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Abstract
Background: While acute respiratory distress following electronic 
cigarette (e-cig) use has been described, the effects of chronic e-cig use on 
lung health are currently unknown. Acute e-cigarette/vaping product use-
associated lung injury (EVALI) has been highlighted recently in numerous 
cases across the United States. Numerous EVALI case reports highlight 
alterations in alveolar macrophages, justifying investigation of this key 
immune sentinel of the lung in habitual e-cig users. 

Case Presentation: After informed consent, we performed a bronchoscopy 
on a 25 year asymptomatic woman who reported daily e-cig use. To evaluate 
for evidence of abnormal lipid homeostasis, we performed histologic 
and Oil Red O stain evaluation of alveolar macrophages obtained from 
bronchoalveolar lavage fluid. Our analyses demonstrate a prevalence of 
cells with high lipid accumulation in multiple, discrete cytoplasmic foci. 
We found a high lipid laden macrophage index within alveolar macrophages 
isolated from a chronic e-cig user. At the ultrastructural level, we found 
membrane-bound compartments filled with material of various densities 
segregated along curved phase separation lines reminiscent of suspensions 
of immiscible fluids.

Conclusions: We found a unique ultrastructural pattern in alveolar 
macrophages isolated from a chronic e-cig user that is unlike any other 
previously reported in aspiration syndromes and may represent a defining 
diagnostic feature of chronic e-cig use.
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Background
Since entering the market in the United States in 2007, electronic 

cigarettes (e-cigs) have emerged as a popular recreational tool among adults 
and adolescents [1,2]. The starting liquid used in e-cig devices typically 
contains nicotine or THC as well as flavorings and sugar alcohols. In 
addition, polyethylene glycol, propylene glycol, glycerol, vitamin E acetate, 
and medium chain triglycerides are often added to increase the viscosity 
[3]. The rise of e-cigs has come at the helm of a shift from the popularity 
of typical tobacco products. Most e-cig companies market themselves as 
smoking cessation products. Since e-cigs are tobacco and smoke-free they 
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are thought of as healthy, cheaper, sustainable alternative to 
smoking. While there is evidence to support the use of e-cigs 
as alternatives to smoking, their use is not without risks [4]. 
Recently, reports of an acute respiratory syndrome related to 
e-cig use have emerged. In 2019 and 2020, over 2000 cases
of e-cigarette or vaping product use associated lung injury
(EVALI) were reported in the U.S resulting in 57 confirmed
deaths [5]. Despite the development of EVALI, the e-cig
epidemic continues with 10 million adults and 5.2 million
young people in the U.S. reporting current e-cig usage,
including 27.5% of high school students and 10.5% of middle
school students [2,6,7]. While there have been studies aimed
at understanding EVALI, the continued chronic use of e-cigs
in the U.S. indicates a need for studies investigating more
long-term effects. EVALI case reports suggest alterations in
the innate immune system including abnormalities in lung
macrophages [5,8-10]. Alveolar macrophages play a major
role in lipid homeostasis in the lung, which is essential for
adequate gas exchange, maintenance of alveolar epithelial
integrity, and maintenance of innate immune function.
Pulmonary surfactant, a complex mixture of proteins and
lipids, is a component of the airway surface liquid [11]. By
reducing surface tension in the alveoli, surfactant maintains
ventilation-perfusion matching. Impaired metabolism of
surfactant by lung macrophages leads to accumulation of
intracellular lipids as well as deposition of excess lipids in
the alveolar space [12]. EVALI case reports show increased
lipid content in innate immune cells of the lung suggesting
a potential disruption of alveolar lipid homeostasis [13,14].
Here, we describe a novel macrophage phenotype observed
in lung macrophages isolated from bronchoalveolar lavage
(BAL) fluid from a chronic e-cig user.

Case Presentation
This study was approved by the Dartmouth-Hitchcock 

Institutional Review Board (#22781). The subject is a 25 
year old chronic e-cig user who reports use of a 2 to 4 mL 
of e-cig liquid daily for a period of greater than two years. 
She is a former smoker with less than a 10 pack-year history 
of cigarette use and no cigarette use in over 3 years. She 
has used both nicotine-containing and THC-containing 
products. However, she denies use of any THC containing 
products during the 12 months prior to her bronchoscopy 
procedure. The nicotine-containing products she uses do 
not contain vitamin E acetate. She takes no chronic daily 
medications and denies any respiratory symptoms. She has 
no family history of lung disease. Her lung examination was 
normal. Following informed consent, she underwent flexible 
bronchoscopy in 2019 as part of a separate research study 
(Dartmouth Hitchcock IRB study #22781) as previously 
described [15]. Bronchoalveolar lavage (BAL) fluid was 
obtained from tertiary airways via instillation of 20mL of 
sterile saline followed by 10mL of air and repeated for a total 
of 5 times per airway. Alveolar macrophages were isolated 

as previously described [15,16]. Briefly, BAL fluid was 
mixed with magnetic beads bound to CD15, designed to bind 
neutrophils, and run over a magnetic column for neutrophil 
depletion [15]. The pellet was washed twice and resuspended 
in RPMI 1640. Cells were stained with Oil Red O (ORO) 
to assess lipid accumulation [17]. Cellular ultrastructure 
was examined by transmission electron microscopy (TEM). 
A 25 year old female subject who reported no cigarette or 
e-cig use throughout her lifetime was used as a control.
There were no adverse events. To evaluate the lipid content
of alveolar macrophages isolated from a chronic e-cig user,
we performed histologic evaluation using oil red O staining
(ORO). A heterogeneous distribution of ORO stain was seen
across the alveolar macrophage population (Figure 1A).
Some cells showed high accumulation of ORO staining
droplets (arrow) while other cells showed little to no staining
(arrowhead). Cells show ORO positive cytoplasmic droplets
of varying size and varying subcellular localization (Figure
1B). To further quantify the lipid content within alveolar
macrophages, we calculated a lipid-laden macrophage
index (LLMI) from as previously described (17). Alveolar
macrophages with no visible lipid cytoplasmic staining
were scored “0”; macrophages with <50% of the cytoplasm
opacified by lipid were scored “1+”; macrophages with >50%
of the cytoplasm opacified by lipid were scored “2+”. The
LLMI was calculated as follows: LLMI=((%1+ LMs) x 1)
+ ((% 2+ LMs) x 2). We found that alveolar macrophages
isolated from a chronic e-cig user had a LLMI of 172.5,
which is significantly increased compared to the LLMI of 2.3
in a healthy control. To gain further insight into the nature of
these lipid accumulations, alveolar macrophage ultrastructure
was examined by TEM (Figure 2). Alveolar macrophages
from both a healthy non-smoking subject (Panel A) and a
chronic e-cig user (Panels B-F) were approximately 25-30
µm in diameter. In the alveolar macrophages from an e-cig
user, ultrastructural analysis demonstrates heterogenous

A B 

Figure 1: Lung Macrophages from e-Cig Users Stain Positive for 
Oil Red O.

Primary human alveolar macrophages were prepared via cytospin 
and stained for lipid content with Oil Red O (ORO). Heterogeneity 
of ORO staining across the cell population (Panel A) (Magnification 
400 x). Higher magnification of alveolar macrophages (1000 x, 
Panel B) further illustrates both the ORO staining heterogeneity 
between cells and the size of the cytoplasmic organelles staining 
ORO positive.
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lipid material accumulation in membrane bound intracellular 
compartments. We refer to this structure as an e-cig-
associated inclusion body (EIB). The abundance of EIBs is 
heterogeneous across the alveolar macrophage population 
and range in size from 500 nm to nearly 10 µm in diameter. 
EIBs were not observed in alveolar macrophages of the non-
e-cig users. 

Discussion and Conclusions
The long-term effects of habitual e-cig use on pulmonary 

immune cells are unknown. Alveolar macrophages are 
among the first cells in the lung to respond to inhaled foreign 
substances, particles or pathogens. To explore possible 
phenotype alterations to alveolar macrophages in response 
to e-cig use, we examined the cytology and ultrastructure 
of alveolar macrophages from BAL fluid from an e-cig user 
compared to a control subject. We have identified a novel 

cytosolic accumulation of heterogeneous electron density 
which we refer to as an EIB, e-cig-associated inclusion body. 
Alveolar macrophages are the primary phagocytes of the 
innate immune system. Alveolar macrophages also play a 
major role in lipid homeostasis in the lung, which is essential 
for adequate gas exchange, maintenance of alveolar epithelial 
integrity, and maintenance of innate immune function. 
Abnormal lipid accumulation with macrophages has been 
shown to impair phagocytsosis and other functions [18]. 
A murine study of chronic e-cig exposure found aberrant 
lipid accumulation within alveolar macrophages leading to 
increased susceptibility to viral infection [19]. Taken together, 
these studies suggest that abnormal lipid homeostasis in 
alveolar macrophages in response to chronic e-cig use may 
have long term effects on the innate immune response in the 
lung. Historically, cytology-based studies utilizing Oil Red 
O staining have been used to demonstrate the presence of 
lipid-laden macrophages in the lung [5,8,17,20]. There are 
limited ultrastructural studies showing lipid-like cytosolic 
inclusions in alveolar macrophages from BAL fluid. M. 
tuberculosis infection studies [21,22], mineral oil-exposure 
related [23,24] or petroleum aspiration [25] reports come 
closest to describing similar cytosolic organelles; nonetheless 
these structures are clearly not the heterogeneous structures 
we have observed in e-cig users. To our knowledge, this is 
the first report describing alveolar macrophage ultrastructure 
associated with habitual e-cig product use. Most notably, we 
observed a novel pattern of cytosolic accumulation within 
membrane bound compartments with heterogenous electron 
density. This pattern does not resemble any pattern published 
in the prior literature, including EVALI and aspiration 
pneumonia. One hypothesis of the likely composition of 
EIBs is that they are the vaporized derivatives of lipids in 
the e-cig liquid. Future studies should investigate the content 
of lipids withing alveolar macrophages isolated from chronic 
e-cig users to better understand the lipid pathways that are 
disrupted and gain a greater understanding of the potential 
downstream clinical implications of continued e-cig use. 
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Figure 2: Human Alveolar Macrophages from Asymptomatic 
e-Cig Users Contain Novel Inclusion Bodies. Transmission 
electron micrographs of primary alvevolar macrophages collected 
by bronchoalveolar lavage from a healthy control subject (A) 
and a frequent e-cig user (B-D). Common features in alveolar 
macrophages from both subjects were numerous mitochondria, 
translucent vacuoles and cells approximately 25-30 µM in diameter.

A)  Representative image of an alveolar macrophage from a control  
subject.

B)  E-cig alveolar macrophages demonstrating a novel ultrastructural 
feature we refer to as an E-cigarette-associated inclusion body 
(EIB).

C) E-cig user alveolar macrophages with a high abundance of 
inclusion bodies (red box outlines the region selected for higher 
magnification imaging in D).

D)  Higher magnification of the EIB ultrastructure reveals multiple 
regions of varying electron density within the organelle.
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