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Abstract: Electronic cigarettes, which deliver an aerosolized, nicotine-containing product upon inhalation,
are a public health issue that continue to gain popularity among adolescents and young adults in the United
States. Use of electronic cigarettes is wide, and extends to pediatric patients with multiple comorbidities,
including childhood cancer, leaving them vulnerable to further negative health outcomes. Acute leukemias
are the most common type of cancer in pediatric populations, and treatment outcomes for these patients are
improving; consequently, there is an increased emphasis on the effect of behavioral lifestyle factors on quality
of life in survivorship. The rate of electronic cigarette use is higher among pediatric patients with a history
of cancer than those without a history of cancer. Because electronic cigarettes are relatively new, much about
their acute and long-term consequences remains unknown, as is their effect on therapy outcomes and long-
term survivorship. This review article summarizes current knowledge about electronic cigarettes, including
their composition and the trends in use among pediatric patients. Furthermore, this review provides a
comprehensive description of the impact electronic cigarettes have on leukemia development, treatment
and survivorship and highlights gaps in knowledge that will be necessary for developing recommendations,
management strategies, and tailored treatments for pediatric leukemia patients and survivors who use these

nicotine products.
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Introduction electronic cigarette industry has grown to a 22.4-billion-

Electronic cigarettes are a form of inhaled nicotine delivery dollar global enterprise as of 2022. The United States

that operate on battery power, and their use is often called Food and Drug Administration (US FDA) has offered

“vaping”. Originally promoted as a “safer” cigarette, the some guidance on electronic cigarettes use, and recently
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banned one brand of these products JUUL) (1). Due in
large part to marketing efforts from electronic cigarette
manufacturers, usage has increased amongst adolescent
and young adult (AYA) populations, and this extends
to childhood cancer patients and survivors (2). In fact,
an increased rate of electronic cigarette use (>2-fold)
in pediatric patients with a history of cancer than those
without a history of cancer has been documented (3,4). One
article documenting this trend examines survey data from
the 2018 Behavioral Risk Factor Surveillance System to
evaluate electronic cigarette use in 1,444 AYAs who have
a history of cancer compared with 54,931 AYAs without
cancer (3), and another article is a case study of AYAs who
had an extensive history of using nicotine-delivery and was
diagnosed with human papillomavirus-negative squamous
cell carcinoma (5).

Of these published studies that investigated electronic
cigarettes use in the pediatric cancer population, very few
have focused on the health hazards relevant to late effects
and survivorship, including effects on cardiotoxicity,
neurotoxicity, carcinogenicity, and other sequelae of cancer
treatment.

In the pediatric and AYA population, the most common
type of cancer is a subset of leukemia. For the purpose
of this review and consistent with the literature on AYA
populations, we define pediatric patients as aged 1 day
to 15 years, and AYA patients as aged 15 to 39 years (6).
Leukemia, a disease caused by the production of abnormal
leukocytes, is broadly classified by the cell of origin:
myeloid or lymphoid (7). Leukemia is further subdivided
into acute or chronic diseases depending on rate of
proliferation. Types of leukemia include acute lymphoblastic
leukemia (ALL), acute myeloid leukemia (AML), and
chronic lymphocytic leukemia, with ALL being the most
common pediatric leukemia. A few studies have investigated
a possible link between tumorigenesis and electronic
cigarettes but whether electronic cigarettes impart a risk of
leukemogenesis remains unclear (5,8,9).

As pediatric cancer patients’ treatment outcomes
improve and the population of childhood leukemia survivors
increases (10), the long-term consequences and late effects
of their treatments must be considered. Survivors of
childhood ALL have a 1-6% increased risk of secondary
malignancy associated with alkylating agents, anthracyclines,
and etoposide; a 20-40% increased risk of neurocognitive
effects associated with methotrexate, vincristine, steroids, or
craniospinal radiation; a 36% increased risk of cardiotoxicity
associated with a total cumulative anthracycline dose
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greater than 600 mg/m’, local radiation and obesity; and a
1-38% increased risk of endocrine abnormalities, including
bone disorders, associated with steroids, radiation, high-
dose methotrexate, mercaptopurine, calcium-poor diet,
decreased physical activity, and obesity (11,12). These
patients are also at risk for psychosocial disorders associated
with the diagnosis of leukemia as well as its treatments (11).
Prevention and treatment of these secondary effects are of
vital importance.

Establishing the effects of electronic cigarettes on
treatment efficacy for patients who use such devices before,
during, and after leukemia treatment would enable clinicians
to better counsel, advise and potentially treat this specific
patient population. Furthermore, the long-term outcomes of
electronic cigarettes are of particular importance to pediatric
leukemia survivors as the population of survivors increase
and already have an increased risk of morbidity and mortality.
The average life expectancy of pediatric cancer survivors
is already shorter compared to the general population by
14-30% depending on treatment (chemotherapy/radiation)
(13-15). This review focuses on the trends in electronic
cigarettes use, their clinical significance, and the long-term
outcomes of electronic cigarette use in pediatric and AYA
patients with leukemia and survivors of childhood leukemia.
The purpose of this article is to summarize the potential
harms of electronic cigarette use for pediatric cancer patients
and survivors and to highlight topics for future research in
understanding and mitigating risk of poor health outcomes
from use of these products.

Electronic cigarettes

Electronic cigarettes, also known as “vapes”, “e-hookahs”,
“vape pens”, and “electronic nicotine delivery systems”,
can resemble traditional cigarettes, cigars, or pipes or
everyday items such as USB flash drives or pens (16). Three
different generations of electronic cigarettes are available
with increasing sophistication in engineering that optimizes
nicotine delivery. With the evolution of electronic cigarettes
comes an increase in product variability, including chemical
composition. In general, electronic cigarettes include a
voltage-controlled battery that powers a heating element,
such as heating coils, solders, and/or wicks, that aerosolizes
a liquid component contained in a cartridge or pod.
The aerosolized product, or vapor, is inhaled through a
mouthpiece and then absorbed by the pulmonary alveoli
and into systemic circulation. Newer devices add benzoic
acid to nicotine which lowers the pH and allows protonated
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Table 1 Chemical combustion products from cigarettes, their health hazards, and effects specific to electronic cigarettes

Traditional cigarette combustion

products Examples

Effects on the body

Specific to electronic cigarettes

Carbonyl compounds Formaldehyde®, acetaldehyde*,

and acrolein*®

Volatile organic compounds Benzene, toluene, and aniline

Tobacco-specific nitrosamines  NNN*, NNK*

Free radicals Methyl radicals, hydroxyl radicals,

and nitrogen monoxide
Metals Cadmium®*, lead*, and mercury

Gases Carbon monoxide

Carcinogenic and cytotoxic Lower levels of urine acrolein

Carcinogenic, hemotoxic, -
and neurotoxic

Carcinogenic -

Cardiotoxic and neurotoxic

Carcinogenic, hemotoxic,
neurotoxic, nephrotoxic

Highly reactive, short-lived free radicals
and stable, long-lived free radicals

Chromium, nickel, silver, tin, and
silicates

Exhaled nitrogen oxide

*, also found in electronic cigarettes. NNN, N-nitrosonornicotine; NNK, nicotine-derived nitrosamine ketone.

forms of nicotine to be easily inhaled (17).

The liquid component of an electronic cigarette contains
nicotine but may also include other chemicals, including
propylene glycol, volatile organic compounds (VOCs),
flavoring compounds, and formaldehyde. A variety of
electronic cigarettes contain tetrahydrocannabinol (THC)
but this topic has been reviewed extensively elsewhere
(18,19). Most electronic cigarettes do not contain tobacco,
but because of their variable nicotine content, ranging from
3 to 48 mg/mL (20), are classified as tobacco products by
the US FDA. However, the US FDA does not regulate
the testing of all substances in electronic cigarettes, and
it does not regulate the maximum total nicotine content
electronic cigarettes can have. Given the large number of
electronic cigarette products and the growing selection,
there is a challenge for the US FDA to tightly regulate their
production and composition, leading to inconsistencies in
studies of their clinical significance.

Electronic cigarettes are fairly new to society but have
been becoming increasingly popular. The first commercially
developed electronic cigarette delivery system was invented
in 2003 by Lik Hon, a Chinese pharmacist from Hong
Kong (16). Contributing to their increasing popularity is a
common belief that electronic cigarettes are less hazardous
than traditional cigarettes (21). Many people who smoke
traditional cigarettes use electronic cigarettes as smoking
cessation aids (20); however, studies have shown that a
majority of people who use electronic cigarettes as smoking
cessation aids do not stop using electronic cigarettes after
they quit smoking (22). In addition, emerging evidence
suggests that AYAs who have never smoked traditional
cigarettes are using electronic cigarettes. Thus far, there
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have been no electronic cigarette companies that have
applied to the FDA Center for Drug and Evaluation
Research to scientifically evaluate if electronic cigarettes
are a successful smoking cessation tool (23). Therefore, it
is clear that smoking cessation is not the only factor driving
electronic cigarette use.

Electronic cigarettes present an overall public health
concern, but recommendations for regulating their use
lack consensus (23). In 2015, the American Association
for Cancer Research (AACR) and the American Society
of Clinical Oncology (ASCO) published a joint policy
statement. The statement tried to advocate to decrease
youth use of electronic cigarettes while remaining
optimistic that electronic cigarettes could be a less harmful
alternative to combustible tobacco cigarettes for adult
smokers (24). An updated statement in 2022 from AACR
and ASCO raised concern for increased youth use since
the 2015 statement while evidence remains insufficient
to show electronic cigarettes are more effective than
current smoking cessation strategies (25). Many other
public health organizations such as the United States
Surgeon General, United States Preventative Services Task
Force, and the National Comprehensive Cancer Network
(NCCN) are demonstrating similar concern, highlighting
the importance of electronic cigarette research to help
guide recommendations in the general public as well as the
pediatric oncology patient population.

Chemical composition of electronic cigarettes

The clinical significance of electronic cigarettes may not
be unlike that of conventional cigarettes (1able 1), as the
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Traditional Cigarettes vs. Electronic Cigarettes
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Figure 1 Chemical combustion products found in traditional cigarettes versus electronic cigarettes (created with BioRender.com). The

downward arrow indicates a decrease in acrolein. ROS, reactive oxygen species; NNN, N-nitrosonornicotine; NNK, nicotine-derived

nitrosamine ketone.

two products both contain compounds linked to cancer;
however, there are a few key differences. In order to
understand the clinical significance of electronic cigarettes,
we must first review traditional cigarettes.

A complex mixture of combustion products, cigarette
smoke can include more than 7,000 different chemicals
and up to 1x10" free radicals, including both reactive
oxygen species (ROS) and reactive nitrogen species (20,26).
Cigarette smoke has five important types of combustion
products: carbonyl compounds, VOCs, tobacco-specific
nitrosamines, free radicals, and metals (27,28). Carbonyl
compounds include formaldehyde, acetaldehyde, and
acrolein, which are carcinogenic and cytotoxic (27).
VOC:s include benzene, toluene, and aniline, which are
carcinogenic, hemotoxic, and neurotoxic (27). Tobacco-
specific nitrosamines include N-nitrosonornicotine (NNN)
and nicotine-derived nitrosamine ketone (NNK), which
are carcinogenic (27). Free radicals include methyl radicals,
hydroxyl radicals, and nitrogen monoxide, which are
cardiotoxic and neurotoxic (27). Metals include cadmium,
lead, and mercury, which are carcinogenic, hemotoxic,
neurotoxic, and nephrotoxic (27). Cigarette smoke also
contains polycyclic aromatic compounds and toxic gases,
including carbon monoxide (27).

© Pediatric Medicine. All rights reserved.

Some of the chemical compounds in electronic cigarettes
vapor are similar to those in cigarette smoke with few
differences (Figure I). Like cigarette smoke, electronic
cigarette vapor can contain tobacco-derived contaminants,
including tobacco-specific nitrosamines, such as NNN and
NNK, and carbonyl compounds, such as formaldehyde,
acetaldehydes, and acrolein (29). The total amount of
aldehydes and acrolein generated by an electronic cigarette
seems to be directly related to the battery voltage of
the device (30,31). However, compared with traditional
cigarettes, electronic cigarettes may result in lower levels
of urine acrolein (31). Electronic cigarette vapor can have
both highly reactive, short-lived free radicals and stable,
long-lived free radicals (26) as well as low levels of metals,
including cadmium, chromium, lead, nickel, silver, tin, and
silicates, that are likely derived from the devices’ heating
coils, solders, and/or wicks (32). Notably, because electronic
cigarettes do not burn tobacco, their vapor does not contain
carbon monoxide (20); however, they may result in higher
levels of exhaled nitrogen oxide (33).

Trends in electronic cigarette use

The usage of electronic cigarettes in the AYA population has
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drastically increased over the past decade. In the 2012 US
Surgeon General Report, approximately 1.78 million high
school and middle school students nationwide reported that
they had tried electronic cigarettes. Among these students
who had ever used electronic cigarettes, only 9.3% reported
never smoking conventional cigarettes (16) whereas
76% use both, indicating overlap in use of traditional
and electronic cigarettes. In 2013, 13.1 million middle
school and high school students were aware of electronic
cigarettes (23,34). From the 2016 Surgeon General Report
on electronic cigarettes, it was estimated that about
2.4 million high school students and around 600,000 middle
school students had used an electronic cigarette at least once
within the last 30 days (23). Data collected from 2011 to
2018 indicate that about 10 million adults (35,36) and more
than 5 million middle and high school students in the United
States use electronic cigarettes (36,37). In 2020 and 2021,
approximately 8 out of 10 middle and high school students
who use electronic cigarettes use a flavored version (38).
These numbers continue to increase and emphasize the
scope of the problem.

Based on National Youth Tobacco Survey data collected
from 2011 to 2018, the rate of cigarette smoking among
high school students was at a historic low (39). However, if
both the use of cigarettes and that of electronic cigarettes
are considered together, the number of adolescents using
tobacco products is actually increasing (23). In the 2019
National Youth Tobacco Survey, the rate of current
electronic cigarette use among high school students was
estimated to be 27.5% [95% confidence interval (CI):
25.3%-29.7%] whereas the rate of traditional cigarette
smoking was estimated to be 5.8% (95% CI: 4.6%-7.3%).
From the same 2019 survey, an estimated 59.1% (95%
CI: 54.8%-63.2%) of high school users and 54.1% (95%
CI: 49.1%-59.0%) of middle school users reported JUUL
as their usual electronic cigarette brand (37). In 2018,
JUUL products comprised 75% of the electronic cigarette
market (17). On June 23, 2022, the FDA made a press
release that banned all JUUL products from the market
pending court review. The recent action from the FDA
validates public concerns about electronic cigarette use in
all populations but more specifically the pediatric and AYA
population.

A recent article from 7AMA Netw Open in 2022
demonstrated an increased rate of first use of tobacco product
by pediatric subjects increased from 28% in 2014 to 72% in
2021, and a median age of about 14 years old for first use of
tobacco product (17). With specificity to electronic cigarettes,
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they noted a shift from “light use” to “heavier usage” where
in 2014 less than 10% of all subjects used electronic cigarettes
every single day in a month to almost 30% in 2021.

From 2014 to 2017, the prevalence of electronic
cigarette uses among United States adults who reported a
cancer diagnosis on the National Health Interview Survey
increased from 8.5% to 10.7% (40). Using data from the
2018 Behavioral Risk Factor Surveillance System survey,
Parsons et 4l. evaluated electronic cigarette use among AYAs
(age 18-39 years) with or without a history of cancer (3).
Of the 54,931 individuals surveyed, 1,444 reported a
personal cancer history, although the survey did not specify
which cancer subtype. Overall, the rate of past or current
electronic cigarette use among AYAs with a history of
cancer (46.7%) was significantly higher than among AYAs
without a history of cancer (39.1%; P<0.001), and this was
found across most demographic subgroups. In addition, the
rate of current electronic cigarette use among AYAs with a
history of cancer (31.3%) was higher than that among AYAs
without a history of cancer (26.9%). While this difference
was not significant (P=0.19), it still raises public concern.

The surveys and studies discussed above were analyses of
self-reported data and thus subject to response/recall bias
and may underestimate the scope of electronic cigarette use.
However, it is clear that patients with a cancer diagnosis
have an increased risk of electronic cigarette use. Overall,
there is a gap in the literature defining electronic cigarette
use in the pediatric and AYA population with leukemia.

Electronic cigarettes and the potential risk of
leukemogenesis

Understanding of the relationship between electronic
cigarettes and the risk of leukemogenesis in pediatric
and AYA patients is ongoing (Figure 2). Most of the
current clinical recommendations are inferred by research
involving traditional cigarettes, as well as ongoing research
investigating the presence of carcinogens, DNA damage
and inflammation in cell and animal culture cause by
electronic cigarettes. Human data are very limited, and all
of the human studies have relatively small total number of
patient samples.

While electronic cigarette studies are limited, there
is clear evidence to support a risk between traditional
cigarettes and cancer. In a 2020 review by Miliano ez a/. (41),
they reported that cigarette smoking contributed to 48.5%
of deaths from 12 types of cancer, including AML and lung,

oral cavity, oropharyngeal, esophagus, larynx, stomach,
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Figure 2 Scheme of potential etiology for leukemogenesis from different metabolites in cigarettes and electronic cigarettes (created with

BioRender.com). NNN, N-nitrosonornicotine; NNK, nicotine-derived nitrosamine ketone.

pancreas, colorectal, bladder, kidney, and cervical cancer.
The greatest percentages of smoking-related deaths were
not surprisingly from lung cancer (80.2%) and larynx cancer
(76.6%) (42).

In 2014, Schaal et al. reported that nicotine can induce
the cell-cycle progression, angiogenesis, and metastasis
of lung and pancreatic cancers (43). They also found that
tobacco-specific nitrosamines such as NNN and NNK
increase cell proliferation, which can be a driving factor in
leukemogenesis (44). This validates concern for nicotine-
specific nitrosamines, whether from traditional cigarettes or
electronic cigarettes, increasing the risk of leukemogenesis.

In 2021, Hamad et al. demonstrated that electronic
cigarettes could alter the expression of the 7P53 tumor
suppressor gene (9). Their pilot study enrolled nine
healthy non-smokers or former smokers without significant
chronic medical conditions who were at least 18 2 years
old, had used electronic cigarettes at least 2 months prior
to participation, and used electronic cigarettes at least
eight times daily. Buccal and blood samples were obtained
before and after electronic cigarette use (3 seconds of
inhalation every 60 seconds, for a total of 20 inhalations
over 20 minutes). Both buccal and blood samples showed
the activation of pathways involved in DNA damage, DNA
repair, the cell cycle, and cancer, including the mismatch
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DNA repair, nucleotide excision repair, base excision repair,
homologous recombination, and non-homologous end
joining pathways. TP53 expression was associated with
greater inhalation volume and flow rate. Similar pathways
have been implemented in the pathogenesis of leukemias,
including AML and ALL (45,46). While this study describes
another potential etiology of electronic cigarettes in terms
of leukemogenesis, it only included adult patients and a very
small sample size. Further studies are required to determine
health effects in pediatric and AYA patients.

In 2016, Belver et al. demonstrated a correlation
between smoking status and aberrations in hematopoietic
stem cells and in myeloproliferative disorders driven by
JAK2 mutations (e.g., 7JAK2""'"") (46), which suggests
that smoking theoretically increases the risk of leukemia.
Seeking to determine if electronic cigarettes convey
a similar effect, Ramanathan et 4/. found that chronic
exposure to electronic cigarette vapor (2 hours per day,
4 days per week, for 2 months) causes the suppression of
bone marrow hematopoietic stem and progenitor cells in
mice (36). They also found that, compared with control
mice exposed to air alone, mice exposed to electronic
cigarette vapor had fewer common c-Kit-positive myeloid
progenitors and granulocyte-macrophage progenitors, both
of which are important for hematopoiesis. Mutations or
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alterations in hematopoietic stem cells raise concern for
clonal hematopoiesis, a premalignant condition caused by
the clonal expansion of a blood cell with the same mutations
often leading to cancers such as leukemia, lymphoma,
or myeloma. These findings suggest that, similar to
conventional cigarettes, electronic cigarettes can impair
normal hematopoiesis in mice which may contribute to risk
of leukemogenesis.

In 2019, Hickman et 4/. demonstrated that flavoring
compounds from electronic cigarettes, including
cinnamaldehyde, ethyl vanillin, and other aromatic
aldehydes, decrease neutrophil oxidative burst and impair
macrophage phagocytosis (47,48). The authors isolated
neutrophils from the peripheral blood of healthy participants
to measure the effects of different flavoring compounds
on neutrophil oxidative burst. The authors also cultured
neutrophils from healthy participants with increasing
concentrations of flavoring compounds to measure
phagocytosis and found impaired macrophage phagocytosis.
They used a pHrodo-labeled bacterium, Staphylococcus aureus
(S. aureus), that fluoresces upon phagocytosis in a pH-
dependent manner to measure phagocytic capacity via flow
cytometry. Flavoring compounds from electronic cigarettes
had immunity-altering effects similar to those reported in a
2017 study by Clapp et al. (48), who used similar methods,
including S. aureus bioparticles, to study phagocytosis in
peripheral blood or bronchoalveolar lavage samples from
healthy participants. These two studies demonstrate that
the flavoring compounds in electronic cigarette vapor can
alter cellular immunity and may be a potential mechanism
of leukemogenesis.

Electronic cigarettes, late effects, and
survivorship

The harmful effects of traditional cigarette use on the body
have been well documented, and in the setting of a cancer
diagnosis and throughout treatment appear to contribute
to increased morbidity and mortality (8,11). For example,
one study found that smoking was associated with an
increased burden of treatment-related side effects in cancer
patients compared to what was expected (49). In addition
to increased adverse effects, a systemic review and meta-
analysis found that treatment efficacy for several therapies,
including radiation, chemoradiation, and certain targeted
therapies, had reduced treatment efficacy in the patients
who were smoking while receiving cancer treatment (50).
Another review assessed the effect of tobacco smoke on
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radiation therapy outcomes and showed that the majority
of studies indicate smoking is associated with a worse
treatment outcome, including overall survival, progression
free survival, and recurrence (50,51). While these studies
were not done in the setting of pediatric and AYA leukemia,
the results are relevant since the available treatment
modalities are the same. Not only does smoking increase
the risk of treatment-related adverse effects, but it can also
negatively impact treatment efficacy/outcomes. Therefore,
it is crucial for health providers to provide guidance on
smoking cessation and the necessary resources for their
patients to support them as they quit smoking. None of
these studies have determined whether electronic cigarette
use confers similarly poor outcomes. Since electronic
cigarettes have been promoted as a smoking cessation
strategy for traditional cigarettes in the past, it will be
important to address this gap in knowledge.

The acute effects of electronic cigarettes are being
investigated in ongoing studies, but the late effects of
electronic cigarettes will likely remain unclear for some
time. So far, the most concerning late effects appear to
be related to cardiovascular disease and lung damage/
disease. Preliminary studies show that chronic electronic
cigarette use impairs endothelial function and is concerning
for late cardiovascular damage (52). Furthermore,
electronic cigarettes are known to cause lung injury and
inflammation (53), which may increase the risk of late
effect to the pulmonary system. In particular, these long-
term consequences are concerning for childhood leukemia
survivors, as these patients already have an increased risk
of mortality due to the late effects secondary to cancer
treatment (11).

To date, most of the cardiovascular effects of electronic
cigarettes on humans are consistent with the known
effects of nicotine (20,54). However, a few studies offer
conflicting data and demonstrate less toxicity. Compared
with cigarette smoke condensate, electronic cigarette vapor
causes less oxidative stress (55). Farsalinos er 4/. investigated
the viability of cardiomyoblasts exposed to electronic
cigarette vapor or cigarette smoke (21), and discovered that
electronic cigarette vapor is cytotoxic but significantly less
cytotoxic than cigarette smoke. Although long-term data on
the effects of electronic cigarettes on the heart are lacking,
some preliminary data suggest that electronic cigarettes’
effects on the heart are less toxic than those of traditional
cigarettes (21,55).

The acute cardiovascular effects of electronic cigarettes
include heart failure characterized by decreased cardiac
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output, atherosclerosis, or coronary artery disease resulting
in myocardial infarction (10). Free fatty acids, which are
key elements in lipotoxicity, mitochondrial dysfunction,
and cardiomyopathy can increase mitochondrial ROS
(56-58), which are believed to be the main factors driving
the cardiotoxic effects of electronic cigarettes. ROS are also
an important mechanism by which conventional cigarette
smoking induces cancer, cardiovascular disease, and chronic
obstructive pulmonary disease (26). Chronic inflammation
and insulin resistance may also contribute to cardiotoxicity
from traditional cigarettes (16,59). Knowing that electronic
cigarettes can cause an increase in ROS and inflammation
to damage the heart, other organ systems are likely affected
as well and may negatively impact survivorship.

The effects of electronic cigarettes on the pulmonary
system are also of particular importance, as leukemia
patients already have an increased risk of morbidity
secondary to the pulmonary effects of the disease, its
treatments, and a weakened immune system (60). In
one study using a murine model, the pulmonary effects
of electronic cigarettes included reduced mucociliary
clearance, increased inflammation, and increased ROS (61).
In a 2015 study by Sussan ez 4/., mouse models had increased
levels of oxidative stress markers, such as malondialdehyde
and lipid peroxidation, after exposure to electronic cigarette
vapor (62). Another study demonstrated that bronchiolar
lavage samples from mice exposed to electronic cigarette
vapor had increased numbers of macrophages and other
infiltrating inflammatory cells (63), similar to the findings of
Clapp er al. (48). Another study suggested the accumulation
of insoluble agents from electronic cigarette vapor in the
airways may cause decreased mucociliary clearance (64),
which Sussan et /. found to increase the risk of bacterial,
fungal, and viral infection in their mouse model (62).
Alterations of redox homeostasis are alarming as ROS is
an important player in tumorigenesis and cancer cells are
typically characterized by high concentrations of ROS (65).
Its involvement in tumorigenesis is multi-factorial as ROS
can activate oncogenic signaling pathways, cause alterations
of the DNA, reshape the tumor microenvironment, and
contribute to angiogenesis (66). Therefore, increased
ROS levels are a plausible etiology for leukemogenesis
related to electronic cigarette use. Beyond changes in
ROS, pulmonary studies of electronic cigarette use suggest
that alterations in immunity may also contribute to tumor
development.

Only a few studies have investigated the pulmonary
effects of electronic cigarettes in humans. In 2013, Flouris
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et al. reported that active exposure to electronic cigarette
vapor is not associated with any significant impairment in
lung function (as measured by spirometry) or with decreased
levels of serum cotinine, exhaled carbon monoxide, or
exhaled nitric oxide (67). However, the study included only
30 patients, and it did not assess the long-term effects of
exposure or the effect of the dose. Data on the pulmonary
effects of long-term or secondhand electronic cigarette
exposure in humans (68), which are of particular importance
to cancer survivors, are exceedingly limited.

Conclusions

There is growing support in the current body of literature
that suggests possible etiology of pediatric leukemogenesis
secondary to electronic cigarette use, including aberrations
in cell cycle, DNA repair, production of ROS, impaired
hematopoiesis and altered immunity. However, these studies
are primarily in cell culture and animal models or in human
studies with small number of subjects. There is a need for
long-term human studies to determine effects of electronic
cigarettes before, during and after treatment in terms of
treatment efficacy. It will take many years, possibly decades,
to identify the effects of electronic cigarettes on childhood
leukemia survivors. Whether electronic cigarettes are less
harmful to humans than traditional cigarettes remains
unclear. The studies reviewed herein all had limitations,
and none included patients with leukemia nor specifically
patients in the pediatric and AYA population. Future
studies are needed to determine epidemiologic patterns of
electronic cigarette use in pediatric and AYA patients, health
effects, toxicity, environmental effects, and psychological
effects. Such studies could guide the regulation of electronic
cigarettes and inform general health providers on how to
counsel pediatric and AYA patients with leukemia. Until
definitive data are available, clinicians should strongly advise
pediatric and AYA patients with leukemia to avoid using
electronic cigarettes given the scientific evidence reviewed
in this article and its plausible risk to negatively impact
survivorship.
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