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Abstract
Much of current cancer research is aimed at exploiting cancers’ molecular addictions with targeted
therapeutics, with notable successes documented in clinical trials. By their nature, these agents
have different side effect profiles than conventional chemotherapeutics. While very few targeted
agents have attained regulatory approval for use in children, pediatric oncologists are gaining
experience with these drugs, which may have unique effects, both short- and long-term, on the
developing child, unrecognized in adults. This Review summarizes the rationale for targeted
therapy, challenges in pediatric drug development, unique side effect profiles of targeted agents,
limited data from children treated with targeted agents, as well as implications of the current
knowledge and gaps thereof. The demonstrated and potential impacts of targeted therapies on
normal tissue development and function are discussed. We conclude that future clinical trial
design should include carefully considered assessment of developmental effects of targeted
therapy, as well as informed supportive care recommendations.
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INTRODUCTION
Recent major advances in cancer therapy have come through the identification of molecular
drivers of oncogenesis, and the subsequent suppression of their activity to inhibit the
malignant phenotype of cancer cells. Such advancement has also provided critical new
insight into normal cellular functions. Importantly, it is now clear that due to numerous
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interdependent pathways, the overlap between normal and abnormal gene activity may have
clinical consequences. While inhibiting oncogenic activity is critical for effective targeted
cancer therapy, if normal pathways are also affected, the potential for unanticipated or
undesirable side effects also exists.

Targeting Cancers’ Addictions
A central hypothesis driving current basic and clinical oncology research is that of oncogene
addiction (1), positing that single mutated oncogenes are necessary to both initiate and
maintain the malignant behavior of cancer cells (Figure 1A). The corollary is that inhibition
of the resultant altered protein will restrict the malignant behavior of cancerous cells, ideally
resulting in cancer cell death. This has been most successfully proven with chronic myeloid
leukemia (CML), a once uniformly fatal disease driven by the oncogenic fusion protein Bcr-
Abl1. Now, almost 70% of patients remain in sustained remission, taking imatinib mesylate
or other tyrosine kinase inhibitors (TKI) orally with relatively few side effects (2). Patients
generally must remain on therapy long-term, though, as discontinuation typically leads to
relapse. Nonetheless, this success fostered great hope that targeting a cancer’s addiction to a
single oncogene could render a potentially fatal disease into a chronic disease with simpler
management. This success ushered in the era of targeted therapy, inspiring the search for
other oncogene addictions and agents to target them. There are several putative oncogene
addictions in pediatric tumors, including Bcr-Abl1, and the addition of imatinib to
conventional chemotherapy substantially improves survival rates for children with BCR-
ABL1+ ALL (3).

Further laboratory research indicates that oncogenes can be quite toxic to cells, and that
oncogene activation renders cancer cells dependent upon the activation of other genes and
pathways that are not mutated to survive the oncogenic stress (4). Different oncogenes likely
activate different non-oncogenic pathways that differ from cancer to cancer. Determination
of which non-oncogenes a given tumor is addicted to may lead to novel therapeutic
approaches for that tumor. For example, due to deficiency in the homologous recombination
DNA damage repair mechanism, tumors with mutated BRCA2 rely on PARP1, a key
molecule in the base-excision repair DNA damage repair pathway (5). Thus, interruption of
PARP1 activity is “synthetic lethal” with BRCA2 mutation and is being explored clinically
with targeted inhibitors of PARP1. Relevant in pediatrics, EWS-FL1, the translocation
responsible for Ewing’s sarcoma family of tumors (ESFT), causes DNA damage, enhanced
expression of, and dependence on PARP1 (Figure 1B) (6).

As non-oncogene addiction is context-dependent (i.e., on the oncogene), cancers can
similarly become dependent on particular pathways in the context of specific therapies,
which we refer to as escape pathway addiction (Figure 1C). Using genome-wide RNA-
interference screens, we and others have identified several escape pathway addictions (7–
10). With agents targeting specific components of pathways that cancer cells engage in order
to escape the toxic effects of targeted and conventional anti-cancer therapeutics, we have
validated their importance in pre-clinical models of leukemia and lung cancer, and have
translated one set of discoveries into a clinical trial (NCT01456988).

For each putative cancer addiction that is discovered, depending on the nature of the
molecule, several targeted inhibitors may be developed, each with a side effect profile that
may be class- or molecule-specific. Some of the genes that cancers depend on may be
important in the normal development of a child, raising the possibility of more adverse
effects in younger patients as compared to adults (Figure 2). In this review, we will address
some of the unique adverse effects associated with targeted therapies, as they relate to the
development of novel pediatric therapies. For reasons discussed, there are a paucity of data
from pediatric trials compared to those in adults; thus, much of the review will focus on the
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nature and adverse effects of drugs with which pediatric oncologists have the most
experience. Unfortunately this is at the exclusion of many recently approved and
experimental agents now available.. Reasonable extrapolation from preclinical and adult
clinical data is made by necessity. We conclude with the implications of current knowledge,
calling for carefully considered inclusion of specific adverse effects in clinical trials of
targeted agents in children.

TARGETED ANTI-CANCER AGENTS IN CHILDREN
Although current conventional therapeutic strategies cure the majority of children with
cancer, most pediatric oncologists have some experience with targeted agents (11), through
prescription in clinical trial regimens or “off-study,” presumably for a biologically plausible
reason. However, with notable exceptions, most targeted agents have not been tested in large
numbers of children, and thus lack clear demonstration of efficacy and toxicity. This fact
that should raise caution in pediatric oncologists considering their use as very few targeted
agents are approved for use in children by regulatory authorities. For example, among the
targeted agents discussed in this article, the United States Food and Drug Administration
(FDA) has approved only imatinib for children with chronic-phase CML, an extremely rare
diagnosis in children, and the mTOR inhibitors, sirolimus and everolimus, for children over
13 years for prevention of organ graft rejection and specific tuberous sclerosis associated
astrocytomas, respectively.

Braod success with targeted agents in children has been elusive for several reasons. One of
the biggest limitations is the lack of development of drugs specifically for pediatric cancers,
a consequence of the relative rarity of childhood cancer and the market implications thereof.
With the exception of clofarabine in 2004, no new drug has been approved specifically for
childhood cancer by the FDA since 1990. Instead, agents developed for adult cancers are
retrofitted for pediatric use, where pre-clinical data suggests potential benefit. Second, the
sequence of drug testing in children is similar to that in adults, beginning in heavily pre-
treated patients with relapsed or refractory disease. As the incidence of childhood cancer is
quite low and the therapeutic successes generally quite high, agents must be prioritized with
respect to which trials will be opened to which populations. Undoubtedly, this leads to
potentially effective agents not being adequately tested in children. Finally, the bar is quite
high for statistically improving upon the relatively good success rates of front-line therapy
for many tumor types.

Nonetheless, as many of these agents are approved in adults, they are available for use in
children, most appropriately in the setting of carefully designed clinical trials. The pediatric
oncologist must be aware of not only the known on-target, class effects, and the more
specific off-target effects of individual targeted agents, but also the potential adverse effects
specific to the developing child. As new molecular entities are being tested and used more
commonly in children, the developmental effects of targeted agents are only now coming to
light.

ADVERSE EFFECTS OF TARGETED AGENTS IN CHILDREN
Essential to the comprehensive care of children with any medical illness is an understanding
of normal human growth and development, including the molecular mechanisms of these
processes. Cancer cells often hijack key nodes of the molecular networks that control normal
development (12), thus predictably, targeted anti-cancer agents will have unique adverse
effect profiles in children. For example, homeobox (Hox) genes, which are critical
regulators of patterning during development (with repressed expression in adults), are re-
expressed in cancers, contributing to malignancy (13). In fact, Hox genes are frequently
deregulated in leukemias and suggested as therapeutic targets, but their roles in normal
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hematopoiesis and tissue development need to be carefully considered, particularly in
children (14). The hedgehog (HH) pathway is another developmental program that is
dysregulated in some tumors, most notably in about 25% of medulloblastoma (15, 16), and
can be selectively inhibited by vismodegib (17). The developmental importance of HH
signaling is highlighted by permanent bone defects in young mice treated with another HH
antagonist (18). Similarly, the receptor tyrosine kinase anaplastic lymphoma kinase (ALK)
plays a role in normal neuronal and visceral muscle development, as well as oncogenesis in
several cancer types, including neuroblastoma and anaplastic large cell lymphoma (19–21).
While Hox modulators have not yet been tested, and the ALK inhibitor crizotinib has
recently entered pediatric clinical trials in children, experience with other agents highlight
the importance of carefully considering the risks associated with targeted drugs.

Unique side effect profiles of targeted agents
Some side effects of cancer therapies are broad and involve normal cellular processes that
are not susceptible specifically in cancer cells. This is most prevalent with the use of
conventional cytotoxic agents. These agents are effective because they generally target cells
that are rapidly dividing and/or lack appropriate DNA damage checkpoints, including those
that make up the bulk of a tumor. Unfortunately, many normal cells and their precursors,
including the cells that line the gastrointestinal tract, the hair follicles, and the bone marrow,
are also rapidly dividing and are essential for homeostasis and human growth. The
undesirable by-product of general cytotoxic therapy is that while killing the malignant cells,
healthy cells are also affected. As such, alopecia, GI toxicity, and myelosuppression are
frequent and often dose limiting side effects of these important agents. In children, the
undesirable general adverse effects are manifest long-term in the form of short stature,
impaired fertility, cardiac dysfunction, and neurocognitive deficits (22).

For a number of newer targeted agents such as TKIs, monoclonal antibodies, and anti-sense
molecules, side effect profiles are distinct and hoped to be less severe than those associated
with conventional agents, although they still cause side effects that can be quite significant
(23). These unique profiles may be based on the intended target (on-target effects), such that
agents directed against the same target may share a similar side effect profile. For example,
patients treated with epidermal growth factor receptor (EGFR) inhibitors frequently develop
a characteristic rash, likely due to the inhibition of EGFR in the basal layer of the skin &
hair follicles, and subsequent immune cell infiltration (24). Another example of an on-target
effect is the well-described side effect of hypertension associated with the use of agents
targeting vascular endothelial growth factor and its receptors (collectively termed VEGF
inhibitors). Interestingly, the rash and hypertension associated with EGFR and VEGF
inhibitors respectively have been correlated with positive outcomes (25, 26), but correlations
between adverse effects and outcomes may be limited to specific classes (23). Thus, clinical
oncologists must be aware of on-target, class effects, their implications related to outcomes,
as well as the best ways manage them. Moreover, it is incumbent upon clinical scientists to
anticipate and recognize class effects, and prospectively collect data on their incidence and
severity within early and late phase trials.

In addition to inhibiting the putative addiction, targeted agents typically inhibit known and
unknown targets (off-target effects) that may have unexpected consequences. Tyrosine
kinase inhibitors are inherently “dirty” and inhibit several kinases in addition to the target
for which they are developed. By definition, these effects are harder to categorize, as they
are more specific to the various kinases inhibited by a particular molecule. For example, the
greater hematopoietic toxicity associated with small molecule inhibitors sorafenib and
sunitinib, as compared to the anti-VEGF antibody, bevacizumab, implicates off-target
inhibition of other targeted kinases such as c-Kit or Flt3 (27). Monoclonal antibodies may
have off-target effects as well. Type 1 insulin-like growth factor receptor (IGF1R)
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antibodies, in development for the treatment of solid tumors, cause hyperglycemia, possibly
due to indirect effects on the insulin receptor (28). Other off-target effects may be associated
with the origin, structure or size of the molecule, as are the infusion reactions associated
with monoclonal antibody administration.

Impaired Linear Growth & Endocrine Function
Unfortunately, the extent of overlap between normal developmental networks and cancers’
addictions is not necessarily obvious before testing in large numbers of children. One
unanticipated observation is that of growth suppression or failure in children treated with
TKIs for BCR-ABL1+ leukemias. This effect is most pronounced in children treated before
the onset of puberty (29, 30). One proposed mechanism modeled in rats, is through the off-
target direct inhibition of PDGFR of chondrocytes, impairing proliferation, and
consequently, linear bone growth (31). Indirectly, treatment with TKIs has been shown to
cause growth hormone deficiency (32), although the relevant off-target molecules remain
undefined. More directly, inhibition of the growth hormone axis by IGF1R inhibitors may
also impair linear growth in children (28), although this has yet to be proven.

As the number of adult survivors of childhood cancer increased due to the optimization of
conventional cytotoxic therapy, the consequence of therapy on fertility became clear (33).
With the introduction of targeted therapy, the hope is that this adverse effect will not be as
prevalent, but there are hypothetical reasons and case reports suggesting that infertility may
emerge in this context, too. Normal spermatogenesis is dependent upon PDGFR and c-Kit,
protein kinases that are inhibited by many TKIs. Experiments in neonatal rats reveal
permanent deleterious effects on the maturation of testes after short-term exposure to
imatinib, although fertility was preserved, leading to speculation that pre-pubertal exposure
to TKIs may have more adverse effects on fertility than later exposure (34). Interestingly,
the two case reports of oligospermia after imatinib exposure are from patients started on
therapy during childhood (35, 36) and azoospermia was observed in a post-pubertal patient
treated only with dasatinib for Ph+ leukemia (Personal Communication, Dr. C. M. Zwann).
While there are reports of successful pregnancy in men and women treated with imatinib, its
use is not recommended during pregnancy due to potential teratogenicity, and the extent and
reversibility of impaired fertility due to tyrosine kinase inhibition in children with cancer
remain to be defined.

Other endocrine abnormalities have been reported in adults treated with tyrosine kinase
inhibitors, including hypothyroidism and testosterone deficiency (37, 38). The testosterone
deficiency associated with crizotinib should be of particular concern for pediatric
oncologists, given its apparent potential and current active studies (20). While not formally
reported, hypothyroidism has also been observed in children enrolled in clinical trials and
treated with sunitinib and sorafenib (personal observation, LG). As with adults, these
toxicities appear to be cumulative and related to the duration of treatment with the particular
agent (38). Unrecognized, this deficiency can have devastating effects on the developing
child.

The developing immune system
A critical aspect of normal growth and development is the maturation of the adaptive
immune system. This highly regulated phenomenon is most active in infancy and early
childhood, not coincidentally when the incidence of acute lymphoblastic leukemia is highest
(39). Notably, several conventional chemotherapeutics are highly immunosuppressive due to
their lympholytic properties. The effects of conventional chemotherapy on the immune
system can persist long after therapy is discontinued. This phenomenon has clinical
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significance as even after re-immunization, not all patients demonstrate normal antibody
production and serious infections have been reported (40).

The potential immune suppressive effects of targeted agents should not be disregarded, as
their mechanisms of action may not be toxic only to the cancer cell. Rather, the possibility
of off- and on-target effects on the immune system could be substantial. This is perhaps
most commonly observed with rituximab, which is known to lead to substantial suppression
of B-cell immunity, and with inhibitors of mTOR, such as rapamycin and its analogs
(“rapalogs”). Rapamycin was approved as an immunosuppressive agent in the 1990s, and is
still used in combination with other agents to prevent the rejection of solid organ transplants.
The mTOR pathway has more recently emerged as a target for anti-cancer therapy, and
rapalogs have been tested in early phase clinical trials as single agents and in combination
with conventional chemotherapeutics in children and adults. Everolimus is approved for use
in five different cancers, including subependymal giant-cell astrocytomas associated with
tuberous sclerosis (41). These agents are associated with a two-fold increased risk of
infection in adults, although these are generally mild (42). Similar adverse effects of
everolimus were reported in children (41). While this degree of immunosuppression is
generally manageable, for example, with altered dosing schedules, the extent to which
persistent immunosuppression and the promotion of tolerance contributes to treatment
failure and even potential for secondary malignancies is in question, and may limit the utility
of these drugs, especially for chronic use.

The immune suppressive effects of targeted agents are not limited to small molecule
inhibitors. Rituximab is a monoclonal antibody directed against CD20, expressed on normal
mature and malignant B-cells. It has improved outcomes in non-Hodgkin’s lymphoma
(NHL) in adults (43), and is being studied for efficacy and safety in clinical trials for
children with high-risk NHL (NCT01595048). The addition of rituximab to chemotherapy
regimens does not appear to increase the rate of infections in children or adults with
lymphoma (43, 44), although some patients have hypogammaglobulinemia due to the
elimination of immunoglobulin-producing mature B-cells (45). This laboratory abnormality
can be quite severe and prolonged (46, 47). The clinical significance of this finding in
patients with lymphomas has not been well studied, but treating physicians may prescribe
infusions of intravenous immune globulin preparations as prophylaxis or in response to
fever. An unexpected, off-target effect of rituximab is the development of late-onset
neutropenia (48). This clinical laboratory finding is observed weeks after therapy (49), is
variable in severity and duration, but is typically not associated with severe infections (48).

In addition to BCR-ABL1, dasatinib inhibits several members of the Src family of kinases
(SFK). In fact, dasatinib was initially developed as an SFK inhibitor. Lck is a member of
this family that is a critical component of T-cell receptor signaling and resultant activation
and proliferation (50). Indeed, dasatinib inhibits T-cell activation and proliferation ex vivo
(51), and has been associated with atypical infections in patients treated at higher doses (52).
When combined with other immunomodulators, the effect is more complex, as the inhibitory
effect is enhanced when dasatinib is combined with cyclosporine A or rapamycin in some
experimental conditions (51), but is antagonistic in others (53). Data such as these prompted
the inclusion of correlative laboratory studies in our clinical trial (NCT1456988) combining
dasatinib and cyclosporine for patients with BCR-ABL1+ leukemia.

The tissue landscape
One of the most devastating side effect of conventional chemotherapeutics is the
development of secondary malignancies, occurring in 2–15% of patients treated for cancer
(54). These may arise due to direct DNA damage from the anti-cancer agents, but emerging
evidence indicates that non-cell autonomous factors play a major role. Cancer development,
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from initiation to metastasis is an evolutionary process that is highly influenced by the tissue
microenvironment (55, 56). We have previously proposed that a key tumor suppressive
mechanism evolved by complex multicellular species is the maintenance of normal tissue
structure and cellular fitness, which should impede somatic cellular evolution (55, 57). A
normal tissue microenvironment and high cellular fitness should favor the status quo, as
trait-altering mutations should mostly be disadvantageous. On the other hand, alterations in
the microenvironment and reductions in progenitor cell fitness, such as during aging or
following stress-inducing insults (e.g., radiation exposure), will promote selection for
adaptive oncogenic mutations. These concepts should also be relevant for oncologic
therapies, as they not only impinge upon cancer cells but will also impact the tissue
landscape and normal stem and progenitor cell fitness. Impacts on non-target tissues could
contribute to secondary cancers, not only by directly increasing the frequency of oncogenic
mutations but also by promoting selection for particular oncogenic mutations adaptive to the
altered landscape. While secondary cancers are expected to occur less frequently with the
use of targeted agents, current data from patients treated with several small molecule
inhibitors confirm the possibility.

In the context of conventional chemotherapy, secondary AML (sAML) is a significant risk
for survivors occurring in 1–10% of treated patients depending on the treatment regimen and
accounting for up to 30% of AML cases (58). While anti-topoisomerase-II treatment is
involved in the initiation of sAML due to the DNA damage it causes (59), subsequent
myelosuppressive therapies alter the tissue landscape and impair the fitness of competing
stem and progenitor cells, promoting selection for adaptive oncogenic mutations. Indeed, we
have shown that treatment of mice with the 6-thioguanine (6TG) can promote selection for
early hematopoietic progenitors expressing the MLL-AF9 translocation product,
accelerating the development of AML (60). Importantly, by transplanting bone marrow cells
from hprt mutant mice whose cells are resistant to 6TG, the ability of 6TG to promote
selection for MLL-AF9 and promote AML is reversed. Thus, the ability of 6TG to promote
MLL-AF9 initiated leukemogenesis requires 6TG mediated impairment of hematopoiesis,
which engenders an altered adaptive landscape.

The consequences of altered landscape are not limited to conventional cytotoxic agents like
topo-II-inhibitors and 6TG. In fact, while imatinib and dasatinib restore polyclonal
hematopoiesis in the majority of patients that achieve cytogenetic remission, clonal
chromosomal abnormalities are detected in Philadelphia chromosome negative (Phneg) cells
in 3–15% of these patients (61–63). Some of these chromosomal changes are associated
with myelodysplasia and leukemia (e.g., t(3;21) and monosomy 7), and a few patients have
been reported to manifest myelodysplastic syndrome and AML (61, 64). This phenomenon
raises the question as to whether the emergence of Phneg clonal hematopoiesis represents an
underlying predisposition to the development of CML, or whether TKIs are responsible for
clonal hematopoiesis. The absence of these chromosomal abnormalities in the Ph+ clone in
some of these patients suggests that the former is less likely. The latter hypothesis from a
cell autonomous point of view, would suggest that TKI treatment results in DNA damage in
normal hematopoietic progenitors, for example, due to an aberrant DNA damage response
resulting from Abl inhibition (61). Alternatively, TKI may cause mild or moderate
myelosuppression on the Phneg population which promotes the emergence of aberrant
clones, either pre-existing due to previous DNA damage, or that evolve in the altered
landscape. This possibility does not implicate TKI specifically, but any agent that alters
hematopoiesis. Indeed, Phneg clonal cytogenetic abnormalities were observed in the context
of interferon treatment (65). Most importantly, though, the emergence of Phneg clonal
cytogenetic abnormalities appears to be rarely associated with the development of MDS or
AML, and generally does not negatively influence prognosis for chronic phase CML, with
the exception of monosomy 7, the emergence of which may necessitate a change in therapy
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(63). To our knowledge, Phneg clonal hematopoiesis has not been reported in children, but if
this phenomenon is a consequence of the therapy, presumably the longer-term use in
children may increase the risk of its development.

THERAPEUTIC IMPLICATIONS IN CHILDREN
More Isn’t Necessarily Better

The “if some is good, more must be better” principle of dosing chemotherapy has held some
value since the inception of chemotherapy as a therapeutic strategy, and most pediatric
regimens employ higher doses and greater dose intensity than are used in treatment of
adults. In general, higher doses of cytotoxics have usually demonstrated greater tumor kill
than lower doses, although myelosuppression often limits further dose escalation (Figure 3).
In fact, hematopoietic stem cell transplantation emerged as a therapeutic strategy as a means
to allow for myeloablative doses of anti-cancer therapy, in an effort to induce more tumor
kill.

However, in the era of targeted therapy, in which molecules are designed to be highly potent
and specific inhibitors of cancers’ addictions, dose escalation to the MTD is not biologically
rational, as the dose limiting side effects at higher doses are likely to be unrelated to
inhibition of the desired target. This concept has led to consideration of defining the optimal
biologic dose (OBD) as an endpoint in early phase trials, rather than the MTD. The OBD is
that dose at which there is maximal inhibition of the identified cancer’s addiction (66). This
is, of course, predicated in the deep understanding of the target and the ability to measure its
modulation, both of which can be elusive (67). While the OBD is expected to be lower than
the MTD, as normal cells should be less dependent upon the targeted protein, it is possible
that the OBD is higher than the MTD, which would diminish the utility of that agent. We
suggest that an optimal therapeutic dose (OTD) to be defined by experimentally determined,
pre-set measure(s) of target engagement, as well as a tolerable side effect profile. Ideally, the
extent of target engagement and outcomes will be correlated in early phase trials, further
refining the OTD (68). This necessitates a strong understanding of the cancer’s addiction, a
reliable biomarker to measure target inhibition, and access to tumor samples after the
initiation of therapy. The latter is particularly troublesome in pediatric trial settings, as
invasive procedures may be necessary. The problem is less significant in leukemias, the
most common childhood cancer, with readily available tumor cells in blood or bone marrow.

Vigilance for on-target and off-target adverse effects
Pediatric oncologists are well-trained to recognize the common side effects associated with
conventional chemotherapeutics. The consequences of therapy are so frequent that many
practices have clinical care guidelines to address acute problems such as fever and
neutropenia, and staff multi-disciplinary clinics for management of late effects. As cancer
therapy evolves to include targeted agents, pediatric oncologists will need to screen for more
obscure adverse effects that may have considerable consequences. Fortunately, many
common side effects can be effectively prevented or treated: growth hormone replacement
for growth failure, levothyroxine for hypothyroidism, and antibiotic prophylaxis to prevent
Pneuomocystis pneumonia. Nonetheless, the effects must be considered prior to clinical
presentation to avoid long term consequences. Thus, pediatric oncologists must be aware of
emerging side effect profiles of drug classes, as well as those related to specific drugs.

FUTURE IMPLICATIONS
With the notable exception of CML, single targeted agents have yet to improve long-term
survival in most patients with cancer. It is clear from clinical experience and laboratory
studies, that targeting a single cancer addiction will likely have only short-lived effects, as
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cancer cells engage other mechanisms to manifest the malignant phenotype (69). Thus, most
targeted agents will only be successful when combined with other agents, resulting in
elimination of minimal residual disease. This will, of course, complicate the assessment and
separation of adverse effects from that of other medications included in a given regimen, a
problem addressed recently by an international consensus conference (70). Unfortunately, as
new agents are first tested in patients who have a relatively poor prognosis, and thus a likely
shortened life expectancy, long-term effects cannot be assessed, further complicating drug
development strategies. Nonetheless, as targeted agents progress to later stage trials, plans
for monitoring for late effects should be included, perhaps through the Childhood Cancer
Survivor Study or similar efforts, with international collaborations having increasing
importance.

As cancer therapy evolves, the fundamentals of how we study novel therapeutic strategies
need to be reassessed, as well. Novel approaches to early phase trials of targeted agents
should be considered, including adaptive protocols and randomization in phase 2 (71, 72).
Phase 1 trials should include biomarkers of target engagement when possible (67, 71), as
well as intra-patient dose escalation to achieve the OTD (73). The inclusion of predictive
companion biomarkers, based on robust pre-clinical modeling and validation in clinical
trials, to predict populations most likely to respond to therapy should be sought, as well (74).
This should enhance success rates in drug development and reduce exposures for those not
likely to benefit from a particular therapy. For the pediatric oncologist involved in early
phase trials, consideration of on- and off- target effects on the developing child is
imperative, and specific hypotheses need to be developed and tested in these trials. Effective
conduct of Phase 1 and 2 trials have the potential to mitigate adverse effects in larger
numbers of patients in Phase 3 trials, with the collection of developmental data and inclusion
of informed supportive care guidelines. For example, protocol directed collection of growth
data before therapy and during therapy may alert treating physicians to unexpected growth
impairment. Recommendations for periodic thyroid function testing for patients taking TKI
(38) or skin care measures for those taking EGFR inhibitors could also be included (75).

SUMMARY AND CONCLUSIONS
The understanding of cancers’ addictions and the development of targeted agents has
already, and will most certainly continue to revolutionize cancer therapy. As these agents are
used more effectively, though, it is perhaps likely that some cancers will be modulated to a
chronic disease state requiring long-term therapy, as is the case with CML. The prospect of
lifelong therapy and its inherent risks is daunting, particularly for the developing child.
Nonetheless, this non-monetary cost for high-quality, productive life-years is most certainly
worthwhile. While data from children are currently scarce, as cancer therapy evolves,
pediatric oncologists must be aware of the side-effect profiles that emerge. Those involved
in early and late phase clinical trials need to consider and include predictive biomarkers and
developmental endpoints in pediatric trials, so that the patients most likely to benefit are
included and so proper supportive care guidelines can be developed in real-time with the
novel therapeutic strategies. The era of molecular oncology in pediatrics is exciting, but is
clearly accompanied by considerable challenge, as well.

SEARCH STRATEGY AND SELECTION CRITERIA
Published data for this review were identified by searches of PubMed with the term
“children” and “side effects” or “developmental” in combination with terms such as
“targeted therapy,” “imatinib,” “dasatinib,” “rituximab,” “hedgehog,” “IGF1R” and
“mTOR.” Relevant references within identified publications were also identified and
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reviewed. Only articles published in English and relevant to the Review were included. No
date range was specified.
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Figure 1. Cancers’ Addictions
A. Oncogene addiction. Bcr-abl1 leads to aberrant proliferation as well as impaired
differentiation and apoptosis. When inhibited, the malignant phenotype is abrogated. B.
Non-oncogene addiction. Ews-Fli1 enhances PARP1 expression and results in DNA
damage, leading to dependence upon PARP1. C. Escape pathway addiction. Cytarabine
results in activation of DNA damage checkpoints, including WEE1, providing
chemoresistance.
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Figure 2. Targeting developmental pathways in children
Some genes that drive cancer are normally active only in specific stages of development
(blue triangle). Thus targeting one of these developmental oncogenes in young children (red)
may also impair a developmental pathway, in this example linear growth. However, if
targeted later in life (black), this adverse effect will not occur.

Gore et al. Page 15

Lancet Oncol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Dose Response Effects on Normal and Malignant Tissue
Targeted agents should have a wide therapeutic window, but likely impair fitness of normal
cells at higher doses leading to adverse effects. Here, lower doses affect the fitness of cancer
more than normal tissue, with high tumor kill and low adverse effects. This is the OTD.
More tumor kill may be achieved at higher doses, but more adverse effects occur.

Gore et al. Page 16

Lancet Oncol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gore et al. Page 17

Ta
bl

e 
1

E
xa

m
pl

es
 o

f 
ta

rg
et

ed
 a

ge
nt

s 
an

d 
th

ei
r 

si
de

 e
ff

ec
ts

.

D
ru

g
in

te
nd

ed
 t

ar
ge

t
A

pp
ro

ve
d 

in
 c

hi
ld

re
n

O
th

er
 n

ot
ab

le
 t

ar
ge

ts
O

n 
ta

rg
et

 s
id

e 
ef

fe
ct

O
ff

 t
ar

ge
t 

si
de

 e
ff

ec
t

be
va

ci
zu

m
ab

V
eg

f
no

N
D

hy
pe

rt
en

si
on

, d
el

ay
ed

 h
ea

lin
g,

 b
le

ed
in

g
in

fu
si

on
 r

ea
ct

io
ns

su
ni

tin
ib

V
eg

fr
1-

3
no

A
xl

, P
dg

fr
, F

lt3
, C

ki
t, 

R
et

hy
pe

rt
en

si
on

hy
po

th
yr

oi
di

sm
, m

ye
lo

su
pp

re
ss

io
n

so
ra

fe
ni

b
V

eg
fr

1-
3

no
Pd

gf
r,

 F
lt3

, C
-K

it,
 R

et
, B

-R
af

,
hy

pe
rt

en
si

on
hy

po
th

yr
oi

di
sm

, m
ye

lo
su

pp
re

ss
io

n

ce
tu

xi
m

ab
E

gf
r

no
N

D
ra

sh
in

fu
si

on
 r

ea
ct

io
ns

er
lo

tin
ib

E
gf

r
no

E
rb

b4
, B

lk
, F

lt3
, G

ak
, S

tk
10

, S
lk

ra
sh

N
D

si
ro

lim
us

M
to

r
ye

s*
*

N
D

im
m

un
os

up
pr

es
si

on
N

D

ev
er

ol
im

us
M

to
r

ye
s

N
D

im
m

un
os

up
pr

es
si

on
N

D

im
at

in
ib

B
cr

-A
bl

1,
 c

-K
it

ye
s

A
bl

, P
dg

fr
, A

rg
az

oo
sp

er
m

ia
de

la
ye

d 
gr

ow
th

da
sa

tin
ib

B
cr

-a
bl

1
no

SF
K

† ,
 P

dg
fr

, B
lk

, B
tk

, C
sk

, D
dr

1,
E

ph
a1

-5
,8

, F
gr

al
te

re
d 

he
m

at
op

oi
et

ic
 la

nd
sc

ap
e

de
la

ye
d 

gr
ow

th
, i

m
m

un
os

up
pr

es
si

on

ri
tu

xi
m

ab
C

D
20

no
N

D
hy

po
ga

m
m

ag
lo

bu
lin

em
ia

, b
-c

el
l l

in
ea

ge
im

m
un

os
up

pr
es

si
on

an
ap

hy
la

xi
s/

in
fu

si
on

 r
ea

ct
io

n

cr
iz

ot
in

ib
A

lk
no

M
et

al
te

re
d 

ne
ur

al
 d

ev
el

op
m

en
t?

hy
po

go
na

di
sm

vi
sm

od
eg

ib
Sm

o
no

N
D

ab
no

rm
al

 b
on

e 
gr

ow
th

, a
lo

pe
ci

a
m

us
cl

e 
sp

as
m

s

ci
xu

tu
m

um
ab

*
Ig

f1
r

no
in

su
lin

 r
ec

ep
to

r 
(i

nd
ir

ec
t)

de
la

ye
d 

gr
ow

th
?

hy
pe

rg
ly

ce
m

ia

ol
ap

ar
ib

*
Pa

rp
1

no
N

D
cy

to
pe

ni
a

N
D

N
D

 –
 N

ot
 d

ef
in

ed

* N
ot

 c
ur

re
nt

ly
 a

pp
ro

ve
d 

fo
r 

cl
in

ic
al

 u
se

.

**
Fo

r 
th

e 
pr

ev
en

tio
n 

of
 g

ra
ft

 r
ej

ec
tio

n.

† Sr
c 

fa
m

ily
 k

in
as

es
 (

Sr
c,

 L
ck

, Y
es

, F
yn

, H
ck

)

? Sp
ec

ul
at

iv
e 

ad
ve

rs
e 

as
so

ci
at

io
ns

Lancet Oncol. Author manuscript; available in PMC 2014 February 01.


