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1.1 Introduction approaches to the treatment of children pursued

It has been said that the profound improvement in
the treatment and resulting overall outcomes of
children with cancer represents one of the greatest
achievements and success stories in all of medi-
cine. As a result of decades of experimental
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through clinical trials designed and conducted by
dedicated scientists and clinicians, the willingness
of children and their parents to participate in clini-
cal research, the extraordinary increase in under-
standing the biologic basis of cancer, and the
increasing ability to design therapies to target spe-
cific biologic processes, four out of five children
diagnosed with cancer can now be cured of their
disease (Smith et al. 2014; Howlander et al. 1975—
2017). And in the most common childhood cancer,
acute lymphoblastic leukemia (ALL), cure rates
have risen to highs of 90-95% (Hunger and
Mulligan 2015) (Fig. 1.1). Despite the impressive
accomplishment, too many children experience
recurrence of their disease during or upon comple-
tion of primary therapy, present with metastatic
disease at diagnosis, or are inflicted with espe-
cially recalcitrant cancers and fail to experience
favorable long-term outcomes. In addition, the

J. DiMartino et al. (eds.), Pediatric Cancer Therapeutics Development, Pediatric Oncology,
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Fig. 1.1 Overall survival among children with acute lymphoblastic leukemia (ALL) who were enrolled in Children’s
Cancer Group and Children’s Oncology Group clinical trials, 1968—-2009. (Reproduced with permission)

cost of successful cancer therapy in terms of long-
term or late-occurring toxicities associated with
treatment provides a sobering reality to the suc-
cesses achieved and provides the impetus for the
search of optimally efficacious and safe therapeu-
tic options for children with cancer.

In 2010, Siddhartha Mukherjee published the
book The Emperor of All Maladies, a landmark
achievement in the history of medicine
(Mukherjee 2010). This elegantly written book
is a self-described “biography” of cancer drug
discovery and development. Interested readers
are encouraged to read this complete history
that traces therapeutic approaches from ancient
to modern times. Instead of a similarly complete
and epic tome on the scale of Mukherjee’s book,
this short chapter will instead focus on the
advent of cancer chemotherapy from Sidney
Farber’s seminal investigations in the 1940s.

1.2 Initial Progress

By the 1930s, it was increasingly recognized
that the use of surgery, pioneered in the nine-
teenth century, and radiation, pioneered in the

early twentieth century, to treat cancer was lim-
ited to the local control of tumor masses, with
neither effective in the treatment of children
with leukemia. This led to the Roosevelt admin-
istration’s passage of the National Cancer
Institute Act of 1937 that created the National
Cancer Institute (NCI) whose mission was to
coordinate cancer research and education. In
1944, the NCI became a part of the National
Institutes of Health (NIH).

In 1947, Sidney Farber used an antimetabo-
lite, the antifolate, aminopterin, to first treat a
child with leukemia (Fig. 1.2). His seminal work
was based on George Minot’s scientific work on
B, deficiency in patients with pernicious anemia
and Lucy Mills identification of folic acid as
essential for cell division in patients with
nutrition-related anemias. Between 1948 and
1952, Farber’s use of methotrexate to treat chil-
dren with leukemia resulted in a median survival
of 8 months, in striking contrast to median sur-
vivals of 1-3 months prior to Farber’s experimen-
tal approach. The addition of purine antagonists,
mercaptopurine, to these antifolates further
increased the median survival to 1 year by the
mid-1950s.
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Rise of the Cancer
Cooperative Groups

1.3

Given the rarity of leukemia and other cancers in
children, and the recognition of the need to work
collaboratively across multiple institutions, the
concept of cooperative groups emerged from the
work related to the investigational approach to
pediatric leukemias, and later several adult cancers.
This led to the establishment of the Cancer
Chemotherapy National Service Center at the NIH
in 1955 (O’Leary et al. 2008). This innovative and
paradigm shifting group had as its primary mission
to study antileukemia agents in children. The clini-
cal trials developed by this group were conducted
by the Acute Leukemia Chemotherapy Cooperative
Group A (ALCCSGA). The ALCCSGA initially
included eight member sites, all children’s hospi-
tals, and pediatric cancer programs. The coopera-
tive group’s first clinical trial was a comparison of
6-mercaptopurine versus 6-mercaptopurine plus
azaserine (Heyn et al. 1960). In 1958, Emil Frei,
Emil Freireich, and James Holland at the NCI per-
formed combination chemotherapy trials for chil-
dren with leukemia testing 6-mercaptopurine plus
methotrexate. The ALCCSGA also initiated phase
I clinical trials in children to test a number of drugs,

including mitomycin C, 5-fluroro-2’-deoxyuridine,
and actinomycin D. The development of the Acute
Leukemia Group B followed shortly thereafter and
later became the Cancer and Leukemia Group B
(CALGB).

By 1959, the ALCCSGA had grown to 12 mem-
ber institutions. The ALCCSGA would eventually
become the Children’s Cancer Study Group
(CCSG), subsequently renamed the Children’s
Cancer Group (CCG). In 1956, the Southwest
Cancer Chemotherapy Study Group (SWCCSG)
was founded to study leukemia in children and
adults. The SWCCSG was later renamed the
Southwest Oncology Group (SWOG), and its pedi-
atric division merged with that of the CALGB to
become the Pediatric Oncology Group (POG).
Together, the CCG and POG conducted 693 treat-
ment studies in children with cancer. In 2000, the
CCG and POG, along with the NCI's smaller dis-
ease-specific pediatric oncology cooperative groups,
the International Rhabdomyosarcoma Study Group
(IRSG) and the National Wilms Tumor Study Group
(NWTS) merged to become the Children’s Oncology
Group (COG). Currently, the COG is the world’s
largest organization devoted to clinical, translational,
and epidemiological research in childhood cancer,
having conducted 270 treatment studies and 551



F. O. Smith and G. H. Reaman

nontreatment studies (i.e., supportive care, screen-
ing, biology, specimen acquisition, and data analysis
studies) since its inception.

1.4 Impact of Regulation

to Improve Safety

and Efficacy Federal Laws
Providing a Regulatory
Framework for Drug

Development in Children

Unfortunately, catastrophic events and deaths in
children from unsafe medicinal products led to
the need for a series of laws and a system of regu-
lations to ensure the safety and efficacy of drugs
approved for use in children. These US laws, and
the regulations that emerged in other parts of the
world, and their impact on pediatric cancer drug
development are detailed in Chap. 10.

The first of these addressed the adulteration of
medicinal products. The Drug Importation Act of
1848 was passed after the blistering agent, Spanish
flies (cantharides), was found to be adulterated with
other insects and beads (Fig. 1.3). Early legislation
addressing the safety of medicinal drug products
included the Biologics Control Act of 1902 that was
passed after the death in 1901 of a child from teta-
nus after treatment with a diphtheria antitoxin prep-
aration. The Pure Food and Drugs Act of 1906 was
passed after the deaths of a number of infants who
were given Mrs. Winslow’s Soothing Syrup that
was intended to treat teething pain and colic. This
product did not divulge its ingredients that included
morphine (Fig. 1.4). In 1937, there was another
tragedy involving a product known as elixir of sul-
fanilamide, manufactured by the S.E. Massengill
Company in Bristol, Tennessee (Fig. 1.5). It was
marketed as a “treatment of all conditions in which
the hemolytic streptococci appear.” It was marketed,
in part, directly to children since the very insoluble
sulfanilamide was dissolved to generate a liquid for-
mulation thought to be appropriate for pediatric use.
More than 100 people died, the majority being chil-
dren, due to the highly toxic chemical diethylene
glycol that was used as the solvent. Public outcry
helped to facilitate the Roosevelt administration in
its passage of the Food, Drug, and Cosmetic (FDC)
Act of 1938 that gave the Food and Drug

Fig. 1.3 Cantharides (Spanish flies)

Fig. 1.4 Mrs. Winslow’s Soothing Syrup

Administration (FDA) the authority to approve
drugs that were proven safe. However, 1962 saw
another devastating tragedy, again involving chil-
dren, who were born with phocomelia, a severe
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Fig. 1.5 Elixir sulfanilamide

congenital condition of upper and/or lower limb
deformities resulting from their pregnant mother’s
use of the sedative, thalidomide, to treat morning
sickness. In response, the Kefauver-Harris
Amendment of 1962 was passed that provided a
framework for drug manufacturers to prove that
their products were not only safe but also effective.

In 1997, the Food, Drug, and Cosmetic Act was
amended as the Food and Drug Administration
Modernization Act (FDAMA) which provided
6 months of marketing exclusivity as an incentive
to manufacturers who voluntarily conducted stud-
ies of drugs in children. In 2003, the Pediatric
Research Equity Act was passed, following the
rescinding of the Pediatric Rule to require pediatric
assessments of new drugs when the clinical indica-
tions for which the drugs were developed existed in
children and the drugs were likely to be used in the
pediatric population. In 2002, the exclusivity provi-
sion released as part of FDAMA was reauthorized
as the Best Pharmaceuticals for Children Act
(BPCA). For various reasons, it is perhaps useful to
view the FDA’s approval of drugs that include a
pediatric indication before, and after, passage of
the FDAMA (Tables 1.1 and 1.2).

Table 1.1 Drugs with an indication for children with cancer, approved by the FDA prior to FDAMA

Drug
Mercaptopurine
Methotrexate
Cyclophosphamide
Vincristine
Dactinomycin
Vinblastine

Thioguanine
Cytarabine

Procarbazine
Doxorubicin

Lomustine
L-Asparaginase
Daunorubicin
PEG-asparaginase
Tretinoin
Teniposide

Initial pediatric approval
1953
1959
1959
1963
1964
1965

1966
1969
1969
1974

1976
1978
1979
1994
1995
2002

Currently approved indications

ALL

ALL, meningeal leukemia, OS, NHL
Leukemia, lymphoma, NBL, retinoblastoma
ALL, lymphomas, WT, RMS, NBL

ES, sarcoma botryoides

HL, histiocytosis, testicular germ cell
carcinoma

AML

AML

HL

WT, NBL, STS, HL, other lymphoma, ALL,
AML

Brain tumors, HL

Leukemia

ALL

ALL

APML

Refractory ALL

ALL acute lymphoblastic leukemia, OS osteosarcoma, NHL non-Hodgkin’s lymphoma, NBL neuroblastoma, WT
Wilms’ tumor, RMS rhabdomyosarcoma, ES Ewing sarcoma, HL Hodgkin’s lymphoma, AML acute myeloid leukemia,
STS soft tissue sarcoma, APML acute promyelocytic leukemia
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Table 1.2 Drugs with an indication for children with cancer, approved by the FDA after FDAMA

Initial pediatric
Drug approval Currently approved indications
Arsenic trioxide 2000 APML
Clofarabine 2004 Refractory ALL
Nelarabine 2005 T-cell ALL
Erwinia asparaginase 2011 ALL
Everolimus 2012 SEGA
Denosumab 2013 Giant cell tumor of the bone
6-Mercaptopurine oral solution 2014 ALL
Dinutuximab 2015 High-risk NBL
Pembrolizumab 2017 Refractory classical HL
2017 MSI-H- or MM repair-deficient solid tumor
2018 Refractory primary MLBCL
2018 Metastatic Merkel cell carcinoma
2020 Refractory classical HL
2020 Mutational burden-high solid tumors
Avelumab 2017 Metastatic Merkel cell carcinoma
Gemtuzumab 2017 R/R CD33+ AML
2020 Newly diagnosed CD33+ AML
Tisagenlecleucel 2017 R/R ALL
Dasatinib 2017 Ph + AML in chronic phase, Ph + ALL
Imatinib 2017 Ph + ALL, Ph + CML
Ipilimumab 2017 Unresectable or metastatic melanoma
Nilotinib 2018 Ph + CML in chronic phase
Emapalumab 2018 R/R primary HLH
Larotrectinib 2018 Solid tumors with NTRK gene fusion
Tagraxofusp 2018 BPDCN
Calaspargase 2018 ALL
Entrectinib 2019 Solid tumors with NTRK gene fusion
Naxitamab 2020 R/R NBL
Tazemetostat 2020 Metastatic or locally advanced epithelioid
sarcoma
Pralsetinib 2020 RET-mutated medullary thyroid cancer
Selpercatinib 2020 RET fusion-positive thyroid cancer
Selumetinib 2020 NF1, inoperable plexiform neurofibromas
Crizotinib 2021 R/R ALCL
Asparaginase erwinia chrysanthemi 2021 ALL, lymphoblastic lymphoma

APML acute promyelocytic leukemia, ALL acute lymphoblastic leukemia, SEGA subependymal giant cell astrocytoma,
NBL neuroblastoma, HL Hodgkin’s lymphoma, MSI-H microsatellite instability-high, MM mismatch, MLBCL medias-
tinal large B-cell lymphoma, AML acute myeloid leukemia, CML chronic myeloid leukemia, HLH hemophagocytic
lymphobhistiocytosis, BPDCN blastic plasmacytoid dendritic cell neoplasm, ALCL anaplastic large cell lymphoma

Although PREA and BPCA resulted in the
addition of pediatric use language in product
labeling of more than 800 drug products since
the passage of these respective pieces of legisla-
tion, the contribution of these laws to cancer
drug development was due solely to BPCA; no
cancer drug has been subject to a PREA-
mandated study since the requirement is indica-
tion-based and most cancers seen in adults rarely,
if ever, occur in children. In those rare situations

where diseases span the adult and pediatric
populations, the orphan disease designation
exempts the sponsor from the PREA require-
ment. This unintended oversight has been finally
and recently addressed by the RACE (Research
Acceleration for Cure and Equity) for Children
Act, incorporated as part of the Food and Drug
Administration Reauthorization Act (FDARA)
passed in 2017. Section 504 of FDARA amends
Section 505B of the FD&C Act to authorize
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FDA to require early pediatric assessment of
new cancer drugs developed for cancers in adults
when the molecular target to which that drug is
directed is substantially relevant to the growth or
progression of a cancer that occurs in children.
The impact of this new law on the regulatory
environment for pediatric cancer drug develop-
ment nationally and global is discussed in
Chap. 10.

1.5 Indications

The historical paradigm resulted in the approval
of 16 cancer drugs prior to 1997 for children
with a cancer indication (Table 1.1), with 28
drugs approved since 1997 (Table 1.2). The first
cancer drug approved by the FDA for children
with cancer was 6-mercaptopurine, approved in
1953 for children with ALL. Looking at all 44
drugs that are approved by the FDA for various
pediatric cancer indications, the vast majority
are for children with hematologic malignancies
(n = 37 indications) with fewer drugs approved
for solid tumor indications (n = 24 indications).
Sixteen FDA-approved therapies have ALL as
an indication, with four for acute myeloid leu-
kemia (AML), two for acute promyelocytic leu-
kemia (APML), two for chronic myeloid
leukemia (CML), seven for various forms of
non-Hodgkin’s lymphoma (NHL), five drugs
for Hodgkin’s lymphoma, and one for blastic
plasmacytoid  dendritic ~ cell = neoplasm
(BPDCN).

Despite significant effort and numerous clini-
cal trials, there are fewer approved drugs for chil-
dren with solid tumors, with the largest number
(n = 4) for children with neuroblastoma. For
other solid tumors, there are only small numbers
of approved drugs. Disappointingly, most of
these drugs are quite old. For example, only one
drug, vincristine, is approved for the treatment of
children with rhabdomyosarcoma, with this
approval in 1963. Similarly, there is only one
drug, dactinomycin, approved for the treatment
of children with Ewing sarcoma, with this
approval in 1964. However, dactinomycin is no
longer a component of standard of care for chil-
dren with Ewing sarcoma.

Interestingly, and consistent with the great
advances in the biology of cancer in children and
adults, six drugs have recently been approved
based on a biologic target that is largely “agnos-
tic” of the organ of origin. These drugs are
directed at several interesting biologic targets,
including RET, NTRK, microsatellite instability,
mismatch repair deficiency, and tumor muta-
tional burden. In addition, the development of
more novel agents like the chimeric antigen
receptor T-cell (CAR-T) product tisagenlecleucel
received its initial approval for a pediatric oncol-
ogy indication (i.e., relapsed or refractory ALL).

1.6  Summary

Since its inception, the FDA has approved only
44 drugs for children with cancer, in striking con-
trast to more than 600 drugs for adults with can-
cer. Despite this difference, it is clear that the
development of new therapies for children with
cancer has, in large part, driven the process of
investigating the safety and effectiveness of all
cancer drugs. Notably, the development of che-
motherapy approaches was pioneered by Farber’s
work in children with ALL along with that of
Frei, Holland, and Freireich; the first cooperative
cancer group was focused on children with ALL;
and most significant laws at ensuring the safety
and efficacy of new drugs were in response to
injury and deaths in children exposed to unsafe
and ineffective products. It can also be argued
that the first “targeted” therapy (L-asparaginase)
was developed and approved for children with
ALL. L-Asparaginase targets a specific molecu-
lar target, the amino acid asparagine, which is
essential for the survival of acute lymphoblastic
leukemia cells.

With the remarkable advances in science
and insights into the biology of these cancers,
it is anticipated that an increasing number of
innovative drug products and biologics will be
developed and approved in the future. But
unique to the assessment of success in the
treatment of children with cancer is not only
cure of their cancer but more accurate assess-
ments of excess risk of death that is the result
of increased lifetime morbidity and mortality.
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It is known that survivors of childhood cancer
have an increased risk of death due to cardiac
disease, pulmonary disease, new cancers, and a
number of chronic health conditions (Begg and
Schrag 2002; Mertens et al. 2008, 2015;
Williams et al. 2021). The future of pediatric
cancer therapy development will therefore
require not only more effective cancer treat-
ments but, critically, less toxic therapy.
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2.1 Introduction diseases or accidental exposures. Perhaps most

Until relatively recently, the discovery of sub-
stances to treat human diseases, including cancer,
has relied largely on serendipity and observation.
Much of the pharmacologic armamentarium at
the disposal of oncologists today, antimetabo-
lites, DNA-damaging agents, and antimitotics
were, much like the original antibiotics, derived
from natural sources and first tested in humans
based on extrapolation of their effects in other
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famously, some of the early alkylating agents
began as weapons of war before their usefulness
in prolonging life was discovered (Conant 2020).
Even as these drugs remain the cornerstone of
therapy in many malignancies, our increasingly
sophisticated understanding of the molecular
drivers of cancer, combined with the advent of
technologies that enable massively parallel eval-
uation of chemical space, has ushered in an era of
molecularly targeted therapies. In this chapter,
we will consider the various steps in the process
of discovering novel chemical matter directed at
a prospectively defined target. Starting with what
makes for a compelling therapeutic target, we
will cover the methods whereby small molecule

J. DiMartino et al. (eds.), Pediatric Cancer Therapeutics Development, Pediatric Oncology,
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Target-Based Drug Discovery

Fig. 2.1 Stages in the drug discovery process. Target-
based drug discovery starts with selection of a target on
which to base a screening effort to identify leads.
Phenotypic drug discovery starts with identification of
leads from a compound library in a target-agnostic man-

starting points are identified and how these “hits”
are elaborated to improve their potency and
selectivity for the intended target as well as their
pharmacologic properties to arrive at a develop-
ment candidate (DC). Because the focus is on a
molecular target, rather than a specific disease or
tumor type, the principles described herein apply
equally to adult and pediatric cancer.

2.2  Stage Gating

Targeted drug discovery requires a team of
experts across multiple disciplines including
molecular and cell biologists, biochemists,
medicinal chemists, and others, working together
over several years to arrive at a drug candidate for
clinical development. To maximize the overall
probability of success for this endeavor, the use
of these resources should be carefully orches-
trated to ensure adequate representation of scien-
tists with the expertise needed for a given point
the discovery process. For example, it would be
wasteful to deploy a team of medicinal chemists
for a project in which the biological validity of
the target is still being assessed or where screen-
ing efforts have just begun. A system of stages

ner but may require identification of the molecular target
to drive molecule evolution. Both proceed from lead iden-
tification through subsequent steps to engineer drug-like
properties into early chemical hits

with gates or requirements to progress from one
stage to the next is commonly used to provide a
common frame of reference for allocating
resources in biotechnology or pharmaceutical
companies (Fig. 2.1). The names and numbers of
individual stages and requirements for advance-
ment vary at different companies, but the
sequence, from identifying a target to naming a
clinical candidate, is universal. A simple schema,
as depicted in Fig. 2.1, provides a convenient
framework to discuss key aspects of targeted can-
cer drug discovery.

2.3  Phenotypic Drug Discovery

Drug discovery approaches can be broadly classi-
fied as phenotypic or target-based as shown in
Fig. 2.2. Before the knowledge and methods to
explicitly pursue molecular targets in cancer were
widely available, drug discovery was driven by
identifying compounds that affected phenotypes
associated with cancer such as cell division
(DeVita and DeVita-Raeburn 2015; Mukherjee
2010). Many of the mainstays of modern cancer
therapy were identified based on phenotypic
effects in animals or on cultured cancer cells with-
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Fig. 2.2 Phenotypic vs target-based drug discovery.
Phenotypic approaches screen a compound library on live
cells to identify compounds that have the desired effect on
cell properties. Because the mechanism whereby the com-
pound achieves the desired phenotypic effect is unknown,
efforts to identify the target may be required to facilitate
subsequent development. Target-based discovery starts
with the nomination of a candidate target implicated as a
driver of the disease. Depending on the level of confi-
dence about the target’s role in the disease, extensive vali-
dation efforts may be required before committing to a
screen. Biochemical screening of a compound library
against the target yields chemical starting points for sub-
sequent progression to a drug-like molecule

out any a priori knowledge of their respective tar-
gets or mechanisms. The astute observation that
nitrogen mustards, derived from phosgene gas, a
chemical weapon, depleted rapidly dividing cells
in the bone marrow and lymph nodes of rabbits
set the stage for their experimental use in lym-
phoma patients (Conant 2020). As cell culture
methods became widely available in the 1950s,
unbiased screening of compounds against cells
in vitro became a productive approach to identify
new agents or anticancer applications of agents
that were being developed for other diseases. The
phenotypic effect that served as the endpoint for
these screens was inhibition of cell growth or
induction of cell death which, at that time, was
assessed using vital stains and counting. A rela-

tive handful of cell lines were established at that
time, including the murine L1210 leukemia cell
line which served as a workhorse model for many
screens as well as an allograft model for in vivo
testing of antileukemic compounds (Research
Paradigm 1955-1975). The screens were labori-
ous, and throughput of compounds was limited,
but tens of thousands of potential chemotherapeu-
tic agents were screened in this manner.

The introduction of robotic pipetting and min-
iaturization of cell culture conditions in the latter
half of the twentieth century and beginning of the
twenty-first enabled a massive increase in the
throughput of phenotypic screens. The recognition
that drugs may exert anticancer effects, in part, by
modulating nonmalignant cells in the tumor
microenvironment also led to screening for pheno-
typic endpoints other than growth inhibition.
Lenalidomide, a cornerstone of therapy for multi-
ple myeloma, was identified through screens of
compounds that were structurally related to tha-
lidomide and that modulated cytokine production
in cultured lymphocytes as well as having antipro-
liferative activity against multiple myeloma cell
lines (Zeldis et al. 2011). Recent advancements,
such as high-content imaging of live cells, aided
by sophisticated computational analysis algo-
rithms, provide the opportunity to further expand
phenotypic effects beyond simple viability read-
outs (Scheeder et al. 2018; Horvath et al. 2016).
Live imaging can detect effects of a compound on
cell morphology, granularity, and migration indi-
vidually or as an integrated multidimensional
readout in a fully automated manner depending on
the programming. In addition to screening with
libraries of synthetic chemicals with defined struc-
tures, phenotypic screens have been valuable for
the interrogation of libraries of naturally occurring
compounds from various sources. Lurbinectedin,
recently approved for the treatment of small cell
lung cancer, was discovered by screening a library
of compounds derived from marine organisms for
antiproliferative effects against cancer cell lines
(Pereira et al. 2019). Based on the historical suc-
cess with this approach, phenotypic screening is
being employed in some settings to identify novel
cancer therapeutics.

The major advantage of compounds that are
identified on the basis of concentration-dependent
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biological activity is that they start off with some
of the physicochemical properties, such as aque-
ous solubility and cell permeability, which are
essential for an oral or parenterally administered
drug. In contrast to hits from a biochemical bind-
ing or enzymatic inhibition screen (described
below) which often require extensive efforts to
address problems with solubility or cell-based
potency, phenotypic screening hits can often
transition quickly from cell-based to in vivo stud-
ies in tumor xenograft models and are potentially
more readily elaborated into pharmacologic
preparations suitable for human dosing. The dis-
advantages of the phenotypic approach become
evident when planning for the clinical evaluation
of the agent in patients. These challenges are dis-
cussed in greater detail in Chap. 5.

Because of these limitations, modern pheno-
typic screens are often combined with efforts to
deconvolute or reverse engineer the identity of the
molecular target that is engaged by the hit. The
explosion in knowledge of the molecular profiles
of the many available cancer cell lines that is now
publicly available through resources like the
Cancer Cell Line Encyclopedia makes it possible
to correlate patterns of sensitivity or resistance to a
compound with the presence or absence of specific
mutations or gene expression profiles in the
sensitive or resistant cell lines (CCLE 2012).
Alternatively, functional genomic approaches
ranging from random mutagenesis to genome-wide
knockout screens using Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)
can be applied to identify genes that confer sensi-
tivity or resistance to the agent in vitro (Shalem
et al. 2015; Nijman 2015). For example, a sensitive
cell line can be exposed to a mutagenic agent, such
as N-ethyl-N-nitrosourea (ENU) followed by selec-
tion for survival in lethal concentrations of the phe-
notypic hit of interest. Exome sequencing of
emerging resistant clones can point to genes whose
mutation mediates resistance to the hit and help to
identify the target or pathway involved. Genome-
wide CRISPR-based approaches can be used in
much the same way with the exception that the
guide RNAs (sgRNA) introduced to direct the
Cas-9 endonuclease to specific genes can be more
readily identified than point mutations induced by
ENU mutagenesis. In addition to identifying genes

whose excision confers resistance to the antiprolif-
erative effects of a compound, CRISPR knockouts
can be used in a synthetic lethality screen to iden-
tify genes that cooperate with the compound to
make a resistant cell line sensitive. This type of
drop-out screen uses next-generation sequencing
(NGS) to quantify the abundance of specific
sgRNAs before and after a period of treatment with
the compound of interest or with a sham treatment.
Guides that knock out genes that confer sensitivity
to the compound will be preferentially depleted in
the compound-treated cultures as compared to the
sham-treated cultures. It should be noted that these
approaches do not always identify the target that
the compound interacts with directly. Often, sev-
eral genes are identified that may confer sensitivity
or resistance as a result of adjacent dependencies or
interacting pathways, and additional experiments
are required to clarify the relationship between the
genetic hit and the phenotypic hit.

A more direct approach to target deconvolu-
tion uses biophysical detection of target com-
pound interaction. A commonly used method
involves conjugating the compound of interest to
a solid support, such as a microbead, exposing the
conjugate to a cell lysate for binding to occur and
then isolating the interacting protein(s) by cen-
trifugation (pull-down) or elution from a column.
Peptide sequencing can then be used to identify
the protein(s) enriched in this way. This was the
approach used by Handa and collaborators to
identify cereblon as the molecular target of tha-
lidomide, decades after its tragic introduction into
humans and the discovery of its utility in the treat-
ment of multiple myeloma (Ito et al. 2010).
Despite the apparent elegance of this approach, its
technical complexity presents numerous chal-
lenges to its successful execution. The conjuga-
tion of the compound to the solid substrate must
be achieved in an orientation that does not hide
the molecule’s target binding moiety. This is con-
strained by the available reactive moieties used
for the conjugation chemistry and the lack of
knowledge of what part(s) of the molecule inter-
acts with the target. Beyond that challenge, non-
specific binding to the molecule-bead complex in
a complex mixture of proteins extracted from
lysed cells can yield artifactual results. Deep
expertise in chemistry and protein biochemistry
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and a willingness to try out multiple conditions
for generating the lysate, incubation for binding,
and pull-down or elution are required to even have
a chance at a successful target identification effort.
Whether through functional genetic or physico-
chemical approaches, target identification for a
phenotypic hit is not a trivial exercise. Moreover,
even identification of a target with great confi-
dence does not always inform the development
plan. It has been known for decades that dihydro-
folate reductase (DHFR) is the molecular target of
methotrexate and that beta tubulin is the target of
the taxanes. This knowledge does not explain why
one compound is useful for leukemia and the
other for breast cancer. Even the identification of
cereblon as the target of thalidomide and lenalido-
mide did not explain the mechanism of action of
these drugs until it was shown that engagement of
this E3 ligase subunit by these and structurally
similar drugs induced the proteomic degradation
of the transcription factors aiolos and ikaros, tran-
scription factors that are critical for the pathogen-
esis of malignant plasma cells (Licht et al. 2015).
Despite these limitations, phenotypic screening
remains an important tool in drug discovery
(Moffat et al. 2017). The remainder of the chapter
will focus on target-based drug discovery.

24 Target-Based Drug
Discovery: Considerations
for Target Selection/

Identification

The dominant approach to cancer drug discovery
today leverages the explosion of knowledge of
the molecular genetics and biochemistry of can-
cer to identify and explicitly pursue targets for
pharmacologic intervention. Molecular targets
include a wide range of intracellular enzymes,
cell surface receptors, or ion channels and even
structural components of large macromolecular
complexes such as the proteasome. Although a
complete survey of cancer target classes is
beyond the scope of this chapter, there are many
excellent reviews (Hahn et al. 2021; Hoelder
et al. 2012; Yap and Workman 2012). Suffice it to
say that a target can be any molecule that has
been implicated, through genetic or other obser-

vations, in the pathogenesis of cancer. The para-
digm shift to developing drugs based on
molecular targets rather than tissue of origin or
histology of the tumor will ultimately benefit
pediatric oncology drug development. Even
though the tissue of origin of cancers is different
between children and adults, many of the molec-
ular drivers of those cancers are shared. Cancer
drugs developed initially for adult tumors are
being tested in pediatric indications that share the
same target.

Assembling a package of data implicating the
intended target as a key driver of a particular type
of cancer is critical, not only to justify the enor-
mous commitment of resources that will be
required to identify and advance chemical matter
toward human testing but also to help guide the
process. As with most difficult journeys, in drug
discovery, it helps to begin with the end in mind.
A good thought experiment at this step is to
imagine that the perfect modulator of the intended
target already exists and is ready for human test-
ing. An ideal target enables a hypothesis-driven
clinical development plan. This will be covered
in greater detail in Chap. 5.

Most targets do not come with a built-in thera-
peutic hypothesis, and the process of selecting a
target requires assembling a package of data that
provides confidence that the target is a driver of a
particular type of cancer. The academic cancer
research literature has long been a rich source of
potential molecular targets. Years of work in mul-
tiple laboratories have provided ample validation
for the idea that pharmacologically neutralizing
the mutated form of the RAS protein, for exam-
ple, would have potent anti-tumor effects (Ryan
and Corcoran 2018). Because many of the more
obvious tumor driver targets have resisted efforts
to develop pharmacologic inhibitors, there is a
continual search for new potential targets. The
explosion of knowledge about cancer genomics
has led to the identification of target opportuni-
ties such as BRAFY®E 3 recurring mutation in
melanoma, which has been successfully pursued
(Kim et al. 2014). Similarly, recurring mutations
in the isocitrate dehydrogenase (IDH) genes in
AML led to the development of inhibitors that are
currently approved for clinical use (Kim 2017,
Norsworthy et al. 2019). In both cases, the com-
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mitment to pursue drug discovery efforts relied
on molecular genetic data that suggested these
were, in fact, drivers of the disease phenotype.
This included the presence of the mutation across
the malignant clone, suggesting that it was an
early or foundational event in malignant transfor-
mation. Moreover, retention of the mutant allele
in the face of the significant genomic instability
associated with cancer speaks to a role for the
mutation not only in the initiation of malignant
transformation but also in the maintenance of this
phenotype.

Such genetic “smoking gun” evidence impli-
cating a molecular target as a disease driver is
not always available or clear-cut, and validation
efforts include experiments aimed at addressing
the causal role of a target in establishing and
maintaining tumor viability. For example, a
suspected oncogenic driver mutation can be
evaluated for its ability to confer neoplastic
properties to normal cells in culture by enforced
expression of a cDNA in transfected cells.
Alternatively, the mutated gene can be used to
generate a transgenic mouse to evaluate its
causal relationship to tumor formation. In addi-
tion to interrogating the role of the mutated
gene in tumor initiation, functional genomic
tools can be used to evaluate the impact of
eliminating the gene product on the growth and
survival of a tumor expressing the mutant
(Shalem et al. 2015; Nijman 2015). Methods
for this type of genetic manipulation have
evolved significantly in recent years and include
the use of siRNA/shRNA to knock down the
target mRNA, either transiently or inducibly, as
well as CRISPR/Cas-9 systems in which the
gene encoding the potential target is knocked
out of the genome. In some cases, there are
available chemical probes or tool compounds
that modulate the target in question. These
chemicals generally lack properties that could
make them useful as drugs but can be used to
evaluate the impact of target engagement in
preclinical models (Arrowsmith et al. 2015).
Each of these approaches has its limitations.
For example, the complete ablation of a target
by CRISPR far exceeds the degree of target
inhibition that could be achieved pharmacolog-
ically and may overestimate the functional

impact of drugging that target. Moreover, small
molecule drugs typically inhibit a specific func-
tion of the target such as a catalytic domain,
whereas knockdown and knockout approaches
remove both the catalytic function and any
structural or scaffolding role the target may
play in the assembly or stability of multi-pro-
tein complexes (Shi et al. 2015). The use of
chemical probes or tool compounds can be a
useful adjunct to functional genomic approaches
in target validation with the caveat that many of
these compounds exhibit poor selectivity,
engaging not only the target of interest but also
close paralogs or even unrelated molecules
(Arrowsmith et al. 2015). Because of these lim-
itations, a robust target validation campaign
relies on multiple cross-validating approaches.
Discordant results between, for example,
CRISPR and a tool inhibitor compound, if not
well-understood, should give pause to pursuing
a discovery program.

In addition to establishing a causal role for the
target in driving the malignant phenotype, gener-
ating a testable hypothesis about which patients
are likely to respond is an important component
of target selection. In cases such as BRAF or
ALK fusions, this is fairly straightforward in that
the mutation defines both the target of the drug
and the patient subset most likely to benefit from
treatment with the drug. In the decades since the
publication of the human genome, extensive can-
cer genomics efforts have unearthed a number of
potentially druggable targets. These have pre-
dominantly been putative activating mutations in
signaling kinases and have yielded important
advances benefiting cancer patients. As a conse-
quence of these advances and the ever-decreasing
cost of DNA sequencing, genomic analysis of
patient’s tumors is becoming a more routine part
of clinical oncology practice (Cancer Target
Discovery and Development Network 2016). A
sobering lesson from this exercise is that the vast
majority of patients lack what has been termed an
actionable mutation in their tumors (Ng et al.
2018; McGranahan et al. 2015). This is not only
because suitable inhibitors have not yet been
developed for all potential targets but because the
mutations themselves do not suggest immediate
targets. For example, it is estimated that 20% of
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human tumors have mutations in components of
nucleosome remodeling complexes that play a
key role in regulating access of transcription fac-
tors to enhancers and promoters (Kadoch and
Crabtree 2015). These are almost exclusively loss
of function rather than activating mutations and,
therefore, do not suggest an immediate pharma-
cologic approach. To move beyond the current
era of genomics-driven target identification will
require novel approaches to link cancer muta-
tions to corresponding therapeutic targets. Such
approaches include synthetic lethality, where a
loss of function in one gene leads to a critical
dependence on another gene that can serve as a
drug target. This was the approach that led to the
development of the EZH2 inhibitor tazemetostat
in rare sarcomas with loss of function mutations
in the SWI/SNF nucleosome remodeling com-
plex (Kim et al. 2015). Tremendous public data
resources, such as the Cancer Dependency Map
from the Broad Institute, have recently become
available to enable both industry and academic
drug discovery efforts (Tsherniak et al. 2017).

In summary, validation of a potential cancer
target follows a weight-of-evidence approach,
using orthogonal experimental approaches to build
and reinforce confidence that a particular target
merits the substantial effort that will be required to
identify suitable chemical matter against it and to
advance that chemical matter toward a drug-like
molecule for human testing. Whether the intended
target is an intracellular enzyme or a cell surface
antigen, the experimental approach to its valida-
tion should be carefully planned and take into
account the available tools and knowledge of the
biology. Invalidating a target can be just as valu-
able as validating it by preventing the expenditure
of resources to discover a drug without a clear path
forward to clinical validation.

2,5 Target-Based Drug
Discovery: Identifying

Chemical Starting Points

Having established that a particular target merits
the effort of a discovery campaign, the next step
in target-based drug discovery is the identifica-
tion of chemical or biologic starting points that

can be evolved into a drug candidate. These start-
ing points are merely the first steps in a long and
iterative path from target concept to a Phase
I-ready compound. In the terminology of drug
discovery, a hit is a compound that emerges from
a screen, while leads are selected from among a
number of hits based on more selective criteria.
Because the path is filled with false starts and
blind alleys, multiple potential leads are gener-
ated, of which only one or a few may be suitable
for subsequent medicinal chemistry efforts.
Which of the many hit discovery approaches to
employ in a discovery campaign depends on the
nature of the target as well as the capabilities of
the team undertaking the effort.

An early consideration in small molecule drug
discovery, prior to initiating screening efforts, is
evaluating the available knowledge about the
structure of the target. Small molecules can
engage protein targets through a variety of three-
dimensional interactions in aqueous media
including hydrophobic or electrostatic interac-
tions (Anderson 2003). Those interactions can
modulate the function of the target protein, for
example, by competing with a substrate or cofac-
tor for the same binding site or by inducing a con-
formational change. Structural information for
potential target proteins can be obtained through
X-ray crystallography, nuclear magnetic reso-
nance (NMR), or homology modeling approaches
(Petros and Fesik 1994; Bordoli et al. 2009). An
immense body of data on protein structures is
available through the RCSB Protein Data Bank
(n.d.). 3-D structures can provide valuable infor-
mation about potential binding pockets, grooves,
or other features that a small molecule of defined
structure could bind in a specific manner (Shuker
et al. 1996). Combined with knowledge of the
amino acid sequence of the protein and its func-
tional domains, this information can be used to
refine the physical screening approach or even to
perform a virtual screen. Using immensely pow-
erful computer algorithms, it is possible to test
thousands of small molecules in silico by dock-
ing or fitting their structures into features of pro-
tein crystal structures, taking into account
electrostatic charges, presence or absence of
water molecules, and other physical and thermo-
dynamic variables. Predicted hits can then be fol-



16

J. DiMartino

lowed up with “wet lab” experiments in which
binding of the actual chemical to the target can be
measured (Mclnnes 2007). This can greatly
speed the discovery process if promising hits can
be identified without having to set up and opti-
mize a physical screen. Even if the primary
screening approach is in vitro rather than in
silico, structural data can be used to evaluate and
prioritize screening hits based on how their struc-
ture is predicted to interact with key features of
the target protein or even to start to optimize the
hit by adding or removing chemical moieties to
enhance binding potency or selectivity (Cui et al.
2011; Raman et al. 2019).

Although computational methods have
become an important part of the hit identification
process, biochemical screening is indispensable.
A successful screening campaign requires access
to a compound library of the appropriate compo-
sition and the ability to design and execute an
assay to measure interaction between the com-
pound and the target. Compound libraries can be
enormous collections of chemical entities encom-
passing a wide range of structures or more
focused collections with variations around a
common feature. The former type of library,
known as a diversity library, can have as few as
tens of thousands of compounds in academic set-
tings to as many as hundreds of thousands or
even millions of compounds in the case of large
pharmaceutical companies. Diversity libraries
are curated to contain representation of multiple
diverse families of structures or chemotypes and
are useful for an unbiased approach to finding
target interacting compounds or when there are
no known structures that interact with the feature
of interest in the target (Fox et al. 2006). In other
cases, for example, when the target is a protein
kinase, a focused library of a few thousand com-
pounds that is enriched for structures that are
likely to interact with known features of kinases
can be used (Jacoby et al. 2018). This can reduce
the number of false positive or nonspecific hits
that are often identified in screens of larger unbi-
ased screens. The compounds in these libraries
are typically commercially available (i.e., not
patented) although companies often supplement
their compound libraries with chemical entities

discovered in the course of other medicinal
chemistry efforts.

The development of a biochemical assay to
detect interaction between a compound in the
library and the target of interest is a critical step
in a screening campaign. It starts with identifying
a source of the target protein to screen against.
Generally, this requires isolating highly purified
protein from cell or tissue extracts or, more com-
monly, recombinantly expressing the target in a
prokaryotic or eukaryotic system (Hunt 2005).
An advantage to the recombinant expression
approach is that an epitope tag can be added to
the target to aid in its purification and to attach it
to a solid substrate for screening purposes. It is
essential that the target protein retains its native
structure and, in some cases, its enzymatic activ-
ity when purified to homogeneity or expressed as
a recombinant protein. Certain classes of pro-
teins, such as transcription factors, have intrinsi-
cally disordered domains that can only adopt
their native structure when complexed with other
proteins in large multi-subunit complexes
(Tarczewska and Greb-Markiewicz 2019).
Screening for binding to a largely unfolded pro-
tein like this cannot yield any specific or useful
interactions. The reaction that is measured in a
screening assay depends primarily on the nature
of the target and the throughput of compounds
required (i.e., the size of the library and available
equipment). Enzymatic assays may be appropri-
ate for targets with catalytic activity, while mea-
suring binding of compounds is more suitable for
targets like receptors that do not have enzymatic
activity. As a rule, the simpler the assay format,
the better. Enzymatic assays may require the
addition of substrates, quenchers, often with
washing steps in between and other reagents, to
measure the products of the reaction, usually
with colorimetric or luminescent readouts.
Minimizing the steps involved and standardizing
reagents is critical to ensure reliability of an assay
that may be conducted in parallel in hundreds or
thousands of 384 or 1536 well microtiter plates.
The reliability or reproducibility of a screen is
commonly expressed as a Z score that reflects the
variability around the high and low end of the
range of assay signals (Zhang et al. 1999). Z
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scores range from O to 1, and a score of 0.6 or
more is considered a reliable assay in an industry
screen.

An alternative approach to the use of diversity
or focused libraries, which contain organic com-
pounds of molecular weight around 500, is the use
of fragment libraries. As the name implies, frag-
ment libraries contain small or lower molecular
weight structures that can be simple but highly
diverse and interact with features of the target more
freely but with lower affinity than the larger struc-
tures contained in diversity or focused sets (Jhoti
2007; Feyfant et al. 2011). Because these interac-
tions are low affinity and incapable of inhibiting
enzymatic or other protein function, detecting
binding requires incubating high concentration of
compounds with protein crystals and methods such
as NMR spectroscopy to detect binding. A particu-
larly interesting form of fragment libraries are so-
called DNA-encoded libraries (DELSs) in which a
unique oligonucleotide code is attached to each
fragment. After incubating the library with the tar-
get and washing steps, the identity of fragments
enriched in the bound fraction is achieved by
sequencing and counting the reads associated with
each fragment (Brenner and Lerner 1992; Goodnow
et al. 2017). Fragments can then be combined with
other fragments directly or via linker fragments to
create molecules that interact more stably and with
higher affinity to the target. This relies on structure-
guided design as described above.

2.6 Hit-to-Lead

Screening hits are only the first step in a long path
to a clinical candidate that includes selecting
which hits to advance to lead compounds for hit-
to-lead (H2L) efforts, which lead or leads to take
into lead optimization (LO) and, if all goes well,
the nomination of a development candidate (DC)
for IND-enabling studies. In the pharmaceutical
industry, this process is guided by the target can-
didate profile (TCP), a list of specifications
describing the ideal properties the candidate
should have for the intended clinical application
of the drug. If the drug’s ultimate use will be for
chronic, daily administration, an orally bioavail-

able form is critical. If, on the other hand, the
drug is to be dosed a few days a month, an intra-
venous route of administration could be adequate.
A threshold level of potency against the target,
usually expressed as the concentration that
reduces the response (binding or enzymatic activ-
ity) by half (ICsy) or that results in half of the
maximal response (ECs) is used as a standard-
ized way to compare across hits. Additional
requirements may include selectivity for the
intended target over closely related paralogs of
the target to minimize off-target toxicity. The
importance of achieving a particular potency
threshold depends on the anticipated pharmaco-
kinetic properties of the drug and on the risk of
off-target toxicity. A drug that can achieve lim-
ited plasma exposure, e.g., due to poor oral bio-
availability, needs to be more potent than a highly
bioavailable drug. High exposures, on the other
hand, may magnify the risks of off-target toxicity
if the drug is not sufficiently selective. Crafting a
realistic TCP, with input from experienced drug
developers, early in the discovery process is criti-
cal, but it should also be mentioned that the TCP
is not set in stone. It can evolve over the span of a
discovery effort to accommodate changes in the
treatment landscape or technical innovations.
Medicinal chemists are responsible for driv-
ing the evolution of compounds toward DCs
based on the specifications starting with the
selection of hits to advance into leads. Essentially,
this means selecting from among hits that have
already undergone extensive validation through
orthogonal screens and counter-screens to ensure
that they truly engage with the target in a
structure-driven manner. Hits at this stage typi-
cally have low (micromolar) potency and a host
of potential physicochemical liabilities that need
to be addressed and other key attributes that need
to be preserved or enhanced. It is a common prac-
tice to select several leads representing different
structural classes of compounds to increase the
likelihood of generating at least one successful
lead. The number selected depends on the output
from the screen and the availability of chemists to
synthesize and evaluate multiple analogues. The
process of evolving leads through synthetic
organic chemistry is iterative and driven by a
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growing body of knowledge about which chemi-
cal groups can affect solubility, metabolic stabil-
ity, mutagenic potential, and many other factors
that can affect drug-like properties. A classic
example of the acquired knowledge that informs
medicinal chemistry efforts is captured in
Lipinski’s rule of 5 (Lipinski et al. 2001). Based
on empirical analysis of factors that impact cell
permeability and oral absorption, Lipinski and
others observed that the majority of existing oral
drugs share many common features. These
include molecular weights of less than 500,
ClogP (a measure of hydrophobicity) less than 5,
fewer than 5 hydrogen bond donors or acceptors,
etc. Keeping these and other design principles in
mind, along with a helping of what can best be
described as chemical intuition, medicinal chem-
ists can take a hit with poor physicochemical
properties and drive it toward a more drug-like
molecule.

It is at this hit-to-lead stage that a reliable cell-
based assay for target engagement also becomes
important. While biochemical assays continue to
play an important role in establishing the
structure-activity relationship (SAR), this pro-
cess in oncology drug discovery often relies on
growth inhibition or cytotoxicity assays in cancer
cell lines. The cell line(s) chosen to drive the
cycles of SAR should have a clear dependence on
the target in question to avoid driving the chemis-
try toward optimizing an off-target or nonspecific
toxic effect. A cancer cell line that is not depen-
dent on the target can serve as an important con-
trol to avoid this common pitfall. Many other
types of cell-based assays have been developed
including assays to measure changes in cell state
such as differentiation, or to evaluate effects on
reporter genes engineered into the cell line
(Rozanov et al. 2019). This is where having a
sound therapeutic hypothesis about the role of the
target in the biology of the malignancy can be
very helpful. As new molecules are synthesized,
they undergo testing not only for the physical
properties that the modification was intended to
address but also in relevant cell line models to
ensure that the desired activity and potency are
retained or improved. This testing is carried out

in a hierarchical cascade of assays that is tailored
to the needs and challenges of a specific
program.

An important part of any H2L cascade is
addressing the compound’s distribution, metabo-
lism, and pharmacokinetic (DMPK) properties,
also referred to as absorption, distribution,
metabolism, and excretion (ADME). The best
biochemical or cell-based performance of a mol-
ecule is of no use if it cannot achieve adequate
plasma and tissue exposure in a patient. A drug,
as opposed to a chemical compound, needs to
enter the circulation either directly through intra-
venous administration or through absorption
from the gut. It also needs to remain in circula-
tion for some period of time and to partition into
tissues such as tumor. This requires physico-
chemical properties that allow permeation into
and across gut epithelium or vascular endothelial
cells. Structures that are substrates for drug efflux
pumps, present in many tissues, can also limit
penetration. Metabolic enzymes can also rapidly
attack and inactivate compounds in the liver.
DMPK assessment of compound liabilities
encompasses a range of standard assay formats
that interrogate these properties in vitro. The
colon carcinoma cell line Caco-2, for example, is
commonly used to predict potential for permea-
bility across the gut epithelium (Hubatsch et al.
2007). The compound is added to media above a
monolayer of cells grown on a permeable mem-
brane support. A coefficient of permeability is
calculated by measuring the rate of compound
flux from the media over to a chamber below the
membrane. This can help predict gut permeabil-
ity. In vitro assays are also used to evaluate a
compound’s susceptibility to drug efflux pumps
and to metabolism by cytochrome enzymes
(Gameiro et al. 2017). Incubating compounds in
preparations of hepatocytes or liver microsomes
is used to determine whether and in what way
chemical structures are broken down and what
the metabolic byproducts of this metabolism are.
Finally, pharmacokinetic assessment of a com-
pound in a pharmacology species, usually the
mouse, is a critical step to advance a compound
from H2L into the next stage of discovery.
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2.7 Lead Optimization
If the hit-to-lead phase of discovery has been suc-
cessful, there should be at least one molecule to
advance into lead optimization (LO). As its name
suggests, the objective of this stage is to optimize
the drug-like properties of the compound to real-
ize, as much as possible, the specifications in the
TCP. This includes delivering proof of in vivo
target-driven anti-tumor activity and an under-
standing of the relationship between exposure,
target engagement, and efficacy in preclinical
models. Any lead compounds that do not achieve
adequate systemic exposure in animal models,
either with oral or parenteral administration, typi-
cally do not advance from H2L to LO, despite
how attractive their potency or selectivity might
look in biochemical or cell-based assays (Waring
et al. 2015). Even though the pool of potential
candidates decreases with each successive stage
gate transition in the discovery process, the
resources required to clear the next gate go up. In
LO, this increased cost is driven by more inten-
sive medicinal chemistry efforts to refine the
drug-like properties of the molecule more closely
with the TCP and by the extensive in vivo phar-
macology studies. Because of this, resource-
constrained developers may require the lead
candidate to demonstrate proof of anti-tumor
activity in at least one animal model prior to
advancing into investing in a LO program.
Animal models selected for in vivo pharma-
cology should, as much as possible, read out
target-dependent anti-tumor effects of the com-
pound rather than nonspecific or poorly under-
stood cytotoxicity. In some cases, the same cell
lines that have been used for in vitro experiments
can be grown as subcutaneous xenografts in
immunocompromised mice (Kerbel 2003). Not
all cell lines grow robustly as xenografts, how-
ever, and it is also helpful to test the therapeutic
hypothesis in multiple orthogonal models. These
can include patient-derived xenografts (PDX),
syngeneic allografts, and genetically engineered
mouse models (GEMMs) (Okada et al. 2019;
Webster et al. 2020). PDX models use fragments
of resected tumor tissue from cancer patients that
can be grown as subcutaneous implants in immu-

nocompromised mouse strains. These models
can be extensively characterized for mutation sta-
tus, gene expression, and other molecular fea-
tures and can be passaged serially in mice to
generate a reliable experimental reagent. Growth
inhibition of a PDX bearing the same mutation or
gene expression profile that defines target depen-
dence can provide robust proof-of-principle for
the therapeutic hypothesis. One limitation of both
cell line xenograft and PDX models is that both
require an immunocompromised host and are,
therefore, inappropriate to study anti-tumor
effects mediated by the host immune system.
Syngeneic allograft models and GEMMs enable
the study of a murine tumor in the correct histo-
compatibility background in an immunocompe-
tent host (Schaffer et al. 2010).

Consistent data from multiple models can pro-
vide robust validation of the target hypothesis
and even an idea of the range of responses and
sensitivity and resistance in various target-driven
models. For working out the relationship between
exposure, target engagement, and anti-tumor
activity, however, it is best to focus efforts on a
single “work-horse” model. The objective of
these experiments is to gain a better understand-
ing of the plasma and tissue exposure and target
engagement parameters associated with response
(Garralda et al. 2017). These experiments can
inform the design of the 28-day GLP toxicology
studies as well as human dose-finding studies. By
varying dose and schedule of administration, it
can be determined whether tumor response is
most sensitive to the maximum plasma concen-
tration (C,,), area under the concentration/time
curve (AUC), or time above trough concentra-
tions of the compound. Because the pharmacoki-
netic parameters of the compound in humans will
be different from the mouse, it is critical to asso-
ciate these PK parameters with target engage-
ment or PD parameters such as the magnitude
and duration of target modulation associated with
response (Parchment and Doroshow 2016). These
data can define the criteria for selecting a dose
and schedule at the end of dose-finding studies in
humans and provide context for toxicity.

In addition to proof-of-principle for the target,
observing anti-tumor activity in a mouse xeno-
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graft model without overt toxicity (significant
weight loss or even death) can provide some con-
fidence that a therapeutic index exists for the
compound. To more thoroughly de-risk the
potential for significant toxicity, however,
requires more formal toxicology studies as out-
lined in the ICH-S9 regulatory guidance (2010).
At this stage, these types of studies can be con-
ducted without invoking the rigid regulatory
standards defined as Good Laboratory Practice
(GLP). These will be described in greater detail
in the next chapter. Dose-ranging toxicity studies
typically administer high single doses and lower
repeated doses up to 7 days to one rodent and in
some cases to a non-rodent species. These dose-
ranging toxicology studies to look for exagger-
ated pharmacologic effects of the compound and
for the relationship of dose, exposure, and toxic-
ity. In addition to informing the design of the
IND-enabling toxicology studies, comparing the
plasma concentrations of compound associated
with severe toxicity or lethality to the concentra-
tions required for anti-tumor activity can give an
idea of how wide the therapeutic margin might be
in the clinic.

2.8 Candidate Nomination

Lead compounds that meet or exceed the specifi-
cations of the TCP are considered development
candidates (DCs). Nominating a DC is a major
milestone in a discovery effort and a major deci-
sion for a drug development organization. In
nominating a DC, the organization is committing
to enter human testing within a year to 18 months
which comes with a significant price tag. The
process of selecting a target, conducting a screen
to identify hits, and progressing those hits through
H2L and LO take, on average, 3-5 years and
$430 million (DiMasi et al. 2016). These costs,
however, pale in comparison with the spend that
will be required to drive the candidate to the next
major milestone at the end of a first-in-humans
clinical trial. These costs include scaling up man-
ufacturing of the compound itself to provide suf-
ficient material for formal toxicology studies
conducted under GLP as well as for human test-

ing (Garralda et al. 2017). The GLP toxicology
studies themselves, which require one rodent and
one non-rodent species dosed over a 28-day
period with the compound at various doses as
well as a matched group of animals dosed with a
vehicle control, can cost millions of dollars. The
data from these studies is used to select a starting
dose with an ample safety margin for human tri-
als and identifies potential target toxicities for the
basis for the clinical safety monitoring plan in
these trials. It is very unusual in oncology drug
discovery to identify a “show-stopper” toxicity at
this point. Cancer is a life-threatening condition,
and toxicities that would be considered unaccept-
able in other therapeutic areas are unfortunately
commonplace for cancer drugs. Nevertheless, a
toxicity that is essentially catastrophic (i.e.,
potentially life-threatening, unmonitorable, and/
or unreversible) can preclude a candidate from
entering human studies. Such a toxicity should
have revealed itself during the non-GLP dose-
ranging toxicology studies but sometimes only
become evident with more extended dosing in the
GLP studies.

Manufacturing the active pharmaceutical
ingredient (API) at a scale to supply the GLP
toxicology studies and at a minimum, the Phase 1
program, is a significant at-risk investment that
needs to be made well ahead of the start of these
programs. Making compounds during H2L or LO
is typically on small scales, on the order of a few
grams to, perhaps, a few hundred grams to supply
preclinical studies. At some point, as the lead that
will become the DC starts to become evident,
production needs to be scaled up to produce kilo-
grams of compound in compliance with good
manufacturing practice (GMP) regulations in the
Food, Drug and Cosmetics Act Chapter V Part A
(2018). This requires securing a stable supply of
starting materials and, in most cases, establishing
a contractual agreement with a Contract Drug
Manufacturing Organization (CDMO). Although
many large pharmaceutical companies have some
GMP manufacturing capacity internally, they are
often functioning at capacity to make marketed
products and not available for products in
research and development. The synthetic routes
that were adequate to supply non-GMP-compliant
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compound during earlier stages of discovery are
often inadequate for large-scale production of
clinical material. The process chemistry that
explores various ways of improving the repro-
ducibility, yield, and purity of a compound is
usually done internally. Although Phase 1 studies
typically use simple preparations, such as API
powder in a capsule, in some cases, formulation
of the API with various excipients may be
required to improve its stability or dissolution
properties. The API is sometimes referred to as
the drug substance, whereas the final form that
will be dosed is called the drug product.
Candidates that will be administered parenterally
generally require some formulation work to
address solubility issues. In addition to process
chemistry, analytical methods to assess the purity
of the drug product must be developed and vali-
dated. These synthetic, formulation and analyti-
cal methods are transferred to a CDMO.
Obtaining permission to initiate human trials
from competent health authorities (HAs) such as
the US Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) consti-
tutes another resource-intensive workstream tied
to candidate nomination (FDA 2021; EMA
2022). Preparing an Investigational New Drug
(IND) application for FDA or a Clinical Trial
Authorization (CTA) for EMA and other ex-US
HAs can take many months and the coordinated
activity of a large cross-functional team. At its
core, an IND or CTA is a document that provides
HA reviewers with information to evaluate
whether human testing is warranted and does not
expose human subjects to undue risks of toxicity
or death. The pharmacology section provides
in vitro and in vivo data to support the potential
benefit of the drug in cancer, but most of the
focus is on the nonclinical safety and manufac-
turing information and the planned clinical devel-
opment of the drug to evaluate the risks. The
safety testing to identify potential toxic effects of
the drug will be described in great detail in the
next chapter. Specialist reviewers at HAs pay
particular attention to the chemistry, manufactur-
ing, and controls (CMC) section of the applica-
tion. This is where the sponsor lays out how the
drug is made and characterizes the drug sub-

stance in terms of degree of purity and any resid-
ual contaminants in the final product either from
solvents or other reagents in the manufacturing
process or byproducts of synthesis. The analyti-
cal methods for this characterization and their
validation are also described here. Finally, the
IND or CTA includes an overall clinical plan, and
a detailed clinical protocol for the first-in-humans
trial is included as well as an investigator bro-
chure that summarizes all of the information in
the IND for trial site staff. The clinical protocol
will be described in greater detail in Chap. 5 but,
in essence, is where all of the information in the
IND or CTA is integrated to describe an experi-
ment to understand the safety, PK, PD, and,
hopefully, a glimpse of clinical activity while
mitigating any potential risks to patients.

In summary, the drug discovery process is a
lengthy, costly, iterative process with many chal-
lenges and no guarantee of success but, neverthe-
less, one that is critical for improving and
extending the lives of both adults and children
with cancer. The considerable up-front invest-
ment required just to get from a target concept to
a drug candidate and the drug development chal-
lenges and limited market opportunity associated
with pediatric cancer explain why most compa-
nies do not explicitly pursue pediatric cancer tar-
gets. Fortunately, many of the targets that are
being pursued for adult malignancies also play a
role in childhood cancers, and every effort needs
to be made to ensure that children have access to
these drug candidates as early as is feasible in
their development.

References

Anderson AC (2003) The process of structure-based
drug design. Chem Biol 10:787-797. https://doi.
org/10.1016/j.chembiol.2003.09.002

Arrowsmith CH, Audia JE, Austin C, Baell J, Bennett
J, Blagg J, Bountra C, Brennan PE, Brown PJ,
Bunnage ME, Buser-Doepner C, Campbell RM,
Carter AJ, Cohen P, Copeland RA, Cravatt B, Dahlin
JL, Dhanak D, Edwards AM, Frederiksen M, Frye
SV, Gray N, Grimshaw CE, Hepworth D, Howe
T, Huber KV, Jin J, Knapp S, Kotz JD, Kruger RG,
Lowe D, Mader MM, Marsden B, Mueller-Fahrnow
A, Miiller S, O’Hagan RC, Overington JP, Owen


https://doi.org/10.1016/j.chembiol.2003.09.002
https://doi.org/10.1016/j.chembiol.2003.09.002

22

J. DiMartino

DR, Rosenberg SH, Roth B, Ross R, Schapira M,
Schreiber SL, Shoichet B, Sundstrom M, Superti-
Furga G, Taunton J, Toledo-Sherman L, Walpole C,
Walters MA, Willson TM, Workman P, Young RN,
Zuercher WJ (2015) The promise and peril of chemi-
cal probes. Nat Chem Biol 11(8):536-541. https://doi.
org/10.1038/nchembio.1867. Erratum in: Nat Chem
Biol. 2015;11(8):541. Roth, Brian [Corrected to Roth,
Bryan] and Frederiksen, Mathias [Added]. Erratum in:
Nat Chem Biol. 2015;11(11):887

Bordoli L, Kiefer F, Arnold K, Benkert P, Battey J,
Schwede T (2009) Protein structure homology mod-
eling using SWISS-MODEL workspace. Nat Protoc
4(1):1-13. https://doi.org/10.1038/nprot.2008.197

Brenner S, Lerner RA (1992) Encoded combinatorial
chemistry. Proc Natl Acad Sci U S A 89:5381-5383

Cancer Target Discovery and Development Network
(2016) Transforming big data into cancer-relevant
insight: an initial, multi-tier approach to assess
reproducibility and relevance. Mol Cancer Res
14(8):675-682.  https://doi.org/10.1158/1541-7786.
MCR-16-0090. Epub 2016 Jul 11

The Cancer Cell Line Encyclopedia enables predic-
tive modelling of anticancer drug sensitivity. Nature
2012;483(7391):603-7. https://doi.org/10.1038/
naturel1003. https://sites.broadinstitute.org/ccle/

Conant J (2020) The Great Secret: the classified world
war II disaster that launched the war on cancer.
W.W. Norton & Co., New York

Cui JJ, Tran-Dubé M, Shen H, Nambu M, Kung PP,
Pairish M, Jia L, Meng J, Funk L, Botrous I, McTigue
M, Grodsky N, Ryan K, Padrique E, Alton G,
Timofeevski S, Yamazaki S, Li Q, Zou H, Christensen
J, Mroczkowski B, Bender S, Kania RS, Edwards
MP (2011) Structure based drug design of crizotinib
(PF-02341066), a potent and selective dual inhibitor
of mesenchymal-epithelial transition factor (c-MET)
kinase and anaplastic lymphoma kinase (ALK). J
Med Chem 54:6342-6363. https://doi.org/10.1021/
jm2007613. Epub 2011 Aug 18

DeVita V Jr, DeVita-Raeburn E (2015) The death of can-
cer. Macmillan, New York

DiMasi JA, Grabowski HG, Hansen RW (2016)
Innovation in the pharmaceutical industry: new esti-
mates of R&D costs. J Health Econ 47:20-33. https://
doi.org/10.1016/j.jhealeco.2016.01.012. Epub 2016
Feb 12

EMA (2022) EMA CTA process. http://data.europa.eu/
eli/reg/2014/536/0j

FDA  (2021) FDA  IND  process.  https:/
www.fda.gov/drugs/types-applications/
investigational-new-drug-ind-application

Feyfant E, Cross JB, Paris K, Tsao DH (2011) Fragment-
based drug design. Methods Mol Biol 685:241-252.
https://doi.org/10.1007/978-1-60761-931-4_12

Fox S, Farr-Jones S, Sopchak L, Boggs A, Nicely
HW, Khoury R, Biros M (2006) High-throughput
screening: update on practices and success.

J Biomol Screen 11(7):864-869. https://doi.
org/10.1177/1087057106292473. Epub 2006 Sept 14

Gameiro M, Silva R, Rocha-Pereira C, Carmo H, Carvalho
F, Bastos ML, Remido F (2017) Cellular models and
in vitro assays for the screening of modulators of
P-gp, MRP1 and BCRP. Molecules 22:600. https://doi.
org/10.3390/molecules22040600

Garralda E, Dienstmann R, Tabernero J (2017)
Pharmacokinetic/pharmacodynamic  modeling  for
drug development in oncology. Am Soc Clin Oncol
Educ Book 3(7):210-215. https://doi.org/10.1200/
EDBK_180460

GMP (2018) GMP Guidance document. https:/www.
fda.gov/regulatory-information/search-fda-guidance-
documents/guidance-industry-q7a-good-manufacturing-
practice-guidance-active-pharmaceutical-ingredients

Goodnow RA, Dumelin CE, Keefe AD (2017) DNA-
encoded chemistry: enabling the deeper sampling of
chemical space. Nat Rev Drug Discov 16:131-147

Hahn WC, Bader JS, Braun TP, Califano A, Clemons PA,
Druker BJ, Ewald AJ, Fu H, Jagu S, Kemp CJ, Kim
W, Kuo CJ, McManus M, Mills GB, Mo X, Sahni
N, Schreiber SL, Talamas JA, Tamayo P, Tyner JW,
Wagner BK, Weiss WA, Gerhard DS, Cancer Target
Discovery and Development Network (2021) An
expanded universe of cancer targets. Cell 184:1142—
1155. https://doi.org/10.1016/j.cell.2021.02.020

Hoelder S, Clarke PA, Workman P (2012) Discovery of
small molecule cancer drugs: successes, challenges
and opportunities. Mol Oncol 6:155-176

Horvath P, Aulner N, Bickle M, Davies AM, Nery ED,
Ebner D, Montoya MC, Ostling P, Pietidinen V, Price
LS, Shorte SL, Turcatti G, von Schantz C, Carragher
NO (2016) Screening out irrelevant cell-based mod-
els of disease. Nat Rev Drug Discov 15(11):751-769.

https://doi.org/10.1038/nrd.2016.175.  Epub 2016
Sept 12
Hubatsch I, Ragnarsson EG, Artursson P (2007)

Determination of drug permeability and prediction
of drug absorption in Caco-2 monolayers. Nat Protoc
2:2111-2119. https://doi.org/10.1038/nprot.2007.303

Hunt I (2005) From gene to protein: a review of new
and enabling technologies for multi-parallel protein
expression. Protein Expr Purif 40:1-22. https://doi.
org/10.1016/j.pep.2004.10.018

ICH-S9 (2010) ICH-S9 Guidance document. https://www.
fda.gov/regulatory-information/search-fda-guidance-
documents/s9-nonclinical-evaluation-anticancer-
pharmaceuticals

Ito T, Ando H, Suzuki T, Ogura T, Hotta K, Imamura
Y, Yamaguchi Y, Handa H (2010) Identification of a
primary target of thalidomide teratogenicity. Science
327:1345-1350

Jacoby E, Wroblowski B, Buyck C, Neefs JM, Meyer
C, Cummings MD, van Vlijmen H (2018) Protocols
for the design of kinase-focused compound libraries.
Mol Inform 37:e1700119. https://doi.org/10.1002/
minf.201700119. Epub 2017 Nov 8


https://doi.org/10.1038/nchembio.1867
https://doi.org/10.1038/nchembio.1867
https://doi.org/10.1038/nprot.2008.197
https://doi.org/10.1158/1541-7786.MCR-16-0090
https://doi.org/10.1158/1541-7786.MCR-16-0090
https://doi.org/10.1038/nature11003
https://doi.org/10.1038/nature11003
https://sites.broadinstitute.org/ccle/
https://doi.org/10.1021/jm2007613
https://doi.org/10.1021/jm2007613
https://doi.org/10.1016/j.jhealeco.2016.01.012
https://doi.org/10.1016/j.jhealeco.2016.01.012
http://data.europa.eu/eli/reg/2014/536/oj
http://data.europa.eu/eli/reg/2014/536/oj
https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application
https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application
https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application
https://doi.org/10.1007/978-1-60761-931-4_12
https://doi.org/10.1177/1087057106292473
https://doi.org/10.1177/1087057106292473
https://doi.org/10.3390/molecules22040600
https://doi.org/10.3390/molecules22040600
https://doi.org/10.1200/EDBK_180460
https://doi.org/10.1200/EDBK_180460
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-q7a-good-manufacturing-practice-guidance-active-pharmaceutical-ingredients
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-q7a-good-manufacturing-practice-guidance-active-pharmaceutical-ingredients
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-q7a-good-manufacturing-practice-guidance-active-pharmaceutical-ingredients
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-q7a-good-manufacturing-practice-guidance-active-pharmaceutical-ingredients
https://doi.org/10.1016/j.cell.2021.02.020
https://doi.org/10.1038/nrd.2016.175
https://doi.org/10.1038/nprot.2007.303
https://doi.org/10.1016/j.pep.2004.10.018
https://doi.org/10.1016/j.pep.2004.10.018
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/s9-nonclinical-evaluation-anticancer-pharmaceuticals
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/s9-nonclinical-evaluation-anticancer-pharmaceuticals
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/s9-nonclinical-evaluation-anticancer-pharmaceuticals
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/s9-nonclinical-evaluation-anticancer-pharmaceuticals
https://doi.org/10.1002/minf.201700119
https://doi.org/10.1002/minf.201700119

2 Targeted Small Molecule Drug Discovery

23

Jhoti H (2007) Fragment-based drug discovery using
rational design. Ernst Schering Found Symp Proc
3:169-185. https://doi.org/10.1007/2789_2007_064

Kadoch C, Crabtree GR (2015) Mammalian SWI/
SNF chromatin remodeling complexes and cancer:
Mechanistic insights gained from human genom-
ics. Sci Adv 1(5):e1500447. https://doi.org/10.1126/
sciadv.1500447

Kerbel RS (2003) Human tumor xenografts as predic-
tive preclinical models for anticancer drug activ-
ity in humans: better than commonly perceived-but
they can be improved. Cancer Biol Ther 2(4 Suppl
1):S134-S139

Kim ES (2017) Enasidenib: first global approval. Drugs:
1705-1711. https://doi.org/10.1007/s40265-017-0813-2

Kim G, McKee AE, Ning YM, Hazarika M, Theoret M,
Johnson JR, Xu QC, Tang S, Sridhara R, Jiang X, He
K, Roscoe D, McGuinn WD, Helms WS, Russell AM,
Miksinski SP, Zirkelbach JF, Earp J, Liu Q, Ibrahim
A, Justice R, Pazdur R (2014) FDA approval sum-
mary: vemurafenib for treatment of unresectable or
metastatic melanoma with the BRAFV600E muta-
tion. Clin Cancer Res 20:4994-5000. https://doi.
org/10.1158/1078-0432.CCR-14-0776. Epub 2014
Aug 5

Kim KH, Kim W, Howard TP, Vazquez F, Tsherniak A,
Wu JN, Wang W, Haswell JR, Walensky LD, Hahn
WC, Orkin SH, Roberts CW (2015) SWI/SNF-mutant
cancers depend on catalytic and non-catalytic activ-
ity of EZH2. Nat Med 21:1491-1496. https://doi.
org/10.1038/nm.3968. Epub 2015 Nov 9

Licht JD, Shortt J, Johnstone R (2015) From anecdote to
targeted therapy: the curious case of thalidomide in
multiple myeloma. Cancer Cell 25:9-11

Lipinski CA, Lombardo F, Dominy BW, Feeney PJ (2001)
Experimental and computational approaches to esti-
mate solubility and permeability in drug discovery and
development settings. Adv Drug Deliv Rev 46:3-26

McGranahan N, Favero F, de Bruin EC, Birkbak NI,
Szallasi Z, Swanton C (2015) Clonal status of action-
able driver events and the timing of mutational pro-
cesses in cancer evolution. Sci Transl Med 7:283ra54.
https://doi.org/10.1126/scitranslmed.aaal408

Mclnnes C (2007) Virtual screening strategies in drug dis-
covery. Curr Opin Chem Biol 11(5):494-502. https://
doi.org/10.1016/j.cbpa.2007.08.033

Moffat JG, Vincent F, Lee JA, Eder J, Prunotto M (2017)
Opportunities and challenges in phenotypic drug dis-
covery: an industry perspective. Nat Rev Drug Discov
16(8):531-543. https://doi.org/10.1038/nrd.2017.111.
Epub 2017 Jul 7

Mukherjee S (2010) The emperor of all maladies.
Scribner, New York

Ng PK, Li J, Jeong KJ, Shao S, Chen H, Tsang YH,
Sengupta S, Wang Z, Bhavana VH, Tran R, Soewito S,
Minussi DC, Moreno D, Kong K, Dogruluk T, Lu H,
Gao J, Tokheim C, Zhou DC, Johnson AM, Zeng J, Ip
CKM, JuZ, Wester M, Yu S, LiY, Vellano CP, Schultz N,
Karchin R, Ding L, Lu Y, Cheung LWT, Chen K, Shaw
KR, Meric-Bernstam F, Scott KL, Yi S, Sahni N, Liang

H, Mills GB (2018) Systematic functional annotation of
somatic mutations in cancer. Cancer Cell 33:450-462.
e10. https://doi.org/10.1016/j.ccell.2018.01.021

Nijman SMB (2015) Functional genomics to uncover drug
mechanism of action. Nat Chem Biol 11:942-948

Norsworthy KJ, Luo L, Hsu V, Gudi R, Dorff SE,
Przepiorka D, Deisseroth A, Shen YL, Sheth CM,
Charlab R, Williams GM, Goldberg KB, Farrell AT,
Pazdur R (2019) FDA approval summary: ivosidenib
for relapsed or refractory acute myeloid leukemia with
an isocitrate dehydrogenase-1 mutation. Clin Cancer
Res  25:3205-3209. https://doi.org/10.1158/1078-
0432.CCR-18-3749. Epub 2019 Jan 28

Okada S, Vaeteewoottacharn K, Kariya R (2019)
Application of highly immunocompromised mice
for the establishment of patient-derived xenograft
(PDX) models. Cell 8(8):889. https://doi.org/10.3390/
cells8080889

Parchment RE, Doroshow JH (2016) Pharmacodynamic
endpoints as clinical trial objectives to answer impor-
tant questions in oncology drug development. Semin
Oncol 43:514-525. https://doi.org/10.1053/j.seminon-
c0l.2016.07.002. Epub 2016 Jul 26

Pereira RB, Evdokimov NM, Lefranc F, Valentdo P,
Kornienko A, Pereira DM, Andrade PB, Gomes NGM
(2019) Marine-derived anticancer agents: clinical ben-
efits, innovative mechanisms, and new targets. Mar
Drugs 17:329. https://doi.org/10.3390/md 17060329

Petros AM, Fesik SW (1994) Nuclear magnetic reso-
nance methods for studying protein-ligand com-
plexes. Methods Enzymol 239:717-739. https://doi.
org/10.1016/s0076-6879(94)39027-4

Raman S, Beilschmidt M, To M, Lin K, Lui F, Jmeian Y,
Ng M, Fernandez M, Fu'Y, Mascall K, Duque A, Wang
X, Pan G, Angers S, Moftat J, Sidhu SS, Magram J,
Sinclair AM, Fransson J, Julien JP (2019) Structure-
guided design fine-tunes pharmacokinetics, toler-
ability, and antitumor profile of multispecific frizzled
antibodies. Proc Natl Acad Sci U S A 116:6812-6817.
https://doi.org/10.1073/pnas.1817246116. Epub 2019
Mar 20

RCSB Protein Data Bank (n.d.). https://www.rcsb.org/

Research Paradigm (1955-1975) Mouse L1210 leukemia
model. https://dtp.cancer.gov/timeline/flash/mile-
stones/M9_L1210.htm

Rozanov D, Cheltsov A, Nilsen A, Boniface C, Forquer
I, Korkola J, Gray J, Tyner J, Tognon CE, Mills GB,
Spellman P (2019) Targeting mitochondria in cancer
therapy could provide a basis for the selective anti-
cancer activity. PLoS One 14:¢0205623. https://doi.
org/10.1371/journal.pone.0205623

Ryan MB, Corcoran RB (2018) Therapeutic strat-
egies to target RAS-mutant cancers. Nat Rev
Clin Oncol 15:709-720. https://doi.org/10.1038/
s41571-018-0105-0

Schaffer BS, Grayson MH, Wortham JM, Kubicek CB,
McCleish AT, Prajapati SI, Nelon LD, Brady MM,
Jung I, Hosoyama T, Sarro LM, Hanes MA, Rubin BP,
Michalek JE, Clifford CB, Infante AJ, Keller C (2010)
Immune competency of a hairless mouse strain for


https://doi.org/10.1007/2789_2007_064
https://doi.org/10.1126/sciadv.1500447
https://doi.org/10.1126/sciadv.1500447
https://doi.org/10.1007/s40265-017-0813-2
https://doi.org/10.1158/1078-0432.CCR-14-0776
https://doi.org/10.1158/1078-0432.CCR-14-0776
https://doi.org/10.1038/nm.3968
https://doi.org/10.1038/nm.3968
https://doi.org/10.1126/scitranslmed.aaa1408
https://doi.org/10.1016/j.cbpa.2007.08.033
https://doi.org/10.1016/j.cbpa.2007.08.033
https://doi.org/10.1038/nrd.2017.111
https://doi.org/10.1016/j.ccell.2018.01.021
https://doi.org/10.1158/1078-0432.CCR-18-3749
https://doi.org/10.1158/1078-0432.CCR-18-3749
https://doi.org/10.3390/cells8080889
https://doi.org/10.3390/cells8080889
https://doi.org/10.1053/j.seminoncol.2016.07.002
https://doi.org/10.1053/j.seminoncol.2016.07.002
https://doi.org/10.3390/md17060329
https://doi.org/10.1016/s0076-6879(94)39027-4
https://doi.org/10.1016/s0076-6879(94)39027-4
https://doi.org/10.1073/pnas.1817246116
https://www.rcsb.org/
https://dtp.cancer.gov/timeline/flash/milestones/M9_L1210.htm
https://dtp.cancer.gov/timeline/flash/milestones/M9_L1210.htm
https://doi.org/10.1371/journal.pone.0205623
https://doi.org/10.1371/journal.pone.0205623
https://doi.org/10.1038/s41571-018-0105-0
https://doi.org/10.1038/s41571-018-0105-0

24

J. DiMartino

improved preclinical studies in genetically engineered
mice. Mol Cancer Ther 9(8):2354-2364. https://doi.
org/10.1158/1535-7163.MCT-10-0207. Epub 2010
Jul 27

Scheeder C, Heigwer F, Boutros M (2018) Machine learn-
ing and image-based profiling in drug discovery. Curr
Opin Syst Biol 10:43-52. https://doi.org/10.1016/j.
coisb.2018.05.004

Shalem O, Sanjana NE, Zhang F (2015) High-throughput
functional genomics using CRISPR-Cas9. Nat Rev
Genet 16:299-311

Shi J, Wang E, Milazzo JP, Wang Z, Kinney JB, Vakoc CR
(2015) Discovery of cancer drug targets by CRISPR-
Cas9 screening of protein domains. Nat Biotechnol
33:661-667. https://doi.org/10.1038/nbt.3235. Epub
2015 May 11

Shuker SB, Hajduk PJ, Meadows RP, Fesik SW (1996)
Discovering high-affinity ligands for proteins: SAR
by NMR. Science 274:1531-1534. https://doi.
org/10.1126/science.274.5292.1531

Tarczewska A, Greb-Markiewicz B (2019) The signifi-
cance of the intrinsically disordered regions for the
functions of the bHLH transcription factors. Int J] Mol
Sci 20:5306. https://doi.org/10.3390/ijms20215306

Tsherniak A, Vazquez F, Montgomery PG, Weir BA,
Kryukov G, Cowley GS, Gill S, Harrington WF, Pantel
S, Krill-Burger JM, Meyers RM, Ali L, Goodale A,
Lee Y, Jiang G, Hsiao J, Gerath WFJ, Howell S,
Merkel E, Ghandi M, Garraway LA, Root DE, Golub
TR, Boehm JS, Hahn WC (2017) Defining a cancer

dependency map. Cell 170:564-576.e16. https://doi.
org/10.1016/j.cell.2017.06.010.  https://depmap.org/
portal/depmap/

Waring MJ, Arrowsmith J, Leach AR, Leeson PD,
Mandrell S, Owen RM, Pairaudeau G, Pennie WD,
Pickett SD, Wang J, Wallace O, Weir A (2015) An
analysis of the attrition of drug candidates from four
major pharmaceutical companies. Nat Rev Drug
Discov 14:475-486. https://doi.org/10.1038/nrd4609.
Epub 2015 Jun 19

Webster JD, Santagostino SF, Foreman O (2020)
Applications and considerations for the use of geneti-
cally engineered mouse models in drug develop-
ment. Cell Tissue Res 380(2):325-340. https://doi.
org/10.1007/s00441-019-03101-y. Epub 2019 Sept 5

Yap TA, Workman P (2012) Exploiting the cancer
genome: strategies for the discovery and clinical
development of targeted molecular therapeutics.
Annu Rev Pharmacol Toxicol 52:549-573. https://doi.
org/10.1146/annurev-pharmtox-010611-134532

Zeldis JB, Knight R, Hussein M, Chopra R, Muller
G (2011) A review of the history, properties,
and use of the immunomodulatory compound
lenalidomide. Ann N Y Acad Sci. https://doi.
org/10.1111/j.1749-6632.2011.05974.x

Zhang JH, Chung TD, Oldenburg KR (1999) A
simple statistical parameter for use in evalua-
tion and validation of high throughput screen-
ing assays. J Biomol Screen 4:67-73. https://doi.
org/10.1177/108705719900400206


https://doi.org/10.1158/1535-7163.MCT-10-0207
https://doi.org/10.1158/1535-7163.MCT-10-0207
https://doi.org/10.1016/j.coisb.2018.05.004
https://doi.org/10.1016/j.coisb.2018.05.004
https://doi.org/10.1038/nbt.3235
https://doi.org/10.1126/science.274.5292.1531
https://doi.org/10.1126/science.274.5292.1531
https://doi.org/10.3390/ijms20215306
https://doi.org/10.1016/j.cell.2017.06.010
https://doi.org/10.1016/j.cell.2017.06.010
https://depmap.org/portal/depmap/
https://depmap.org/portal/depmap/
https://doi.org/10.1038/nrd4609
https://doi.org/10.1007/s00441-019-03101-y
https://doi.org/10.1007/s00441-019-03101-y
https://doi.org/10.1146/annurev-pharmtox-010611-134532
https://doi.org/10.1146/annurev-pharmtox-010611-134532
https://doi.org/10.1111/j.1749-6632.2011.05974.x
https://doi.org/10.1111/j.1749-6632.2011.05974.x
https://doi.org/10.1177/108705719900400206
https://doi.org/10.1177/108705719900400206

®

Check for
updates

An FDA Oncology Perspective
of Juvenile Toxicity Studies
to Support Pediatric Drug

Development

John K. Leighton and Whitney Helms

Contents
3.1 Introduction 25
3.2 Should a JAS Be Considered? e 26
3.2.1 ICH S11: Nonclinical Safety Testing in Support of Development

of Pediatric Medicines 27
3.2.2 ICH S9: Nonclinical Evaluation for Anticancer Pharmaceuticals Questions

and Answers. 27
3.3  Dinutuximab and Naxitamab. 28
3.4  TRK Inhibitors 29
3.5 CONCIUSION.........c.eveeeeeececeeeeeeeeee ettt se st e s easssssasasasasasnnen 29
References 30

3.1 Introduction generally not warranted, consistent with the posi-

In 2016, the FDA Office of Oncologic Diseases
(formerly the Office of Hematology and Oncology
Products) published their view of the utility of
juvenile animal studies (JAS) to support clinical
development in pediatric patients for the treatment
of cancer (Leighton et al. 2016). After reviewing
the available data in our files and considering how
clinical trials are conducted in pediatric popula-
tions, FDA Oncology concluded that JAS were
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tion described in the ICH S9 Guidance for
Industry: Nonclinical Evaluation for Anticancer
Pharmaceuticals (FDA 2010). The reasons for
both the Office’s conclusion and the original basis
for the statement in the guidance were that avail-
able clinical data in adult patients could be used to
inform on monitoring and to set a start dose; that
the life expectancy of pediatric patients in phase 1
or 2 trials was relatively short; that there was ade-
quate monitoring for potential adverse events in
this patient population; and that there were bene-
fits to not delaying the clinical development of
potentially promising drugs for pediatric patients
with advanced cancer. They concluded that a JAS
initiated or completed after a clinical trial in pedi-
atric patients was ongoing or complete was of little
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to no value unless there was a specific question to
be asked and the data to answer this question could
not be obtained through clinical studies. It is usu-
ally the scenario in the oncology setting that clini-
cal trials in adults are ongoing or complete prior to
the initiation of clinical trials in pediatric patients,
with the rare exception of the monoclonal antibod-
ies to treat patients with neuroblastoma (dinutux-
imab and naxitamab). These drugs are discussed in
more detail below. Also discussed in more detail
below are the NTRK inhibitors; one of the drugs,
larotrectinib, is approved for pediatric patients
28 days and older. Both drugs in this class are also
approved for use in adults.

Since 2016 two new comprehensive reviews
were published expressing contrasting opinions.
In November 2017 EMA (2017) published a final
document titled “Results of juvenile animal stud-
ies (JAS) and the impact on anti-cancer medicine
development and use in children.” Included among
the benefits of JAS articulated in this paper were
the need for more information, deferring inclusion
of the youngest pediatric patients, waiver of addi-
tional pediatric studies in children less than 2 years
of age, and recommendations on clinical trial
design. Contrarily, Visalli et al. (2018) published a
review titled “Lack of value of juvenile animal
toxicity studies for supporting the safety of pediat-
ric oncology phase 1 studies” looking at a dataset
similar to that in the EMA paper that included 25
molecularly targeted drugs and 4 biologics. These
authors concluded that the first pediatric dose was
safe for all 29 drugs, that no life-threatening
adverse events occurred in the first cohort, that the
maximum tolerated dose (MTD) in pediatrics
compared to the MTD in adults was close to 1, and
that standard JAS would not have predicted the
serious adverse events that did occur but were not
picked up in standard clinical monitoring plans.
The differing conclusions may be partly due to dif-
ferences in the analysis: the EMA focused on dif-
ferences in juvenile vs. adult animals, whereas
Visalli et al. focused on dose setting and clinical
monitoring when considering the value of JAS. A
search of the PubMed database did not reveal any
more recent reviews of JAS from 2016.

Now is perhaps an opportune time to reexam-
ine the utility of JAS in oncology drug develop-

ment. Have we learned anything in the studies that
have been conducted? Since the 2016 publication
by Leighton et al., ICH published a Question and
Answers document for ICH S9 (FDA 2018b) that
does not address JAS, and the ICH S11 (FDA
2021). This paper will briefly summarize the posi-
tions described in the S9 Q&A and S11 Guidance
documents regarding JAS and oncology drugs as
well as FDA Oncology’s analysis of JAS con-
ducted over the last few years, with particular
focus on the approved anti-GD2 antibodies and the
NTRK inhibitors due to the available data and the
roles of both of these targets in the CNS. JAS con-
ducted for other products will not be discussed in
this paper as FDA Oncology has not routinely
requested JAS to support pediatric drug develop-
ment. Note that presence of JAS data in a product
label should not be taken as an indication that the
study was specifically requested or of the added
benefit of the study, as labeling practices call for
the inclusion of information from a JAS in Section
8.4 of a product label regardless of the impact of
the nonclinical study on the clinical trial.

This paper will not discuss the role of pharma-
cology studies in assessing whether a clinical trial
in pediatric patients is appropriate. Arguably, these
proof-of-concept and mechanistic studies are more
important than juvenile toxicity studies in that they
lay the foundation for the initial Pediatric Study
Plan and the study; without an adequate mechanis-
tic understanding of the drug in the context of the
disease, patients may be enrolling in a study which
will be of little value, if any, for their treatment.
For example, in vitro or in vivo nonclinical data
(including in silico data, mechanism-based in vitro
data, and appropriate tumor models) can inform
the potential response to a treatment, and thus pro-
vide support for the inclusion of children from 2 to
under 12 (see the final FDA Guidance on Cancer
Clinical Trial Eligibility, March 2020a).

3.2 Should a JAS Be Considered?

A juvenile animal study (JAS) to support an
oncology indication in a pediatric population is
often not needed. But on rare occasions, a JAS
may be considered, such as when there are no
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data in adults (product to be developed in chil-
dren only) and a long life expectancy is antici-
pated for the study participants. While ICH S11
is mainly for non-oncology indications, the
weight of evidence (WoE) approach described in
this guidance may be consulted when consider-
ing a JAS. Given the nature of the disease and the
monitoring usually in place for clinical trials for
oncology drugs, the available clinical data and
nonclinical studies in adult animals are usually
considered sufficient to initiate a pediatric trial,
and, thus, a JAS is not usually warranted. This
principle was outlined in ICH S9. The rationale
for FDA Oncology’s position that JAS are gener-
ally not warranted was further articulated by
Leighton et al. (2016) and need not be repeated
here. If there are age-dependent safety concerns
regarding the conduct of a clinical trial in pediat-
ric population, then a staggered age enrollment
may be considered.

3.2.1 ICH S11: Nonclinical Safety
Testing in Support
of Development of

Pediatric Medicines

The ICH S11 Guidance, finalized in 2020, does
not replace the recommendations in ICH S9 but
can be consulted as needed, e.g., for JAS design
when a study is warranted. The objective of the
S11 Guidance, like most ICH guidances, is to
promote harmonization and to apply the princi-
ples of the 3Rs; reduce, refine, and replace the
use of animals where appropriate. Consistent
with ICH S9, the S11 Guidance states that non-
clinical studies should be undertaken only when
available nonclinical and clinical data are judged
to be inadequate to support the safety of a clinical
trial in pediatric patients. The S11 Guidance pro-
vides key factors to consider in a weight of evi-
dence determination to assess whether additional
nonclinical studies are needed, and information
on the design of nonclinical studies to support a
pediatric development program. The guidance
also discusses that for severely debilitating and
life-threatening  diseases, the information
obtained should be weighed against the potential
delay in clinical development, a consideration

that would generally encompass anticancer drugs
proposed for use in pediatric patients.

3.2.2 ICH S9: Nonclinical
Evaluation for Anticancer
Pharmaceuticals

Questions and Answers

The main ICH S9 Guidance on nonclinical devel-
opment for anticancer pharmaceuticals was pub-
lished in 2010 and stated that in general JAS were
not warranted to support the development of drugs
intended for the treatment of patients with cancer;
however, even after publication of the guidance,
the Agency noted that developers were still often
conducting JAS and submitting these studies to
INDs or to marketing applications. The reason for
the continued frequency of JAS conducted to sup-
port the safety of oncology drugs was not obvi-
ous; it could have been a timing issue with studies
initiated prior to finalizing the guidance, or per-
haps regulatory agencies in other regions were
requesting these studies. To provide additional
clarity around this and other topics discussed in
ICH S9, a Concept Paper (CP; available at ich.
org) was proposed to the ICH Steering Committee
and endorsed on 23 October 2014. The CP did not
specifically mention juvenile toxicity studies.
Nevertheless, in response to feedback received
from various stakeholders in developing the
Q&A, the S9 Implementation Working Group
(IWG) formed after adoption of the CP received
questions for clarification on this topic. A draft
Q&A was published on 8 June 2016 at Regulations.
gov (docket # FDA 2016-D-2569) that included
the following juvenile animal discussion:

Q: The guideline states that juvenile animal studies
should be considered only when human safety
data and previous animal data are insufficient.
Under what situations would a juvenile animal
study be warranted? What should be the goal of
a juvenile animal study to support development
in paediatric patients with cancer?

Draft response: Juvenile toxicity studies
should only be performed when available ani-
mal models are believed to generate data rele-
vant for paediatric safety, and there is a clear
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value for such data for supporting clinical pae-
diatric development. This is normally not the
case for paediatric clinical trials in children
with limited available therapeutic options and
short life expectancy. Clinical data from adults
is typically available prior to initiation of these
paediatric trials; this data is used to set a start-
ing dose and inform monitoring plans. In
addition, these trials are usually done in a con-
trolled setting with substantial safety monitor-
ing. Pharmacology data and toxicology data
from adult animals can also inform on safety.

When clinical development is pursued in
children with longer life expectancy, the need
for juvenile toxicity testing should be a case by
case decision based on the available knowledge
on pharmacology, nonclinical and clinical
safety and the presence of safety concerns
where a juvenile toxicity study could add impor-
tant information. When studies are needed, ICH
S11 should be consulted to address the design of
the juvenile animal study. A dialogue with the
regulatory agency is also encouraged.

To support the clinical development in a
paediatric-only indication, the age of animals
in the repeat-dose toxicity studies should be
chosen to cover the age of the patient popula-
tion in the initial clinical trials.

The FDA did not receive any comments to the
docket regarding this question during the public
comment period, but objections were raised in
the deliberations of the IWG subsequent to the
publication of the draft Step 2 guidance. The
IWG explored various wordings to achieve har-
monization, but could not reach consensus and,
thus, decided that removing the reference to JAS
entirely would allow sponsors more freedom to
have discussions with regional regulators. For
this reason, the Step 2 draft language was
removed, and there is no reference to JAS in the
final S9 Q&A guidance published in 2018.

3.3 Dinutuximab and Naxitamab

The anti-GD2 antibodies Unituxin (dinutuximab)
(FDA 2015) and Danyelza (naxitamab-GQGK)
(FDA 2020b) were approved in 2015 and 2020,

respectively. Both products were follow-ons to
murine antibodies against human GD2 originally
developed in academic settings in the 1980s. As
expected of a murine antibody, development of
human anti-murine antibodies limited clinical utility
leading developers to develop chimeric or fully
humanized versions of the products as clinical devel-
opment proceeded. The biology, chemistry, and non-
clinical and clinical development of the anti-GD2
antibodies have been reviewed by Sait and Modak
(2017). A major side effect noted in these trials is
neuropathic pain, which was moderated in those
patients developing an immunogenic response.
Dinutuximab (ch14.18), a chimeric IgG1 anti-
body produced in the murine SP2/0 cell line, is
now a standard therapy for treatment of pediatric
patients with high-risk neuroblastoma. It was also
studied in adults at Memorial Sloan Kettering
between 1979 and 2015 for the same indication
(Suzuki et al. 2018). The major side effect of dinu-
tuximab is neuropathic pain, probably related to
the pharmacologic activity of the drug. There
were no long-term toxicology studies conducted
with dinutuximab, and the majority of the clinical
experience was in combination with other thera-
pies (IL-2 and/or GM-CSF). There was limited
chronic toxicity data in either human adults or in
animals, and questions related to recovery of neu-
rotoxicity remained, particularly in still develop-
ing brains. For these reasons a post-marketing
requirement (PMR) to conduct a JAS in cynomol-
gus monkeys of 5-month duration was requested
for dinutuximab to further understand the poten-
tial neurotoxicity and potential for recovery. The
PMR requested a detailed evaluation of the cen-
tral and peripheral nervous systems, with 7-8
slices of the brain for histopathological assess-
ment and long-term evaluation for potential
effects on nociception and pain threshold at the
end of an appropriate recovery period. Section 8.4
of the original label has since been updated to
reflect the results of this JAS. The main findings
of the study were degeneration in the dorsal root
ganglia that persisted 6 months after cessation of
dosing, although with Ilesser severity, and
decreased nerve conduction velocity that also
showed signs of slow reversibility after 6 months.
Naxitamab (hu3F8-IgG1) is a humanized ver-
sion of m3F8 (a murine version of the antibody).
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It is reported to be associated with much less
immunogenicity than its murine precursor, and
higher doses are tolerated (Sait and Modak 2017).
Due to concerns regarding the relevance of the
model chosen to assess the toxicity of this prod-
uct (the nude rat) and the age of the only indi-
cated patient population, a JAS in a relevant
species similar in design to that requested for
dinutuximab was also requested as a PMR for
naxitamab. According to the PMR timelines, a
final report is expected in July 2023.

3.4 TRKInhibitors

Trk proteins have an established role in neuronal
development (Smeyne et al. 1994; Tucker et al.
2001). Published reports of congenital somatic
mutations in TRK proteins or their ligands sug-
gest a relationship between deficient Trk signal-
ing and development of schizophrenia, mood
disorders, obesity, and peripheral sensory and
motor disorders (Indo et al. 1996; Knable 1999;
Kranz et al. 2015; Lewis et al. 2005; Otnaess
et al. 2009; Yeo et al. 2004). An awareness of the
link between deficiencies in these pathways and
CNS effects in humans might raise the value JAS
for drugs targeting these pathways, particularly
as other studies typically conducted to support
clinical development of oncology drugs may not
fully capture these endpoints. For example, while
embryo-fetal development studies can detect
malformations in brain structure, they are not
designed to assess motor development or psychi-
atric function, and while a pre- and postnatal
development study may be capable of evaluating
some endpoints of concern, these studies are not
typically recommended for a drug intended to
treat patients with advanced cancer.

Vitrakvi (larotrectinib sulfate) (FDA 2018a)
was approved in 2018 for used in adult and pedi-
atric patients with solid tumors that have the neu-
rotrophic tyrosine receptor kinase (NTRK) gene
fusion. The results of a JAS submitted with the
original application are described in Section 8.4
of the label and in more detail in the nonclinical
review. As part of the administrative record for
NDA 210861, the Applicant, Loxo, described the
design of a JAS that was requested by the

European Medicines Agency and the Pediatric
Subcommittee of the Oncology Drugs Advisory
Committee. In two separate studies, juvenile ani-
mals were dosed from day 7 to 27, and from day
28 to 70; the main findings were transient central
nervous system-related signs, including head
flick, tremor, and circling in both sexes. These
studies also demonstrated potential effects on
learning and memory, consistent with known
effects of TrkA signaling deficiencies in humans
associated with the rare recessive disorder, con-
genital insensitivity to pain, and anhidrosis (CIPA;
Indo et al. 1996).

Rozlytrek (entrectinib) (FDA 2019) was
approved in 2019 with a similar indication regard-
ing the NTRK gene fusion. JAS data are described
in Section 8.4 of the product label. In a 13-week
JAS where animals were dosed from the neonatal
stage to adulthood (day 7-97), the main findings
were decreased body weight gain and delayed sex-
ual maturation, neurobehavioral deficits, and
decreased femur length. Both JAS did show evi-
dence of neurobehavioral changes compared to
untreated controls; nevertheless, toxicity to the
central nervous system is an expected finding based
on expression of TRKs and their known roles on
neural development and behavior, and there were
similar signs in adult animals. While the JAS did
suggest a potential for increased effects or effects at
lower doses in pediatric patient populations com-
pared to adults, findings of increased severity are
not uncommon in JAS for other targets either and
do not represent new toxicities compared to those
identified in adult studies.

3.5 Conclusion

FDA Oncology’s general approach to use of
JAS to support pediatric oncology indications
has been well articulated by ICH S9 and by
Leighton et al. (2016). There has been no sig-
nificant new data to suggest that the current
approach needs to be reconsidered at this time.
FDA Oncology has requested JAS on a rare
basis, to address specific questions and con-
cerns. This approach is consistent with the
principles outlined by the FDA Roadmap
regarding reducing, refining, and replacing the
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use of animals for nonclinical studies when
warranted. Not routinely requesting JAS to
support the development of drugs to treat pedi-
atric patients with cancer clearly reduces ani-
mal use, especially use of nonhuman
primates, often the only pharmacologically rel-
evant model for biotherapeutics including
immune-oncology drugs and antibody-drug
conjugates.
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4.1 Introduction ticians. An appropriate study design is critical to

Development of a scientifically rigorous study
design that addresses the study questions is a key
component of clinical trials in oncology. The
development of the study design is a collaborative
effort between clinical investigators and biostatis-
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the success of a clinical trial as it will facilitate the
ability of the trial to answer the study questions;
will define the number of patients required for
enrollment to answer these questions and the
duration of the study; and, in early phase studies,
will enable the identification of the desired dose
to move into subsequent studies (e.g., maximum
tolerated dose (MTD); recommended Phase II
dose (RP2D)). In early stage pediatric oncology
studies, the identification of a safe dose is criti-
cally important, as this dose may vary from adult
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Table 4.1 Summary of study designs

Category of

study designs | Description

Rule-based All the rules for dose escalation,
design de-escalation, or staying at the current
(algorithm- dose are defined in the protocol and
based design) | prior to conduct of the clinical trial:

e Traditional 3 + 3 design
e Accelerated titration design
* Rolling six design

Model-based
design

Some assumptions of a parametric
statistical model for the dose-toxicity
curve are presented in the protocol.
Then, the estimate of the dose-toxicity
curve is continuously updated to
guide the dose assignment and MTD
selection based on accumulating trial
data, on a real-time basis:
e Continual reassessment method
(CRM)
* Escalation with overdose
control (EWOC)
¢ Time-to-event continual
reassessment method
(TITE-CRM)
* Bayesian logistic regression
model (BLRM)
e Time-to-event escalation with
overdose control (TITE-EWOC)
Combines the ideas of both rule-based
and model-based designs. The rules
for dose escalation, de-escalation, or
staying at the current dose are
determined before the start of patient
enrollment but based on a parametric
statistical model:
* Modified toxicity probability
interval (mTPI) design
e Keyboard design
e mTPI-2 design
* Bayesian optimal interval
(BOIN) design

Model-
assisted
design

doses. In this chapter, we introduce Phase I clini-
cal trial designs from three categories based on
statistical assumptions (Table 4.1): rule-based/
algorithm-based designs; model-based designs;
and model-assisted design (Wei et al. 2019). This
chapter will also discuss the advantages and dis-
advantages of these study designs in pediatric
oncology studies.

The starting dose in adult oncology studies is
calculated based on nonclinical safety data in
animal models (Shen et al. 2019). However,
most pediatric clinical trials are conducted after
the completion of adult Phase I clinical trials

that can provide historical data for the determi-
nation of the starting dose (Smith et al. 1998).
Typically, pediatric oncology studies start at
approximately 80% of the adult MTD/RP2D
(Marsoni et al. 1985; Lee et al. 2005). This pre-
vents the trial from starting with doses that are
too low and potentially ineffective doses, unnec-
essarily exposing children to toxicity without
likelihood of benefit and accelerates the dose
escalation period. However, for drugs where
there is no MTD in adults, there can be consid-
eration to starting at the adult RP2D, as deter-
mined in adult, single-agent studies. Pediatric
oncology studies starting at the adult RP2D
would be designed with plans for dose de-esca-
lation, if necessary.

4.2 Rule-Based Designs

4.2.1 Traditional 3 + 3 Design

The most traditional and straightforward design
in clinical trials is the 3 + 3 study design (Storer
1989). The detailed procedure is described in the
FDA Guidance for Industry Clinical Consid-
erations for Therapeutic Cancer Vaccines (FDA
2011) which is summarized as follows:

1. Three patients are enrolled into a pre-defined
starting dose level:

(a) Ifthereis no DLT observed inthese three
patients, then escalate the dose level,
and enroll three additional patients into
the new dose level. Move to Step 2.

(b) If there is only one DLT observed in these
three patients, then stay on the same dose
level, and enroll three additional patients
in the current dose level:

e If there is no DLT observed in these
three patients (i.e., one DLT in six
patients), then escalate the dose level,
and enroll three additional patients into
the new dose level. Move to Step 2.

e If there is one DLT or more observed in
these three additional patients (i.e., >2
DLTs in six patients), then stop the
trial and choose the previous dose
level as MTD.
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(c) If there are more than one DLT observed
in these three patients, then stop the trial
and choose the previous dose level as
MTD.

2. Repeat Step 1 for each new dose level.

This study design has all the advantages of
rule-based designs. It is simple to understand the
design structure and is convenient for clinical
operational teams to implement since the param-
eters for dose escalation are clearly defined.
However, this commonly used study design has
significant ~ disadvantages and constraints.
Statistically, it can only estimate the MTD when
the target probability of DLT is between 20% and
33% (Le Tourneau et al. 2009). The 3 + 3 design
is “memory-less” since it is based on only the last,
most recently enrolled three (or six) patients. This
design also requires many escalation steps with
doses that may be too low to be effective, leading
to suboptimal treatment (if the drug is, in fact,
effective) for a large number of patients. It is also
difficult to predict the final sample size since all
that is known is the cohort size (three or six
patients) at each dose level. Another concern of
3 + 3 study design in pediatric oncology studies is
that this design has significant operational limita-
tions since most of these studies are multicenter
clinical trials (Doussau et al. 2016).

However, in both adult and pediatric oncology
studies, the conservative 3 + 3 design is still one
of the most popular and commonly used study
designs despite criticism of its inefficiency and
underestimation of MTD.

4.2.2 Accelerated Titration Design

The accelerated titration design was proposed by
Simon et al. (1997). This study design extends
the traditional 3 + 3 design to reduce the number
of patients enrolled at lower dose levels by add-
ing an initial accelerated phase before the start of
a 3 + 3 study design phase.

During the initial accelerated phase, there is
only one patient per dose level cohort enrolled at
lower dose levels until the pre-defined stopping
rules for DLTs or toxicities are met. After the ini-
tial accelerated phase, a traditional 3 + 3 design is
implemented with cohorts of three to six patients
at the higher dose levels.

Simon et al. performed simulations based on
four Phase I designs (Simon et al. 1997): Design
1 was a traditional 3 + 3 design, while Designs 2,
3, and 4 were accelerated titration designs with
different assumptions (Table 4.2). The simulation
results showed that the average number of
required patients in a Phase I trial was reduced
from 39.9 for Design 1 to 24.4, 20.7, and 21.2 for
Designs 2, 3, and 4, respectively.

Therefore, the accelerated titration design
has an advantage to have fewer required patients,
especially when there are many dose levels
planned. Some accelerated titration designs also
allow for intra-patient dose escalation during
the initial accelerated phase to further reduce
the number of patients and provide some
patients the opportunity to receive the investiga-
tion agent at higher dose levels (Ivy et al. 2010).
This has the potential to make the accelerated

Table 4.2 Summary of phase I simulations by Simon et al. (1997)
Design | Initial accelerated phase |3 + 3 phase Condition to 3 + 3 phase Average # of patients
1 Not applicable 40% dose increments | Not applicable 39.9
2 Single-patient cohorts 40% dose increments | At least one first-course 244
40% dose escalation DLT, or one second
first-course intermediate
toxicity
3 Single-patient cohorts 40% dose increments | At least one first-course 20.7
100% dose escalation DLT, or one second
first-course intermediate
toxicity
4 Single-patient cohorts 40% dose increments | At least one any course DLT, |21.2
100% dose escalation or one any course
intermediate toxicity
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titration design more attractive to adult patients
enrolled in FIH Phase I trials. However, in pedi-
atric oncology clinical trials, the accelerated
titration design is not compelling since most
starting doses are based on the MTD in adult
trials and can be too low when compared to the
true MTD.

4.2.3 Rolling Six Design

In order to shorten the timeline of pediatric
oncology Phase I trials, the rolling six design was
proposed by Skolnik et al. (2008). It is another
rule-based design that also extends the 3 + 3
study design (Skolnik et al. 2008).

In the rolling six design, two to six patients
can be enrolled continuously on the same dose
level. The escalation and de-escalation rules can
be summarized as follows:

1. If0/3,0/4,0/5, 0/6, or 1/6 patients are observed
with DLTs, then escalate to the dose level.

2. 1f0/2, 1/2, 1/3, 1/4, or 1/5 patients are observed
with DLTs, then stay on the same level, and
enroll more patients up to a total of 6.

3. If there are more than two DLTs observed,
then de-escalate the dose level.

4. If six patients have been enrolled on the cur-
rent dose level, escalation/de-escalation deci-
sion will not be made until at least five of
those six patients have completed the DLT
period.

The dose level assigned to a new patient is
based on the following three components:

1. The number of patients currently enrolled and
evaluable

2. The number of patients experiencing a DLT

3. The number of patients at risk of experiencing
aDLT

In 1000 study simulations performed by
Skolnik et al. (2008), the average (xstandard
deviation) time of study duration was 294
(+75 days) for the rolling 6 design versus 350
(x84) days for the traditional 3 + 3 design. This
design successfully shortens the study duration

for pediatric oncology studies in situations
where there is prior information about the adult
starting dose (Le Tourneau et al. 2009). Since
this study design was specifically developed for
pediatric oncology clinical trials, it has been
increasingly implemented over the last decade
(Doussau et al. 2016).

4.3 Model-Based Designs

4.3.1 Continual Reassessment
Method (CRM)

One of the earliest model based-designs using
Bayesian statistics, the continual reassessment
method (CRM), was proposed by O’Quigley
et al. (1990). This predated the accelerated
titration and rolling six designs. In 2003, it was
applied in a simulation study on pediatric Phase I
oncology clinical trials by Onar-Thomas and
Xiong (2010).

As an example of an adaptive design, a
Bayesian statistical model is used to fit a dose-
toxicity curve to find the dose (e.g., MTD) with
the toxicity rate closest to the target rate. The
target DLT rate is fixed at the beginning of the
study, and only one patient is required for each
dose level or cohort. The assumptions of the
prior distributions for the parameters of the
dose-toxicity curve are made based on historical
data. Dose escalation decisions can then be
made by investigators and biostatisticians based
on the whole updated posterior distribution of
toxicity at each dose, based on accumulating
DLT information. The dose level recommended
for the next patient is the one minimizing the
difference between its probability of toxicity
and the target toxicity rate.

There are three essential steps in a CRM study
(Zhou et al. 2018):

1. Assume a parametric model for dose-toxicity
curve, like a power model:

— (@)
pj _aj s

while p; denotes the true DLT probability of
dose level j, a is the unknown parameter, and
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0<a < <a;<1 are prior guesses for the
DLT probability at each dose.

2. Update the estimate of the dose-toxicity curve
based on the accumulating DLT data across
all dose levels, and assign the next cohort of
patients to the “optimal” dose, defined as the
dose whose posterior mean estimate of the
DLT probability is closest to the target DLT
probability.

3. Rules to forbid skipping doses and safety
stopping rules.

For the Bayesian CRM, advantages include
the assumption that the target DLT level is more
flexible compared to the traditional 3 + 3 design.
This design allows for a more precise estimate of
the MTD. Therefore, more patients can be treated
at a potentially therapeutic dose level. In a com-
parison of simulations among study designs for
pediatric oncology Phase I clinical trials, CRM
was also been found to be more efficient than two
algorithm-based methods (3 + 3 and rolling six)
and reduce the number of skipped children
(Doussau et al. 2012).

However, like all Bayesian models, justifica-
tion of prior distributions considered in the CRM
design analysis is always critical. Incorrect
assumptions will expose patients to overtreat-
ment risk. With respect to operational consider-
ations, it is more complicated to constantly
update the posterior distribution based on accrued
DLT information after each cohort. This requires
timely collaboration between statisticians, inves-
tigators, and clinical operational team throughout
the dose escalation period.

The CRM design is still not been widely uti-
lized in clinical trials, but various modifications
have been made to improve the performance of
the CRM design, including the escalation with
overdose control (EWOC) design in 1998 (Babb
et al. 1998), the time-to-event continual reassess-
ment method (TITE-CRM) in 2000 (Cheung and
Chappell 2000), an adaptive CRM design called
TriCRM in 2006 (Zhang et al. 2006), a Bayesian-
based extension of TriCRM in 2007 (Mandrekar
et al. 2007), the Bayesian logistic regression
model (BLRM) in 2008 (Neuenschwander et al.
2008), and time-to-event escalation with overdose

control (TITE-EWOC) in 2011 (Mauguen et al.
2011). In the following sections, we will intro-
duce the EWOC, BLRM, TITE-CRM, and TITE-
EWOC study designs.

4.3.2 EWOCand BLRM

EWOC and BLRM are similar when compared to
the CRM. They both assume a Bayesian two-
parameter logistic regression model for dose-
toxicity curves that actively control for the risk of
overdosing. But these two designs use two differ-
ent definitions to estimate the optimal dose.

The EWOC selects the optimal dose by select-
ing the highest dose whose posterior probability
of being higher than the MTD is equal to or less
than a pre-specified threshold, such as 25% or
30%. The EWOC was applied in a Phase I dose
escalation study of oral gefitinib and irinotecan in
children with refractory solid tumors that was
published in 2014. In this study, the pre-specified
threshold to control the overdosing risk was set at
30% (Brennan et al. 2014).

The BLRM defines the optimal dose that has the
highest posterior probability of being within a pre-
specified dosing interval (;, 6,). Another feature of
the BLRM is that the dose skipping is not allowed.

In conclusion, in order to find the optimal dose
with lower risk of overdose, the EWOC puts a
constraint on the probability, while the BLRM
puts a constraint on the dose directly.

4.3.3 TITE-CRM and TITE-EWOC

In the model-based designs discussed above, the
dose-toxicity curve has to be updated by statisti-
cians after all previous patients have completed
their safety and toxicity evaluations. Enrollment of
additional patients is delayed in studies with long
DLT assessment periods (e.g., DLT assessment
periods greater than 28 days). Time-to-event
approaches combine existing model-based designs
to estimate the next dose level from all previous
patients with some data from patients still in the
DLT assessment period, or in patients in whom
follow-up is pending (Doussau et al. 2016).
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The TITE-CRM was proposed in 2000 to
estimate of the cumulative probability of late-
onset toxicity over several cycles when some
patients have not yet completed the DLT assess-
ment period (Cheung and Chappell 2000). In
2006, Normolle and Lawrence (2006)) used
Monte Carlo simulations of 60,000 Phase I stud-
ies to demonstrate that TITE-CRM trials are
considerably shorter compared with traditional
3 + 3 and CRM study designs when toxicity
observation times are long. However, Le
Tourneau et al. (2009) pointed out that in two
pancreatic cancer trials (Muler et al. 2004; Desai
et al. 2007), the TITE-CRM design had accrual
of more patients to dose levels below the RP2D
as compared to those using a traditional 3 + 3
design.

Similar to the TITE-CRM, when statisti-
cians update the estimates based on the
Bayesian model in the TITE-EWOC design,
the observations of patients who have not com-
pleted the follow-up period are likely to be
down-weighted. Mauguen et al. (2011) showed
that compared with the EWOC design, trial
duration can be significantly decreased with
the TITE-EWOC, without a major impact on
the probability of overdose risk or the number
of DLTs. This design also avoids waiting time
in pediatric cancer chemoradiation trials
(Doussau et al. 2016).

44  Model-Assisted Designs

4.4.1 Modified Toxicity Probability
Interval (mTPI) Design

In 2007, Ji et al. (2007) proposed a Phase I dose-
finding approach with simple escalation and de-
escalation rules based on toxicity probability
intervals (TPI). In 2010, Ji et al. (2010) presented
a modified TPI (mTPI) design to improve effi-
ciency while maintaining the simplicity of the
original TPI design.

In the mTPI design, three intervals are speci-
fied to denote the proper dosing interval (;, 6),
the underdosing interval (0, 9,), and the overdos-
ing interval (,, 1). The mTPI makes the decision

about dose escalation and de-escalation based on
the unit probability mass (UPM) of the three
intervals (Fig. 4.1). Let p.,, denote the DLT prob-
ability of the current dose. The UPM is defined as
the posterior probability that p., is within the
interval, divided by the length of the interval.

By assuming the target toxicity rate, dose lev-
els, and potential toxicity rate at each dose level,
a Monte Carlo experiment can be performed to
identify the operating characteristics, including
estimated number of patients and the observed
number of toxicities. Given the simulation
results, dose escalation and de-escalation can be
determined before the onset of the trial, which
makes the mTPI design easy to use for investiga-
tors. This creates an advantage for the mTPI
design, namely, the ease of implementation of
studies with this design.

Two further modifications of the mTPI were
proposed in 2017: the mTPI-2 design (Guo et al.
2017) and the keyboard design (Yan et al. 2017).
These two study designs are very similar and
have almost the same operating characteristics in
simulations, but the keyboard design is conceptu-
ally easier to understand.

4.4.2 Keyboard Design

The keyboard design was proposed to improve
the performance of the mTPI design (Yan
et al. 2017), since the original mTPI has a
higher risk of overdosing patients due to the
use of the UPM to guide dose escalation. The

Modified toxicity probability
interval (mTPI)

2.0

Posterior distribution
of DLT rate
>

0.0

DLT rate

Fig. 4.1 mTPI calculates and compares the UPMs of the
underdosing, proper dosing, and overdosing intervals
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keyboard design constructs a series of equal-
width dosing intervals, referred to as “keys,”
to guide dose escalation and de-escalation
(Fig. 4.2).

The keyboard design starts by eliciting the
proper dosing interval (referred to as the target
key) from clinicians, and then forms a series of
equal-width keys on both sides of the target
key. The keyboard design makes the decision
of dose escalation and de-escalation based on
the location of the “strongest” key, defined as
the key that has the largest area under the pos-
terior distribution curve of p.,. The rule of

Keyboard design

2.0
ST TN
Target

key < Strongest

key

Y

1.0

Posterior distribution
of DLT rate

0.0

0.0 1.0
DLT rate

Fig. 4.2 The keyboard design forms a series of equal-

width keys and bases the decision on the position of the
strongest key with respect to the target key

Fig.4.3 BOIN

dose escalation and de-escalation is intuitive
by comparing the location of target key and
strongest key.

4.4.3 Bayesian Optimal Interval
(BOIN) Design

The BOIN design is another model-assisted
design that has overdose toxicity controls (Liu
and Yuan 2015; Yuan et al. 2016). Unlike the
mTPI and keyboard designs, the BOIN design
makes the decision of dose escalation and de-
escalation simply by comparing the observed
DLT rate with a pair of fixed, predetermined dose
escalation and de-escalation boundaries (Fig. 4.3).

The respective dose escalation and de-
escalation boundaries are derived from a pair of
pre-specified toxicity probability thresholds: the
highest DLT probability that is predicted to be
underdosing such that dose escalation is needed
and the lowest DLT probability that is predicted
to be overdosing such that dose de-escalation is
needed.

The BOIN design can target any pre-specified
DLT rate without limitations. During the escala-
tion phase, the process is very transparent and
assessable for non-statisticians.

Bayesian optimal interval design (BOIN)

compares the observed
DLT rate at the current
dose with the pre-
specified dose escalation
and de-escalation
boundaries 0 Ao

Escalation

Stay De-escalation

Ag 1

Observed DLT Rate at the current dose
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4.5 New Designs

Because the practical demands of recent advances
in oncology treatments, many new study designs
are under development or being tested prospec-
tively in upcoming clinical trials (George et al.
2016). Some of these new designs have been
incorporated into clinical trials, but have not yet
been published and validated statistically.

4.5.1 Modified 4 + 4 Design
As the name suggests, the 4 + 4 design is a modi-
fication of the traditional 3 + 3 design. In addition
to the three patients treated by study drug in each
cohort, it adds one more patient on placebo. The
4 + 4 design is blinded and needs the safety
review committee (SRC) involvement for the
evaluation for each cohort.

The following guidelines are provided for
each dose level:

1. If 0/4 patients are observed with DLTs, then
escalate the dose level.

2. If 1/4 patients are observed with DLTs, then
stay on the same level and enroll 4 more
patients:

(a) If 1/8 patients are observed with DLTs,
then escalate the dose level.

(b) If 2/8 patients are observed with DLTs,
then SRC is unblinded to treatment:

e If there are >1 DLTs in placebo group,
then escalate the dose level.

e If both DLTs are in treatment group,
then stop the trial and choose the pre-
vious dose level as MTD.

3. If 2/4 patients are observed with DLTs, then
SRC is unblinded to treatment:

(a) If there is 1 DLT in treatment group, then
stay on the same level and enroll 4 more
patients:

» If 1/8 patients are observed with DLTs,
then escalate the dose level.

o [f 2/8 patients are observed with DLTs,
then SRC unblinded to treatment:

— If there is 1 DLT in placebo group,
then escalate the dose level.

— Ifboth DLTs are in treatment group,
then stop the trial and choose the
previous dose level as MTD.

(b) If there are two DLTS in treatment group,
then stop the trial and choose the previous
dose level as MTD.

4. If 3/4 patients are observed with DLTs, then
the trial stops and the previous dose level is
defined as the MTD.

This design is perhaps applicable to the stud-
ies where it is difficult to ascertain the difference
between adverse events related to the investiga-
tional agent and adverse events that are expected
due to the underlying disease. In this scenario,
the placebo group can help increase the probabil-
ity to escalate the dose level. This idea can also
be borrowed into oncology studies by replacing
the placebo group with a control group of the
other lines of therapy if efficacy is a secondary
objective in Phase L.

4.6 Conclusions

While there is great interest and enthusiasm
about model-based study designs, over the past
decade, the rule-based designs, like the tradi-
tional 3 + 3 design and newer rolling six study
design, are still the most commonly used in
pediatric oncology trials. As noted above, these
study designs are easy to execute since the rules
about dose escalation and de-escalation are a
priori defined in the protocol based on observed
DLTs.

Model-based designs have significant advan-
tages on reducing numbers of study patients and
shortening study durations. However, they
require significant involvement of statisticians
for the development of the study design, for mon-
itoring of the study, and in dose escalation/de-
escalation decisions. Model-based designs are
also operationally complicated, due to a require-
ment for repeated model fitting, conceptual and
computational complexity, and nontransparent
approach to decision-making.

The model-assisted designs combine the
superior performance of model-based designs
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with the simplicity of algorithm-based designs.
They offer more flexible approaches to patient
enrollment while retaining clear escalation and
de-escalation rules. Because of their good per-
formance and simplicity, model-assisted designs
have been increasingly used in practice. In addi-
tion, many software and online tools are now
available to support the simulation of operating
characteristics for both model-based and model-
assisted designs. But since model-assisted
designs are relatively new, they are not com-
monly utilized in pediatric oncology trials. In the
future, we believe more model-assisted designs
will be developed by investigators and biostatis-
ticians and applied to pediatric oncology
studies.
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5.1 Introduction ment unsustainable. Although the Phases, 1, 2,

In the traditional drug development paradigm,
clinical development starting with Phase 1 trials
has been viewed as separate from the discovery
research that produced the drug candidate.
Getting from the first human dosed to a Phase
3-ready asset followed an empirical approach, lit-
erally clinical trial and error, to define dose and
schedule of administration and to select indica-
tions for development. The advent of target-
driven drug discovery as well as the sheer volume
of drugs in development and economic pressures
has made this traditional model for drug develop-

J. DiMartino (B<)

Clinical Development, Kronos Bio Inc.,
San Mateo, CA, USA

e-mail: Jorge.dimartino @kronosbio.com

© Springer Nature Switzerland AG 2022

and 3 are still used in the naming of studies,
oncology drug development, at least in the indus-
try setting, is now thought of in terms of two
major phases: the exploratory phase, which
encompasses dose and schedule selection up
through clinical proof of concept (PoC), and the
confirmatory phase which is aimed at obtaining
regulatory approval. During the exploratory
phase, there continue to be many touchpoints
with the discovery research stage of a molecule’s
life cycle, and an ongoing dialogue between the
clinical/translational team and the discovery team
is essential. As much as developers understand
about a molecule and its target before it enters the
clinic, human testing often yields new insights
and potential pitfalls that need to be addressed
through the virtuous cycle of bedside to bench
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and back to bedside. The confirmatory phase of
clinical development is subject to extensive regu-
latory oversight. Although this stage has also
evolved in response to the explosion in knowl-
edge behind targeted drug development, describ-
ing recent regulatory changes as they relate to
registrational studies is beyond the scope of this
chapter. Here we will focus on how drug develop-
ers get from first-in-humans (FIH) Phase 1 trials
to PoC, defined functionally as the point when a
drug is ready to enter registrational trials. In prin-
ciple, this should be the same process for adult
and pediatric cancers. In practice, however, FIH
trials are typically done in adults, and pediatric
development begins with at least some knowl-
edge of the dose, schedule, and safety profile of a
new agent. A potential leading role for pediatric
cancer will be discussed in this context.

5.2 TheTherapeutic Hypothesis
Implicit in the modern approach to oncology
drug development is the dependence on a well-
defined therapeutic hypothesis about how the
drug delivers clinical benefit for patients. A
robust therapeutic hypothesis incorporates five
elements:

e The identity of the molecular target that is
engaged by the drug candidate, its role in the
initiation, and/or maintenance of the cancer
phenotype.

e The downstream consequences, biochemical and
phenotypic, of target engagement by the drug
candidate that lead to the desired anticancer
effect.

e The target engagement parameters required to
achieve the desired anticancer effect, i.e.,
magnitude and duration of target inhibition or
agonism.

e The molecular context (e.g., mutational
background) of dependence on the target,
i.e., the clinical setting within which target
engagement of the appropriate magnitude
and duration leads to the desired anticancer
effect.

e The anticipated clinical outcome associated
with the desired anticancer effect, e.g., tumor
regression vs differentiation or stasis.

A well-defined hypothesis can provide a basis
for expecting to find a window between a dose
and schedule that is efficacious and one that is
unacceptably toxic (i.e., a therapeutic index). It
can help to set goal posts for a dose escalation
study and to identify a patient population whose
tumors are expected to respond to the drug at a
reasonably high rate. In short, it enables a
hypothesis-driven early clinical development
program that can deliver clinical PoC data, or,
just as importantly, invalidate a target hypothesis
or drug candidate efficiently and informatively.
Efficiency at this stage of the drug development
process means not only avoiding ongoing finan-
cial expenditures with multiple protracted clini-
cal trials but, more importantly, not exposing
more patients than is absolutely necessary to an
experimental drug candidate with an uncertain
future. Moreover, a therapeutic hypothesis
means that even failure can be informative, for
example, by invalidating aspects of the hypoth-
esis or determining that a drug candidate’s phar-
macologic properties preclude attainment of PK
or PD objectives.

Dose and Schedule
Determination

5.3

One thing that has not changed in the modern
oncology drug development paradigm is that
first-in-humans (FIH) trials are, first and fore-
most, about safety (FDA 2005). An important
qualifier here is that these trials seek to under-
stand the safety profile of a drug candidate at a
dose and schedule that are expected to have at
least the potential for anti-tumor activity. At one
extreme, a homeopathic dose of an agent could
be found to be safe but would not necessarily
merit taking the agent forward into a signal-
seeking Phase 2 study based simply on the
absence of adverse effects. At the other extreme,
a maximal tolerated dose (MTD) can be defined
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on a particular schedule of administration.
Depending on the therapeutic hypothesis, the
MTD may well be the desired dose to explore
further for clinical activity, but this is not always
the case. The classical concept of MTD applies
well to broadly cytotoxic agents that target cell
processes that are common to both cancer cells
and rapidly dividing normal tissues, such as DNA
replication and the mitotic spindle apparatus. The
unifying hypothesis for these agents is that toxic-
ity to normal tissues is “on target” and insepara-
ble from the mechanism of efficacy. Based on
this model, the goal is to deliver a dose of the
drug that achieves substantial killing of both
tumor cells and normal hematopoietic or epithe-
lial progenitor cells over a brief period of 1 or a
few days and then to provide a holiday during
which the normal tissue is allowed to recover.
While this approach has been useful histori-
cally, it cannot be applied universally to molecu-
larly targeted agents. This is because, although
many of these agents have significant toxicity to
normal tissue, these toxic effects are not always
related to engagement of the intended target and
their relationship to the mechanism of efficacy is
uncertain at best (Lin et al. 2019). The MTD may
thus be an unnecessarily high dose of the drug
relative to what is needed to achieve efficacy.
Because MTD is based on acute toxicity (usually
in the first 28 days of dosing) and many molecu-
larly targeted agents are meant to be taken
chronically, an unnecessarily high dose with even
modest toxicity could lead to dose interruptions,
reductions, or discontinuations that could limit a
drug’s efficacy (Bullock et al. 2016). Even worse,
if the toxicity that defines MTD is driven by an
off-target effect, the compound may not even be
achieving the desired magnitude of target engage-
ment, exposing patients to adverse effects with-
out the potential for benefit. In other cases, it may
not be possible to define an MTD, either because
the target is not essential for normal tissue or
because exposures that would lead to toxicity
cannot be achieved due to limitations of bioavail-
ability and pill burden or the prohibitive cost of
producing the drug on that scale (Cook et al.

2015). For all these reasons, having a predefined
objective for plasma exposure and target engage-
ment parameters that are necessary (if not suffi-
cient) for anti-tumor activity is essential for
establishing the recommended Phase 2 dose
(RP2D).

Naturally, the best marker of target engage-
ment on which to base a dose and schedule selec-
tion would be anti-tumor activity itself.
Unfortunately, this is not realistic for a number of
reasons. Phase 1 oncology trials typically enroll a
heterogeneous population of heavily pre-treated
patients who are unlikely to respond to anything,
especially monotherapy with a targeted agent
(Horstmann et al. 2005). Moreover, depending on
the genetic context of target dependence, achiev-
ing the desired PK and PD parameters may be
necessary, but not sufficient for anti-tumor
effects. The only practical way to establish PK
and PD objectives for dose-finding studies is in
the preclinical setting using in vitro and in vivo
models. As described in Chap. 2, this work is
usually initiated during the lead optimization
(LO) stage of the drug discovery process or as
soon as there are adequate tool compounds and
models available. These experiments seek to
define the relationship between plasma exposure,
target engagement, and anti-tumor activity by
exploring various doses and schedules of drug
treatment. Target engagement markers are gener-
ally biochemical changes that occur as a direct
result of target modulation such as phosphoryla-
tion of a kinase target or acetylation or methyla-
tion of a histone tail for an epigenetic modulator
(Garralda et al. 2017). Ideally, these biochemical
changes can be measured in both tumor tissue
and in more easily accessible surrogate tissues
such as blood cells or skin. This is because in the
dose escalation phase of a FIH trial, it is chal-
lenging to obtain serial tumor biopsies (i.e., base-
line and on treatment) to measure these changes.
By collecting and analyzing both tumor and sur-
rogate tissue in drug-treated xenograft models,
these experiments can not only define the PK/PD/
efficacy relationship, they can also define the
relationship of tumor PD to surrogate tissue
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PD. A threshold level and duration of PD effect
in tumor and surrogate tissue from an informative
preclinical model, together with an understand-
ing of the PK parameters associated with effi-
cacy, can be an important component of a dose
selection strategy in a FIH trial (Parchment and
Doroshow 2016).

From a practical perspective, real-time safety
data is the most critical determinant of the prog-
ress of a FIH trial. Selection of the starting dose
is based on the GLP toxicology studies that were
conducted prior to the IND filing and chosen to
provide an ample margin of safety (FDA 2005).
Dose escalation decisions are undertaken by a
Dose Escalation Committee (DEC) composed of
the study physicians with representation from the
industry sponsor of the drug as appropriate. As a
rule, these studies seek to define an MTD,
whether or not this ends up being the RP2D. Over
the last 10-15 years, the traditional deterministic
3 + 3 design for these trials has been replaced by
Bayesian dose escalation models that provide
greater flexibility and accuracy in defining an
MTD (Doussau et al. 2012; Jaki et al. 2013).
Whether the approach is deterministic or
Bayesian, the DEC evaluates all adverse events
(AEs) that have occurred in a given dose cohort
including protocol-defined dose-limiting toxici-
ties (DLTs) to decide if a dose escalation step is
warranted and the magnitude of the increment.
PK and PD data typically lags behind the dose
escalation decisions but is reviewed as it becomes
available and could impact a dose escalation
decision if, for example, it becomes clear that the
last escalation step did not result in a significant
increase in exposure or PD (i.e., approaching
saturation, maximal inhibition, or futility).
Selecting the RP2D requires an integration of all
of the available data in the context of the pre-
specified goals for PK and PD as well as the
safety profile that would support further develop-
ment. If, for example, preclinical models suggest
that more than 50% inhibition of the intended
target is needed for efficacy and unacceptable
toxicity (i.e., the MTD) is encountered at doses
that only achieve 10-20% inhibition, it might be
unwise to move forward into efficacy testing with
that dose.

5.4 Clinical Proof of Concept

(PoC)

Proof of concept (PoC) is one of those fraught
terms in drug development that can mean many
different things to different people. A useful defi-
nition of clinical PoC is that it comprises a pack-
age of data that supports investing in a costly and
often lengthy Phase 3 trial for regulatory
approval. This kind of investment requires a rea-
sonable level of confidence that the Phase 3 study
will be successful based on observing evidence
of target-dependent activity on a clinically mea-
surable endpoint in previous early phase studies
(Chen and Beckman 2014). This is different from
simply observing clinical activity in two impor-
tant ways. For conventional cytotoxic chemother-
apeutics, the observation of anti-tumor activity in
one tumor type versus another has always been
empirical. There is nothing about the mechanism
of these agents that provides a rationale for their
observed activity. DNA cross-linking agents,
alkylating agents, and topoisomerase inhibitors
all cause DNA damage, but each was found to be
more active in some malignancies than in others.
Identifying a promising indication for a new
agent without a clear idea of what tumor type or
subset thereof will be sensitive can require mul-
tiple studies, many of which will be negative or
equivocal. Even when a promising activity signal
is detected in a specific histologic tumor type in
Phase 2, there is no guarantee that it will hold up
in a larger Phase 3 study. This is because of the
extensive heterogeneity within any given type of
cancer. Heterogeneity applies not only to clinical
variables, such as previous lines of therapy,
which can be controlled for but also to molecular
heterogeneity (Zolotovskaia et al. 2020). Phase 2
and Phase 3 populations may thus differ in terms
of the representation of underlying factors that
predispose a patient’s tumor to be sensitive or
resistant to the agent. A consequence of moving
into Phase 3 studies on the basis of empirically
observed, poorly understood signals of activity is
a high failure rate for these large and costly stud-
ies (Jardim et al. 2017).

This is where having a strong therapeutic
hypothesis becomes critical again by providing a
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basis for interpreting clinical activity in the con-
text of target dependency. When a BRAF inhibi-
tor shows activity in BRAFYE-mutated
melanoma but not in BRAF* melanoma, there
should be a reasonable expectation that this will
hold up in larger studies (Larkin et al. 2014).
Similarly, the inhibitor of mutated IDH2, ena-
sidenib, showed early evidence of clinical activ-
ity in AML patients with IDH2 mutations as
expected. This allowed the program to move
quickly to registration on the basis of an extended
Phase 1 study. This type of activity is convincing
not only to industry sponsors but to regulatory
authorities as well. The enasidenib story also
brings up another important aspect of defining
PoC, the nature of the clinical activity resulting
from successfully modulating the drug target.
The traditional definition of activity, which is still
the most common, is the killing of tumor cells as
evidenced by radiographic regression of a lesion
on a CT or MRI scan in solid tumors or the induc-
tion of a period of marrow aplasia followed by
recovery without leukemic blasts (complete
response) in the acute leukemias. A recent excep-
tion to this were responses to enasidenib in
IDH2-mutated AML patients (Stein et al. 2019).
These responses were characterized initially by a
recovery of platelet and neutrophil counts with
only gradual reductions in the proportion of
blasts and essentially no marrow aplasia. This is
entirely consistent with the role of IDH2 muta-
tions in blocking the differentiation of myeloid
progenitors and with the removal of that blockade
by the action of enasidenib (Amatangelo et al.
2017). Restoration of hematologic function, even
without immediate elimination of all blasts, pro-
vides clinical benefit to patients and, importantly,
extends survival. The therapeutic hypothesis
should, therefore, not only provide an idea of the
clinical context within which there is a high like-
lihood of response but also an idea of how that
response would manifest to support PoC.

The establishment of surrogate endpoints for
PoC trials remains an ongoing challenge. The
hematologic malignancies have benefitted from
the ease of access to malignant cells with a blood
draw. This allowed the immediate appreciation of
reductions in white blood cell counts in CML

patients treated with imatinib and the appearance
of mature neutrophils in IDH2-mutated AML
patients treated with enasidenib (Amatangelo
et al. 2017; Capdeville et al. 2002). For lympho-
mas and solid tumors, however, objective
responses based on RECIST criteria provide the
only reliable way to assess activity within the
single-arm, open-label study design that describe
most Phase 2 trials. This is primarily because
radiographic imaging of the primary mass or
metastases is readily performed and quantitated
objectively. We know that these responses do not
always translate into the gold standard for clini-
cal benefit which is survival (Grimaldi et al.
2018). Nevertheless, response rates remain
important due to the difficulty of interpreting a
time-to-event endpoint like survival in the con-
text of an uncontrolled single-arm study. While
uncontrolled growth is certainly one aspect of the
cancer phenotype, there are many other hall-
marks, as defined in the classic publication by
Hanahan and Weinberg, which are critical to sus-
tain a tumor (Hanahan and Weinberg 2011).
These include things like deregulating tumor
metabolism, activating invasion and metastasis,
and genomic instability. Drugging targets that
drive these behaviors could, conceivably, prolong
survival without necessarily inducing cell death
within the tumor on a scale that would result in a
significant radiographic regression. For example,
the androgen receptor antagonist, enzalutamide,
clearly prolongs survival in men with castrate-
resistant prostate cancer despite the fact that it
does not produce a measurable objective response
rate.

A randomized Phase 2 study can be conducted
to establish PoC if the PoC will be based on a
time-to-event endpoint like survival or if it is
important to demonstrate an improvement in
response rate over an existing treatment. An
added benefit of this approach is that it can pro-
vide an estimate of the treatment effect to help
size the Phase 3 study appropriately. The main
disadvantage to a randomized Phase 2 study is
the cost and impact to the development timeline.
An adequately powered randomized Phase 2 can
require upward of 100 subjects and begins to
approach a small Phase 3 in terms of cost and
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duration. This brings us back to the original need
for data to support this kind of investment of
resources as well as patients. Novel approaches
in development that could supplement or replace,
in some cases at least, traditional RECIST-based
response assessment are being evaluated. These
include functional imaging, of which FDG-PET
is the most well established (Wahl et al. 2009).
Loss of glucose uptake by a tumor that was PET-
avid prior to treatment is clearly indicative of a
drug effect that is reasonably likely to result in a
beneficial effect (Lei et al. 2016). Dynamic
contrast-enhanced (DCE) MRI can be used to
evaluate microvascularity in tumors, while
diffusion-weighted MRI measures intracellular
and extracellular water content to estimate the
cellularity of tissue (Torigian et al. 2007).
Imaging before and after treatment with an agent
expected to impact these parameters could pro-
vide proof-of-mechanism to increase confidence
to proceed with a subsequent trial. Non-imaging-
based approaches to study tumor responses to a
novel agent include circulating tumor cells (CTC)
and circulating tumor DNA (ctDNA) (Cabel et al.
2017; Cristiano et al. 2019). CTC are well vali-
dated in some diseases such as prostate cancer
and can be tracked over time, before and after
drug treatment to measure anti-tumor activity.
Quantitating  tumor-specific mutations by
sequencing ctDNA can also be used to evaluate
tumor responses over time (Ma et al. 2020). All
of these approaches will need to be validated in
specific tumor types with specific drug candidates
before they become firmly established endpoints
to support decision-making by drug developers,
to say nothing of regulatory agencies.

5.5 Putting It All Together:

Combined Phase 1-2 Studies

The advent of hypothesis-driven studies in the
exploratory phase of cancer drug development
has resulted in the phenomenon, at least in adult
oncology studies in the USA, of what has vari-
ously been referred to as a Phase 1-2 study or a
Phase 1 study with expansion cohorts (Geoerger
et al. 2020; Schafer et al. 2020; FDA 2022). In
either case, the idea is to transition nearly seam-

lessly from a dose-finding stage, usually enroll-
ing an unselected patient population, followed by
a single-arm expansion at the RP2D in at least
one patient population that is expected to be
enriched for responders. The enrichment can be
on the basis of a particular tumor histology, clini-
copathologic or molecular biomarker-defined
subset, depending on the target and therapeutic
hypothesis. In some cases, multiple parallel
cohorts are open, resulting in FIH trials that
enroll 100 or more patients (Bang et al. 2020).
Although this may seem inefficient, the idea is to
get the drug, at the right dose and schedule, into
the patients who, according to the therapeutic
hypothesis, have the highest likelihood of
responding. Ironically, by allowing a drug to fail
early in its development, this approach can be
very efficient. Failure can come during the dose-
finding phase if the PK and PD objectives cannot
be achieved due to toxicity or poor PK properties.
If the PK and PD objectives are achieved but no
activity is observed in the population with the
greatest likelihood of response, there is little
enthusiasm for testing the drug in other popula-
tions with even less of a rationale for sensitivity.
If, on the other hand, the expected activity is seen
in the expected patient population, the drug and
target have been, to a significant extent, de-
risked, and investing in further development,
including other patient subsets and combinations,
can proceed with confidence.

This is the theory. In practice, there is rarely a
therapeutic hypothesis that is so focused around a
particular population, leading to multiple parallel
expansion cohorts, each with its own rationale, to
increase the likelihood of observing activity. This
has been the case for many of the drugs targeting
the PI3K/AKT/mTOR signaling pathway (Yap
et al. 2015; Polivka Jr and Janku 2014; Mayer
and Arteaga 2016). These are targets that have
been implicated in multiple cancer types though,
often, without a mutational roadmap to select
specific patients whose tumors are addicted. The
expansion cohorts in these trials were often
defined on the basis of histology, e.g., lung,
breast, or colorectal cancer. While some patients
experienced dramatic responses in some of these
cohorts, they were mostly anecdotal, without a
clear rhyme or reason for the lack of response in
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similar patients. Combined with the on- and off-
target toxicities associated with these targets,
including rashes and mucositis, this spotty activ-
ity was not sufficient to support registrational tri-
als in many cases. The only exceptions to this
were the isoform-selective PI3K inhibitors,
alpelisib for PI3Ka and idelalisib for PI3Kd
(Narayan et al. 2020; Markham 2014). Alpelisib
has been approved for breast cancer based on the
presence of activating PIK3Ca mutations in a
subset of HER-2-positive breast cancer patients.
PI3KS is expressed selectively in lymphoid tis-
sues and plays a key role in B-cell receptor sig-
naling which is a driver in CLL. It showed activity
in patients with relapsed CLL and is now FDA
approved in that indication. These examples
highlight the importance of having a well-defined
therapeutic hypothesis to guide exploratory drug
development.

Although clinical activity consistent with the
therapeutic hypothesis is critical to supporting
the decision to advance to registrational trials, it
is by no means the only requirement. Meeting
regulatory requirements ahead of a label-enabling
trial means many more boxes will need to be
checked. These boxes relate primarily to safety
and dose and schedule justification. The US FDA
and other health authorities need to make a com-
prehensive assessment of the risks and potential
benefits of allowing a new drug onto the market.
This requires a safety database of at least a few
hundred patients treated across multiple studies
in most cases. A package of studies addressing
drug-drug interactions and PK in special popula-
tions, such as patients with hepatic impairment,
may also be required. Finally, a justification for
the dose and schedule selected has become an
important component of negotiations with regu-
latory authorities. This can involve population
PK modeling and other analyses of dose and
exposure in relation to toxicity and efficacy
across earlier studies. The intent of all this is to
be able to provide adequate information in the
label for physicians to prescribe the drug safely
to their patients (FDA 2020). In situations where
the intended approved patient population is
exceedingly rare, it may not be possible to pro-
vide all of this information ahead of a planned
registrational trial.

If the unmet need is sufficiently dire and the
promise of the drug is based on a strong mecha-
nistic rationale that supports the observed effi-
cacy, it may be possible to negotiate acquisition
of these data in parallel with the registrational
trial or as a post-marketing commitment (FDA
2014). These options are summarized in the FDA
guidance document on expedited programs for
serious conditions and includes fast track or
breakthrough designations, priority review, and
accelerated approval pathway. With sufficiently
compelling efficacy and safety data and a well-
understood mechanism, the exploratory phase of
development can essentially become confirma-
tory, giving patients in need access to new thera-
pies in an expedient fashion.

A Role for Pediatric Cancer
in Exploratory Drug
Development

5.6

The importance of a sound, biologically plausible
therapeutic hypothesis to guide exploratory drug
development provides an important avenue for
moving testing of new agents into children with
cancer sooner than has been the case historically.
Once a safe and potentially active dose has been
established in adults, the indication with the
clearest biological rationale may be a pediatric
cancer. This has been the case with the EZH2
inhibitor tazemetostat. A synthetic lethal depen-
dency on EZH?2 occurs in tumors with mutations
in components of the SWI/SNF nuclear remodel-
ing complex (Kim et al. 2015). These mutations
are found in almost all cases of malignant rhab-
doid tumor (MRT), a rare tumor type but one
which occurs in children (St Pierre and Kadoch
2017). A Phase 1 trial of tazemetostat in children
with MRT and other SWI-/SNF-mutated tumors
is currently enrolling (NCT02601937). Similarly,
larotrectinib, an inhibitor of the neurotrophic
receptor tyrosine kinase (NTRK), is active in
tumors with NTRK gene fusions, including
infantile fibrosarcomas (Cocco et al. 2018). This
rare but biologically well-defined pediatric tumor
contributed to the approval of larotrectinib in a
basket trial design enrolling multiple tumor
types, adult and pediatric, based on the presence
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to NTRK gene fusions (Scott 2019). When the
adult MTD/RP2D has been established, a limited
dose-ranging trial can determine an acceptable
dose in pediatric patients, enabling efficacy test-
ing in biomarker-defined populations to begin.
As the understanding of pathogenic drivers of
pediatric cancers increases, along with the avail-
ability of drugs targeting those drivers, there will
be more opportunities to test those drugs early,
benefiting both adult and pediatric patients by
delivering clinical PoC.
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6.1 Introduction

BioDrugs, or advanced therapeutic medicinal
products (ATMP), are novel medicines involving
genes, tissues, or cells for use in the treatment of a
variety of diseases. The European Medicines
Agency (EMA) classifies ATMP into three gen-
eral categories: (1) gene therapies, (2) somatic-
cell therapies, and (3) tissue-engineered medicines
(https://www.ema.europa.eu/en/human-regulatory/
overview/advanced-therapy-medicinal-products-
overview), although there is overlap in the types
of technologies used to create BioDrugs in these
categories. For example, techniques used to edit
or insert genes may be used to create a BioDrug
used for gene therapy or for somatic-cell therapy.
Development of a successful BioDrug requires in-
depth knowledge of cellular biology and molecu-
lar genetics, complex manufacturing procedures,
and completion of rigorous clinical trials in
patients with serious medical illness. This chapter
provides a resource for pediatric hematologist/
oncologists to learn about the fundamental tech-
nologies involved in BioDrug development and
will focus on the development of BioDrugs in the

first two categories: (1) gene therapies, defined as
a BioDrug that contain genes for insertion into the
human genome or that contain gene-editing
machinery for intracellular correction of genetic
diseases, and (2) cell therapies, defined as cell
products or tissues that have been manipulated to
change their biologic characteristics with the aim
to cure human disease.

As ATMP become more available, it is impor-
tant to understand the principles involved in their
development and the components required to pro-
duce a BioDrug. The genes, gene-editing tools,
delivery systems, tissues, and cells used to generate
ATMP can be thought of as existing in a BioDrug
ToolKit (Fig. 6.1), which contains various compo-
nents or tools for use in development of a BioDrug.
The main categories of “tools” used in production
of a BioDrug include cells, genetic materials and
editing systems, and delivery systems. A vast
choice of tools exists within each category, which
can be combined to generate novel therapeutic
agents that can be applied ex vivo in laboratory-
based cell cultures or in vivo by direct administra-
tion to a patient for treatment of life-threatening
malignancies or hematologic disorders.

GENETIC MATERIAL
& EDITING SYSTEMS

DELIVERY
SYSTEMS
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Fig. 6.1 The BioDrug ToolKit contains groups of tools
and materials used to engineer cell and gene therapy.
Combinations of cells, genetic material, and transgene
delivery systems are used to engineer BioDrugs. Cells are
selected for their biologic properties. The selection of the

genetic material or editing systems is based on the desired
genetic engineering approach. The selection of the deliv-
ery system is based on its carrying capacity and the effi-
ciency of gene transduction
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6.2  BioDrug ToolKit: Cells
The first important group of tools in developing a
BioDrug are the cells or tissues that will be used
either as targets of the BioDrug or as a compo-
nent of the BioDrug itself. A cell may be used by
itself as a BioDrug, or it may be genetically engi-
neered to perform a specific function. BioDrug
cells which are intended to be returned to the
individual from which they were collected are
termed “autologous” cells, whereas cells that are
collected from one individual for administration
to another individual are termed ‘“allogeneic”
cells. Allogeneic cells will differ genetically from
the recipient and may express different major his-
tocompatibility complex (MHC) antigens or
minor histocompatibility antigens. The need to
match the human leukocyte antigens (HLA) of
the recipient with allogeneic cells depends upon
the end use of the cells and whether long-term
engraftment is desired. Depending on the type of
immune cell, unmatched, unmanipulated alloge-
neic cells can mediate tissue damage in the recip-
ient (i.e., graft-versus-host disease (GVHD)).

Cell products may be administered to the
patient immediately after collection of the cells,
such as in bone marrow transplantation proce-
dures, or may also be cryopreserved for future
use (Hornberger et al. 2019). Cryopreservation
involves placing the cells in a solution with
dimethyl sulfoxide (DMSO) which allows the
cells to survive extremely low temperatures. The
cell solution is cooled at a controlled rate until it
can be stored in liquid nitrogen (approximately
—195 °C). The shelf-life of cryopreserved cells
depends on the cell type and cryopreservation
methods.

The BioDrug ToolKit contains a variety of cells
that can be developed for therapeutic use. The
most commonly used cells are described here.

6.2.1 Hematopoietic Stem Cells

(HSCs)

HSCs are capable of either self-renewal or dif-
ferentiation into the various mature cells that
comprise the hematopoietic system, including
red cells, platelets, myeloid cells, and lympho-

cytes. HSCs reside in the bone marrow and can
be obtained by direct aspiration of bone marrow
or through mobilization of HSC into the blood-
stream and removal via apheresis. HSCs are
anchored in the marrow by adhesion to stromal
cells; therefore, release of HSC into the periph-
eral blood requires interfering with these cellular
bonds. The most efficient way to release HSC is
through agents that disrupt adhesion bonds such
as CXCR4-CXCL12. The most commonly used
agents include granulocyte colony-stimulating
factor (G-CSF) and more recently plerixafor
(Giralt et al. 2014). While both bone marrow and
mobilized peripheral blood stem cell (PBSC)
products contain HSC, there are differences in
composition that might affect the end use.
Compared to mobilized PBSC, marrow products
contain relatively more red cells and a lower pro-
portion of T cells and may contain other bone
marrow-derived cells, such as mesenchymal stro-
mal cells. Bone marrow or mobilized PBSC may
be administered to patients up to several days fol-
lowing collection, after which the viability is sig-
nificantly reduced (Lazarus et al. 2009). When
the intention is not for immediate use, both prod-
ucts may be cryopreserved and then thawed
before administration to a patient or for use in
generating an  engineered cell product
(Hornberger et al. 2019). HSCs also reside in the
placenta and may be obtained by collection of
postpartum umbilical cord blood and cryopre-
served for future use.

In the setting of hematopoietic cell transplan-
tation (HCT), HSCs can be viewed as a cell ther-
apy product used to restore hematopoiesis after
marrow-ablative therapy. HSCs also are used as
the cellular component for the development of
gene therapy products aimed at correcting genetic
defects resulting in hematopoietic or immuno-
logic diseases.

6.2.2 TLymphocytes

T lymphocytes are the main effector cells of the
adaptive immune system. Mature T cells recog-
nize antigen via the T cell receptor (TCR), which
is expressed early in T cell development (Davis
and Bjorkman 1988). TCRs are heterodimers
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Fig. 6.2 The T cell recognition complex is comprised of
(1) the T cell receptor (TCR); (2) the CD3 complex; and
(3) the zeta (Q) chain signaling molecules. The TCR is a
heterodimer composed of alpha (x) and beta () chains.
Each chain has a variable (V) and a constant region. When
the TCR recognizes a peptide presented by a major histo-
compatibility antigen, signaling through the { chains
results in phosphorylation of intracellular immunorecep-
tor tyrosine-based activation motifs (ITAMs). T cell acti-
vation involves three basic steps. Step 1: The T cell

comprised of a- and P-polypeptides linked by
disulfide bonds. Each polypeptide has a variable
region (Va and Vp, respectively) and a constant
region (Fig. 6.2). The variable regions of the het-
erodimers are translated from a series of ran-
domly juxtaposed sections of the V, D, and J
genetic regions. When expressed on the cell sur-
face, the TCR heterodimer associates with the
CD3 heterodimeric complex externally, and
internally associates with the  chain.

The entire complex, including the TCR, CD3,
and { chain, is required for T cell antigen recog-
nition and signaling (Alcover et al. 2018). In the
simplest sense, activation and proliferation of
antigen-specific T cells requires three main steps
(Fig. 6.2): the first is TCR recognition of an anti-
gen presented in the groove of a MHC molecule,
which in humans are the human leukocyte anti-

receptor recognizes the peptide in the context of the major
histocompatibility complex (MHC) antigen of the antigen-
presenting cell (APC). Step 2: A second signal or co-
stimulatory signal is received by the T cell from the
APC. Step 3: The TCR signal in concert with the co-
stimulatory stimulates intracellular signaling leading to
recruitment of ZAP-70 and Src kinase activation and sub-
sequent generation of cytokines that promote T cell
proliferation

gens (HLA) (La Gruta et al. 2018; Smith-Garvin
et al. 2009). Next a second signal or co-
stimulatory signal must be received by the T cell
from the antigen-presenting cell (APC).
Importantly, if the second signal is not received,
the T is rendered impotent or anergic (Sharpe and
Freeman 2002; Azuma 2019). Co-signal recep-
tors on the T cell include CD28, which interacts
with B7-1 and B7-2 molecules, and the inducible
T cell co-stimulator (ICOS), which interacts with
the ICOS ligand. When stimulated, CD28 trans-
mits a signal that in concert with the TCR signal
results in the third step, phosphorylation of intra-
cellular immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) leading to recruitment of
ZAP-70 and Src kinase activation and subsequent
generation of cytokines such as IL-2 that promote
clonal expansion.
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To acquire sufficient numbers of T cells for
cell therapy, large numbers of peripheral blood
mononuclear cells (PBMC) are obtained by non-
mobilized apheresis and then placed in culture
conditions that support expansion of the desired
T cell subset(s). Various T cell subsets have been
used as a source for cell therapy products and can
be selected from the apheresis product by their
cell surface receptors. Most T cells within the
product have heterodimeric TCRs composed of
a- and P-polypeptides. affT cells that express
CD8 recognize peptides presented by class I
HLA, whereas T cells that express CD4 recog-
nize peptides presented by class II HLA. These
subsets can be functionally defined further into
naive and memory subsets, which can be distin-
guished from each other by expression of other
surface markers, e.g., CD62L, CCR7, and
CD45RA expression on naive T cells and
CD45RO on memory T cell subsets (De Rosa
et al. 2001). affT cell subsets have been the pre-
dominant cell type used in the development of
BioDrugs that target malignancies.

A small fraction of T cells have TCRs com-
posed of y- and d-polypeptides, which play a role
in both the adaptive and innate immune responses
(Paul et al. 2014). y3T cells are found primarily
in mucosal tissue and are capable of HLA-
unrestricted cytotoxic activity, secrete cytokines
that facilitate T and B cell activity, and are capa-
ble of antigen presentation. The development of
BioDrugs using y8T cells is being explored as an
alternative to afT cells, based on their ability to
infiltrate a wide variety of tumors and to recog-
nize small phosphorylated non-peptide mole-
cules emanated by tumor cells (Brandes et al.
2005; Gertner-Dardenne et al. 2012; Groh et al.
1999).

T regulatory (Treg) cells are another small
population of CD4+ T cells that play a role in
maintaining peripheral tolerance and preventing
autoimmune disease. Tregs are characterized by
surface expression of CD25 and intracellular
FOXP3 (Owen et al. 2019). BioDrugs based on
Treg cells currently are being explored for induc-
ing tolerance in organ transplant recipients or
mitigating GVHD after HCT and in patients with
autoimmune diseases.

6.2.3 Natural Killer (NK) Cells

NK cells are large granular lymphocytes that
play a pivotal role in the innate immune response
to viral pathogens and tumors as well as have an
adjunctive role in the adaptive immune response
(Campbell and Hasegawa 2013; Caligiuri 2008;
Sun et al. 2009). NK cells reside in lymphoid tis-
sue as well as circulate in the blood and are char-
acterized by surface expression of CD56 and
lack of CD3 expression. NK cells interact with
their environment through multiple inhibitory
and activating receptors, including killer-cell
immunoglobulin-like receptors (KIRs), CD16,
or NKG2D, which engage MHC class I as well
as non-MHC molecules. Activation of NK cells
can occur either through engagement of a ligand
with an activating receptor or by lack of engage-
ment of an inhibitory KIR with its MHC class I
ligand. Once activated, NK cells can directly kill
target cells through perforin/granzyme produc-
tion or through death receptor pathways (Smyth
et al. 2001; Bryceson et al. 2006). Activated NK
cells also produce gamma interferon (IFNYy),
thus stimulating components of the adaptive
immune response. NK are generated for cell
therapy by apheresis and subsequent selection of
CD56-positive cells, which are then placed in
culture or cryopreserved (Kottaridis et al. 2015).
NK cells currently are being developed as autol-
ogous or allogeneic cell therapies, either as
unmanipulated cell products or as engineered
tumor-directed cells.

6.2.4 Macrophages (M®s)

M®s reside in a variety of tissues and function to
maintain homeostasis through cell-to-cell contact
and elaboration of cytokines. Depending upon
the microenvironment, M®s become reversibly
polarized toward a pro-inflammatory (M1) or an
anti-inflammatory (M2) phenotype. M1 polariza-
tion occurs after stimulation of M®s by pro-
inflammatory agents such as IFNy or
lipopolysaccharide (LPS) which activate the
NFkB pathway (Lee et al. 2016a; Mills et al.
2000). Pro-inflammatory M®s play a role in the
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innate and adaptive immune systems through
phagocytosis, antigen presentation, and cellular
cytotoxicity. M2 polarization occurs in response
to IL-4 signaling, as well as M-CSF, IL-10,
IL-13, and TGF-B. These anti-inflammatory
cytokines are prominent within the tumor micro-
environment and result in polarization of tumor-
associated M®s (TAMs) (Italiani and Boraschi
2014). TAMs facilitate tumor persistence by con-
tributing to the immunosuppressive environment
and promoting angiogenesis and tumor invasion.

M®s are obtained for cell therapy by apheresis
or through lavage of alveolar or peritoneal tissues.
Once collected, M®s are placed into culture con-
ditions that stimulate the M1 phenotype (Lee et al.
2016a). However, unlike T lymphocytes which
can be expanded to large numbers in appropriate
culture conditions, there is limited ability for M®s
to proliferate ex vivo. As an alternative approach,
M®s have been generated from conditional pro-
genitor cell lines that allow differentiation to M®s
under specific culture conditions (Wang et al.
2006). M1 M®s currently are currently being
studied as the platform for solid tumor-directed
engineered cell therapies (Klichinsky et al. 2020).

6.2.5 Dendritic Cells (DCs)

DCs are potent APCs involved in both the innate
and adaptive immune responses. DCs arise from
bone marrow CD34+ stem cells and reside in
various tissues (Liu and Nussenzweig 2010).
Mature DC subsets include myeloid/conventional
DC1 (cDC1), myeloid/conventional DC2
(cDC2), and plasmacytoid DC (pDC) (Collin and
Bigley 2018). DCs interact with their environ-
ment through multiple signaling receptors and
produce various cytokines in response to stimula-
tion. pDCs produce IFNa, TNF, IL-6, and gran-
zyme B in response to receptor signaling by viral
nucleic acids. ¢cDC1 express MHC class I and
present antigen to CD8+ T cells, as well as pro-
duce IFNa and IL-12. ¢cDC2 also present antigen
and secrete high levels of 1L-12.

Dendritic cell therapy has been explored as a
mechanism to increase anti-tumor immune
responses through “vaccination” with cells that

present tumor antigen to native CD8+ T cells
(reviewed in depth in Sabado et al. 2017). DCs
can be generated ex vivo from monocyte precur-
sors or CD34+ HSC. Antigen loading of DCs is
accomplished by incubation with proteins, RNA,
or tumor cells along with GM-CSF to produce
activated APCs. Sipuleucel-T is an example of an
ex vivo cultured cell product that includes acti-
vated DCs, which is now approved for treatment
of prostate cancer.

6.2.6 Mesenchymal Stem Cells
(MSCs)

MSC:s are defined by expression of CD73, CD90,
and CD105, lack of HLA-DR expression, as well
as the ability to adhere to plastic and to differenti-
ate into mature mesenchymal tissues including
adipocytes, chondrocytes, and osteoblasts (Wagner
et al. 2005). MSCs can be derived from bone mar-
row, umbilical cord blood, as well as other adult
and fetal tissues (Ullah et al. 2015). Tissue or
blood MSCs are isolated by seeding onto plastic
culture plates in specific culture conditions that
can generate mesodermal, ectodermal, or endoder-
mal lineages. MSCs are being studied for use in
cancer immunotherapy as well as immunomodu-
lating therapies for degenerative or autoimmune
diseases. Currently there is considerable interest in
using MSCs as either treatment for or prevention
of graft-vs-host disease after allogeneic HCT
(reviewed in Zhao et al. 2019).

6.2.7 Human-Induced Pluripotent
Stem Cells (iPSCs)

Human iPSCs are not natural human cells but are
mentioned here as these have been used to engi-
neer BioDrugs. Human iPSCs are created by
reprogramming a differentiated cell, such as a
fibroblast, by insertion of genetic instructions
(reviewed in Hockemeyer and Jaenisch 2016).
This results in a personalized pluripotent cell that
can then undergo differentiation by manipulating
culture conditions to regenerate mature tissues,
such as cardiac or neurologic tissues.
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6.2.8 TargetTissues

Normal body tissues may be the target of genetic
engineering in order to correct a genetic mutation
within that specific cell. Examples include pul-
monary epithelial cells in patients with cystic
fibrosis, or retinal cells in patients with biallelic
RPE65 mutation-associated retinal dystrophy.
Alternatively, an organ may play the role of host
to new genetic machinery that produces a protein
which functions elsewhere. The liver is a com-
mon target of in vivo gene therapy, because many
viral vectors and nonviral particles that transport
genetic material are hepatotropic. For example,
the liver has been the target organ for expression
of factor VIII in patients with hemophilia A (Pasi
et al. 2020).

Abnormal tissues, such as solid tumors, are
another type of target for gene or cell therapies.
Tumors present challenges to effective drug
delivery due to the heterogenous nature of the
tumor and stromal cells. The tumor “ecosystem”
results from interaction between tumor clones,
stromal cells such as endothelial cells and fibro-
blasts, and host immune cells such as TAMs
(Petty and Yang 2017). This symbiotic environ-
ment promotes tumorigenesis and creates an
immunosuppressive tumor microenvironment
(TME). Tumor heterogeneity poses a challenge
to identify uniformly expressed tumor-specific
antigens. Mechanisms to evade anti-tumor
immune responses also vary within and between
tumor types, resulting in a tumor-specific micro-
environment that may be unique to the host
(Hinshaw and Shevde 2019; Wu and Dai 2017).

6.3  BioDrug ToolKit: Genetic
Material and Gene-Editing

Machinery

The second important group of tools employed
in the creation of a BioDrug are the genetic
materials and machinery used for giving target
cells new instructions or for correction of dys-
functional genes. The choice of genetic material
depends upon whether gene replacement or gene
editing is desired, whether long-term gene

expression is desired, and the nature of the target
tissue. Genetic information may be delivered to
a cell as either mRNA or cDNA. cDNA must be
transcribed into mRNA and therefore must enter
the cell nucleus which contains the transcrip-
tional machinery. Once in the nucleus, the
genetic material of cDNA may become inte-
grated into the host cell genome or can remain
episomal, depending upon the approach used to
deliver the cDNA into the cells. Integration of
cDNA into the genome usually occurs randomly,
although some vectors preferentially deliver the
genetic material into specific genomic locations.
The advantage of integrated cDNA is that the
new genetic material will be replicated and
carried into daughter cells during mitosis.
Nonintegrated cDNA will be lost over time as its
host cell undergoes mitosis. Accordingly, most
cellular targets for nonintegrated cDNA are
long-lived postmitotic cells in organs with low
cell turnover, such as the liver, heart, or nervous
system.

Protein expression from mRNA sequences
requires just the intracellular translational
machinery which can be found in the cytoplasm.
However, protein expression is transient, persist-
ing intracellularly for less than a month as
mRNA will be degraded by intracellular RNase.
Several techniques may increase the stability
and durability of intracellular mRNA, for exam-
ple, optimizing the non-translated genetic mate-
rial at either end of the mRNA, such as 3’
untranslated regions (UTR) or the 5’ cap analogs
(Orlandini von Niessen et al. 2019; Stepinski
et al. 2001). The severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV?2) vaccine is
an outstanding example of successful mRNA
therapy that easily adapts to new viral mutations
due to the relative ease of reprogramming the
mRNA cassettes.

Transcription from either integrated or non-
integrated transgenes cannot occur without
additional regulatory elements. Viral vectors
used for episomal gene transfer may contain
DNA replication and activation motifs suffi-
cient to express the inserted mammalian
genetic material (Van Craenenbroeck et al.
2000). Most vectors used in gene therapy con-
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Fig.6.3 Systems for gene editing in use most commonly
include the clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated (Cas) pro-
tein 9 or CRISPR/Cas9 system (panel a); zinc-finger
nucleases (panel b); and transcription activator-like effec-
tor nucleases or TALENS (panel ¢). Each of these editing
systems results in a double-strand DNA break. The broken
strands are reunited by one of two natural repair path-
ways. The most common repair mechanism is nonhomol-

tain an expression cassette, which consists of a
promoter and a polyadenylation signal in addi-
tion to the therapeutic gene. DNA transcription
is activated by a promoter within the cassette.
The level of DNA transcription depends on
promoter strength and tissue-specific activity.
Elongation factor 1 alpha or cytomegalovirus
(CMYV) promoters are constitutively expressed
and transactivate high levels of transgene
expression (Kim et al. 2002; Teschendorf et al.
2002). In some situations, tissue-specific gene
expression is desired, which requires knowl-
edge of the natural promoter region and its
location relative to the gene (Saukkonen and
Hemminki 2004; Zheng and Baum 2008;
Boulaire et al. 2009).

When gene editing is the desired objective, the
BioDrug may be used to remove or inactivate a
gene involved in the pathogenesis of a disease or
to “fix” a gene by replacing a mutation with the

DsSB

ATGAGGTCGTTCCGTTCAGTACT lIACGAGGACTCGAATGCTAGGTACCGTAC
LLLLLLILLIL LI L LI ] LILLLLE L LI L L LI L L] ]
[TACTCCAGCAAGGCAAGTCATGA [l TGCTCCTGAGCTTACGATCCATGGCATG

TTCAGTACTELXclej(elelgeivle ACGAGGACTC]
UL oo T LT
AAGTCATGA[sfelelclelVIclele TGCTCCTGAG

ATGAGGTCGTTCCG TTCAGTACT(cIIclej{elelg[elelc ACGAGGACTCCGAATGCTAGGTACCGTAC
LT EL L UL LT o T

TACTCCAGCAAGGCAAGTCATGAIGIIONIIVYIEYe TGCTCCTGAG GCTTACGATCCATGGCATG

ogous end joining, in which the broken ends are directly
ligated (panel d). Mistakes in the end ligation, such as a
loss of a nucleotide, result in a deletion that can knock out
the gene. Homology-directed repair (panel e) requires the
presence of a homologous piece of DNA for religation.
Insertion of new genetic sequence is accomplished by pro-
viding a length of DNA that has the new sequence, flanked
by sections that are homologous the regions on either side
of the double-strand break

correct genetic sequence. In either case, gene-
editing “machinery” is delivered to the nucleus
along with instructions for targeting the correct
gene. The machinery includes a cutting device
that causes a double-strand break followed by
DNA repair by the endogenous repair mecha-
nisms. The commonly used gene-editing machin-
ery is described below (Fig. 6.3).

The clustered regularly interspaced short pal-
indromic repeats (CRISPR)/CRISPR-associated
(Cas) protein 9 system was first recognized as a
bacterial defense against virus and phage infec-
tion (reviewed in Zhang et al. 2014). The CRISPR
part of the system acts as a template to produce a
sequence of RNA that is complementary to parts
of the viral DNA. The Cas9 part of the system is
an enzyme that cuts DNA producing double-
strand breaks. Together the CRISPR RNA
(crRNA) and a transactivating crRNA (tracrRNA)
bind to Cas9 and guide it to sections of the DNA
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that contain a short protospacer adjacent motif
(PAM). Once the PAM sequence is recognized,
the CAS:RNA complex unwinds the DNA from
the first 10-12 nucleotides after the PAM
sequence. If that section of DNA is complemen-
tary to the crRNA sequence, the Cas9 produces a
double-strand break (Jinek et al. 2012; Gasiunas
et al. 2012).

The CRISPR/Cas9 system subsequently has
been modified such that it can now be used to
specifically target and cut precise areas in the
human genome (reviewed in Thurtle-Schmidt
and Lo 2018). The original bacterial crRNA and
tractrRNA have been fused to create a single-
guide RNA (Jinek et al. 2012; Gasiunas et al.
2012). Since PAM sequences occur approxi-
mately every 8 base pairs, CRISPR/Cas9 can
interrogate the entire genome for a genetic
sequence of interest. To target a specific gene,
the crRNA is engineered to an RNA sequence of
about 20 nucleotides complementary to the tar-
get gene. This engineered complex is termed the
CRISPR/Cas9 site-specific endonuclease or
sgRNA:Cas9. Once the sgRNA:Cas9 complex
has bound at the target gene sequence, the Cas9
cuts both DNA strands. From that point, the
native DNA machinery will repair the break by
nonhomologous end joining. Since there are no
overlapping homologous ends to form a tem-
plate for repair, nonhomologous end joining fre-
quently results in addition or subtraction of base
pairs that effectively causes a disruption of the
native gene. More sophisticated gene editing
can be performed when two guide RNAs are
used to target sites on either side of the muta-
tion, resulting in loss of a segment of
dsDNA. Nonhomologous repair can be used to
replace the lost segment with an “inert” segment
of dsDNA that essentially rejoins the cut ends.
Alternatively, homology-directed repair can be
used to substitute a section of dsDNA that con-
tains the corrected genetic sequence, thus repair-
ing the gene mutation and resulting in a
functional gene.

Several challenges must be addressed for effi-
cient and safe CRISPR/Cas9 gene editing. The
design of the sSgRNA must allow for the relatively
short complementary RNA sequence to identify

the correct part of the target gene for editing and
at the same time avoid any chance of cutting at
similar genetic sequences in nontarget genes (off-
target cutting). Correction of genetic mutations
remains more difficult than simply introducing a
double-strand break that results in a deletion or
mutation, because nonhomologous end joining is
far more common than homology-directed repair
(Maruyama et al. 2015). Optimization of Cas9
activity also must be achieved, for example, by
using a Cas9 protein that recognizes a unique
PAM sequence or other means to increase its
enzymatic activity (Jinek et al. 2012).

Several other systems exist as alternative plat-
forms for engineering customized DNA-binding
nucleases. Meganucleases are homing endonu-
cleases (enzymes that cut DNA) that recognize
up to 40 base pairs of DNA sequence as binding
sites for cleavage. In order to customize the
meganuclease for gene editing, the DNA-binding
sites of naturally occurring meganucleases are
reengineered to target the desired DNA sequence
(Ashworth et al. 2010). Meganucleases can be
put together using selected protein units that have
been created for this purpose (Smith et al. 2006;
Arnould et al. 2006). Meganucleases potentially
have less risk for off-target cleavage due to their
very high specificity; however, other methods for
creating double-strand DNA breaks are more eas-
ily customized.

Zinc-finger nucleases (ZFNs) are an engi-
neered hybrid system that combines the DNA-
cutting activity of the restriction endonuclease
Fok1 with the DNA-binding specificity of zinc-
finger proteins. A zinc-finger protein is a compact
unit of approximately 30 amino acids arranged
with as a double p-sheet linked to an a-helix that
binds to DNA via surface amino acid side chains
(Pavletich and Pabo 1991). An individual zinc
finger will make contact with three to four base
pairs in the major groove of DNA. Several zinc-
finger proteins can be linked together in tandem
to form domains that can bind to longer DNA
sequences providing more specificity (Pabo et al.
2001). By combining zinc-finger proteins with
unique DNA-binding specificity, ZFNs can be
engineered to recognize specific genomic
sequences for gene editing (reviewed in Gersbach
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et al. 2014). The second component of ZFNs, the
restriction endonuclease Fokl, must be dimer-
ized in order to cut DNA. To accomplish this, two
ZFNs are delivered, each of which recognizes a
sequence on opposite DNA strands that is 5-7 bp
from the target cutting. This allows the Fokl
endonucleases to align, forming a dimer that
allows cleavage of each strand resulting in a
double-strand DNA  break. ZFN-mediated
double-strand breaks allow for homology-
directed repair as well as nonhomologous end
joining.

Transcription activator-like effector nucleases
(TALENS) work in a similar manner by combin-
ing the endonuclease activity of the Fok1 restric-
tion enzyme with a DNA-binding TALE proteins
(Li et al. 2011a). TALE proteins have 33-35
amino acids that bind a single base pair in the
major groove and wrap around the DNA in a
superhelical structure. DNA-binding specificity
can be engineered by assembling TALE repeats
in a modular fashion to target almost any DNA
sequence (Christian et al. 2010; Morbitzer et al.
2010). The TALE bonding domain is fused to the
Fokl endonuclease, which functions when
dimerized in the same manner as in ZFNs. The
two TALENSs recognize sequences on opposite
DNA strands 12-20 base pairs from the target
cleavage site, inducing double-strand breaks for
nonhomologous end joining or homology-
directed repair (Li et al. 2011b). Advantages of
TALEN-mediated gene editing include its limit-
less targeting capability and straightforward
engineering; the disadvantage is the large size of
TALE arrays which pose a significant barrier to
using some in vivo delivery systems.

6.4  BioDrug ToolKit: Delivery

Systems

The third important group of tools for creating a
BioDrug are delivery systems to ensure the
genetic materials or editing machinery are trans-
ferred into the target cells. Delivery systems fall
into two broad categories: viral-based and
nonviral-based delivery systems. Selection of a
delivery system is dictated by the nature of the

target tissue and whether the gene is to be trans-
ferred ex vivo or in vivo. The cellular targets for
ex vivo gene transfer include HSC, T cells, and
other hematopoietic cells that can be removed
and kept healthy in culture before reintroduction
into the body. In this case the delivery system
should allow for transgene stability in dividing
cells. Selection of a delivery system for in vivo
gene therapy depends primarily on its cell tro-
pism. This section describes the characteristics of
the various delivery systems that can be used for
building a BioDrug.

6.4.1 Viral-Based Delivery Systems
Viral vectors are used to infect target cells and
then deliver genetic material into the nucleus or
cytoplasm. Viral vectors used clinically are based
on naturally occurring viruses known to infect
human cells but rendered replication incompetent
by removal of most of the native viral genes.
Selection of a specific viral vector depends upon
the target cell and whether the transferred genetic
material is intended to be integrated into the
genome. Integration of genetic material is impor-
tant when the genetic information must not be
lost during mitosis, such as when the target cells
are HSC, other progenitor cells, or cells that
expand in vivo such as T cells.

Factors that affect transgene expression within
the target cell include the specific transgene being
delivered and the cis-elements incorporated
within the vector, such as the type of promoters
and regulatory motifs and the orientation of the
transgene within the vector. These elements influ-
ence the degree to which transgene expression
may be repressed by the target cell silencing
machinery or eliminated by host immune
responses.

The optimal vector for gene therapy will result
in stable and high-level transgene expression,
high transfection efficiency, high carrying capac-
ity of genetic material, no insertional mutagene-
sis, no host immune response, and no ability to
transform and incite secondary malignancy. As
yet, no viral delivery system has met all criteria,
and each has specific advantages as well as car-
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ries specific risks for gene delivery into human
cells. The most commonly employed viral vec-
tors are described below.

Retroviral (RV) vectors are RNA viruses
which require reverse transcription to generate
cDNA for integration into the host genome
(reviewed in Biasco et al. 2017). Although RV
vectors are derived from wild-type retroviruses,
substantial portions of the original viral genomes
have been deleted or altered to render them
acceptable for use in human gene therapy. RV
vectors retain the genetic elements that encode
for the reverse transcription machinery as well as
the viral proteins required for integration into the
host cell genome. These characteristics allow RV
vectors to transfect dividing and sometimes non-
dividing cells, resulting in stable long-term
expression of the integrated transgene. RV-based
gene transduction is primarily used in ex vivo
gene delivery, such as gene transfer into HSC or
lymphocytes.

Production of retroviral vectors occurs by
transfecting a packaging cell line with the various
components of the retrovirus required for host
cell infection, delivered in separate cassettes that
mitigate the possibility of generating replication-
competent virus (reviewed in Cockrell and Kafri
2007). These components include (1) the enve-
lope cassette that contains the viral genes required
to form the envelope and which dictates the cell
tropism and vector entry via endocytosis; (2) the
packaging cassette that contains constitutive pro-
moters that drive expression of packaging ele-
ments; (3) the vector cassette that contains the
viral elements required for reverse transcription;
and (4) the transgene expression cassette that
includes the transgene sequence and promoter
elements. Together these cassettes within the
packaging cell line result in production of viral
particles that contain the transgene. The viral par-
ticles can be harvested from the supernatant of
the producer cells and purified. Target cells are
then incubated with the virus at an optimal ratio
of virus particles to cell, termed multiplicity of
infection (MOI). The viral particle enters the cell
through direct membrane fusion or attachment
via a surface receptor. Once in the cell, the viral
particle is uncoated to release the reverse tran-

scription complex (RTC) which is transported to
the chromosomal DNA where integration occurs
(reviewed in Milone and O’Doherty 2018). The
viral RNA is converted within the RTC into pro-
viral DNA. The RV viral proteins deliver the pro-
viral DNA into the nucleus where the RV
integrase enzyme catalyzes the integration of the
transgene DNA into the host genome. Each class
of retrovirus has preferential DNA sequences for
insertion. Following integration, the transgene is
expressed by the host cellular transcription
machinery.

The goal for most gene therapy using RV vec-
tors is a single transduction event in the target
cell genome that does not interfere with normal
gene function and that results in stable high-level
transgene expression. Producing a high-potency
RV vector must take into consideration the incor-
poration of the specific envelope protein elements
that dictate the appropriate RV pseudotype and
the constitutive and tissue-specific promoters that
dictate transgene expression. Additional consid-
erations include the potential for transgene
silencing by the host cell, which depends upon
the cis-elements within the vector and the spe-
cific transgene being delivered (reviewed in
Ellis 2005). Potential risks of all RV vectors
include insertional mutagenesis, generation of
replication-competent vectors, and germ-line
transmission of vector sequences.

The first successful RV-based gene transduc-
tion was developed using the gamma retrovirus
(YRV) murine leukemia virus (MLV). YRV vec-
tors have a large capacity for transgenes, how-
ever, are restricted by the requirement for target
cell mitosis for uptake. Thus, clinical use of YRV-
based gene transfer has been limited to target
cells that undergo cell division. A second limita-
tion of YRV vectors is that genome integration is
nonrandom with a preference for integration into
actively transcribed loci near the initiation of
transcription (Biasco et al. 2012, 2017). In clini-
cal trials using yRV-based gene delivery, nonran-
dom integration has led to insertional mutagenesis
resulting in leukemia (Hacein-Bey-Abina et al.
2008).

Lentiviral (LV) vectors have emerged as a
potentially safer and more broadly applicable
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approach to delivering transgenes (reviewed in
Cockrell and Kafri 2007; Kafri 2004; Escors and
Breckpot 2010). LV vectors were initially derived
from the human immunodeficiency virus-1 and
are capable of infecting both dividing and nondi-
viding cells (Lewis et al. 1992; Yamashita and
Emerman 2006). Safety of LV vectors is enhanced
by deletion of specific viral sequences that result
in self-inactivating (SIN) vectors (Miyoshi et al.
1998; Zufferey et al. 1998). LV vectors have
demonstrated high efficiency of infection and
long-term stable expression in many tissues
(Naldini et al. 1996; Kafri et al. 1997). Compared
to YRV vectors, LV vectors appear to have a more
favorable integration profile with less risk for
insertional mutagenesis. Furthermore, LV vec-
tors are less immunogenetic, which may decrease
the risk for host cell silencing.

Foamy virus (FV) vectors have broad tropism
and can carry large transgene cassettes (Trobridge
2009). The virus itself is not pathogenic in
humans. FV vectors require cell division for effi-
cient transduction and integration into the host
genome. However, FV vectors can infect a quies-
cent cell and form a stable transduction interme-
diate that can then integrate into the host genome
once the cell undergoes mitosis. Safety of FV
vectors has been enhanced by deletion of
sequences involved in viral replication. FV vec-
tors have been used in both ex vivo and in vivo
gene delivery (Liu et al. 2008; Simantirakis et al.
2020).

Other viral vector delivery systems have been
developed that more effectively allow transgene
delivery to nondividing cells and avoid the risks
of insertional mutagenesis. These viral vectors
may be used to deliver transgenes in vivo, with-
out the requirement for ex vivo incubation with
the target cell which offers an advantage over
RV-based vectors.

Adenoviral vectors used for gene therapy can
transfer large amounts of genetic material into
both dividing and nondividing cells (Quantin
et al. 1992; Athanasopoulos et al. 2017).
Adenoviral vectors are nonintegrating dsDNA
virus vectors capable of carrying payloads
exceeding 30 kb (Youil et al. 2003). High trans-
fection efficiency is achievable with adenoviral
vectors, although transgene expression typically

is transient. Because transgene expression may
be lost when target cells undergo mitosis, the
most appropriate target cells are stable nondivid-
ing cells such as hepatic or muscle cells. Since
there is no need for target cells to undergo mito-
sis, adenoviral vectors can be administered
directly in vivo by intravenous or other routes.
Much of the native adenovirus genome has been
deleted to render adenovirus vector replication
incompetent; however, adenoviral vectors remain
highly immunogenic since most humans have
been exposed to wild-type adenoviruses
(Nwanegbo et al. 2004). The immunogenicity of
adenoviral vectors can result in target tissue
inflammation and inhibition of transgene expres-
sion (Raper et al. 2003). Several engineering
strategies have been developed to reduce immu-
nogenicity such as the inclusion of adenoviral E3
genes that downregulate host cell MHC expres-
sion (Youil et al. 2003).

Adeno-associated virus (AAV) is a small non-
enveloped virus that cannot self-replicate unless
aided by an adenovirus (Lukashev and Zamyatnin
2016). AAV-based vectors do not integrate into
the target cell genome, even though integration
into a specific location on chromosome 19 has
been observed for a very small proportion of
wild-type AAV. Most AAV vectors are hepato-
tropic; moreover, depending on the serotype of
the wild-type AAV, other tissue types can be tar-
geted (Athanasopoulos et al. 2017; Balakrishnan
and Jayandharan 2014). One constraint to AAV-
based gene delivery is the limit to transgene
capacity of approximately 4.5 kb. To overcome
this capacity limitation, the genetic material may
be divided into expression cassettes with comple-
mentary sequences that can anneal to form full-
length dsDNA in the nuclei (Pasi et al. 2020).
Compared to adenovirus, there is a lower likeli-
hood for eliciting an immune response, as the
proportion of humans previously exposed to AAV
ranges from 10 to 50%, depending upon the sero-
type of AAV and the prevalence of AAV in the
population (Louis Jeune et al. 2013).

Other viruses have been studied for gene
delivery as episomal virus-derived vectors
(reviewed in Van Craenenbroeck et al. 2000).
These include vectors derived from BK virus,
SV40 virus, bovine papilloma virus, and



6 Gene and Cell Therapy: How to Build a BioDrug

63

EBV. Episomal vectors contain a viral origin of
DNA replication and activation motifs, which
allow replication of the inserted genetic material
without the need for integration into cellular
DNA. Persistence of episomal vectors in multiple
copies in the nucleus allows for high transgene
expression; however, long-term stability of trans-
gene expression has not been established.

6.4.2 Nonviral Delivery Systems

Effective delivery of transgenes may also be
accomplished through physical- or chemical-
based systems. These systems tend to be less
immunogenic than viral-based systems and have
no limits to the transgene size. However, nonviral
delivery systems are relatively inefficient com-
pared to viral vectors.

6.4.2.1 Chemical Methods of Delivery
Nucleic acids are negatively charged, which
allows genetic material to be packaged in cat-
ionic lipids or polymers forming a nanoparticle
(Zhang et al. 2004). Nucleic acids within the
complex are protected from degradation.
Nanoparticle complexes are taken up by cells
through endocytosis; subsequently the genetic
material is released from the endosomes and
translocated to the nucleus (Khalil et al. 2006).
Nanoparticles are engineered to target specific
cellular receptors by incorporating ligands in the
lipid or polymer layer (Chiu et al. 2004; Hood
et al. 2002). Advantages of chemical delivery
systems include low risks for toxicity, immuno-
genicity, and insertional mutagenesis. The main
disadvantage is the low efficiency of gene
transduction.

Cationic liposomes form nanoparticles with
DNA and can be used for ex vivo and in vivo
gene delivery. The efficiency of delivery depends
on the size, structure, charge ratio between trans-
genic DNA and cationic liposome, the cellular
target, and whether a “helper lipid” is added
(Birchall et al. 1999). Cationic liposome nanopar-
ticles have been studied for delivery of the CRTR
gene in patients with cystic fibrosis and shown to
be well tolerated (Caplen et al. 1995; Alton et al.
1999). Cationic polymer nanoparticles also can

be used for both in vitro and in vivo gene deliv-
ery. Particle engineering is critical to optimize
gene delivery efficiency as well as toxicity (Tang
and Szoka 1997; Tang et al. 2010).

6.4.2.2 Physical Methods of Delivery
There are a number of physical methods to
deliver genetic material into target tissues; how-
ever, in most cases transduction efficiency is
much lower than viral- or chemical-based deliv-
ery systems. It is possible for naked DNA to be
transferred into cells via direct injection into
cells or tissue (Herweijer and Wolff 2003).
Electroporation is a procedure in which cells are
placed in solution that contains the transgene and
are subjected briefly to an electrical current. This
allows the transgene to penetrate both cell and
nuclear membranes (Heller et al. 2011). Magnetic
fields also have been employed in combination
with viral vectors to increase gene delivery to
cells for which the virus has low tropism (Scherer
et al. 2002). Other methods to penetrate the cell
membrane include ultrasonic waves and mechan-
ical forces, such as bombarding the tissue with
DNA-coated metallic particles shot from a gene
gun (Mahvi et al. 1997).

6.5 Building a BioDrug

Now that we understand the tools required for
building a BioDrug, we can start putting them
together. The following sections will focus on
building BioDrugs for pediatric hematology/
oncology patients.

6.5.1 Building Gene Therapies:
Putting Together Genetic
Material, Gene-Editing
Machinery, Delivery Systems,

and Target Cells

Gene therapy broadly covers a number of genetic
engineering approaches aimed toward ameliorat-
ing human disease (Fig. 6.4). A gene therapy
medicinal product contains a recombinant nucleic
acid, the product of which is intended to regulate,
repair, replace, delete, or augment an existing
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Fig. 6.4 Various genetic engineering strategies can be
used to produce a BioDrug. In panels a—c, diseases are
corrected using genetic engineering strategies that alter a
protein product involved in the disease. In panel a, a new
gene (yellow bar) that produces a normal protein (red
globule) is transferred into the cell to replace a mutated
gene (gray bar) and its abnormal protein product (gray
globule). Examples of potentially treatable diseases using
gene augmentation include inherited immunodeficiency
disorders, which might be corrected using ex vivo trans-
duction of hematopoietic stem cells (HSCs), or metabolic
disorders, in which infusion of the gene therapy product
for in vivo transduction might be effective. In panel b, a
normal protein that may contribute to the disease is ren-
dered dysfunctional using gene-editing machinery to
delete part of its gene (gray bar). Examples of potential

human gene or genes. Gene therapies have been
developed to correct inherited genetic defects, to
interfere with acquired genetic mutations as
might occur in a malignancy, or to artificially
increase the amount of a gene product produced
within a cell, such as a cytokine or functional
protein, for therapeutic purposes.

The BioDrug ToolKit can be used to correct
inherited genetic defects by delivering new
genetic information into cells (gene augmenta-
tion) or by disabling genes that contribute to dis-
ease. The basic steps in building a gene therapy
using the toolkit include:

1. Selection of the appropriate strategy for cor-
recting the genetic disease, which can be gene
replacement, gene editing, or a combination
approach.

d Engineer a cellular therapeutic
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uses include disrupting the co-receptor required for HIV1
entry into CD4+ cells or disrupting the regulatory genes
that silence HbF transcription in beta-thalassemia. In
panel ¢, gene deletion is followed by homology-directed
repair to replace the incorrect gene sequence (in gray)
with the correct gene sequence (in red) to produce a nor-
mal protein. Sickle cell disease is an example of a disorder
that might be amenable to this gene correction strategy.
Genetic engineering strategies can also be used to turn
cells into BioDrug products. In panel d, a T cell is trans-
duced with a transgene construct that generates a chimeric
antigen receptor (CAR). The CAR T cell is then used as a
BioDrug to attack and destroy cancer cells. In panel e, a
transgene construct that encodes a therapeutic protein,
such as a cytokine, is introduced into a cell. The cell
becomes an in vivo “manufacturing site” for the cytokine

2. Engineering the transgene cassettes that
includes the gene and regulatory elements or
engineering the components of the gene-
editing machinery.

3. Determination of the target cell, which dic-
tates whether the gene transduction will be
performed in vivo or ex vivo.

4. Selection of the optimal delivery system capa-
ble of carrying the genetic information to the
targeted cell.

Building a gene therapy for correction of an
inherited disorder begins with understanding the
underlying pathophysiology of the genetic muta-
tion. The design of the system must be based on
knowledge of how the genetic mutation affects the
resulting protein product as well as the factors
important for the function of the protein. The
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following considerations will determine the type of
genetic manipulation (e.g., gene replacement and/
or gene editing), the type of vector, and the target
tissue required for successful gene therapies.

How many mutations are involved in the dis-
ease? A disorder caused by a single nucleotide
substitution, such as sickle cell anemia, might be
treated by a gene-editing approach since the same
gene-editing machinery could be used for every
patient. However, for a disorder such as Wiskott-
Aldrich syndrome in which there are over 100
known mutations, gene editing would be prohibi-
tive, and a gene replacement strategy would be
substantially more practical.

What is the consequence of the mutation?
Premature termination codons or other nonsense
mutations may abrogate production of the protein
altogether, in which case a simple replacement
therapy that provides genetic instructions for the
normal protein may suffice. However, in many
situations the mutation results in an aberrant pro-
tein that directly causes the disorder, such as in
transthyretin amyloidosis, or that might interfere
with the function of a normal protein. For exam-
ple, the presence of p5 chains in red cells might
lead to sickling even if a transgene were generat-
ing normalized p-chains, depending on the intra-
cellular concentrations of each protein product
(Mansilla-Soto et al. 2011). For these situations,
the engineering approach might also include
knocking out the function of the pathogenic gene.

What is the required level of gene expression
for correction of symptoms? For any given
disorder, there will be a level of protein expression
that is required for amelioration of symptoms.
Furthermore, there may be requirements for a
given amount of protein expressed within a cell or
for the overall number of cells that express any
amount of protein. Lessons learned from treating
nonmalignant diseases with allogeneic HCT illus-
trate disease-specific differences in requirements
for the level of intracellular protein expression or
for the proportion of cells with normal protein
expression. For example, improvement in sickle
cell vaso-occlusive symptoms and normalization
of hemoglobin are feasible without achieving full
donor chimerism and can also be achieved by
transplantation of cells from a donor with sickle

cell trait, i.e., donor cells with half normal levels of
HbA per cell, provided full chimerism is achieved
(Abraham et al. 2017; Eapen et al. 2019). In con-
trast, allogeneic HCT for correction of mucopoly-
saccharidosis type I must result in a normal level
of a-l-iduronidase for disease response, which
cannot be achieved with cells from a carrier donor
because the intracellular protein expression is low,
nor can normal donor cells produce sufficient
enzyme levels if full donor chimerism is not
attained (Peters et al. 1998).

Optimization of protein expression requires
selection of the appropriate regulatory elements
to include in the transgene cassette. The number
of copies of the gene established within the cell
also affects protein expression. The vector copy
number (VCN) is a measurement of the average
number of transgenes integrated into the genome.
Too few integrated copies will result in low
expression, whereas too many may increase the
risk for insertional mutagenesis. Sensitive poly-
merase chain reaction (PCR) techniques are used
to quantify VCN in preclinical studies as well
clinically as a correlation with disease response
(Lin et al. 2016; Thompson et al. 2018).
Assessment of VCN in a clinical setting after
gene therapy requires easily accessible tissue;
thus, practically speaking it has been limited to
monitoring results of gene-modified hematopoi-
etic or lymphoid cells.

What is the requirement for tissue specificity
of gene expression? The cell that expresses the
transgene may not matter for normal function of
some proteins. For example, hepatocytes or myo-
cytes may express transgenes that encode for pro-
teins normally made by other organs and which
function systemically. The liver is the most easily
targeted organ for in vivo delivery because hepa-
tocytes take up nanoparticles through endocyto-
sis and many of the viral vectors are hepatotropic.
The size of the gene and regulatory elements in
the transgene construct will dictate the options
for in vivo delivery to hepatocytes, as transfer of
large amounts of genetic material may not be fea-
sible with rAAV vectors.

There are circumstances in which tissue-
specific expression might be desired, such as
expression of beta globin in erythrocytes; there-
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fore, building a tissue-specific gene therapy will
involve additional considerations. Design of the
transgene cassette must include the appropriate
regulatory elements, such as tissue-specific pro-
moters. A delivery system can be selected to fur-
ther optimize tissue targeting, based on tropism
of viral vectors or the capability of transducing
dividing or quiescent cells.

6.5.2 Building Gene Therapies:
Progress and Challenges

Many of the early challenges to developing gene
therapies have been overcome by progress made
in improvement of gene delivery systems and
gene-editing technologies, resulting in a plethora
of clinical trials in patients with genetic disor-
ders. While few gene therapy products have been
approved to date, it is expected that many more
will be approved within the next decade. This

section summarizes the progress to date in gene
therapy technologies that have led to gene thera-
pies for pediatric patients with inherited hemato-
logic or immunologic disorders.

Until recently, the mainstay for treatment of
life-threatening inherited hematologic disorders
has been allogeneic HCT, which can be viewed
as a very crude form of gene therapy. In its sim-
plest sense, replacement of the entire hemato-
logic and immunologic system is done in order to
correct a single mutation that may affect function
of only one cell compartment. While often effec-
tive at correcting symptoms caused by the genetic
defect, the immunologically mediated graft-
versus-host and host-versus-graft reactions, and
consequent risk for graft-versus-host disease or
graft rejection, form major barriers to successful
allogeneic HCT. Ex vivo gene therapy permits a
more focused correction of the specific mutation
within the affected autologous cells of an indi-
vidual (Fig. 6.5).

BUILDING GENE THERAPIES

Ex Vivo Gene Therapy

Collection of autologous HSC by mobilized
apheresis or bone marrow harvest

'

Correction of monogenic gene
defect in the laboratory

* ADA-SCID (STRIMVELIS)
Integratingy-RV delivers ADA cDNA

* X-SCID
SIN-LV delivers yc-chain cDNA

¢ HbSS disease/B-Thalassemia
shRNA or CRISPR-Cas9/ZFN erythroid-specific
BCL11A knockdown to induce HbF

* Cerebral Adrenoleukodystrophy
LV delivers ABCD1 cDNA

P O

)/

Conditioning (Busulfan) and Infusion of
gene-corrected autologous HSC

Fig. 6.5 Gene therapies can be distinguished based on
“ex vivo” and “in vivo” approaches. “Ex vivo” gene ther-
apy is utilized to correct monogenic gene defects in hema-
topoietic stem cells (HSCs). The patient’s autologous
HSCs are collected by apheresis following mobilization
with G-CSF or Plerixafor (the latter being used in HbSS)
or by bone marrow harvest. Cells are then placed in cul-
ture and gene-modified using the various approaches from
the BioDrug ToolKit. After HSCs have been successfully
corrected, the patient undergoes conditioning (typically

In Vivo Gene Therapy

Retinal Dystrophy

O (LUXTURNA)
AAV2 delivers hRPE65 cDNA (subretinal injection)

O

Hemophilia A and B
Various AAVs deliver FVIII or VIX cDNA
(IV injection, hepatic artery or IM)

Spinal muscular atrophy

(ZOLGENSMA)
AAV9 delivers SMN1 cDNA (IV injection)

Lipoprotein lipase deficiency
(GLYBERA)

AAV1 delivers LPL cDNA (IM injection)

Transthyretin Amyloidosis
Lipid nanoparticle delivers TTR-specific sgRNA

for CRISPR-Cas9 gene editing to prevent
production of misfolded transthyretin (TTR)
protein in tissues (IV Injection)

busulfan-based), and gene-corrected autologous HSCs are
reinfused intravenously with the goal of engraftment by
the gene-corrected HSCs. In contrast, gene correction
occurs in the patient’s body rather than the laboratory
when “in vivo” gene therapy approaches are utilized.
Using elements of the BioDrug ToolKit such as adeno-
associated virus and nanoparticles, cDNA or gene-editing
tools are delivered via intravenous, intramuscular, or
direct injection into the target organ
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Introduction of a normal transgene into autol-
ogous HSC is especially relevant when a large
number of possible mutations have been identi-
fied each of which can result in a nonfunctional
gene product, such as occurs in many inherited
immunodeficiency disorders (Bradford et al.
2017; Imai et al. 2003). Strimvelis is the first
gene therapy product approved by the FDA for
ex vivo gene augmentation of an inherited disor-
der, specifically to supersede mutations in the
adenosine deaminase (ADA) gene that result in
severe combined immunodeficiency (SCID)
(https://www.ema.europa.eu/en/documents/
product-information/strimvelis-epar-product-
information_en.pdf). Components from the
BioDrug ToolKit used to build Strimvelis include
HSC as the target cells, adenosine deaminase
cDNA as the genetic material, and a gamma ret-
rovirus as the delivery system. Drug approval
was based on safety and efficacy data from three
trials with a combined total of 18 children. At 1
and 3 years following the procedure, genetically
modified cells comprised a median of ~30% of
CD19+ cells and ~70% of CD3+ cells, and by
8 years close to 100% of each subset were geneti-
cally modified. The 3-year overall survival was
100% and the rate of severe infection was reduced
by 50% from baseline. There was a significant
improvement in both the median number of T
cells and the percent of dAXP in red blood cells.
Adverse events related to Strimvelis included
autoimmune reactions that were observed in
1-10% of patients, including autoimmune-
mediated anemia, thrombocytopenia, thyroiditis,
hepatitis, Guillain-Barré syndrome, and antineu-
trophil cytoplasmic antibodies. As would be
expected, the most commonly observed adverse
events in the clinical trials, such as anemia, neu-
tropenia, and elevation of hepatic enzymes, were
considered to be related to busulfan given to the
children as conditioning before Strimvelis
infusion.

Table 6.1 lists the ex vivo gene replacement
trials currently in progress in patients with life-
threatening hematologic or immunodeficiency
disorders. A number of challenges remain for
successful development of each of these
BioDrugs, posed by complexities of disease indi-

cation as well as the limitations of current tech-
nologies available from the ToolKit. In addition
to the issues that must be considered in designing
a gene replacement therapy, such as strategies to
avoid gene silencing or off-target cell expression,
there remains an incomplete understanding of the
variables involved in the cell engineering proce-
dure that correlate with therapeutic efficacy, such
as the optimal number of transduced HSC or the
optimal VCN in the target cells. Furthermore,
clinical toxicities have been observed in recipi-
ents of ex vivo genetically manipulated HSC,
which may have relevance to BioDrug design.
The most serious toxicity observed to date
has been the development of leukemia as a con-
sequence of insertional mutagenesis. Initial tri-
als that explored ex vivo gene replacement for
X-SCID used a design strategy similar to

Table 6.1 Gene replacement and gene-editing trials for
correction of inherited hematologic or immunodeficiency
disorders (listed as open or recruiting on ClinicalTrials.
gov as of April 2021)

Disorder Trial
ADA-SCID NCT03645460
NCT03765632
Artemis-SCID NCT03538899
Beta-thalassemia NCT03276455
Chronic granulomatous disease NCT03645486
Fanconi anemia NCT04248439
NCTO03351868
NCT04069533
Hemophilia A NCT04418414
NCT03818763
NCT03217032
Hemophilia B NCT03961243
Infantile osteopetrosis NCT04525352
Leukocyte adhesion deficiency NCT03825783
NCT03812263
RAG1-SCID NCT04797260
Sickle cell disease NCT03964792
NCT04293185
NCT04443907
NCT04819841
X-linked SCID NCT03311503
NCTO01512888
NCT03601286
NCT04286815
NCTO01306019
NCTO03217617

ADA adenosine deaminase, RAG recombinant activating
gene, SCID severe combined immunodeficiency


https://www.ema.europa.eu/en/documents/product-information/strimvelis-epar-product-information_en.pdf
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Strimvelis. Retroviral vectors based on the MLV
were used to insert a copy of the common
gamma chain (y.) cDNA into autologous CD34+
cells; expression of the y. cDNA was under con-
trol of the MLV promoter and enhancer within
the retroviral long terminal repeat (LTR). The
transduced CD34+ cells were reinfused into the
patients without myeloablative conditioning. Of
the 20 patients reported, reconstitution of nor-
mal T cell numbers and function were observed
in 19, and normal B cell function was achieved
in 8 (NCT01410019 and NCT01175239)
(Hacein-Bey-Abina et al. 2010, 2014; Gaspar
et al. 2004, 2011). However, five of the patients
developed an acute T cell leukemia caused by
insertion of the transgene near the LMO2 proto-
oncogene. Oncogene activation was attributed
to the activity of the strong T cell-tropic
enhancer within the U3 region of the viral
LTR. A similar experience occurred in patients
with Wiskott-Aldrich syndrome after infusion
of ex vivo transduced HSC using a YRV vector
(Braun et al. 2014). Sustained engraftment and
partial or full amelioration of immunodeficiency
and thrombocytopenia were achieved in nine of
ten patients; however, seven patients developed
acute leukemia involving myeloid or T lympho-
cyte lineages.

To address this problem, LV vectors have sup-
planted YRV vectors as the preferred vector deliv-
ery system for ex vivo transduction of HSC. LV
vectors have been further engineered to reduce
the likelihood for replication-competent RV,
termed self-inactivating (SIN), by removing viral
transcriptional elements and including an
enhancer-blocking element (Zhou et al. 2010;
Morris et al. 2017). In 2019 the EMA approved
betibeglogene autotemcel (Zynteglo) for treat-
ment of non-PO/BO beta-thalassemia (https://
www.ema.europa.eu/en/documents/product-
information/zynteglo-epar-product-information_
en.pdf). Components from the BioDrug ToolKit
used to build Zynteglo include mobilized HSC as
the target cells and a LV vector delivery system
(Thompson et al. 2018). The genetic material
included an extended p-globin gene with regula-
tory segments of the locus control region. Drug
approval was based on safety and efficacy data

from 4 trials with a combined total of 32 adoles-
cents and adults. Transfusion independence was
demonstrated for 78-90% of patients at
24 months following infusion, and transfusion
independence was maintained for at least 1 year
following. Similar to the Strimvelis experience,
the most commonly observed adverse events
were related to the busulfan conditioning.

Transduction of autologous HSC using LV
vectors also has shown early promise for deliver-
ing cDNA to replace the mutated ABCD1 gene in
patients with adrenal leukodystrophy and for
delivering microRNA-adapted short hairpin RNA
to interfere with expression of the HBB* gene in
patients with sickle cell disease (Eichler et al.
2017; Esrick et al. 2021). The clinical trials listed
in Table 6.1 also employ LV vectors as the deliv-
ery system.

The degree of risk for development of leuke-
mia after LV-mediated transduction of HSC
remains unknown. In the Lentiglobin trial for
sickle cell disease, in which a LV vector is used to
transduce HSC with an anti-sickling p-globin, one
patient has developed myelodysplastic syndrome
approximately 3 years after gene therapy (Hsieh
et al. 2020). Extensive analysis of the marrow
found no clonal dominance of the insertion site in
gene-modified cells, and there was no enrichment
of the VCN in the MDS blasts compared to
peripheral blood cells. In this case, leukemogen-
esis was considered to be caused by busulfan con-
ditioning effects. However, long-term monitoring
for insertional mutagenesis in all recipients of
LV-transduced HSC will be essential, and the
FDA has provided guidance for long-term follow-
up of patients enrolled in trials of ex vivo trans-
duced cell products (https://www.fda.gov/
media/113768/download). In addition to inser-
tional mutagenesis, gene therapy products based
on retroviral vectors, including LV vectors, have
the potential to transmit replication-competent
retrovirus (RCR). While technologies for creating
optimal vector designs and vector producing cells
have markedly reduced the chance for transmis-
sion of RCR, the FDA has provided guidelines for
RCR testing of both the product and the recipient
of the gene-modified cells (https://www.fda.gov/
media/113790/download).
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Selection of the optimal target cell for ex vivo
gene transduction also may pose a challenge. The
initial trials of gene therapy for SCID used T
lymphocytes as the target cell; however, long-
term persistence of the gene-modified T cells was
not achieved (Bordignon et al. 1995). The opti-
mal target cell for ex vivo gene modification,
whether for correction of disorders of hematopoi-
esis or immunodeficiency, is the HSC, which can
provide a continual renewable source of lym-
phoid or myeloid lineage precursors. Because
acquisition of high numbers of HSC may be criti-
cal to ensure a sufficient number of genetically
modified cells for reinfusion, most studies utilize
PBSC mobilized with G-CSF with or without
plerixafor. However, G-CSF has been associated
with severe adverse events in patients with sickle
cell disease, and for these and other patient popu-
lations, alternative mobilization regimens such as
plerixafor alone are being explored (Adler et al.
2001; Grigg 2001; Lagresle-Peyrou et al. 2018).
It also may not be feasible to collect PBSC in
very young infants due to the lack of vascular
access for apheresis. Novel strategies to increase
the total number of or to enrich the population of
pluripotent HSC from harvested BM are being
investigated (Radtke et al. 2020; Adair et al.
2018; Frangoul et al. 2007).

The early clinical trials of Strimvelis also
showed that, despite optimal engineering and
selection of appropriate vectors, engraftment of
gene-modified HSC was impeded by competition
from endogenous cells (Bordignon et al. 1995;
Muul et al. 2003). Subsequent gene therapy trials
included strategies to reduce in vivo completion
by addition of conditioning with busulfan (BU) to
create space for engraftment (Aiuti et al. 2002,
2009). Currently most trials include either sub-
myeloablative or myeloablative Bu-based condi-
tioning. Selection of dose intensity depends on
the level of engraftment required for correction of
the disease and comfort with the higher risk for
toxicity associated with more intense condition-
ing. While myeloablative BU conditioning has
been used for decades in conditioning for alloge-
neic HCT, it carries the risks of prolonged pancy-
topenia and liver toxicity. Sub-myeloablative BU
dosing once daily for 1-2 days is preferable in

most conditions (Mamcarz et al. 2019; Bradford
et al. 2020). An additional concern associated
with myelotoxic regimens is the potential for
genotoxic effects on the host hematopoietic cells,
which has been suggested by the development
of myelodysplastic syndrome without evidence
for insertional mutagenesis in recipients of
LV-transduced HSC given BU conditioning
(Hsieh et al. 2020). Improved conditioning regi-
mens, such as antibodies that target CD34 or c-kit,
are being explored as a method to decrease com-
petition for marrow space while avoiding sys-
temic toxicities and the risk for genotoxicity
(Chandrasekaran et al. 2014; Srikanthan et al.
2020).

Gene-editing technologies, such as the
CRISPR/Cas9 system, have the potential to over-
come some of the limitations of gene replace-
ment therapy. The ability to edit a mutation
within the genome allows for the native transcrip-
tional regulatory elements to control gene tran-
scription, thus circumventing the need to engineer
a transgene cassette with additional promoter ele-
ments. Gene-editing technology also can be used
to knock out mutated genes that could interfere
with gene replacement strategies or to knock out
regulatory elements to reduce or enhance endog-
enous gene expression. For example, one strategy
to improve hematopoiesis in patients with beta-
thalassemia has been to “reawaken” fetal hemo-
globin production by disrupting the regulatory
genes that silence HbF transcription (Bauer et al.
2012). Some inherited disorders, such as trans-
thyretin amyloidosis, are caused by gain-of-
function mutations, in which case gene disruption
has the potential to directly treat the disorder by
knocking out production of the dysfunctional
protein (Sekijima 2015; Gillmore et al. 2021).
Currently there are multiple trials investigating
gene-editing technology for correction of hema-
tologic and immunodeficiency  disorders
(reviewed in Daniel-Moreno et al. 2019).
Components from the BioDrug ToolKit used to
build these products include HSC as the target
cells, a selection of gene-editing machinery of
which the CRISPR/Cas9 system is emerging as
the most adaptable, and a selection of delivery
systems that have included viral and nonviral
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methodologies. Given the rapid advances in
gene-editing technologies, it is expected that
approval of a gene-edited HSC BioDrug will
occur in the near future.

Ex vivo gene modification of HSC is not suit-
able for treatment of genetic disorders that affect
other tissue compartments, such as the nervous or
musculoskeletal systems. For these disorders,
delivery of the transgene must be targeted to the
appropriate tissue via an in vivo delivery system
(Fig. 6.5). Currently there are no approved in vivo
gene therapy products for treatment of hemato-
logic or immunodeficiency diseases; however,
several have been approved for treatment of other
inherited disorders. The first product for treat-
ment of an inherited disorder was Glybera (alipo-
gene tiparvovec) was approved by the EMA in
2012. Components from the BioDrug ToolKit
used to build Glybera include human lipoprotein
lipase (LPL) cDNA as the genetic material and
the AAVI viral vector as the delivery system,
which has tropism for skeletal muscle and neuro-
logic tissue (Scott 2015; Naso et al. 2017).
Clinical trials demonstrated significant reduc-
tions in plasma triglyceride levels after a onetime
series of intramuscular injections in patients with
lipoprotein lipase deficiency, a rare autosomal
recessive disorder which can cause severe pan-
creatitis. Luxturna (voretigene neparvovec-rzyl)
was the first in vivo gene therapy approved in the
USA for treatment of an inherited disorder, spe-
cifically to treat children and adults with an
inherited retinal dystrophy resulting in vision
loss. Components from the BioDrug ToolKit
used to build Luxturna include hRPE65 cDNA
driven by a CMV enhancer and chicken beta
actin (CBA) promoter as the genetic material and
the AAV2 viral vector as the delivery system,
which has broad tropism including retinal cells
(Naso et al. 2017). In clinical trials, patients with
biallelic RPE65 mutation-associated retinal dys-
trophy who received subretinal injections of
Luxturna showed a statistically significant clini-
cal improvement compared to control patients
over a period of 1-5 years, and adverse reactions
were limited to ocular events (described in the
FDA Summary Basis for Regulatory Action
https://www.fda.gov/media/110141/download).

The second US approval for in vivo gene therapy
was for Zolgensma (onasemnogene abeparvovec-
xioi), indicated for treatment of pediatric patients
with spinal muscular atrophy caused by biallelic
mutations in the SMNI gene, encoding for the
SMN protein which is critical to the function and
survival of motor neurons. Components from the
BioDrug ToolKit used to build Zolgensma
include SMNI cDNA under control of a CMV
enhancer and CBA hybrid promoter as the genetic
material and the AAV9 viral vector as the deliv-
ery system, which has broad tropism including
for neurons (Foust et al. 2009). In clinical trials, a
statistically significant improvement in survival
and motor milestone achievement was observed
for infants with SMA1 given a single intravenous
infusion compared to natural history controls
(described in the FDA Summary Basis for
Regulatory Action https://www.fda.gov/
media/127961/download) (Mendell et al. 2017,
Al-Zaidy and Mendell 2019). In contrast to the
experience with locally administered AAV-based
gene therapy in the Glybera (i.e., intramuscular)
and Luxturna (i.e., intraocular) trials, serious
adverse reactions were observed, including
severe liver toxicity in 6.8% of patients.

The studies supporting approval of these drugs
provide several lessons for development of in vivo
gene therapy for treatment of hematologic disor-
ders. The target cells for each product were post-
mitotic, thus allowing for sustained gene
expression without genomic integration of the
transgene. Selection of the delivery system was
based on tropism of the AAV vector to achieve
sufficient levels of gene product within the target
tissue. Clinical studies of AAV-based gene
replacement for hemophilia A and B have been
underway over the last decade and show promis-
ing results (reviewed in Perrin et al. 2019). In
these trials, the components from the BioDrug
ToolKit include factor VIII or factor IX cDNA as
the genetic material, AAV vectors as the delivery
system, and the liver as the target organ for a sys-
temically administered product (Pasi et al. 2020).
Barriers to broader application of these therapies
mainly are related to the immunogenicity of AAV
vectors, which trigger both cytotoxic T lympho-
cyte (CTL) and humoral immune responses
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(reviewed in Mingozzi and High 2013). The pres-
ence of neutralizing antibodies (NAb) to the AAV
capsid, even at low titers, can impede transduction
of target tissues (Manno et al. 2006). The preva-
lence of NAb to AAV depends on the serotype and
likely increases with age (Louis Jeune et al. 2013;
Fu et al. 2017). Most clinical trials of AAV-based
gene therapy require assessment of pre-existing
NAD prior to enrollment of patients and take one
of two general approaches in the management of
NAb-positive patients. Exclusion of NAb-positive
patients may improve interpretation of the dose-
response data in early phase trials, as done in
recent trials in patients with hemophilia B (Ertl
and High 2017; Miesbach et al. 2018; Nathwani
et al. 2011, 2014). However, depending on the
serotype, this approach may exclude up to 50% of
patients and seriously affect enrollment of the
trial, particularly if focused on a rare disease.
Several studies enrolled patients with detectable
NAD, for example, the ZOLGENSMA clinical tri-
als allowed anti-AAV9 titers <1:150 (Mendell
et al. 2017; Al-Zaidy and Mendell 2019). Current
trials that allow NAb-positive patients include a
course of prophylactic immune suppression to
block CTL responses, an approach taken in the
clinical trials of Luxturna (Mingozzi and High
2013; Mingozzi et al. 2007; Jiang et al. 2006).

In NAb-negative patients, development of
NAD also has been observed to occur weeks to
months after receipt of AAV-based gene therapy,
particularly when systemically administered.
Therefore, AAV-based gene therapy protocols
incorporate post-infusion monitoring for NAb
and institution of immune suppression when
detected (Nathwani et al. 2014). This phenome-
non of post-infusion development of AAV-
specific NAb also has implications for the design
of early phase dose-escalation trials. Because any
exposure to an AAV vector can elicit NAb, and
because presence of NAb will exclude the patient
from receiving AAV-based gene therapy in the
future, it is important that the study minimize the
number of patients exposed to a subtherapeutic
dose (measured in vector genomes (vg) per kilo-
gram recipient weight). For this reason, regula-
tory agencies have allowed dose escalation after
demonstration of safety in a single patient, as

reported in the initial
(Rangarajan et al. 2017).

For systemic delivery of AAV-based gene
therapy, the liver has become an ideal target tis-
sue because it is a biosynthetic organ for which
many AAV vectors have tropism and in which
stable long-term transgene expression can be
achieved (Mak et al. 2017). However, liver
inflammation has emerged as a potential toxicity
thought to be a consequence of the immune
response to AAV (Miesbach et al. 2018; Nathwani
et al. 2014). Clinical trials in patients with hemo-
philia observed elevations in liver transaminase
levels that generally occurred between 6 and
16 weeks after infusion of AAV vectors. Current
clinical trials require close monitoring of liver
transaminase levels and prompt institution of a
course of prednisolone given once levels exceed
1.5 times the upper limit of normal. Several
recent trials have also incorporated a course of
prophylactic corticosteroids during the first
month or so after infusion, which could reduce
the burden of monitoring transaminase levels.

Viral vector-based gene therapy products also
raise the concern for vector shedding and the risk of
transmission to untreated individuals. Vector viral
shedding was observed in studies of AAV-based
gene therapy for hemophilia B, with vector detected
in nasal secretions, saliva, feces, urine, and semen
for up to 48 weeks after systemic administration
(Miesbach et al. 2018). The FDA has produced guid-
ance for incorporating studies of vector shedding in
clinical trials  (https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/
design-and-analysis-shedding-studies-virus-or-
bacteria-based-gene-therapy-and-oncolytic-
products).

The development of nanoparticles as delivery
systems may help overcome the challenges of
viral shedding and immune-mediated interfer-
ence with transduction and transgene expression.
Currently there are no approved nanoparticle-
based gene therapies, but several clinical trials
have commenced for study of local or systemic
nanoparticle-based delivery of cDNA or mRNA
in patients with solid tumors. Nanoparticles have
been studied for delivery of the CFTR gene to the
nasal epithelium in patients with cystic fibrosis

hemophilia A trial
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Fig. 6.6 The BioDrug ToolKit is also used to develop
novel cellular immunotherapies to treat cancer. These
strategies include non-engineered cells or gene-modified
immune cells. Non-engineered approaches include extrac-
tion and ex vivo expansion of tumor-infiltrating lympho-
cytes (TILs) or peripheral blood T cells cultured in the
presence of tumor-associated antigen (TAA), and ex vivo
expansion and stimulation of NK cells with various
approaches (IL-12, IL-15, IL-18 to generate cytokine-
induced memory-like NK cells) or stimulation with
membrane-bound IL-21, to generate NK cells with
enhanced anti-tumor cytotoxicity. The stimulation of
peripheral blood mononuclear cells with IFN-y, anti-CD3,
and IL-2 generates cytokine-induced killer (CIK) cells
equipped with TCR and NK-cell receptor recognition to
eliminate cancer cells. Conversely, immune cells may be
genetically modified in the laboratory, utilizing viral vec-
tors from the BioDrug ToolKit to generate T cells express-

and have been studied for delivery of mRNA in
preclinical models of inherited hematologic dis-
orders for delivery of mRNA (Caplen et al. 1995;
Russick et al. 2020).

6.5.3 Building Cell Therapies: Using
the BioDrug ToolKit
for Treatment of Malignancy

The BioDrug ToolKit provides a variety of cells
that have been given for therapeutic purposes and
additional tools that can be used to create highly
engineered cells for treatment of advanced malig-
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ing a chimeric antigen receptor (CAR). The CAR-binding
domain (typically derived from a single-chain fragment
variable region of an antibody) recognizes the cognate
surface antigen in an MHC-independent fashion and can
kill cancer cells in highly efficient fashion. While cur-
rently approved CART cell therapies are individualized to
collect and gene-modify autologous T cells, CART cells
derived from allogeneic donors for an off-the-shelf
approach are increasingly explored in clinical trials. To
prevent GVHD, the endogenous allogeneic T cell receptor
has to be knocked out in this approach and is generally
combined with additional strategies to minimize rejection
of allogeneic T cells by the patient’s immune system via
MHC recognition on the allogeneic T cells. For recogni-
tion of intracellular tumor-associated proteins, introduc-
tion of a foreign high-affinity TCR recognizing an
HLA-restricted peptide can be utilized

nancies. This section provides examples of how
the BioDrug ToolKit has been used to generate
cell-based products for clinical trials in patients
with malignancies (Fig. 6.6).

Non-engineered cells have been used as a “liv-
ing drug product” for decades in treatment of
hematologic malignancies, the classic example
being transplantation of allogeneic HSC. Adoptive
cell therapies (ACT) are good examples of more
recent non-engineered BioDrugs that utilize the
innate capabilities of T cells to provide the thera-
peutic effect. The goal of ACT is to exploit the
capacity of endogenous T cells to generate an
ongoing immune response to a tumor-associated
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antigen (TAA). TAA targeted by ACT can be neo-
antigens that arise from somatic mutations in can-
cer cells or may be normal tissue antigens that are
overexpressed by malignant cells. Identification
of targetable TAAs poses an enormous challenge
that has been a significant barrier to the develop-
ment of ACT.

The earliest studies of ACT avoided the prob-
lem of TAA identification by collecting and
expanding lymphocytes found within the paren-
chyma of solid tumors, known as tumor-
infiltrating lymphocytes (TILs) (Topalian et al.
1988). The presence of lymphocytes within
tumor tissue has been shown to be a favorable
prognostic biomarker for many tumors, and sug-
gests the presence of an endogenous population
of lymphocytes that recognize TAAs (Zhang
et al. 2003; Djenidi et al. 2015). To generate the
TIL product, small tumor sections are placed in
culture medium with IL-2. The proliferating lym-
phocyte populations are harvested and placed in a
second culture for rapid expansion in the pres-
ence of feeder cells, anti-CD3 antibody and IL-2
(Klapper et al. 2009; Dudley et al. 2003). The
resulting product contains up to 1 x 10!
lymphocytes that have the potential to recognize
a variety of TAAs. TIL therapy has been explored
as an ACT for several tumor types (Dafni et al.
2019; Rohaan et al. 2018; Andersen et al. 2016).
Infusion of TILs typically follows a lymphode-
pleting regimen, based on the hypothesis
that reduction of the endogenous lymphocyte
compartment decreases competition for homeo-
static cytokines that support T cell function, such
as IL-7 and IL-15. Post-infusion support with
IL-2 also has shown to improve response in stud-
ies of melanoma-specific TIL therapy (Dafni
et al. 2019). The FDA recently granted break-
through status of a TIL product for advanced cer-
vical cancer (https://ccr.cancer.gov/news/article/
fda-grants-breakthrough-therapy-designation-of-
new-til-therapy-for-advanced-cervical-cancer).

T cells also can be expanded ex vivo to gener-
ate cytotoxic T lymphocyte (CTL) lines to lever-
age the adaptive immune response to a specific
antigen, such as viral protein or a TAA. The gen-
eral steps in the production of an antigen-specific
CTL product start with the establishment of a
population of antigen-presenting cells derived

from the patient, such as monocytes, dendritic
cells, or an EBV-transformed B lymphocyte.
Next the antigen-presenting cells are given the
requisite antigen(s) for presentation, either by
pulsing the cells with the peptide(s) or transfect-
ing the cells with a vector that encodes the pep-
tide sequence (Sili et al. 2012; Patel et al. 2018).
Once the antigen-presenting stimulator cells have
been established, peripheral blood mononuclear
cells (PBMC) obtained from the patient are
placed into the culture. T cells within the PBMC
that recognize antigen become activated and
expand in numbers. These T cells are collected
and further expanded in culture to produce lines
of CTLs that can be used for immunotherapy
(Riddell and Greenberg 1990). Ex vivo expanded
CTL lines have been studied for treatment of
viral infections in immunocompromised patients
and for malignancies, such as melanoma, for
which TAAs have been defined (Sili et al. 2012;
Hont et al. 2019; Weber et al. 2013). One advan-
tage to this form of ACT is that T cell lines with a
broader array of TCRs can be generated, which
may increase the likelihood of antigen recogni-
tion. However, to date a limited number of TAA
peptides have been identified. Furthermore,
tumor cells may downregulate MHC, thus cir-
cumventing TCR recognition.

In contrast to T cell therapies, cells that com-
prise the innate immune system do not require
antigen recognition in the context of MHC for
activity. The potent anti-tumor activity of NK
cells has prompted much interest in developing
NK cell therapies for treatment of malignancy.
One approach has been to exploit the “missing
ligand” concept, which allows activation of NK
cells when their inhibitory KIR fails to engage
the cognate MHC class I inhibitory ligand. Much
of this work has been done in the setting of HLA-
haploidentical HCT, first brought to attention by
Ruggeri and colleagues who reported a signifi-
cantly lower risk for relapse among recipients
who lacked the inhibitory HLA molecule for the
donor NK cells (Ruggeri et al. 2002). Donor NK
alloreactivity also has been utilized in HLA-
matched HCT by selection of donors that have
more favorable activating KIR phenotypes
(Cooley et al. 2018; Hsu et al. 2006).
Subsequently, alloreactive HLA-haploidentical
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NK cells have been studied outside the setting of
HCT for treatment of advanced myeloid malig-
nancies (Kottaridis et al. 2015; Miller et al. 2005;
Lee et al. 2016b; Curti et al. 2016). These studies
obtained allogeneic NK cells from adult donors;
however, allogeneic NK cell products have also
been generated from umbilical cord blood (UBC)
or established NK cell lines resulting in readily
available “off-the-shelf” products (Spanholtz
et al. 2011; Arai et al. 2008). Efforts also have
been focused on enhancing NK cell activation,
either by placing cells in culture with IL-12,
IL-15, and IL-18, termed cytokine-induced
memory-like (CIML) NK cells, or by in vivo acti-
vation of infused NK cells by administration of
IL-2, IL-15, or membrane-bound IL-21 (Lee
et al. 2016b; Uppendahl et al. 2019; Berrien-
Elliott et al. 2015; Phillips et al. 1987; Romee
et al. 2016). Tumor antigen-directed NK cells
also have been engineered using genetic modifi-
cation to generated chimeric antigen receptors, as
described in the sections below (Liu et al. 2020).
Cells that have characteristics of both NK and
T cells, including expression of both CD3 and
CD56, capable of both MHC-restricted and non-
restricted cytotoxicity, termed cytokine-induced
killer (CIK) cells can be generated by incubating
peripheral blood mononuclear cells with inter-
feron gamma (IFNy), IL-1, IL-2, and anti-CD3
(Lu and Negrin 1994; Pievani et al. 2011). The
safety of CIK therapy has been shown in pilot
studies, and efficacy is being assessed in patients
with advanced malignancies (Rettinger et al.
2016; Introna et al. 2007; Schmeel et al. 2015).

6.5.4 Engineered Cell Therapy:
Putting Together Cells,
Genetic Material, Gene-
Editing Machinery,
and Delivery Systems
to Target Malignant Cells

Cellular engineering strategies have evolved to
overcome the biologic limits of the innate and
adaptive immune systems by insertion of genetic
instructions that direct the cells toward specific
antigens and augment cellular immune responses.

These technologies all rely on pre-identification
of the tumor-associated antigen (TAA) for target-
ing tumor cells. This section describes the vari-
ous approaches to genetic engineering of adaptive
or innate immune responses to tumor antigens
and the contributions of the various tools avail-
able from the BioDrug ToolKit.

The basic steps in building a tumor-directed
BioDrug using the ToolKit include (1) selection
of the appropriate TAA for targeting; (2) engi-
neering the transgene cassettes to provide tumor-
targeting genes and regulatory elements; (3)
selection of the optimal delivery system capable
of carrying the genetic information to the tar-
geted cell; and (4) selection of the appropriate
cell type as the best weapon to eradicate the
tumor. To date, T cells have been the preferred
cell for use in engineering a tumor-specific
immune response. As described above, the
endogenous adaptive immune response occurs
when the TCR recognizes antigen in the context
of MHC, which in concert with a co-stimulatory
signal results in T cell activation. However,
tumors that express self-antigens, even if overex-
pressed, are unlikely to be recognized by endog-
enous T cells, since these will have been deleted
during thymic selection. Endogenous T cells may
also fail to recognize tumor antigens due to inad-
equate presentation of TAA, downregulation of
MHC, or lack of co-stimulatory signals within
the tumor milieu. These limitations to endoge-
nous TCR recognition of TAA have hampered
the success of TIL and CTL therapies and led to
the development of chimeric antigen receptor
(CAR) T cells.

Building CAR T cells requires all the tool
components in the BioDrug ToolKit, including
cell culture systems, complex genetic material,
and viral delivery systems. The genetic material
is designed to express a long protein that links
together a TAA-recognition domain expressed on
the cell surface with intracellular signaling
domains (Fig. 6.7). The TAA-recognition domain
is most commonly a single-chain variable frag-
ment (scFv) derived from a monoclonal antibody,
linked to a “hinge” or transmembrane region that
connects the surface antibody receptor to the
intracellular signaling domains. The intracellular
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Fig. 6.7 (a) A typical CAR T cell configuration consists
of a single-chain fragment variable region (scFV) derived
from the variable chains of an IgG antibody as the antigen-
recognition domain, a hinge/transmembrane (TM) region,
a co-stimulatory moiety such as 41BB or CD28 and the
CD3( chain derived from the T cell receptor (TCR). The
CAR gene is cloned into a lentiviral or y-retroviral vector.
After production of replication-incompetent lentivirus or
y-retrovirus, these integrating viruses are used to trans-
duce autologous T cells, leading to CAR expression on
the cell surface. Several iterations of the classic CART
approach are currently being explored. (b) To address
antigen-escape mechanisms, CARs with dual antigen
specificity have been developed. This may be achieved by
inclusion of two separate scFVs in the transgene, resulting
in a bi-specific CAR with a common signaling domain
that is delivered by a single vector. (¢) Alternatively, a
single vector may encode for two separate CARs, each
with their own signaling domain contained in the same
transgene separated by a ribosomal skipping sequence
such as T2A and delivered by a single bicistronic vector.

signaling domains consist of the CD3( protein
from the native TCR linked to one of the “second
signal” proteins, either CD28 or 4-1BB. This
entire construct artificially replicates the three
important steps in the generation of an adaptive
immune response. In step one the antibody
domain engages the tumor antigen and replaces
the need for TCR recognition of the antigen-
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(d) Dual specificity may also be achieved by utilizing two
different vectors, each encoding for a different CAR to
transduce T cells. This may result in a mixed T cell pool
of cells expressing either one or both CARs. (e) In an
effort to enhance CART efficacy, so-called “armored”
CARs have been developed in which the transgene may
include genes for cytokines or scFVs that can be secreted
by the T cell. (f) In an effort to enhance the safety profile
of CART cells, the transgene may include a suicide gene
that can be activated by administering a drug to the
patient. (g) CARs can also be introduced into autologous
or allogeneic NK cells, which generally do not mediate
graft-versus-host disease. (h) Approaches to develop uni-
versal off-the-shelf CAR T cells are underway, in which
allogeneic T cells are transduced to express the
CAR. However, this must be combined with a gene-
editing approach to knock out the TCR to prevent
GVHD. Additionally, it is frequently combined with strat-
egies to minimize rejection of allogeneic CAR T cells
based on HLA mismatch

MHC complex. Engagement of the antibody with
antigen automatically stimulates both CD3( sig-
naling and the second co-stimulatory signal,
replacing both of these steps to initiate T cell acti-
vation. The engineered transgene construct may
also include other linked domains for proteins
that activate or modify cell migration, antigen
recognition, or immune responses. In addition to
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the multiple transgenes, the CAR construct must
include promoter regions that can drive expres-
sion of long RNA encoding multiple gene prod-
ucts (Rad et al. 2020). The choice of promoters
currently is limited to more well-characterized
promoters such as EF-1 and CMYV, and depends
on the level of desired CAR transgene expres-
sion. To generate the target cells, PBMC are col-
lected by apheresis for initiation of T cell cultures.
PBMC can be placed directly into T cell culture
systems as described above, or T cell subsets can
be selected from apheresis product prior to man-
ufacturing (Shah et al. 2020; Turtle et al. 2016).
Once the target T cells have been obtained and
the CAR construct has been built, retroviral or
lentiviral vectors are used for delivery of the
genetic material for integration into the genome.
The CAR T cells are expanded in culture and
then cryopreserved for future administration.
Several excellent reviews discuss the development
of CART cell technology, including the stepwise
incorporation of co-stimulatory domains (termed
second-generation CARs) that have improved
CAR T activation and efficacy (June et al. 2018;
Boyiadzis et al. 2018).

To date, four CAR T cell products manufac-
tured from autologous PDMC have gained FDA
approval for treatment of hematologic malignan-
cies (Table 6.2). In order to commercialize prod-
ucts originally conceived in academic
laboratories, biotech companies were required to
demonstrate that the manufacturing process and
controls were capable of yielding a product with
consistent quality and that chain of identity and

chain of custody could be maintained throughout
the manufacturing process. Kymriah (tisagenle-
cleucel) and Yescarta (axicabtagene ciloleucel)
were the first CAR T cell products to be approved,
and while both are directed at the CD19 antigen,
they differ in the genetic material incorporated in
the CAR construct and the vector delivery sys-
tems. Kymriah is generated from autologous T
cells using a LV vector to deliver the CAR con-
struct which contains the 4-1BB co-stimulatory
domain, whereas the Yescarta CAR construct
contains the CD28 co-stimulatory domain and is
delivered by a RV vector. The latest CD19-
directed CAR T cell product to be approved,
Breyanzi (lisocabtagene maraleucel), also con-
tains the 4-1BB co-stimulatory domain in its
CAR construct but differs in its end composition
which includes a fixed ratio of CD4+/CD8+ cells.
Abecma (idecabtagene vicleucel) is the first CAR
T cell approved for treatment of multiple
myeloma. The CAR construct includes a B cell
maturation antigen (BCMA) recognition single-
chain variable fragment domain and the 4-BB
and CD3( intracellular signaling domains, trans-
duced into autologous T cells by a LV vector.
Approval of each of these products was based
on results of multicenter, open-label, single-arm
trials, and with respect to the CD19-directed
CAR T cell products, there have not as yet been
head-to-head comparisons (Grupp et al. 2013;
Maude et al. 2014; Cappell et al. 2020; Locke
etal. 2017, 2019; Wang et al. 2020; Neelapu et al.
2017; Schuster et al. 2019). However, these trials
exhibited similar findings with lessons learned to

Table 6.2 Approved chimeric antigen receptor T cell products (of April 2021)

ORR
Cell therapy product Indication Target antigen CR
Abecma (idecabtagene vicleucel) | Multiple myeloma BCMA 72%
28%
Breyanzi (lisocabtagene Relapsed or refractory large B | CD19 73%
maraleucel) cell lymphoma 54%
Kymriah (tisagenlecleucel) Refractory B cell precursor CD19 50%
acute lymphoblastic leukemia 32%
Relapsed or refractory large B
cell lymphoma
Yescarta (axicabtagene Relapsed or refractory large B | CD19 72%
ciloleucel) cell lymphoma 51%

BCMA B cell maturation antigen, CD cluster of differentiation, CR complete remission, ORR overall response
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guide future trials. First, the median time from
leukapheresis to final manufactured product was
approximately 2—4 weeks, during which time the
patient may need to receive bridging chemother-
apy to maintain control of the malignancy.
Second, both efficacy and toxicity correlated
with the degree of in vivo expansion of the CAR
T cells. Expansion typically peaked between 7
and 14 days after infusion, and the area under the
curve within the first month was significantly
higher in responding compared to non-responding
patients. However, responding patients also had
higher levels of cytokines, such as IL-6, associ-
ated with toxicity. Third, delivery of a lymphode-
pleting regimen before infusion of the CAR T
cell product facilitated CAR T expansion, pre-
sumably by reducing competition and immuno-
genicity from endogenous T cells (Hirayama
et al. 2019).

The speed at which the CD19-directed CAR T
cells have been shown to be effective illustrates
the promise of this therapy when a tumor
expresses an antigen on its surface that can be
directly recognized by the CAR T cell receptor,
and when elimination of cells that express the
surface antigen does not result in serious off-
tumor effects. CD19 expression is limited to
malignant and nonmalignant B cells; thus, CD19-
directed CAR T cell therapy typically causes pro-
found B cell aplasia. The on-target off-tumor
consequence of hypogammaglobulinemia is
treatable by administration of gamma globulin.
Development of CAR T cells for other tumor
types is made more challenging by the fact that
tumor antigens may be internally expressed,
therefore only “visible” to a T cell when pro-
cessed peptides are expressed in the context of
MHC.

For this reason, investigators are exploring
alternatives to CAR T cells that exploit the entire
TCR complex for TAA recognition in the context
of self-MHC (Fig. 6.6). Compared to CARs,
TCRs can target virtually every tumor protein,
independent of their cellular localization, and are
reactive at lower antigen densities than CARs
(Harris et al. 2018). This process starts by identi-
fication of the T cells that recognize the desired
peptide in the context of MHC, which in and of

itself is a challenge, since MHC genes are highly
polymorphic. Most studies use peptides restricted
to HLA-A*02, because it is the most common
HLA allele, present in up to 50% of the popula-
tion depending on the ethnic background. Several
systems can be used to isolate T cells with the
desired TCRs, such as affinity-enhanced phage
display (Varela-Rohena et al. 2008). Once identi-
fied, the TCRa and TCRf chains can be cloned
and inserted into viral vectors for delivery into T
cells. The engineering can become more sophis-
ticated by using CRISPR/Cas9 or other gene-
editing tools to knock out the native TCRa and
TCRP chains so as not to interfere with the trans-
genic TCRaf complex. The engineered T cells
can be expanded in culture similar to the process
for CAR T cells. Theoretically, by infusing T
cells with an intact, albeit engineered, TCR com-
plex, intracellular signaling occurs through the
six TCR subunits in contrast to the single CD3(
signal from CAR T cells, which exploits the full
potential of TCR-driven T cell activation, effec-
tor function, and regulation. A hybrid system has
also been developed that combines the MHC-
unrestricted antigen recognition properties of
CAR T cells with the native TCR signaling. T
cells are transduced with a construct containing
an antigen recognition domain, such as an scFv,
which is connected to a transmembrane spacer
domain and then to the CD3e chain. These hybrid
constructs overcome the limitation of HLA-A*02
restriction, however, may be limited by the need
for surface expression of the antigen.

6.5.4.1 Toxicities of Engineered T cell
Therapy

Clinical trials have brought to attention unique
toxicities related to the biologic activity of engi-
neered T cells (Neelapu et al. 2018). It is not yet
known whether the toxicities observed in trials of
CD19- and BCMA-directed T cells will be
observed with T cells directed toward other TAA,
or with TCR-engineered T cell therapies, since
these toxicities may be driven by the antigen in
addition to the biology of T cell activation.
Specific to the individual TAA will be the poten-
tial for on-target off-tumor effects, such as the B
cell aplasia observed with CD19-directed ther-



78

S. Baumeister and A. Woolfrey

apy. To the extent that TAA expression is unique
to the tumor cells, off-tumor effects will be
minimized.

Toxicities that result from T cell activation
and proliferation become a potential concern for
any engineered T cell. In the studies that sup-
ported approval of CAR T cell products, a dose-
toxicity relationship was observed, such that a
greater proportion of patients and a higher grade
of toxicity was observed in patients given higher
CAR T cell doses. The most important toxicities
reported in these patients include cytokine release
syndrome (CRS), immune effector cell-
associated neurotoxicity (ICANS), macrophage
activation syndrome (MAS), and prolonged cyto-
penias (Neelapu et al. 2018). CRS represents the
double-edged sword of T cell therapies, because
it is associated with T cell activity and is observed
to some extent in most patients who have tumor
response. Onset of the symptoms correlates with
in vivo expansion and proliferation of activated T
cells and usually occurs within a week after infu-
sion of the T cell product. The hallmark of CRS
is fever (>38.0 °C) which occurs in all patients.
CRS can progress to a state of vasodilation and
capillary leak, resulting in hypotension, and
respiratory distress (Acharya et al. 2019). A stan-
dardized grading system is used to aid in diagno-
sis and management of patients (Lee et al. 2019).
The symptoms are caused by release of inflam-
matory cytokines from activated T cells, includ-
ing interleukin (IL)-6, IL-2, IL-10, IL-15, and
IL-18 (Hay et al. 2017). Markers of inflammation
are often elevated, including ferritin, C-reactive
protein, lactic acid dehydrogenase, interferon
gamma (IFNy), and soluble IL-2 receptor.
Management of CRS involves supportive care
and judicious medical intervention guided by
staging criteria and accepted algorithms (Lee
et al. 2014, 2019). The primary treatment is
tocilizumab, an IL-6 receptor antagonist that is
approved by the FDA for treating CRS (Le et al.
2018; Gardner et al. 2019). Dexamethasone can
be added for patients who do not respond to
tocilizumab or other anti-IL-6 agents. MAS is
another potentially life-threatening complication
of CAR T cell therapy, observed in 1-5% of CAR
T cell recipients, and may be difficult to differen-

tiate from CRS, as a markedly elevated serum
ferritin is associated in both disorders. Treatment
of MAS typically includes etoposide; however,
its role in treatment of CAR T cell recipients has
not been established (reviewed in Sandler et al.
2020).

ICANS has been defined as a disorder charac-
terized by a pathologic process involving the cen-
tral nervous system following any immunotherapy
that results in the activation or engagement of
endogenous or infused T cells and/or other
immune effector cells (Lee et al. 2019; Sheth and
Gauthier 2021). ICANS was observed initially in
trials of CD19 CAR T cells and later in the
BCMA CAR T cell trials (Raje et al. 2019).
ICANS is characterized by speech difficulties,
tremor, dysgraphia, cognitive difficulties, and/or
altered level of consciousness (reviewed in Rice
etal. 2019). Symptoms typically occur within the
first week after infusion of CAR T cells and range
from mild to severe. Similar to CRS, a standard-
ized grading system has been developed to aid in
diagnosis and management of ICANS (Lee et al.
2019). While it is likely that inflammatory cyto-
kines play an important role in the development
of ICANSs, it appears treatment aimed toward
inhibiting IL-6 may not be sufficient for control,
some evidence even suggests that tocilizumab
paradoxically contributes to worsening ICANS;
therefore, treatment relies upon supportive care,
control of seizures, and corticosteroids (Rice
et al. 2019; Gust et al. 2020).

Building a less toxic cell T cell therapy must
take into consideration that almost all patients
with tumor response also develop some degree of
CRS; thus, strategies must not interfere with
TAA recognition and T cell activation.
Engineering strategies include cloning in suicide
genes such as inducible caspase 9, which was
shown capable of “turning off” alloimmune T
cell activation in recipients of HLA-haploidentical
HCT (Di Stasi et al. 2011), or genes that express
cell surface molecules that can be targeted with
monoclonal antibodies (Fig. 6.7). Others have
proposed developing a “universal CAR” that rec-
ognizes one moiety on a bi-specific engager,
which recruits the CAR T cell to the tumor via its
TAA engager (Yu et al. 2019). Alternatively, non-
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integrating vectors such as AAV might be used to
deliver constructs that would be expressed for a
limited timeframe (Rotolo et al. 2018).

6.5.4.2 Building a More Effective
T cell BioDrug: Remaining
Challenges

The recent approval of several CAR T cell
BioDrugs and the proliferation of clinical trials
for engineered immunotherapeutic cell products
speak to the progress and promise of tumor-
directed cell therapies. The studies that have sup-
ported development of the currently approved
CART cell products unequivocally demonstrated
the power of T cells not only for killing malig-
nant cells but for maintaining tumor surveillance
and preventing relapse. Currently approved T cell
products achieve disease response in 50-75% of
patients and complete remission in 28-54%.
However, the success in targeting B cell malig-
nancies has not yet translated to solid tumors.
Building a T cell BioDrug for treatment of a solid
tumor begins with identifying the barriers to suc-
cess, and the design of the system must be based
on knowledge of the interactions between T cells
and the TME. The difficulties must be overcome
along with potential approaches to build improved
cellular therapy for solid tumors. Some of the
obstacles to current cellular therapies and strate-
gies for building improved tumor-targeting
BioDrugs are outlined below and shown in
Figs. 6.6 and 6.7.

How can we improve tumor cell targeting? In
contrast to CD19 and BCMA, many tumor anti-
gens are also expressed by a variety of normal
cells, resulting in the potential for significant off-
tumor toxicity, and expression is heterogenous
within the tumor, resulting in inadequate recogni-
tion of tumor cells. Furthermore, overexpressed
TAA may be intracellular antigens not normally
found on the cell surface, such as NY-ESO-1 or
WTI1. As described above, engineered TCR
approaches were developed to recognize TAA
presented in the context of HLA. However, much
of the improvement in solid tumor antigen recog-
nition will come through complex genetic engi-
neering to enable T cells to recognize patterns of
gene or protein expression that differentiate

malignant cells from normal cells (Springuel
et al. 2019). Examples of proposed strategies
include multi-specific CAR constructs that rec-
ognize different TAA, with a specific recognition
pattern required to initiate T cell activation or that
recognize TAA in the context of other signals
expressed by tumor cells, such as stress-induced
ligands in the TME.

How can we prevent antigen negative escape?
Approximately 60% of patients with relapsed
disease after treatment with CD19-directed CAR
T cells had a recurrence with a CD19-negative
malignancy. Antigen-negative relapse results
from the pressure that CAR Ts place on leukemic
cells that leads to natural selection of alterna-
tively spliced variants of the CD19 molecule
(Sotillo et al. 2015). Strategies proposed to
reduce the risk for antigen-negative relapse
include administration of CAR T cells with dif-
ferent specificity (CAR pools), for example,
coadministration of CD19- and CD20-directed
CAR T products, based on the idea that there is a
lower probability of losing two different antigen
targets (reviewed in Ruella et al. 2016). Others
have proposed developing multi-antigen specific
CAR constructs allowing each T cell to recognize
multiple TAAs. An alternative approach is based
on the success of bi-specific T cell engagers
(BiTEs), wherein the CAR construct has a uni-
versal recognition site activated by antibodies or
other molecules bound to the tumor surface.
Various antibodies can be delivered indepen-
dently, each capable of activating the universal
CAR T cells (Ayyappan and Maddocks 2019;
Darowski et al. 2019).

How can we build a stronger BioDrug? T cell
exhaustion caused by continual antigen stimula-
tion results in impaired in vivo proliferation and
lack of persistence, both correlated with lower
anti-tumor efficacy. One strategy to strengthen the
overall BioDrug product is to consider the opti-
mal cell to engineer. For example, investigators
have proposed to start with T cells that are less
prone to exhaustion by upfront selection of less
differentiated naive or central memory pheno-
types and/or to modify culture conditions that
support T cell persistence (Gattinoni et al. 2011;
Ghassemi et al. 2018; Ceppi and Gardner 2019).
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Alternatively, collection of T cells from healthy
donors not previously exposed to cancer therapy
might improve T cell fitness. Gene-editing
machinery, such as CRISPR/Cas9, has been used
to remove the endogenous TCR and/or HLA mol-
ecules that could lead to alloimmune responses.
Alternatives to T cells, such as NK cells or M®s,
also are being explored as optimal cells for over-
coming the immunosuppressive TME (Fig. 6.6).
In addition to novel cell selection, genetic engi-
neering may contribute to strengthening cellular
products. One example is the advance made by
the addition of co-stimulatory genes to the first-
generation CAR constructs, now termed “second-
generation” CAR T cells, which led to improved
T cell activation and proliferation products.
Genetic engineering strategies proposed to
improve T cell persistence include the addition of
genes for cytokines that support T cell prolifera-
tion, such as IL-2, or precisely target the insertion
of the transgene next to endogenous T cell regula-
tory elements using gene-editing machinery by
using gene editing such as CRISPR/Cas9 (Perales
et al. 2018).

How can we overcome the immunosuppres-
sive TME? The main obstacle to successful TIL
therapy has been the immunosuppressive nature
of the TME, which presumably will pose a chal-
lenge to even the most potent T cell products. The
TME combines the interactions of stromal cells,
secretory factors, tumor vasculature, and immune
regulatory cells such as Tregs, myeloid-derived
suppressor cells, and TAMs within a hostile
hypoxic and nutritionally depleted environment,
each part of which can form a barrier to T cell
function (reviewed in Ye et al. 2018). Lessons
from the development of immuno-oncology
drugs, such as the checkpoint inhibitors that have
radically changed the treatment of solid tumors,
will need to be incorporated into cellular therapy
strategies to ensure a potent anti-tumor response.
The simplest approaches have proposed to
administer checkpoint inhibitors, IL-12, or other
immuno-oncology drugs alongside cell therapy
products; however, these strategies may increase
the risks for added systemic toxicities from the
additional agents. More complex strategies seek
to incorporate these genes within the transgene

constructs, resulting T cells capable of locally
secreting pro-inflammatory cytokines within the
TME (Springuel et al. 2019).

6.6 Summary

The future holds bright promise for new cura-
tive therapies for life-threatening malignancies
and inherited blood disorders in children based
on BioDrug technology. Building better
BioDrugs in the future will incorporate many of
the strategies outlined in this chapter, and the
components in the Toolkit will be utilized.
Undoubtedly the ToolKit will expand to include
technologies and components not yet imagined
for BioDrug development. The resources pro-
vided here are meant to provide pediatric hema-
tologist/oncologists with the knowledge to
understand current and future developments so
that they can better inform their patients and
guide them through clinical trials and complex
therapies aimed toward permanently correcting
genetic disorders and eradicating childhood
malignancies.
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7.1 The Old: Large Pharma 2022, large, multinational pharmaceutical com-
panies such as Pfizer, Johnson & Johnson, and
7.1.1 Background and History AstraZeneca have leveraged their considerable

We are all familiar with big drug companies and
what they do. The drug and biological products
developed and marketed by biopharmaceutical
companies have contributed to improved quality
of life and longer life expectancy that in the
United States has increased from an average of
47 years in 1850 to 79 years in 2020. During the
COVID-19 pandemic of 2020 that continues into
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scientific, manufacturing, and logistical might to
develop vaccines quickly and efficiently for an
anxiously awaiting global public. Most large
pharma companies have a long history, but the
biopharmaceutical industry as a whole along
with the large and small players, e.g., biotechs,
that comprise it live within a very fluid environ-
ment with a plethora of foreseeable and unpre-
dicted challenges such that the business credo
“change or die” is very apt.

Today’s pharma industry is rooted in small
European apothecaries from the 1800s that
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evolved to produce large quantities of drugs such
as morphine and quinine and in the dye and
chemical companies that discovered medicinal
uses for their products (Daemmrich and Bowden
2005). For example, Merck began as an apothe-
cary shop in Darmstadt, Germany, in 1668 that
transformed into a wholesale manufacturer of
drugs by the 1840s. Similarly, Schering in
Germany, Hoffmann-La Roche in Switzerland,
and Burroughs Wellcome in England all derived
from apothecaries and drug producers from that
era. The ensuing decades saw the discovery of
new drugs accelerate as companies forged
research collaborations with academic laborato-
ries while synthetic chemistry and pharmacology
matured as scientific disciplines. Researchers
applied the theory of structure-activity relation-
ships to chemicals and began generating experi-
mental data in animals and humans to
systematically discover new drugs. Despite these
advances, most medicines sold in the United
States by 1930 were without a prescription with
almost half compounded by local pharmacists
rather than produced by a central manufacturer.
With World War II came the demand for mass
production of a variety of drugs needed by sol-
diers, including penicillin and antimalarials. This
served to stimulate the growth of US pharmaceu-
tical companies. In the post-war era, pharma com-
panies in the United States, Europe, and Japan
grew rapidly in the areas of research and develop-
ment (R&D) and global marketing. Over the next
several decades, large pharmas invested their ris-
ing revenues to build expansive state-of-the-art
research campuses to drive innovation using a
host of new technologies such as spectroscopy,
high-pressure liquid chromatography, genetic
engineering for protein production, and combina-
torial chemistry. The advent of high-throughput
screening technologies combined with massive
chemical libraries collected and curated over
decades by large pharma chemists expedited the
testing of millions of chemical compounds against
multiple molecular targets. This served to further
advance the tradition of empirical drug discovery
that began in the 1800s. It was only when high-
throughput X-ray crystallography, nuclear mag-
netic spectroscopy, and computational biology

were married in the 1980s that molecular model-
ing became the workhorse for the rational design
of small molecule drugs that exists today.

7.1.2 Profile of a Large Pharma:
Merck & Co.

Every large pharma is unique, but there are com-
mon threads with respect to their mission, organi-
zational structure, and tactical operations. For
those unfamiliar with the characteristics of a
large pharma, Merck & Company, more com-
monly known as Merck, is profiled below as an
illustrative example.

Merck was founded in the United States in
1891 by George Merck who at age 23 established
the company to distribute fine chemicals through-
out the New York City region. It currently
describes itself as “a global health care company
that delivers innovative health solutions through
its prescription medicines, vaccines, biologic
therapies, and animal health products.” In 2020,
Merck had approximately 71,000 employees
worldwide of whom 26,000 were in the United
States (Merck 2019). Its corporate headquarters
are in Kenilworth, NJ; however, its geographic
reach extends throughout the world. Merck’s
main pharmaceutical R&D campuses are in
Rahway, NJ; West Point and Upper Gwynedd,
PA; South San Francisco, CA; Boston, MA; and
London, UK. Its headquarters for manufacturing
is in Whitehouse Station, NJ, but Merck main-
tains production facilities at numerous locations
all over the world including the United States,
Puerto Rico, Japan, Singapore, South Africa, and
countries in Western Europe, Central and South
America, and Asia.

Its pharmaceutical division encompasses
pharmaceutical and vaccine products that are
generally sold by prescription. Merck sells their
pharmaceutical products primarily to drug
wholesalers and retailers, physicians, hospitals,
government agencies and managed healthcare
providers such as health maintenance organiza-
tions, pharmacy benefit managers, and other
institutions. Its Animal Health division discovers,
develops, manufactures, and markets a wide
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range of veterinary pharmaceutical products,
vaccines, and services for the prevention, treat-
ment, and control of disease in all major livestock
and companion animal species. These products
are marketed to veterinarians, distributors, and
animal producers.

As reported in its 2019 Annual Report,
Merck’s R&D groups employed approximately
15,600 people worldwide and spent $9.9 billion
($9.9B) in 2019. Merck’s R&D programs are
described as prioritizing drug candidates that rep-
resent breakthrough science for patients and pay-
ers. Its clinical pipeline includes candidate
molecules for a variety of disease areas including
cancer, cardiovascular diseases, diabetes, and
other metabolic diseases, infectious diseases,
neurosciences, pain, respiratory diseases, and
vaccines. As of November 2020, Merck disclosed
publicly that it had 31 programs in phase 2 devel-
opment, 25 programs in phase 3, and 3 programs
under regulatory review for approval. Of note,
pharmas and biotechs typically define a program
as a single drug candidate under clinical testing
for a single disease indication. Thus, a company
that is testing a single drug candidate for three
different types of cancers would count that as
three programs. Given the scientific and commer-
cial success of Merck’s Keytruda® (pembroli-
zumab), an immune checkpoint monoclonal
antibody that binds to and acts through the PD-1
receptor on T lymphocytes, it is not surprising
that the overwhelming majority of Merck’s pro-
grams were for oncologic indications. As such,
23 of its 31 phase 2 programs, 22 of 25 phase 3,
and 1 of 3 programs under regulatory review
were directed at various cancers. However, of
these 46 programs for oncology diseases, only
one program was specifically directed at a child-
hood tumor indication. Koselugo® (selumetinib),
an inhibitor of MEK1 and MEK2 kinases origi-
nally discovered by and developed in collabora-
tion with AstraZeneca, was approved in 2020 by
the US Food and Drug Administration (FDA) for
pediatric neurofibromatosis and under review for
the same indication in Europe. Like many large
pharmas, Merck does not publicly disclose the
number of programs in the discovery phase or
phase 1 trials, but it would be reasonable to

Table 7.1 Merck’s 2019 sales by top pharma products
and sales of animal health products (Merck 2019)

2019 Sales
Category Product or subcategory | (in millions)
Total $46,840
Pharmaceutical $41,751
Keytruda® $11,084
Januvia®/Janumet® $5524
Gardasil®/Gardasil 9° | $3737
ProQuad/M-M-R II/ $2275
Varivax®
Bridion® $1131
Isentress®/Isentress $975
HD®
Pneumovax 23® $926
NuvaRing® $879
Zetia®/Vytorin® $874
Simponi® $830
Animal health $4393
Livestock $2784
Companion animals $1609
Other revenues $696

expect that programs in each of these categories
would far exceed the total number of phase 2
programs.

All large pharmas tout their scientific prowess
and commitment to patients, but as corporate
entities, they are all ultimately judged on their
financial performance and indeed define their
own success based on their yearly top line and
bottom line. In 2019, Merck generated sales of
$46.8B which represented an 11% increase over
that of 2018. Sales within the United States
accounted for 43% ($20.3B) of this total, while
the remaining 57% of sales came from outside
the United States. At$11.1B Keytruda® accounted
for nearly 24% of Merck’s total sales (Table 7.1),
and this represented a 55% increase over its sales
in 2018. Januvia®/Janumet® (sitagliptin), a drug
for type 2 diabetes, recorded $5.5B in sales, but
this represented a 7% decline compared with that
of 2018. Finally, vaccines led by Gardasil®, a
vaccine against human papillomavirus ($3.7B in
sales), accounted for a total of $6.8B or 14.5% of
Merck’s total sales.

Merck’s major outlays in 2019 came from the
costs of sales and general and administrative
expenses which totaled $24.7B. As noted above
Merck spent $9.9B in R&D that same year or
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21% of their total sales. Across the industry, most
large pharmas have R&D spends that equate to
15-22% of their annual sales. This range has been
invariant over time, and it is extremely rare for a
pharma to have R&D spending above 25% of
annual sales. It is a common refrain from large
pharma that high R&D costs are the primary rea-
son for the high cost of drugs. However, as is seen
for Merck, and every other major large pharma,
R&D expenses typically account for only one-
fifth of total sales revenues every year. Merck
reported an income of $11.5B in 2019 for which it
paid taxes of $1.7B for an effective corporate tax
rate of 14.7%. For reference, a married couple in
the United States filing jointly in 2019 would
need to have an annual income of $113,466 to
qualify for an effective federal tax rate as low as
14.7%. Any income above this amount for this
couple would result in a higher effective tax rate
than what Merck paid for earning nearly
$47B. This seems rather inequitable for the aver-
age American taxpayer.

7.2  The New: Biotech
The 1980s and 1990s saw dramatic advances in
molecular biology, genomics, and genetic engi-
neering. These innovations sparked the advent of
synthetic protein-based therapeutics, exemplified
by insulin, interferons, interleukins, and hemato-
poietic growth factors, that ushered in the era of
biotechnology to complement small molecule
(chemical) drugs in the therapeutic armamentar-
ium. Moreover, these “large molecule drugs”
which were developed by small biotechs, such as
Genentech and Amgen, served as a bellwether
that large pharma’s monopoly on the creation of
medicines was over. Indeed, the early scientific
and financial successes of California-based
Genentech and Amgen paved the way for the
eventual formation of thousands of biotech start-
ups funded by venture capital (VC) hungry to
replicate this success. The early history of these
two shining stars is illustrative of the growth of
the biotech sector as a whole.

In the early 1970s, Herbert Boyer at the
University of California San Francisco success-

fully spliced genes in his laboratory using newly
discovered restriction endonucleases. Confident
that genetic recombination had significant com-
mercial potential, Robert Swanson from the VC
firm Kleiner Perkins convinced Boyer in 1976 to
start a company that Boyer named Genentech, an
amalgam of the words “genetic engineering tech-
nology.” Boyer and Swanson each invested $500 to
start Genentech. Within a year, they produced the
human peptide, somatostatin. By 1978, Genentech
successfully synthesized human insulin using the
same laboratory techniques and entered into a criti-
cal R&D collaboration with Eli Lilly to develop
human insulin as a replacement for porcine insulin
which was extracted from pigs (Pisano 2006). This
resulted in the FDA approval of Humulin®, the first
genetically engineered therapeutic, in 1982. Over
the next nearly 30 years, Genentech successfully
developed and commercialized a host of protein
therapeutics including human growth hormone
(Protropin®), recombinant DNase (Pulmozyme®)
for cystic fibrosis, anti-CD20 monoclonal antibody
(Rituxan®) for lymphoma, anti-Her2 monoclonal
antibody (Herceptin®) for breast cancer, anti-IgE
monoclonal antibody (Xolair®) for asthma, and the
anti-VEGF monoclonal antibody (Avastin®) for
several cancers.

Genentech also broke ground by being the
first biotech to transition into a public company.
It raised $35 million ($35M), equivalent to
$110M in 2020, in its initial public offering
(IPO) in 1980 that was underwritten by the
investment bank Hambrecht & Quist. Moreover,
Genentech’s stock price jumped from $35 to
$88 in only its first hour of public trading.
Genentech’s subsequent track record of R&D,
regulatory approvals, and commercial success
along with its culture of scientific excellence
made it an attractive target for pharmaceutical
companies. Hoffmann-La Roche which had
been collaborating with Genentech on several
projects bought a controlling interest (56%) of
Genentech for $2.1B in 1990. In 2009, Roche
completed its acquisition, some would say
“ingestion,” of Genentech by buying its remain-
ing outstanding shares for approximately
$46.8B, a far cry from the initial $1000 start-up
investment by Boyer and Swanson in 1976.
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Amgen is another archetype of a successful
biotech. It was founded a few years after
Genentech in 1980 with several million dollars of
VC funding and originally called Applied
Molecular Genetics. Its name was shortened to
Amgen in 1983 when it raised $40M (equivalent
to $104M in 2020) in its IPO that year. In its early
days, Amgen, like Genentech, focused on exploit-
ing recombinant DNA technology which it
applied to cloning the human erythropoietin
gene. By doing so, they created their first drug
Epogen® which was approved by FDA in 1989 to
treat anemia associated with chronic renal fail-
ure. Amgen received its second FDA approval in
1991 for Neupogen® (filgrastim) to prevent
chemotherapy-related infections.

By 2019 Amgen recorded sales of $23.4B
with eight products generating the bulk of this
revenue. Enbrel® (etanercept), an anti-TNF
fusion protein approved to treat arthritis and other
inflammatory diseases, was Amgen’s biggest
seller with sales of $5.2B or 30% of Amgen’s
annual revenue. Neulasta®, the successor to
Neupogen®, was second in sales with $3.2B or
19% of total revenue. Unlike Genentech, Amgen
today remains an independent corporate entity.
Reflective of its financial success, $1000 invested
in Amgen at the time of its IPO would have grown
to be $780,692 as of April 2020 even without
having reinvested dividends. This represents a
consistent annual return on investment of nearly
20% over 37 years.

The founding and early success of Genentech
and Amgen stimulated the creation of many other
biotech start-ups. San Francisco, San Diego, and
Boston served as their most common birthplaces
as opposed to Philadelphia, New York, New
Jersey, and the Midwest which served as the
headquarters for most pharmas in the United
States. The growth of biotech was made possible
only through the financial investment from VC
firms and investment banks which saw the oppor-
tunity for massive returns resulting from the suc-
cessful development of promising new medicines.
Although there were bumps in the road, e.g., the
financial crisis of 2008, the marriage of VC with
biotech entrepreneurs ultimately proved to be
extremely financially rewarding to both and to

biotech investors as a whole. From the beginning
of 2009 to the end of 2020, the NASDAQ
Biotechnology Index rose 6.67-fold which is
nearly 60% higher than the benchmark S&P 500
Index which increased by 4.22-fold over the
same period.

Fueled by investment banks that underwrote
IPOs and public market investors who did not
want to miss out, biotechs claiming to be the
“next Genentech” positioned themselves to lever-
age science and their “secret sauce” to create the
next big medicines. Those that eventually suc-
ceeded such as Biogen, Chiron, Genetics
Institute, Genzyme, and Gilead experienced
meteoric growth to become vertically integrated
companies with sales and marketing capabilities
just like Genentech. For some their scientific and
financial success made them attractive takeover
targets, e.g., Novartis’s acquisition of Chiron,
Sanofi’s purchase of Genzyme, and Wyeth’s
acquisition of Genetics Institute. Others, like
Biogen and Gilead, remain independent compa-
nies even today. But the high likelihood of failure
inherent to drug discovery and development more
commonly translates into the collapse of most
biotech start-ups usually within their first few
years.

However, it is precisely this high-risk, high-
reward feature of biotech investment that makes
it so attractive to VC firms like Kleiner Perkins,
New Enterprise Associates, OrbiMed Advisors,
Third Rock Ventures, and many others that excel
at playing the investment game for the benefit of
themselves and their investors. VC firms offset
the high risk of failure for biotech start-ups with
the expectation that the small fraction (10-15%)
of companies that ultimately succeed will pro-
vide a 10-50-fold return on their initial invest-
ment. For example, to offset the cost of the many
failures that it funds, a VC that invests $50M in a
start-up biotech through several rounds of private
financing before the biotech’s IPO 3-5 years later
will look to recoup $500M or more through the
IPO and future growth in the company’s market
valuation when its stock becomes traded on the
public markets.

The growth of the biopharmaceutical indus-
try is fueled by interdependencies and interac-
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tions between large pharma, biotech, VC,
investment bankers, and Wall Street analysts.
There is no greater evidence of this than at the
annual JP Morgan Healthcare Conference held
every January in San Francisco. For those in
the industry, this convocation’s invitation-only
participation makes a pilgrimage to “JPM,” as
it is commonly called, the essential place to go,
be seen, and make business deals. Absence
from JPM is viewed as a negative sign that you
and your organization are irrelevant players in
biopharma. JPM had humble beginnings when
in the early 1980s Hambrecht & Quist along
with a few other investment banks saw great
profitability in raising capital for biotechnol-
ogy. In 1983, to highlight new technologies,
showcase companies, and stimulate further
investment in biotechs such as Genentech,
Hambrecht & Quist (later acquired by Chase
Manhattan Bank, a predecessor of JP Morgan)
held its first conference which lasted just half a
day in San Francisco. JPM has since grown
into a 20,000 attendee behemoth that spans
nearly an entire week. The conference con-
sumes virtually all hotels in downtown San
Francisco and results in even substandard hotel
room rates rising to over $1000 per night. Even
companies that are not invited to present at
JPM feel the need to be in town to have an end-
less series of 30-minute “speed-dating” meet-
ings with a seemingly endless list of investors
and analysts that stretch from early morning to
late evening every day.

7.2.1 Biotech Financing: From Birth

to Adulthood

From a financial perspective, a typical start-up
biotech comes into being when a VC buys into its
concept and leads a “consortium” of other VCs to
assemble an initial investment of $20-$50M,
termed a Series A financing. This allows the bio-
tech to hire people, buy equipment, rent labs and/
or offices, and begin R&D work. Over the next
several years, this invested sum is spent by the
biotech necessitating subsequent rounds (Series
B, C, etc.) of private financing that not only

involves the original consortium but also includes
an expanded set of newer investors who see
opportunity in the interim R&D progress demon-
strated. Since transforming a scientific concept
into an investigational therapeutic becomes more
expensive with every progressive step, these sub-
sequent financing rounds generally raise progres-
sively larger sums of money such that the
aggregate amount invested in the biotech can eas-
ily reach well over $200M.

At a certain point, if the biotech makes suffi-
cient R&D progress and the external stock mar-
ket conditions are favorable, the company can
“go public,” as Genentech did in 1980, in an
IPO. The timing of an IPO varies according to the
company. For biotechs developing therapeutics,
an IPO is frequently timed to coincide with its
lead molecule entering a first-in-human clinical
trial or demonstrating a clear path to enter the
clinic in the near future. Going public achieves
several financial objectives for all parties
involved. It allows the VCs to cash in on their
investment(s) and make an ‘“exit.” Despite the
public pronouncements from VC that their bio-
tech investments are made to drive innovation for
the greater healthcare good of society, the over-
riding objective of VC firms is to generate a large
return on investment for their investors and them-
selves so they can repeat the cycle with the next
set of start-ups. This has proven to be a very
lucrative positive feedback loop for VC firms. A
successful IPO also delivers large fees, ranging
from $10-$20M per IPO, for investment banks,
like JP Morgan and Cowen, who underwrite the
public offering. Going public provides the bio-
tech access to capital from the public markets
which can provide much larger sums of invested
capital to fund clinical trials that are much more
expensive to conduct than laboratory-based
research. Finally, for investors in the public mar-
kets that can include mutual funds and institu-
tional and individual investors, an IPO opens up
the opportunity to invest in the biotech.

However, transitioning from a private to a
public company comes at a significant cost, both
literally and metaphorically, to every biotech.
The company now spends a smaller fraction of
its precious funds on R&D as it must hire more



7 The Pharma/Biotech Model for Drug Development: Implications for Pediatric Cancer Therapeutics 95

finance and administrative staff to handle the
legal and financial reporting obligations, e.g.,
Security and Exchange Commission require-
ments, that come with being traded on a stock
exchange. Being public also imposes a veil of
confidentiality over the company and its
employees. Experimental data and results, espe-
cially those involving clinical trials, that previ-
ously were discussed freely among staff are now
restricted to those on a need-to-know basis
because it is considered “material information.”
If inadvertently leaked to public investors which
can now include anyone outside the company, it
could affect the stock price. Perhaps, the great-
est cost for a biotech’s going public is that it
brings daily scrutiny from the external world
over the goings-on within the company. Public
perception can be immediately reflected in the
rise and fall of the biotech’s stock price.
Experimental setbacks that were once simply
accepted and dealt with as an R&D obstacle to
be overcome now become potentially material
information that must be reviewed by lawyers,
described in a carefully massaged press release
as part of a “communication plan,” and dis-
cussed ad nauseam with nervous investors and
financial analysts who demand to understand
why the stock price is dropping and what the
company will do about it... today.

As a result, a public biotech is forced to focus
increasingly on short-term goals and milestones
that are reported in its quarterly SEC filings and
“earnings calls.” The former is a regulatory
requirement, but the latter is not. This results in
perhaps one of the more inane oddities for bio-
techs post-IPO. Pharma companies, like Merck
and GlaxoSmithKline (GSK), use quarterly
earnings calls with investors and industry ana-
lysts to actually report on their top-line sales and
earnings to guide future financial expectations.
However, biotechs that may be years away from
having their first product on the market have no
profit or even earnings to report. Rather they only
generate quarter after quarter of losses through
their R&D expenditures. Nevertheless, it remains
commonplace for biotechs to host these “quar-
terly earnings calls” that in the absence of any
earnings to speak of usually devolve into shadow

puppetry theater of analysts and investors asking
about the company’s R&D progress and the bio-
tech’s management dodging these questions that
they cannot or will not answer.

One consequence of this focus on near-term
milestones and financials is the prioritization of
clinical trials over laboratory research when the
two activities compete for a limited R&D budget.
Biotechs generally are 100% focused on labora-
tory research in their early years while they aim
to bring forth a molecule into clinical trials. The
initiation of phase 1 studies and the transition of
the biotech into a clinical-stage company are
defining milestones that bring pride and joy to the
biotech’s employees and financial returns to its
investors. However, this landmark event is fre-
quently the beginning of the end for the labora-
tory research that carried the company to this
same milestone.

The conduct of clinical trials is exceptionally
expensive, and their costs increase every year. A
single phase 1 trial in cancer typically costs
$5-$15M, and a phase 2 trial can total up to
$50M. These R&D expenditures easily over-
shadow, figuratively and fiscally, that of the labo-
ratory research that will bring forth the next
molecule from the preclinical pipeline. The bio-
tech’s investors and analysts tend to be singularly
focused on the progress of the molecule(s) in
clinical trials rather than on earlier discovery pro-
grams since the former will generate data neces-
sary for an eventual FDA submission. Thus, the
clinical programs of a biotech become the great-
est near-term value drivers of its stock price. As
such, it is common for biotechs to make resourc-
ing and budgetary trade-offs by constricting labo-
ratory research when their first molecule(s) enters
clinical trials. In more extreme cases, a biotech
may completely cease further discovery work on
new or next-generation molecules in order to
focus entirely on advancing their clinical portfo-
lio. This is particularly unfortunate when the
clinical-stage molecules have clear liabilities that
could be solved with follow-on compounds that
are a few years behind in the laboratory. This
reduction or termination of discovery research
means that the laboratory scientists whose hard
work created the molecules behind the biotech’s
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success in its early years are less valued or no
longer needed.

Thus, the start-up biotech that began with the
promise of a portfolio of molecules that leverage
its technological “secret sauce” frequently trans-
forms itself into a one or two molecule clinical
development company that bets its future on one
molecule achieving FDA approval and hitting the
market. Sometimes, that bet pays off handsomely
for the biotech and its investors. More often than
not, a highly anticipated pivotal trial fails, and
there are either no other molecules left in the cup-
board or not enough money in the bank, or both,
to rescue the biotech facing its first major clinical
failure. As a result, the landscape is dotted with
shuttered biotechs that faced withering punish-
ment to their stock price from disappointed and
skeptical investors.

Recognizing that the expense of clinical trials
to bring a molecule to the market is substantial,
the time required is long, and the probability of
failure remains high, some biotechs are content
to advance their portfolio to a certain point, usu-
ally in phase 2 or phase 3 clinical trials, at which
time they become an attractive acquisition target
for large pharma. Earlier selling of a biotech to a
pharma will generate a lower return on invest-
ment to the biotech’s investors compared with
when a biotech attempts to go all the way to an
FDA-approved New Drug Application (NDA) or
Biologics License Application (BLA). However,
the risk of seeing the biotech’s market value fall
to near zero after a late-stage clinical trial failure
and walking away with no return on investment
is eliminated. The acquiring pharma assumes the
risk of future failure but gains ownership of the
candidate drug, portfolio, or technology plat-
form at a much lower cost than what it might
otherwise have to pay if it waits for clarity from
a positive pivotal trial result. A recent example of
this is Gilead’s $4.9B acquisition in 2020 of
Forty Seven, Inc. for the latter’s magrolimab, an
anti-CD47 monoclonal antibody in clinical
development for myelodysplastic syndrome
(MDS), acute myeloid leukemia (AML), and dif-
fuse large B-cell lymphoma. Gilead’s purchase
came after Forty Seven reported interim results
from a phase 1B trial of magrolimab and azaciti-

dine wherein overall response rates of 92% and
64% were observed in 24 patients with high-risk
MDS and 22 patients with untreated AML,
respectively (Sallman et al. 2019).

The Drive for Pharmaceutical
Innovation

7.3

It is often cited by the pharmaceutical industry
that the cost of discovering a new drug in the
laboratory, taking it through clinical trials, and
ultimately gaining FDA approval is exorbitant
and can run up to several billion dollars. Part of
this calculus is based on the high failure rates in
both laboratory and clinical trial phases of a new
drug’s gestation resulting in no financial return
for most programs within a company’s R&D
portfolio. Even for a molecule that survives the
preclinical gauntlet to enter into a phase 1 trial,
the remaining probability of success for FDA
approval of a cancer drug is generally considered
to be only 5-10%. Although all of these probabil-
ity calculations are predicated on assumptions
that may be reasonably questioned, drug discov-
ery and clinical development are nevertheless
expensive and high-risk propositions that are
beyond the fiscal scope of an individual or most
companies in other fields of business.

The drive for ever-increasing revenues in the
setting of the high cost and low success rates of
pharmaceutical R&D has resulted in three phe-
nomena that are diametrically opposed to enhanc-
ing R&D investment of new therapeutics for
pediatric cancers. First, to offset financial expense
and risk, large pharmas and arguably many, if not
most, biotechs have evolved to focus their atten-
tion on “blockbuster drugs” that are generally
defined as those that generate annual sales reve-
nues of $1B or more. This strategy drives phar-
mas to work on drugs for diseases of higher
prevalence in the population and for which treat-
ment is chronic or at least longer term. Childhood
cancers are thankfully quite uncommon such that
even the predominant pediatric solid tumors and
leukemias have annual incidences in the United
States of a few hundred to two thousand. Besides,
treatment for these diseases ranges from several
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months to 2 years rather than a lifetime. Thus,
childhood cancers do not and will never meet the
blockbuster criteria that large pharma seeks. It
should be emphasized that a commercial sales
forecast is just as important for project progres-
sion as a scientific assessment when pharmas
evaluate early-stage R&D projects and decide
where to place their bets. One might argue that
higher drug pricing may offset lower patient
numbers to generate the desired financial return.
Indeed, Cerezyme®, an enzyme replacement
therapy for patients with Gaucher’s disease, is
frequently cited as an example whereby high
pricing compensates for an extremely low dis-
ease incidence. However, it must be remembered
that drugs like Cerezyme® are administered for
the lifetime of a patient in contradistinction to
that of the treatments given to children with can-
cer. Even so, one may reasonably question
whether pricing that amounts to $200,000 or
more per year represents a sustainable solution to
rising societal healthcare costs in the United
States and developed world, to say nothing of the
developing world.

The second consequence of the drive for phar-
mas to lower R&D costs and risk is to merge with
or acquire other pharmas. Since 1999, over 45
mergers or acquisitions (M&A) with a value of
over $10B have been consummated by large
pharma resulting in companies of ever-increasing
size. Take GSK as an example. Like Merck, GSK
had its origins as an apothecary shop in London in
1715. This pharmacy was eventually acquired by
Glaxo Labs which was established in 1935 in
England. Burroughs Wellcome was started in
1880 in London. Glaxo merged with Wellcome in
1995 to form GlaxoWellcome. Across the Atlantic,
Smith, Kline & French (SKF) Company, itself a
product of an acquisition, was formed in 1871
in Philadelphia. SKF merged with Beecham
Group to form SmithKline Beecham in 1989.
GlaxoWellcome merged with SmithKline Beecham
in 2000 to form GSK, a global giant of over 100,000
employees. Likewise, the Pfizer of today was
founded in New York in 1849 but over its life has
acquired either directly or indirectly Wyeth, Ayerst,
Warner-Lambert, Parke-Davis, Pharmacia, and
Upjohn pharmaceutical companies.

The rationale for M&A in the pharmaceutical
industry is the same as that for corporate mergers
in other industries. The annual sales of the com-
bined entity will be much greater than either of
the pre-M&A companies. Indeed, the annual rev-
enues in 2019 for the top ten pharmas ranged
from $23B to $52B (Table 7.2). Conversely, the
number of employees, whether they be in R&D,
sales/marketing, or administrative functions,
needed to sustain the combined organization is
expected to be fewer than the sum total of both at
least according to the bean counters and MBAs
who drive these corporate shotgun marriages.
These “efficiencies” or “synergies” touted when
a pharma M&A occurs typically mean early
retirements or layoffs for at least some of the
employees when the dust settles from the corpo-
rate fusion.

The third reaction to the challenge of bringing
innovative medicines to the market in light of
large pharma’s desire to control R&D costs is the
increasingly frequent practice of in-licensing or
acquiring molecules discovered in biotech com-
panies. Frequently, large pharma focuses on buy-
ing molecules that have met criteria demonstrating
clinical proof of concept (PoC) usually com-
prised of positive phase 2A clinical data. The
rationale for this is that it is preferable from a
financial and risk management perspective to buy
someone else’s “de-risked” molecule than to
invest money and people resources in one’s own
laboratory discovery efforts with no guarantees
that expected innovative molecules will emanate
years in the future. Pharmas are quite willing to

Table 7.2 Largest pharmaceutical companies (by reve-
nue as of December 2020) (Anderson 2020)

Annual revenue
Rank Company (in billions)
1 Pfizer $51.9
2 Roche $50.0
3 Novartis $47.5
4 Merck & Co. $46.8
5 GlaxoSmithKline $43.5
6 Johnson & Johnson $42.1
7 AbbVie $33.3
8 Sanofi $27.8
9 Bristol Myers Squibb | $26.2
10 AstraZeneca $23.6
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pay even a premium price for these clinical-stage
molecules because they have presumptively
already met the considerable hurdles of labora-
tory and animal studies and that of initial clinical
safety, pharmacokinetic, and early efficacy data
from phase 1 trials that can cause termination of
numerous other molecules along the way. In
essence, pharmas are willing to pay more for
these molecules because the risk of failure to this
point has been borne by the biotech and the attri-
tion of other unsuccessful molecules has already
occurred.

Large pharmas’ acquisitions of promising
molecules from biotech through a variety of
means have differing financial and corporate
implications on biotech. The least intrusive is
when a pharma in-licenses the molecule or, in
other words, buys the molecule with all of its pat-
ent rights and assumes all further responsibilities
to develop and market the molecule. This maneu-
ver leaves the biotech independent and intact
with the other molecules in its portfolio. The bio-
tech generally receives (1) an upfront licensing
fee upon transfer of rights to the pharma; (2)
future milestone payments when the molecule
reaches certain prespecified events, such as the
start of a phase 3 trial or the filing of an NDA or
BLA with the FDA; and (3) royalties as a per-
centage of future sales achieved by the pharma.

As an example of this theme, Novartis in
early 2021 licensed BeiGene’s tislelizumab, an
anti-PD-1 monoclonal antibody approved in
China in 2019, after the clinical failure of
Novartis’s own immune checkpoint inhibitor
spartalizumab in a phase 3 trial in melanoma.
Novartis obtained the commercial rights to
tislelizumab in major markets outside China,
including the United States, Europe, and Japan,
in return for an upfront payment of $650M and
up to $1.55B in future milestones to BeiGene.
While the upfront licensing payment was siz-
able for most industries other than biopharma, it
was relatively modest for an approved biologi-
cal drug for cancer. Likely this resulted because
the landscape of FDA-approved immunomodu-
latory agents was already dotted with estab-
lished monoclonal antibodies such as
ipilimumab (2011), nivolumab (2014), pembro-

lizumab (2014), atezolizumab (2016), avelumab
(2017), durvalumab (2017), and cemiplimab
(2018). Thus, the commercial potential of tislel-
izumab in Novartis’s hands was limited.

A second mechanism is a collaboration in
which the pharma and biotech agree to work
together to develop the molecule through late-
stage trials and registration. Upon regulatory
approval, the sales and marketing of the new drug
will be shared between the two partners. A com-
mon way to divide the future revenues is to split
the geographic rights for sales and marketing.
For example, the biotech retains commercial
responsibilities and revenues in the United States
while the global pharma gains that for Europe
and the rest of the world. This type of business
arrangement is preferred by biotechs that wish to
transform themselves from a pure R&D organi-
zation to a vertically integrated mini-pharma with
both R&D and sales and marketing capabilities.
The advantage of this strategy, and one taken by
Amgen and Genentech, is that the biotech main-
tains control over its future sales revenues which
can be much larger than a percentage royalty of
the pharma’s sales in the first example. Another
advantage to the biotech is that it retains its cor-
porate independence while receiving an infusion
of cash or resource investment and assistance
from the pharma to complete late phase clinical
trials that can be large, lengthy, and expensive.

A recent example of this type of R&D arrange-
ment is AstraZeneca’s 2020 collaboration with
Accent Therapeutics on the latter’s discovery-
stage molecules targeting RNA-modifying pro-
teins for the treatment of cancer. Under the terms
of their agreement, Accent is responsible for
R&D activities for a predetermined preclinical
program through to the end of phase 1 clinical
trials. AstraZeneca will then lead development
and commercialization activities from phase 2
onward with Accent retaining an option to jointly
develop and commercialize the molecule with
AstraZeneca in the United States. AstraZeneca
will also have the exclusive option to license
worldwide rights to two additional programs that
will be prosecuted by Accent through the preclin-
ical stage. In return Accent received an upfront
payment of $55M and can receive up to $1.1B in
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additional success-based payments across all
three programs in the form of option fees and
milestone payments, as well as royalties on future
sales.

The final mechanism is acquisition or the out-
right purchase of the biotech by the pharma
which by definition transfers the rights for the
biotech’s entire portfolio of molecules to the
pharma. This swallowing whole of the biotech
also results in the transfer of all the biotech’s
physical assets (labs, equipment, buildings), peo-
ple, and remaining cash to the pharma. Although
there are instances when the biotech’s staff are
retained by the pharma, more often than not many
if not most of the biotech’s employees move onto
other companies, whether by their own choice or
their new employer’s. The driver for most biotech
acquisitions is its assets (molecules and intellec-
tual property) rather than its people. A relevant
example to the contrary is Eli Lilly’s $8.0B
acquisition of Loxo Oncology in 2019 for the lat-
ter’s Vitrakvi® (larotrectinib), a TRK inhibitor
that had recently received FDA approval for
adults and children with solid tumors having a
neurotrophic receptor tyrosine kinase gene
fusion, along with LOX0O-292, a RET kinase
inhibitor, and LOXO0O-305, a BTK inhibitor. In
this case, many of Loxo’s employees were
retained at Lilly including Loxo’s CEO, Josh
Bilenker, who later assumed leadership of Lilly’s
oncology R&D franchise.

There are countless variations of pharma/bio-
tech in-licenses, collaborations, and acquisitions
that are beyond the scope of this high-level over-
view. The aforementioned examples are repre-
sentative but not meant to be comprehensive for
all of the different business arrangements that can
be made when pharma and biotech work together
to create and develop innovative new medicines.

An acquisition of a company or in-license of
several investigational molecules from a bio-
tech’s portfolio may yield unexpected value from
molecules that were not perceived originally as
the value driver. In 2009, Bristol Myers Squibb
(BMS) acquired Medarex for $2.1B. In its press
release announcing the purchase, BMS touted
that it was gaining full ownership and rights to
ipilimumab, an anti-CTLA-4 monoclonal anti-

body in phase 3 trials at the time, rights to ten
additional  clinical-stage  antibodies, and
Medarex’s fully human antibody technology
platform. At the time, the most prized asset of
this transaction was ipilimumab which became
the first immune checkpoint inhibitor approved
for cancer treatment. However, by 2019, Yervoy®
(ipilimumab) generated sales of $1.5B for BMS,
while Opdivo® (nivolumab), an anti-PD-1 mono-
clonal that turned out to be one of the hidden
gems in the ten other Medarex antibodies that
BMS acquired in 2009, generated sales of
$8.1B. The Medarex acquisition proved to be
highly valuable for BMS not only financially but
by paving the way for its becoming a leading
pharma in the area of immuno-oncology with
nivolumab ultimately becoming the unantici-
pated jewel of this acquisition.

One consequence of pharma’s strategy of
sourcing candidate molecules from biotech is
that the size and scope of large pharma R&D
groups have been steadily reduced over the past
two decades as large pharmas have increasingly
turned to biotech to discover the molecules in
their pipelines. The initial layoffs or “reductions
in force” in R&D generally involved the biolo-
gists, chemists, and pharmacologists within large
pharma laboratory discovery groups charged
with identifying and characterizing molecules
that would be brought to a first-in-human clinical
trial. Then large pharma clinical pharmacology
groups that conducted phase 1 studies in healthy
volunteers were downsized or eliminated along
with the hospital-based clinical pharmacology
units that many pharmas owned and operated in
the past. For example, GSK in 2002 had three
clinical pharmacology units (Philadelphia, PA;
Cambridge, UK; Sydney, Australia) that per-
formed healthy volunteer phase 1 studies on the
company’s portfolio. By 2020, only the
Addenbrooke’s Hospital site in Cambridge
remained operative as the others were closed or
sold to contract research organizations (CROs).
Finally, clinical scientists, in particular those
responsible for the planning and conduct of early
phase clinical trials in patients, were made redun-
dant as pharmas increasingly relied on biotechs
to generate early clinical trials data for them.
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Current Trends
in Pharmaceutical R&D

7.4

Although successful R&D has powered scientific
innovation and financial success in the pharma-
ceutical industry for decades, there has been
increasing concern about declining R&D produc-
tivity since the late 1990s. This is so despite con-
sistent rising annual investment. For example,
R&D spending by the pharmaceutical industry
totaled $186B globally in 2019 compared with
$136B in 2012 (Mikulic 2020). As evidenced
above with Merck, it is common for a large
pharma to spend several billion dollars each year
on R&D. Moreover, R&D productivity as
reflected by the simple (but simplistically flawed)
ratio of total R&D annual expenses of a pharma
divided by its number of new molecular entities
(NMEs) approved has resulted in a steady
increase of this already shockingly high bench-
mark. For example, in the 1990s this calculated
metric was generally accepted as $1B per NME,
but more recent analyses have determined this to
be as much as $5B per NME for large pharmas
(Harper 2013). Beyond expenditures, R&D pro-
ductivity loss can also be reflected in employees
and time. A typical large pharma company may
employ tens of thousands of scientists and sup-
port staff at multiple research campuses around
the world. The road to getting a new drug
approved from the time of its first discovery in
the lab is inordinately long, averaging 14 years
(Paul et al. 2010) compared to product develop-
ment cycles as short as a few months in other
industries such as high tech and software.
Finally, “attrition” or the sequential reduction
in the size of a pharma’s R&D portfolio resulting
from project failures due to insufficient efficacy,
unacceptable toxicity, technical challenges of
manufacture, or changes in the competitive land-
scape is an inescapable consequence of the high-
risk nature of pharmaceutical R&D. In an analysis
of 4451 drugs from 835 companies in clinical
development from 2003 to 2011, the aggregate
probability of successfully turning a phase 1 mol-
ecule into an approved drug is only 10.4% (Hay
et al. 2014). All of these factors have contributed
to the leadership and investors of large pharmas
questioning the traditional model of pharmaceu-

tical R&D in which a large pharma is staffed with
a stable of the best scientists, performs cutting-
edge R&D inside the company, generates its own
intellectual property (IP), and successfully drives
regulatory approval of innovative first-to-market
or best-in-class medicines.

In response, large pharmas have faced the
challenge of declining R&D productivity by
reducing their internal R&D budgets and staffing
while seeking creative methods of conducting
R&D. These may be categorized into three pri-
mary strategies: “open innovation’’; restructuring
to create smaller entrepreneurial R&D units; and
virtualization/outsourcing.

7.4.1 Openinnovation

Led by Chief Scientific Officer Paul Stoffels
(Mullard 2013), Janssen, the pharmaceutical arm
of Johnson & Johnson, has pushed the concept of
“open innovation” since the mid-2000s with a
variety of R&D initiatives designed to grow
Janssen’s commercial product lines (Wang 2009).
Janssen studiously avoids the “not-invented-
here” syndrome that resides in many pharma
R&D organizations. Its historically poor produc-
tivity from its internal drug discovery apparatus
(excepting for its Centocor unit) may be one rea-
son for Janssen’s embrace of open innovation.
Over the past two decades, Janssen’s oncology
unit has been arguably more successful than its
peers at in-licensing or partnering molecules dis-
covered by much smaller biotechs. For example,
its 2020 commercial product line for oncology
includes treatments for myeloma (Darzalex®
[daratumumab], Velcade® [bortezomib]), pros-
tate cancer (Zytiga® [abiraterone], Erleada®
[apalutamide]), lymphoma/leukemia (Imbruvica®
[ibrutinib]), ovarian cancer (Doxil® [liposomal
doxorubicin]), sarcoma (Yondelis® [trabecte-
din]), Castleman’s disease (Sylvant® [siltux-
imab]), and bladder cancer (Balversa®
[erdafitinib]). Of note, all of these except for
Sylvant® and Balversa® are molecules discovered
by biotech companies who partnered with or
were bought outright by Janssen. Nevertheless,
Janssen maintains large research campuses
replete with scientists and labs in the United



7 The Pharma/Biotech Model for Drug Development: Implications for Pediatric Cancer Therapeutics 101

States, the United Kingdom, Belgium, the
Netherlands, France, Spain, and Switzerland.
Janssen has also aggressively advanced the
concept of “innovation centers” as globally
located life science hubs situated to capture
externally derived ideas and technology that can
eventually become Janssen products of the future
(Robaczewska et al. 2019). Located in San
Francisco, Boston, London, and Shanghai, these
centers provide laboratory and office space to
entrepreneurial scientists to nurture collabora-
tions between them and co-located Janssen scien-
tific and business staff who can follow their
technology as it develops and be ready to execute
licensing or partnership deals to advance these
programs for the benefit of both parties.

7.4.2 Small Entrepreneurial Units

GlaxoSmithKline took the approach of restruc-
turing its R&D organization into smaller units to
emulate the entrepreneurial risk-taking, auton-
omy, and ownership spirit characteristic of
smaller biotechs, but absent from large pharma.
In 2001, then Chairman of R&D Tachi Yamada
decentralized GSK’s R&D organization to create
six “Centres of Excellence for Drug Discovery”
(CEDDs) (Huckman and Strick 2005). These
CEDDs were charged with discovering new drug
candidates within targeted therapeutic areas and
taking their molecules through phase 2 “proof-
of-concept” (PoC) clinical trials. CEDDs, com-
prised of medicinal chemists, biologists,
pharmacologists, toxicologists, and physicians,
could number no more than 350 to operate nim-
bly and autonomously from that of the rest of
GSK R&D. Their limited size and multidisci-
plinary integration were designed to remove the
bureaucratic layers and processes that frequently
strangle scientific innovation in the traditional
centralized “command and control” R&D units
typical of large pharmas (Naik 2003).

Yamada’s rationale was that the critical bottle-
neck to pharma R&D productivity was the scar-
city of molecules that successfully demonstrate
clinical PoC and advance to large phase 3 regis-
trational trials. By freeing up the scientists and
physicians who conduct discovery and early clin-

ical development (phase 1 and phase 2A trials),
GSK hoped to see a dramatic increase in mole-
cules that advance to late development. In hind-
sight, the CEDD experiment was a mixed success.
Led initially by Allen Oliff (Whalen 2006),
GSK’s Oncology CEDD in just 5 years generated
several molecules that achieved PoC and were
eventually approved by FDA and European regu-
lators. These included the erbB2 kinase inhibitor
Tykerb® (lapatinib), VEGF receptor kinase inhib-
itor Votrient® (pazopanib), thrombopoietin recep-
tor agonist Promacta® (eltrombopag), B-Raf
kinase inhibitor Tafinlar® (dabrafenib), MEK
inhibitor Mekinist® (trametinib), and the prolyl
hydroxylase inhibitor Duvroq® (daprodustat).
Together these products account for nearly $4B
in sales revenues in 2020 (Novartis 2020).

However, many of GSK’s other CEDDs did
not come close to achieving this same degree of
success as judged by the number and quality of
clinical PoCs. In hindsight, there were several
reasons for the variable output between different
CEDDs. For example, the psychiatry and cardio-
vascular CEDDs were working in areas where
scientific advances at that time did not reliably
translate into successful drug discovery pro-
grams—not just at GSK but throughout the
industry. Another differentiating factor was the
degree to which the heads of each CEDD mani-
fest the triumvirate leadership requisites of scien-
tific insight, experimental creativity, and
out-of-the-box thinking that proved to be the
critical determinants of success.

In a further effort to mimic start-up biotechs,
GSK R&D under Patrick Vallance extended the
“smaller-is-better” approach in 2008 and replaced
the CEDDs with Discovery Performance Units
(DPU) (Vallance 2010). These much smaller
groups of only 50-60 scientists still covered the
same disciplines—biology, chemistry, and clini-
cal research—as the CEDDs but were even more
narrowly focused. For example, instead of being
responsible for an entire therapeutic area, e.g.,
oncology, a DPU worked solely in one area of
disease biology, e.g., cancer epigenetics. In retro-
spect, this experiment was a dismal failure, and
GSK’s oncology R&D productivity declined dra-
matically over the next several years. The inher-
ent advantages of vast scientific and technological
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resources that large pharmas can bring to bear on
novel drug discovery were partitioned into too
many small and ineffectual groups with each
competing against the others for the same pot of
resources rather than working collaboratively.
Moreover, the breadth of a typical large pharma
therapeutic area portfolio consisting of 10-20
programs running simultaneously allows for
projects deserving to be abandoned to be termi-
nated thus freeing people and budget to be rede-
ployed onto other projects that are progressing
more favorably. The DPUs were so small that
they could run only a few projects at a time such
that to give up on any single project could result
in the dissolution of the DPU and unemployment
for its members (Torsoli 2011). Lastly, the DPUs
did not and could not incentivize GSK research-
ers with the same opportunity for substantial
individual wealth creation through equity that
scientists in real biotechs can experience through
an IPO or bringing a drug to market. Thus, GSK
R&D could not be transformed into a biotech
simply by replicating the staffing and portfolio
size of a start-up. The DPU experiment ended in
2017 when GSK disbanded the DPUs, signifi-
cantly trimmed its R&D portfolio by 30 pro-
grams, and restructured itself back to a more
typical R&D organization (Pagliarulo 2017).

7.4.3 Virtualization
and Outsourcing

Another major evolution in how pharma and bio-
tech conduct discovery and development to create
innovative new medicines while reducing R&D
expenditures is to outsource R&D activities that
were previously performed within their own walls
(Schuhmacher et al. 2016). This strategy results in
lower fixed costs to the pharma or biotech in the
form of fewer R&D employees, lower capital
investment on R&D, and fewer, smaller, or even
no research campuses. Pharmas began the trend of
outsourcing their synthetic chemistry activities to
specialty chemistry companies in the 1990s as a
way to expand their capacity for discovery research
without having to hire additional staff and open
new laboratories. Synthetic chemistry was consid-

ered to be straightforward to do and required less
scientific creativity than medicinal chemistry
which remained a prized discipline within pharma
and was retained as an in-house function. When
that proved to be successful, pharmas began exper-
imenting with outsourcing medicinal chemistry in
the early 2000s mostly as a means of expanding
their throughput but now with the added goal of
reducing R&D costs. Whereas a team of 15-20
medicinal chemists might have worked on a single
discovery program in the past, it was now run
instead by 2 or 3 internal chemists directing a team
of medicinal chemists at one or more chemistry
CROs. It proved far more cost-effective to hire a
contingent of medicinal chemists at a CRO, espe-
cially when that CRO was located in a lower-cost
country such as China or India, to do what was
previously conducted solely by a pharma’s own
chemists. This industry-wide practice led to a pro-
liferation of CROs such as Charles River
Laboratories, WuXi AppTec, Evotec, Covance,
and countless others that can perform virtually any
R&D activity needed by pharmas and biotechs.
These R&D activities range from chemistry to
biology to animal toxicology to biopharmaceutical
processing to clinical trials support to biostatistics
and data management to regulatory affairs. The list
is endless.

The outsourcing of a myriad of pharma R&D
functions continues to grow in large part because
outsourcing expenditures do not entail long-term
budgetary commitments and can be flexed from
year to year unlike R&D spends for internal head-
count and research campuses which are generally
fixed over time. Pressured by its investors, large
pharmas have been willing to reduce their R&D
headcount and physical footprint to improve the
bottom line while maintaining or even increasing
total R&D spends through outsourcing. For exam-
ple, in 2005 GSK’s R&D organization consisted of
14,963 employees which represented 15% of its
total global workforce (GlaxoSmithKline 2005).
By 2017, GSK’s R&D staffing was reduced
to 11,576 or 11.6% of its total workforce
(GlaxoSmithKline 2017). By contrast, GSK’s R&D
spending during this period was relatively stable at
$5.71B (£3.13B) in 2005 compared with $5.77B
(£4.47B) in 2017.
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Eli Lilly took a very innovative and radical
approach to outsourcing when it virtualized an
entire segment of its development portfolio. In
2002, it created the Chorus unit, a small, opera-
tionally independent clinical development orga-
nization that was separate from the rest of its
sizable R&D organization (Owens et al. 2015).
Chorus focused strictly on advancing molecules
from late preclinical stages (roughly 1 year from
entry into phase 1 trials) through clinical proof of
concept which was typically a phase 2A trial.
Chorus’s mission was to achieve proof of concept
rapidly and at a low cost using a “quick-win, fail-
fast” model. Successful projects from Chorus
would then return to the larger Lilly clinical
development organization to complete late-stage
(phase 2B or 3) clinical trials. At its peak, Chorus
was able to sustain a portfolio of 15-17 active
projects with approximately 40 full-time staff
members who were selected for being experi-
enced drug developers. This small group utilized
an extensive network of CROs and other external
vendors to design and implement activities in
biology, preclinical toxicology, manufacturing,
and phase 1 and 2 clinical trials in a diverse range
of therapeutic areas including neuroscience,
endocrine, inflammatory, oncologic, and cardio-
vascular diseases. From 2002 through 2012, the
Chorus group prosecuted 41 molecules ranging
from small molecules, synthetic peptides, engi-
neered proteins, and monoclonal antibodies that
originated from Lilly’s discovery research. Of 35
molecules that completed clinical development
within Chorus, 8 (23%) reached a positive out-
come consisting of 5 that demonstrated a positive
proof of mechanism and 3 that provided evidence
of PoC. Although not an apples-to-apples com-
parison, the progression of a molecule to a phase
2A decision point by the Chorus approach was
estimated on average to be faster and cheaper
(28 months, $6.3M/molecule) than a more tradi-
tional large pharma approach to arrive at phase
2B decision (48 months, $42M/molecule).

In contrast to large pharma, biotechs, espe-
cially start-up or early-stage ones, do not have an
option and must outsource its R&D liberally.
Absent the armies of scientists and acres of labo-
ratories that reside within large pharma, biotechs

must conduct their laboratory and clinical research
mostly, if not entirely, through CROs and their
drug manufacturing through contract manufactur-
ing organizations (CMOs). The voracious appe-
tite from both large pharmas and biotechs for
CROs and CMOs to conduct pharmaceutical
R&D has resulted in their global revenues reach-
ing $39B in 2018 with expected growth to $44B
in 2021. This insatiable demand for their services
is reflected by growth both in the number and
organizational size of CROs and CMOs. In the
areas of preclinical biology and medicinal chem-
istry, two of the leading CROs are Charles River
Laboratories ($2.6B revenues in 2019, 17,000
employees) and WuXi AppTec ($1.8B revenues in
2019, 21,000 scientists). Catalent ($2.5B reve-
nues in 2019, 15,000 employees) and Lonza
($6.6B revenues in 2019 15,000 employees) rep-
resent the largest CMOs in the areas of small mol-
ecules and biologicals, respectively.

Due to many clinical trials having substan-
tial logistical complexity, worldwide reach, and
requisite adherence to regulatory requirements,
CROs that primarily support clinical develop-
ment can be multinational enterprises with
broad therapeutic area capabilities like Covance
($11.5B in 2019 revenues, >75,000 employees)
or IQVIA ($11.1B in 2019 revenues, >67,000
employees). Frequently these large CROs are
favored by large pharma that must conduct
phase 3 clinical trials involving thousands of
subjects across many continents. Biotechs,
however, frequently prefer to work with mid-
sized clinical CROs like Medpace ($861M in
2019 revenues, 2500 employees) or small
regional companies like Quotient Sciences
(2019: $138M in revenues, 850 employees) that
focus on therapeutic areas such as oncology or
specialty disciplines like clinical pharmacology
and formulation development.

7.5 Implications for Pediatric

Cancer Therapeutics

Given that large pharma and biotechs have R&D
infrastructures that have a track record for scien-
tific successes, especially in oncology, over sev-
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eral decades and have grown dramatically as an
industry, it is reasonable to ask why the discovery
and development of novel medicines to treat pedi-
atric cancers have not paralleled that of adult
malignancies. A retrospective review of FDA
approvals over a prior 20-year period through
2002 revealed a striking paucity of New Drug
Application submissions for pediatric cancer indi-
cations (Hirschfeld et al. 2003). In fact, of over
100 drugs approved by the FDA at that time for
the treatment of cancer, only 15 had any pediatric
use information in their labeling with the majority
of these drugs having been approved in the 1950s
and 1960s. Furthermore, from 1979 to 1997, there
were only six NDA or BLA submissions to the
FDA for pediatric oncology indications of which
just three received regulatory approvals.

The number of new drugs and biologics
approved for use in childhood cancers, usually in
concert with an approval for an adult malignancy
but occasionally without a parallel adult indica-
tion, has without question improved since 2005.
For example, since 2015, dinutuximab beta was
approved for high-risk neuroblastoma, blinatu-
momab and tisagenlecleucel were approved for
both adult and pediatric B-cell precursor acute
lymphoblastic leukemia (ALL), and larotrectinib
was approved for any adult or pediatric solid
tumor having an NTRK gene fusion. However,
there remains a substantial disparity in R&D
activities and regulatory submissions and approv-
als from the biopharmaceutical industry when it
comes to pediatric vs. adult oncology. There are
many systemic reasons for the relative inattention
by industry to pediatric cancer therapeutics.

The first and foremost reason is the projected
financial return on investment. Both VCs when
making their decisions to invest in start-up and
early-stage companies and large pharma when
determining which programs within its R&D
portfolios to continue funding closely evaluate
and model the commercial potential for every
investigational drug. At its simplest distillation,
these decisions are driven by a few key variables.
First is the epidemiology, in particular the inci-
dence, of the disease in question since that pro-
vides the number of new patients with the disease
who may be prescribed the drug. Second is how

long a patient will take the drug since the revenue
from a drug taken for a few days like an antibiotic
is far less than one taken indefinitely for a chronic
condition like rheumatoid arthritis. And third is
the price that the payors will agree to pay for the
new drug. New drug pricing frequently reduces
down to “what the market will bear”” based on the
competitive landscape of other drugs used to treat
the disease, the therapeutic advance offered by
the new drug, and once again the number of
patients involved. All of these factors are quanti-
fied and placed into financial models that gener-
ate a net present value calculation that represents
the profitability of the R&D investment based on
what needs to be spent to get the drug to market
vs. the future projected revenues of the new drug.

The critical limitation for pediatric cancers
is their far lower disease incidence compared to
commonly occurring adult cancers. For exam-
ple, the American Cancer Society estimates that
the annual US incidence of osteosarcoma and
pediatric AML is only 1000 and 750, respec-
tively. Even pediatric ALL, the most common
childhood cancer, has an annual US incidence
of only 2400. Compared to lung cancer and
breast cancer with their respective US inci-
dences of >235,000 and >281,000, respectively,
it becomes obvious why adult cancers have
been and remain the focus of VCs and large
pharma when it comes to R&D investment
decisions. Recall that the high-risk, high-
reward strategy of VCs demands a projected
10- to 50-fold return on investment. This fur-
ther underscores that childhood cancers with
relatively small numbers of patients are severely
disadvantaged when it comes to VC funding to
create a start-up biotech or for a large pharma
to invest in a discovery program that is 10 years
or more from arriving at the FDA as an NDA or
BLA submission.

The competition for R&D investment dollars
extends beyond the decision to initiate a pediatric
program but persists through the program’s life in
R&D. For example, Epizyme was advancing taze-
metostat, an EZH?2 inhibitor, in clinical trials tar-
geting both follicular lymphoma, a common adult
cancer, and atypical teratoid rhabdoid tumor
(ATRT), a rare pediatric brain tumor. The clinical
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program reached the point of needing R&D invest-
ment to develop an approvable liquid oral formula-
tion since infants and toddlers are diagnosed with
ATRT. Upon learning the cost of creating an oral
suspension for tazemetostat, Epizyme’s chief
operating officer not only proposed stopping the
formulation work but also all pediatric trials
because the return on ATRT paled in comparison
to follicular lymphoma, a more lucrative adult
indication. When questioned about the ethics of
potentially depriving children of a new drug for
this rare cancer, he offered to “just give away” the
adult-sized tablets after the drug would be
approved for lymphoma and leave pharmacists to
crush the pills for children’s use. While this
extreme example is not representative of the ethics
within the biopharmaceutical industry as a whole,
it does highlight the significant disincentives for
long-term investment needed to successfully dis-
cover and develop a drug for childhood cancers
within the current industry environment that
emphasizes financial performance and returns.

It has long been recognized by regulators that
inducements to the biopharmaceutical industry
can be important to the development of pediatric
therapeutics for all therapeutic areas, not just in
oncology. A variety of regulatory “carrots” and
“sticks” have been put into place with varying
levels of effectiveness. Pediatric exclusivity and
the Rare Pediatric Disease Priority Review
Voucher are two of the more successful incen-
tives instituted through the FDA. In 1997,
Congress enacted the Food and Drug
Administration Modernization Act which
included a provision for pediatric exclusivity
intended to encourage pharma sponsors through
the provision of financial incentives to conduct
clinical trials in children. The law provided for
6 months of additional marketing exclusivity to
be added to existing patent life for an approved
drug. Thus, a pharmaceutical sponsor that per-
formed clinical studies in children in accordance
with specific FDA requests could gain a longer
period of sales as the entry of generic competi-
tion following the expiry of its patent protection
would be delayed by one-half year.

The Rare Pediatric Disease Priority Review
Voucher was created by FDA in 2012 and is

closely modeled off a predecessor voucher pro-
gram that covered tropical diseases. Importantly,
a pediatric voucher obtained by a pharma or bio-
tech sponsor for its candidate drug for a rare
childhood disease can then be transferred (sold)
to another, usually large pharma, sponsor. The
buyer of a pediatric voucher whose drug has
nothing to do with pediatric therapeutics can then
receive a 6-month priority review by FDA for
their NDA or BLA. A priority review by FDA
that results in regulatory approval facilitates the
drug reaching the market faster to generate
greater sales revenues during its patent life.
Pharmas quickly recognized the commercial
value of these vouchers. The first-ever pediatric
voucher was awarded in 2014 and purchased by
Sanofi and Regeneron for $67M and used for the
approval of Praluent® (alirocumab), a monoclo-
nal antibody for adults with cardiovascular dis-
ease. In August 2015, AbbVie paid $350M for a
pediatric voucher that it used to accelerate the
approval of Rinvoq® (upadacitinib), a Janus
kinase inhibitor for adults with rheumatoid arthri-
tis. Since that time, the purchase price for rare
pediatric disease vouchers has generally aver-

aged $100M.
Finally, alternative models from within the
biopharmaceutical industry have recently

emerged that may provide innovative avenues to
discover and develop novel drugs for children
with cancer. In particular, three start-up bio-
techs—Day One Biopharmaceuticals, Oncoheroes
Biosciences, and M4K Pharma—are deserving of
mention. In aggregate these three companies have
taken a mix of approaches to building an internal
pipeline of drugs aimed at pediatric oncology
indications. One focuses on licensing molecules
already studied by large pharma in clinical trials
for one or more primarily adult tumors and
“repurposing” the molecule instead for treatment
against a pediatric tumor. Another takes the more
traditional path conducting discovery research to
identify and optimize molecules created in the
laboratory specifically for pediatric cancers of
interest. A third is attempting to execute both of
these strategies in parallel.

Day One Biopharmaceuticals, based in South
San Francisco, launched in 2020 with a $60M
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Series A investment. Its first molecule, DAY 101,
is a brain-penetrant pan-RAF kinase inhibitor
from Sunesis Pharma, previously licensed to
Takeda Pharmaceutical Company, that Day One
is developing as a targeted treatment for children
with low-grade gliomas harboring wild-type
BRAF fusion proteins. Under Takeda, this mole-
cule had been tested in over 200 adults with mel-
anoma, glioma, and other solid tumors at the time
of licensing. In 2021, Day One raised another
$130M in a Series B round and licensed pimaser-
tib and MSC2015103B, both allosteric inhibitors
of MEK1/2, a key enzyme in the MAPK signal-
ing pathway, from Merck KGaA. Pimasertib had
been studied in over ten phase 1 and phase 2
clinical trials in approximately 900 cancer
patients by Merck KGaA. Day One has disclosed
that it intends to conduct combination develop-
ment of DAY 101 with pimasertib.

Based in Toronto, M4K Pharma is eschewing
in-licensing and instead undertaking a robust
medicinal chemistry approach to discover its own
molecules for children with diffuse intrinsic pon-
tine glioma, a highly lethal and devastating brain
tumor of early childhood. Unlike Day One and
Oncoheroes, M4K Pharma does not have any VC
investment nor does it ever intend to. Instead,
M4K which started in 2017 is wholly owned by a
charity, the Agora Open Science Trust. M4K is
predicated on using the principles of “open sci-
ence” to revolutionize how affordable new treat-
ments are discovered and developed. In this case,
open science for M4K means that it is committed
to not restricting access to its research by filing
patents, instead freely sharing the scientific
knowledge derived from its programs. In fact,
MA4K records its bimonthly research project team
meetings and loads it onto YouTube for anyone
with an interest to view in their entirety. M4K’s
discovery research occurs at academic and gov-
ernment laboratories, such as McGill University,
the Institute of Cancer Research in England,
Canada’s Ontario Institute for Cancer Research,
and many others. In addition, CROs like Charles
River Laboratories perform research activities for
M4K without charge as a charitable in-kind ser-
vice. By taking this approach and with an initial
funding of less than $3M, M4K has been able to

identify five potential lead ALK2 inhibitor mole-
cules as it advances through preclinical
development.

Oncoheroes Biosciences, started in 2017 and
based in Boston and Barcelona, is taking a dual
approach of both repurposing existing clinical
molecules that it licenses and conducting drug
discovery to bring forth its own original mole-
cules. For repurposing, Oncoheroes in 2019
licensed Boehringer Ingelheim’s volasertib, a
polo-like kinase 1 (PLK1) inhibitor, that had
failed to demonstrate sufficient clinical efficacy
in combination with low-dose cytarabine in an
earlier phase 3 trial in elderly adults with AML
(Dohner et al. 2016). However, based on PLK1’s
involvement in stabilizing PAX3/7-FOXOI, a
chimeric oncoprotein implicated in rhabdomyo-
sarcoma, Oncoheroes is pursuing the clinical
development of volasertib in children with this
soft tissue sarcoma. In 2020, Oncoheroes received
Rare Pediatric Disease Designation from the
FDA. This would qualify Oncoheroes to receive a
priority review voucher should volasertib be
approved thus allowing it to further monetize its
R&D investment in volasertib by selling the
voucher as described above. On the drug discov-
ery front, Oncoheroes is utilizing a synthetic
lethality approach in an attempt to identify a pre-
clinical molecule or combination of molecules
for high-risk pediatric medulloblastoma with
MYC gene amplification.

Day One Biopharmaceuticals, Oncoheroes
Biosciences, and M4K Pharma are all too early in
their respective gestations as biotechs to have
reached the goal that they all seek, namely, the
successful clinical development and regulatory
approval of a novel medicine for pediatric cancer.
The strategy of repurposing molecules for indica-
tions other than the one originally intended has
occasionally succeeded, e.g., Viagra was first
developed for cardiac-related chest pain, but
more often than not, this strategy has failed. At
the same time, discovering a molecule from
scratch is a long, arduous process that in most
cases never yields a molecule that even enters
into clinical trials. Nevertheless, given the sub-
stantial hurdles described above that make pedi-
atric oncology the poor and neglected stepchild
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of adult malignancies when it comes to attention,
investment, and resources from large pharma and
biotech, the paths taken by these three innovative
biotechs bring hope that atypical avenues may
yet be found to stimulate the development of
novel and better treatments for children with
cancer.
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8.1 Introduction
Clinical research organizations (CROs) are inde-
pendent companies that assist sponsors such as
pharmaceutical, biotechnology, medical device
companies, as well as universities and research
organizations by providing trial management ser-
vices outsourced by the sponsor under a contrac-
tual agreement (Gad et al. 2020a, b; Masri et al.
2012). CROs may also be referred to as contract
service organization (CSO) or pharmaceutical
development organizations. CROs can be traced
back to the 1940s and 1950s with founding of
companies such as Charles River Laboratories
and Huntingdon Life Sciences that provided
animals for testing or conducted the testing
themselves (Serota 2020a). However, with the
increased regulations for pharmaceutical testing
of compounds, CROs began to evolve and now
serve as a cornerstone of research, supporting
sponsors in full-service offerings in the early
stages of development through commercializa-
tion through the outsourcing of services from the
sponsor to the CRO. While sponsors retain
responsibility for the conduct of clinical trials,
CROs have the ability to provide the essential
support services necessary to conduct the trials.
The outsourcing of trial-related duties is
largely driven by the need of sponsors to have
access to clinical trial staff, trial sites, their gener-
ated data, and efficient processes in conducting
clinical trials, thereby reducing costs (Rettig
2000; Landhuis 2018; Rose 2008). Specifically,
the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for
Human Use defines a CRO as “a person or an
organization (commercial, academic, or other)
contracted by the sponsor to perform one or more
of a sponsor’s trial-related duties and functions”
(Sfera and Sauber 2019a). This same organization
also maintains that although the sponsor may del-
egate trial-related duties and functions to other
entities such as CROs, the sponsor is required to
ensure oversight of trial-related duties and func-
tions including those that may be subcontracted to
another party by the sponsor’s contracted CRO.
Sponsors partner with CROs to further develop
a new drug or device from conception to regula-
tory approval more efficiently than if the sponsor

were to conduct the trial activities on their own
(Sfera and Sauber 2019a). With the increasing
complexity of the regulatory environment gov-
erning novel therapeutics such as advanced thera-
pies medicinal products, and cell and gene
therapies, CROs play an increasingly important
role in helping sponsors develop approval path-
ways for their drug or device.

Historically, larger pharmaceutical companies
conducted these research services internally.
However, over time, many of these companies
began to outsource these services to CROs who
maintain the appropriate trial personnel and over-
all functionality in order to increase efficiencies
and reduce costs of drug or device development
(Landhuis 2018). CROs may provide a variety of
research services including preclinical research,
clinical research, regulatory affairs, clinical trial
operations, clinical monitoring, medical monitor-
ing, data management, medical writing,
biostatistics, investigational product distribution/
tracking, and safety/pharmacovigilance (Gad et al.
2020c; Shih 2015). Larger CROs are likely to be
able to provide all these services in a full-service
model, while smaller CROs may only provide a
few areas, working with vendors to meet the spon-
sor’s other research needs. In fact, there are small
CROs that occupy niches in the research field such
as specific research functions, serve specific geo-
graphic areas, or focus on certain therapeutic areas
(Solarin et al. 2020; Gad et al. 2020d).

Some CROs offer additional services such as
central imaging review, clinical laboratory, elec-
trocardiogram (ECG) review, biorepositories,
and assay development. Centralized evaluation of
radiographic images or laboratory assays pro-
vides a uniform assessment of these endpoints,
minimizing variability introduced by using mul-
tiple sites.

CROs may be categorized by geographical
coverage, therapeutic area specialization, and
size. Some CROs have a global footprint to con-
duct international trials, while some smaller
CROs are limited to a specific country or region
of the world. CROs may be specialized in spe-
cific disease areas or in healthy volunteers. CROs
may be categorized by organization size: large,
mid-size, or small (Shih 2015). The size of the
CRO is also important not only in its ability to
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conduct a trial but also in how the CRO is able to
relate and meet the needs of the pharmaceutical
or biotechnology partner. Academic research
organizations (AROs) are similar to CROs in that
they fulfill a function in the conduct of clinical
trials; however, they are nonprofit entities and
more commonly collaborate with other AROs
(Reist et al. 2013).

Research and development is a large portion of
the corporate budget for the pharmaceutical and
biotechnology industry. Recently, sponsors (phar-
maceutical and biotechnology companies) have
been increasingly contracting with third-party
vendors such as CROs to perform certain aspects
of their research and development, largely to
remain profitable and competitive (Landhuis
2018; Buvailo 2020). This is also the result of
decreasing returns on late-stage pipeline products.
In 2016, for example, the returns for the top 12
pharmaceutical companies declined from 10.1%
in 2010 to 3.7% in 2016. In contrast, there were
over 1100 CROs internationally in 2013, with the
top 10 CROs controlling 57% of the market by
2018, a 12% increase from 2011 (Buvailo 2020).
A 2019 report stated that the global CRO industry
grew at 10% compound annual growth rate
(CAGR) with a projected increase to 12% by
2022 (Buvailo 2020). This is largely due to the
growth in the number of biotechnology compa-
nies and the number of research projects in the
pharmaceutical arena, combined with the number
of drug entities in development nearly doubling
from 7737 in 2007 to 15,267 in 2018 (Buvailo
2020). On average, large pharmaceutical compa-
nies outsource approximately 45% of their
research activities to CROs, while small- and
medium-sized organizations outsource up to 70%
of their activities with some emerging companies
outsourcing 90% (Buvailo 2020).

8.2 Business Development

Sponsors typically will issue to CROs a request
for proposal (RFP) when a new clinical trial is to
be initiated. The RFP includes a synopsis or com-
plete protocol (a road map for the trial) for the
research project and an outline of the specific
questions that the sponsor would like the CRO to

address in their written response (Gad et al.
2020b). A CRO’s response typically includes
comments on the research proposal, a description
of how the study would be operationalized, crite-
ria for site selection, the timelines for trial initia-
tion and conduct, and an estimated study budget
(Burks 2020). The sponsor reviews all CRO
responses and selects a small number of CROs
for an in-person or “virtual” meeting, which is
called a bid defense. During the bid defense, a
team of individuals from the CRO, each repre-
senting a specific area of specialization or func-
tion, “defends” the strategy of how the CRO
would execute the sponsor’s trial according to the
proposed clinical protocol (Rose 2008).

The sponsor may have already selected exter-
nal vendors, representing functions not provided
by the CRO. CRO team members may include a
regulatory affairs representative, who provides
advice in interactions with regulatory agencies; a
regulatory submissions person, who interacts
with institutional research boards (IRBs) and eth-
ics committees (EC); a project manager, who
oversees the research project; a data manager,
who oversees data collection, completeness, and
data integrity; a medical monitor, a physician
who provides medical advice and safety over-
sight; a safety manager, who oversees safety
parameters in the research project; and a biostat-
istician, who designs the statistical strategy of the
trial (Gad et al. 2020c).

A CROs budget proposal in the RFP response
provides the sponsor an estimate of the cost of
the research project, which will be important to
the sponsor’s leadership in prioritizing business
aims (Gad et al. 2020e). The trial budget typically
includes direct and indirect costs. Direct costs are
those required to conduct the trial. Indirect costs
are those costs that are passed on from sites and
other groups involved in the project to cover
expenses costs (e.g., expenses of paying site staff,
Institutional Review Board costs, visit proce-
dures, etc.). As the project progresses, it is not
uncommon that amendments to the project bud-
get are required. The CRO will address changes
to the contract through contract amendments.

Following the bid defense meeting, the spon-
sor will select a CRO to operationalize their proj-
ect based on the CRO’s experience, proposal and
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strategy, budget, and alignment with culture/abil-
ity to work together with the sponsor (Gad et al.
2020f; CREDEVO 2019). Once the sponsor
selects the CRO, the CRO and the sponsor will
agree on a final contract and budget for the proj-
ect, and the CRO generates a scope of work. The
scope of work is a document that identifies which
tasks of the project will be performed by the
CRO, the sponsor, another vendor, or some com-
bination of each. Ultimately, the sponsor is the
principal entity responsible for conducting the
research project appropriately.

8.2.1 CRO Team Members

A CRO functions as a team. Each member is
responsible for a component of the trial, always
working in close collaboration with the sponsor.
These team members include the following proj-
ect areas: regulatory affairs, study start-up, medi-
cal monitoring, project management, clinical
monitoring, data management, safety, and biosta-
tistics (we will review each of these areas in the
following paragraphs (Gad et al. 2020f). The
CRO may be responsible for these positions, or
the sponsor may select other vendors to fulfill
certain roles, such as biostatistics, data manage-
ment, or safety. Project managers are individuals
who oversee the trial and function as the central
point of communication between CRO team
members and the sponsor. Clinical research asso-
ciates (CRAs) are individuals who function as the
main communication liaison between the CRO,
sponsor, and the trial site. CRAs conduct the site
training and are the first line of contact from the
site in the event there are questions regarding the
protocol. CRAs also conduct monitoring visits of
the trial to ensure the data is complete and cap-
tured accurately by comparing source documents
(e.g., medical records) with the site’s database
entries (Serota 2020b; Sfera and Sauber 2019b).

8.2.2 Regulatory Affairs

Members of the regulatory affairs group provide
guidance and strategy to the sponsor on how to
proceed with drug or device development. This

advice is particularly important for small-to
medium-sized pharmaceutical companies or
small biotechnology companies who do not have
internal regulatory affairs teams. These team
members are able to assist the sponsor in navigat-
ing the regulatory environment by designing a
strategy for drug or device development, which
may include writing the Investigational New
Drug (IND) application (or equivalent), respond-
ing to regulatory agency (such as the Food and
Drug Administration (FDA)) inquiries, or attend-
ing meetings with the regulatory agency at the
sponsor’s request. Their advice is particularly
important for global trials, where more than one
regulatory agency is involved in trial review and
approval (FDA 2021).

8.2.3 Investigational New Drug
(IND)/Investigational Device

Exemption (IDE) Application

Human testing of a new drug cannot begin until
there is evidence that the drug product to be used
in humans is reasonably safe. This is called the
preclinical phase. The preclinical phase typically
takes 1-3 years, and the data collected from this
phase will be used to move to the IND phase of
the trial. The IND phase of the trial will collect
the data needed to support the use of the drug
product in humans. This phase can take up to
12 years to complete. If the sponsor wishes to
begin testing their drug product in humans, a for-
mal IND application is required. The IMD is a
similar application for testing medical devices in
humans (Babiarz and Pisano 2008).

8.2.4 FDA Meetings

Meetings with the FDA are conducted to review
sponsor protocols and provide proposals, provide
answers, and resolve scientific issues that impact
the development of a pharmaceutical product.
These meetings mark the beginning of determin-
ing if this product can move forward to the next
stage of investigation. There are several meetings
that are important in this process: pre-IND meet-
ing, end of phase 2 meetings, special protocol
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and ad hoc technical meetings, pre-New Drug
Application (NDA) meeting, advisory committee
meetings, and labeling meetings. The most
important characteristic to remember with all of
these meetings with the FDA is that all of these
meetings are serious and formal. All discussions
are scientific in nature with “scientist to scientist”
in many cases (Grignolo and Choe 2008).

8.2.5 Investigator’s Brochure (IB)

The Investigator’s Brochure (IB) is a compilation
of the clinical and nonclinical data on the investi-
gational product(s) that are relevant to the study
of the product(s) in human subjects. Its purpose
is to provide the investigators and others involved
in the trial with the information to facilitate their
understanding of the rationale for, and their com-
pliance with, many key features of the protocol,
such as the dose, dose frequency/interval, meth-
ods of administration, and safety monitoring pro-
cedures. The IB also provides insight to support
the clinical management of the study subjects
during the clinical trial. The information should
be presented in a concise, simple, objective, bal-
anced, and nonpromotional form that enables a
clinician, or potential investigator, to understand
it and make his/her own unbiased risk-benefit
assessment of the appropriateness of the pro-
posed trial. For this reason, a medically qualified
person should generally participate in the editing
of an IB, but the contents of the IB should be
approved by the disciplines that generated the
described data (Chiodin et al. 2019; Sfera and
Sauber 2019¢).

8.2.6 Annual Reporting

Under the IND, application sponsors are
expected to submit brief reports of the progress
of the investigations conducted under their
respective IND application within 60 days of the
anniversary date that the application went into
effect. Such reports are submitted annually
(Hamrell 2008).

8.2.7 Protocol Development
and Amendments

Some sponsors may provide a general protocol
synopsis outlining the study title; subject popula-
tion; planned number of subjects; background
and rationale; investigational product; dosing
regimen; duration of the study; eligibility crite-
ria; primary, secondary, and exploratory
objectives and their corresponding endpoints;
and statistical considerations. These synopses
may vary in the amount of detail available. The
sponsor may request the CRO to develop the for-
mal clinical trial document (protocol), which is
typically a collaboration between medical writ-
ers, the medical monitor, operations personnel,
and statisticians. The sponsor retains responsibil-
ity for the protocol development. Once the proto-
col is final, the sponsor provides approval.
Alternatively, some sponsors may have already
developed a protocol and request only that the
CRO provides comments on the protocol (Green
et al. 2012a).

If at any time the protocol requires changes
that impact trial conduction, patient safety, etc.,
an amendment to the protocol will be required.
The same quality control process will be
employed in the modification of the protocol to
ensure that the rights, safety, and well-being of
trial patients are not compromised. If immediate
altering of a protocol is required for patient
safety, then the sponsor can implement these
changes in advance of the protocol amendment
(Green et al. 2012a; Brody 2016a).

8.2.8 Feasibility

Feasibility is the process of confirming if a proto-
col strategy is possible and makes sense. The
conduction of a feasibility assessment is usually
one of the first steps in conducting the clinical
trial for the CRO (Spilker 2009a). The feasibility
analysis helps to identify any challenges a trial
could encounter and is critical in determining
which regions and sites will be considered for
trial participation. The CRO will often utilize
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multiple sources of information when conducting
the initial feasibility for a trial. Among these
materials is a critical review of the published
medical literature for the incidence of the disease
being studied as well as any geographic or demo-
graphic predisposition. Internal CRO databases
can also be important sources of information if
the CRO has experience in the disease under
investigation by the sponsor. External databases
are available by subscription and provide detailed
information on prior clinical trials (Rajadhyaksha
2010).

If the sponsor permits, sites can be contacted
to speak directly with principal investigators
about their opinions on the trial design and eligi-
bility criteria and to assess their interest in par-
ticipating in the trial. Contacting the PIs provides
the advantage to the CRO in the ability to gain an
understanding of the standard of care therapies at
potential sites, the availability of any specific
medications, the number and types of patients
treated at the site, competing clinical trials, and
the sites’ standards of care. These latter issues are
important in global trials since there may be sig-
nificant differences in medication availability and
standard of care therapies as well as the quality of
medical care available.

Using published, proprietary, and general
data, the CRO provides an estimate of the screen
failure rate for the subject population targeted by
the protocol. This requires an understanding of
the specific eligibility criteria regarding subjects
being approached for the protocol. Using the
screen failure rate, the CRO can provide an esti-
mate of the number of subjects with the disorder
being studied who will not be eligible to proceed
to the trial intervention. The CRO will identify
any pertinent eligibility criteria or trial design
factors that contribute to the screen failure rate,
allowing the sponsor to consider revisions to the
trial design, if appropriate.

Using similar data sources, the CRO will gen-
erate an enrollment rate for the trial, reported in
patients/site/month; aggregate values are calcu-
lated for each site and then for the entire trial.

CROs must have a knowledge about the com-
petitive landscape for the specific patient popula-
tion. This includes both standard of care options

and clinical trials in progress and in development.
The public website www.clinicaltrials.gov pro-
vides a starting point for this evaluation. These
values allow the CRO to provide an estimate for
the number of clinical sites and countries that are
required to complete the trial in a specific time
frame. The CRO is also able to provide various
scenarios to a sponsor so that the sponsor can
view different scenarios that have different num-
bers of sites and geographic areas, allowing a
comparison  of  timeline and  budget
considerations.

The importance of a solid feasibility investi-
gation cannot be underestimated as it will pro-
vide the approximate number of patients needed,
the number of sites needed to enroll the patients,
and the time required to enroll the trial. Timelines
are critically important for sponsors, and this can
affect their ability to obtain external funding
from investors and to adhere to their overall prod-
uct development budgets.

8.2.9 Study Start-Up

Following the conclusion of the site feasibility
assessment, the CRO and sponsor identify poten-
tial sites to be contacted for official selection for
trial participation. The CRA will contact the
potential sites to obtain information about the
site’s PI, their infrastructure, competitive trials
status, potential patient population, and their
ability to enroll the trial. In many cases, the CRA
will need to conduct an on-site evaluation of the
site under consideration for inclusion of the trial
to ensure the trial has the right infrastructure in
place to conduct the trial (Sfera and Sauber
2019b). For many CROs, if the site is well known
with recent study experience with the CRO, this
process can be waived and a phone assessment
conducted with the site. The CRO will provide
the site’s particular information to the sponsor for
review. Sites who meet all the criteria for trial
participation are considered qualified or selected.
Per regulations, the sponsor is required to for-
mally approve all trial sites for inclusion in the
trial. Once approved by the sponsor, the site will
begin the start-up activities.
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All sites participating in a clinical trial are
required to conduct trial activities according to
regulatory documents also known as “critical or
essential documents” (Sfera and Sauber 2019c;
FDA 2018). These essential documents are
required to track and evaluate the ethical and pro-
cedural conduct of the trial and are filed in the
trial master file (TMF). These essential docu-
ments illustrate that the trial site, the sponsor, and
the CRO have the proper ethical and regulatory
approvals to conduct the trial. The collection and
submission of these essential documents can be
time-consuming and will affect the time required
to enroll the first patient. The site’s study budget
will cover the time and effort of the PI and the
internal research team to collect, submit, and pro-
vide the documents to the CRO for review and
approval for the site to be “activated” and eligible
to enroll patients in the trial.

The Regulatory Authority’s permission to
start a trial is required. If an IND is required for
the trial, the sponsor will need to obtain clearance
to proceed from the appropriate regulatory
agency. In the United States, this would be the
FDA, and in Europe, this would be the Medicines
and Healthcare Products Regulatory Agency
(MHRA) (Brody 2016b). The FDA will provide
clearance to proceed to the sponsor. The sponsor
then begins the institutional approval process. In
some circumstances, while awaiting “notification
to proceed” from the regulatory agency, the spon-
sor may request the site submit the protocol to
their IRB prior to the FDA completing their
review. This process is termed “at risk” because if
additional changes to the protocol are required,
the site may need to resubmit the protocol for
another review.

Within the overall process of site approvals,
some sites may have internal committees involved
in the review process. For example, gene therapy
trials require Institutional Biosafety Committee
(IBC) review (Eisenman 2019). Oncology trials
may require institutional scientific committee
review. Additionally, sites will have internal com-
mittees review the schedule of assessments to
determine which ones are standard of care for
their institution; this is important in finalizing the

budget as only research activities (those that are
not standard of care) for the trial will be covered
in the study budget.

8.2.10 Site Activation

In conjunction with the collection of all essential
documents, the CRA will conduct a site initiation
visit, or site training visit with the site. The CRA
will train the site on the clinical protocol and all
operational activities required to support the exe-
cution of the protocol. Once all regulatory
approvals have been obtained, all remaining
essential documents collected, and the contract
and budget finalized/ executed, the site will be
approved and “activated” to begin screening
patients into the trial (Sfera and Sauber 2019b).
Ongoing training will be provided to the site by
the CRO if there are any changes to the protocol
or any of the trial processes.

8.2.11 Determining the Impact
on Timelines

The CRO will leverage its experience with vari-
ous clinical sites to determine the timelines
(Passot 2020). CROs have an understanding of
how each site operates, whether they use a cen-
tral or local IRB, what internal site committees
are required for protocol approval, and the
requirements for contract and budget negotia-
tions. Using this knowledge, the CRO can antic-
ipate the length of time required for review at
each site; the length of time required will vary
between regions of the world as well. The CRO
will use this information to generate a timeline
for trial enrollment, which will impact the over-
all timeline of the study from study commence-
ment to trial completion. Sponsors will typically
request specific dates for the following: first
patient first visit (FPFV), last patient first visit
(LPFV), and last patient last visit (LPLV). These
dates permit sites to better design their budgets
and will be important milestones for the success
of the sponsor in conducting the trial.
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8.3  Project Management

Each study team is led by a project manager, who
serves as the central point of contact for all func-
tional areas involved with the research project,
including the CRO, sponsor, and other vendors.

The project manager directs the study team
through the life cycle of the clinical trial, initially
focusing on feasibility and site identification,
moving the study through the start-up and site
activation phase, progressing to study enrollment
and trial conduct, and concluding with study
closeout (Serota 2020b; Sfera and Sauber 2019b).
The project manager prioritizes communication
between the team members of the CRO and spon-
sor and any external vendors involved in any of
these phases of the clinical trial.

The project manager oversees and manages
day-to-day trial operations for all functional area
deliverables. The project manager ensures all
project milestones are met and functional area
deliverables are of the highest quality. The proj-
ect manager will confirm that all team members
are trained on the research project and that the
documentation of project-specific training is
appropriately filed in the trial master file. Project-
specific training provides CRO team members
with the background information and clinical
trial review in order for them to perform their
respective job functions appropriately.

The project manager also oversees the devel-
opment of the study management tools and oper-
ational plans for the conduction of the trial.
Examples of these documents include enrollment
forms, site initiation visit training slides, moni-
toring plan, communication plan, deviation plan,
safety management plan, and data management
plan. The project manager is responsible for
organizing regularly scheduled, internal, and
external team meetings. Internal team meetings
allow the CRO employees involved in the project
to discuss the current study status of all func-
tional areas. External team meetings include the
CRO, the sponsor, and other vendors involved in
the trial.

At most CROs, the project manager will be
responsible for the financial management of a
clinical trial on behalf of the CRO. It is impera-
tive that the project manager is familiar with the

duties agreed upon between the CRO and spon-
sor and ensures that all functional areas are con-
ducting trial activities according to the scope of
work that outlines the CRO responsibilities in the
trial. Conducting activities not covered under the
contract between the CRO and the sponsor are
considered “out of scope” activities and not cov-
ered for payment by the sponsor. It is critical for
the project manager to consult with the functional
areas prior to committing to “out of scope” tasks.
If the project manager does identify project activ-
ities required that are not covered in the existing
scope, it is the responsibility of the project man-
ager to discuss with the sponsor prior to conduc-
tion of these activities in order to obtain approval
to conduct the activities, which may also require
trial budget modification.

8.3.1 Maedical Monitoring

Medical monitors are physicians skilled in the
conduct of clinical trials (Riddle 2018). These
physicians provide medical support for the inter-
nal CRO team and work with the sponsor medical
director to conduct the trial safely while main-
taining the integrity of the trial. The medical
monitors answer questions from sites, CRAs, and
internal team members regarding eligibility,
study conduct, adverse event term coding, and
serious adverse event processing and oversee
safety of clinical trial participants. Medical moni-
tors typically provide information regarding the
investigational medication, concomitant medica-
tions, serious adverse event (SAE) reports, stop-
ping rules, safety review triggers, subject
withdrawal, and laboratory alerts. Medical moni-
tors may assist in the preparation for Data and
Safety Monitoring Committee (DSMC) meet-
ings. Protocol deviations are unavoidable during
the conduct of a clinical trial, and most are dis-
covered retrospectively during the monitoring
process (Bhatt 2012). However, occasionally site
investigators may request the medical monitor to
grant a prospective waiver for a protocol-required
assessment. As a rule, prospective waivers for eli-
gibility are generally not granted by the medical
monitor and are referred to the sponsor for con-
sideration. Most regulatory agencies and review
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boards do not view prospective protocol devia-
tions favorably as the trial has already undergone
a thorough and extensive review by the sponsor,
CRO, regulatory agencies, and review boards.
These requests are best addressed through a pro-
tocol amendment (European Commission n.d.).

8.3.2 (linical Monitoring

Clinical monitoring is a critical process in the
conduct of a clinical trial and is fulfilled primar-
ily by the Clinical Research Associate (CRA).
The primary role of the CRA is to act as the liai-
son between the sponsor, CRO, and the sites
where the clinical study is taking place. A suc-
cessful CRA is detail-oriented, highly educated,
and able to communicate clearly with all the indi-
vidual groups. The CRA must review the source
documents, which in most cases includes patient
medical records, as well as all site study-related/
medical documents that support the data gener-
ated from the site trial activities as they reflect the
protocol requirements. The review of this data is
generally conducted via regular visits—yvirtually
or on-site—to ensure that the site is keeping
proper records to support the trial and that all trial
data is correctly documented. Sites must be sure
to maintain the confidentiality of patient records.

As noted earlier, the CRA plays a critical role
in the selection of qualified sites. An experienced
CRA is valued for their ability to assess the abil-
ity of potential sites to conduct the trial according
to the clinical protocol. As a representative of the
CRO and sponsor, the CRA must ensure he/she is
effectively communicating all requirements
needed for the site to function at a high level dur-
ing the trial.

In an effort to promote efficiency, risk-based
monitoring (RBM) has been advocated in some
instances. RBM in its simplest form is the use of
software, data, and analytics to monitor risk and
support the clinical decision-making for the trial
(FDA 2019). A risk-based approach to monitoring
provides a data-driven approach to identifying
and correcting issues as they arise. These mea-
sures help to mitigate against unexpected findings
by review agencies when the investigational med-
ication undergoes review for regulatory approval.

8.3.3 Safety

The sponsor is charged with assuring and moni-
toring the safety of research subjects on clinical
trials. Pharmacovigilance relates to practices
used to identify, assess, comprehend, and prevent
adverse events or problems associated with an
investigational medication or device (Brody
2009). CROs work with the sponsor to develop a
safety monitoring plan outlining how the safety
processes will be conducted during the trial,
including the definitions and reporting guidelines
for adverse events, adverse events of special
interest (AESI), and serious adverse events
(SAE). AEs are untoward medical occurrences in
a clinical trial participant and do not necessarily
indicate a causal relationship to the investiga-
tional product (FDA 2012). AESIs are serious or
non-serious AEs of special interest to the sponsor
for which ongoing monitoring and quick commu-
nication by the site to the sponsor are required.
To be considered serious, the AE must meet one
or more of the following criteria: results in death,
is life-threatening, leads to hospitalization or pro-
longation of hospitalization, results in significant
disability, or a congenital anomaly/birth defect.
CROs are often the responsible entity for noti-
fying sites of safety concerns, and the sites are
typically responsible for notifying their IRB or
EC. CROs can also be designated to submit safety
reports to regulatory oversight agencies as well.
CROs focus on working with sites to facilitate the
timely documentation and reporting of adverse
events. The reporting timelines are critically
important for SAEs. SAEs must be assessed by
the PI as related or not related to the study media-
tion or intervention. The medical monitor will
review the SAE narrative, the criteria for serious-
ness, and the assessments of causality by the
PI. The medical monitor will provide an assess-
ment of expectedness of the SAE by reviewing
the investigator’s brochure (IB) or package insert
(Brody 2016c¢). Expected events are listed in the
package insert or are in the reference safety infor-
mation section of the IB. SAEs that are related
and unexpected with respect to the study medica-
tion are considered suspected unexpected serious
adverse reactions (SUSARs). SUSARs require
expedited reporting and have tighter timelines.
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CROs frequently oversee the external data
monitoring safety board composition and meet-
ings as well as endpoint adjudication commit-
tees, if required. As part of their safety oversight
responsibilities, CROs will have policies that
address tracking of dose limiting toxicities, trial
stopping rules, and the implementation of urgent
safety measures should a safety issue be identi-
fied that needs immediate attention. For global
trials, CROs will need to have staff available to
provide timely interaction with sites and regula-
tory oversight entities.

8.3.4 C(linical Data Management
(CDM)

CDM is a critical component in clinical research.
The function of CDM ensures that the collection
and integration of clinical data support the con-
duct, management, and analysis of the clinical
data (Spilker 2009b). The ultimate goal of CDM
is that the conclusions of the data support the
research that was proposed in the protocol, with
particular focus on the primary and secondary
endpoints.

Once the protocol is finalized, the protocol-
specific data base must be constructed. The
method of collecting the trial data that reflects the
protocol required information via data entry into
trial’s case report form, or data collection tool.
Most current databases are electronic (electronic
data capture, EDC) so that sites can enter source
data from the medical record into the database.
The database must be secure with password-
restricted access and the ability to document the
name of individuals making entries as well as the
time of the entry. The database must be 21 CFR
Part 11 compliant, meaning that electronic records
as well as electronic signatures are considered the
same as those for paper records and handwritten
signatures (FDA 2003). No protected health infor-
mation is collected in the database, unless speci-
fied in the protocol. The entire process of data
management is documented in a data manage-
ment plan. This plan describes the activities to be
conducted during data collection and processing.

Data managers, who oversee the function of
data management activities, CRAs, and occa-

sionally sponsor representatives have access to
the EDC and can issue queries or questions for
clarification of data about which they have ques-
tions. The site can then address these queries
directly. CRO staff work closely with sites to
have data entered into the database in a timely
manner so that queries can be resolved soon after
the data point and that any interim analysis or
DSMB meeting can occur.

Data coding is typically overseen by the data
management team with assistance by the medical
monitor (Babre 2010). Coding is done in compli-
ance with the most recently published version of the
MedDRA Term Selection: Points to Consider. The
medical monitor may review the coding periodi-
cally or at the end of the trial. Final reports are filed
in the trial master file, also referred to as the TMFE

8.3.5 Statistics

Biostatisticians provide consultative advice on pro-
tocol development, including study design, ran-
domization processes, and questions regarding how
clinical trial issues affect statistical analysis (Green
et al. 2012b). Biostatisticians take the data collected
in the process of clinical data management and use
statistical methods to analyze this data. They are
responsible for working with the sponsor to gener-
ate data sets in the form of tables, figures, and list-
ings to be supplied for interim analyses, trend
analyses, safety reviews, regulatory reports, as well
as data safety monitoring committees.

When the study is completed, the biostatisti-
cian will work with medical writers, the medical
monitors, and sponsors to complete the clinical
study report (CSR). The CSR is a study docu-
ment generated at the completion of the trial; the
CSR describes the clinical and statistical infor-
mation required by regulatory authorities in eval-
uating clinical trial results of an investigational
medication or device.

8.3.6 Quality Assurance
CROs conduct their operations to meet the require-

ments of international regulatory agencies as estab-
lished by the World Health Organization (WHO),
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European Union (EU), US Code of Federal
Regulations (CFR), and the International Council
for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH), with
emphasis on ICH Good Clinical Practice (GCP). In
addition, each site must conduct the trial in an ethi-
cal manner in compliance with the protocol and
under the approvals of national and institutional
regulatory agencies. The sponsor is responsible for
the oversight of the trial operations, and quality
assurance is a means to ensure this occurs (Green
etal. 2012c¢). It is important that the clinical trial be
conducted in compliance with regulatory guide-
lines so that the conclusions of the trial can be
regarded as valid. CROs have internal quality
assurance groups that function to oversee these
aspects of the trial. When the matter can be
addressed by the clinical trial team, the issue may
be resolved through discussion with the site to
review the issue and to identify ways to prevent it
from occurring again. For recurrent issues, a cor-
rect action plan may be implemented to formally
outline the problem and the corrective actions
required. When matters are more serious, the qual-
ity assurance team also serves as escalation point
should the CRO team members and the sponsor
have differences of opinions regarding any matter
that could potentially affect the quality of the trial.

8.3.7 Risk Management/Risk
Mitigation

Risk mitigation or risk management in clinical
research is the process of evaluating opportuni-
ties and threats to the execution of a clinical pro-
tocol. The primary focus of risk management is
to ensure that the rights and well-being of clinical
trial patients are protected (Brody 2009). Some
of the most egregious issues with failures of clini-
cal trials revolve around the lack of appropriate
planning in advance for investigator noncompli-
ance with the clinical protocol. The most recur-
ring issues requiring oversight are in the areas of
protocol compliance, incorrect informed consent
procedures, inadequate record keeping, and inad-
equate investigational product accountability.
Sporadic issues include problems with screening
or enrolling patients on the trial.

Risk mitigation will always be a challenge
that needs continual review and time to ensure
that patients are supported throughout their par-
ticipation in the clinical trial. In addition, this
process also ensures that the protocol primary
and secondary endpoints are protected.

Risk mitigation is an important function of
CROs. When the trial begins, the CRO and sponsor
will review the protocol and identify risks to the
successful conduct of the trial along with prospec-
tively identified mitigation measures. Patient
recruitment and retention measures may require
modification if the trial fails to meet enrollment
goals. Mitigation measures have been particularly
important during the COVID-19 pandemic that
affected many countries throughout the world,
requiring novel methods for clinical monitoring and
modifications of timelines due to delays in protocol
review by regulatory boards and clinic closures.

8.3.8 Recruitment and Retention

The success of clinical trials hinges on the ability
to enroll eligible subjects in a timely manner and
to ensure that they can complete the trial to the
point that they are evaluable for protocol objec-
tives (Hulley et al. 2007; Spilker 2009c). CROs
have expertise in this area based on their experi-
ence in the therapeutic area, their data on prior
trials in this indication, their usage of social
media, and their relationships with sites and
patient advocacy groups. Most CROs will have
patient recruitment teams that focus on these
measures and can develop print- and web-based
methodologies. Strategies to improve patient
education, increase trial compliance, and enhance
patient engagement prove valuable in these
efforts. CROs will typically have experience in
reviewing clinical trials from a patient perspec-
tive so that the trial is written to be minimally
cumbersome for patients.

Recently, the FDA has focused on enrolling
diverse clinical trial populations where possible
(FDA 2020). This diversity allows the sponsor to
collect additional data by gender, race, and eth-
nicity as there may be variations in pharmacoki-
netic (PK) and pharmacodynamic (PD)
assessments. In addition, a recent publication
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reported that 96.3% of subjects in phase III can-
cer clinical trials had good performance status
(Jaoude et al. 2020). Thus, others have called for
enrolling research subjects with lower perfor-
mance scores to reflect real-world patient popula-
tions more accurately. Similarly, given the
improved treatments available for HIV and with
an increasing number having undetectable viral
loads, there has been a focused effort to enroll
HIV-positive patients when this diagnosis will
not alter patient safety or affect trial endpoints
(Dirix et al. 2020). However, sponsors may be
hesitant as these subjects with lower performance
scores may adversely affect the ability for the
trial to assess safety and efficacy.

8.4  Conclusion

CROs are playing an increasingly important role
in drug development, collaborating as full-service
or partial service partners with pharmaceutical or
biotechnology sponsors, to allow the sponsor to
conduct their trials expeditiously, safely, in com-
pliance with GCP, and in concordance with perti-
nent regulatory authorities. What began as a
small industry in the 1940s has grown into a sig-
nificant entity in the clinical research industry
with the expectation of a valued section of up to
90 billion by 2026.
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9.1 Introduction and Landscape

Perspective

In the past 50 years, 5-year survival rates for most
childhood cancers have vastly improved in high-
income countries (GBD 2017 Childhood Cancer
Collaborators 2019), giving the impression that
the challenge of childhood cancer has largely
been solved. But, some childhood cancers still
have no effective treatments, have treatments
with limited success, or have unacceptable tox-
icities. In addition, children in low-income and
middle-income nations continue to suffer very
low survival rates. This 5-year survival rate statis-
tic does not account for those who develop sec-
ondary cancers, children who have recurrent or
progressive disease or die because of their cancer
beyond this 5-year mark, and those who experi-
ence chronic life-threatening health conditions
caused by their cancer treatments.

For patients and advocates focused on
addressing these significant unmet needs, there
is a great sense of frustration that more is not
being done to alleviate the suffering of chil-
dren and young people that is disguised in the
data.

Despite significant cumulative investment in
direct basic and translational research and thou-
sands of clinical trials in childhood cancer, few
drugs were approved for pediatric malignancies
in the past 40 years, particularly in the frontline
setting, relative to adult oncology drugs. Today,
children are commonly treated with the same
toxic chemotherapies off-label, developed and
tested in adults, dose-adjusted for body weight or
surface area (Adamson et al. 2016). Although
these therapies may continue to have a role to
play in debulking disease, they were never
designed for young children going through devel-

opmental growth (Hudson et al. 2013). Over 40%
of survivors live with debilitating acute and long-
term side effects due to the toxicity of their treat-
ments (Pearson et al. 2020a).

Patients and advocates not only champion
specific areas of significant unmet need, but they
also bring lived experience, ideas, resources, in-
depth knowledge of the disease landscape, and a
passion for finding solutions that are crucial to
accelerating progress. Advocates are catalysts for
innovation and policy change—fostering and
facilitating collaboration and enabling new initia-
tives otherwise deemed impossible or not worth
pursuing. They seek regulatory alignment,
streamlined efforts to reduce duplication and the
consequences of silo working, and find new ways
to incentivize investment in drug development.
Advocates who bring direct access or influence
over philanthropic funding for academic research
and initiatives to improve clinical care can be
powerful enablers and drivers of innovation.

The objective of patients and advocates is
always clear and unambiguous—to improve the
lives of patients and to remain steadfast in that
pursuit. Advocates can hold others accountable
and bring stakeholders together in a way that may
not otherwise be achievable, something that is a
potential force in medicines research and devel-
opment (R&D). Despite natural tensions because
of differing and competing pressures among
stakeholders, all share a single goal (as shown in
Fig. 9.1)—to maximize the reach of evidence-
based, more effective, and less toxic treatments
for children and young people with cancer.

Therefore, addressing the challenges and
maximizing the potential of multi-stakeholders
work will bring benefits for all—most impor-
tantly for children and young people with
cancer.
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Fig. 9.1 Stakeholders have different perspectives but a shared goal in cancer therapeutics development

9.2  ABrief History and the Rise

of Advocate Involvement

Over the past four decades, engaging the patient
community in all aspects of the research and
development of medicines has significantly
evolved. In the 1980s, HIV advocates changed
the way the scientific community viewed patient
involvement. In contrast to the ACT UP grass-
roots efforts to raise public awareness through
demonstrations and civil disobedience, scientific-
minded HIV advocates insisted on “nothing for
us without us” and worked directly with scien-
tists at the National Institutes of Health (NIH) to
give input to drug testing, clinical trial design,
and research priorities—with the important
ability to bring money and patients needed to
conduct the clinical research (De Cock et al.
2011).

Other disease groups have also been able to
successfully influence the research priorities and

conduct, bringing the patient voice to the scien-
tists and clinicians. Notable examples of these
efforts are well recognized in breast cancer, mul-
tiple myeloma, Parkinson’s, and Alzheimer’s. In
the pediatric community affected by ultra-rare
diseases, advocacy roles are critical. Challenges
to effective advocacy can be compounded by the
rarity of the conditions (Pearson et al. 2020a).

In the past decade, greater interconnectedness
via the digital world played a key role in the rare
disease patient community. Caregivers are more
accessible to each other and share experiences,
most notably through social media. This has
facilitated a better organization and coalescing of
initiatives within advocacy groups. Advocates
with deep knowledge in specific disease areas are
respected as trusted and influential thought lead-
ers by other patients and families. At the same
time, they provide critical insight for academia
and industry because they are embedded in the
patient community. Valued by all stakeholders, it
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is important to note that advocates’ ethical obli-
gations are first to the patient community they
represent.

Incorporating the patient perspective through-
out the drug development pathway has led to a
growing trend to involve advocates in academic
study teams and grant reviews for various phases
of drug testing. Furthermore, industry, Health
Technology Assessment (HTA) agencies, and
payers are increasingly consulting with advo-
cates post-approval, which provides opportuni-
ties to ensure patient needs are met in the “real
world.”

The evolution of the role of advocates from
endorsement through consultation, to genuine
engagement and involvement, is clear and irre-
versible. Including advocates early on in drug
development processes can result in tangible
impact. Even so, challenges remain including
tokenism, low expectations of advocates, and
outdated views of the risks of involving advo-
cates. Significant efforts are underway to address
these challenges and provide best practices for
the effective and impactful role of patients and
advocates in drug development.

9.3  Defining the Roles

of Patients and Advocates

Within drug development, patients are most often
participants in clinical research. Families seek
access to novel agents and investigational thera-
pies in the hope that they will benefit the child,
specifically in the relapse and refractory setting.
This is true even in early phase trials. However,
the median life expectancy of children after
enrollment in pediatric oncology Phase 1 trials is
3.6-6.4 months (Bautista et al. 2015; Kim et al.
2008; Morgenstern et al. 2014). Consequently,
children with cancer enrolled in Phase 1 trials
spend the limited time remaining being treated in
a trial that is not focused on directly benefiting
them (Crane et al. 2018). This raises ethical con-
cerns, especially where children rely on their par-
ents or guardians as proxy decision-makers. It is
important to recognize and respect the hope,

courage, and desperation of these families.
Minimal upheaval for the family should be con-
sidered in the design of early-phase trials, with
less discomfort and time away from home for the
children, including required to travel to special-
ized treatment centers being important priorities.

Patient advocates are generally defined by
those who advocate for an individual’s care.
Patients have personal experience with a disease
and its treatment and bring an important firsthand
account of the full range of emotional, social,
psychological, and physical impacts of therapy.
Adolescent and teen survivors bring important
insight into experiencing the rigors of cancer
treatment. In poor prognosis cancers, there may
not be many survivors to bring the patient’s voice.

The voice of the young child is, by necessity,
conveyed by the parents or caregivers. Although
parents do not undergo treatment themselves,
they bring important perspectives as caregivers
and decision-makers, and how treatment affects
the family dynamic. Parents advocate for their
child throughout cancer treatment and beyond.
Knowledge of the disease, research, and clinical
trial landscape may vary widely. Patient experts
distinguish those advocates who are best suited to
contribute meaningfully to identify unmet needs,
prioritize research focus, provide input on drug
development plans and clinical trial design, and
serve on regulatory advisories and comment on
HTA appraisals.

While the scientific community increasingly
recognizes the importance of including advocates
in the effort to create and test new drugs for chil-
dren with cancer, specific advocacy roles reflect
increasing specialization just as with other disci-
plines. Terms to describe and define these roles
are not universal and differ significantly between
countries and continents.

Pediatric cancer advocate roles in the past
have been blurred, meaning any advocate was
assumed to fulfill any role—whether focused on
individual patient care, public awareness, gov-
ernment funding, and policy or patient-centric
research. Advocacy in medicine is no longer a
singular homogeneous role. For efficient and
meaningful exchanges with academia, industry,
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Table 9.1 Distinguishing advocate roles and activities

Advocate role Description of activity

Patient Personal experience of living
with a disease, contribute with
their subjective disease and
treatment experience

Caregivers/ Supporting individual patients

parents such as family members

Patient advocates | Insight and experience in
engaging and representing a
larger population of patients

living with a specific disease

Patient Mandated to represent and
organization express the collective views of a
representatives patient organization on a specific

issue or disease area

Policy experts Knowledge of legislative and
policy opportunities to impact the
regulatory environment to
enhance and speed drug
development

In addition to disease-specific
expertise, have technical
knowledge on the full spectrum
of medicines R&D, subject
matter experts

Patient experts

and government agencies, careful consideration
should be given to identifying the right advocates
for a specific activity, as outlined in Table 9.1.

Pediatric cancers include various tumor types
with corresponding treatment paths that may
vary significantly in intensities and modalities,
resulting in a wide range of toxicities and out-
comes. Therefore, effective patient experts must
be well versed in specific tumor types, including
their clinical research history. There is a great
need for patient experts with an existing scientific
aptitude and thorough training or experience to
network within the pediatric cancer funding and
research communities to drive priorities and
accelerate drug development so that all tumor
types are well represented.

Many agencies and regulatory bodies have
established advocacy programs embedded, such
as the National Cancer Institute (NCI) and the US
Food and Drug Administration (FDA), and use
terms such as patient representatives, research
advocates, patient experts, and consumers. In
2017, the European Patients’ Academy on
Therapeutic Innovation (EUPATT) developed one

of the most evolved frameworks for defining,
training, and engaging patients and patient repre-
sentatives to meaningfully contribute to the key
points in the full range of the drug development
life cycle. To date, EUPATI published four guid-
ance documents covering patient involvement in
pharmaceutical industry-led medicines R&D
(Warner et al. 2018), ethics committees
(Klingmann et al. 2018), regulatory processes
(Haerry et al. 2018), and health technology
assessments (Hunter et al. 2018). A guidance
document for advocate involvement in academic-
sponsored research would be a helpful addition to
this series.

These are distinct activities in terms of train-
ing or experience required and differ widely in
the appropriate settings for engagement. This
presents an emerging challenge to academic
researchers, industry teams, and government and
regulatory agencies to identify advocates with the
relevant knowledge and experience needed to
provide meaningful input in the drug develop-
ment enterprise. Distinguishing these elements of
expertise and applying the right advocate to the
right situation will result in more impactful
engagement.

9.4 Policy and Regulatory Issues

9.4.1 United States

The pediatric cancer advocacy movement is
becoming more organized and unified to benefit
children with cancer. A well-informed movement
of hundreds of organizations with impressive
records for achieving change, including patient
advocacy groups such as Kids V Cancer (KVC),
Coalition Against Childhood Cancer (CAC2),
and Childhood Cancer International (CCI), works
on regulatory issues nationally and internation-
ally. In recent years, advocates had a significant
impact on legislative and regulatory policy driv-
ing the enactment of two federal laws directly
affecting childhood cancer drug development—
moving from identifying a problem to proposing
a solution.
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The Creating Hope Act (CHA) was enacted in
2012 to address the lack of industry interest in
developing new treatments for rare pediatric dis-
eases. As a financial incentive, the CHA estab-
lished a program of Priority Review Vouchers
awarded upon FDA approval of a drug for a rare
pediatric disease. The voucher grants the right for
FDA priority review of any other product, short-
ening the regulatory review time from the stan-
dard 10 months to 6 months. The voucher can
also be sold; to date, pricing for sold vouchers
has ranged from $67 to $350 million, and as of
2020, the total value of sales is over $1.3 billion.

The full impact of this program will be better
understood in the coming years. However, early
indications show a significant growth in the devel-
opment of drugs for children: 28 new drugs for
rare pediatric diseases made it to market in the past
8 years, including three new oncology drugs devel-
oped specifically for children. Since the passage of
the CHA, there has been a tenfold increase in the
number of applications to the FDA for a rare pedi-
atric disease drug designation. In 2020, 25% of
rare pediatric disease drugs under this program
were approved (Kids V Cancer 2018).

Another concern identified by advocates is the
adult vs. pediatric innovation gap in oncology
drug development. While there are over 900
oncology drugs for adults in the pipeline, only a
handful of treatments are being developed spe-
cifically for children. Historically, studies in chil-
dren have lagged trials in adults by over 6 years
(Neel et al. 2019). KVC proposed an update to
the Pediatric Research Equity Act, resulting in
the 2017 Research to Accelerate Cures and
Equity for Children Act (RACE Act) which went
into effect in 2020. Formerly, PREA gave the
FDA the authority to require pediatric studies of
certain therapies, but in practice, there have been
no studies of cancer drugs for children under
PREA.

The RACE Act authorizes the FDA to require
drug developers to initiate pediatric studies if a
molecular target of an agent is “substantially rel-
evant to the growth and progression” of any
childhood cancers. The FDA created and pub-
lished a list of molecular targets and exceptions,
as well as guidance documents for the industry
on how to comply with the RACE Act require-

ments (Reaman 2018; FDA 2019). This effec-
tively closed the regulatory loophole in PREA
that waived the requirement for drugmakers to
conduct pediatric studies of orphan cancer drugs.

Both laws address the critical unmet needs of
children with cancer, driven by advocacy, result-
ing in increased optimism in the field (Rinde
2021).

9.4.2 Europe

Instrumental in shaping policy and making the
voice of pediatric oncology heard throughout
Europe, advocates from Childhood Cancer
International (CCI) and other charity leaders
have become increasingly recognized for pro-
moting better European Union policies for chil-
dren with cancer. Advocates have collaborated
with academic scientists and clinicians and
liaised with the key stakeholders in the childhood
cancer field, organizing awareness-raising events,
producing communication documents, explain-
ing legislation backed by the childhood cancer
community, and identifying policies and legisla-
tion of the European Medicines Agency (EMA)
that should be changed and why.

In 2016, a group of parents, researchers, and
health professionals succeeded in lobbying the
EU Parliament to adopt a resolution on the
Regulation on Pediatric Medicines. A goal of the
resolution was to eliminate a waiver used to skirt
the obligation to investigate a drug in children if
the adult cancer for which the drug was originally
developed does not occur in children. However,
numerous drugs being waived could still be
potentially used to treat common childhood can-
cer types (European Parliament 2016).

The European Commission (EC) published its
report on 10 years of the EU Pediatric Regulation
in 2017. In response, advocates called for a tar-
geted revision since children with cancer do not
benefit from the Orphan Drug Regulation. By
contrast, the RACE for Children Act had just
been passed in the United States, allowing the
FDA to require pediatric studies of new cancer
drugs that addressed a relevant target. It is not yet
clear how this legislation will affect European
children with cancer (Daue 2017).
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In 2019, advocates joined forces with the
European Society for Paediatric Oncology
(SIOPE) to present a manifesto for the European
elections. This manifesto outlined the vision
“Beating childhood cancer: Cure more and cure
better — Towards zero deaths and zero late
effects.” The same year, the EC began its compre-
hensive evaluation of the legislation for medi-
cines for rare diseases and children by assessing
the strengths and weaknesses of the Orphan and
Pediatric Medicine Regulation and released the
results of the evaluation in 2020. Advocates
argued that regulation neither served the needs of
children and adolescents with cancer nor
addressed long-term side effects caused by older
medicines. Furthermore, it was clear that inequal-
ities persist in access to new and essential medi-
cines across Europe. Advocates at CCI along
with academia partners at SIOPE responded with
key recommendations including aligning the reg-
ulations with science and unmet needs of chil-
dren, ensuring child-specific and first-in-child
innovation, implementing multi-stakeholder
cooperation and prioritization as a standard rec-
ommendation, allocating public investment in
medicine development for children, and ensuring
equal access to essential and novel anticancer
medicines and to supportive care medicines
(Cardoen 2020; SIOPE 2016, 2019).

An impact assessment on the revision of the
Pediatric and Orphan Regulations was begun by
the EC in 2020, taking into account input from all
stakeholders. The major point in the assessment
was that a revision of both regulations should
define and address unmet medical needs and
develop a system to prioritize compounds for child-
hood cancers. The topic was discussed in depth at a
breakout session during the ACCELERATE meet-
ing in February 2021, which resulted in the deci-
sion to write a joint statement on the definition of
unmet needs from the childhood cancer commu-
nity (European Commission 2021).

Most recently in 2020/2021, advocates have
been involved in Europe’s Beating Cancer Plan
(BECA) Commission. They successfully called
for pediatric cancers to be included among the
priorities of BECA and are advocating for better
access to cancer drugs for all children in the
EU. A BECA initiative entitled “Helping

Children with Cancer” aims to ensure that chil-
dren have access to rapid and optimal detection,
diagnosis, treatment, and care. This initiative will
facilitate access to early diagnosis and quality
treatment through the network of centers of
excellence, the European Reference Network on
Paediatric Cancer (ERN PaedCan). The initiative
will also support training and enable the sharing
of best practices and standards of care for chil-
dren with cancer, complementing the actions
implemented within the European Reference
Networks (SIOPE 2021).

9.4.3 Canada

The Advocacy for Canadian Childhood Oncology
Research Network (Ac2orn) was founded in
2014 by parents and patients to help the pediatric
oncology research community break down barri-
ers and build bridges when conducting research
in hopes of finding better treatments for children,
adolescents, and young adults with cancer.
Ac2orn has been instrumental in reducing the
administrative burden when using off-label non-
investigational drugs in clinical trials, providing
patient input for the approval of drugs in the pan-
Canadian Oncology Drug Review (pCODR) pro-
cess, creating pathways and resources for patients
who must travel out of province and out of the
country for treatment, advocating for specific
therapies (e.g., CAR T-cell, proton beam radia-
tion), and working as patient partners for a vari-
ety of child health initiatives (e.g., cross-Canada
pediatric research ethics board). Ac2orn has
joined forces with childhood health advocacy
groups across Canada and internationally to
strengthen the collective voice in fighting for
world-class care for children (SIOPE 2021;
Meyers et al. 2021; de Claro et al. 2020).

9.4.4 Low-and Middle-Income
Countries

CCI, founded in 1994, is the largest patient support
organization for childhood cancer. It is a global,
parent-driven nonprofit that represents more than
170 organizations, in over 90 countries, across 5
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continents. An important focus of CCI is in advo-
cating for improvements in treatments and socio-
economic conditions for children in low- and
middle-income (LMIC) countries. To this end, CCI
has partnered with the World Health Organization
(WHO) to work at improving conditions in specific
target countries. In 2018 CCI was officially recog-
nized as a non-state actor in official relations with
the WHO. In September 2018, WHO announced a
new effort—the WHO Global Initiative for
Childhood Cancer—with the aim of reaching at
least a 60% survival rate for children with cancer
by 2030, thereby saving an additional 1 million
lives. This new target represents a doubling of the
global cure rate for children with cancer.

The Initiative has two goals: to increase priori-
tization of childhood cancer through awareness
raising at global and national levels and to expand
the capacity of countries to deliver best practice
in childhood cancer care. Concretely, WHO will
support governments to assess current capacities
in cancer diagnosis and treatment including the
availability of medicines and technologies; set
and cost priority cancer diagnosis and treatment
programs; and integrate childhood cancer into
national strategies, health benefits packages, and
social insurance schemes (WHO 2021).

9.5 Support and Learning

for Patient Experts

Opportunities for training patient experts are rap-
idly expanding and can be modeled after success-
ful and well-organized efforts in many other
disease areas, such as breast cancer. The National
Breast Cancer Coalition trained hundreds of
research advocates and created a network to sup-
port and enhance the role of these advocates in
the research enterprise (NBCC 2019).

Active advocates have a deep disease knowledge
with a wide lens perspective; they constantly seek
information about the status of the field including
basic science, new targets, and clinical develop-
ments. This broad-based information is an extremely
valuable resource for academic and industry-driven
research in pediatric cancer drug development.

To be effective, patient experts must be scien-
tifically grounded, immersed in the patient com-

munity, comprehensive in their familiarity with
the tumor biology research and trials landscape,
and attuned to breakthroughs in the adult oncol-
ogy arena. They must be well-versed in the drug
development life cycle and understand regulatory
requirements. Participating in various training
opportunities to address knowledge gaps and
keeping up with the steady stream of relevant
journal articles builds a robust knowledge base.
Attending key scientific meetings is a necessary
component and an important way for advocates
to become immersed in the pediatric cancer
research community. Understanding all the stake-
holder roles and perspectives is also required for
patient experts to engage meaningfully with
academia, industry, regulatory agencies, HTAs,
as well as the opportunity to collaborate with
other advocates and charity leaders. Most impor-
tantly, an advocate who specializes in a single
tumor type can bring significant knowledge to the
research community. These patient experts have
the bandwidth to develop deep expertise in the
cumulative tumor-specific research history which
brings valuable insight to other stakeholders in
the drug development continuum.

While the depth of scientific and technologi-
cal knowledge of patient experts will most often
have limitations, the breadth of understanding of
the research environment coupled with a thirst
for continuous knowledge acquisition can enable
the patient expert to play a critical role in helping
to drive forward progress.

An example of this unique expertise is dem-
onstrated by a patient expert who presented on
history, current research, and development of
anti-GD2 antibodies at the ACCELERATE
platform meeting in 2019. To date, no explora-
tion has been so thorough on this important
topic in the treatment of neuroblastoma (Bird
2021).

9.6 Involving Patient Experts
in the Drug Development

Life Cycle

The full spectrum of advocate involvement in
medicines’ R&D, including policy and legisla-
tive changes (Fig. 9.2), seeks faster and increased
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Fig. 9.2 Advocate involvement in medicines R&D

access to innovative therapies for children and
young people.

Engaging advocates is the most common prac-
tice—where information is shared and exchanged.
However, involving advocates more fully through-
out the drug development process is more effec-
tive (Hoos et al. 2015; Lowe et al. 2016).

Successful product development in any indus-
try starts with understanding the “user perspec-
tive” as illustrated in Fig. 9.3.

Industry engagement of advocates presents
unique opportunities to hear patient-centric views
early in development and give input on post-
approval informational materials for patients and
families.

The goal of drug development is to bring a
new compound with proven therapeutic effect to
the market. Of every 5000 cancer molecules
identified in the laboratory, about 250 will enter
preclinical testing. Of these 250, fewer than 10
are tested in clinical trials, and on average, only 1

Clinical
development

* Clinical trial design
o Knowledge of disease and landscape
o Knowledge of patient population
o End-point selection
o Clinical trial protocol
o Informed consent forms

» Patient education and navigation

¢ Feedback on product
o Ease/frequency of administration
o Dosage/volume
o Side effects

e Philanthropic funding

will be approved by regulatory authorities
(Akhondzadeh 2016). Patient experts add intrin-
sic value—they can provide important input at
key points in the drug development life cycle.
This specialist expertise helps shape outcomes
more relevant to patients and more likely to be
supported by regulatory agencies and payers.

Advocates create an important bridge between
the scientific and patient communities, helping to
raise awareness, tackle sensitive issues, dissemi-
nate information between both groups, and serve
to always keep the needs of patients at the fore-
front of everyone’s mind.

The industry has recently shown an increasing
interest in incorporating patient engagement
through adding positions on staff such as a
“patient advocacy officer” Their duties are to
learn about the patient communities and develop
relationships with patient organizations. But
while some are more advanced than others in
embracing and optimizing patient advocacy
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LOOK,
HE CERTAINLY
LIKES THI5 MOBILE

Fig. 9.3 The importance of the user perspective. (Credit Vladimir Lopatin, used with permission: https://www.insta-

gram.com/piterskii_punk/)

within their corporate cultures, the function is still
in early development and yet to be standardized
and accepted as an essential role (Upton 2019).

9.6.1 Setting Research Priorities

and Catalyzing New Ideas

Research advocates who keep abreast of the
research landscape, note advances in adult oncol-
ogy research, and track pediatric clinical trials
can identify specific gaps and unmet needs. Open
dialogue with scientists and clinicians can spark
new research questions and influence the research
agenda, but advocates must be in the “right room”
(Bird 2021; Pearson et al. 2020b).

When advocates collaborate with nonprofit
research funders, making grant calls to address
specific unmet needs can stimulate the research
community to respond to the challenge and accel-
erate bold and innovative research. For example,
clinical trials testing new agents in pediatric
tumors almost always include refractory chemo-
resistant tumors together with relapsed disease, so
the need for novel approaches in refractory neuro-
blastoma was identified as a priority. While seek-

ing to maximize enrollment for the widest possible
group of patients makes sense, these can represent
two very distinct cohorts. This drove an interna-
tional collaboration of charities to initiate a grant
call that specifically sought to focus on chemo-
resistant primary refractory neuroblastoma, which
succeeded in stimulating scientifically robust pro-
posals, resulting in funding support for multiple
approaches (Solving Kid’s Cancer 2021a).

Another example is the Canadian “100%
Fund,” fully funded by charities, with 100% of
the funds going to the winning research propos-
als. The charities collaboratively select the area(s)
of research focus and are part of the decision-
making committee who score and discuss all of
the research applications to the funding competi-
tion (C17 Council Blog 2021).

9.6.2 Basic and Translational
Research

Many patient organizations and nonprofits sup-
port basic and translational research with the end
goal to create more effective and less toxic thera-
pies for children—not to simply contribute more
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scientific knowledge about the tumor. Advocates
ask, “What does this knowledge mean for the
patient?” Asking pertinent questions can help
shape and steer the nature of the work and its
direction, with more focus on patient-centric out-
comes. Often, advocates ask the obvious question
that proves to be extremely pertinent.

Advocates in the United States and EU called
for transatlantic collaboration and coordination
in the preclinical testing arena, to avoid duplica-
tion and share data. The advocates serving on the
Pediatric Cancer Working Group (PCWG)
Steering Committee proposed this focus for the
PCWG, and AACR held a special joint session on
the US and EU preclinical testing platforms in
2018, which was followed by the first joint meet-
ing of the Innovative Therapies for Children with
Cancer Pediatric Preclinical Proof-of-Concept
Platform (ITCC-P4) and the National Cancer
Institute’s  Pediatric =~ Preclinical ~ Testing
Consortium (NCI PPTC). By invitation-only,
industry, academic researchers, regulatory
experts, and advocates attended and discussed
the state-of-the-art preclinical testing models in
the United States and EU. This workshop resulted
in an international consensus on minimum pre-
clinical testing requirements before studying an
agent in children and adolescents with cancer
(Solving Kid’s Cancer 2021b; Powell 2018;
Vassal et al. 2021).

9.6.3 Tumor Tissue for Preclinical
Testing

An important area of translational research that
patients and advocates provide critical support to
is the creation of orthotopic patient-derived xeno-
grafts (PDX) animal models and other tumor-
derived models. With increased understanding of
the importance of biopsies and altruistic dona-
tions of tumor for research purposes, major
knowledge gaps can be filled, and more realistic
models can be created potentially leading to more
indicative results when testing new molecules.

A particularly sensitive issue for both the sci-
entific community and families is the need for
access to postmortem tumor tissue. Analyzing

the tumor and immune environment at the point
where the disease causes death is another vital
piece of the puzzle in increased understanding
leading to more effective therapies. This is
particularly true in diseases where biopsies
throughout the course of treatment are very dif-
ficult, such as brainstem tumors. Although some
families graciously offer to support research in
this way to help future children, there is still a
need for greater awareness in this area, and advo-
cates are best placed to help. For example, Swifty
Foundation and KVC among other charities col-
laborated to create a navigation pathway with
specific help for both families and physicians to
reduce the practical and emotional burden for
everyone (Kids V Cancer 2021).

9.6.4 Philanthropic Funding
of Early Drug Development

Government and philanthropic funding for drug
development are important to de-risk industry
investment. Models show poor rates of returns
for private drug development in pediatric cancers
and suggest hybrid business models are needed to
successfully develop and market new agents:
The purely private-sector portfolio exhibited
expected returns ranging from —24.2% to 10.2%,
depending on the model variables assumed. This
finding suggests significant financial disincentives
for pursuing pediatric oncology therapeutics and

implies that financial support from the public and
philanthropic sectors is essential (Das et al. 2018).

When an academic-held drug is ready for
translation to a clinical-grade product before
there is an interested industry partner, applying
for highly competitive government funding may
be unsuccessful or result in long delays.
Advocate involvement can stimulate charity
funding for this gap to launch the work quickly.
A recent example of this is the SN22 nanoparti-
cle formulation at Children’s Hospital of
Philadelphia that was rapidly completed as a
result of support from several charities (The
Children’s Hospital of Philadelphia 2021).
Charity funding launched in 2007 sped the
development and testing of a humanized anti-
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body for neuroblastoma, with a company licens-
ing the agent in 2015, resulting in FDA approval
in 2020 (Band of Parents 2021; Center for Drug
Evaluation, Research 2021).

Other advocates go a step further and create
their own for-profit or nonprofit drug companies.
Notable examples of this are pediatric cancer par-
ents who founded Y-mAbs Therapeutics,
Oncoheroes, and Kids Cure Pharmaceuticals.
Additionally, others are pediatric oncologists who
start companies like Day One Biotherapeutics
(The Boston Globe and Baker 2021; Y-mAbs
Therapeutics 2019; Oncoheroes 2021; Day One
Biotherapeutics 2021).

Without these advocate-led efforts, a major
gap would exist in the drug development contin-
uum, slowing progress that could benefit children
and young people with cancer.

9.6.5 Clinical Trial Design and Ethics
Review

Involving trained advocates in trial design can
effectively address key elements such as best tar-
get population, endpoints, benefit/risk consider-
ations, and inclusion/exclusion criteria and
provide insight on issues that may impact accrual.
Understanding firsthand what the patient journey
involves alongside continued engagement in the
patient community, research advocates can pin-
point reasons trials without patient-centric input
are at risk of slow or no accrual and trial aban-
donment. These may include the opportunity cost
due to more compelling competing trials and off-
the-shelf therapies, burdensome travel, time in
hospital or clinic, toxicities, quality of life, and
negative reports of personal experiences in
patient group social media forums. Additional
factors advocates can help explore are equitable
access and what international sites should be
considered to broaden availability to patients for
enrollment (Crocker et al. 2018).

Most pediatric clinical trials are conducted
within academic-run study groups or consortia
such as the Children’s Oncology Group (COG),
Pediatric Early Phase Clinical Trials Network
(PEP-CTN), New Approaches to Neuroblastoma

Therapy (NANT), Pediatric Brain Tumor
Consortium (PBTC), the European Society for
Paediatric Oncology (SIOP Europe), Innovative
Therapies for Children with Cancer in Europe
(ITCC), and many more. Some, but not all, for-
mally include advocates on advisory boards for
ongoing input and review of proposed trials. To
improve patient and advocate involvement in
the trial design and review, initial and continu-
ing education should be embedded in the advo-
cate advisory structure. Communicating
accurate trial information in the disease forums
is another way advocates serve their communi-
ties. Advocates who closely monitor the clini-
cal trials landscape can offer valuable and
objective assistance in navigating clinical trials
and support in the difficult area of
decision-making.

When a drug company has an asset they want
to consider developing for a pediatric cancer
indication, early engagement with knowledge-
able advocates is invaluable to understand the
entire treatment path and potential market.
Determining the shortest path to regulatory
approval versus considering the optimal applica-
tion of a particular agent in the treatment path
may create very different development plans
when planning early phase and registration trials.
Another highly important topic is the production
of suitable pediatric formulations, especially
where very young patient populations are con-
cerned. If a child is unable to swallow medicine
or is reluctant to take the required dose because
of taste or volume, this raises important questions
around trial adherence and dosing.

Industry-sponsored focus groups and advisory
committees with clinicians and advocates are
ideal for industry sponsors to formulate the pedi-
atric drug development plan. In addition, FDA
hosts the Pediatric Subcommittee of the
Oncologic Drugs Advisory Committee which
requires a Patient Representative (Advocate)
position.

Once a clinical trial protocol is written, advo-
cates on research ethics boards, or institutional
review boards (IRBs), have an opportunity to
examine the risks and benefits to children with
regard to ethics in human research regulations.
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Advocates review language contained in recruit-
ing pamphlets, consent, and assent forms to
assure purpose, rationale, risks, and benefits are
accurately and objectively presented in lay lan-
guage. Advocates have important input on ethi-
cal concerns such as biopsies for research
purposes only, among other interventions or
tests required with no prospect of clinical
benefit.

9.6.6 Regulatory Approval
and Reimbursement

9.6.6.1 FDA

In the 1960s, scientists and other public health
experts believed that instituting public advisory
committees at the FDA would allow for more
effective consumer protection. In 1972, the
Congress established the formal use of advisory
committees throughout the federal government
with the passage of the Federal Advisory
Committee Act. The FDA includes consumer
representatives and patient advocates in advisory
committees alongside academic and industry
experts in related disciplines. The advocates pres-
ent “real-world” concerns of the patient who is to
be the potential recipient of the new medical
product (Center for Drug Evaluation, Research
2018).

9.6.6.2 EMA

EMA engages individuals and patient organiza-
tions at all points in the regulatory life cycle of a
medicine. Patient experts are involved in protocol
development, orphan designation, and ad hoc
expert groups and advisories (European
Medicines Agency 2021).

9.6.6.3 HTAs

Health Technology Assessment (HTA) bodies
and payer organizations are increasingly recog-
nizing patient advocates as important stakehold-
ers, but the level of involvement remains low, and
critical attention to increase involvement is
needed. Some countries engage with patients
during reimbursement decisions for payer deci-
sion-making, as outlined in Partnering With

Table 9.2 Countries engaging with patients during reim-
bursement decisions for payer decision-making

Australia Pharmaceutical Benefits Advisory
Committee

Canada Canadian Agency for Drugs and
Technologies in Health (CADTH) in
the pan-Canadian Oncology Drug
Review (pCODR)

England and | National Institute for Health and Care

Wales Excellence

France French National Authority for Health

Germany Institute for Quality and Efficiency in
Healthcare as well as Federal Joint
Committee

New Zealand | Pharmaceutical Management Agency

Scotland Scottish Medicines Consortium

Sweden Dental and Pharmaceutical Benefits
Agency

The National Health Care Institute

Netherlands | (formerly College voor
Zorgverzekeringen, Healthcare
Insurance Board)

United States | Patient-Centered Outcomes Research
Institute

Patients in the Development and Lifecycle of
Medicines: A Call For Action (Hoos et al. 2015)
(Table 9.2).

Patients and advocates play a crucial role in
helping payers evaluate the social impact and
“cost-effectiveness” of medicines in ultra-rare
diseases such as childhood cancers, and their
contribution as part of this process can have
far-reaching effects. For example, in 2016 after
the United Kingdom’s National Institute for
Health and Care Excellence (NICE) published
a negative recommendation for dinutuximab,
an anti-GD2 antibody approved by the FDA in
2015 for neuroblastoma, advocates lodged an
appeal of the decision, and the appeal was sub-
sequently upheld (NICE 2015). Several issues
were raised including the methods of assess-
ment: single technology assessment (STA) ver-
sus highly specialized technology (HST) and
lack of fit for purpose of applying the same
end-of-life criteria to toddlers and elderly
patients, claiming “...there was no evidence in
the committee papers that the Committee had
considered the special position of children, or
treated their best interests as a primary con-
cern.” This action led to a favorable recom-
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mendation in 2018 for dinutuximab-beta
(NICE 2018).

Advocates emphasize that drug approval is not
the end goal; it is access for children

everywhere.

9.7 Collaboration Among
Stakeholders

to “ACCELERATE”

ACCELERATE, a collaborative platform of
international stakeholders, was jointly created in
2015 by SIOPE, Innovative Therapies for
Children with Cancer in Europe (ITCC), and
Cancer Drug Development Forum (CDDF)
within the European Network for Cancer
Research in Children and Adolescents (ENCCA).
The primary aim is to accelerate innovation in
drug development for children and adolescents
with cancer (Vassal et al. 2015).

The platform with equal representation of aca-
demic scientists and clinicians, advocates, indus-
try representatives, regulators, and HTA
authorities provides a transparent forum to dis-
cuss and address overarching issues in the devel-
opment of innovative anticancer medicines for
children and adolescents with cancer. It assem-
bles all stakeholders in pediatric oncology drug
development as equal partners to identify key
problems and work together to address them by
developing comprehensive strategies.

In 2018, ACCELERATE was reorganized to
strengthen international cooperation in order
to improve the global development of new
pediatric oncology drugs. This strategic deci-
sion to strengthen international cooperation
turned ACCELERATE into an organization
spanning Europe, North America, and beyond.
The ACCELERATE platform explores the cur-
rent drug development landscape, identifies
bottlenecks and hurdles, and makes proposals
to improve the development of anticancer
drugs in the pediatric and adolescent
population.

The ACCELERATE Annual Conference is the
occasion when progress is monitored, proposals
are implemented, and new areas of focus are

identified. A working plan is established each
year at the conference to be executed during the
following year. Progress is monitored and
reported from the previous year’s working plan.
The plan is implemented by the working groups.
Working groups are systematically composed of
members from the four stakeholder groups.
Representatives from other stakeholders can be
invited to join on an ad hoc basis.

Working groups are composed of representa-
tives of the four stakeholders (patient experts,
academia, pharmaceutical companies, and regu-
latory bodies) and any other stakeholder on an ad
hoc basis.

Current and previous working groups looked
at new incentives and strategies for specific pedi-
atric drug development and drug repositioning,
business models for financing, implementation of
long-term follow-up measures of children and
adolescents receiving new anticancer drugs,
developing best principles on how the design and
deliver a trial with a dataset that can be included
in a package for filing as well as Fostering Age
Inclusive Research (FAIR) Trials for Adolescents
& Young Adults.

Lastly, ACCELERATE has begun a series of
relevant educational webinars specifically for
stakeholders involved in drug development, with
the most recent one held in March 2021
(ACCELERATE 2021).

9.7.1 Pediatric Strategy Forums

One of the important outputs of the
ACCELERATE platform is their Paediatric
Strategy Forums, which are entering their fifth
year in 2021.

Timely and successful drug development for
rare cancer populations, such as pediatric oncol-
ogy, requires consolidated efforts in the spirit of
shared responsibility. In order to advance tailored
development efforts, the concept of multi-
stakeholder strategy forums involving industry,
academia, patient organizations, and regulators
has been developed. The goals of these forums
are to evaluate the current state of the science,
facilitate dialogue, and provide an opportunity
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for constructive discussions between relevant
stakeholders on specific topics to assure the
development of medicines in the best interests of
children and adolescents with cancer is priori-
tized. The objective of these meetings is to share
information and to facilitate the development of
innovative medicines and ultimately their intro-
duction into the standard of care of children with
malignancies. Advocates have been instrumental
in the planning, organizing, and participating in
the forums and have contributed to publications
that resulted (Pearson et al. 2019, 2020b, c, d).

9.8 Challenges

and Opportunities

Being identified as an advocate, or engaging in an
“advocate” activity, comes with many challenges.
The same is perhaps even more so for patients
who are advocates, who often bear the physical
and psychological scars of the disease. Other
stakeholders have a very important role to play in
prioritizing the involvement of advocates while
respecting the cumulative cost to the advocate
and his/her family.

Advocates and patients can be seen as having
a very one-dimensional role, available to provide
insight on what it is like to live with a disease or
to remind people of what is important. For even
within the best-intentioned groups, advocate
involvement can be seen as an add-on activity, or
worse still, something to check the box of Patient
and Public Involvement (PPI). This can be dis-
tressing for people who genuinely want to sup-
port in a co-production role, providing an
understanding not only of the condition but also
of the disease landscape and potential challenges
and opportunities within.

For the most part, advocates have direct
experience of the disease, having lived through
the devastation of diagnosis, grueling treat-
ment, and setbacks, cared for an extremely ill
child or young person, and often suffered
bereavement. Advocates are embedded in the
patient community, carrying significant per-
sonal and collective trauma and pressure to
ensure they do what is right for those they rep-

resent. Where advocates are engaged at any
stage of the drug development pathway, it is
extremely important to not add to the emotional
cost of their involvement. It is critical to make
the processes and role clear, ensure they have
the tools and support they need to fulfill the
role, and respect them as equals. Without this,
advocates can feel exploited, helpless, and
guilty, or it can exacerbate post-traumatic
stress.

Compensating advocates for their time and
knowledge exchange is a nuanced topic. To
achieve maximum inclusion, it is important to
ensure no individual is excluded simply because
they cannot afford to participate. Advocates often
self-fund their travel to meetings, hotel stays, and
associated costs and spend time away from paid
work. Full compensation should be offered for
these costs. Additional compensation to recognize
the value of the knowledge exchange to the com-
pany or organization may be gratefully received,
but many advocates do not accept payment for
their time to minimize potential conflicts of inter-
est and maintain their independence. Advocates
should disclose industry advisory and consulting
roles, as medical professionals are required
(Richards et al. 2018).

Aside from covering costs, another way to
help promote diversity and inclusion is to ensure
patients and advocates have access to relevant
and timely information. If clear and effective
two-way communication is not promoted by
industry, academia, and regulatory bodies, then
advocates with higher socioeconomic status and
increased health literacy will dominate the land-
scape, and important views and perspectives are
likely to be lost from the conversation. At pres-
ent, knowledge of the drug development process
is acquired by patients and advocates through
self-directed learning. Opportunities for learn-
ing need to be increased, with consideration for
those less likely to have access to digital
technology.

Where advocates are engaged in discussions
with commercial sensitivities, it is important to
ensure there is a clear understanding of the nature
of these discussions and any steps the company
needs to take to protect its interests. However,
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making this process onerous, involving extensive
unfamiliar legalese will only add to the burden
for advocates and further alienate potentially
marginalized groups. Equally, advocates need to
be made aware—in advance—of how any infor-
mation they share will be held and used by the
company.

929 Recommendations
for Academic, Industry,

and Regulatory Bodies

1. View patients and advocates as important and
equal partners and bring patient experts into
the development process early.

2. Be clear in your expectations and rules of
engagement and the role of the patient expert,
foster honest two-way dialogue, and provide
regular feedback.

3. Increase opportunities for learning in the drug
development process, with consideration for
those less likely to have access to digital
technology.

4. Maximize inclusion and diversity to ensure
full perspective while engaging the right peo-
ple in the right roles. Advocates active in the
patient community provide insight from cur-
rent and emerging issues, as well as from their
own experience.

5. Make industry contractual obligations as sim-
ple and straightforward as possible.

6. Appreciate the personal investment of advo-
cates, which includes time, money, and
emotion.

7. Evaluate and credit advocate input and impact
(Richards et al. 2020).

9.10 Summary and What'’s Next?

Patients and advocates bring intrinsic value to the
drug development process, and recognition of
this has vastly increased in recent decades. The
scientific and drug industry communities are
engaging with advocates more deeply and more
extensively.

Highly motivated advocates who are active
and knowledgeable about the childhood cancer

landscape play an important role in the process
of drug development. Their input and impact
are  increasingly  recognized by all
stakeholders.

Things are moving in the right direction; how-
ever, more work is needed to strengthen this col-
laboration and its impact and to achieve true
partnership for the benefit of children.

The field of cancer therapeutics development
for children and young people has many scien-
tific, ethical, logistical, and regulatory issues to
solve. To drive progress in this critical disease
area, a partnership of equals is required within
the multi-stakeholder approach.

Identifying the challenges and opportunities
in this multi-stakeholder process is essential to
accelerate access to innovative therapies for the
children and young people who desperately need
them. To achieve the full impact of combining
scientific knowledge with in-depth horizon scan-
ning, lived experience, and global drug develop-
ment, advocates need support and better-defined
roles. The seven recommendations in this chapter
outline a way forward: from bringing advocates
into the drug development process earlier and
helping educate them in this field to increasing
inclusion and recognition of both advocates and
the patients themselves in participating in clinical
research. Only by working together as a team will
all stakeholders succeed in the common goal to
rapidly bring new and better treatments to chil-
dren with cancer everywhere.
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10.1 Introduction and History
of Legislation Affecting

Pediatric Drug Development

Drug development for children operates within a
highly regulated environment that has evolved
over the past 120 years to address the provision
of safe and effective drugs to treat pediatric
patients (Table 10.1). The laws which dictate the
approval and licensing of safe and effective drugs
in general in the United States largely originated
as a result of catastrophic events that occurred in
children. These include deaths due to tetanus
from contaminated typhoid vaccines leading to
the Biologics Control Act of 1902, deaths from
unknown drug substances in patent medicines
prompting enactment of the Pure Food and Drug
Act of 1906, and deaths in children due to dieth-
ylene glycol poisoning from elixir of sulfanil-
amide culminating in the Food, Drug, and
Cosmetic (FD&C) Act of 1938 which authorized
the Food and Drug Administration (FDA) to
review and control the safety profile of new drugs
(Ballentine 1981; Hirschfeld and Ward 2013;
Institute of Medicine 2008). More than two
decades later, yet another tragic event affecting
newborn infants, phocomelia and other limb
abnormalities due to maternal use of thalidomide
during pregnancy, resulted in the 1962 Kefauver-
Harris amendment to the FD&C Act, which
imposed specific guidelines leading to drug
approval based on proven measures of effective-
ness in addition to safety (Kim and Scialli 2011).

Although the policies derived from these land-
mark pieces of legislation did not specifically
address participation of children in clinical trials,
the tragedies which predominated in children
leading to their passage were of such a magnitude
that the absence of specific requirements for
pediatric studies unfortunately led to their exclu-
sion from clinical trials evaluating effectiveness
and safety of new drugs. This led to the descrip-
tion of children as “therapeutic orphans” by Dr.
Harry Shirkey in a Journal of Pediatrics editorial
in 1968 noting the obvious disparity of children
included in clinical trials despite the incidence of
adverse events in children due to use of new
drugs in the absence of adequate dosing and

safety information directing their use (Shirkey
1968; Wilson 1999). Despite the incorporation of
a pediatric use section in product labeling by the
FDA and passage of the final labeling rule requir-
ing sponsors of approved products to review
existing data to potentially support expansion of
pediatric labeling provisions (U.S. Food and
Drug Administration 1994), there was little
improvement in substantive pediatric use
information.

Pediatric Regulations in the United States Years
of professional advocacy and voluntary efforts on
the part of clinical investigators and pharmaceuti-
cal sponsors culminated in a formal program to
economically incentivize sponsors to conduct
pediatric studies of new drugs with the passage in
1997 of the Food and Drug Administration
Modernization Act (FDAMA) (U.S. Congress
1997) that included Sec 505A of the FD&C Act
granting 6 months of marketing exclusivity to
manufacturers who voluntarily conducted studies
in children under a written request issued by the
FDA. The following year, a companion law, the
Pediatric Rule, was introduced that required
pharmaceutical sponsors to conduct studies in
children to support pediatric use of the product
for the approved indication (U.S. Federal Register
1997). The Pediatric Rule and the exclusivity
provision (Sec 505A) were envisioned to work
together to foster pediatric drug development by
driving appropriate investigations of new drugs
in children. However, the Pediatric Rule was
struck down in 2002 by the Federal Court of the
District of Columbia on the grounds that it
exceeded the statutory authority of the FDA to
require expansion of the indication of an approved
product (U.S. District Court for the District of
Columbia 2002). Later that year, the Best
Pharmaceuticals for Children Act (BPCA) was
enacted, reauthorizing the exclusivity provision
of Sec 505A and creating a process for pediatric
studies of off-patent drugs by the National
Institutes of Health (U.S. Congress 2002). In
2003, the Pediatric Research Equity Act (PREA)
was passed by the US Congress, which incorpo-
rated most of the provisions of the Pediatric Rule;
however, it exempted products for orphan-
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Table 10.1 US legislation affecting pediatric drug development

Year

Legislation

Pediatric regulatory implications

1902

Biologics Control Act

Required annual licensure by the Public Health Service for
sale or exchange of biologic products such as vaccines or
antitoxins

1906

Pure Food and Drug Act

Prohibited sale of misbranded or adulterated food and drugs

1938

Food, Drug, and Cosmetic (FD&C)
Act

Gave the FDA authority to oversee the safety of food, drugs,
and cosmetics

1962

Kefauver-Harris Amendment

Safety and effectiveness required for FDA approval of new
drug applications

1979

Pediatric Information Requirements

FDA required product labeling to include information
regarding whether safety and effectiveness have been
established in pediatric patients

1994

Pediatric Drug Labeling

Regulation required manufacturers of marketed drugs to
provide information summarizing available information to
determine whether there was sufficient information to include
information on pediatric use in drug labeling

1997

Food and Drug Administration
Modernization Act (FDAMA)

Incorporated Sec 505A into the FD&C Act, creating
incentives (including a 6-month extension of patent protection
and marketing exclusivity) for companies to voluntarily study
drugs in pediatric patients and submit data from these studies
in response to a written request for pediatric studies issued by
the FDA

1998

Pediatric Rule

Required drug manufacturers to submit results of studies of
their drug in New Drug Application (NDA) if there is
potential use in children. Overturned by Federal Court (2002)

2002

Best Pharmaceuticals for Children Act
(BPCA)

Reauthorized the exclusivity provision of Sec 505A through
2007 and created process for pediatric evaluation of off-patent
drugs by the National Institutes of Health

2003

Pediatric Research Equity Act (PREA)

Amended the FD&C Act to authorize the FDA to require
pediatric studies of drugs or biologics that are likely to be
used in a substantial number of pediatric patients or would
provide a meaningful benefit to children over existing
treatments. Also restored aspects of the Pediatric Rule.
Requirement for pediatric studies linked to indication sought
in adults; orphan-designated products exempt

2007

FDA Amendments Act (FDAAA)

Congress renewed and extended BPCA and PREA and
enacted the Pediatric Medical Device Safety and
Improvement Act (PMDSIA) to facilitate development of
pediatric medical devices. National Institutes of Health was
given authority to propose pediatric study of off-patent drugs

2010

Biologics Price Competition and
Innovation Act

Pediatric exclusivity provisions under BPCA extended to
biological products

2012

Title V of the Food and Drug
Administration Safety and Innovation
Act (FDASIA)

Permanently authorized BPCA and PREA

Authorized FDA to require earlier pediatric study plan
submission (iPSP) for drugs subject to PREA

Under Section 529, provided additional incentive for
development of new drugs for rare pediatric diseases
(Pediatric Rare Disease Priority Review Voucher, extended in
December 2020 for four additional years)

2017

Title V of the FDA Reauthorization
Act (FDARA)

Amended Sec 505B of the FD&C Act to require pediatric
investigations of certain targeted cancer drugs with new active
ingredients based on molecular mechanism of action rather
than clinical indication. Applied to original applications
submitted on or after August 18, 2020 for new drugs intended
for treatment of an adult cancer and directed at a molecular
target substantially relevant to growth or progression of one
or more pediatric cancers, irrespective of orphan designation
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designated indications from the requirement for
pediatric studies and did not require submission
of a proposed timeline and plan for the submis-
sion of pediatric studies during the investiga-
tional new drug application (IND) phase of drug
development (U.S. Congress 2003). In 2007, the
FDA Amendments Act (FDAAA) modified
BPCA to allow the National Institutes of Health
to propose pediatric study requests that the FDA
could issue as a written request to a commercial
sponsor (U.S. Congress 2007). In 2010, the pedi-
atric exclusivity provision was also extended to
biologics under the Biologics Price Competition
and Innovation Act (U.S. Congress 2010). In
2012, PREA was amended under the FDA Safety
and Innovation Act (FDASIA) to require pharma-
ceutical sponsors to submit an initial Pediatric
Study Plan (iPSP) early (60 days after an end-of-
phase 2 meeting) in development and reach
agreement with the FDA on the iPSP prior to the
submission of a new drug application (NDA) or a
biologics  licensing  application  (BLA)
(U.S. Congress 2012). This was done in an
attempt to require consideration of pediatric
development earlier in a product’s development
timeline, thereby facilitating responsible and
timely access of safe and effective drugs to chil-
dren. Both PREA and BPCA had sunset provi-
sions requiring reauthorization; they were
reauthorized wunder the Food and Drug
Administration Amendments Act (FDAAA) in
2007 and permanently reauthorized under
FDASIA in 2012.

Together, PREA and BPCA provided comple-
mentary opportunities to foster pediatric drug
development through a combination of mandates
to and incentives for the pharmaceutical industry.
However, because cancers that occur in adults
rarely occur in pediatric patients and the require-
ment for pediatric assessments under PREA was
tied to the adult indication under development,
the FDA granted full waivers of the requirement
for pediatric assessments to marketing applica-

tions in oncology, if the indication was not
already exempt from PREA requirements due to
orphan drug designation. Therefore, PREA did
not facilitate pediatric oncology drug develop-
ment. However, in 2017, Title V of the FDA
Reauthorization Act (FDARA) amended Section
505B of the FD&C Act to require pediatric inves-
tigations of certain targeted cancer drugs with
new active ingredients based on molecular mech-
anism of action rather than clinical indication
(U.S. Congress 2017). The provisions under
FDARA apply to original applications submitted
on or after August 18, 2020 for new drugs
intended for treatment of an adult cancer and
directed at a molecular target considered substan-
tially relevant to the growth or progression of one
or more pediatric cancers, irrespective of orphan
designation (United States Food and Drug
Administration 2021a).

Pediatric  Regulations in the European
Union In 1997, a committee convened by the
European Commission determined that existing
legislation in the European Union (EU) should be
strengthened to facilitate the development of
pediatric medicines. Additional discussion
resulted in the July 2002 International Conference
on Harmonization (ICH) Guideline E11, provid-
ing guidance on clinical investigation of medici-
nal products in pediatric patients. A series of
subsequent legislative initiatives incorporating a
system of obligatory and voluntary provisions
resulted in the European Commission’s regula-
tion 1901/2006 (the Paediatric Regulation). The
Paediatric Regulation came into effect in January
2007, governing the development and authoriza-
tion for pediatric use of drugs by the European
Medicines Agency (EMA). The Paediatric
Regulation requires drug companies seeking
marketing authorization for a new drug, new
indication, new drug product formulation, or new
route of administration for adults to submit a plan
for pediatric development, called a Paediatric
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Investigation Plan (PIP), to the EMA by the time
of completion of first-in-human trials in adults;
this time frame was established to provide for
early consideration of pediatric development and
sufficient time for review and formulation of an
opinion by the Paediatric Committee regarding
the necessity for and appropriateness of a pediat-
ric development plan. Products for rare diseases
or orphan-designated drugs products are not
exempt from this requirement. Fulfillment of the
requirement for conduct of studies under a PIP
qualifies the product for the incentive component
of the law, providing a 6-month extension of their
supplementary protection certificate (SPC) or an
additional 2 years of market exclusivity for
orphan medicines. An additional voluntary pro-
gram for pediatric studies of off-patent drugs,
incentivized by data protection for a drug prod-
uct’s innovator from use by a competitor leading
to a Paediatric Use Marketing Authorisation, was
included in the Paediatric Regulation (European
Parliament and the Council of the European
Union 2006a, b). The Paediatric Regulation
included a provision for class waivers based on
the drug class or medical condition; recognizing
the need for a mechanism of action-based
approach to pediatric drug development in oncol-
ogy, the EU revised the list of class waivers to
reduce the number of drugs that would qualify
for an automatic exclusion from the requirement
for pediatric development in 2015 (Reaman et al.
2020).

Pediatric Regulations in Other Countries
Canada and Switzerland enacted pediatric drug
regulations following their institution in the
United States and EU. In 2011, the Canadian gov-
ernment amended Part C of its Food and Drug
Regulations to provide a 6-month extension of
data protection based on results of trials designed
to demonstrate safety and efficacy of approved
drugs in children leading to a supplemental filing
for pediatric use when completed within 5 years
of the initial approval for the adult indication.

Revision and refinement of this regulatory initia-
tive are underway to more actively support pediat-
ric drug development (The Council of Canadian
Academies 2014). An even more far-reaching
incentive program with obligatory components,
the Therapeutics Products Law, was passed by the
Swiss Parliament in 2016 authorizing its regula-
tory agency, Swissmedic, to encourage compa-
nies to submit pediatric use data (Bucci-Rechtweg
2017).

Most countries do not currently have specific
regulations to facilitate pediatric drug develop-
ment. For example, there are currently no specific
regulations that extend special authority to the
Pharmaceuticals and Medical Devices Agency
(PMDA) in Japan and the Therapeutic Goods
Administration (TGA) in Australia to facilitate
pediatric drug development, other than the poten-
tial to extend the reexamination of an approved
drug in Japan upon submission of pediatric use
survey and clinical study data (Bucci-Rechtweg
2017).

10.1.1 US Regulatory Programs
to Expedite Development
of Drugs and Biologics

In an effort to facilitate and expedite drug devel-
opment for serious conditions and to address an
unmet need, starting in 1997, health authorities
began to offer programs to facilitate and expedite
development and regulatory review of products
that meet qualifying criteria. Although not unique
to oncology or pediatrics, a large percentage of
drug development in oncology is conducted
under these programs. Table 10.2 provides a
summary of the FDA expedited programs for
drugs and biologics intended to treat serious con-
ditions, including cancer (United States Food and
Drug Administration 2014a). Most drug develop-
ment programs resulting in approval in pediatric
patients have leveraged one or more of these
expedited programs.
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Table 10.2 Summary of FDA expedited programs for serious conditions—drugs and biologics (United States Food

and Drug Administration 2014a)

Breakthrough therapy
Priority review Accelerated approval Fast-track designation designation
Year 1992 1992 1997 2012
initiated
Qualifying | — An application A drug that treats a serious A drug that is A drug that is intended
criteria (original or efficacy | condition and generally intended to treat a to treat a serious
supplement) for a | provides a meaningful serious condition condition AND
drug that treats a advantage over available AND nonclinical or | preliminary clinical
serious condition | therapies and demonstrates an | clinical data evidence indicates that
AND, if approved, | effect on a surrogate endpoint | demonstrate the the drug may
would provide a that is reasonably likely to potential to address | demonstrate substantial
significant predict clinical benefit or on a | unmet medical need | improvement on a
improvement in clinical endpoint that can be clinically significant
safety or measured earlier than endpoint over available
effectiveness OR irreversible morbidity or therapies
— Any supplement that mortality (IMM) that is
proposes a labeling | reasonably likely to predict an
change pursuant to a| effect on IMM or other
report on a pediatric | clinical benefit (i.e., an
study under 505A | intermediate clinical endpoint)
OR
— Any application or
supplement for a
drug submitted with
a priority review
voucher
Timing of | With original BLA, The sponsor should discuss | With IND or after, With IND or after but
submission | NDA, or efficacy the possibility of accelerated |ideally no later than | ideally no later than the
supplement approval with the review the pre-BLA or end-of-phase 2 meeting
division during development | pre-NDA meeting
Features Shortens the review | Approval based on an effect | Actions to expedite | Intensive guidance on
clock by 4 months on a surrogate endpoint or development and efficient drug
intermediate clinical endpoint | review development
that is reasonably likely to Frequent interactions | Organizational
predict a drug’s clinical with the review team | commitment
benefit during development | Rolling review
Rolling review Other actions to expedite
review

Source: United States Food and Drug Administration 2014a

10.1.2 European Regulatory Programs
to Expedite Development of
Drugs and Biologics

In Europe, EMA expedited programs include
accelerated assessment, conditional marketing
authorization, and Priority Medicines (PRIME)
designation (European Medicines Agency 2018)
(Table 10.3).

As in the United States, these programs are not
unique to oncology but have had a significant impact
in the development of oncology drugs for adult indi-
cations and are also utilized in development pro-
grams for drugs intended to treat pediatric cancers.

10.1.3 US Orphan Drug Program

In order to encourage and facilitate development
of new treatments for rare diseases or conditions
including pediatric cancers, the Orphan Drug Act
(ODA), established in 1983, authorized the FDA
to grant special status referred to as “orphan des-
ignation” to certain drugs and biological prod-
ucts intended to treat a rare disease or condition,
upon the request of a sponsor. In order to qualify
for orphan designation, the drug and the disease
or condition need to meet certain criteria outlined
in FDA regulations (21 CFR Part 316).
Applications for orphan designation typically
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Table 10.3 EMA expedited programs

Accelerated
assessment Conditional marketing authorization PRIME designation
Year 2005 2006 2016
initiated
Qualifying | Major public health | Benefit to public health by treating, Nonclinical and exploratory
criteria interest, particularly | preventing, or diagnosing seriously clinical data support a potential
from the point of debilitating or life-threatening diseases, | major public health interest prior
view of therapeutic | with immediate availability to patients to the initiation of confirmatory
innovation greater than the risk inherent in the fact | clinical studies
that additional data are still required
Features Shorter EMA review | Less comprehensive evidence at time of | Support tailored to the stage of
time (150 days initial authorization compared with development, scientific advice,
instead of standard normal requirement early Committee for Medicinal
210 days) Products for Human Use (CHMP)
Rapporteur appointment, eligible
for accelerated assessment

Source: European Medicines Agency (1995-2021a, b); European Medicines Agency (1995-2022)

include documentation to show that the disease
or condition for which the drug is intended affects
less than 200,000 persons in the United States, or
more than 200,000 persons, but for which there is
no reasonable expectation that the cost of devel-
oping and making available in the United States a
product for such disease or condition will be
recovered from the sale in the United States. This
status is potentially applicable to all pediatric
cancers given their rarity.

Orphan designation qualifies the sponsor of
the product for various development benefits
including tax credits, research grants for clinical
testing expenses, waiver of the marketing appli-
cation user free, and FDA protocol assistance.
Further, orphan designation attracts industry
interest through a 7-year period of market exclu-
sivity for a product approved to treat an orphan
disease (United States Food and Drug
Administration 2020a).

10.2 Regulatory Standards
for Approval of Drugs
and Biologics

In the United States and EU, the regulatory stan-
dards for approval of a new drug or biologic
product intended for use in pediatric patients are
the same as those for products intended for adults.
The FDA must conclude that a drug or biologic is
safe and effective and provides benefits that out-

weigh its known and potential risks for the
intended patient population.

In 1962, the US Congress required for the first
time that drugs be shown to be not only safe but
also effective. A drug’s effectiveness must be
established by “substantial evidence,” which is
defined as:

evidence consisting of adequate and well-
controlled investigations, including clinical inves-
tigations, by experts qualified by scientific training
and experience to evaluate the effectiveness of the
drug involved, on the basis of which it could fairly
and responsibly be concluded by such experts that
the drug will have the effect it purports or is repre-
sented to have under the conditions of use pre-
scribed, recommended, or suggested in the labeling
or proposed labeling thereof. (The FD&C Act
Section 505(d) (21 U.S.C. § 355(d))

Under Section 351 of the Public Health
Service (PHS) Act (42 U.S.C. § 262), marketing
licenses (BLA or sBLA) can be issued only when
products are demonstrated to be “safe, pure, and
potent” (United States Government Publishing
Office 2010a, b). The FDA interprets potency to
include effectiveness and has also generally con-
sidered “substantial evidence” of effectiveness to
be necessary to support licensure of a biological
product under Section 351 of the PHS Act (United
States Food and Drug Administration 2019c¢).

Historically, the FDA has interpreted the law
as generally requiring at least two adequate and
well-controlled clinical investigations to estab-
lish effectiveness (21 CFR 314.126) (United
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States Code of Federal Regulations 2020), but the
FDA is authorized to rely on a single adequate
and well-controlled investigation when it is
deemed appropriate. Additionally, the FDA may
also rely on a previous finding of effectiveness of
an approved drug when scientifically justified
and legally permissible (United States Food and
Drug Administration 2019c¢).

The approaches to providing substantial evi-
dence to support the safe and effective use of
drugs in pediatric populations can vary depend-
ing upon the pediatric indication sought, the
extent of knowledge about the drug in adult
patients, and the extent to which the course of the
disease and effects of the drug in adult and pedi-
atric patients are similar. The traditional approach
would rely on evidence from one or more ade-
quate and well-controlled trials in pediatric
patients to support a pediatric indication, which
would generally require a full pediatric develop-
ment program. In the 1994 Final Regulation on
Pediatric Labeling, the FDA finalized a set of
rules permitting extrapolation of efficacy to the
pediatric patient population, concluding that “a
pediatric use statement may also be based on
adequate and well-controlled studies in adults,
provided that the agency concludes that the
course of the disease and the drug’s effects are
sufficiently similar in the pediatric and adult pop-
ulations to permit extrapolation from the adult
efficacy data to pediatric patients (U.S. Food and
Drug Administration 1994). Where needed, phar-
macokinetic data to allow determination of the
appropriate pediatric dosage and additional pedi-
atric safety information must also be submitted”
to support a pediatric indication (United States
Food and Drug Administration 2014b).
Extrapolation of efficacy can be based on “full
extrapolation” in cases where there is a similar
progression of disease, similar response to treat-
ment, and similar exposure-response relationship
in adult and pediatric patients and when the drug
or its active metabolite concentration is measur-
able and predictive of response; with full extrap-
olation, if there is insufficient PK information to
support pediatric dosing, then a PK study would
be needed to identify the pediatric dose that
would provide similar exposure to adults. “Partial

extrapolation” of adult efficacy data supple-
mented by pharmacokinetic and pharmacody-
namic information from studies in pediatric
patients may be warranted in cases where the
exposure-response relationship in pediatric
patients is not adequately defined or thought not
to be sufficiently similar to that in adults. In gen-
eral, extrapolation from adult studies is not suffi-
cient to establish the safety of a drug in pediatric
patients; the extent of pediatric safety studies
needed depends on multiple factors including
prior clinical experience with similar drugs in
pediatric populations, the safety profile observed
in adult or pediatric patients, unique safety con-
siderations based on the drug’s mechanism of
action, potential concerns identified by toxicol-
ogy studies, and feasibility of conducting studies
in pediatric patients (United States Food and
Drug Administration 2014b).

As with products intended for use in adult
patients, the process for review and approval (or
arriving at a decision not to approve) of a new
drug application (NDA) or biologics license
application (sBLA) or associated supplemental
applications 1is multidisciplinary and occurs
within a structured framework; this framework
includes analysis of the condition and available
treatments and assessment of the benefits and
risks associated with the drug based on clinical
data, as well as strategies for managing these
risks. Risk-benefit assessments are not always
straightforward, and therefore decisions made by
regulatory authorities do not always align.

10.3 Implementation of Pediatric

Regulations (Before FDARA)

10.3.1 Implementation of Pediatric
Regulations in the United
States

The passage of FDAMA in 1997 and the subse-
quent publication of the Pediatric Rule followed
by the passage of PREA in 2003 were intended to
provide a two-pronged approach to foster pediat-
ric drug development: a mandate for pediatric
studies under PREA and an incentive program
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under BPCA to encourage pediatric drug develop-
ment that is not required under PREA. Although
these programs resulted in some progress in pedi-
atric drug development, PREA did not result in
timely pediatric cancer drug development, and no
approvals for pediatric oncology indications
occurred as a result of PREA due to provisions for
waivers and exemptions to PREA that were not
addressed until the 2017 passage of FDARA. The
following sections outline the implementation of
pediatric regulations prior to the implementation
of the provisions enacted under FDARA.

10.3.2 Legislative Requirements
for Pediatric Studies

10.3.2.1 United States

Under PREA, a manufacturer must submit a
pediatric assessment when submitting a new drug
application (NDA), biologics licensing applica-
tions (BLA), or supplement to an application to
market a new active ingredient, new indication,
new dosage form, new dosing regimen, or new
route of administration, unless a waiver or defer-
ral has been obtained. PREA also authorized
FDA to require holders of applications for previ-
ously approved marketed drugs and biological
products to submit a pediatric assessment under
certain circumstances. Prior to FDARA, require-
ments for pediatric assessments under PREA
were linked to the adult indication under study,
and applications that received orphan designation
were exempt from PREA requirements.

The original PREA legislation did not spec-
ify a timing requirement for the submission of
a pediatric study plan; however, in an effort to
shorten the timeline for initiation of pediatric
studies in 2012 under FDASIA, PREA was
amended to require submission of an initial
Pediatric Study Plan (iPSP) outlining the plan
for conduct of an assessment of the drug or
biologic no later than 60 calendar days from
the date of the end-of-phase 2 (EOP2) meet-
ing. In the absence of an EOP2 meeting, iPSPs
should be submitted as early as possible and at
a time agreed upon by the FDA and sponsor.
The iPSP should be submitted prior the initia-

tion of phase 3 studies and no later than
210 days prior to the submission of a market-
ing application.

Under PREA, the iPSP can include a plan for
requesting a deferral of pediatric assessments if
the marketing application seeking an indication
in adults is ready for submission prior to comple-
tion of pediatric studies, or if additional safety or
efficacy data are warranted prior to conducting
pediatric studies. The iPSP can also include a
plan for a waiver of the requirement to conduct
pediatric assessments for all pediatric age groups
(full waiver) or a subset of the pediatric popula-
tion (partial waiver) if one or more of the follow-
ing criteria are met:

e Necessary studies are impossible or highly
impracticable.

e Evidence strongly suggests the drug/biologic
would be ineffective or unsafe.

e Drug/biologic does not represent a meaning-
ful therapeutic benefit over existing therapies
for pediatric patients and is not likely to be
used by a substantial number of pediatric
patients.

* Reasonable attempts to produce a pediatric
formulation necessary for a pediatric age
group have failed (partial waiver only).

In July 2020, the FDA issued a final guidance
document outlining the content and process for
submitting iPSPs and modifications to iPSPs
(United States Food and Drug Administration
2020b).

Figure 10.1 provides an overview and time-
line associated with the iPSP submission and
agreement process. The FDA review of iPSPs
occurs in consultation with the FDA Oncology
Center of Excellence (OCE) subcommittee of
the Pediatric Review Committee (PeRC), and
the total length of time for FDA review of an
iPSP should not generally exceed 210 days.
Sponsors should not submit an original or sup-
plemental marketing application until the FDA
issues a letter confirming agreement with the
agreed iPSP; FDA may refuse to file an applica-
tion that does not include an agreed iPSP if the
application is subject to PREA.
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Fig.10.1 FDA Day 60
eg(’iiatric study plan Day 0 Y
PeRIAiric STey prat - | 60 days Sponsor must submit
submission and review End of Phase 2 Meeting | Initial iPSP
process
Day 150
FDA issues written responses 90 days
or meets with Sponsor
to discuss iPSP Agency review of
initial iPSP
Day 240

90 days Sponsor submits

Day 270

Agreed iPSP

Division and sponsor
negotiate iPSP

Agency issues letter confirming
agreement with Agreed iPSP

30 days

Agency review and

10.3.2.2 European Union
The European Union’s Paediatric Regulation
(European Parliament and the Council of the
European Union 2006a, b), which came into
effect in January 2007, has objectives similar to
US legislation but a different system of imple-
mentation. The Regulation requires all applica-
tions for marketing authorization for a new
product, new indication, new pharmaceutical for-
mulation, or new route of administration to estab-
lish a pediatric development program known as a
Paediatric Investigation Plan (PIP), unless a
product-specific or class waiver is granted. The
PIP must be agreed to by the European Medicines
Agency (EMA) Paediatric Committee (PDCO)
and is a mandatory step to gain marketing autho-
rization for adults for most on-patent products.

The PIP is intended to ensure that the neces-
sary data to support the authorization of a product
for children are obtained through studies in chil-
dren. Unlike in the United States where pediatric
exclusivity and requirement programs are delin-
eated in distinct legislations (voluntary BPCA
and mandated PREA, respectively) with different
legal frameworks, in the EU, the exclusivity
incentive and requirement for pediatric study are
unified under the Regulation.

The PIP details administrative and product
information including age-appropriate formula-

concurrence with
Agreed iPSP

tions, the disease to be treated and therapeutic
benefit, whether juvenile nonclinical studies are
needed, and a description of clinical studies that
will generate data to support a pediatric
approval. It should also include application for a
product-specific waiver or deferral, if relevant.
The PIP is submitted early in product develop-
ment and should be submitted at the end of
phase 1. Due to this early timeline, studies are
often deferred until there are sufficient data to
demonstrate the efficacy and safety of the prod-
uct in adults.

Similar to the FDA, the PDCO may grant PIP
deferrals and waivers as appropriate. Deferrals
are justified on one of the following grounds: sci-
entific and technical basis; reasons related to
public health; studies should be conducted in
adults prior to initiating studies in the pediatric
population; and when pediatric studies will take
longer to conduct than studies in adults. Waivers
may be granted for reasons such as the disease
does not occur in children, the product is likely to
be ineffective or unsafe, or the product does not
represent a significant therapeutic benefit over
existing treatments. Products for rare diseases or
orphan-designated products are not exempt; how-
ever, as in the United States under PREA prior to
institution of the FDARA provisions, pediatric
development of anticancer drugs is often waived
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because a therapy is being developed for an adult
disease that is rare or does not occur in children.

The EMA maintains a list of class waivers for
products that are not required to submit a PIP as
part of a marketing authorization application.
The EMA provided an updated list of classes of
products in July 2015 (European Medicines
Agency 2015); in this list, 80% of the class-
waived conditions were malignancies. In October
2017, the European Commission published a
10-year scientific and medico-economic report of
the EU Paediatric Regulation which showed that
it had considerable impact on the development of
pediatric products, particularly in therapeutic
areas such as rheumatology and infectious dis-
ease, but insufficient progress was made for chil-
dren with cancer (European Medicines Agency
2017). Due to the issue of class waivers in oncol-
ogy and the EMA’s acknowledgment of the need
for a mechanism of action-driven approach to
pediatric drug development, in July 2018, the
EMA launched the revised class waiver list which
was intended to result in increased discussions
with the PDCO on the ability of a product to
address unmet medical needs for children with
cancer and consequently reductions in the num-
ber of malignant conditions for which a waiver
would be granted.

After assessment of an application for a PIP,
deferral, waiver, or modification, the PDCO
adopts an opinion, and the applicant is notified
about it within 10 days from its adoption. The
applicant then has an opportunity to request a
reexamination of the opinion within a certain
period, if desired. Once the PDCO issues its final
opinion, the EMA then adopts a decision and
makes it publicly available (European Medicines
Agency 1995-2021a). The pharmaceutical com-
pany must strictly follow the agreed PIP but can
modify the PIP at any time, as evidence emerges
requiring changes to the plan. Once completed,
the EMA confirms that the applicant has com-
plied with all measures through a compliance
check which has to be requested by the sponsor
or at the validation of a regulatory application, if
no prior request to the PDCO has been made by
the sponsor. The company can then submit the
data generated as part of a PIP for assessment at
the Committee for Medicinal Products for Human

Use (CHMP). Once a PIP is completed and the
data are reflected in the summary of product
characteristics (SmPC), the product is eligible for
6 months of supplementary protection certificate
(SPC) or patent extension (European Parliament
and the Council of the European Union 2006a,
b), which differs from the 6-month extension of
market protection on the active moiety afforded
by BPCA. For orphan-designated medicinal
products in the EU, the 10-year period of market
exclusivity is extended to 12 years.

10.3.3 Voluntary Incentive Pediatric
Development Programs

10.3.3.1 United States

Under BPCA, a written request can be issued by
the FDA independently or in response to a
request from the sponsor. A sponsor may request
the FDA to issue a written request by submitting
a Proposed Pediatric Study Request (PPSR). A
PPSR contains the rationale for the studies and
design, a detailed study design, and a plan for
the development of appropriate formulations for
each age group. If the terms of the written
request have been met and studies were con-
ducted as agreed upon by the agency, the com-
pany may be awarded an additional 6 months of
patent exclusivity. The studies need not have
positive results in order to qualify for exclusiv-
ity but must provide clinically meaningful infor-
mation to be incorporated in product labeling.
The FDA may grant a written request for condi-
tions that are different from the adult indication
for which the agent may have originally been
developed, an important distinction from PREA
requirements.

A written request may be amended based on
new or evolving data. Amendments to a written
request may include addition or removal of stud-
ies in the written request or other modifications to
the original plan and must be issued by the
FDA. The amendment can be issued in response
to a request by the sponsor or at the FDA’s
initiative.

A sponsor is not obligated to conduct studies
in response to a written request nor penalized for
failure to fulfill the terms of a written request. In
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addition, trials conducted under a written request
do not have to demonstrate efficacy in order to
for the written request to be considered fulfilled
(United States Food and Drug Administration
2022).

Under FDASIA, an additional program, the
Rare Pediatric Disease Priority Review Voucher,
under the Creating Hope Act, was added which
provides for awarding of priority review vouch-
ers to sponsors of certain pediatric disease prod-
uct applications (United States Food and Drug
Administration 2019a). A priority review voucher
entitles the holder to designate a single drug
application as qualifying for priority review,
which shortens the PDUFA-mandated time
frames for review by 4 months. This program was
designed to encourage development in disease
spaces that otherwise may not see development
and to provide an incentive that may offset some
of the cost incurred by a company to develop a
drug for a rare disorder where clinical studies
may be challenging. A rare pediatric disease is a
rare disease or condition that is serious or life-
threatening in which the serious or life-
threatening manifestations primarily affect
individuals aged from birth to 18 years, including
neonates, infants, children, and adolescents.
These criteria qualify all pediatric cancers as rare
diseases. Typically, a sponsor submits a request
for rare pediatric disease designation prior to
submitting a new drug application. The sponsor
then may request a voucher at the time of the sub-
mission of the application. The FDA must
approve the marketing application and the
voucher request. Upon approval, the FDA issues
a voucher to the company. The priority review
voucher is transferable and can be used for any
future application irrespective of the indication
being sought. The rare pediatric disease voucher
program was reauthorized in 2020 and requires
reauthorization in 2024 (United States Food and
Drug Administration 2017).

As of 2021, the following four rare pediatric
disease priority review vouchers have been issued
as a result of the approval of an agent for a pedi-
atric oncology or oncology-relevant indication:
Unituxin (for neuroblastoma), Kymriah (for
B-cell precursor acute lymphoblastic leukemia),

Gamifant (for primary hemophagocytic lympho-
histiocytosis), and Danyelza (for
neuroblastoma).

10.3.3.2 European Union

Similar to BPCA in the United States, the finan-
cial incentive stipulated by the EU Paediatric
Regulation can be obtained regardless of whether
the pediatric studies conducted lead to granting
of a new pediatric indication or failed to demon-
strate efficacy. Importantly, it is required that the
results of these studies are reflected in product
labeling, and as such, “negative” studies, which
indicate when a product should not be used in
children, are also of interest to the FDA and
EMA.

Another type of marketing authorization in the
EU is the Paediatric Use Marketing Authorisation
(PUMA) which was established to incentivize
pediatric development of authorized products
that are no longer under patent protection.
PUMASs are intended to stimulate research of
existing medicines to provide better treatments
for children or to help transform a known off-
label use into an authorized use that is safer and
better framed through the marketing authoriza-
tion. A PUMA granted for a product developed
exclusively for use in pediatric patients in com-
pliance with an agreed PIP benefits from 10 years
of market protection. So far, only a very limited
number of PUMAS have been granted (European
Commission 2017).

10.4 Impact of US Pediatric
Regulations Prior to FDARA
on Pediatric Drug

Development

Prior to FDARA, PREA requirements for pediat-
ric studies resulted in meaningful accumulation
of data to inform pediatric use for many non-
oncologic drugs but did not result in any drug
approvals for a pediatric oncologic disease. The
lack of approvals is largely because oncology
drug development primarily occurs for adult
oncologic conditions which are not prevalent in
the pediatric population and because many oncol-
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Table 10.4 Drugs approved for pediatric oncology indication using data submitted to fulfill a pediatric written request

Agent Year of pediatric approval Indication
Imatinib 2003 Ph+ ALL and Ph+ CML
Clofarabine 2004 Relapsed and Refractory ALL
Blinatumomab 2016 ALL
Dasatinib 2017 Ph+ CML in chronic phase
Ipilimumab 2017 Unresectable or metastatic melanoma
Tisagenlecleucel 2017 R/R ALL
Larotrectinib 2018 Metastatic or refractory tumors with NTRK
gene fusion
Nilotinib 2018 Ph+ CML
R/R Ph+ ALL
Daunorubicin and Cytarabine 2021 t-AML or AML-MRC ages 1 and older

Source: US Food and Drug Administration. Drugs @FDA: FDA-Approved Drugs

ogy drugs under development qualify for orphan
drug designation; for these reasons, the vast
majority of marketing applications for oncology
drugs qualified for full waivers based on the dis-
ease or, in the cases of relevant diseases, an
exemption from PREA requirements due to
orphan designation. Therefore, prior to FDARA,
the impact of regulatory provisions to pediatric
oncologic drug development in the United States
was solely driven by incentivized programs under
BPCA provisions.

As of the end of 2020, 40 written requests
have been issued for oncologic agents for pediat-
ric indications (Akalu et al. 2021). From the time
of the initiation of the BPCA through 2021, nine
drugs or biologic products were approved for a
pediatric oncologic indication based on a study
included in a written request issued by the FDA
(Table 10.4).

10.5 Evolving Regulatory
Landscape

10.5.1 PREA and the RACE
for Children Act

The necessary change in focus of legislative ini-
tiatives to protect children through responsible
research to ensure their access to safe and effec-
tive drugs has resulted in meaningful advances in
the development of drugs for many non-oncologic
diseases occurring in children but has had a lim-

ited impact on improving the treatment of child-
hood cancers.

Historically, manufacturers have been reluc-
tant to study products in children due to eco-
nomic, ethical, and perceived legal concerns,
among other obstacles. This is particularly true
for children with cancer, a vulnerable population
with rare and ultra-rare diseases that comprise a
small financial market for commercial sponsors
developing cancer therapies. Accordingly,
approval of a new cancer drug for a pediatric can-
cer indication without prior approval for an adult
cancer indication occurs rarely, and there is an
urgent unmet need for new and less toxic treat-
ments for pediatric malignancies.

As discussed in the previous sections, PREA
had no impact in oncology because orphan drug
designation rendered drug applications exempt
from PREA requirements and waivers from the
requirement for pediatric assessments were per-
mitted for drugs intended to treat an adult cancer
(e.g., breast cancer and prostate cancer) that
either does not occur in children or occurs so
rarely that the necessary pediatric studies would
be impossible or highly impracticable to
conduct.

To address this unintended loophole, the
Research to Accelerate Cures and Equity (RACE)
for Children Act was signed into law on August
18, 2017, as Title V of the 2017 FDA
Reauthorization Act (FDARA) to amend PREA,
Sec 505B of the FD&C Act, to require, for origi-
nal applications submitted on or after August 18,
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2020, pediatric investigations of certain targeted
cancer drugs with new active ingredients, based
on molecular mechanism of action rather than
clinical indication. FDARA thereby created a
mechanism to require evaluation of certain novel
agents that may potentially address an unmet
medical need in the pediatric population (i.e.,
children ages 0-2 years, 2—11 years, and adoles-
cents ages 12—<17 years). Specifically, if an ini-
tial NDA or BLA (excluding supplemental
applications) is for a new active ingredient, and
the product that is the subject of the application is
intended for treatment of an adult cancer and
directed at a molecular target FDA determines to
be substantially relevant to the growth or progres-
sion of a pediatric cancer, reports on the molecu-
larly targeted pediatric cancer investigation
required under Section 505B(a)(3) of the FD&C
Act must be submitted with the marketing appli-
cation, unless the required investigations are
waived or deferred (United States Food and Drug
Administration 2021a).

FDA, in consultation with the National
Cancer Institute, and members of the internal
committee established under section 505C of
the FD&C Act, the Pediatric Oncology
Subcommittee of the Oncologic Drugs Advisory
Committee, maintains a publicly accessible list
of molecular targets that are considered to be
substantially relevant to the growth or progres-
sion of a pediatric cancer and that may trigger
the requirements for pediatric investigations. Of
note, a molecular target to which a specific drug
is directed is not required to be on the “The
Relevant Molecular Target List” to require a
clinical evaluation of the drug in the pediatric
population. There is also a separate list of
molecular targets that are considered “not sub-
stantially relevant” to the growth or progression
of pediatric cancers and that could warrant a
waiver of pediatric study requirements.

The RACE for Children Act requires affected
applications to have an agreed iPSP describing a
plan for pediatric clinical investigation(s)
designed to yield meaningful data regarding dos-
ing, safety, and preliminary efficacy to inform
pediatric labeling, regardless of orphan designa-
tion, or a plan to request a waiver or deferral with
appropriate justification. The iPSP must be

agreed upon by the FDA. The iPSP must include
information on the cancer(s) in the pediatric pop-
ulation for which the drug warrants early evalua-
tion, planned pediatric studies, sample size,
age-appropriate formulations, statistical analysis
plan, timeline of the pediatric development plan,
and agreements for pediatric studies with other
regulatory agencies.

The RACE for Children Act effectively elimi-
nates orphan exemption for pediatric studies for
cancer drugs directed at molecular targets rele-
vant to pediatric cancers. As such, it reinforces
FDA’s authority to require pediatric studies of
oncology products and has the potential to sub-
stantially decrease the time frame between char-
acterization of the antitumor activity and safety
of novel targeted anticancer drugs in adults and
the initial assessment of activity, dosing, and tol-
erability in children with cancers that have the
potential to respond to these drugs.

To facilitate compliance with amended PREA
requirements, sponsors can request Early Advice
(Type F) meetings, which are held within 30 days
of submission of the request, to engage with the
Oncology Center of Excellence’s Pediatric
Oncology Program. The FDA encourages spon-
sors to consider requesting a meeting during the
early stages of formulation of an iPSP to discuss
the relevance of a specific target and expectations
for early assessment in pediatric populations,
unless justification for waiver or deferral can be
provided. In pediatric patients with a rare cancer,
sponsors are advised to consider innovative study
design and seek feedback from FDA regarding
planned clinical trials for investigational agents
with a specific molecular target. In the first sev-
eral months following enactment of the FDARA
provisions, a significant number of Type F meet-
ings have been requested by industry, and discus-
sions during these meetings have contributed to
formulation of agreed iPSPs earlier in the devel-
opment timeline and resulted in a greater number
of agreed iPSPs that contain descriptions of
planned pediatric studies. Additionally, there
have been more frequent discussions, including
Pediatric  Cluster Calls and Common
Commentaries, among global regulatory health
agencies regarding oncology products.
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Pediatric legislation in the United States and
EU has been successful in increasing the number
of clinical studies in children in recent years and
providing opportunities for timely initial investi-
gations of potentially safe and effective novel
therapies. Although benefits have been delayed in
children with cancer, the implementation of the
RACE for Children Act in the United States and
reduction in class waivers in the EU provide
opportunities to further accelerate early pediatric
evaluation and development of new anticancer
agents for children.

10.6 Responding to the Changing
Cancer Drug Development
Paradigm

10.6.1 Evolving Cancer Drug
Development

The emergence of precision medicine represents
a paradigm shift in drug discovery and develop-
ment. Genomic profiling of cancers has enabled
the identification of actionable variants and led to
development of targeted agents, changing the
landscape of oncology products. Sequencing
efforts have found that molecular drivers of cer-
tain adult cancers are also implicated in malig-
nancies occurring in children and adolescents
across histologies. Up to 50% of pediatric can-
cers have been reported to harbor a potentially
druggable target that may be addressed by a drug
already approved for use in adults (Grobner et al.
2018). Accordingly, novel targeted oncology
products may prove effective in the treatment of
children with cancer, even if the adult cancer
indication does not occur in the pediatric
population.

Regulatory agencies acknowledge that con-
ventionally designed pediatric trials may be inef-
ficient and difficult to conduct in children with
cancer due to rarity of the disease and pressing
unmet need, and as such, flexibility in trial design
may be both warranted and necessary.
Additionally, due to the inherently different types
of cancers that occur in adults and children, lim-
ited opportunities exist for extrapolation of effi-
cacy from adult cancer indications to children. As

aresult, innovative study designs must be also be
considered.

Bayesian designs present a more modern clin-
ical trial approach, and pediatric cancer studies
are particularly well suited to benefit from these
methods. Bayesian approaches account for
uncertainty in prior knowledge and incorporate
prior knowledge from external data while basing
decision-making on posterior probability of effi-
cacy or continuous monitoring as data accrue.
Sequential monitoring for efficacy with Bayesian
analysis can be a valuable tool that may minimize
risk to children by potentially stopping a trial
early when warranted based on lack of antitumor
activity and preventing further exposure to an
ineffective agent (Ye et al. 2020). This reduces
risk of unnecessary toxicity and allows patients
to pursue other investigational products that may
provide greater clinical benefit.

Use of real-world data (RWD) to generate
real-world evidence (RWE), including design of
external and historical controls, natural history
studies, and expanded access data, is being
actively explored by commercial sponsors to sup-
port clinical drug development and regulatory
submissions. The incorporation of such alterna-
tive data sources gained momentum through the
passage of the twenty-first Century Cures Act in
2016, which tasked the FDA with creating a
framework for evaluating RWE for the approval
of a medical product. RWD is increasingly rele-
vant in pediatric oncology due to challenges such
as disease rarity, vulnerability of patients, poor
prognosis including relapsed/refractory tumors,
and lack of effective therapies or standard of care
which limit the options for a reasonable control
in certain diseases. If trials utilizing RWD are
well designed and the RWD are fit for purpose,
among other criteria, use of RWD has the poten-
tial to provide evidence supporting the effective-
ness or safety of a new product or in support of
labeling changes (e.g., expanded indications) or
post-market study requirements for an approved
product (United States Food and Drug
Administration 2018). Although there is limited
experience with use of RWD to support the estab-
lishment of efficacy for oncology drugs, the FDA
is actively engaging in complex and typically
iterative discussions with sponsors interested in
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pursuing pediatric oncology drug development
programs that incorporate use of RWD.

Industry may also consider a variety of strate-
gies to pursue early pediatric assessment of novel
therapeutics in the context of adult studies. A
pediatric cohort can be included in the expansion
phase of an adult clinical trial investigating a tar-
get that also occurs in a specific pediatric
tumor(s), thereby enabling earlier development
in children without having to initiate a dedicated
pediatric trial. Adolescent patients may be
included at even earlier time points in clinical
studies. In general, the FDA strongly encourages
broadening eligibility criteria to permit enroll-
ment of adolescent patients in adult oncology tri-
als at all relevant stages of development when the
histology and biologic behavior of the cancer is
the same in, or the molecular target of the drug is
relevant to, cancers in both adult and adolescent
patients (United States Food and Drug
Administration 2019b). As systemic exposure
and clearance of a product are generally similar
in adults and adolescents after accounting for the
effect of body size on pharmacokinetics, it is
often feasible to lower the age requirement of an
adult trial to 12 years.

When evaluating a product for a target that is
rare in the pediatric population, embedding a
pediatric trial within an ongoing adult trial can be
an attractive option as it can leverage resources of
existing global studies at multiple clinical sites,
enhancing enrollment and utilizing infrastructure
that is already in place.

Similarly, tissue-agnostic drug development,
which typically encompasses tumor types that
occur in both pediatric and adult patients, has the
potential to provide pediatric patients more
timely access to safe and effective targeted thera-
pies that are effective against an oncogenic driver
that is essential to the growth of multiple cancers
of varying histologies. Investigation of targeted
agents in diverse cancers that share a genetic
aberration (e.g., neurotrophic receptor tyrosine
kinase (NTRK) fusion-positive tumors) or inclu-
sion of pediatric cohorts in adult trials that share
a molecular target with pediatric cancers allows
for simultaneous study and potential approval of
an agent across tumor histologies, resulting in a

more widespread impact on patients, particularly
those with rare tumor types. In 2017, the FDA
granted its first tissue-agnostic approval to pem-
brolizumab for adult and pediatric patients with
unresectable or metastatic, microsatellite
instability-high (MSI-H) or mismatch repair defi-
cient (AMMR) solid tumors that have progressed
following prior treatment and who have no satis-
factory alternative treatment options. Efficacy for
pediatric patients with these cancers was extrapo-
lated from the respective adult populations
because based on the mechanism of action of
pembrolizumab, it would not be expected that
response would differ in pediatric patients with
MSI-H/dMMR tumors; therefore, the FDA con-
sidered it reasonable to extrapolate the effects of
pembrolizumab from adults to children. The sec-
ond product to receive tissue-agnostic FDA
approval for the treatment of cancer was larotrec-
tinib, specifically for the treatment of adult and
pediatric patients with advanced solid tumors
with an NTRK gene fusion without a known
acquired resistance mutation who have no satis-
factory alternative treatments. Efficacy was
established based on data from 55 patients with
unresectable or metastatic solid tumors harboring
an NTRK gene fusion who were enrolled across
three trials. Of these 55 patients, 12 were less
than 18 years of age and had rare tumor types
including infantile fibrosarcoma, soft tissue sar-
coma, and thyroid cancer (U.S. Food and Drugs
Administration 2021).

In hand with tissue-agnostic development,
master protocols, in the form of basket, umbrella,
and platform trials, are being utilized more often
in pediatric cancer drug development. Such pedi-
atric precision oncology trials are generally
designed to permit streamlined and potentially
adaptive biomarker-driven clinical trials while
saving time, cost, and other resources. One exam-
ple of a pediatric master protocol is the Pediatric
MATCH (Molecular Analysis for Therapy
Choice) trial (NCT03155620), led by the National
Cancer Institute and Children’s Oncology Group.
This US study enrolls patients 1-21 years of age
with relapsed or refractory solid tumors,
non-Hodgkin lymphoma, and histiocytosis. A
sample of the patient’s recurrent tumor is submit-
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ted for sequencing (over 160 cancer-related genes
are tested) and analyzed to determine whether an
actionable mutation of interest is present. As of
2021, there are 11 treatment arms with distinct
molecular targets using agents that have been
tested in or approved for adults. Early reports of
this trial have found that 24% of pediatric patients
with advanced cancer who had their tumors
tested were eligible to receive one of the targeted
agents being studied (Parsons et al. 2019).

10.7 International Multi-

Stakeholder Collaboration

Because of the limited number of patients diag-
nosed with pediatric malignancies who may be
eligible to be enrolled in clinical trials, particu-
larly with the subdivision of pediatric cancers
into smaller subsets based on tumor molecular
characteristics, international multi-stakeholder
collaboration to facilitate the conduct of global
pediatric clinical trials is vital.

Although there are many similarities between
the EU and US pediatric laws and regulations,
which both aim to facilitate the development of
drugs to treat pediatric patients, there are key
differences as outlined below (Penkov et al.
2017).

e Inthe EU, the incentives and requirements for
pediatric studies are unified under the Pediatric
Regulation, whereas in the United States,
pediatric requirements and incentives are pro-
vided under separate legal frameworks and
therefore have different requirements, pro-
cesses, and timelines. Thus, fulfillment of the
requirement to conduct a pediatric study under
PREA in the United States does not confer
exclusivity, whereas in the EU, fulfillment of
requirements under the pediatric regulation
confers exclusivity.

e The scope of EU and US pediatric legislative
requirements differs. The EU applies the term
“condition” broadly when determining
whether pediatric studies are required. In con-
trast, for US applications submitted prior to
the implementation of FDARA, the scope of

the requirement for conduct of studies under
PREA applied only to the adult indication
under development. Under FDARA, the
requirement for certain new molecularly tar-
geted cancer drugs and biologics submitted on
or after August 18, 2020 to include pediatric
investigations in relevant pediatric cancers
will facilitate efforts to bring the EU and US
requirements in closer alignment.

e The timing of submissions of initial pediatric
study plans in the United States (no later than
60 days after an end-of-phase 2 meeting) and
pediatric investigational plans (no later than
the end of initial tolerability studies) differs.

o After FDASIA, biosimilar products are cov-
ered by both PREA requirements and BPCA
incentives under US legislation but are exempt
from EU requirements.

e In the United States, a mandatory pediatric-
focused public safety assessment must be con-
ducted by the Pediatric Advisory Committee
18 months following incorporation of infor-
mation from pediatric studies conducted under
BPCA or PREA into product labeling.

The differences in regulatory requirements and
incentives across regulatory bodies and the timing
of iPSP and PIP review (see Table 10.5) make com-
munication between agencies crucial to ensure that
regulatory milestones are met. The FDA require-

Table 10.5 Comparison of PIP and PSP timelines for
review and resubmission

PIP review (EU)

Start of procedure after
EMA validation to first
PDCO discussion

30 days

PDCO issuing a request
for modification: 30 days

iPSP review (US)

Comments to sponsor after
initial submission: 90 days

Sponsor to respond:
comments or
agreement—30 days

Clock stop Agreed

Restart of procedure to Non-agreed: 90 days
third PDCO discussion:

30 days

Opinion: 30 days
Total length: 120 days
(excluding clock stop)

Source: Reaman et al. (2020), U.S. Food and Drug
Administration and European Medicines Agency (2021)

Sponsor response: 30 days
Total length: 210 days
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ments under the FDARA amendment to PREA
require early evaluations of pharmacokinetics,
safety, and preliminary efficacy, with further safety
and efficacy studies encouraged under the BPCA
program. These programs provide overlap with the
EMA process under the PIP, allowing opportunity
for alignment, when feasible. Programs are in place
to foster global interaction between agencies as
well as multi-stakeholder engagement.

Transparency by industry sponsors regarding
their pediatric development plans to satisfy US
and EU requirements, as well as scientific dis-
course between agencies, can facilitate timely
initiation of early-phase studies and a synchro-
nized approach to later-phase development. The
main avenue for communication between agen-
cies occurs through Pediatric Cluster Calls.
These teleconferences occur regularly between
pediatric oncology experts at the FDA and EMA
and can also include representatives from Health
Canada, Pharmaceuticals and Medical Devices
Agency (PMDA) in Japan, and the Therapeutic
Goods Administration (TGA) in Australia.
Under a confidentiality agreement, the agencies
are able to discuss pediatric development plans
for new drugs, share scientific insights, and dis-
cuss the regulatory decision-making of each
entity. Every attempt is made to reach alignment
on the design of the pediatric development pro-
gram for each new drug. After discussion at a
Pediatric Cluster Call, the agencies may issue a
Common Commentary. Common Commentaries
provide a high-level summary of the Pediatric
Cluster Call discussion to the commercial spon-
sors to indicate where alignment was reached,
whether additional information may be needed
to reach alignment, or where differences in reg-
ulatory requirements or clinical management
may preclude agreement. The Common
Commentary is non-binding but can guide com-
mercial sponsors on their approach to develop-
ing the new drug in the pediatric population.
Commercial sponsors may request a common
commentary for a specific iPSP or PIP. By
engaging with regulatory agencies in parallel,
commercial sponsors can foster the coordina-
tion that is integral to advancing development of
drugs to treat pediatric cancers.

The Parallel Scientific Advice (PSA) program
provides a more formal mechanism for concurrent
dialogue between FDA, EMA, and commercial
sponsors. This interaction can be initiated by the
commercial sponsor to present their overall prod-
uct development with both agencies concurrently
and is not limited to the pediatric program for that
drug. Through the PSA program, a joint meeting is
held between all parties for scientific exchange.
The PSA is typically limited to a single occurrence
for a product, usually early in the lifecycle, so
while it can provide an overview of the approach
for development of a new drug in the pediatric
space, it can have limited utility for ongoing devel-
opment as new evidence of safety or efficacy
develops in a specific pediatric malignancy.

The development of international pediatric
clinical trials is challenging due to not only dif-
ferences in regulatory requirements but also
regional differences in clinical management and
the overall conduct of clinical trials. Development
of an international program requires input of
multiple stakeholders including regulatory agen-
cies, commercial sponsors, clinical investigators,
parents, patients, and advocacy groups. The
ACCELERATE platform was developed by the
European Society for Paediatric Oncology (SIOP
Europe), the EMA, and ITCC (Innovative
Therapies for Children with Cancer in Europe) to
bring together all stakeholders in pediatric drug
development, including regulatory agencies. The
ACCELERATE platform, now international in
scope, with active participation by the FDA, has
multiple working groups and hosts focused strat-
egy forums to promote international collabora-
tion and multi-stakeholder engagement regarding
relevance of a drug to pediatric malignancies,
prioritization of agents within disease areas, and
development of international pediatric clinical
trial programs. The discussions during the strat-
egy forums are published and can provide valu-
able insight into the approach to drug development
for a particular disease area or drug class.

Another venue to provide engagement
between the FDA, commercial sponsors, and
clinical investigators is the meeting of the
Pediatric Oncology Subcommittee of the
Oncologic Drugs Advisory Committee. Topics
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for discussion at the pediatric oncology subcom-
mittee of ODAC can be directed at a particular
topic relevant to pediatric drug development or
can be focused on a particular drug of interest to
the pediatric oncology community to discuss ave-
nues for developing robust clinical trials in antic-
ipation of a written request. These meetings are
organized by the FDA with presentations by the
commercial sponsors and discussion with the
investigator community. Other regulatory agen-
cies are invited to observe these public meetings.
The FDA also engages in regular interactions
with disease-specific subcommittees of the
Children’s Oncology Group to increase commu-
nication on the prioritization and design of pedi-
atric oncology clinical trials and hosts
minisymposia with external constituents often
including international regulators to discuss
disease-specific research strategies.

Development of novel targeted agents in
increasingly small subsets of target-specific pedi-
atric malignancies requires global drug develop-
ment and discussion between all relevant
stakeholders. The multiple venues for scientific
exchange allow alignment of pediatric develop-
ment plans and advancing investigations of
potential new agents for the treatment of children
with cancer.

10.8 Prospects for Future
Advances

The recent FDARA amendment to PREA autho-
rizing the FDA to require pediatric investigation
of drugs under development for adult cancers
that target a gene or pathway that is substan-
tially relevant to one or more pediatric cancers,
in concert with EMA regulations providing
incentive and requirements for pediatric drug
development and multi-stakeholder initiatives
fostering global collaboration, has the potential
to transform the landscape of pediatric cancer
drug development. This will result in earlier and
more complete pediatric assessments for new
anticancer drugs. Because appropriate new
agents are required to undergo early pediatric
evaluations, this will assist the clinical investi-

gators and the patient community to guide new
drug development for pediatric malignancies.
The BPCA incentive program can then support
the conduct of additional pediatric clinical tri-
als, if warranted, based on results of the initial
required pediatric investigation, designed to
fully characterize the safety and effectiveness of
targeted drugs in one or more pediatric cancers
that are capable of supporting approval of a
marketing application. These two FDA pro-
grams allow broad alignment with the EMA PIP
and therefore support international pediatric
drug development, which is needed for drug
development in rare pediatric malignancies.

The combined efforts of the FDA, EMA, and
global stakeholder community will result in sup-
port for a greater number of new drugs to be
investigated in children. This will ultimately
shorten the lag time between development of
novel agents for adult diseases and initiation of
pediatric investigations. While not all drugs
under development for adult cancer will be effec-
tive in treating pediatric malignancies, it is clear
that timely evaluation of appropriate novel agents
in pediatric patients will result in an increase in
pediatric formulations, dosing and safety infor-
mation, and demonstration of effectiveness in
some pediatric cancers for drugs that may other-
wise not have been evaluated. Forward-thinking
regulatory flexibility and initiatives are required
to facilitate development and approval of agents
specifically intended to treat the cancers of
childhood.
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11.1 Introduction

Significant progress in the treatment of childhood
cancer has occurred over the last several decades,
attributed largely to medical advances resulting
from research and high participation rates for
pediatric oncology clinical trials (Adamson
2015). The moral imperative to conduct scientifi-
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pediatric oncology research is steeped in moral
dilemmas that stem from the necessity of expos-
ing children to research risks despite their inabil-
ity to provide informed consent, the conflict of
the dual role of clinician and investigator, and the
struggle to balance hope and realism for families
facing a life-threatening condition (Kodish 2003;
de Vries et al. 2011). Herein, the ethical princi-
ples that guide the conduct of research in children
and that underlie US regulatory protections for
children involved in clinical investigations will
be described with an emphasis on implementing
the principles and regulatory requirements in
pediatric cancer therapeutics development.

The historical evolution of policies surround-
ing human research ethics and US human subject
protection regulations provide perspective to
understand the current paradigm for the ethical
conduct of research in children. Implementation
of policies in human research ethics largely post-
dates the Second World War with adoption of the
Nuremberg Code in 1947 in response to the
atrocities of medical experimentation performed
by Nazi physicians (Institute of Medicine 2004).
Explicitly interpreted, the Nuremberg Code does
not allow for research in children who lack
autonomy and decision-making capacity to
legally consent to research participation
(U.S. Government Printing Office 1949).
Children are vulnerable to exploitation because
they are subject to the authority of others and
may not be able to fully protect their own inter-
ests (Roth-Cline and Nelson 2015). Historical
examples lay bare the reality of the vulnerabili-
ties of children, the most prominent example
being the experiments at New York’s Willowbrook
State School from 1956 to 1972 wherein research-
ers intentionally infected healthy institutional-
ized children with hepatitis to study the natural
history of the disease (Institute of Medicine
2004). Henry Beecher described unethical
research practices in this study and others in his
often-cited 1966 article published in the New
England Journal of Medicine. Beecher’s article
contributed to public debate and controversy over
the ethics of human subject research (Beecher
1966). Societal outcry was further spurred in the
1970s after revelations of the Tuskegee Study of

the natural history of syphilis were publicized. In
this study, researchers had followed black men
diagnosed with syphilis without informing them
of their condition nor treating them (Institute of
Medicine 2004).

In response to these human research abuses,
Congress passed the National Research Act in
1974 which established institutional review board
(IRB) oversight of human subject research and
created a National Commission for the Protection
of Human Subjects of Biomedical and Behavioral
Research (“National Commission”) which was
tasked with defining the underlying principles by
which to abide when conducting human subject
research, including research in children (Institute
of Medicine 2004). Aware of deliberations over
the ensuing decades since the Nuremberg Code,
including concerns that children had become
“therapeutic orphans” (quoted from pediatrician
and clinical pharmacologist Harry Shirkey in
1968), the National Commission keenly under-
stood that without involvement in clinical trials,
children may not fully benefit from the rapid
progress in medicine that is driven by scientific
research. This imperative to conduct research in
children was further evidenced by later legisla-
tive efforts such as the Pediatric Rule of 1994, the
Best Pharmaceuticals for Children Act (BPCA)
of 2002, and the Pediatric Research Equity Act
(PREA) of 2003 which either encourage or
require pharmaceutical industry sponsors to
study drug and biological products in children.

Industry sponsors for oncology products often
have received waivers of PREA requirements
because the adult cancer indication does not occur
or occurs rarely in children or because the product
has received an exemption based on orphan desig-
nation. With passage of the Research to Accelerate
Cures and Equity (RACE) for Children Act in
2017, the principles underlying the legislative
mandates of PREA are applied to pediatric cancer
research when the molecular target of the product
is relevant to the growth or progression of a pedi-
atric cancer (Food and Drug Administration
2019a). In this context, the evolution of clinical
research in pediatric cancer continues—as does
the importance of maintaining ethical standards to
protect children involved in research.
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11.2 Ethical Principles Defined by
the National Commission
and Regulatory Framework
for Safeguarding Children
Involved in Clinical
Investigations

The National Commission’s most prominent manu-
script, the Belmont Report, outlined three basic
principles to guide ethical research involving
humans: respect for persons, beneficence, and jus-
tice (National Commission 1979). Embedded in
respect for persons is the principle of autonomy—
with an emphasis on the provision of voluntary,
informed consent for participation in research—and
added protections for those with diminished auton-
omy. An important element of respect for persons is
ensuring that research participants are not asked to
expose themselves to risks in studies that are not
properly designed to answer an important scientific
question. The importance of the knowledge to be
gained from research must be given utmost consid-
eration. In clinical research, this requires an under-
standing of the disease and the landscape of
therapeutic development to clearly delineate infor-
mation gaps and therapeutic needs, ensure research
equipoise (i.e., genuine uncertainty regarding
whether the study intervention or control is better),
and prioritize patient enrollment in studies for
promising therapeutics. When establishing a clini-
cal trial protocol, consideration must be given to
whether completion of the study is feasible (e.g.,
enough patients exist to meet the target enrollment)
and whether the study design and statistical analysis
will be adequate to confidently answer the research
questions. Beneficence refers to the researcher’s
obligation to care for an individual’s well-being first
by doing no harm (nonmaleficence) and second by
maximizing potential benefits and minimizing
potential harms in research. In the research context,
the concept of justice involves ensuring the burden
and potential harms and benefits of research are dis-
tributed fairly (Institute of Medicine 2004).
Injustice can range from exploitation of vulner-
able groups or groups who are unlikely to benefit
from any knowledge gained in the research to the
converse extreme of failure to include groups who
could benefit from the scientific knowledge. When
establishing recommendations for its report on
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Research  Involving  Children, the National
Commission considered the vulnerabilities of chil-
dren that raise questions about the ethical accept-
ability of involving them in research. The National
Commission also considered the need to conduct
clinical research in children to ensure that children
have therapies available with evidence to support
their safe and effective use in children (i.e., as a
matter of justice) (National Commission 1978).
One concept described by the National Commission
that is grounded in considerations of social justice
has been coined the “principle of scientific neces-
sity.” This principle maintains that children should
not be enrolled in a clinical trial unless necessary to
answer an important scientific and/or public health
question about the health and welfare of children
that cannot be answered by enrolling consenting
adults (Roth-Cline and Nelson 2014; Roth-Cline
et al. 2011). In addition to this core principle, the
National Commission described three other pillars
which together serve as the ethical framework for
research in children, namely, that (1) absent a pros-
pect of direct clinical benefit, the risks to which
children are exposed must be low, (2) children
should not be placed at a disadvantage by being
enrolled in a clinical trial, and (3) children should
have a suitable proxy to provide permission for
them to enroll in a clinical trial. The National
Commission’s report was used as the basis for
establishing the additional safeguards for children
involved in research that are codified into US regu-
lations under Subpart D of 45 CFR 46 for federally
supported or conducted research and Subpart D of
21 CFR 50 for research regulated by the Food and
Drug Administration (FDA).

11.2.1 Additional Safeguards
for Children Involved
in Clinical Investigations
(21 CFR 50, Subpart D)

Children involved in research are afforded addi-
tional protections under FDA regulations (21 CFR
50, Subpart D) (Food and Drug Administration
2001, 2013). These regulations specify that chil-
dren should not be enrolled in research that
exceeds a defined level of risk unless the risks are
justified by the prospect of direct benefit to the



168

M. E. Bhatnagar and D. L. Snyder

child and the balance of risks and benefits is at
least as favorable as that of the available alterna-
tives. In this context, the term “children” applies to
neonates, infants, children, and adolescents who
have not reached the legal age to consent to treat-
ments or procedures in clinical trials (21 CFR
50.3(0)). Under these regulations, IRBs can
approve research involving children only if the
research falls into one of the following categories:

1. Clinical investigations not involving greater
than minimal risk (21 CFR 50.51).

2. Clinical investigations involving greater than
minimal risk but presenting the prospect of direct
benefit to individual subjects (21 CFR 50.52).

3. Clinical investigations involving greater than
minimal risk and no prospect of direct benefit
to individual subjects but likely to yield gen-
eralizable knowledge about the subjects’ dis-
order or condition (note: the level of risk
allowed in this category is capped at a “minor
increase over minimal risk’) (21 CFR 50.53).

For clinical investigations that are not approv-
able under any of these categories but present an
opportunity to understand, prevent, or alleviate a
serious problem affecting the health and welfare
of children, an IRB may refer the proposed inves-
tigation to the FDA Commissioner for review in
consultation with a panel of experts and an
opportunity for public comment (21 CFR 50.54).
For all clinical investigations involving children,
adequate provisions must be in place for obtain-
ing parental permission and, when appropriate,
child assent (21 CFR 50.55).

11.3 Interpreting and Applying the
Ethical Principles and
Regulatory Framework in
Pediatric Cancer Therapeutics
Development

11.3.1 Scientific Necessity

and Pediatric Extrapolation

Before initiating a pediatric clinical trial, consid-
eration should be given to the scientific necessity
of collecting data in children, including consider-

ation for whether efficacy data from adult clinical
trials could be extrapolated to establish efficacy
in children (“pediatric extrapolation”). According
to federal regulation, pediatric extrapolation is
permissible for pediatric product development
programs if the course of the disease and the
product’s effects are sufficiently similar in pedi-
atric and adult populations (Food and Drug
Administration 2018a; Federal Register 1994).
The degree of similarity dictates how relevant the
adult efficacy data may be for children and guides
decisions regarding the knowledge gaps that need
to be filled to establish evidence of pediatric effi-
cacy. Reliance on adult efficacy data can limit the
amount of evidence needed in children, poten-
tially allowing for fewer or less burdensome
pediatric clinical trials (Nelson 2020; Momper
et al. 2020).

FDA approval of several oncologic products
in children has relied upon extrapolation, includ-
ing Bavencio (avelumab) for metastatic Merkel
cell carcinoma, Blincyto (blinatumomab) for
B-cell precursor acute lymphoblastic leukemia,
and Keytruda (pembrolizumab) for classical
Hodgkin lymphoma, primary mediastinal B-cell
lymphoma, and microsatellite instability-high
and tumor mutational burden-high cancers
(Bavencio 2017; Blincyto 2014; Keytruda 2014).
Each of these programs relied on efficacy data
obtained from adequate and well-controlled stud-
ies in adults, along with pediatric safety and
pharmacokinetic information, to support the
accompanying pediatric indication. However,
due to differences in the etiology, tumor biology,
and natural history of pediatric and adult cancers,
pediatric extrapolation has not been utilized com-
monly in oncology (Leong et al. 2017).

11.3.2 Prospect of Direct Benefit
in Pediatric Oncology Trials

Pediatric oncology trials of investigational thera-
peutics typically entail exposing participants to
risks that exceed the “minor increase over mini-
mal risk” threshold. As such, these trials gener-
ally are evaluated by IRBs under 21 CFR 50.52
which specifies that the risks must be justified by
the prospect of direct benefit and the balance of
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anticipated benefits and risks must be at least as
favorable as any available alternative therapeutic
options. Direct benefit in pediatric clinical
research refers to a therapeutic benefit that arises
directly from the research intervention (i.e., not
from ancillary procedures included in the proto-
col) and accrues directly to the individual child
participating in the research. FDA generally has
evaluated the prospect of direct benefit from an
investigational product based on evidence to
support the proof of concept, typically derived
from a compilation of multiple data sources
(e.g., in vitro mechanistic studies, in vivo studies
in animal models, clinical studies in adults, or
prior studies in children) and supported by a
strong scientific rationale and on the structure of
the study intervention (e.g., enrollment popula-
tion, dose selection, and duration of treatment as
specified in the protocol). Rarely, substantive
nonclinical evidence of antitumor activity alone
may be relied upon to support the prospect of
direct benefit, particularly if adults with a rele-
vant cancer type do not exist (Food and Drug
Administration 2018b). Selecting a suitable non-
clinical model and ensuring adequate sample
sizes, use of blinding, and appropriate endpoint
selection is critical to ensure the data are valid
and interpretable. Evidence from other products
in the same pharmacological class or with a
similar mechanism of action also can contribute
to the weight of evidence (Food and Drug
Administration 2019b).

Beyond a strong scientific and biologically
plausible rationale for use of the product in a par-
ticular cancer, the eligibility criteria, including
expression of target-specific biomarkers, are
important to consider when assessing whether
inhibition of a specific molecular target proven to
drive a tumor provides a prospect of benefit from
participation. Eligibility criteria need to specify
participant characteristics (e.g., age, stage of dis-
ease, and relevant prognostic features) that are
sensible based on the mechanism of action of the
drug and that take into consideration the natural
history of the disease and the alternative treatment
options available. Appropriate dose selection also
is important to ensure pediatric trial participants
receive a dose that is likely to be both therapeutic
and tolerable. Finally, the study duration and end-

point selection need to reflect considerations simi-
lar to those made in clinical practice for treatment
duration and clinical outcome assessment, such as
partial or complete response or duration of
response (early-phase trials) and survival, time to
progression, and progression-free survival (later
stage trials). If the clinical significance of a molec-
ularly-defined pharmacodynamic (PD) endpoint
has been established, assessment of the molecular
endpoint may be sufficient to make judgments
regarding the potential for clinical benefit.
Nonclinical toxicology studies and prior clini-
cal studies with the product or product class may
be useful for assessing the potential short-term
risks in children. Determining whether the pros-
pect of direct benefit is sufficient to justify the
risks of the intervention in the context of the alter-
native treatment options is complex and relies on
sound scientific, clinical, and moral judgment.
11.3.2.1 Eligibility Criteria:
Considerations for
the Age of Enrollment
Eligibility criteria for an oncology trial should
take into consideration the product’s mechanism
of action, the characteristics of the disease under
study, and the product’s anticipated safety profile.
Automatic exclusion of pediatric patients may not
be appropriate, particularly for cancers in which
the driving tumor biology and molecular target
span the age ranges distinguished legally as chil-
dren versus adults. Inclusion or exclusion of pedi-
atric patients in a clinical trial should be justified
based on a clear scientific and clinical rationale
guided by existing knowledge derived from non-
clinical and/or clinical studies of the product or
related products and the underlying biology and
natural history of the disease. Pediatric enroll-
ment should be considered when there is evidence
to suggest that the potential benefits outweigh the
risks in the context of the child’s disease and alter-
native treatment options. Thoughtful consider-
ation of pediatric enrollment helps to ensure the
safety and efficacy of a product are evaluated
across the population likely to use the product in
clinical practice. For cancers that are similar in
histology and biologic behavior in adults and ado-
lescents (e.g., some soft tissue and bone sarco-
mas, central nervous system tumors, leukemias
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and lymphomas, and melanoma), consideration
may be given to including adolescents (12 years
of age and older) concurrently with adults in con-
firmatory trials or in early-phase trials once suffi-
cient initial PK, efficacy, and safety data are
obtained in adults, given that adult and adolescent
dosing often are similar and stand-alone trials in
adolescents may be challenging to conduct (Food
and Drug Administration 2019¢; Gore et al. 2017).

Plans to stagger enrollment of pediatric
patients by chronologic age should be scientifi-
cally justified. Proof-of-concept data to support
prospect of direct benefit generally apply to
patients of all ages in whom the disease and the
anticipated effectiveness of the product are
expected to be similar. The anticipated safety
profile of the product, however, may differ sub-
stantially based on age, particularly for products
that may adversely impact growth and/or devel-
opment and for neonates and children less than
2 years of age in whom maturational differences
may alter the product’s PK and/or effects on bio-
markers related to safety (Food and Drug
Administration 2014). Additional data also may
be needed to establish optimal dosing for younger
children due to these differences. As such, assess-
ment of the balance of potential benefits and risks
may differ based on chronologic age and may
require staged trial enrollment to obtain addi-
tional data from one age group before proceeding
in another, typically oldest to youngest.
Additionally, in exceptional circumstances
wherein more limited data are relied upon to sup-
port the potential benefits and risks, consider-
ation may be given to first including older
pediatric patients (i.e., adolescents 12 years and
older) who typically have similar dosing as
observed in adults and who have greater auton-
omy and ability to assent to participation.

11.3.2.2 Early-Phase Pediatric
Oncology Trials

The ethics of early-phase pediatric oncology tri-
als has been considered extensively in the litera-
ture (Kodish 2003; Ackerman 1995a, b; Dupont
et al. 2016; Haylett 2009). The primary concern
is whether these studies—which expose children
to serious risks—can be considered to offer the
prospect of direct therapeutic benefit given that

the scientific justification is generally based on
more limited evidence; the objective of the trial
typically is dose-finding and toxicity assessment,
with only a preliminary evaluation of activity
and/or efficacy; and participants may be exposed
to subtherapeutic dosing (Dupont et al. 2016;
Sisk et al. 2019). IRBs and bioethicists can vary
in their interpretation of prospect of direct bene-
fit, ranging from possible (i.e., any chance for
direct benefit is sufficient) to likely (i.e., a higher
and more defined probability of benefit must
exist) (Kodish 2003; Ross 2006; King 2000;
Bhatnagar et al. 2021). The generally dismal
response rates observed in phase 1 trials of tradi-
tional cytotoxic drugs often are highlighted as
evidence against the likelihood of experiencing
benefit (Kodish 2003; Ackerman 1995a).
However, whether an intervention offers a pros-
pect of direct benefit is separate from whether
that prospect of benefit is of sufficient probabil-
ity, magnitude, and type to justify the risks of the
intervention in the context of the child’s condi-
tion and alternative treatment options. For early-
phase pediatric oncology trials, the population
specified for enrollment generally suffers from
refractory, progressive, and incurable disease,
and any chance for remission or disease stabiliza-
tion might be viewed as a reasonable prospect of
therapeutic benefit to justify the risks to allow
IRB approval. A patient and family’s choice to
participate in such a trial, however, must focus on
serving the best interests of the child, not only
taking into consideration the potential benefits
and risks of the investigational product but also
addressing both the child’s sense of hope and
altruism and the benefits of palliative care alone,
potentially spending more time at home and
refraining from any additional pain, discomfort,
and suffering associated with trial participation
(Kodish 2003; Ackerman 1995b).

The FDA has encouraged allowing inclusion
of pediatric patients for whom no curative options
exist in early-phase oncology trials when compel-
ling nonclinical or early adult clinical data sug-
gest antitumor activity and adequate information
is available to mitigate patient risk (Food and
Drug Administration 2019b). The FDA has pro-
vided guidance to investigators and industry spon-
sors regarding use of multiple expansion cohort



11 Ethical Considerations in Pediatric Cancer Therapeutics Development 171

trial designs for first-in-human oncology trials,
including when inclusion of a pediatric cohort is
appropriate. These trials are intended to expedite
product development by allowing seamless pro-
gression to assessment of antitumor activity once
a potentially effective dose is identified. Pediatric
cohorts typically should enroll after a reasonably
safe dose and preliminary activity have been
established in adults, though substantive nonclini-
cal evidence of activity in tumor-derived cell lines
or patient-derived xenografts alone may provide
sufficient justification for pediatric enrollment in
exceptional circumstances. According to FDA
guidance, eligibility for these trials should be
restricted to patients with relapsed or refractory
disease for whom no curative treatment exists
(Food and Drug Administration 2018b).

11.3.2.3 Optimizing Prospect

of Direct Benefit: Dose

Selection and Study Design

in the Era of Molecularly

Targeted Products
Early-phase oncology trials of cytotoxic drugs
traditionally have been designed with an empha-
sis on risk minimization, initiating with conser-
vatively low dosing followed by algorithmic dose
escalation based on toxicity and an assumption
that the maximum tolerated dose is necessary to
achieve optimal antitumor effect. Newer molecu-
larly targeted therapies may allow for refined
dosing predictions based on an understanding of
the product’s pharmacokinetic (PK) and pharma-
codynamic (PD) (e.g., impact on specific disease
biomarkers) properties, recognizing that the opti-
mal biological dose may not necessarily be the
maximally tolerated dose. Understanding
exposure-response—how PK measures (i.e.,
parameters such as volume of distribution and
clearance that reflect the body’s processing of the
product) are linked with PD properties (i.e., the
product’s effects on biomarkers or clinical out-
comes for safety and efficacy)—allows for select-
ing a dose(s) that can provide the optimal clinical
response. In cases wherein the adult and pediatric
exposure-response is expected to be similar,
modeling and simulation using adult PK/PD data
may be used to identify an appropriate initial
dose for pediatric trials with consideration of the

effect of body size (Leong et al. 2017; Food and
Drug Administration 2014). Pediatric PK analy-
sis to confirm the PK estimates can be conducted
during the efficacy trial, recognizing that dedi-
cated single-dose PK studies in children gener-
ally are not allowable under the Subpart D
regulations (unless existing safety information is
available to characterize the risk of a single dose
as imposing no more than a minor increase over
minimal risk) (Roth-Cline and Nelson 2015).

Use of modeling and simulation may be most
appropriate when used to identify an initial dose
and then to refine the dose using PK and/or PD
information collected within the context of an
adaptive trial design (e.g., seamless phase 1/2 tri-
als). In an adaptive trial design, toxicity and effi-
cacy information collected during the trial can be
incorporated and used to modify and optimize
dosing within the trial itself (Thall and Cook
2004). Such approaches represent a paradigm
shift from the traditional assessment of toxicity
with dose escalation and may limit potential
exposure to subtherapeutic dosing in early-phase
oncology trials (Doussau et al. 2016). Some may
argue that this approach is ethically problematic,
citing concerns that therapeutic misconception
may be reinforced, that the efficacy of lower
(potentially less toxic) doses may be missed, and
that by not prioritizing safety, participants are
exposed to risks that may exceed the low proba-
bility of therapeutic benefit. This latter point
raises concerns that participants may be harmed,
potentially tarnishing the public’s view of
research and hindering the larger research com-
munity. Others have highlighted that patients
with cancer often enroll in early-phase trials
motivated by the hope for therapeutic benefit and
argue that shifting the focus toward improving
the chances of benefit through model-based adap-
tive trial designs that promote the potential for
therapeutic benefit while limiting risks will better
respect the motivations of trial participants (Sisk
et al. 2019). This latter perspective may be par-
ticularly relevant when considering enrollment of
children with cancer in early-phase trials given
the regulatory safeguards described above which
necessitate that children exposed to higher
research risks must have the prospect of direct
therapeutic benefit.
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11.3.3 Analysis and Minimization
of Risk in Pediatric Oncology
Trials

When evaluating risk in pediatric clinical trials,
each intervention and procedure included in the
protocol needs to be assessed individually in a
process known as component analysis. Any
research intervention or procedure that does not
offer the prospect of direct benefit must not
exceed a “minor increase over minimal risk” (21
CFR 50.53) to participants, unless reviewed by a
federal panel and allowed to proceed by the FDA
Commissioner (21 CFR 50.54). Importantly, the
potential benefits of one intervention or proce-
dure cannot justify the risks presented by another,
and the collective risk of all non-beneficial inter-
ventions and procedures cannot exceed the minor
increase over minimal risk threshold (Institute of
Medicine 2004; National Commission 1978).
Conducting a component analysis requires an
understanding of how “minimal risk” and “minor
increase over minimal risk” are defined and
interpreted. Minimal risk is defined as risk for
which the probability and magnitude of harm are
no greater than what is “ordinarily encountered
in daily life or during the performance of routine
physical or psychological examinations or tests”
(21 CFR 56.102(i)). The National Commission
and the Institute of Medicine have recommended
that these experiences of daily life should be
interpreted in relation to those of an average
healthy child (Institute of Medicine 2004;
National Commission 1978). Physical examina-
tion, chest X-ray, venipuncture, and vision test-
ing are examples of procedures that constitute
minimal risk (Institute of Medicine 2004). A
minor increase over minimal risk refers to risk
that extends beyond the narrow boundaries of
minimal risk but poses “no significant threat to
the child’s health or well-being” (National
Commission 1978). For research that exposes
children to this level of risk, the child must either
have or be at high risk for a disorder or condition
and the research must be “likely to yield general-
izable knowledge about the [child’s] disorder or
condition that is of vital importance for the
understanding or amelioration of the [child’s]
disorder or condition” (21 CFR 50.53). Lumbar

puncture, bone marrow aspirate, and urine collec-
tion via catheter are examples of procedures that
constitute a minor increase over minimal risk
(Institute of Medicine 2004).

Interventions or procedures that often require
special consideration when conducting a compo-
nent protocol analysis include use of placebo,
biopsies, and nontherapeutic procedural seda-
tion. While pediatric oncology trials generally do
not include a placebo arm, the risks of a placebo
and the risk of withholding any established effec-
tive therapies would be considered as part of a
component analysis. Because participants in a
placebo arm do not have a prospect of therapeutic
benefit directly from the placebo, the overall risks
to which they are exposed cannot exceed a minor
increase over minimal risk. Protocol-specified
biopsies that are normally performed in the con-
text of clinical care or that are important for
appropriate treatment stratification are consid-
ered to offer a prospect of direct benefit. Biopsies
performed solely for research purposes, however,
do not offer the prospect of direct benefit and so
cannot exceed the minor increase over minimal
risk threshold unless reviewed by a federal panel
(Anderson et al. 2004). Similarly, use of sedation
to perform research-only procedures must fall
within the minor increase over minimal risk
threshold. In March 2015, the FDA convened a
meeting of the Pediatric Ethics Subcommittee of
the Pediatric Advisory Committee to discuss
whether nontherapeutic procedural sedation
could be considered to fall within this risk thresh-
old. The subcommittee was unable to reach con-
sensus but did agree on several recommendations
for risk reduction if an IRB were to allow non-
therapeutic procedural sedation under this cate-
gory. Their recommendations emphasize the
need for qualified providers, rigorous scientific
justification, and potential exclusion of children
with conditions that may place them at higher
risk (Food and Drug Administration 2015).

Every effort should be made to minimize risks
and burden for children involved in research.
Study interventions and procedures should be
limited to only those which are necessary to meet
an important scientific objective and should be
aligned with clinical care when feasible to reduce
research burden. For example, the number and
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frequency of imaging studies should be restricted
to only those necessary, taking into consideration
the risks associated with radiation and contrast
agents. Blood sampling frequency and volumes
also should be limited, particularly given the
added potential hematologic toxicities of onco-
logic therapeutics and the risks associated with
accessing and maintaining sterility associated
with a central line (Howie 2011; Cole et al. 2006).
When PK analysis is necessary, a population PK
(PopPK) approach is particularly appropriate in
children because it allows for infrequent (i.e.,
sparse) blood sampling compared to the rich
sampling associated with traditional PK analy-
ses. The volume of blood sampling potentially
can be minimized with use of micro-volume drug
assays, particularly for neonates (Food and Drug
Administration 2019d).

Pediatric patients should be treated in facilities
appropriate to address the unique care needs of the
pediatric population (Food and Drug Administration
2019b). Safety monitoring during a clinical trial is
critical to ensure adverse product effects are appro-
priately identified and managed. Potential risks that
are unique to children may not be detected in non-
clinical toxicology studies or studies in adults,
including adverse effects on growth and develop-
ment or related to differences in how a product is
absorbed, distributed, metabolized, or excreted due
to continuing maturation of these processes, espe-
cially in neonates and children less than 2 years of
age (Food and Drug Administration 2014). IRBs
and independent safety assessment or data moni-
toring committees should include appropriate pedi-
atric oncology and pediatric ethics expertise (Food
and Drug Administration 2006).

11.4 Parental Permission
and Child Assent

As described above, respect for persons, includ-
ing an individual’s autonomy and right to provide
informed and voluntary consent, is one of the
three basic principles guiding ethical research in
humans (National Commission 1979). Obtaining
parental permission for a child’s participation in
research serves to respect and protect this vulner-
able population, and obtaining child assent serves

to respect the child’s developing autonomy
(Institute of Medicine 2004).

For research involving an FDA-regulated
product, the process and documentation of paren-
tal permission must be in accordance with regula-
tions found under Subparts B and D of 21 CFR
50, unless a waiver is granted. An IRB may con-
sider a waiver of parental permission for (1) life-
threatening situations in which immediate use of
an investigational product is deemed necessary to
save the life of the child, no other therapies are
available, and time is not sufficient to obtain
parental permission (21 CFR 50.23), (2) research
in an emergency setting (21 CFR 50.24), and (3)
research involving no more than minimal risk
when specific criteria are met (Food and Drug
Administration 2017).

Adequate provisions also must be in place for
soliciting the child’s assent to participate in
research (21 CFR 50.55). Federal regulations
define assent as “a child’s affirmative agreement
to participate in research” and further specify that
“mere failure to object should not, absent affir-
mative agreement, be construed as assent” (21
CFR 50.3(n)). The precise age at which assent
can be achieved is difficult to define and must
take into consideration the variable maturity and
decision-making capacity and psychological
state of children involved in the research. For ref-
erence, the National Commission recommended
that assent be required for children 7 years of age
and older (National Commission 1978), though
others have suggested based on empirical data
that age 9 or 10 years is an appropriate threshold
for IRBs to begin expecting child involvement in
decision-making for cancer clinical trials (Joffe
et al. 2006). IRBs are given considerable discre-
tion in determining if assent is required and how
assent is obtained and documented. An IRB can
waive the requirement for child assent if (1) the
child is not capable of assent, (2) the clinical
investigation offers a prospect of direct benefit
important to the health or well-being of the child
and is available only in the context of the trial, or
(3) for the same reasons listed above under which
parental permission can be waived. Regardless,
all children participating in a trial should receive
developmentally appropriate information about
the study and their role and should be invited to
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share their views on study participation over
time, taking into consideration their emerging
autonomy and capacity with age (Joffe et al.
2006). Parental permission and child assent
should be considered an ongoing process and not
merely a one-time event (Institute of Medicine
2004).

Research in pediatric oncology presents sev-
eral unique challenges to the process of obtaining
permission and assent. Oncology research often
is integrated with clinical care, so investigators
must balance their role as a scientist and clinician
and help families navigate the distinction between
research and clinical care (Kodish 2003).
Thoughtful discussion of the comparative advan-
tages and disadvantages of participating in a trial
or opting for alternatives, including palliative
care, can help to avoid what has been coined
therapeutic misconception, or belief that the pur-
pose of the research is treatment (Institute of
Medicine 2004). When discussing the potential
for trial participation, investigator’s must take
into consideration the emotionally charged con-
text of childhood cancer and a family’s potential
feelings of denial, guilt, helplessness, or hope for
outcomes that are no longer appropriate to the
child’s condition which may impact their ability
to consider trial participation in a way that truly
reflects their values and goals (Ackerman 1995b).

11.5 Conclusions

Despite major therapeutic advances, cancer
remains the leading cause of childhood death
from disease (Heron 2013). Clinical investigation
of promising new therapeutics will be necessary
to continue the remarkable progress in the treat-
ment of childhood cancer that has been witnessed
over the preceding decades. Advances in biomed-
ical science and technology will undoubtedly
continue to improve our understanding of cancer
biology and allow more targeted product devel-
opment. Ensuring children with cancer benefit
from these scientific advances will require
thoughtful consideration for their enrollment in
clinical trials that is grounded on the ethical prin-
ciples that guide research in humans—respect for
persons, beneficence, and justice—and that

accounts for the additional safeguards necessary
to protect children because they are unable to
provide informed consent to research participa-
tion. Clinicians, investigators, industry sponsors,
regulators, and IRBs must make every effort to
limit the risks and burden to which children are
exposed, enhance the potential benefits they may
experience, and communicate clearly these
potential benefits and risks to children and their
families so they may make decisions about par-
ticipating in research that are well informed and
reflective of their values and goals.

References

Ackerman TF (1995a) Ethical issues: phase I pediatric
oncology trials. J Pediatr Oncol Nursing 12:143-145

Ackerman TF (1995b) The ethics of phase I pediatric
oncology trials. IRB 17:1-5

Adamson PC (2015) Improving the outcome for children
with cancer: development of targeted new agents. CA
Cancer J Clin 65(3):212-220. https://doi.org/10.3322/
caac.21273

Anderson BD, Adamson PC, Weiner SL, McCabe MS,
Smith MA (2004) Tissue collection for correla-
tive studies in childhood cancer clinical trials: ethi-
cal considerations and special imperatives. J Clin
Oncol  22(23):4846-4850. https://doi.org/10.1200/
JCO.2004.02.138

Bavencio (2017) Bavencio (avelumab) labeling.
https://www.accessdata.fda.gov/drugsatfda_docs/
label/2017/761049s0001bl.pdf

Beecher HK (1966) Ethics and clinical research. N Engl
J Med 274(24):1354-1360. https://doi.org/10.1056/
NEIM196606162742405

Bhatnagar M, Sheehan S, Sharma I, Baer G, Green D,
McCune S et al (2021) Prospect of direct benefit in
pediatric trials: practical challenges and potential
solutions. Pediatrics 147(5):€2020049602. https://doi.
org/10.1542/peds.2020-049602

Blincyto (2014) Blincyto (blinatumomab) labeling.
https://www.accessdata.fda.gov/drugsatfda_docs/
label/2020/125557s0171bl.pdf

Cole M, Boddy AV, Kearns P, Teh KH, Price L, Parry A
et al (2006) Potential clinical impact of taking mul-
tiple blood samples for research studies in paediat-
ric oncology: how much do we really know? Pediatr
Blood Cancer 46(7):723-727. https://doi.org/10.1002/
pbc.20463

de Vries MC, Houtlosser M, Wit JM et al (2011) Ethical
issues at the interface of clinical care and research
practice in pediatric oncology: a narrative review of
parents’ and physicians’ experiences. BMC Med
Ethics 12:1-11

Doussau A, Geoerger B, Jimenez I, Paoletti X
(2016) Innovations for phase I dose-finding


https://doi.org/10.3322/caac.21273
https://doi.org/10.3322/caac.21273
https://doi.org/10.1200/JCO.2004.02.138
https://doi.org/10.1200/JCO.2004.02.138
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761049s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761049s000lbl.pdf
https://doi.org/10.1056/NEJM196606162742405
https://doi.org/10.1056/NEJM196606162742405
https://doi.org/10.1542/peds.2020-049602
https://doi.org/10.1542/peds.2020-049602
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/125557s017lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/125557s017lbl.pdf
https://doi.org/10.1002/pbc.20463
https://doi.org/10.1002/pbc.20463

11 Ethical Considerations in Pediatric Cancer Therapeutics Development 175

designs in pediatric oncology clinical trials.
Contemp Clin Trials 47:217-227. https://doi.
org/10.1016/j.cct.2016.01.009

Dupont JC, Pritchard-Jones K, Doz F (2016) Ethical
issues of clinical trials in paediatric oncology
from 2003 to 2013: a systematic review. Lancet
Oncol  17(5):e187-e197.  https://doi.org/10.1016/
S1470-2045(16)00142-X

Federal Register [59 FR 64240-64250] (1994) Human
drugs: pediatric use subsection of professional label-
ing requirements

Food and Drug Administration (2001) Additional safe-
guards for children in clinical investigations of food
and drug administration-regulated products. Fed
Regist 66(79):20589-20600

Food and Drug Administration (2006) Guidance for
clinical trial sponsors: establishment and operation
of clinical trial data monitoring committees. https://
www.fda.gov/media/75398/download

Food and Drug Administration (2013) Additional safe-
guards for children in clinical investigations of food
and drug administration-regulated products. Fed
Regist 78(38):12937-12951

Food and Drug Administration (2014) Guidance for indus-
try: general clinical pharmacology considerations
for pediatric studies for drugs and biological prod-
ucts. https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/general-clinical-
pharmacology-considerations-pediatric-studies-
drugs-and-biological-products

Food and Drug Administration (2015) Pediatric procedural
sedation. Minutes of the Pediatric Ethics Subcommittee
ofthePediatricEthicsAdvisory Committee,23Mar2015.
http://wayback.archive-it.org/7993/20180127092544/
https://www.fda.gov/downloads/Advisory
Committees/CommitteesMeetingMaterials/
PediatricAdvisoryCommittee/UCM510177.pdf.

Food and Drug Administration (2017) IRB waiver or
alteration of informed consent for clinical investiga-
tions involving no more than minimal risk to human
subjects: guidance for sponsors, investigators, and
institutional review boards. https://www.fda.gov/
media/106587/download

Food and Drug Administration (2018a) Guidance for
industry: E11 (R1) addendum: clinical investiga-
tion of medicinal products in the pediatric popula-
tion. https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/el Ir1-addendum-
clinical-investigation-medicinal-products-pediatric-
population. Accessed 11 May 2019

Food and Drug Administration (2018b) Guidance for
industry: expansion cohorts: use in first-in-human clin-
ical trials to expedite development of oncology drugs
and biologics. https://www.fda.gov/media/115172/
download

Food and Drug Administration (2019a) FDARA imple-
mentation guidance for pediatric studies of molecu-
larly targeted oncology drugs: Amendments to Sec.
505B of the FD&C Act Guidance for Industry. https://
www.fda.gov/media/133440/download

Food and Drug Administration (2019b) Cancer clinical
trial eligibility criteria: minimum age for pediatric
patients

Food and Drug Administration (2019¢) Guidance for
industry: considerations for the inclusion of adoles-
cent patients in adult oncology clinical trials. https://
www.fda.gov/media/113499/download

Food and Drug Administration (2019d) Population phar-
macokinetics guidance for industry. https://www.fda.
gov/media/128793/download

Gore L, Ivy SP, Balis FM, Rubin E, Thornton K, Donoghue
M et al (2017) Modernizing clinical trial eligibility:
recommendations of the American Society of Clinical
Oncology-Friends of Cancer Research Minimum Age
Working Group. J Clin Oncol 35(33):3781-3787.
https://doi.org/10.1200/JC0O.2017.74.4144

Haylett WJ (2009) Ethical considerations in pediat-
ric oncology phase I clinical trials according to the
Belmont report. J Pediatr Oncol Nurs 26(2):107-112.
https://doi.org/10.1177/1043454208328764

Heron M (2013) Deaths: leading causes for 2010. Natl
Vital Stat Rep 62(6):1-96

Howie SR (2011) Blood sample volumes in child
health research: review of safe limits. Bull World
Health Organ 89(1):46-53. https://doi.org/10.2471/
BLT.10.080010

Institute of Medicine (2004) Committee on clinical
research involving children, ethical conduct of clini-
cal research involving children. National Academies
Press, Washington, DC

Joffe S, Fernandez CV, Pentz RD, Ungar DR, Mathew NA,
Turner CW et al (2006) Involving children with can-
cer in decision-making about research participation.
J Pediatr 149(6):862-868. https://doi.org/10.1016/].
jpeds.2006.08.027

Keytruda (2014) Keytruda (pembrolizumab) labeling.
https://www.accessdata.fda.gov/drugsatfda_docs/
label/2020/125514s0841bl.pdf

King NM (2000) Defining and describing benefit
appropriately in clinical trials. J Law Med Ethics
28(4):332-343

Kodish E (2003) Pediatric ethics and early-phase child-
hood cancer research: conflicted goals and the pros-
pect of benefit. Account Res 10(1):17-25. https://doi.
org/10.1080/08989620300502

Leong R, Zhao H, Reaman G, Liu Q, Wang Y, Stewart
CF et al (2017) Bridging adult experience to pediat-
rics in oncology drug development. J Clin Pharmacol
57(Suppl  10):S129-S135.  https://doi.org/10.1002/
jeph.910

Momper JD, Heinrichs MT, Krudys K, Griebel D, Kumar
S, Kim I et al (2020) Extrapolation of adult efficacy
to pediatric patients with chemotherapy-induced nau-
sea and vomiting. J Clin Pharmacol 60(6):775-784.
https://doi.org/10.1002/jcph.1577

National Commission (1978) National Commission
for the protection of human subjects of biomedi-
cal and behavioral research. Research involving
children: report and recommendations. Fed Regist
43(9):2083-2114


https://doi.org/10.1016/j.cct.2016.01.009
https://doi.org/10.1016/j.cct.2016.01.009
https://doi.org/10.1016/S1470-2045(16)00142-X
https://doi.org/10.1016/S1470-2045(16)00142-X
https://www.fda.gov/media/75398/download
https://www.fda.gov/media/75398/download
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/general-clinical-pharmacology-considerations-pediatric-studies-drugs-and-biological-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/general-clinical-pharmacology-considerations-pediatric-studies-drugs-and-biological-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/general-clinical-pharmacology-considerations-pediatric-studies-drugs-and-biological-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/general-clinical-pharmacology-considerations-pediatric-studies-drugs-and-biological-products
http://wayback.archive-it.org/7993/20180127092544/https://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/PediatricAdvisoryCommittee/UCM510177.pdf
http://wayback.archive-it.org/7993/20180127092544/https://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/PediatricAdvisoryCommittee/UCM510177.pdf
http://wayback.archive-it.org/7993/20180127092544/https://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/PediatricAdvisoryCommittee/UCM510177.pdf
http://wayback.archive-it.org/7993/20180127092544/https://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/PediatricAdvisoryCommittee/UCM510177.pdf
https://www.fda.gov/media/106587/download
https://www.fda.gov/media/106587/download
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e11r1-addendum-clinical-investigation-medicinal-products-pediatric-population
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e11r1-addendum-clinical-investigation-medicinal-products-pediatric-population
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e11r1-addendum-clinical-investigation-medicinal-products-pediatric-population
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/e11r1-addendum-clinical-investigation-medicinal-products-pediatric-population
https://www.fda.gov/media/115172/download
https://www.fda.gov/media/115172/download
https://www.fda.gov/media/133440/download
https://www.fda.gov/media/133440/download
https://www.fda.gov/media/113499/download
https://www.fda.gov/media/113499/download
https://www.fda.gov/media/128793/download
https://www.fda.gov/media/128793/download
https://doi.org/10.1200/JCO.2017.74.4144
https://doi.org/10.1177/1043454208328764
https://doi.org/10.2471/BLT.10.080010
https://doi.org/10.2471/BLT.10.080010
https://doi.org/10.1016/j.jpeds.2006.08.027
https://doi.org/10.1016/j.jpeds.2006.08.027
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/125514s084lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/125514s084lbl.pdf
https://doi.org/10.1080/08989620300502
https://doi.org/10.1080/08989620300502
https://doi.org/10.1002/jcph.910
https://doi.org/10.1002/jcph.910
https://doi.org/10.1002/jcph.1577

176

M. E. Bhatnagar and D. L. Snyder

National Commission (1979) National Commission
for the protection of human subjects of biomedical
and behavioral research. The Belmont report: ethi-
cal principles and guidelines for the protection of
human subjects of research, 18 Apr 1979. https://
www.hhs.gov/ohrp/regulations-and-policy/belmont-
report/read-the-belmont-report/index.html Accessed
11 May 2019

Nelson RM (2020) The use of pediatric extrapolation
to avoid unnecessary pediatric clinical trials. Am J
Bioethics 20(4):114-116. https://doi.org/10.1080/152
65161.2020.1730489

Ross L (2006) Phase I research and the meaning of direct
benefit. J Pediatr 149(1 Suppl):S20-S24. https://doi.
org/10.1016/j.jpeds.2006.04.046

Roth-Cline M, Nelson R (2014) The ethical principle
of scientific necessity in pediatric research. Am J
Bioethics 14(12):14-15. https://doi.org/10.1080/1526
5161.2014.964874

Roth-Cline M, Nelson RM (2015) Ethical consider-
ations in conducting pediatric and neonatal research
in clinical pharmacology. Curr Pharm Des 21(39):
5619-5635. https://doi.org/10.2174/13816128216661
50901105146

Roth-Cline M, Gerson J, Bright P, Lee CS, Nelson RM
(2011) Ethical considerations in conducting pediatric
research. Handb Exp Pharmacol 205:219-244. https://
doi.org/10.1007/978-3-642-20195-0_11

Sisk BA, Dubois J, Hobbs BP, Kodish E (2019)
Reprioritizing risk and benefit: the future of study
design in early-phase cancer research. Ethics Hum Res
41(6):2—11. https://doi.org/10.1002/eahr.500033

Thall PF, Cook JD (2004) Dose-finding based on efficacy-
toxicity trade-offs. Biometrics 60(3):684—693. https://
doi.org/10.1111/1.0006-341X.2004.00218.x

U.S. Government Printing Office (1949) Trials of War
Criminals before the Nuremberg Military Tribunals
under Control Council Law No. 10, pp 181-182


https://www.hhs.gov/ohrp/regulations-and-policy/belmont-report/read-the-belmont-report/index.html
https://www.hhs.gov/ohrp/regulations-and-policy/belmont-report/read-the-belmont-report/index.html
https://www.hhs.gov/ohrp/regulations-and-policy/belmont-report/read-the-belmont-report/index.html
https://doi.org/10.1080/15265161.2020.1730489
https://doi.org/10.1080/15265161.2020.1730489
https://doi.org/10.1016/j.jpeds.2006.04.046
https://doi.org/10.1016/j.jpeds.2006.04.046
https://doi.org/10.1080/15265161.2014.964874
https://doi.org/10.1080/15265161.2014.964874
https://doi.org/10.2174/1381612821666150901105146
https://doi.org/10.2174/1381612821666150901105146
https://doi.org/10.1007/978-3-642-20195-0_11
https://doi.org/10.1007/978-3-642-20195-0_11
https://doi.org/10.1002/eahr.500033
https://doi.org/10.1111/j.0006-341X.2004.00218.x
https://doi.org/10.1111/j.0006-341X.2004.00218.x

®

Check for
updates

Future Directions

Jorge DiMartino

Contents

References

12

.......... . 181

Advances in the treatment of childhood cancer
have transformed a uniformly fatal disease into
one in which the majority of patients will eventu-
ally survive. While this is undoubtedly one of the
great successes of twentieth-century medicine,
there is still much work to be done. Approximately
1800 children and adolescents in the USA will die
of cancer in 2021, making it the leading cause of
death from disease in this age group (Siegel et al.
2021; Cunningham et al. 2018). Moreover,
although 84% of children diagnosed with cancer
between 2010 and 2016 will survive 5 years or
more, many of these survivors will carry the bur-
den of their treatment into adulthood. Long-term
sequelae of high-dose chemotherapy and radia-
tion are still being defined but already encompass
not only secondary malignancies but also endo-
crine dysfunction, metabolic syndrome, cognitive
defects, and other health impacts leading to a
shorter life expectancy and reduced quality of life
in childhood cancer survivors as compared to
adults of a similar age. The psychological impacts
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of surviving childhood cancer and its treatment
are no less onerous, with higher incidence of
depression and anxiety-related diagnoses.
Addressing the needs of current long-term survi-
vors is of the utmost importance and will require
ongoing investment in research and multidisci-
plinary care. The objective of pediatric oncology
drug development in the twenty-first century is to
ensure that future patients have therapeutic
options that are at least as, if not more, efficacious
than current drugs that constitute standard of care
but importantly with less potential for acute and
chronic toxicities. Achieving this objective will
require advances on multiple fronts:

¢ Increased research focused on identifying the
molecular drivers of childhood cancer.

e Improved tools and expanded resources and
industry interest to discover and develop ther-
apeutic targeting of these drivers.

* Addressing the logistical barriers to develop-
ing drugs for a limited population of patients.

As discussed in Chap. 2, there is some overlap

between targets that have been implicated as
drivers of adult cancers and those that play a role
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in childhood cancers. For example, children with
Ph+ ALL have been the beneficiaries of drugs
such as imatinib that were originally developed
for adults with CML based on the shared depen-
dency on the BCR-ABL gene fusion. While
enhanced efforts to extend approval for use of
targeted drugs to children with the same cancer
indication is critical, reliance on the repurposing
of drugs developed for adults for childhood can-
cer indications should not be the only or even the
major strategy to bring novel therapies to chil-
dren with cancer. For one thing, certain types of
druggable targets, such as activated tyrosine
kinases, that are more common in adult tumors
are far less frequent in even the most common
pediatric tumors. In general, pediatric tumors
have a simpler mutational landscape than their
adult counterparts, often relying predominantly
on a single foundational genomic event such as
MYCN amplification in neuroblastoma or trans-
locations leading to transcription factor fusions
like EWS-FLII in Ewing sarcoma. Alternatively,
loss-of-function mutations in components of the
SWI/SNF nucleosome remodeling complex can
lead to malignant rhabdoid tumor with few or no
additional mutations required. This highlights a
recurring theme that distinguishes pediatric
tumors from adult malignancies: in the former,
mutations affecting the regulation of gene expres-
sion, including epigenetic regulators and master
transcription factors, are more common (Brien
et al. 2019). Unlike the mutations that accumu-
late over a lifetime to drive the common epithe-
lial malignancies of adults, a single mutation or
genomic rearrangement altering a single tran-
scriptional regulatory protein can reprogram cell
identity and perturb control of growth and sur-
vival pathways. Better understanding this and
other peculiarities of childhood cancer biology
needs to point the way to targets that can be pur-
sued specifically or primarily with pediatric
malignancies in mind.

The relative importance of transcription fac-
tors and chromatin regulators as therapeutic tar-
gets in childhood cancer highlights the need for
innovative drug discovery approaches for this
very challenging class of targets. The great suc-
cesses of target-based drug discovery over the

past 20 years have been almost exclusively
enzymes (primarily protein kinases) and cell sur-
face receptors. While it has by no means been
easy to identify potent and selective inhibitors of
these targets, they do share certain features that
make them far more tractable than transcriptional
regulators. Specifically, they can retain their
three-dimensional structure and function as puri-
fied proteins, making them amenable to tradi-
tional screening platforms and functional assays
to drive medicinal chemistry campaigns. Many
chromatin modifiers and reader proteins also
retain their structure as purified proteins; how-
ever, recapitulating their enzymatic function is
complicated by the context-dependent nature of
their key substrates (e.g., nucleosomes).
Transcription factors present a unique challenge
for drug discovery in that, with few exceptions,
they lack obvious features for specific interac-
tions with small molecules. This is because, with
the exception of their DNA-binding domains,
which are structured, transcription factors are
mostly disordered, i.e., they only adopt a func-
tional conformation in their native nuclear con-
text. Screening approaches to identify binders
and modulators of transcription factors must take
this into account. In addition, functional assays to
drive hit validation and medicinal chemistry
efforts will need to recapitulate the context-
dependent gene expression changes mediated by
the transcription factor target. The importance of
this target class is not limited to childhood can-
cers, and a number of innovative biotechnology
companies are actively engaged in overcoming
these technical hurdles. It will be incumbent on
clinical investigators, patient advocates, and reg-
ulators who work with pediatric cancer patients
to make these companies aware of the need to
engage as early as possible in planning and exe-
cuting trials in children when appropriate.
Assuming continued progress in the identifi-
cation of molecular drivers of childhood cancer
and in the ability to generate drug candidates
against them, the feasibility of evaluating new
agents in children remains a major hurdle.
Ironically, it is the very success of the current
standard of care regimens, combined with the
relative rarity of pediatric cancer as a whole, that
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limits the opportunity to evaluate novel therapies,
at least via the conventional approaches devel-
oped and utilized in the past half-century. The
delay in initial pediatric investigation of new can-
cer drugs, recently highlighted by the observation
of the mean lag time between first-in-human and
first-in-child studies of greater than 6 years, has
had profound downstream effects on cancer drug
development for children. Delays in identifying a
signal of activity of a new agent and rational
proof of concept negatively impact the historical
pediatric cancer drug development paradigm and
successful incorporation of new active agents
into proven effective combination regimens (Neel
et al. 2019). The success of large, randomized
clinical trials leading to improved patient out-
comes was built on large, multicenter, coopera-
tive group trials with the overwhelming majority
of eligible pediatric cancer patients participating.
This is in stark contrast to adult oncology in
which trial participation rates are in the low sin-
gle digits. Nevertheless, participation in pediatric
oncology trials, both frontline and early phase
salvage trials for recurrent and refractory disease,
is declining (Faulk et al. 2020; Nooka et al. 2016)
at the same time that the number of novel agents
is increasing rapidly. Moreover, genomic charac-
terization and biomarker-enriched clinical trial
strategies in what were once considered common
childhood cancers result in decreasing eligible
study populations.

As detailed in Chap. 10, recent changes in the
legislation governing pediatric cancer drug devel-
opment in both the USA and the EU are signifi-
cantly transforming the regulatory environment
and require a coordinated, rational approach to
implementation to assure that any possible unin-
tended consequences of well-intentioned regula-
tory requirements do not negatively impact an
already stressed system. Sponsors seeking mar-
keting authorization in the USA and EU are now
required to propose plans for developing their
agents in pediatric populations, from early stud-
ies to define dose, tolerability, and signals of
activity in the USA as a result of the amended
PREA provisions of Sec. 504 of FDARA to more
complete pediatric development plans in the EU
as a result of the Paediatric Regulation and the

elimination of some class waivers. Previously,
sponsors could request waivers on the basis that
the intended tumor type for adult development
(e.g., non-small cell lung cancer) does not exist in
children making studies impossible. More
recently, with the advent of molecularly targeted
agents, sponsors are required to consider whether
the target of the drug is relevant to a pediatric
tumor. As a result, there may be multiple targeted
agents in the same class (i.e., against the same
target) or against multiple targets relevant to the
same tumor type, all proposing parallel develop-
ment plans to enroll dozens or hundreds of
patients in indications where there may be only a
handful of eligible patients each year. This some-
what anticipated yet unintended consequence has
been addressed by the FDA in its FDARA
Implementation Guidance (United States Food
and Drug Administration 2021) which addresses
the problem with multiple same-in-class agents
and the patient population constraints associated
with rare diseases. Specific advice is provided to
sponsors to plan for waiver requests for agents
with the same mechanism of action directed at
the same molecular target unless there is evi-
dence of improved activity or effectiveness in a
particular cancer, improved toxicity profile, pref-
erential PK parameters including CNS penetra-
tion of an agent, preferred routes of administration,
and superior pediatric-appropriate formulations.
To date, Initial Pediatric Study Plans incorporat-
ing planned waiver requests have been agreed to
by the FDA for multiple same-in-class products,
including PD-1/PD-L1 axis inhibitors, PI3K
delta isoform inhibitors, BTK inhibitors, EGFR
inhibitors, anti-CD20 antibodies, and others.
Unlike in adult oncology, where sponsors con-
tract with individual hospitals and investigators
to conduct trials, pediatric patients are treated at
a relatively limited number of specialized institu-
tions in association with academic cooperative
groups and clinical trial networks. Consequently,
the timelines associated with opening and
attempting to enroll patients in multiple compet-
ing studies almost ensure that the results will be
irrelevant by the time duplicative studies are
completed. This is a situation that does not suit
the needs of patients or sponsors and could actu-
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ally threaten any progress in pediatric develop-
ment opportunities afforded by legislative
change.

Potential solutions to address what might have
the potential to become a bottleneck in pediatric
drug development include policy changes that
acknowledge the current massive volume of
drugs in development, in relation to the limited
availability of patients, while still protecting the
safety and autonomy of these patients, as well as
multi-stakeholder discussion and consideration
of optimal development strategies while avoiding
needless competition and  duplication.
Coordinated approaches to the alignment of
industry sponsors with clinical trial networks
globally in decision-making as to prioritization
of new molecules in specific disease conditions
are being addressed by the ACCELERATE
Platform. The international multi-stakeholder
organization ACCELERATE was created to
advance the timely investigation of new antican-
cer drugs (Pearson et al. 2016; Karres et al. 2020).
By creating a framework that promotes scientific
transparency and precompetitive information
sharing, ACCELERATE has enhanced communi-
cation and understanding between academia,
industry, patient advocates, and regulators. It has
promoted a mechanism-of-action (MoA)-driven
drug development approach by aligning publicly
accessible databases of molecular targets relevant
to pediatric cancer with drug pipelines and MoA-
based opportunities and prioritization and con-
duct of early phase trials, informed, when
appropriate, by data from preclinical investiga-
tions in pediatric-specific tumor models within
the context of Paediatric Strategy Forums. From
2017 to 2020, five forums were held with topics
ranging from the use of ALK inhibitors to combi-
nations with immune checkpoint inhibitors as
well as disease-focused forums around B-cell
malignancies and AML. Each forum included
participation from multiple industry sponsors and
discussion of multiple development compounds
from their respective pipelines, demonstrating
the value of creating a safe space for information
sharing. These initiatives have facilitated prioriti-
zation of new targeted molecules and a focused
and sequential strategy for drug development

when multiple, new potential agents may warrant
pediatric investigation. Much of ACCELERATE’s
success has resulted from closer alignment
between the European Medicines Agency and the
US Food and Drug Administration (Reaman et al.
2020; Karres et al. 2021) and identification by
clinical investigators and parent/patient advo-
cates of pressing unmet clinical needs across the
continuum of pediatric cancer through multi-
stakeholder collaboration.

Early engagement between all stakeholders in
development of new drugs is critical, and multi-
ple parallel, complementary approaches will be
required to optimize the evaluation of these drugs
in children with cancer. Innovative clinical trial
designs including master or platform trials prom-
inent in oncology drug development (Burd et al.
2020; Barker et al. 2009) are beginning to make
headway in the pediatric oncology space includ-
ing the Pediatric Acute Leukemia (PedAL) trial,
sponsored by the Leukemia & Lymphoma
Society, NCI, and the Children’s Oncology
Group (NCT04726241). Other pediatric-focused
trials using cancer genomic data to direct treat-
ment choices include MATCH (described in
Chap. 10) as well as the Genomic Assessment
Informs Novel Therapy (GAIN) trial at the Dana-
Farber Cancer Institute/Boston Children’s
Hospital (NCT02520713) and the European
Proof-of-Concept Therapeutic Stratification Trial
of Molecular Anomalies in Relapsed or
Refractory Tumors (ESMART, NCT02813135).
Interpretation of data from these innovative trials
will require adaptive Bayesian strategies (Ye
et al. 2020), expanded use of extrapolation, more
rapid dose optimization, and the use of real-world
evidence supported by adequately validated real-
world data (United States Food and Drug
Administration 2018) for use in constructing syn-
thetic controls in rare populations. In addition to
potentially streamlining the process of evaluating
novel agents in pediatric cancer, these platform
trials afford multiple sponsors the opportunity to
meet regulatory requirements and accelerate
timelines for developing multiple drugs simulta-
neously. This necessitates early discussion
between investigators, sponsors, and regulators.
Amplifying the patient advocate voice through
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inclusion across the drug development contin-
uum will lead to better, patient-centric trials. By
these means, children and adolescents with can-
cer can maximally and rapidly benefit from inno-
vative products, to improve disease outcomes and
reduce the burden of treatment sequelae. This
evolving landscape of global, multi-institutional,
and industry-academia collaboration informed
by patients and their advocates intensifies the
importance of collaboration that resulted in pedi-
atric oncology becoming the success story that it
is today and how it must move into the future.
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