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Simple Summary: E-cigarettes have gained popularity as alternatives to traditional tobacco products
over the past several decades. Despite being marketed as safer, they still contain several highly toxic
compounds, which pose as dangers to human health. Nicotine is one of those toxic compounds and
is known to have many deleterious effects on human health and disease susceptibility. Hematopoietic
stem cells (HSCs) are the stem cells that give rise to the entire immune system and therefore serve
as a compelling point of interrogation for the source of altered health and disease susceptibility in
exposed individuals. Here we discuss how nicotine influences HSCs and the immune cells they make,
as well as highlight potential mechanisms of altered immunity for life.

Abstract: Hematopoiesis is a tightly regulated process orchestrated by cell-intrinsic and cell-extrinsic
cues. Over the past several decades, much effort has been focused on understanding how these cues
regulate hematopoietic stem cell (HSC) function. Many endogenous key regulators of hematopoiesis
have been identified and extensively characterized. Less is known about the mechanisms of long-
term effects of environmental toxic compounds on hematopoietic stem and progenitor cells (HSPCs)
and their mature immune cell progeny. Research over the past several decades has demonstrated
that tobacco products are extremely toxic and pose huge risks to human health by causing diseases
like cancer, respiratory illnesses, strokes, and more. Recently, electronic cigarettes have been pro-
moted as a safer alternative to traditional tobacco products and have become increasingly popular
among younger generations. Nicotine, the highly toxic compound found in many traditional tobacco
products, is also found in most electronic cigarettes, calling into question their purported “safety”. Al-
though it is known that nicotine is toxic, the pathophysiology of disease in exposed people remains un-
der investigation. One plausible contributor to altered disease susceptibility is altered hematopoiesis
and associated immune dysfunction. In this review, we focus on research that has addressed how
HSCs and mature blood cells respond to nicotine, as well as identify remaining questions.

Keywords: hematopoiesis; hematopoietic stem cells; nicotine; immunity; immune dysfunction; white
blood cells

1. Introduction

An environmental exposure that has become increasingly important in the research
field is exposure to tobacco products. According to the National Institute of Health (NIH),
one-fourth of the U.S. population uses tobacco products [1]. An abundance of evidence has
demonstrated that smoking is highly toxic to human health. Societal use of e-cigarettes has
emerged recently and been marketed as a “safer alternative” to traditional tobacco prod-
ucts. Currently, 10 million adults and over 5 million middle and high school students use
e-cigarettes in the US [2]. Over the last several decades, researchers have demonstrated that
tobacco exposure is not only dangerous to the person using the products, but also to people
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who are exposed second- or even third-hand [3,4]. Tobacco products are highly complex
and made up of several extremely toxic compounds, including hydrogen cyanide, formalde-
hyde, benzene, nicotine, and more [5]. One of the toxic compounds found in almost all
present-day tobacco products is nicotine, a stimulant known for its addictive properties.
The oral lethal dose (LD50) of nicotine in humans is ~0.8-1 mg/kg [6-9]. Nicotine is still
highly prevalent in these so-called safer alternatives, presumably to promote addiction to
the products. Nicotine has been associated with many deleterious health consequences,
including cancer, pulmonary disease, and increased risk of infections [10]. How nicotine
influences immunity in first, second, or third-hand exposed people remains an open area
of investigation. Interestingly, nicotine has been shown to increase inflammation, as well as
white blood cell (WBC) counts [11-16]. WBCs are mature, terminally differentiated cells
that come from hematopoietic stem cells (HSCs), in a process known as hematopoiesis.
WBCs are immune cells with specialized functions, fighting infections and recognizing tu-
mor and diseased cells. Thus, nicotine-induced systemic inflammation and increased WBC
count increases the risk for and exacerbates a wide number of clinical conditions, including
cancer, cardiovascular disorders, atherosclerosis, autoimmune syndromes, allergy, asthma,
and pulmonary disease. The effects that nicotine has on the number and activity of each of
these WBC types remains under investigation. This review focuses on the question: what
lasting impacts does nicotine have on hematopoiesis and life-long immunity?

2. The Hematopoietic Hierarchy

The hematopoietic compartment consists of hematopoietic stem and progenitor cells
(HSPCs) and their mature, terminally differentiated progeny (Figure 1a) [17,18]. Hematopoi-
etic stem cells (HSCs) are fascinating because they possess the ability to self-renew as well as
differentiate into all mature blood and immune cells (Figure 1a). The hematopoietic process
occurs in spatially and temporally distinct waves throughout development, and ultimately
gives rise to the complex immune system that patrol all tissues. During fetal development,
these distinct waves of HSPCs differentially contribute to mature blood and immune cells
across tissues [19-22]. This complex orchestra of immune layering consists of (1) early
developmental, non-self-renewing progenitors that give rise to self-renewing progeny that
persist throughout life with little to no contribution from adult HSCs, and (2) subsequently
developed self-renewing progenitors (HSCs) that give rise to non-self-renewing progeny
that are stably replenished throughout life (Figure 1b). At the interphase of these two
well-established paradigms of hematopoietic development exist at least one population
of developmentally restricted HSCs (drHSCs) that do not normally self-renew, but can be
induced to do so upon transplantation into irradiated hosts [23]. Based on their ability to
give rise to robust numbers of traditional as well as atypical lymphoid cells, the physiologi-
cal role of the drHSCs may be to boost production of lymphoid-mediated immunity that is
needed after birth. It is also possible that drHSCs—or other normally transient progenitor
cells—are induced to persist for longer time periods upon inflammatory stimulus like
nicotine exposure, similar to their induced persistence in an irradiated environment [23,24].
This critical window of perinatal hematopoietic development, with distinct non-persisting
stem and progenitor populations contributing alongside “true”, life-long HSCs to a rapidly
developing and dynamic immune system, poses as a vulnerable point of interrogation for
long-term effects of altered hematopoiesis and immunity in nicotine-exposed individuals.
Persisting alterations in cell function can occur in the absence of genetic mutations [25]; the
likelihood of lasting physiological responses, however, is greater if cellular changes occur in
cells with long half-lives or with self-renewal capacity than in cells with high turnover rates.
Potentially, nicotine alters HSCs (or other fetal progenitors) at the epigenetic level, leading
to altered HSC function and/or lineage output for life. Alternatively, nicotine alters the
numbers and /or epigenetics of mature blood cells, leading to permanently altered immune
function (Figure 1b). Whether and how nicotine exposure alters HSCs or their progeny, or
both, to cause long-term changes in disease susceptibility remains to be determined.
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Figure 1. The hematopoietic hierarchy and sources of potential long-term impacts following nicotine
exposure: (a) Hematopoiesis is the process of generating all mature blood and immune cells from
hematopoietic stem cells (HSCs). This process occurs in a well-defined hierarchy during adult steady-
state hematopoiesis, as depicted in this simplified tree structure. HSCs differentiate into multipotent
progenitors, and then either common myeloid progenitors (CMPs) or common lymphoid progenitors
(CLPs), before terminally differentiating into mature blood and immune cells of either myeloid or
lymphoid classification. HSCs are unique in their ability to both self-renew as well as differentiate
into all of these progenitors and mature cells; (b) During fetal hematopoiesis, distinct waves of
hematopoietic stem and progenitors (HSPCs) exist throughout development and adulthood. Many of
the progenitors that exist during early fetal development are non-self-renewing but can give rise to
self-renewing progeny such as “non-traditional” tissue-resident immune cells. Subsequently and
during adult steady-state, hematopoiesis is sustained by self-renewing progenitors (HSCs) that give
rise to non-self-renewing, short-lived progeny such as “traditional” circulating RBCs and WBCs.
Nicotine exposure may influence life-long immunity by two potential mechanisms: (1) nicotine causes
changes or persistence in HSPCs which results in altered hematopoietic output for life, or (2) nicotine
causes a change in the long-lived immune cells during their establishment which alters immunity
later in life. These mechanisms are not mutually exclusive and a combination of both could lead to
altered hematopoiesis and altered immunity for life. Adapted from Cool and Forsberg, 2019 [20].

3. Regulation of Hematopoietic Homeostasis

The development of this complex immune system relies on intrinsic and extrinsic
cues [26]. Several key regulators of hematopoiesis have been identified and characterized
in detail. Transcription factors such as Runx1, SCL, Gata-2, and C-myb play key roles in the
intrinsic regulation of HSC potential during development [20,27,28]. Additionally, inflam-
matory regulators like interferons, interleukin (IL)-1, IL-6, and TNF« provide HSC-extrinsic
cues to regulate HSC fate choice and function [29-32]. Although we have relatively clear
and convincing research describing how specific intrinsic and extrinsic regulators influence
cell fate choice, many environmental factors that can also significantly impact HSC function
and potential have not been thoroughly investigated. Importantly, the timing and duration
of these exposures can impact hematopoietic development and function either transiently
or for life. While acute exposures can have a transient effect on hematopoiesis, in this
review, we focus on the potential mechanisms of altered hematopoiesis and HSC function
after chronic challenge. As alluded to above, nicotine may alter long-term immunity via
two potential mechanisms: (1) persistent changes in HSCs that then have lasting impacts
on hematopoiesis (and immunity) for life, and/or (2) persistent changes in mature immune
cells (Figure 1b). In this review, we focus on several studies that have investigated the ef-
fects of nicotine on HSCs and WBCs, as well as how nicotine alters inflammatory mediators.
We highlight potential mechanisms of altered hematopoiesis and immunity and identify
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experiments that could help untangle whether these effects are due to changes in HSCs or
changes in their mature progeny.

4. Does Nicotine Alter Hematopoiesis by Direct Action on HSCs?

Tobacco product use is associated with increased WBC counts in peripheral blood
which is a sign of increased systemic inflammation [12-16,33-35]. Specifically, it is known
that nicotine in tobacco products can alter WBC counts in the long-term [11]. However,
the mechanism underlying these changes remains unclear. Additionally, whether tobacco
product use alters counts of non-traditional immune cells in different tissues has not been
investigated. Potentially, there are two plausible mechanisms of altered WBC counts:
(1) nicotine directly affects hematopoietic cells by direct binding to nicotinic receptors
expressed by HSCs and/or their progeny (Figure 2a), or (2) nicotine indirectly affects the
hematopoietic compartment by triggering release of inflammatory-mediating cytokines
from non-hematopoietic cells that then act on HSCs and/or their progeny (Figure 2b). It is
important to note that these potential mechanisms are not mutually exclusive, and that the
effects of nicotine could be a combination of both mechanisms (Figure 2a,b). In this section,
we discuss the evidence for nicotine acting as a nicotinic cholinergic receptor agonist and
directly affecting hematopoiesis via binding to nicotinic acetylcholine receptor (nAChRs)
on hematopoietic cell types.
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Figure 2. Potential mechanisms of altered hematopoiesis and immunity for life following nicotine
exposure: (a) Nicotine directly influences the hematopoietic compartment. Nicotine binds to nicotinic-
acetyl choline receptors (nAChRs) expressed by hematopoietic stem cells or other mature hematopoi-
etic cell types. These cells then undergo molecular changes which lead to proliferation, apoptosis,
differentiation, and/or activation; (b) Nicotine indirectly influences the hematopoietic compartment.
Nicotine binds to nicotinic-acetyl choline receptors (nAChRs) expressed by non-hematopoietic cells.
These cells undergo molecular changes that then lead to release of inflammatory-mediating cytokines.
Cytokines released by the non-hematopoietic cells bind to receptors on hematopoietic cell types.
Hematopoietic cells then undergo molecular changes in response to the cytokines (directly) and
nicotine (indirectly) which leads to proliferation, apoptosis, differentiation, and/or activation.

4.1. Do HSCs Express Nicotinic Acetylcholine Receptors (nAChRs)?

One potential mechanism of altered WBCs after nicotine exposure is that nicotine
directly affects HSCs via nAChRs expressed on their cell membrane. nAChRs are a family
of ligand-gated ion channels. There are 16 homologous subunits identified in mammals,
and these subunits combine to form many different nAChR subtypes. Interestingly, these
subtypes have various expression patterns across tissues, diverse functional properties and
pharmacological characteristics [36,37]. A few groups have provided evidence that HSCs,
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and some of their mature immune cell progeny, express several subunits of the nAChRs
at steady state, and that the expression of other subunits can be induced after exposure
to nicotine [11,38]. Chang et al. reported an increase in both HSC and WBC numbers in
nicotine-exposed mice, and expression of the nAChR alpha 7 subunit (nAChR«&7) in total
bone marrow, as well as on isolated HSCs [11]. They used a combination of flow cytometry
and immunofluorescence imaging to assess nAChR«7 expression on whole bone marrow
(WBM) cells which contain HSPCs and mature cells, as well as on purified HSCs. In this
experiment they used the nAChR«7 ligand Alpha Bungarotoxin (abgt) conjugated to a FITC
fluorophore to determine whether WBM cells or HSCs expressed the receptor on the cell
membrane. Abgt is known to bind with high affinity to the nAChR«7 subunit. Using this
method, they determined that some cells within the WBM fraction and purified HSCs both
displayed the receptor for abgt ligand. Although they demonstrated that WBM and HSCs
had positive staining for the abgt ligand (presumably binding to the nAChR«7 subunit),
it should be noted that this assay did not directly determine the levels of nAChR«7 in
these cells nor did they include a strong positive control (such as brain homogenate [38]) or
negative control (tissue known to not express nAChR«7) to rigorously decipher the relative
expression of nAChR«7. An interesting experiment that would have strengthened their
findings would be to perform the same experiment with HSCs from wild type (WT) mice
and mice lacking nAChR«?7. If they had observed that WT HSCs had positive staining
for the FITC-abgt, but the mutant HSCs did not, this would more unequivocally have
supported their conclusion that HSCs express nAChR«7.

4.2. Do Other Hematopoietic Cells Express nAChRs?

In a separate study, St-Pierre et al. took a different approach to address this same
question: Do hematopoietic cells express nAChRs [38]? They used freshly isolated murine
WBM cells and brain tissue (as a positive control) to perform RT-PCR for the several
different subunits of nAChRs. Using this method, they determined that nAChR«9 and
nAChRB2 mRNAs were expressed by nearly all bone marrow cells, while nAChRo7 was
expressed only in CD34+ progenitors, monocytes, and B cells. They concluded that long-
term HSCs do not actually express the «7 or «9 nAChR subunits, but progenitors and
some mature blood cells do. However, one important thing to note about these findings
is that they were unable to detect these subunits using qRT-PCR as the detection levels
were below threshold at 35 cycles. For this reason, they performed nested RT-PCR instead
and observed that nAChR mRNA expression was highly variable across hematopoietic
populations. Since mRNA expression does not always result in protein expression, they also
investigated whether nicotine could modulate bone marrow-derived myeloid cell numbers
via nAChR«7 and nAChR&9 by performing in vitro and in vivo experiments using WT,
nAChR«7 knockout (KO), and nAChRx9 KO mice. Interestingly, their in vitro and in vivo
experiments provided contradictory results. In vitro, nicotine reduced total numbers of
bone marrow-derived monocytes (BMDMs) in WT mice, but not in the two mutant mice.
However, in their in vivo model, nicotine had a protective effect on BMDMs. It is important
to note that these in vitro and in vivo experiments lacked a nicotine-only control group.
A more convincing and straightforward experiment would have been to do a systematic
side-by-side comparison of the effects on nicotine on BMDMs in vitro and in vivo in all
3 models (WT, nAChR«7 KO, and nAChR«9 KO) with nicotine only versus control.

Overall, the evidence for robust and functional cell surface expression of nAChR
subunits on HSCs and other hematopoietic subsets is not unequivocally convincing. A more
direct and definitive approach to determine this would be to purify various hematopoietic
cell populations from the murine bone marrow, and test expression by flow cytometry
or immunohistochemistry using antibodies specific to each nAChR subunit, with the
corresponding cells from gene deletion models serving as controls. If HSCs and mature
immune cells do in fact express nAChR subunits on the membrane, it could be assumed
that they would directly respond to nicotine, at least in part, via binding of the nAChRs
expressed. Additionally, in vitro exposure of HSCs and/or their mature immune cell
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progeny to nicotine-containing media may provide more concrete evidence as to whether
nicotine can directly affect these cells, and specifically which ones. At present, a more
thorough investigation of the direct effects of nicotine on hematopoietic cell types is needed.

5. Does Nicotine Affect Hematopoiesis via an Altered Inflammatory State?

As an alternative to nicotine affecting hematopoiesis through binding nAChRs on
hematopoietic cells and/or their progeny, nicotine may potentially affect hematopoiesis
indirectly via inflammatory cues (Figure 2). Nicotine is known to induce the release
of several inflammatory-mediating cytokines including TNF«, IL-6, IL-1, and others
which are also known to play important roles in hematopoietic cell development and
homeostasis [32,39-43]. While hematopoietic cells are known to be the source for some of
these inflammatory mediators, other cell types may also contribute to altered inflamma-
tion, including epithelial cells [44]. In this scenario, one might hypothesize that nicotine
acts on non-hematopoietic cells that do express nAChRs, and once the nAChR signaling
cascade is initiated in these cell types, the cells undergo molecular changes to respond
to the stimulus and can send informative cues (cytokines) to neighboring cell types or
into circulation to reach distant tissues and elicit cellular responses [45]. There are sev-
eral cell types that are known to respond directly to nicotine, including muscle cells and
neurons. The vagus nerve is a complex network of neurons that connects the brain with
the rest of the organs in the body. It has been recently demonstrated that the vagus nerve,
in addition to controlling heart rate, stress, and hormone secretion [46], also acts as an
immunomodulator [47]. Coincidentally, acetylcholine is the main neurotransmitter of the
vagus nerve, and controls immune cell function via the nAChR«7 subunit. Nicotine, which
has a similar structure to acetylcholine, potentially binds to nAChRs to activate the release
of inflammatory-mediating cytokines as a form of communication with surrounding organs
(Figure 2). Hematopoietic cells (both HSCs and mature immune cells) are known to express
receptors for many cytokines [29] and, although they may not be able to directly respond
to nicotine, they can therefore undoubtedly respond to many inflammatory cues.

Nicotine leading to an altered inflammatory state has been supported by several
studies [33,38,42,45,48,49]. In rodents, it has been demonstrated that nicotine exposure
increases the release of pro-inflammatory cytokines. Since ~10% of pregnant women
continue smoking during gestation [50], many studies have focused on understanding the
effects of in utero nicotine exposure. Similar to data from adults, nicotine is also able to
induce inflammation in a developing rodent fetus. Mohsenzadeh et al. exposed pregnant
rats to nicotine and measured the serum of their pups after birth to determine concentrations
of several inflammatory-mediating cytokines [40]. They found that hs-CRP, IL-6, and TNF«
were all elevated in the nicotine-exposed pups compared to their control counterparts.
They concluded that in utero nicotine exposure induces a dose-dependent increase in
inflammatory-mediating cytokines. Similarly, Orellana et al. observed significantly elevated
serum levels of IL-1f3 and TNF« in the offspring of nicotine-exposed mice [51]. Additionally,
day 8.5 mouse embryos exposed to nicotine developed abnormalities and showed increased
inflammation by elevated expression of TNF«, IL-1§3, and caspase 3 [52]. Another study
aimed to determine the effects of in utero nicotine exposure found an increased risk for
intrauterine infection and altered inflammatory profile of fetal tissues in rodents [41].
In this study, they measured cytokines from placental tissue and amniotic fluid from
nicotine-exposed pregnant dams. Interestingly, they observed that nicotine exposure did
not significantly increase TNFo in either tissue. IFNy was significantly elevated in placental
tissue, but significantly decreased in the amniotic fluid of nicotine-exposed fetuses. IL-6,
which was unchanged in the nicotine-exposed placental tissues, was significantly increased
in amniotic fluid. They concluded that these altered inflammatory mediators were the
cause of increased infection susceptibility of the fetus of nicotine-exposed dams. It should
be noted that the different outcomes of these studies could be attributed to several factors,
including the mode and amount of exposure to nicotine, analysis of different tissues (fetal
blood versus placenta/amniotic fluid), and time of tissue collection (newborn rats versus
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gestational day 18). These studies also only probed a few cytokines and did not investigate
the underlying mechanism of altered inflammation.

Overall, these studies indicate that the exposure of pregnant females to nicotine can
lead to an altered inflammatory environment during gestation, which may have important
consequences on fetal hematopoiesis [29,53,54]. Moreover, it is yet unknown whether this
is caused directly by nicotine in the fetal environment or by passage of maternal nicotine-
induced inflammatory cytokines to the fetus during development. To understand the
mechanism of altered inflammation in nicotine-exposed pups, it would be necessary to
identify the cells to which nicotine is binding and initiating signaling, and then determining
if those cells are the sole source of cytokines or if they work in concert with other cells
to elicit an immune response. Although we know that nicotine can cross the placenta
and accumulates in the fetal blood and in the breast milk [55-59], it remains unclear
whether these significant fetal and neonatal exposures lead to direct changes in the fetal
hematopoietic compartment. It is also unknown whether nicotine leads to transient or
persisting alterations in developmental hematopoiesis.

6. Conclusions

Persisting alterations to hematopoiesis may serve as a mechanism of disease sus-
ceptibility later in life. Although it is widely agreed that nicotine is extremely toxic, the
mechanism of altered immunity of nicotine-exposed individuals remains a topic of intense
investigation. The emergence of e-cigarettes as alternatives to traditional tobacco products
has prompted a new wave of health concerns and a need for scientific research into the
effects of their toxic components on human health. Nicotine is highly addictive and found
in almost all present-day tobacco products, new and old, and therefore serves as a logical
starting point of investigation of the toxic effects of tobacco product use on human health.
Decades of research have demonstrated that children of smoking mothers have diminished
health [59-61], yet the mechanism of altered disease susceptibility remains unclear. As the
hematopoietic system is the focal point of immunity and health, the effects of nicotine on
hematopoietic cell types warrant further investigation. Nicotine potentially directly affects
hematopoietic cells, including HSCs, via binding their nAChRs. Direct action on HSCs is
consistent with the increase in HSC numbers and detection of nAChR«7 expression on the
surface of HSCs [11]. Alternatively, nicotine may indirectly affect hematopoietic cell types,
by binding nAChRs on other cell types (likely epithelial, neuronal, muscular cells) that
then secrete cytokines to induce inflammation. A third possibility is that nicotine affects
hematopoiesis both directly and indirectly, leading to feedback loops that perpetuate inflam-
mation. In order to advance our understanding of the effects of nicotine on hematopoietic
cell types and immunity, thorough investigation into these possible mechanisms is needed.
Experiments with genetic deletion or gain-of-function models, possibly facilitated by the
many rapidly emerging CRISPR technologies [62,63], should enable unequivocal new re-
sults. Exciting approaches to move the field forward are increasingly feasible. For example,
the effect of nicotine on mature immune cell subsets could be assessed at high resolution
by single-cell RNA sequencing, possibly revealing alterations of activation genes in T cells.
Analogously, ATAC-seq, of bulk or single cells [64,65], could be implemented to test the
hypothesis that fetal and/or adult HSCs have altered functional output in response to
nicotine due to lasting epigenetic changes. The discovery of drHSCs [23] and improved
characterization of non-traditional immune cells [66-69] opens new and intriguing avenues
of exploration. Together with a systematic investigation of the direct and indirect effects of
nicotine on hematopoiesis, these strategies will provide insights needed to understand and
mitigate damage to its exposure.
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