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Abstract: Electronic cigarettes (E-cigs) generate nicotine containing aerosols for inhalation and have
emerged as a popular tobacco product among adolescents and young adults, yet little is known about
their health effects due to their relatively recent introduction. Few studies have assessed the long-term
effects of inhaling E-cigarette smoke or vapor. Here, we show that two months of E-cigarette exposure
causes suppression of bone marrow hematopoietic stem and progenitor cells (HSPCs). Specifically,
the common myeloid progenitors and granulocyte-macrophage progenitors were decreased in
E-cig exposed animals compared to air exposed mice. Competitive reconstitution in bone marrow
transplants was not affected by two months of E-cig exposure. When air and E-cig exposed mice
were challenged with an inflammatory stimulus using lipopolysaccharide (LPS), competitive fitness
between the two groups was not significantly different. However, mice transplanted with bone
marrow from E-cigarette plus LPS exposed mice had elevated monocytes in their peripheral blood at
five months post-transplant indicating a myeloid bias similar to responses of aged hematopoietic
stem cells (HSC) to an acute inflammatory challenge. We also investigated whether E-cigarette
exposure enhances the selective advantage of hematopoietic cells with myeloid malignancy associated
mutations. E-cigarette exposure for one month slightly increased JAK2V617F mutant cells in peripheral
blood but did not have an impact on TET2−/− cells. Altogether, our findings reveal that chronic
E-cigarette exposure for two months alters the bone marrow HSPC populations but does not affect
HSC reconstitution in primary transplants.

Keywords: electronic cigarette; hematopoietic stem cell; myeloid progenitors; myeloproliferative
neoplasm; lipopolysaccharide

1. Introduction

Electronic cigarettes (E-cigarettes or E-cigs) or the electronic nicotine delivery system (ENDS)
emerged as a popular alternative to conventional tobacco smoking with currently 10 million adult and
over 5 million middle and high school students using E-cigarettes in the US [1,2]. E-cigarettes have
evolved rapidly but essentially consist of a battery and heating coil that aerosolizes e-liquid containing
the solvents propylene glycol and vegetable glycerin to deliver nicotine for inhalation. The availability of
a variety of flavorings in the E-cigarette liquid make it further appealing to youth users. E-cigarette usage
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increases the risk for nicotine addiction and impacts normal brain development among adolescents
and increases the likelihood of smoking tobacco cigarettes, thus adversely reversing progress made in
declining youth tobacco use [3,4]. The dramatic increase in E-cigarette popularity among adults and
more concerningly in adolescents has led to the urgent need to investigate the health-related effects of
E-cigarette smoking or vaping.

Hematopoietic stem and progenitor cells (HSPCs) play a pivotal role in maintaining the body’s
steady-state blood and immune cell populations throughout one’s lifespan and also increasing output
in response to hematopoietic stress such as in the presence of an infection [5,6]. Traditional cigarette
smoking is known to affect peripheral blood cell counts causing neutrophilia and erythrocytosis [7,8]
and has been reported to decrease the number of bone marrow HSPCs [9]. Smoking status has been
correlated with the presence of myeloproliferative neoplasms (MPNs) [10–13], a group of hematologic
malignancies arising from clonal outgrowth of a somatically mutated HSC, most commonly in
JAK2 (JAK2V617F) which results in the overproduction of mature cells of the myeloid lineage [14–17].
Smoking status is also correlated with the risk of clonal hematopoiesis of indeterminate potential
(CHIP) [18,19], where individuals carry a leukemia-related mutation in candidate genes at 2% variant
allele frequency but without overt disease [20]. These observations suggest that exposure to smoking
may enhance the emergence of mutant HSPC clones.

The continued promotion of E-cigarette safety over combustible cigarettes emphasizes the need to
better understand the health-related effects of chronic E-cigarette smoke inhalation. E-cigarette aerosols
are not “safe” and consist of ultrafine particles, nicotine, volatile organic compounds, heavy metals
such as nickel, formaldehyde, acrolein and flavorings and chronic inhalation of these harmful chemicals
predict negative health impacts [21]. E-cigarette exposure can enhance the inflammatory profile of
viral and bacterial pathogens of the respiratory system and downregulates innate immunity in the
lung [22,23]. Since HSPCs are activated in response to injury and infection, it is likely that E-cigarette
exposure has a measurable impact on HSPCs. Because the clonal hematologic disorders MPN and
CHIP are associated with smoking history, we evaluated if E-cigarette exposure increases the selective
advantage of HSPC carrying MPN and CHIP associated mutations.

In this study, we used a murine model of chronic nose-only inhalation exposure to assess the effect
of E-cigarette aerosol on bone marrow HSPC number and function. We show that chronic E-cigarette
exposure negatively impacts HSPC number but not HSC function in transplant assays. Thus, our study
findings provide novel evidence on the potential harm of vaping associated products on stem and
progenitor cells.

2. Results

2.1. E-Cigarette Exposure Does Not Impact Peripheral Blood Counts, Bone Marrow Cellularity, or Mature Cells
in the Bone Marrow

Chronic conventional cigarette smoke exposure is known to impact peripheral blood cell counts,
specifically, it causes an increase in neutrophils and erythrocytes [8,24]. Mice were exposed to nose-only
inhalation of E-cigarette smoke and the average particle mass measurement over the study period in
the E-cigarette exposure was 88.23 ± 47.01 mg/m3. We found that two months of nose-only exposure to
nicotine containing E-cigarette smoke did not impact peripheral blood counts (Figure 1A–C) nor did it
result in an increased percentage of neutrophils (Figure 1D). Total bone marrow cellularity was not
affected by exposure to E-cigarette smoke (Figure 1E). In addition, the frequency and absolute number
of lineage positive cells, representing the mature cell population, was equivalent in E-cigarette versus
air exposed mice (Figure 1F). Spleen weight was also not impacted by exposure to E-cigarette vapor
(Figure 1G).
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Figure 1. Two-month E-cigarette exposure does not affect peripheral blood cell counts of (A) red blood 
cells, (B) platelets, (C) leukocytes, and (D) leukocyte differentials in C57Bl/6J mice. (E) Bone marrow 
cellularity, (F) lineage positive cells, and (G) spleen weight after E-cigarette exposure in air and E-
cigarette exposed mice. Data are shown as mean ± SEM, n = 4–7 mice/group. WBC, white blood cell; 
BMCs, bone marrow cells; Lin+, lineage positive. 

2.2. E-cigarette Exposure Suppresses Myeloid Progenitor Populations 

Next, we examined the impact of E-cigarette exposure on myeloid progenitor populations 
including common myeloid progenitors (CMP; Lin−c-Kit+Sca-1−CD34+CD16/32−), granulocyte-
macrophage progenitors (GMP; Lin−c-Kit+Sca-1−CD34+CD16/32+) and megakaryocyte-erythroid 
progenitors (MEP; Lin−c-Kit+Sca-1−CD34−CD16/32−) (Figure 2A). There was no apparent difference in 
the number of lineage negative (Lin-) cells which consists of the immature hematopoietic cells (Figure 
2B). However, the number of lineage negative, c-Kit positive (LK; Lin- c-Kit+) cells, which is enriched 
for myeloid progenitors, was significantly reduced in the E-cigarette exposure group when compared 
with air controls (Figure 2C). Compared to air exposed animals, E-cigarette exposed mice had 
reduced numbers of CMPs and a trend towards decreased numbers of GMPs, p = 0.08, (Figure 2D). 
However, MEP did not show significant changes in numbers following E-cigarette exposure. These 
data demonstrate that E-cigarette exposure reduces myeloid progenitors without an appreciable 
impact on mature myeloid cells. 

Figure 1. Two-month E-cigarette exposure does not affect peripheral blood cell counts of (A) red blood
cells, (B) platelets, (C) leukocytes, and (D) leukocyte differentials in C57Bl/6J mice. (E) Bone marrow
cellularity, (F) lineage positive cells, and (G) spleen weight after E-cigarette exposure in air and
E-cigarette exposed mice. Data are shown as mean ± SEM, n = 4–7 mice/group. WBC, white blood cell;
BMCs, bone marrow cells; Lin+, lineage positive.

2.2. E-Cigarette Exposure Suppresses Myeloid Progenitor Populations

Next, we examined the impact of E-cigarette exposure on myeloid progenitor populations including
common myeloid progenitors (CMP; Lin−c-Kit+Sca-1−CD34+CD16/32−), granulocyte-macrophage
progenitors (GMP; Lin−c-Kit+Sca-1−CD34+CD16/32+) and megakaryocyte-erythroid progenitors (MEP;
Lin−c-Kit+Sca-1−CD34−CD16/32−) (Figure 2A). There was no apparent difference in the number of
lineage negative (Lin−) cells which consists of the immature hematopoietic cells (Figure 2B). However,
the number of lineage negative, c-Kit positive (LK; Lin− c-Kit+) cells, which is enriched for myeloid
progenitors, was significantly reduced in the E-cigarette exposure group when compared with air
controls (Figure 2C). Compared to air exposed animals, E-cigarette exposed mice had reduced numbers
of CMPs and a trend towards decreased numbers of GMPs, p = 0.08, (Figure 2D). However, MEP did
not show significant changes in numbers following E-cigarette exposure. These data demonstrate
that E-cigarette exposure reduces myeloid progenitors without an appreciable impact on mature
myeloid cells.
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Figure 2. E-cigarette exposure suppresses myeloid progenitor cell numbers in the bone marrow. (A) 
Gating scheme for the characterization of progenitor cell sub-types. Absolute numbers of (B) lineage- 
(Lin-), (C) lineage-, c-Kit+ (LK) and (D) CMP, GMP and MEP per femur. Data are shown as mean ± 
SEM, n = 4 mice/group. * p < 0.05, ** p < 0.01, unpaired student’s t-test. 

2.3. E-cigarette Exposure Decreases the Number of Bone Marrow HSPCs 

Next, we investigated the impact of E-cigarette exposure on the hematopoietic stem and 
progenitor compartment (HSPC) using the gating scheme in Figure 3A. E-cigarette exposure 
decreased the absolute number of HSPCs (p = 0.05), defined as lineage negative, c-Kit positive and 
Sca-1 positive (LKS; Lin- c-kit+ Sca-1+) surface marker phenotype (Figure 3B). In addition, there was a 
trend toward decreased long-term repopulating hematopoietic stem cells (LT-HSCs), defined as 
(LKS-SLAM; LKS-CD48- CD150+), but failed to reach significance (p = 0.14) (Figure 3C). This observed 
decrease in absolute number of LKS cells, which contains LT-HSCs, short-term HSCs (ST-HSCs) and 
multipotent progenitors (MPPs) as well as downstream myeloid committed progenitors, suggests 
that E-cigarette exposure leads to dysregulation of bone marrow hematopoiesis. 

Figure 2. E-cigarette exposure suppresses myeloid progenitor cell numbers in the bone marrow.
(A) Gating scheme for the characterization of progenitor cell sub-types. Absolute numbers of
(B) lineage- (Lin-), (C) lineage-, c-Kit+ (LK) and (D) CMP, GMP and MEP per femur. Data are
shown as mean ± SEM, n = 4 mice/group. * p < 0.05, ** p < 0.01, unpaired student’s t-test.

2.3. E-Cigarette Exposure Decreases the Number of Bone Marrow HSPCs

Next, we investigated the impact of E-cigarette exposure on the hematopoietic stem and progenitor
compartment (HSPC) using the gating scheme in Figure 3A. E-cigarette exposure decreased the
absolute number of HSPCs (p = 0.05), defined as lineage negative, c-Kit positive and Sca-1 positive
(LKS; Lin− c-kit+ Sca-1+) surface marker phenotype (Figure 3B). In addition, there was a trend
toward decreased long-term repopulating hematopoietic stem cells (LT-HSCs), defined as (LKS-SLAM;
LKS-CD48− CD150+), but failed to reach significance (p = 0.14) (Figure 3C). This observed decrease in
absolute number of LKS cells, which contains LT-HSCs, short-term HSCs (ST-HSCs) and multipotent
progenitors (MPPs) as well as downstream myeloid committed progenitors, suggests that E-cigarette
exposure leads to dysregulation of bone marrow hematopoiesis.

2.4. HSC Function is Unperturbed Following E-Cigarette Smoke Exposure

To investigate the effects of E-cigarette exposure on hematopoietic stem and progenitor cell
function we performed competitive transplantation experiments. We transplanted lethally irradiated
recipient mice with whole bone marrow cells from either air or E-cigarette (CD45.2) exposed mice
along with unexposed wildtype competitor cells (CD45.1), and then peripheral blood was analyzed
for chimerism each month post-transplant (Figure 4A). Air and E-cigarette exposed cells showed
comparable contribution to peripheral blood leukocytes over time (Figure 4B). Peripheral blood cell
counts were also assessed, though we found no differences in leukocyte, erythrocyte and platelet
counts (Figure 4C–E) in air versus E-cigarette exposed mice. Thus, these data suggest that E-cigarette
exposure does not markedly impact HSPC competitive fitness or functional output.
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Figure 3. E-cigarette exposure suppresses HSPC numbers in the bone marrow. (A) Gating scheme for
the characterization of HSPC sub-types. Absolute numbers of (B) LKS and (C) LKS-SLAM populations
per femur. Data are shown as mean ± SEM, n = 4 mice/group. p-value determined by unpaired
student’s t-test.

2.5. E-Cigarette Exposure Does Not Impair HSC Engraftment in Response to LPS

To further determine the functional relevance of reduced HSPC and myeloid progenitor
populations in E-cigarette exposed mice, we assessed HSC function of air and E-cigarette exposed
mice in response to an acute inflammatory challenge using the Gram-negative bacterial component
lipopolysaccharide (LPS). An acute low-dose LPS challenge is known to initiate emergency myelopoiesis
through proliferation of LT-HSCs and MPPs to increase the output of innate immune cells [25,26]
but it does not alter their long-term reconstitution potential [27]. In this regard, mice exposed to air or
E-cigarette for two months were subsequently challenged with a single dose of LPS (35 µg/mouse)
16 h before euthanasia. Since LPS causes significant systemic effects, we assessed change in body
weight post-LPS treatment and found no difference between air and E-cigarette exposure groups
(Figure S1). As expected, we observed an expansion of LKS, LKS-SLAM and myeloid progenitors in all
LPS treated mice (Figure S2), yet there were no significant differences in the absolute numbers of these
populations between air and E-cigarette exposures. Whole bone marrow was then used for competitive
repopulation assays, and peripheral blood chimerism was analyzed by flow cytometry each month
(Figure 5A). Bone marrow from E-cigarette exposed animals showed comparable reconstitution to
air exposed controls (Figure 5B). These data demonstrate that two months of E-cigarette exposure
followed by an acute inflammatory stimulus does not affect HSC recovery in primary transplants.
However, the E-cig+LPS group demonstrated a small reduction in hematopoietic recovery at all time
points compared to the Air+LPS group and the significance of this effect is most likely masked by
the variance contribution from animal to animal variation. At 5 months post-transplant, mice that
received bone marrow from E-cigarette exposed LPS challenged mice demonstrated a marked increase
in peripheral blood monocyte counts (Figure 5C). However, total leukocytes, CD45.2 derived (air or
E-cigarette exposed) leukocytes, red blood cells, and platelet counts remained unaltered in E-cigarette
group compared to controls (Figure 5D–G). Thus, HSCs subject to an inflammatory challenge from
E-cigarette exposed mice showed a persistent effect of the LPS challenge several months post-transplant
unlike the air controls.
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Figure 4. HSC function is unperturbed following E-cigarette exposure. (A) Competitive transplant
set-up and peripheral blood (PB) chimerism analysis. (B) PB chimerism of CD45.2 leukocytes post-
transplant. Peripheral blood cell counts of (C) leukocytes, (D) red blood cells and (E) platelets at
20 weeks post-transplant. Data are shown as mean ± SEM, n = 5–6 mice/group. BM, bone marrow.

2.6. JAK2V617F Mutant Cells Gain an Early Selective Advantage Following E-Cigarette Exposure

Chronic inflammation is a hallmark feature in myeloproliferative neoplasms (MPNs) and is a driver
of disease progression. Data indicates that inflammatory signals such as LPS influence the selective
outgrowth and expansion of myeloid leukemia associated somatic mutations such as JAK2V617F and
TET2−/− [28,29]. Therefore, we sought to determine whether E-cigarette exposure could promote
the selective expansion of mutant cells utilizing competitive transplants of JAK2V617F mutated and
TET2 knockout bone marrow cells. (Figure 6A). After one month of E-cigarette exposure, the relative
frequency of JAK2V617F cells in the peripheral blood was almost significantly more than the air exposed
group (p = 0.058) (Figure 6B). However, at the end of two months of exposure, both air and E-cigarette
groups showed similar levels of JAK2V617F cells in the blood (Figure 6B). In contrast, TET2 knockout
cells were not affected by E-cigarette exposure compared to the control group (Figure 6C). To determine
if E-cigarette exposure selects for mutant cells in the bone marrow, we measured the percentage of
JAK2V617F cells in each of the HSPC sub-types at sacrifice. We found no difference between control and
E-cigarette exposure in the number of JAK2V617F mutant HSPCs in the bone marrow (Figure 6D).
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Figure 5. Systemic LPS post-E-cigarette exposure results in persistent monocytosis. (A) Experimental
design. (B) Peripheral blood chimerism of CD45.2 leukocytes from air and E-cigarette exposed
donor cells. Peripheral blood counts of (C) CD45.2 monocytes, (D) leukocytes, (E) CD45.2 leukocytes,
(F) red blood cells, and (G) platelets 20 weeks post-transplant. Data are shown as mean ± SEM.
n = 5–6 mice/group. * p < 0.05, unpaired student’s t-test.
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Figure 6. E-cigarette exposure increases peripheral blood chimerism of JAK2V617F mutant cells.
(A) Experimental design. Relative change in peripheral blood chimerism of (B) JAK2V617F mutant and
(C) TET2−/− cells from pre-exposure. (D) Relative contribution of JAK2V617F to HSPC populations after
2 months of exposure. Data are shown as mean ± SEM. n = 5–10 mice/group.

3. Discussion

We have found that chronic exposure to E-cigarette smoke can alter hematopoietic stem and
progenitor populations in the bone marrow. Specifically, a two-month E-cigarette exposure decreased
the absolute numbers of hematopoietic myeloid progenitors (LK; Lin− c-Kit+) cells as well as CMP and
GMP. However, there was no appreciable effect on the reconstitution potential of whole bone marrow
from E-cigarette exposed mice or from E-cigarette exposed mice combined with an inflammatory
challenge such as LPS in competitive repopulation transplant assays. Further, mice transplanted with
bone marrow from donors that had been exposed to E-cigarettes plus LPS had increased monocytes in
the peripheral blood that persisted at 20 weeks post-transplant, mimicking an “aged” HSC phenotype.

Exposure of mice to conventional cigarette smoke induces bone marrow myelosuppression with
significant reductions in the phenotypic LKS (HSPC) population [9,30–32]. However, there is currently
no evidence on the pathological changes, if any, in bone marrow HSPCs following E-cigarette exposure.
It is notable that E-cigarette exposure leads to a decline in LKS numbers, implying a potential harmful
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effect on hematopoiesis in those who use E-cigarettes. It is possible that the effects we are seeing
are nicotine-dependent, prior reports suggest that sustained nicotine exposure leads to bone marrow
suppression and extramedullary hematopoiesis in the spleen [33]. Interestingly, the suppressive effect
of E-cigarette exposure on myeloid progenitors, which are the immediate precursors to differentiated
cells, did not produce changes in peripheral blood cell counts. This phenomenon is similar to the
hematological sequalae of conventional cigarette smoking. Although chronic smokers have increased
peripheral blood leukocyte counts and neutrophilia [24], bone marrow myelosuppression has been
observed in mice exposed to chronic cigarette smoke for nine months [31]. This was attributed
to dysfunctional mesenchymal stem cells in the bone marrow stem cell niche leading to abnormal
hematopoiesis [31].

Our study indicates that despite the reduction in phenotypic LKS and myeloid progenitors,
competitive reconstitution using whole bone marrow was not negatively affected in primary transplants.
Given that we did not observe a highly significant decline in the LT-HSC population in the E-cigarette
exposure group, it is most likely that the subtle difference was not sufficient to induce a difference in
reconstitution capacity. In addition, phenotypic changes in HSPC populations may not necessarily
reflect HSC functionality. In addition, we did not assess the long-term HSC reconstitution ability in
secondary and tertiary transplants and this would need to be characterized in the future to determine
if E-cigarette exposure has an impact on HSC self-renewal.

The continuous output of mature blood and immune cells is maintained by self-renewing HSCs
to maintain homeostasis. However, during infection induced hematologic stress HSCs undergo active
cell cycling to increase production of blood and immune cells to replace consumed effector cells [6].
These changes in HSPC numbers and activity are mediated by the presence of pathogen-associated
molecular patterns (PAMP) receptors such as Toll-like receptor 4 (TLR4) for LPS on the surface of HSCs
that can directly affect HSC signaling cascades [34] and also the release of inflammatory cytokines
that trigger HSC division and differentiation [35–37]. Paradoxically, increased stem cell division is
associated with impaired self-renewal that eventually leads to the depletion of the HSC pool [38].
Several studies have demonstrated that chronic exposure to LPS decreases HSC competitive fitness and
hematopoietic reconstitution [39–41] by direct TLR4 activation [34]. More recently, Mann et al., 2018,
demonstrated that a single acute exposure of LT-HSCs to low dose LPS in vitro did not affect the
long-term reconstitution of hematopoietic cells in primary and secondary transplanted mice [27].
However, LPS challenged LT-HSCs from old mice (aged HSCs) displayed an increased myeloid cell
output on top of the expected age-dependent myeloid bias [42,43], which was not observed in HSCs
from young mice [27]. A “memory” of the initial inflammatory challenge has been proposed to
be at the helm of this myeloid skewing [27]. E-cigarette exposed mice challenged with acute LPS
did not demonstrate decreased reconstitution compared to the air group post-transplant with the
caveat being the absence of secondary transplant data to rigorously assess long-term reconstitution.
Mice transplanted with bone marrow from E-cigarettes plus LPS donors had elevated monocytes
compared to mice transplanted with bone marrow from air plus LPS donors, indicating a long-term
myeloid skewing akin to responses by aged HSCs. This indicates that chronic E-cigarette exposure can
induce an aged HSC phenotype. Further studies are required to address the specific gene signature
changes that occur in E-cigarette exposed HSCs that lead to an aged phenotype.

Inflammation is implicated as an environmental driver of myeloid malignancy. Smoking is
a source of chronic inflammation and is strongly associated with clonal hematopoiesis and
CHIP [18,19]. Although E-cigarette aerosols provoke local inflammation in the airways and lungs [44],
systemic inflammation has not been reported. To investigate the impact of E-cigarette exposure in
the selection and expansion of pre-leukemic HSPCs, we determined the extent to which two months
of E-cigarette exposure influenced the outgrowth of JAK2V617F mutated and TET2 knockout HSPCs.
We did observe a transient increase in JAK2V617F cells in the blood after one month of E-cigarette exposure
but not after two months, possibly due to a nicotine tolerance effect. At the end of the two-month
exposure period, both air and E-cigarette exposure groups displayed increase JAK2V617F chimerism
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relative to baseline at eight weeks post-transplant. This was interesting, since this knock-in mouse
model of JAK2V617F does not confer HSPCs with a significant competitive advantage in transplant assays
and shows progressively decreasing levels of mutant cells over time [45]. The fact that both control and
treatment groups display a sudden increased mutant chimerism indicates a common underlying cause
which we hypothesize is stress-related arising from the nose-only exposure system. Since it has been
established that MPN physical symptom burden is associated with psychological stress [46], it would
be interesting to evaluate psychologic stress on MPN disease progression. Mutations in TET2 is one of
the commonly occurring pre-leukemic mutations in CHIP and exerts clonal dominance by increased
self-renewal under inflammatory conditions. TET2 knockout cells did not show a selective growth
advantage under the current E-cigarette exposure conditions in concordance with recent findings that
TET2 mutants are not significantly favored by smoking status [47].

Thus, while E-cigarette exposed mice presented with normal hematopoietic reconstitution under
steady state as well as following acute systemic inflammation with LPS challenge, increased myeloid
bias was observed at late time points post-inflammatory challenge. These observations demonstrate
that not only do inhaled aerosols from E-cigarette smoke disrupt the bone marrow hematopoietic stem
cell pool, they also induce myeloid skewing in response to an acute inflammatory stimulus. Given the
extensive number of adolescents using E-cigarettes on a consistent basis, these alterations in HSC
numbers demonstrated in our E-cigarette exposure model, highlight the potential risk for bone marrow
dysfunction that chronic E-cigarette use may pose.

4. Materials and Methods

4.1. Mice

All animal procedures were performed under the approval of the Institutional Animal Care and
Use Committee at the University of California, Irvine. Eight-week-old female C57BL/6J (CD45.2)
mice were purchased from The Jackson Laboratory (JAX stock #000664) and housed under specific
pathogen–free conditions at the University of California, Irvine. The JAK2V617F conditional knock-in
mouse model has been previously described [45] and was crossed with Vav-Cre mice to induce
expression of the mutant allele in hematopoietic cells. The TET2 knockout (TET2−/−) mouse model
has been described [48] and heterozygous breeding pair was purchased from The Jackson Laboratory
(JAX stock #023359).

4.2. E-Cigarette Exposure in Mice

We used the commercially available Vibe electronic cigarette and e-liquid from VaporFi in our
lab-made exposure apparatus. The system consists of an actuator, battery, which provides 70 Watts
of power, peristaltic pump, dampening chamber, and nose-only exposure chamber. The E-cigarette
contains an atomizer with a 316 L stainless steel coil and a tank with a 3.5 mL liquid capacity. E-liquids
were tobacco flavored and consisted of a 50:50 ratio of propylene glycol and vegetable glycerin. Nicotine
(Acros Organics) was added at a final concentration of 15 mg/mL. Each cycle of E-cigarette smoke
exposure provided a 55 mL puff volume over 2 s with an inter-puff interval of 28 s. The E-cigarette vapor
had a final average particle concentration measured at the nose-only port of 88.23 +/− 47.01 mg/m3.
Mice were exposed nose-only [49,50] for 2 h/day, 4 days/week, for 2 months.

4.3. Peripheral Blood Cell Counts

Peripheral blood was obtained from the saphenous vein and hematologic parameters were
analyzed by an automated cell counter machine (ABCVet Hemalyzer, scil).

4.4. Flow Cytometry of Bone Marrow Cell Populations

All antibodies were purchased from BioLegend. Whole bone marrow (BM) was harvested from
both femurs and tibiae, RBCs were lysed with ACK buffer and cells were stained for 30 min on
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ice. Pacific blue conjugated antibodies against Ter119, Mac1, Gr1, B220, CD3, CD4 and CD8 were
used to detect mature cells (Lineage cocktail). HSC populations were detected by staining with
mouse specific antibodies against Lineage markers, c-Kit, Sca-1 (LKS), CD48 and CD150 (LKS-SLAM).
Progenitor subsets (CMP/GMP/MEP) were detected using antibodies against CD34 and CD16/32.
Flow cytometry was performed on the Novocyte (ACEA Biosciences) at the UCI Immunology Core
facility. Data were analyzed using FlowJo software (FlowJoTM software, BD Biosciences, San Jose,
CA, USA).

4.5. Competitive Bone Marrow Transplant and Peripheral Blood Chimerism

Bone marrow was harvested from donor mice (CD45.2) exposed to either air or vape B6.SJL-Ptprca
Pepcb/Boy (BoyJ, CD45.1) mice were purchased from The Jackson Laboratory. Recipient mice
(CD45.1/CD45.2) were lethally irradiated at 8 Gy the day before transplantation. Donor whole
bone marrow cells (CD45.2 air or E-cigarette) were mixed in a ratio of 1:1 (1 × 106 each) with competitor
cells (CD45.1) and injected intraveneously (retro-orbital) into irradiated recipients. To develop chimeric
mice containing JAK2V617F mutant cells, whole bone marrow cells from JAK2V617F knock-in mice were
mixed in a 1:1 ratio with wildtype competitor cells and injected into lethally irradiated recipients.
To develop a mouse model of clonal hematopoiesis of indeterminate potential (CHIP), we generated
bone marrow chimeras of mice carrying a small percentage of TET2−/− cells by injecting TET2−/− cells
and competitor (wild-type) cells in a ratio of 1:99. Mice were rested for 4 to 8 weeks before beginning
E-cigarette exposure for 2 months. The repopulating advantage of JAK2V617F and TET2−/− cells upon
E-cigarette exposure was followed for 2 months. Flow cytometry for chimerism of mature cells in
peripheral blood was performed using CD45.1 and CD45.2 antibodies. Data was acquired on the BD
Accuri C6 (BD Biosciences, San Jose, USA).

4.6. Statistical Analysis

Data are shown as mean and error bars indicate the standard error of mean (SEM). p value
was calculated using an unpaired t-test comparing the means of two groups (GraphPad Software,
Prism version 8.3.1, San Diego, CA, USA).

5. Conclusions

The present study shows, for the first time, that continuous E-cigarette exposure promotes bone
marrow myelosuppression by decreasing the numbers of HSPCs and myeloid progenitor subtypes.
Our findings suggest that E-cigarette exposure combined with an acute inflammatory challenge can
lead to delayed monocytosis. Overall, the modulation of the bone marrow HSPC pool by E-cigarette
exposure represent the potential negative health-effects of E-cigarette use.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/8/2292/s1,
Figure S1: Systemic LPS leads to loss in body weight, Figure S2: Systemic LPS increases HSPC populations in the
bone marrow.

Author Contributions: Conceptualization, G.R., M.T.K. and A.G.F.; methodology, G.R., B.C.-H., R.J.A., D.A.H.,
J.H.C., S.R.R. and H.Y.L.; formal analysis, G.R., B.C.-H. and A.G.F.; writing—original draft preparation,
G.R.; writing—review and editing, G.R., B.C.-H., M.T.K. and A.G.F.; supervision, M.T.K. and A.G.F.;
project administration, A.G.F. and M.T.K.; funding acquisition, G.R. and A.G.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by funds from the Tobacco-Related Disease Research Program of the
University of California, Grant Numbers T29FT0267 (G.R.) and T29IP0414 (A.G.F.) and by the NCI T32 training
grant NCI T32CA009054 (G.R. and B.C.H.).

Acknowledgments: The authors thank Irene Hasen, Amanda Ting, and Jenna Cantu in the Air Pollution and
Health Effects Laboratory at the University of California, Irvine for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results. Research reported in this publication was supported by the National Cancer Institute of the

http://www.mdpi.com/2072-6694/12/8/2292/s1


Cancers 2020, 12, 2292 12 of 14

National Institutes of Health under Award Number T32CA009054. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the National Institutes of Health.

References

1. Mirbolouk, M.; Charkhchi, P.; Kianoush, S.; Uddin, S.M.I.; Orimoloye, O.A.; Jaber, R.; Bhatnagar, A.;
Benjamin, E.J.; Hall, M.E.; DeFilippis, A.P.; et al. Prevalence and Distribution of E-Cigarette Use Among U.S.
Adults: Behavioral Risk Factor Surveillance System, 2016. Ann. Intern. Med. 2018, 169, 429–438. [CrossRef]

2. Cullen, K.A.; Gentzke, A.S.; Sawdey, M.D.; Chang, J.T.; Anic, G.M.; Wang, T.W.; Creamer, M.R.; Jamal, A.;
Ambrose, B.K.; King, B.A. e-Cigarette Use Among Youth in the United States, 2019. JAMA 2019, 322,
2095–2103. [CrossRef] [PubMed]

3. U.S. Department of Health and Human Services. E-Cigarette Use among Youth and Young Adults: A Report of
the Surgeon General; Department of Health and Human Services, Centers for Disease Control and Prevention,
National Center for Chronic Disease Prevention and Health Promotion, Office on Smoking and Health:
Atlanta, GA, USA, 2016.

4. National Academies of Sciences, Engineering, and Medicine. Public Health Consequences of e-Cigarettes;
The National Academies Press: Washington, DC, USA, 2018.

5. Orkin, H.S.; Zon, L.I. Hematopoiesis: An evolving paradigm for stem cell biology. Cell 2008, 132, 631–644.
[CrossRef] [PubMed]

6. Manz, G.M.; Boettcher, S. Emergency granulopoiesis. Nat. Rev. Immunol. 2014, 14, 302–314. [CrossRef]
[PubMed]

7. Whitehead, T.P.; Robinson, D.; Allaway, S.L.; Hale, A.C. The effects of cigarette smoking and alcohol
consumption on blood haemoglobin, erythrocytes and leucocytes: A dose related study on male subjects.
Clin. Lab. Haematol. 1995, 17, 131–138. [PubMed]

8. Aitchison, R.; Russell, N. Smoking—A major cause of polycythaemia. J. R. Soc. Med. 1988, 81, 89–91.
[CrossRef] [PubMed]

9. Xie, J.; Broxmeyer, H.E.; Feng, D.; Schweitzer, K.S.; Yi, R.; Cook, T.G.; Chitteti, B.R.; Barwinska, D.;
Traktuev, D.O.; Van Demark, M.J.; et al. Human adipose-derived stem cells ameliorate cigarette smoke-induced
murine myelosuppression via secretion of TSG-6. Stem Cells 2015, 33, 468–478. [CrossRef] [PubMed]

10. Hasselbalch, H.C. Smoking as a contributing factor for development of polycythemia vera and related
neoplasms. Leuk Res. 2015, 39, 1137–1145. [CrossRef]

11. Sørensen, L.A.; Hasselbalch, H.C. Smoking and philadelphia-negative chronic myeloproliferative neoplasms.
Eur. J. Haematol. 2016, 97, 63–69. [CrossRef]

12. Pedersen, K.M.; Bak, M.; Sørensen, A.L.; Zwisler, A.D.; Ellervik, C.; Larsen, M.K.; Hasselbalch, H.C.;
Tolstrup, J.S. Smoking is associated with increased risk of myeloproliferative neoplasms: A general
population-based cohort study. Cancer Med. 2018, 7, 5796–5802. [CrossRef]

13. Leal, A.D.; Thompson, C.A.; Wang, A.H.; Vierkant, R.A.; Habermann, T.M.; Ross, J.A.; Mesa, R.A.; Virnig, B.A.;
Cerhan, J.R. Anthropometric, medical history and lifestyle risk factors for myeloproliferative neoplasms in
the Iowa Women’s Health Study cohort. Int. J. Cancer 2014, 134, 1741–1750. [CrossRef] [PubMed]

14. Baxter, E.J.; Scott, L.M.; Campbell, P.J.; East, C.; Fourouclas, N.; Swanton, S.; Vassiliou, G.S.; Bench, A.J.;
Boyd, E.M.; Curtin, N.; et al. Acquired mutation of the tyrosine kinase JAK2 in human myeloproliferative
disorders. Lancet 2005, 365, 1054–1061. [CrossRef]

15. James, C.; Ugo, V.; Le Couedic, J.P.; Staerk, J.; Delhommeau, F.; Lacout, C.; Garcon, L.; Raslova, H.; Berger, R.;
Bennaceur-Griscelli, A.; et al. A unique clonal JAK2 mutation leading to constitutive signalling causes
polycythaemia vera. Nature 2005, 434, 1144–1148. [CrossRef] [PubMed]

16. Kralovics, R.; Passamonti, F.; Buser, A.S.; Teo, S.S.; Tiedt, R.; Passweg, J.R.; Tichelli, A.; Cazzola, M.; Skoda, R.C.
A gain-of-function mutation of JAK2 in myeloproliferative disorders. N. Engl. J. Med. 2005, 352, 1779–1790.
[CrossRef]

17. Levine, R.L.; Wadleigh, M.; Cools, J.; Ebert, B.L.; Wernig, G.; Huntly, B.J.; Boggon, T.J.; Wlodarska, I.;
Clark, J.J.; Moore, S.; et al. Activating mutation in the tyrosine kinase JAK2 in polycythemia vera,
essential thrombocythemia, and myeloid metaplasia with myelofibrosis. Cancer Cell 2005, 7, 387–397.
[CrossRef]

http://dx.doi.org/10.7326/M17-3440
http://dx.doi.org/10.1001/jama.2019.18387
http://www.ncbi.nlm.nih.gov/pubmed/31688912
http://dx.doi.org/10.1016/j.cell.2008.01.025
http://www.ncbi.nlm.nih.gov/pubmed/18295580
http://dx.doi.org/10.1038/nri3660
http://www.ncbi.nlm.nih.gov/pubmed/24751955
http://www.ncbi.nlm.nih.gov/pubmed/8536415
http://dx.doi.org/10.1177/014107688808100212
http://www.ncbi.nlm.nih.gov/pubmed/3346863
http://dx.doi.org/10.1002/stem.1851
http://www.ncbi.nlm.nih.gov/pubmed/25329668
http://dx.doi.org/10.1016/j.leukres.2015.09.002
http://dx.doi.org/10.1111/ejh.12684
http://dx.doi.org/10.1002/cam4.1815
http://dx.doi.org/10.1002/ijc.28492
http://www.ncbi.nlm.nih.gov/pubmed/24114627
http://dx.doi.org/10.1016/S0140-6736(05)71142-9
http://dx.doi.org/10.1038/nature03546
http://www.ncbi.nlm.nih.gov/pubmed/15793561
http://dx.doi.org/10.1056/NEJMoa051113
http://dx.doi.org/10.1016/j.ccr.2005.03.023


Cancers 2020, 12, 2292 13 of 14

18. Coombs, C.C.; Zehir, A.; Devlin, S.M.; Kishtagari, A.; Syed, A.; Jonsson, P.; Hyman, D.M.; Solit, D.B.;
Robson, M.E.; Baselga, J.; et al. Therapy-Related Clonal Hematopoiesis in Patients with Non-hematologic
Cancers Is Common and Associated with Adverse Clinical Outcomes. Cell Stem Cell 2017, 21, 374–382.e4.
[CrossRef]

19. Zink, F.; Stacey, S.N.; Norddahl, G.L.; Frigge, M.L.; Magnusson, O.T.; Jonsdottir, I.; Thorgeirsson, T.E.;
Sigurdsson, A.; Gudjonsson, S.A.; Gudmundsson, J.; et al. Clonal hematopoiesis, with and without candidate
driver mutations, is common in the elderly. Blood 2017, 130, 742–752. [CrossRef]

20. Jaiswal, S.; Ebert, B.L. Clonal hematopoiesis in human aging and disease. Science 2019, 366. [CrossRef]
21. Logue, J.M.; Sleiman, M.; Montesinos, V.N.; Russell, M.L.; Litter, M.I.; Benowitz, N.L.; Gundel, L.A.;

Destaillats, H. Emissions from Electronic Cigarettes: Assessing Vapers’ Intake of Toxic Compounds,
Secondhand Exposures, and the Associated Health Impacts. Environ. Sci. Technol. 2017, 51, 9271–9279.
[CrossRef]

22. Madison, M.C.; Landers, C.T.; Gu, B.H.; Chang, C.Y.; Tung, H.Y.; You, R.; Hong, M.J.; Baghaei, N.; Song, L.Z.;
Porter, P.; et al. Electronic cigarettes disrupt lung lipid homeostasis and innate immunity independent of
nicotine. J. Clin. Investig. 2019, 129, 4290–4304. [CrossRef]

23. Gilpin, D.F.; McGown, K.A.; Gallagher, K.; Bengoechea, J.; Dumigan, A.; Einarsson, G.; Elborn, J.S.;
Tunney, M.M. Electronic cigarette vapour increases virulence and inflammatory potential of respiratory
pathogens. Respir. Res. 2019, 20, 267. [CrossRef] [PubMed]

24. Terashima, T.; Wiggs, B.; English, D.; Hogg, J.C.; van Eeden, S.F. The effect of cigarette smoking on the bone
marrow. Am. J. Respir. Crit. Care Med. 1997, 155, 1021–1026. [CrossRef] [PubMed]

25. Zhao, J.L.; Rao, D.S.; O’Connell, R.M.; Garcia-Flores, Y.; Baltimore, D. MicroRNA-146a acts as a guardian of
the quality and longevity of hematopoietic stem cells in mice. Elife 2013, 2, e00537. [CrossRef] [PubMed]

26. King, Y.K.; Goodell, M.A. Inflammatory modulation of HSCs: Viewing the HSC as a foundation for the
immune response. Nat. Rev. Immunol. 2011, 11, 685–692. [CrossRef] [PubMed]

27. Mann, M.; Mehta, A.; de Boer, C.G.; Kowalczyk, M.S.; Lee, K.; Haldeman, P.; Rogel, N.; Knecht, A.R.;
Farouq, D.; Regev, A.; et al. Heterogeneous Responses of Hematopoietic Stem Cells to Inflammatory Stimuli
Are Altered with Age. Cell Rep. 2018, 25, 2992–3005.e5. [CrossRef] [PubMed]

28. Stetka, J.; Vyhlidalova, P.; Lanikova, L.; Koralkova, P.; Gursky, J.; Hlusi, A.; Flodr, P.; Hubackova, S.;
Bartek, J.; Hodny, Z.; et al. Addiction to DUSP1 protects JAK2V617F-driven polycythemia vera progenitors
against inflammatory stress and DNA damage, allowing chronic proliferation. Oncogene 2019, 38, 5627–5642.
[CrossRef]

29. Cai, Z.; Kotzin, J.J.; Ramdas, B.; Chen, S.; Nelanuthala, S.; Palam, L.R.; Pandey, R.; Mali, R.S.; Liu, Y.;
Kelley, M.R.; et al. Inhibition of Inflammatory Signaling in Tet2 Mutant Preleukemic Cells Mitigates
Stress-Induced Abnormalities and Clonal Hematopoiesis. Cell Stem Cell 2018, 23, 833–849.e5. [CrossRef]

30. Khaldoyanidi, S.; Sikora, L.; Orlovskaya, I.; Matrosova, V.; Kozlov, V.; Sriramarao, P. Correlation between
nicotine-induced inhibition of hematopoiesis and decreased CD44 expression on bone marrow stromal cells.
Blood 2001, 98, 303–312. [CrossRef]

31. Siggins, R.W.; Hossain, F.; Rehman, T.; Melvan, J.N.; Zhang, P.; Welsh, D.A. Cigarette Smoke Alters the
Hematopoietic Stem Cell Niche. Med. Sci. (Basel) 2014, 2, 37–50. [CrossRef]

32. Barwinska, D.; Oueini, H.; Poirier, C.; Albrecht, M.E.; Bogatcheva, N.V.; Justice, M.J.; Saliba, J.; Schweitzer, K.S.;
Broxmeyer, H.E.; March, K.L.; et al. AMD3100 ameliorates cigarette smoke-induced emphysema-like
manifestations in mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 2018, 315, L382–L386. [CrossRef]

33. Pandit, T.S.; Sikora, L.; Muralidhar, G.; Rao, S.P.; Sriramarao, P. Sustained exposure to nicotine leads to
extramedullary hematopoiesis in the spleen. Stem Cells 2006, 24, 2373–2381. [CrossRef] [PubMed]

34. Takizawa, H.; Fritsch, K.; Kovtonyuk, L.V.; Saito, Y.; Yakkala, C.; Jacobs, K.; Ahuja, A.K.; Lopes, M.;
Hausmann, A.; Hardt, W.D.; et al. Pathogen-Induced TLR4-TRIF Innate Immune Signaling in Hematopoietic
Stem Cells Promotes Proliferation but Reduces Competitive Fitness. Cell Stem Cell 2017, 21, 225–240.e5.
[CrossRef] [PubMed]

35. Essers, M.A.; Offner, S.; Blanco-Bose, W.E.; Waibler, Z.; Kalinke, U.; Duchosal, M.A.; Trumpp, A.
IFNalpha activates dormant haematopoietic stem cells in vivo. Nature 2009, 458, 904–908. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.stem.2017.07.010
http://dx.doi.org/10.1182/blood-2017-02-769869
http://dx.doi.org/10.1126/science.aan4673
http://dx.doi.org/10.1021/acs.est.7b00710
http://dx.doi.org/10.1172/JCI128531
http://dx.doi.org/10.1186/s12931-019-1206-8
http://www.ncbi.nlm.nih.gov/pubmed/31847850
http://dx.doi.org/10.1164/ajrccm.155.3.9116981
http://www.ncbi.nlm.nih.gov/pubmed/9116981
http://dx.doi.org/10.7554/eLife.00537
http://www.ncbi.nlm.nih.gov/pubmed/23705069
http://dx.doi.org/10.1038/nri3062
http://www.ncbi.nlm.nih.gov/pubmed/21904387
http://dx.doi.org/10.1016/j.celrep.2018.11.056
http://www.ncbi.nlm.nih.gov/pubmed/30540934
http://dx.doi.org/10.1038/s41388-019-0813-7
http://dx.doi.org/10.1016/j.stem.2018.10.013
http://dx.doi.org/10.1182/blood.V98.2.303
http://dx.doi.org/10.3390/medsci2010037
http://dx.doi.org/10.1152/ajplung.00185.2018
http://dx.doi.org/10.1634/stemcells.2005-0447
http://www.ncbi.nlm.nih.gov/pubmed/16825610
http://dx.doi.org/10.1016/j.stem.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28736216
http://dx.doi.org/10.1038/nature07815
http://www.ncbi.nlm.nih.gov/pubmed/19212321


Cancers 2020, 12, 2292 14 of 14

36. Pietras, E.M.; Mirantes-Barbeito, C.; Fong, S.; Loeffler, D.; Kovtonyuk, L.V.; Zhang, S.; Lakshminarasimhan, R.;
Chin, C.P.; Techner, J.M.; Will, B.; et al. Chronic interleukin-1 exposure drives haematopoietic stem cells
towards precocious myeloid differentiation at the expense of self-renewal. Nat. Cell Biol. 2016, 18, 607–618.
[CrossRef] [PubMed]

37. Yamashita, M.; Passegué, E. TNF-α Coordinates Hematopoietic Stem Cell Survival and Myeloid Regeneration.
Cell Stem Cell 2019, 25, 357–372.e7. [CrossRef] [PubMed]

38. Matatall, K.A.; Jeong, M.; Chen, S.; Sun, D.; Chen, F.; Mo, Q.; Kimmel, M.; King, K.Y. Chronic Infection
Depletes Hematopoietic Stem Cells through Stress-Induced Terminal Differentiation. Cell Rep. 2016, 17,
2584–2595. [CrossRef]

39. Chen, C.; Liu, Y.; Zheng, P. Mammalian target of rapamycin activation underlies HSC defects in autoimmune
disease and inflammation in mice. J. Clin. Investig. 2010, 120, 4091–4101. [CrossRef]

40. Esplin, B.L.; Shimazu, T.; Welner, R.S.; Garrett, K.P.; Nie, L.; Zhang, Q.; Humphrey, M.B.; Yang, Q.;
Borghesi, L.A.; Kincade, P.W. Chronic exposure to a TLR ligand injures hematopoietic stem cells. J. Immunol.
2011, 186, 5367–5375. [CrossRef]

41. Liu, A.; Wang, Y.; Ding, Y.; Baez, I.; Payne, K.J.; Borghesi, L. Cutting Edge: Hematopoietic Stem Cell Expansion
and Common Lymphoid Progenitor Depletion Require Hematopoietic-Derived, Cell-Autonomous TLR4 in a
Model of Chronic Endotoxin. J. Immunol. 2015, 195, 2524–2528. [CrossRef]

42. Beerman, I.; Bhattacharya, D.; Zandi, S.; Sigvardsson, M.; Weissman, I.L.; Bryder, D.; Rossi, D.J. Functionally
distinct hematopoietic stem cells modulate hematopoietic lineage potential during aging by a mechanism of
clonal expansion. Proc. Natl. Acad. Sci. USA 2010, 107, 5465–5470. [CrossRef]

43. Pang, W.W.; Price, E.A.; Sahoo, D.; Beerman, I.; Maloney, W.J.; Rossi, D.J.; Schrier, S.L.; Weissman, I.L. Human
bone marrow hematopoietic stem cells are increased in frequency and myeloid-biased with age. Proc. Natl.
Acad. Sci. USA 2011, 108, 20012–20017. [CrossRef] [PubMed]

44. Miyashita, L.; Foley, G. E-cigarettes and respiratory health: The latest evidence. J. Physiol. 2020. [CrossRef]
[PubMed]

45. Mullally, A.; Lane, S.W.; Ball, B.; Megerdichian, C.; Okabe, R.; Al-Shahrour, F.; Paktinat, M.; Haydu, J.E.;
Housman, E.; Lord, A.M.; et al. Physiological Jak2V617F expression causes a lethal myeloproliferative
neoplasm with differential effects on hematopoietic stem and progenitor cells. Cancer Cell 2010, 17, 584–596.
[CrossRef] [PubMed]

46. McFarland, D.C.; Shaffer, K.M.; Polizzi, H.; Mascarenhas, J.; Kremyanskaya, M.; Holland, J.;
Hoffman, R. Associations of Physical and Psychologic Symptom Burden in Patients With Philadelphia
Chromosome-Negative Myeloproliferative Neoplasms. Psychosomatics 2018, 59, 472–480. [CrossRef]
[PubMed]

47. Bolton, K.L.; Ptashkin, R.N.; Gao, T.; Braunstein, L.; Devlin, S.M.; Kelly, D.; Patel, M.; Berthon, A.; Syed, A.;
Yabe, M.; et al. Oncologic therapy shapes the fitness landscape of clonal hematopoiesis. bioRxiv 2019, 848739.
[CrossRef]

48. Ko, M.; Bandukwala, H.S.; An, J.; Lamperti, E.D.; Thompson, E.C.; Hastie, R.; Tsangaratou, A.; Rajewsky, K.;
Koralov, S.B.; Rao, A. Ten-Eleven-Translocation 2 (TET2) negatively regulates homeostasis and differentiation
of hematopoietic stem cells in mice. Proc. Natl. Acad. Sci. USA 2011, 108, 14566–14571. [CrossRef]

49. Kleinman, M.T.; Bufalino, C.; Rasmussen, R.; Hyde, D.; Bhalla, D.K.; Mautz, W.J. Toxicity of chemical
components of ambient fine particulate matter (PM 2.5) inhaled by aged rats. J. Appl. Toxicol. 2000, 20,
357–364. [CrossRef]

50. Kleinman, T.M.; Phalen, R.F. Toxicological interactions in the respiratory system after inhalation of ozone
and sulfuric acid aerosol mixtures. Inhal. Toxicol. 2006, 18, 295–303. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ncb3346
http://www.ncbi.nlm.nih.gov/pubmed/27111842
http://dx.doi.org/10.1016/j.stem.2019.05.019
http://www.ncbi.nlm.nih.gov/pubmed/31230859
http://dx.doi.org/10.1016/j.celrep.2016.11.031
http://dx.doi.org/10.1172/JCI43873
http://dx.doi.org/10.4049/jimmunol.1003438
http://dx.doi.org/10.4049/jimmunol.1501231
http://dx.doi.org/10.1073/pnas.1000834107
http://dx.doi.org/10.1073/pnas.1116110108
http://www.ncbi.nlm.nih.gov/pubmed/22123971
http://dx.doi.org/10.1113/JP279526
http://www.ncbi.nlm.nih.gov/pubmed/32495367
http://dx.doi.org/10.1016/j.ccr.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20541703
http://dx.doi.org/10.1016/j.psym.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29506868
http://dx.doi.org/10.1101/848739
http://dx.doi.org/10.1073/pnas.1112317108
http://dx.doi.org/10.1002/1099-1263(200009/10)20:5&lt;357::AID-JAT699&gt;3.0.CO;2-6
http://dx.doi.org/10.1080/08958370500444346
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	E-Cigarette Exposure Does Not Impact Peripheral Blood Counts, Bone Marrow Cellularity, or Mature Cells in the Bone Marrow 
	E-Cigarette Exposure Suppresses Myeloid Progenitor Populations 
	E-Cigarette Exposure Decreases the Number of Bone Marrow HSPCs 
	HSC Function is Unperturbed Following E-Cigarette Smoke Exposure 
	E-Cigarette Exposure Does Not Impair HSC Engraftment in Response to LPS 
	JAK2V617F Mutant Cells Gain an Early Selective Advantage Following E-Cigarette Exposure 

	Discussion 
	Materials and Methods 
	Mice 
	E-Cigarette Exposure in Mice 
	Peripheral Blood Cell Counts 
	Flow Cytometry of Bone Marrow Cell Populations 
	Competitive Bone Marrow Transplant and Peripheral Blood Chimerism 
	Statistical Analysis 

	Conclusions 
	References

