMA), a rare disease. The SOC for
SMA has improved over the last decade due to changes in care, as
well as the fact that new promising drugs are becoming available,
such as Zolgensma, Spinraza, or Evrysdi. The IQWiG, Germany’s
health technology appraisal institute, has carried out separate benefit
assessments comparing these three new drugs, finding that Zolgen-
sma offers no additional benefit compared with Spinraza for treating
SMA. IQWiG pointed out that the differences between populations
across different studies made indirect comparisons challenging and
makes it difficult to understand which of the three products might
be suitable in different situations.36 This type of innovative trials
would allow a stratification into multiple subgroups depending on
Molecular The
the SMA type and SMN2 gene copy number, with eligibility for
each intervention arm defined by the intervention’s mechanism of
action. In addition, another advantage of conducting platform trials
is the investigation of treatment combinations. For instance, during
clinical development of Zolgensma, Spinraza treatment was started
on parental request to determine if there was additional benefit
from this combination therapy.37 Finally, it should be noted that mas-
ter protocols for CAR T cell therapies have already been initiated in
the field of ATMP, e.g., phase I proof-of-concept study in relapsed
and refractory multiple myeloma and a phase II study in patients
with metastatic or unresectable synovial sarcoma or myxoid/round
cell liposarcoma.38,39 Although platform trials are usually focused
on oncology, they also have been conducted in other disease settings
such as Alzheimer’s disease.40

Even though still limited, with the current experience of the approved
ATMPs, the regulatory agencies are launching recommendations on
the types of study designs and methodologies that can support the
MAmore robustly. This fact might lead to a shift on the current trend
clinical designs based on uncontrolled pivotal studies or with histor-
ical control comparisons with randomized controlled trials. After the
rapy: Methods & Clinical Development Vol. 23 December 2021 609

http://www.moleculartherapy.org


Figure 1. Current landscape of ATMPs clinical development
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approval of the CAR T cell products, the EMAhas published guidance
on the clinical development for CAR T cell products.41 The recom-
mendations include the performance of confirmatory trials with a
randomized controlled design allowing the comparison with a refer-
ence product, e.g., high-dose chemotherapy followed by autologous
stem cell transplantation. In the guideline, it is recognized that refrac-
tory settings are clinically very different from early settings, which in
some cases may justify different requirements in terms of level of ev-
idence for MAA. However, it is emphasized that even for those cases
where late-stage refractory disease is targeted or where reference ther-
apies are not available, a randomized controlled trial design should be
followed, and an uncontrolled single-arm one would be exceptionally
accepted.42 In parallel, the Food and Drug Administration (FDA) has
also launched several guidelines for the development of ATMPs
aimed at certain types of conditions. For instance, to support the stan-
dard approval of a gene therapy for hemophilia, the FDA recom-
mends a non-inferiority clinical trial design, to compare the primary
efficacy endpoint with that of current prophylaxis therapies, using
within-subject comparison trial.43 In the case of gene therapies aimed
at retinal disorders, inclusion of a randomized, concurrent parallel
control group (placebo or active) is recommended whenever possible.
Given that for these study designs, the intravitreal injection of the
vehicle alone could be feasible but not ethical, other possibilities sug-
gested including alternative dosing regimens or dose levels.44 The new
guidance on gene therapy for neurodegenerative diseases comprises
different study design alternatives depending on the indication, study
population, or where the disease course is well characterized. For
610 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
studies involving placebo, FDA recommends add-on designs or ran-
domized, concurrent-controlled, double-blind crossover trials when
possible.45 On the other hand, it is recognized that the typical para-
digm of clinical development, i.e., phase I, II, and III, is shifting for
advanced therapies and adaptive designs are becoming common.
Regulatory agencies are also in consequence releasing new recom-
mendations on innovative designs as well as advice programs to
ensure that these adaptive approaches are as solid as possible.46–48

Finally, analytical tools, such as matching-adjusted indirect compar-
isons and network meta-analyses, have also been introduced for
regulatory submissions and health technology assessments (HTAs)
allowing comparisons.49

USE OF HISTORICAL CONTROLS
When a randomized clinical trial is not possible, the historical con-
trols can be used to supplement a control arm. Different sources of
external control can be used: retrospective data, prospective natural
history, external data from completed trials, data from pragmatic tri-
als, observational studies, or registries.50 The use of historical controls
to compare the treatment effect have been highly used so far for the
EU approved ATMPs (8 out of 19 approved therapies, as of
September 31, 2021), above all in the case of gene therapies (7 out
of 12 approved products) (Table 1).

Strimvelis, Kymriah, Luxturna, Zolgensma, Libmeldy, and Skysona
target orphan diseases for pediatric population and all of them
contextualized the results of the pivotal study with different types
ber 2021
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of historical controls. For Strimvelis and Libmeldy, the hypothesis of
the study was based on demonstrating superiority over a historical
control group, which was considered acceptable given the rarity of
the disease. For Strimvelis, while the primary endpoint based on
survival was compared with this historical reference, other efficacy
endpoints were considered as within-subject, between pre- and
post-treatment assessments. The historical control used was based
on the outcomes obtained in a multicenter retrospective study (be-
tween August 1981 and March 2009) including 106 patients with
adenosine deaminase-deficient severe combined immunodeficiency
from 16 international centers.51 The main study for Libmeldy was
conducted in a single center, as well as the concurrent natural history
cohort. Both natural history cohort (n = 31) or untreated sibling data
(n = 11), were used as controls to compare the treatment effect for the
co-primary endpoint. It was considered by the assessors that a com-
parison with a matched sibling appears to have the least variability
and the comparison between pre-symptomatic subjects versus their
affected siblings is considered the most informative.52 In the case of
Kymriah for relapsed or refractory B cell acute lymphoblastic leuke-
mia (ALL), the single-arm design was planned to test for an improve-
ment in overall remission rate relative to historical control rates from
two previous studies performed for the same indication with other
products (clofarabine and blinatumomab approved in 2007 and
2015 by the EMA, respectively).53 Luxturna’s trial randomized pa-
tients to a control or to intervention arm, given that formost inherited
retinal dystrophies, natural history data were limited. The control
group became eligible to receive the product 1 year after their baseline
evaluations. Nevertheless, a natural history study that consisted of a
retrospective medical chart review (from July 2014 to February
2016) was also submitted as a supportive by the applicant to further
support the MAA (n = 70).54 For Zolgensma, two natural history
studies were used for comparison; one retrospective and prospective
study using data from the Paediatric Neuromuscular Clinical
Research database (inclusion of the patients ranged from May 2005
to April 2009), and another prospective, multi-center natural history
study (from November 2012 to September 2014) that enrolled 26
SMA infants.37,55 Similarly, in the case of Skysona, both data from
a retrospective natural history study (data collected between 2011
and 2012; n = 137) and a retrospective and prospective data collection
study (from 2015 to December 2019; n = 59) were used.56

Yescarta, Zalmoxis, Kymriah, and Abecma target adult orphan indi-
cations and also used historical controls to compare product’s effi-
cacy. For Yescarta, a retrospective, patient-level, pooled analysis
from two randomized phase III clinical and retrospective databases
was conducted to support the results from the pivotal study
(SCHOLAR-1),57 and for Kymriah, the pivotal efficacy results were
compared with three historical datasets (SCHOLAR-1, the pooled
CORAL extensions, and the open-label, randomized PIX301 trial).
For Zalmoxis, at the time of approval, there was neither approved
therapy nor widely accepted SOC. Therefore, the treatment effect
could only be compared versus historical control data from either a
large retrospective survey (between January 1995 and December
2004) or single-center experiences.16,58 For additional comparisons
Molecular The
with historical control data from patients, the European Blood and
Marrow Transplant society patient database was used to better define
the product’s clinical benefit.16 For Abecma, the results were
compared with a matched real-world historical control that consisted
of a non-interventional, retrospective study (n = 190) as well as re-
ported literature.59

The relevance of historical data is sometimes questioned and could
lead to an overestimation of effect. The limitations of historical con-
trols are well known; comparability of the population, potential
changes in SOC, lack of standardized diagnostic criteria or equivalent
outcome measures, and variability in follow-up procedures.60–62 The
standardization and quality of the data collection, the selection of an
applicable approach to account for biases, to plan for an extensive
sensitivity analyses to demonstrate the robustness of the results, or
the use quantifiable and objective outcomes are some of the measures
that would improve the quality of the historical controls.63 The case of
Abecma is an example of the historical control limitations. The real-
world evidence study was found to be inconclusive by the FDA to pro-
vide context or comparison for the outcome of the pivotal study. The
missing data, differences in follow-up and response assessment, pop-
ulation heterogeneity, and bias in endpoint assessment, hampered the
comparison.64,65 When similarity can be proven between arms, the
use of a historical control replacing the concurrent control arm can
be the alternative source of data in a context of life-threatening disease
with no treatment available. In other scenarios, a clear justification for
a non-randomized trial is needed and an early dialogue with
regulatory agencies at the design stage is highly encouraged to avoid
potential problems during the clinical development plan and final
authorization. According to recent FDA recommendations, the use
of historical controls is discouraged but it might be considered appro-
priate only under very exceptional circumstances where: the product
targets a rare and serious neurodegenerative disease for which there is
an unmet medical need, the disease course is well documented, highly
predictable and can be objectively measured and verified, the study
population and the historical controls are suitably comparable, and
the expected treatment effect is large and self-evident.45

It is known that registries provide an important source of information
on diseases, patients, SOC, or outcomes of treatments, in particular
for rare diseases or patients treated with ATMPs. In this sense, there
have been some proposals to overcome the current challenges in using
registries data such as interoperability and patient privacy improve-
ment, standardization of data and terminology, better reporting of
clinical trial outcomes, and other measures to maximize registry use
in drug and therapeutic development to support evidence-based clin-
ical decision-making.66 EMA’s initiative for patient registries,
launched in September 2015, is focused on supporting a systematic
and standardized approach to their use for regulatory purposes.67

The need for individual patient data is a key factor to conduct better
historical comparison. For instance, for Kymriah in refractory ALL
indication, external control was used for comparison with data pooled
from the three main Kymriah trials, despite confounding patient
populations and matching on few variables.33,68 For Kymriah and
rapy: Methods & Clinical Development Vol. 23 December 2021 611
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Yescarta in DLBCL indication, the treatment effect was compared
with SCHOLAR-1 sponsored by Kite Pharma (MA holder of Yes-
carta).57 The acceptance of comparison between Yescarta pivotal re-
sults and the SCHOLAR-1 study was attributed to the availability of
individual patient data, enabling the company to match patients in
both trials.68,69 However, for Kymriah given that only published
data of SCHOLAR-1 was available for comparisons, the data from
the pooled CORAL extensions study was accepted by the agency as
a more suitable comparator than SCHOLAR-1 due to similarities in
the populations enrolled and the objective response rate results
obtained.33,57,68

USE OF SURROGATE ENDPOINTS
Another important factor observed in the pivotal studies of the
approved ATMPs is the use of surrogate variables instead of a clini-
cally relevant final endpoint. Results from surrogate endpoints are
common in accelerated approvals and allow for clinical trials with
shorter follow-up periods and smaller sample sizes.70,71 It has been re-
ported that the pivotal trial evidence supporting MA for products
granted conditional MA or accelerated assessment was based domi-
nantly on non-validated surrogate endpoints.72 This point can be
translated into lower likelihood identifying safety issues (especially
if they are rare) and long-term observations of safety adverse events.
It has been reviewed that surrogate endpoints might lead to
erroneous, or even harmful conclusions, since they might fail to fully
capture the complete risk-benefit profile.73 On the other hand, this
type of endpoints is ethically preferable, especially when clinical
events are rare/delayed in slowly progressive diseases or when there
is a high unmet need, as well as practically preferable since the
short-term assessment helps to avoid non-compliance and missing
data, increasing effectiveness and reliability of the study.73–75 The
acceptability of the surrogate endpoints needs to be based on their
biological plausibility and empirical evidence, and should be validated
with evidence that goes beyond showing a statistical association
between the surrogate and clinical endpoints.73,74,76

In the case of all approved gene therapies that target cancer diseases,
the proportion of patients with objective overall response rate (ORR)
was used as the intermediate primary variable. In these cases, ORR
was an acceptable endpoint given that the studies that support the
MA consist of phase II exploratory trials and given that an accelerated
approval was granted. According to the most recent version of the
EMA guideline on anticancer drugs, for confirmatory trials the overall
survival, progression-/event-/disease-free survival would be consid-
ered as adequate primary endpoints. However, selected patient-
reported outcomes, such as symptom control, could also constitute
clinically relevant and valid primary endpoints, provided high data
quality are ensured.77 In addition, and if available, the use of validated
biomarkers should be considered to allow a clinical trial to identify
and differentiate between drug responders and non-responders.

Although surrogate variables are not always ideal, it is not trivial to
select either a final and/or surrogate primary efficacy endpoint for
an ATMP, which can accurately predict or correlate with clinical
612 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
benefit in the studied indication. For instance, in the case of Luxturna,
the applicant had to develop a novel clinical meaningful endpoint to
assess the drug effect through a mobility test.54 For Zolgensma,
although the survival endpoint was used as a final co-primary
outcome, survival with no motor milestone achievement would
have not probably been considered as clinically meaningful outcome
in the treatment of SMA. Moreover, performance and socialization at
school age around 5–6 years was suggested by the experts as long-
term data to be captured relating to efficacy.37,78 For those patients
with lipoprotein lipase (LPL) deficiency, the most severe associated
complication is pancreatitis. The hypothesis that Glybera could
improve chylomicron particle metabolism and then reduce the
pancreatitis in these patients could not be substantiated by clinical
data at the time of MA.79

With increasing pressure for an early access to therapies, the use of
surrogates is likely to increase. The key guidelines of the European
network for HTA, which have been adopted by many European
HTA agencies, state a preference for using final patient-relevant out-
comes, but the need for surrogate endpoints is also recognized.48,80

Therefore, it is recommended to use surrogate variables only to those
that have been validated appropriately, to avoid uncertainty on
coverage decisions on health technologies, as well as to ensure less ob-
jections during the MAA assessment.81 It has been reported that only
fewHTAs have provided specific methodological guidance on the sta-
tistical methods that should be used for the validation and assessment
of acceptability of surrogate endpoints, and there is still lack of meth-
odological consensus around the level of evidence necessary for the
validation of these endpoints. In consequence, efforts on better
harmonization are currently being conducted to minimize different
access for patients across different jurisdictions.80,82 On the other
hand, to guide the developers, the FDA has recently published a list
of accepted surrogate endpoints that were the basis of approval of a
medicinal or a biological products under both the accelerated and
standard pathways.83 Finally, the validation of a surrogate endpoint
is not a straightforward process, given that the association between
surrogate and final outcome usually is demonstrated by randomized
controlled trials, or epidemiological/observational studies. Therefore,
as discussed by Ciani et al., extension of follow-up studies, as well as
the natural history studies combined with analyses on baseline data,
emerging large data networks, or previous conducted trials on the dis-
ease might help to identify adequate surrogate variables.81

LIMITATIONS OF NONCLINICAL DEVELOPMENT
Properly designed nonclinical studies can reduce the clinical uncer-
tainty and support a positive risk-benefit ratio. However, the tradi-
tional and standardized approaches for nonclinical toxicity testing
are often not appropriate for evaluating the safety of gene and cell
therapy products, and several challenges are also associated with
the nonclinical development of ATMPs.84–86 General nonclinical
studies and toxicity studies may be unable to detect the effects rele-
vant for human efficacy and safety. Some examples include Glybera,
the proof-of-concept demonstrated reduction in plasma triglycerides
related to LPL activity of treated animals, and this was used as the
ber 2021
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primary pharmacodynamic measure to show activity. However, the
applicant failed to adequately demonstrate pharmacokinetic and
pharmacodynamic properties of the product in the clinical setting,
since LPL plasma activity could not be consistently demonstrated,
and no sustained TG decrease could be observed.79 Associated CAR
T cell toxicities, such as cytokine release syndrome, neurological
toxicity, on target/off tumor events were not fully anticipated by
nonclinical studies either.86,87 For Zolgensma, the different cardiovas-
cular safety profile observed in the preclinical and clinical stage was
attributed to a difference in transduceability at individual cardiomyo-
cyte levels between mice and humans.37 Finally, adeno-associated vi-
rus (AAV)-related toxicities are currently being discussed by the
agencies.88 Dorsal root ganglion pathology has been observed in
nonhuman primates but it is still unclear if it is translated to the clin-
ical setting in human beings.37,89 Similarly, although AAV integration
associated with hepatocellular carcinoma (HCC) was observed in
neonatal mice, there has been minimal evidence of HCC occurring
in patients receiving gene therapies.89

An iterative approach was suggested to be informative, for example,
when early clinical experience identifies unexpected adverse reactions
then additional preclinical studies may provide a mechanistic basis
for mitigation measures.86,90 On the other hand, the need for standards
to enable cross-comparisons of, and confidence in, testing results, or
ensure techniques that are consistently implemented for the nonclinical
studies so that data can be compared, would allow to increase and share
knowledge in the field, e.g., biodistribution studies.91 Finally, a risk-
based approach during product development to design a tailor-made
ATMP development program is usually recommended to determine
the extent of quality, nonclinical and clinical data necessary for an
MA and to justify any deviation from the requirements, i.e., as defined
in annex I, part IV of Directive (2001)/83/EC.92,93

INTERPLAY BETWEEN CLINICAL EVIDENCE AND
PRODUCT QUALITY
Not only does the limited clinical evidence at the MAA stage impact
the approval decision, but the quality development and lack of quality
standards for these products is a key challenge.94 Several factors limit
the achievement of consistent data and adequate interpretation of
clinical results across studies: the uniqueness of each product, the het-
erogeneity of this novel group of products, the variability in the pipe-
line of clinical development and approaches chosen, the divergent
manufacturing strategies, and the different tests/assays applied during
clinical development and its validation.75,95

The quality of manufacturing can affect the clinical outcome, and is-
sues within the quality module of MAA dossier might be directly
related with the acceptability of the clinical package. Issues are mostly
related to validation of the analytical methods, design and control of
the manufacturing process, and comparability.18 The comparability
of manufacturing processes remains one of the major issues and
was raised during assessment of the majority of the approved prod-
ucts.96 When a process change is required, for instance, to increase
production volume for a phase III trial or commercialization, ques-
Molecular The
tions of comparability between processes during the MAA review
and how this can affect the clinical safety and efficacy outcomes are
common. This point can imply the requirement of generating addi-
tional clinical data or impair the validity of previously generated
data, as was the case for Kymriah or Zolgensma.37,96 Not only the
comparability between manufacturing processes, but batch to batch
inconsistency, which might contribute to the heterogeneity of clinical
response, has been observed for some approved therapies.37 The
inadequate comparability assessments, coupled with the difficulty of
potency assays, can also impact key clinical aspects, such as the con-
sistency of doses administered during the clinical development.37,97

For cell therapies, the mechanisms to study cell activity are complex
and poorly understood and the cell counts may vary over time, which
makes it difficult to establish standard, effective doses, and routes of
administration in clinical trials. This might lead to inconsistent trial
results that are hard to interpret and replicate across studies.91 For
some approved gene therapies, uncertainties with regard to control
of the effective dose, without a stable reference standard to control
the potency of the product have been also observed.37

Standardization of manufacturing may be difficult given proprietary
platforms, but some common processes, such as common operational
steps, product characterization, design and validation of processes,
and testing could be achieved to improve some of these issues.98 Pre-
vious experience available in humans with similar products and with
similar standards that allow performing a comparison with valid
pooling data would help to improve the current translation challenges
in the ATMP field, e.g., AAV-based gene therapies, CAR T cell ther-
apies, autologous cultured chondrocytes, or mesenchymal adult stem
cells. For instance, it has been stated that longitudinal investigations
of anti-CAR immune responses through the same validated assays
would be particularly important in understanding how immunoge-
nicity can lead to treatment failure. For the three approved CAR
T cell therapies, there were huge differences in the reported percent-
ages of patients with pre-existing antibodies and it was suggested that
this fact could reflect the different assays used for detection.99 Simi-
larly, pre-existing immunity and immunogenicity toward the vector
or transgene are the largest challenge for AAV-based gene therapies
given that it can interfere with therapeutic efficacy if not identified
and managed optimally.100 Common ways to test tissue engineering
product integrity, including tensile strength and suture retention, to
ensure that these products meet safety thresholds for use in clinical
environments, has also been raised.91

The quality requirements are not reduced due to accelerated access
routes, and it is under debate that greater standardization and harmo-
nization across regulatory authorities could reduce the burden on
companies to ensure compliance at every phase of the development
and commercialization process.101,102 Several organizations are work-
ing to assemble and define standards and the convergence of common
requirements.101,103–105 Although it should be recognized how chal-
lenging standardization is given the diversity in the cell and gene ther-
apy space and its rapid progress, the standard needs have already been
identified.91,98 Examples from a quality standpoint include: (1) create
rapy: Methods & Clinical Development Vol. 23 December 2021 613
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management systems for processing and handling cells, establish cell
collection requirements that ensure consistency, safety, and compara-
bility in the final products, (2) identify potential commonalities across
manufacturing processes and create broadly applicable guidelines, or
(3) establish guidelines to harmonize manufacturers’ characteriza-
tion, design, and validation processes to lower barriers. From nonclin-
ical and clinical standpoint, it has been proposed: (1) to establish
consensus on which biodistribution approaches are most applicable,
(2) to implement a standard approach to pre-existing immunity assay
development, selection, and evaluation to enhance patient safety and
quality of clinical trial data, or (3) initiate cell counting methods/tech-
nologies, optimal timing for dose assessment, and qualify routes of
administration and dose preparation methods to select safe and effec-
tive doses, among others.91

IMPACT AT THE POST-MARKETING SETTING AND
MARKET ACCESS
Pre-registration randomized clinical trials are not always representa-
tive of patient populations in the routine practice due to the strict
patient inclusion and exclusion criteria, and the strict intervention
protocols.35,106–109 Therefore, the generation of evidence throughout
the medicine’s life cycle is essential to gainmore information about its
effectiveness and safety in a more diverse clinical setting, to improve
healthcare quality, and to provide information to either complement
initial evidence or to verify whether the MA should be maintained as
granted, varied, suspended, or revoked. In the case of ATMPs, real-
world evidence plays a major role and is essential to confirm the
benefit-risk profile given the imprecise clinical data available at the
time of MA. This point might be translated into the need to perform
long and extensive post-marketing studies.110,111

It has been reported that post-authorization studies for the approved
ATMPs consist both in interventional studies (some of them ongoing
at the time of MA) and observational studies. The profile of the
planned interventional trials to further assess effectiveness resemble
pre-market trials in terms of design, i.e., using single-arm designs,
reduced sample sizes, and are focused on a narrow study population.11

In some cases, generation of evidence post-launch can be particularly
challenging, especially when it requires long-term follow-up, since par-
ticipantsmay be lost during the trial due to different causes (i.e., cure of
the disease, depression, among others) or may be reluctant to partici-
pate when the pharmaceutical is already launched. The latter is more
evident when the study is randomized.112 On the other hand, the
burden that the clinical post-marketing requirements imply, along
with the extensivemanufacturing commitments, could hampermarket
access. This was the case for Glybera, where the extremely limited use
of the product and the costs of post-marketing requirements, including
maintaining the commercial manufacturing capabilities, led to its with-
drawal after two years on the European market.113,114

The insufficient evidence available on comparative clinical effective-
ness or clinical benefits hinder the determination of appropriate pric-
ing and payment schemes. The decision on price and reimbursement
requires an exhaustive study of the evidence generated during product
614 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
development, the relative effectiveness and safety, the patient-re-
ported outcomes (including quality of life), and the cost-effectiveness
and budget impact to finally assess its place in therapy. At this stage,
HTA bodies (HTAb) have an important role. The scientific evidence
of the product and its potential contribution in the therapeutic man-
agement of the disease is deeply studied in EU countries, but the rec-
ommendations from the HTAb may differ among them, above all for
orphan drugs.115 HTAb-specific requirements can be related to the
acceptability of the endpoints used, the control arm, the inclusion
and exclusion criteria, and, at the end, the generalization of the results
obtained in clinical practice.76 When the product clinical data are
limited, to determine all the aforementioned is complex and usually
translates to long negotiations between the MA holder and the health
authorities. This negotiation may be one of the reasons for the time
elapse between MA and final drug prescription and this represents
a major concern for healthcare systems, patients, and industry. The
difficulty of accessing the market once the product is authorized high-
lights the differences in the answers that a regulatory agency and a
healthcare system are seeking in clinical trials.116

Finally, there is industry pressure for corporate pharmaand its investors
to ensure the return of drug development investment. With a high ex-
pected value, butwith immature evidence andhigh prices requested, the
complexity of negotiations between industry and payers is becoming
common, and sometimes the non-reimbursement has been justified.
Managed entry agreements have been a solution to this challenge. Com-
mercial arrangements have been frequently used in European countries
either financial (discounts and rebates) or outcome-based to finally
release a product into themarket. Provenge,MACI, andChondroCelect
were withdrawn because of poor commercial performance and lack of
reimbursement in EU countries.2,95,114 The limited use of the product,
the costs of post-marketing requirements, including clinical trials and
maintaining commercial manufacturing capabilities, are other factors
that contributed to ATMP withdrawal.113,114

To avoid costly corrections in late clinical development and a
weak market access value dossier (a document that provides evi-
dence-based messages in communicating product value), a compre-
hensive risk assessment must be carried out before committing to a
particular pivotal trial design. The development strategy for an
ATMP should also include parallel EMA-HTAb advice regarding
optimization of evidence generation of in the EU, to discuss
different design options during clinical development, their applica-
bility with respect to efficiency and risk of bias, and the potential
post-launch generation of evidence. The same approach is recom-
mended through FDA interactions in the case of the United
States, such as special protocols assessments.2 These discussions,
along with the potential implementation of the advice, could
reduce the risk of benefit-risk uncertainty and production of data
that would be inadequate to support the company’s future reim-
bursement request.117,118 In addition, the company’s retrospective
analysis from the drug pipeline development and failures
during different phases of clinical trials will have led them to
improve its research and development workflow in terms of
ber 2021
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learning, strategy, costs, and performance.119,120 For instance,
Alofisel (sponsored by TiGenix) set a model of iterative strategy
that enabled MA through improving late clinical development
with the lessons learnt from the previous autologous cell therapy,
sponsored by Cellerix.121

CONCLUSIONS
ATMPs are innovative therapies that mainly target orphan diseases
and high unmet medical needs. The level of generated clinical evi-
dence and the quality aspects of advanced therapies playing a key
role in the development, approval, and post-marketing setting for
these therapies. This article describes the current landscape of clin-
ical development of advanced therapies, its challenges, and some of
the potential solutions that are currently under discussion. Most
authorized ATMPs are based on adaptive, small, open-label, uncon-
trolled, and single-arm pivotal trials. Flexibility on conventional
regulatory requirements has been widely implemented by regula-
tors, especially for low prevalence, life-threatening, or seriously
debilitating diseases. Progressive iteration of the science, establish-
ing new standards for ATMP development with the aim to ensure
consistency in clinical development, and the reproducibility of
knowledge is required not only to increase the generation of evi-
dence for approval but to set principles to achieve translational suc-
cess in this field. Although there is a trend toward an adaptive
approach to licensing or a life-cycle approach, after the experience
with the approvals of ATMPs so far, regulators and global working
groups are developing and releasing new recommendations to pro-
mote an approach to clinical development that is methodologically
sound and thus significantly more relevant. It remains to be seen
how clinical development of ATMPs will evolve, but it is recommen-
ded that the industry stakeholders should strive to understand and
try to apply the recommendations of relevant parties to better suc-
ceed in market access.
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