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Abstract
The overall survival for children with cancer in high income countries is excellent. However, there

aremany disparities that may negatively affect survival, which are particularly problematic in low

income countries, such as nutritional status at diagnosis and throughout therapy. Nutritional sta-

tus aswell as concomitant foods, supplements, andmedicationsmayplay a role in overall exposure

and response to chemotherapy. Emerging science around themicrobiomemay also play a role and

should be further explored as a contributor to disease progression and therapeutic response. This

article highlights some of these issues and proposes additional areas of research relevant to nutri-

tional status and pharmacology that are needed in pediatric oncology.
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1 INTRODUCTION

Contemporary clinical trials for children with cancer have produced

treatment regimens that result in 5-year relative survival rates

approaching 85% in high-income countries (HICs).1 Survival rates

in low- and middle-income countries (LMICs) invariably lag behind

those in HICs for a multitude of reasons, including poor health

care system infrastructure resulting in a lack of capacity, such as

lack of pediatric oncologists, pathology services to make a proper

diagnosis, availability of and access to anti-neoplastic drugs of good

quality,2 abandonment of treatment in some circumstances,3 and

poor nutritional status at the time of diagnosis and throughout the

treatment trajectory. In HICs, and particularly in North America and

Western Europe, Australia, New Zealand, and parts of the Middle

East, undernutrition in children is encountered infrequently; indeed,

the opposite is true, namely that childhood (and adult) obesity has

evolved to become a serious public health concern in these parts of

the world. Despite its first identification as a public health issue in

children and adolescents in the early 1990s in the United States, the

situation has not improved much. Between 1999-2000 and 2015-

2016, the incidence of obesity, defined as a body mass index (BMI)

of ≥30 kg/m2, increased in adults from 30.5% to 39.6% and for those

Abbreviations: aGVHD, acute graft versus host disease; BMI, bodymass index; BSA, body

surface area; CYP, cytochrome P450; HIC, high-income countries; LMICs,

low-/middle-income countries; SAM, severe acutemalnutrition; SNP, single nucleotide

polymorphism.

aged 2-19 years increased from 13.9% to 18.5%.4 Globally, trends in

BMI in children and adolescents have continued to increase for both

males and females (Figures 1 and 2). The data suggest that in HICs the

incidence of obesity may have begun to plateau, albeit at high levels,

while the incidence in LMICs, where the majority of children live, is

starting to increase.5 Historically, undernutrition has been a particular

problem in children in LMICs. Yet increasingly, LMICs are experiencing

the complex situation of both over- and undernutrition in subsets

of their childhood populations. This is occurring at the community,

household, and individual level and makes addressing these issues

through appropriate interventions particularly challenging.6-9 Given

this scenario, we reviewed the published evidence on the impact of

under- and overnutrition on the pharmacokinetics of antineoplastic

drugs. Additionally, we address the potential for impact on drug-drug

and drug-herb/nutraceutical interactions given the ethnic diversity in

cytochrome P450 enzymes/isoforms globally, and evolving evidence

on the role of the humanmicrobiome in the disposition of drugs.

1.1 Antineoplastic drug pharmacokinetics

Identification of the optimal dose of chemotherapy is a science, which

has been studied and validated over many years through a combi-

nation of early phase trials, randomized clinical trials, and observa-

tional studies. Drug dosing methods vary across the age spectrum,

including not only traditional body surface area (BSA) formulae, but

also weight-based dosing (e.g., mg/kg), flat doses, and capped doses.
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F IGURE 1 Trends in age-standardizedmean BMI by sex and region in females. Children and adolescents were aged 5-19 years and adults
were aged 20 years and above. The lines show the posterior mean estimates and the shaded areas show the 95% credible intervals. Reprinted
from the NCDRisk Collaboration5 under the creative contributions attributions license

More recently, a smoothed approach to dosing in infants has been

proposed that provides a dose between mg/kg and per square meter

of body surface area (mg/m2).10 In addition to the way in which the

dose is calculated, a variety of studies have explored dose optimiza-

tion (i.e., dose density, interval compression, and dose capping) to

improve survival or mitigate toxicities.11 These methods have been

applied systematically using traditional research approaches, includ-

ing clinical trials demonstrating an improved survival when using

14-day cycles compared to 21-day cycles in patients with localized

Ewing sarcoma12; increased survival to children with high-risk acute

lymphoblastic leukemia (ALL) who received high-dose methotrex-

ate compared to lower escalating doses13,14; and pharmacokinetic

rationale that questions historical practices of dose capping.15 Most

well-designed clinical trials consider ontogeny and developmental
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F IGURE 2 Trends in age-standardizedmean BMI by sex and region inmales. Children and adolescents were aged 5-19 years and adults were
aged 20 years and above. The lines show the posterior mean estimates and the shaded areas show the 95% credible intervals. Reprinted from the
NCDRisk Collaboration5 under the creative contributions attributions license

pharmacology to some degree by studying drug dosing in standard age

groups (i.e., infants, children aged 2-12 years, and adolescents). This

is a traditional approach that is necessary due to the relative rarity of

childhood cancer and the need to ensure a large enough sample size for

adequate design and analysis. Unfortunately, this simplistic approach

lacks investigation into complex patient characteristics, such as body

composition (e.g., fat-freemass), nutritional status (e.g., protein-calorie

malnutrition), or the impact of diet and concomitant medications on

drug disposition, efficacy, and toxicity. The pharmacokinetics and dis-

position of many drugs have been studied when given to a patient as a

single agent; however, it is the disposition of drugs as part of a combi-

nation regimen and in the “real-world” setting that is most relevant.

1.2 Body composition and developmental

pharmacology

The concepts of ontogeny and developmental pharmacology are well

known to the field of pediatrics.16 Drug disposition varies across the

age spectrum from infancy through adulthood. An understanding of

these concepts is critical as a basis for understanding the impact of
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TABLE 1 Highlights of the effects of developmental changes on drug disposition

Critical changes Clinical effects

Absorption Increased gastric pH in neonates versus older patients
Decreased glutathione-S-transferase activity from infancy
through adolescence

Thinner stratum corneum in neonates, increased cutaneous
perfusion and epidermal hydration, and higher ratio of body
surface area to bodymass in children versus adults

Greater oral bioavailability of acid-labile drugs; larger required
doses of orally administeredweak acids

Decreased oral clearance of busulfan with increasing age
Increased dermal absorption of topically administered agents
(e.g., corticosteroids)

Distribution Larger extracellular
and total body water in neonates and infants versus adults
Changes in composition (i.e., more bilirubin) and reduction in
quantity of plasma proteins (e.g., albumin and
a1-acid glycoprotein) in neonates versus adults

Greater apparent volume of distribution and lower plasma
levels of water-soluble drugs given in a weight-based
fashion, necessitating larger doses (e.g., gentamicin dosing in
neonates and infants vs adults)

Increased fraction of free drug, displacement of drug due to
competition for binding sites, potentially enhancing drug
effects

Metabolism Delayed development of hepatic drug-metabolizing enzymes
after birth (CYP2E1, then CYP2D6, CYP3A4, CYP2C9 and
CYP2C19, then last, CYP1A2)

Altered glucuronidation (Phase II reaction) in infants versus
adults

Potentially decreased biotransformation into active and/or
inactivemetabolites by CYPmetabolism (Phase I reactions)

Increased glucuronidation of specific enzymesmay increase
excretion of drugs or alter their metabolic pathway to less
desirable metabolites (e.g., acetaminophen dosing in infants)

Excretion Tubular secretion and glomerular filtration are immature at
birth, rising rapidly and completely within the first year of
life

Decreased renal elimination of drugs cleared by the kidney,
necessitating longer dosing intervals (e.g., aminoglycosides)
or avoidance of specific drugs until maturation, when
possible

other physiologic changes on drug disposition, such as undernutrition,

obesity, or pharmacogenomics. A summary of these changes is pro-

vided in Table 1. Drug distribution is referred to comprehensively in

terms of a drug’s absorption, distribution, metabolism, and excretion.

Each of these may be altered in undernourished or obese patients,

although it is the last three that aremost impacted.16,17

1.3 The impact of nutritional status

1.3.1 Underweight patients

The diagnosis and treatment of cancer may be associated with cancer-

related malnutrition and weight loss. In HIC, malnutrition may be seen

in up to 10%of childrenwith newly diagnosedALL and 50%of children

with neuroblastoma.18,19 Studies of malnutrition in several LMICs

indicate that malnutrition may be present in 35-95% of all patients,

with severe malnutrition in 10-60% of all patients.20-22 While BMI

percentiles and weight/length-for-age may be used in HICs, these

measurements may not be appropriate for LMICs. Assessing malnu-

trition in LMICs is complicated by a greater incidence of larger tumors

at presentation as well as a higher population prevalence of stunting

or chronic malnutrition.22-24 In these settings, the mid-upper-arm-

circumference and triceps skinfold thickness may be used to estimate

lean body mass and fat mass, respectively, a better assessment of

nutritional status.25,26 Accurate assessment of malnutrition, and

in particular severe acute malnutrition (SAM), is critical as at least

one-third of all deaths in children below 5 years of age are related to

SAM.

Weight loss seen in patients with cancer may be disease related

at diagnosis or related to nausea, vomiting, anorexia, or cachexia

during therapy. In fact, the presence of weight loss in children with

cancer is associated with poorer response to therapy and worse

outcomes.27,28 Protein-calorie malnutrition from dietary changes or

weight loss in patients with cancer may increase the risk of infection

and other chemotherapy-associated adverse effects.17 Temporary or

mild protein-calorie malnutrition may be less likely to modify drug

disposition.29 More significant nutritional deficits may cause a loss of

adipose tissue, lean tissue, and essential nutrients. In some reports,

fat mass declines to as low as 5%, compared to the standard 20-25%

of body weight.17 Conversely, extracellular fluid volume may increase;

in adults it has been reported to nearly double from 20% to 40%.

Organ function is also compromised, with reductions in cardiac out-

put, glomerular filtration, and hepatic blood flow. Additionally, some

of the oxidative functions of the liver are impacted negatively, with

cytochrome P450 1A2 and 2E1 exhibiting reduced function in protein-

calorie malnutrition.17,30

Animal models have shown that clearance of chemotherapeu-

tics and their metabolites, specifically doxorubicin and 5-fluorouracil,

may be reduced or prolonged in states of protein deficiency.31,32

Reduced protein intake and protein deficiency decrease renal blood

flow, glomerular filtration, and renal tubular secretion.33 The clear-

ance ofmethotrexatemay also be reduced inmalnourished patients.34

In fact, preclinical data suggest that a protein-deprived diet, as com-

pared to a normal protein diet, over the course of several days before

chemotherapy administration may both increase tumor response and

methotrexate-induced adverse effects (e.g., bone marrow toxicity and

intestinal tract toxicity).35 Appropriate nutritional intervention may

be able to mitigate some of alterations of drug metabolism.31,32,36

Reduced protein intake and protein deficiency decreases renal blood

flow, glomerular filtration, and renal tubular secretion.33 Additionally,

there is a possible increased risk of cardiovascular toxicity in malnour-

ished patients who received anthracyclines.9 The clearance of other

drugs, such as methotrexate and vincristine, may also be reduced in

malnourished patients.24,34 Malnourished patients experience a sig-

nificantly longer/delayed clearance of vincristine as well as twofold

greater exposure (by area under the curve) compared to patients with
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better nutritional status.24 Unfortunately, malnourished patients also

experience a significantly higher rate of chemotherapy-related tox-

icities, such as profound myelosuppression and febrile neutropenia,

which may be a result of the increased chemotherapy exposure. Cor-

relation with clinical efficacy is difficult to determine due to the higher

rate of overall mortality in malnourished patients.24,37 Acutely cor-

recting malnutrition early in therapy may provide a benefit. In one

study, daily use of supplemental, ready-to-use therapeutic foods, such

as chionde, a peanut-based product (which contains 540 kcal, 27 g

of carbohydrates, 13.6 g of protein, and 35.7 g of fat per 100 g con-

sumed) may correct weight parameters and improve tumor response

to chemotherapy.23 Appropriate nutrition intervention may be able to

mitigate some of alterations of drugmetabolism.36

1.3.2 Obese/overweight patients

In addition to the impact of undernutrition on the disposition of

chemotherapy, a growing field of study focuses on the interplay

between obesity, pharmacotherapy, and clinical outcomes. The preva-

lence of overweight and obesity among children and adolescents aged

5-19has risendramatically over thepast30years, from just4% in1975

to just over 18% in 2016. While obesity rates have been increasing in

the United States and other resource-rich countries for many years,

the risk of obesity is increasing significantly in other regions as patients

become obese by consuming a poor dietwith excess fat, sugar, salt, and

calories, but lacking essential, healthymicronutrients.5-7,38

Some of the changes in body composition and organ function

in obesity may alter serum protein binding, metabolism, and renal

function.39,40 Drug distribution may be impacted significantly as a

result of a less vascular adipose tissue and increased serum proteins

(specifically lipoproteins and 𝛼-1 acid glycoprotein). As a result, water-

soluble (hydrophilic) drugs may have a lower total volume of dis-

tribution, and lipophilic drugs have a higher volume of distribution.

However, the impact of tissue binding/affinity must also be consid-

ered at the site of action. Elimination (metabolism and excretion) may

be affected by alterations in metabolic activity and increased renal

clearance.

In 2012, the American Society of Clinical Oncology published

a guideline on the appropriate approach to dose chemotherapy

in obese adults with cancer.41 The guideline reviews previously

published studies of various dosing approaches in obese patients:

dosing by ideal body weight, dosing by adjusted body weight, and

arbitrary dose capping at a specified BSA. The authors reported

that up to 40% of obese adults with cancer were receiving capped

or limited dosing approaches, despite a lack of evidence that higher

doses would be more toxic. The guideline panel recommended that

obese patients receive full weight-based doses, with the caveat that

doses which are fixed or capped in normal weight patients (e.g.,

vincristine) continue to be capped similarly in obese patients. Even

studies of overweight/obese adults receiving dosing according to full

body size revealed a lower efficacy rate compared to normal weight

patients.42-45 Although pediatric patients were excluded from the

guideline and review, the message is clear: arbitrarily capping doses

in obese patients may do more harm than good, and traditional dosing

may also not be sufficient. It is unlikely that any one approach will

be applicable to dosing chemotherapy in the obese patient, as an

individual drug’s characteristics (i.e., volume of distribution, lipophilic-

ity, protein binding, renal elimination, and biotransformation) must be

evaluated against host-specific changes seen in obese patients.

There are limited data investigating the pharmacokinetics of

chemotherapeutic agents in patients who are overweight. Some of the

most robust data surrounding the impact of obesity on drug clearance

involves the anthracyclines. The primary clinical interest in the effect

of obesity on the disposition of anthracyclines involves their signifi-

cant risk of cardiotoxicity coupled with the inherent risk of cardiac

events in obese patients. Higher BSA is among the many factors that

have been associated with an increased risk of cardiotoxicity in chil-

dren with cancer receiving anthracyclines.46 However, it is not clear if

this risk also carries over to higher BMI. Preclinical animal models sug-

gest that obesity and a high-fat diet are risk factors for doxorubicin-

induced cardiotoxicity.47,48 Unfortunately, data on the impact of body

size on doxorubicin pharmacokinetics have not been conclusive. In

one study, investigators reported a trend to higher doxorubicin peak

plasma concentrations in children with a low BMI.49 However in con-

trast, other investigators have not identified an association between

BMI and doxorubicin clearance.50,51 One pharmacokinetic study, how-

ever, noted that the apparent volume of distribution and clearance of

doxorubicinol, the primary circulating metabolite of doxorubicin, were

lower in patients with more than 30% body fat than in patients with

less than 30% body fat (P < .05). These pharmacokinetic parameters

were also reduced for two patients defined as overweight (BMI> 85th

percentile; P = NS). The clinical implications of this are not clear, but

it is important to note that doxorubicinol exposure may be a signifi-

cant contributor to the cardiac toxicity of doxorubicin. No correlation

hasmade between clinical toxicity and pharmacokinetic parameters.52

However, one may infer that excess exposure to anthracyclines (i.e.,

due to effects of body habitus on drug disposition) may result in excess

cardiac-related morbidity and mortality, as well as excess disease-

related mortality in patients who receive insufficient anthracycline

exposure due to excess exposure to cardiotoxic metabolites.

Survival ratesmay not be equivalent in childrenwith different body

compositions. In fact, studies in children with leukemia demonstrate

that obesity at diagnosis helps predict the likelihood of relapse, cure,

and mortality.52,53 Whether this is as a result of inadequate dosing,

excess treatment-related mortality, or other confounding variables

requires further evaluation.

Additional investigation into the extremes of weight, both of which

represent forms of malnutrition, is critically needed.

1.4 Drug interactions

The majority of children and adolescents diagnosed with cancer

are/were presumed to be otherwise healthy, unlike their adult coun-

terparts who may have multiple pre-existing conditions at diagnosis

that are being treated pharmacologically. Therefore, the potential

for drug interactions with antineoplastic agents in young patients is
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F IGURE 3 Roles of intestinal microbes in carcinogenesis and hallmarks of cancer. Reproduced from Ladas et al85 under the creative
contributions attributions license

predominantly related to the use of supportive care medications, non-

prescription medications, and complementary/alternative agents.54-58

A robust understanding of pharmacokinetics, pharmacodynamics, and

even pharmacogenomics may not be sufficient to predict an individual

patient’s experience with a chemotherapeutic regimen. Highly effec-

tive antitumor regimens must be a combination of drugs, which offer

multiple mechanisms of action effective in the disease state, syner-

gistic, or additive efficacy when given together and nonoverlapping

toxicity profiles.59 Additionally, supportive care regimens, such as

antimicrobial therapies and growth factors, are a critical component

of therapy. Interactions among these agents and regiments must be

evaluated with any change in therapy or clinical status.

Most chemotherapy is metabolized in the liver and eliminated by

the kidneys. As such, the practicing clinician must possess a knowl-

edge of Phases I and II reactions in the liver and the way in which

chemotherapy and supportive care medications are metabolized. This

is rendered more challenging due to the fact that the cytochrome

P450 (CYP450) enzyme system, which is responsible for virtually all

Phase I oxidative metabolism of drugs, contains approximately 100

isoenzymes.60 Of these, CYP1A2, 2C8, 2C9, 2C19, 2D6, 3A4, and 3A5

are responsible for the metabolism of the vast majority of drugs, with

CYP3A4 being themost abundant isoform and responsible for approx-

imately 50% of drug metabolism.60-62 Evolving research in this area

of pharmacogenomics has shown that the expression and activity of

the various CYP isoforms can vary significantly among different ethnic

populations due to differing prevalences of single nucleotide polymor-

phisms (SNPs) within each CYP isoform. CYP1A2 activity can vary

from 40- to 130-fold63 with poor metabolizer (PMs) phenotype being

identified in 5%ofAustralians andChinese, and up to 14%of Japanese.

Generally, Asian and African populations show decreased CYP1A2

activity relative to the Caucasian population.64 The CYP2C family of

isoenzymes make up approximately one quarter of the CYP450 family

and the variants 2C8, 2C9, and 2C19have distinct substrate specificity

but also some overlap. This family has had important SNPs identified

within each variant, which result in enzymes that have reduced or

no activity, and for CYP2C19 one that results in increased enzymatic

activity. The allele frequencies for these variants vary significantly

between Japanese, African Americans, Native Americans, Hispanics,

and Caucasians.65-70 The CYP2D6 isoenzyme is highly polymorphic

with more than 70 SNPs/allelic variants identified resulting in an

almost 200-fold variability in activity affecting themetabolismofmore

than 100 drugs. Phenotypically this results in four subgroups: ultra-

rapid, extensive, intermediate, and PMs. Interestingly, the majority

of the SNPs result in allelic variants that confer little or no metabolic
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F IGURE 4 Experimental and computational approaches that untangle host andmicrobial contributions to drugmetabolism. Oral drugs are
administered to gnotobiotic mice that differ in a single microbial drug-metabolizing enzyme (GNMUT, GNWT); drug and drugmetabolite kinetics
are then quantified across tissues. Amicrobiome-host pharmacokinetic model developed from thesemeasurements accurately predicts serum
metabolite exposure and untangles host andmicrobiome contributions to drugmetabolism

activity, with PM phenotypes present in about 1% of those of Chinese

ancestry, 5-10% of Caucasians ancestry, and up to 19% of Africans

ancestry.71-74 The CYP3A4/3A5 family of isoenzymes is the most

abundant, representing about half of the CYP450 system, with 3A4

being predominant at∼48% and 3A5 at∼2%. A SNP affecting CYP3A5

(3A5*3), resulting in decreased enzyme activity, is present in over 90%

of the Caucasian population, 73% in East Asians, 65% in Hispanics,

60% in South Asians, and only 32% in African Americans. An important

SNP effect, CYP3A4 (3A4*20) resulting in no enzymatic activity, is

found in∼6% of the Caucasian population and approximately 22% and

26% in East Asians and African Americans, respectively.75-78

Drug-food interactions are also important considerations in pedi-

atric oncology. It is typically recommended to avoid folic acid sup-

plementation beyond the normal dietary intake while being treated

with methotrexate. Other vitamin and minerals may require assess-

ment on a case by case basis. Historical data suggested that mercap-

topurine should be taken at bedtime and at least 2 h from any dairy

products; these recommendations were designed based on circadian-

rhythmpatters and the potential impact of xanthine oxidase present in

the gut lumen.79,80 More recent evidence suggests that, in the context

of improved treatment regimens for childhood ALL, this may not be

as clinically important as in the past, allowing parents/caregivers more

options in case of mercaptopurine dosing time/administration that

may improve adherence.81 The ingestion of assorted furanocoumarins,

such as those found in in grapefruit, may also need to be avoided. Fura-

nocoumarins can inhibit the activity of CYP3A4 and have been shown

to increase serum levels cyclosporine, crizotinib, imatinib, pazopanib,

ruxolitinib, and vemurafenib, yet decreasing levels of etoposide.82-84

Foods rich in tyramine should be avoided when taking procarbazine

due to the effect of tyramine on the monoamine oxidase system.84

Increasingly, a number of herbal supplements have gained popular-

ity over the last few decades as “complementary” agents used in con-

junction with traditional chemotherapy with the intent to alleviate

side effects and/or reduce toxicities of traditional chemotherapeu-

tic agents.85 While robust clinical trial evidence for efficacy of these

agents remains scarce, there is a significant body of evidence impli-

cating some of the most popular of these herbal products as inducers

or inhibitors of CYP450 enzymes, which can result in significant inter-

actions with chemotherapeutic agents and supportive care drugs. Of

these, the herbal supplement causing the greatest degree of CYP2C9

andCYP3A4enzyme induction is St John’swort,whichhasbeen shown

to decrease significantly the blood levels/systemic exposure to rux-

olitinib, busulfan, cyclophosphamide, etoposide, imatinib, vinorelbine,

and a host of others. Ginseng, garlic extracts, and black cohosh have

been demonstrated to impact levels/systemic exposure of etoposide,

vemurafenib, and procarbazine.84,86-90

Identification of these types of interactions has spurred the growth

of the new and evolving pillar of research in “nutrigenomics.” Some
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30-40% of cancers are influenced by diet, either by virtue of cancer

risk, or cancer behavior/biology once tumors are established.91 Phy-

tochemicals found in many fruits and vegetables have been studied in

this regard. Flavonoids in particular have well-established antioxidant

and anti-inflammatory properties, which may play a role in onco-

genesis and several meta-analyses have shown that ovarian, breast

(especially in postmenopausal women), and esophageal cancer risk

could be reduced by diets rich in or supplementedwith flavonoids.92-94

Numerous preclinical and some initial clinical studies are underway to

define the roles of these various biologically active plant chemicals in

cancer prevention and treatment, and could lead to the development

of “nutriceutical” agents analogous to pharmaceuticals with time.95

Until such a time, the cytochrome P450 enzyme system remains

most relevant for drug-food and drug-herbal interactions. A number

of other enzyme systems and drug transport mechanisms such as

BCRP, MRP2&3, OAT1, Pg-P, and UGT can be affected by St John’s

wort, garlic extracts, valerian, and saw palmetto (Serenoa repens),

impacting systemic exposure of methotrexate, imatinib, pazopanib,

topotecan, and others.84 New research has also identifiedmutations in

enzymes such as glutathione S-transferase, catechol O-methyltransferase,

thiopurinemethyltransferase, and in particularAYCP2 thatmay be useful

pharmacogenetic biomarkers for cisplatin-induced ototoxicity.96,97

Similarly, with the growth in stem cell research, and development

of human cardiomyocytes, a number of pharmacogenetic mutations

may be candidate biomarkers for development of earlier/more severe

cardiomyopathy from doxorobucin or daunorubicin in children.98-100

The impact of nutritional status on these latter pharmacogenetic

biomarkers and potential for interactions with pharmaceuticals or

natural products require further research.

1.5 Impact of the humanmicrobiome

The human microbiome can be considered the aggregate of all

microorganisms including bacteria, fungi, protozoa, and viruses resid-

ing within and (in the case of the skin) on all human tissues and fluids.

Collectively, it estimated that the organisms comprising the micro-

biome outnumber human cells by approximately 10:1.101 Evolutionary

studies point to the fact that the human microbiome has lost consid-

erable diversity and has become specialized largely for animal-based

diets.101-104 The human microbiome plays important roles in aiding

in the digestion of food, synthesis of certain vitamins (e.g., vitamin K),

and regulation of the immune system. It can also play a role in and

contribute to a number of disease processes including cancer by the

generation of toxins/carcinogens, local immune changes, and effects

on natural killer cell activity, pro-inflammatory signaling, and dysbiosis

(Figure 3).105-110 More recently, attention is being focused on the role

of the human microbiome in the metabolism of drugs and its impact

on disease outcomes. In the context of allogeneic hematopoietic stem

cell transplantation, it has been demonstrated that the composition of

the gut microbiome at the time of engraftment can impact the devel-

opment of acute graft versus host disease (aGVHD). Patients whose

gut microbiome was relatively depleted of microorganisms belonging

to the Clostridium family and overpopulated with Enterobacteriaceae

had associated changes in the ratio of Treg:Th17 cells, resulting in

larger populations of CD4+ T cells with acetylated (activated) his-

tones, in particular H3. These patients had earlier onset of and more

severe aGVHD.111 Perhaps one of the most widely knownmicrobiota-

altering interventions is the use of oral antibiotics (e.g., cefixime)

prior to administration of irinotecan to reduce gut bacteria, which

result in regeneration of SN-38, the active metabolite of irinotecan,

by bacterial 𝛽-glucuronidase.112 Further evidence of drugs altering

microbiome composition, which in turn affects efficacy and outcomes

of cancer therapy, has been demonstrated with the impact of proton

pump inhibitors such as omeprazole and pantoprazole on outcomes

in cancer patients being treated with check-point inhibiting drugs

such as nivolumab and ipilimumab,113-115 and that altering/modifying

the host microbiome is worth exploring. Methods to tease out the

contributions of host versusmicrobial contributions to themetabolism

of drugs are now being developed (Figure 4) and will, with time, allow

microbiota-modulating interventions to be assessed in improving

efficacy and or reducing toxicity of drugs.116,117 Since the microbiome

in children by the age of 5 years is essentially the same as in adults,104

this newdimension in examining drug disposition and how it is affected

by undernutrition, obesity, and antibiotic therapy, and the potential for

intervention will be important.

2 CONCLUSIONS

Over- or undernutrition in the child with cancer can result in mean-

ingful alterations to the disposition of antineoplastic drugs in terms of

pharmacokinetics, toxicity, and therapeutic outcomes. Much has been

learned about mechanisms by which drug interactions can occur, in

particular with drugs metabolized by the hepatic cytochrome P450

system and ethnic variability in the various isozymes, which compro-

mise the effects of this enzyme system. The increasing popularity

of complementary products such as herbal medicines, vitamins, and

nutraceuticals has led to them being studied more extensively and to

the identification of the potential for serious drug interactions with St

John’s wort and, to a lesser extent, Echinacea and garlic extract. The

role of the humanmicrobiome in drugmetabolism and immune system

modulation is an area requiring more research in children with cancer,

in particular in those under the age of 5 years whose microbiome sys-

tem is in evolution tomaturity.
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