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Abstract

As electronic cigarette (E-cig) use, also known as “vaping”, has rapidly increased in popular-
ity, data regarding potential pathologic effects are recently emerging. Recent associations
between vaping and lung pathology have led to an increased need to scrutinize E-cigs for
adverse health impacts. Our previous work (and others) has associated vaping with
Ca?*-dependent cytotoxicity in cultured human airway epithelial cells. Herein, we develop a
vaped e-liquid pulmonary exposure mouse model to evaluate vaping effects in vivo. Using
this model, we demonstrate lung pathology through the use of preclinical measures, that is,
the lung wet: dry ratio and lung histology/H&E staining. Further, we demonstrate that acute
vaping increases macrophage chemotaxis, which was ascertained using flow cytometry-
based techniques, and inflammatory cytokine production, via Luminex analysis, through a
Ca?*-dependent mechanism. This increase in macrophage activation appears to exacer-
bate pulmonary pathology resulting from microbial infection. Importantly, modulating Ca®*
signaling may present a therapeutic direction for treatment against vaping-associated pul-
monary inflammation.

Introduction

Electronic cigarettes, also known as E-cigs, are electronic devices used to heat a liquid to create
an aerosol that is inhaled, or “vaped”, by the user. The liquids in E-cigs, known as e-liquids,
contain various compounds, which often include propylene glycol (PG), vegetable glycerin
(VG), nicotine and various flavoring agents [1, 2]. With more than 400 E-cig brands available,
E-cigs and e-liquids are available in a wide variety of compositions [3]. This variety of flavors
and the availability of customization have made E-cigs extremely popular among middle and
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high school students as well as young adults [4-6]. Following the increase in E-cig use and
more recently (late 2019 to early 2020) reported cases of E-cig or vaping-associated lung injury
(EVALI) [7], the overall health impacts of these new products have been called into question.
In vitro and in vivo studies have demonstrated the detrimental effects of these products on pul-
monary health [8-11]. Furthermore, a previous assessment of JUUL e-liquids has illustrated
notable signs of cytotoxicity in cultured airway epithelial cells [12]. Studies have also tied
together an observable cytotoxicity after e-liquid exposure with increases in cytoplasmic cal-
cium (Ca®") [12-14]. These earlier studies led us to further investigate the cellular effects of e-
liquids in vivo.

Ca®" concentrations impact almost every cellular process, e.g., protein stability and pro-
grammed cell death [15]. In addition, Ca*" is vital to cell signaling and to regulating inflamma-
tory responses [16]. Multiple Ca** channels and pumps are involved in its tight regulation and
include the non-store-operated calcium (SOC) transient receptor potential (TRP), the SOC
Orail and ER-resident inositol trisphosphate (IP3) channels [15, 17]. Alterations in cellular
signaling pathways such as SOC signaling and the activation of downstream SOC kinases such
as PKCoa lead to alterations in rates of apoptosis and cell proliferation [18].

We previously examined the responses of cultured airway epithelial cells to various e-liq-
uids [12]. Here, we report on a series of experiments further investigating the pulmonary
inflammatory response after exposure to “vaped” e-liquid in an established in vivo model.
Using this exposure model, we questioned first whether acute vaping would recapitulate our
previously published in vitro findings, and whether vaping might “prime” the immune inflam-
matory response and result in a worse prognosis after a microbial challenge, that is, vape pre-
exposure would result in a worse outcome compared to no pre-exposure. For this study, we
utilized our previously published Klebsiella pneumoniae mouse model [19] and evaluated for
severity of disease using several metrics: gross lung morphology and weight, inflammatory
cytokine panels, lung histology/H&E staining and immune cell profiles. At the same time, we
also treated with well-described Ca** receptor antagonists to determine the effects of such
compounds, if any, on inflammatory responses.

Materials and methods
Materials and cells

Klebsiella pneumoniae (BA-1705) was obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). K. pneumoniae cultures were routinely grown for 12-16 h in
Brain Heart Infusion (BHI) broth (37°C). Bacterial numbers were calculated using serial dilu-
tion plating on BHI agar plates.

Unless otherwise noted, all reagents were purchased from either Thermo Fisher Scientific
(Waltham, MA, USA) or Sigma-Aldrich (St. Louis, MO, USA) at the highest level of purity
available. The utilized JUUL e-liquids/ “pods” were purchased locally from retailers in Dur-
ham, NC, USA from November 1, 2019—July 31, 2020. These products were inventoried and
stored at room temperature until used. However, after being vaped using the JUUL E-cig
device, the vaped e-liquid was stored at -20°C. The manufacturer’s label information stated
ingredients include only vegetable glycerin (VG), propylene glycol (PG), nicotine, flavoring
and benzoic acid.

Vape distillate generation and nicotine analysis method

The e-liquid was vaped using a previously described [20] method to produce a vapor distillate.
Briefly, e-liquid vapors were produced using prefilled pods and a JUUL E-cig device connected
to silicon tubing and to the mouthpiece of the E-cig on one end. The other end was placed in
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the lower part of a 50-ml conical tube. The distillate was condensed and collected while sus-
pended above liquid nitrogen inside of a thermal container. The JUUL device was utilized for
periods of up to 5 s with at least 10 s between activations to simulate “puffs”.

The LC-MS analysis of nicotine within the vaped e-liquid samples was performed similarly
as described by Pagano and coworkers [21]. Specifically, nicotine was serially diluted in
LC-MS-grade methanol to the following concentrations: 1.0, 0.5, 0.1 and 0.05 mg/ml. Quino-
line (45.7 yl) was diluted into 1 ml methanol. The diluted quinolone (10 ul) was added per 1
ml of each sample or standard. The vaping sample was diluted 10-fold in methanol. The sam-
ples were submitted to the Mass Spectrometry Laboratory at the Louisiana State University
and Agricultural and Mechanical College (LSU) in Baton Rouge, Louisiana.

The samples were analyzed with an Agilent 5977A mass selective detector (MSD) attached
to an Agilent 7890B gas chromatograph (GC). The system used a 30m DB5-MS Ultra Inert
(Agilent) with a 0.25 mm inner diameter and a 0.25-um film thickness. DB5 column contains
a nonpolar phenyl arylene polymer, virtually equivalent to (5%-phenyl)-methylpolysiloxane.
GC Method: Starting temp: 80°C held for 4 min, increasing at a rate of 6°/min to 300°C, and
then held for 15 min. The injector was run in splitless mode at a temp of 250°C. Carrier gas
was helium at a constant flow rate of 1.5 ml/min. MS Parameters: Transfer temp = 250°C,
source temp = 230°C, quad temp = 150°C, and a solvent delay of 4 min. Nicotine was detected
using the 84.00 m/z (83.70-84.70 m/z) fragment while the quinoline was detected with a 129
m/z (128.70-129.70 m/z) signal. The nicotine eluted at 12.6 min on the GC while the quinoline
eluted at 10.3 min. The nicotine content was determined to be ~2 mg/ml, which is in contrast
to an unvaped e-liquid concentration of 35 mg/ml [22]. Because each JUUL pod (0.7 ml) can
produce ~200 “puffs” (juul.com), a “puft” can be calculated to contain ~125 pg of nicotine.
However, for our studies, we utilized 10 pl (20 pg nicotine) doses of our vaped e-liquid (~2
mg/ml) to attempt to minimize any potential morbidity.

Mice and treatments

Mice (C57-BL/6]) were from Jackson Laboratories (Bar Harbor, MA, USA). Young adult (6-
to 8-week-old male and female) mice were used for all experiments [23]. After delivery, the
mice were allowed to recover from shipping stress for 1 week at the NC Central Univ. Animal
Resource Complex, which is accredited by American Association for Accreditation of Labora-
tory Animal Care. All animal care and use were conducted in accordance with the Guide for
the Care and Use of the Laboratory Animals (National Institutes of Health) and approved by
the NCCU TACUC. Mice were maintained at 25°C and 15% relative humidity with alternating
12-h light /dark periods.

Once acclimated, mice were anesthetized using isoflurane and a SomnoSuite low-flow anes-
thesia system (Kent Scientific Corporation, Torrington, CT, USA). The e-liquid distillate, vehi-
cle control (50:50 (vol/vol) PG/VG) or saline (10 pl) was then delivered dropwise intranasal
(IN) using a micropipette, as has been previously described [24, 25], once daily for 3 days to
each animal in the appropriate treatment group. On the 4™ day, the mice were sedated with an
i.p. injection of ketamine (100 mg/kg) and xylazine (50 mg/kg) and infected IN with a sub-
lethal dose (2 x 10* CFU) of K. pneumoniae suspended in 20 ul 1x phosphate buffered saline
(PBS), as previously described [19]. Body weight and health conditions was monitored daily
per IACUC protocols. Humane endpoints were not used for this study as experimental time
points of completion were chosen before any significant body weight change clinical signs of
disease can be observed. At time points of experimental completion (24 hpi), mice were
humanely euthanized using CO, asphyxiation and cervical dislocation, as per our accepted
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NCCU animal protocol and NCCU Animal Resource Complex housing guidelines and
conditions.

Lung wet/dry ratio

Lungs were immediately removed from euthanized mice (24 hours post infection) and
weighed (wet weight). The lung tissue was then dried in an incubator (65°C) for 24 h and
reweighed (dry weight). The wet/dry ratio was calculated by dividing the wet weight by the dry
weight.

Sample preparation from lungs

Bronchoalveolar lavage (BAL) fluid was obtained as has been previously described [19]. In
brief, mice were euthanized, and a catheter attached to 1-ml syringe was inserted into the tra-
chea. The syringe was then used to deliver 1x PBS, which was gently pipetted up and down 3x
to remove fluid. BAL fluid was then directly utilized for flow studies or clarified via centrifuga-
tion for Luminex analysis. Alternatively, total lung was dissected out, then homogenized in
PBS containing protease inhibitors, clarified via centrifugation and quantified using the Brad-
ford assay.

Luminex analysis

Cytokine panels were assessed using a 10-plex mouse Luminex kit (cat. #SPRCUS1264, MILLI-
PLEX, EMD Millipore, Chicago, IL, USA) and either BAL fluid or clarified whole mouse lung
cell lysates.

Flow cytometry

Cells isolated from BAL were stained with fluorescent-tagged antibodies as per the manufac-
turers’ instructions. CD170 (SiglecF)-FITC, Ly6G-PE, F4/80-AF700, CD11B-APC,
CD11C-Superbright 780 and eBioscience Fixable Viability Dye eFluor 450 were purchased
from Thermo Fisher Sci (eBiosciences). In brief, antibodies were chosen to sort mouse macro-
phages and neutrophils, similar to previously published work [26]. Data acquisition was per-
formed using a 3-color CytoFLEX flow cytometer (Beckman Coulter, FL, USA). The
CytExpert acquisition software (Beckman Coulter) was used to acquire samples while FCS
Express (version 6; DeNovo Software, Pasadena, CA, USA) was then used for the analysis. For
each sample, at least 30,000 events were collected.

Histopathology

At time points of experimental completion, mice were humanely euthanized using an overdose
of CO, or isoflurane. Lungs were inflated with 1 ml of 10% neutral-buffered formalin, removed
and then suspended in 10% formalin for 12 h. Lungs were washed once in PBS and then
immersed in 70% ethanol. Tissues were then embedded in paraffin, and three 5-um sections
(200 um apart per lung) were stained using hematoxylin/eosin (H&E) for examination by the
NCCU Histopathology Core (directed by Dr. X Chen). Histology was scored for damage asso-
ciated with acute lung injury (ALI) using a rubric described by the American Thoracic Society.
In short, 200X magnified H&E-stained sections were evaluated for A) neutrophils in the alveo-
lar space, B) neutrophils in the interstitial space, C) hyaline membranes, D) proteinaceous
debris filling the airspaces and E) alveolar septal thickening, with a score generated using the
equation: ((20xA)+ (14xB)+ (7xC)+ (7xD)+ (2xE)/(number of fields x 100) [27].
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Statistics

Statistical analyses were performed using GraphPad Prism (La Jolla, CA, USA) and Microsoft
Excel analysis. Appropriate statistical tests (Student’s t-test, ANOVA) were determined after
discussion with NCCU biostatistics faculty. Unless otherwise indicated, the results are shown
as the mean + the standard error of the mean (SEM). A value of P<0.05 is considered as statis-
tically significant.

Results

“Vaped” e-liquid exposure results in cytotoxicity and a pro-inflammatory
response

Our previous study investigated the consequences of exposure to resting, or “unvaped”, e-lig-
uids using cultured airway epithelial cells [12]. Those data clearly demonstrated increased pro-
inflammatory responses and cytotoxicity after the e-liquid exposures. Herein, we evaluate e-
liquids after the “vaping” process. To that end, we developed a protocol utilizing commercially
available E-cig devices to aerosolize the e-liquid and then condensed the vapors back into a
“vaped” e-liquid. With this new reagent in hand, we recently assessed its toxicity in vitro [28].
We also performed H&E lung histology and found that the vehicle- and unvaped e-liquid-
treated samples more similar to each other when compared to the vaped-e-liquid-treated tis-
sue, which displayed more marked pathology, that is, alveolar wall thickening and the infiltra-
tion of inflammatory cells into the interstitial space (S1 Fig).

Vape pre-exposure exacerbates K. pneumoniae-induced lung pathology

We next used our acute vape exposure model and infected animals with a published sub-lethal
dose (2 x 10* CFU) of K. pneumoniae, which is a well described model for hospital acquired
infections [29], known to induce early and controlled inflammatory responses post-pulmonary
inoculation [30] and, therefore, ideally suited for modelling pulmonary pathology. The mice
were then monitored post-infection before euthanizing the animals 24 hpi (Fig 1A). Because
of the acute nature of infection, we did not expect to observe clinical disease behavior, though
hunching and lethargy were observed in the infected animals post-vape exposure. After dissec-
tion, the lungs were weighed both wet and after drying and used to calculate the “wet/dry”
ratio [31, 32], with an increase in this ratio being a well-described preclinical metric of acute
lung injury and reflecting severity of lung inflammation. From these observations, it could be
noted that the lungs from the vaped e-liquid pre-exposure followed by bacterial infection mice
had significantly higher wet/dry ratios compared to the vaped vehicle pre-exposure followed
by bacterial infection group (and bacterial infection alone) (Fig 1B). The lung pathology of the
K. pneumoniae-infected only animals also demonstrated a mild inflammatory influx of neutro-
phils within the alveoli, though the majority of airways were unimpeded (Fig 1C). However,
the lungs from animals vaped prior to K. pneumoniae infection demonstrated more significant
inflammatory influx, characterized by monocytic and neutrophilic cells overwhelming within
the alveoli. Acute Lung Injury (ALI) scoring of tissue sections clearly demonstrated significant
disease burden within this group (Fig 1C). BAL fluid was then evaluated for the presence of
inflammatory cytokines by Luminex analysis (Fig 1D). As expected, the innate immune cyto-
kines TNFa, IL-6 and Mip-1a were upregulated in the K. pneumoniae-infected lungs, with the
levels significantly increased within the lungs of the vaped animals. Interestingly, IL-17 levels
were also observably activated in the vaped and K. pneumoniae-infected animals, suggesting a
potential role for other inflammatory cells such as natural killer T cells.
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Fig 1. Vaping exacerbates key clinical metrics of microbial pneumonia. (A) Study design. (B) Lung wet/dry ratio of mice pre-exposed to either vaped
vehicle or e-liquid and then infected with a sub-lethal dose of Klebsiella pneumoniae. n = 4 mice per treatment group. (C) H&E staining (200X
magnification) of lung tissue isolated from vaped vehicle- or vaped e-liquid- treated mice infected with K. pneumoniae. n = 3 mice per group. Arrows
indicate alveoli thickening and neutrophil influx. ALI was evaluated and scored to quantify inflammation within tissue sections using an ATS accepted
rubric [27]. (D) Inflammatory cytokine analysis of BAL fluid from vaped vehicle- or vaped e-liquid- treated mice infected with K. pneumoniae (compared to
the mock control) as performed via Luminex array. Symbols and bars represent the mean + SEM compared to the mock control (* P<0.05, ** P<0.01, ***
P<0.001).

https://doi.org/10.1371/journal.pone.0256166.g001

Role of calcium (Ca**) signaling in vape-primed lung pathophysiology

Based upon our previous in vitro studies investigating the role of Ca** in e-liquid-induced
cytotoxicity and inflammation [12, 14] and our observations of enhanced acute lung pathology
after vaped e-liquid pre-exposure and K. pneumoniae infection in comparison to the vaped
vehicle followed by K. pneumoniae challenge (Fig 1B and 1C), we further queried the potential
of a mechanistic role for Ca** signaling in this pathophysiology. To dissect out this mecha-
nism, selective pharmacology was employed to distinguish between the major channels
involved in Ca>* influx due to tobacco/E-cig exposure, that is, store-operated calcium entry
(SOCE), non-SOCE and the ER-resident inositol trisphosphate (IP;) receptor, which is the
receptor regulating calcium release into the cytosol when activated [33-35]. The respective
compounds used to selectively target these channels were Pyr6, Pyr10 and 2-APB [36, 37].

For this first study, we followed the treatment regime outlined in Fig 1A. However, along
with the vape treatments on days 1-3, the mice also received either Pyr6, Pyr10, 2-APB or no
drug treatment IN (10 pl of a 500 uM stock) 30 min prior to the vape treatment (Fig 2A). The
mice were also not infected with K. pneumoniae. On day 4, the animals were euthanized, and
bronchoalveolar lavage (BAL) fluid was obtained for Luminex (Fig 2B) and flow-based assays
(Figs 2C, 2D, S3A and S3B). From the Luminex data (Fig 2B), it was clear that the animals
receiving either Pyr6, Pyr10 or 2-APB exhibited significantly lower levels of the pro-inflamma-
tory cytokine IL-6 as compared to the mice receiving only the vape exposure. Additionally,
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channel antagonists Pyr6, Pyr10 or 2-APB for 3 days. n = 6 mice per treatment group. After being euthanized, BAL fluid was collected, and (B) a Luminex
cytokine panel including IL-6 and IFN-y was run using the clarified BAL fluid. (C) Cells collected after clarifying the BAL fluid were then analyzed using flow
analysis and (D) tabulated. n = 2-3 flow analyses per group with a representative image (C) for each group shown. IM = SiglecF-/CD11b+ and AM = SiglecF
+/CD11b+. Symbols and bars represent the mean + SEM compared to mock control (* P<0.05, ** P<0.01, **** P<0.0001). AM = alveolar macrophage,

IM = interstitial macrophage.

https://doi.org/10.1371/journal.pone.0256166.9002

IFN-y levels were significantly lower for all treated groups, except for Pyr6 which did trend
lower, compared to the vape-treated control. We complemented these data through the use of
flow cytometry (Fig 2C and 2D), where the BAL interstitial macrophage (IM, F4/80+-
SiglecF-CD11b+) population of the vape-treated mice was markedly higher than the mock
treatment and the 2-APB- and Pyr10-treated groups, which were more similar to the mock-
treated group. In contrast, the Pyr-6 treated group was more similar to the vape-treated mice.
These findings are intriguing because it is currently well-understood that the majority macro-
phage population within the airways, and therefore within BAL fluid, is alveolar macrophages
(AM, F4/80+SiglecF+CD11b+) and not IM [38].

Based upon these observations, we next asked whether similar results would be observed if
the experiments (Fig 2) were repeated with the addition of the K. pneumoniae challenge on
day 4 followed by euthanizing the animals on day 5. As we observed prior vaping to exacerbate
K. pneumoniae-dependent pathology (Fig 1), we evaluated whether this exacerbation was
related to Ca®* signaling. Mice were euthanized 24 hpi, and BAL cells and fluid were harvested
for analysis (Fig 3A). BAL fluid was assessed for inflammatory cytokines, with protein levels
found to be generally increased in vaped vs mock-treated animals (Fig 3B). Interestingly, the
three drug treatments produced differential cytokine activation profiles, with Pyr10 treatment
correlating to diminished cytokine activation compared to the vaped animals. In general, how-
ever, cytokine burdens were decreased in animals administered a Ca** channel inhibitor, as
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Fig 3. Ca®* channel antagonists differentially regulate vape-induced inflammation when the treatments are supplemented with a subsequent 24-h
pathogen challenge. (A) Study design. Mice were simultaneously vaped and treated with the Ca>* channel antagonists Pyr6, Pyr10 or 2-APB, then challenged
with a sub-lethal dose of K. pneumoniae and euthanized for BAL fluid and lung tissue collection. n = 6 mice per treatment group. (B) Clarified BAL was run
using the Luminex cytokine panel. (C) Collected BAL fluid cells were then analyzed via flow and (D) tabulated. IM = SiglecF-/CD11b+ and AM = SiglecF
+/CD11b+. AM = alveolar macrophage, IM = interstitial macrophage, neutrophils = F4/80-/Lys6G+. Symbols and bars represent the mean + SEM compared
to the mock control (* P<0.05).

https://doi.org/10.1371/journal.pone.0256166.g003

compared to the vaped animals (Fig 3B). BAL cells were then identified using flow cytometry
(Figs 3C, 3D, S3A and S3B). Previous studies have indicated that cellular chemotaxis due to
K. pneumoniae infection is neutrophilic. Therefore, we investigated neutrophil populations
within the collected BAL from the vaped animals. Interestingly, neutrophils (F4/80-/Lys6G+)
were upregulated in K. pneumoniae-infected animals (control group) but not in the vaped ani-
mals, except for the Pyr-6 treated group, again, having a different phenotype. In contrast, the
cellularity within the BAL from the vaped animals was observed to be primarily monocytes,
with an increase in F4/80-/ Ly6G- cells. In fact, more IM were observed within the vaped K.
pneumoniae-infected animals compared to AM, though the percentages were small in compar-
ison to the total population collected. Interestingly, the Ca** inhibitor drugs appeared to
increase the populations of both AM and IM within the lung compared to the vaped only
animals.

Discussion

The inhalation of flavored e-liquid vapors (vaping) has significantly increased in popularity in
recent years, yet potential pathologic effects are unclear. Since the introduction of E-cigs, the
question of how they impact pulmonary health has been raised. With this study, we were able
to further expand upon what is currently known about E-cigs and their role in Ca**
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Fig 4. Schematic representation of the major receptor pathways involved in Ca* increases due to E-cig/vape
exposure. The Ca>* channel antagonists Pyr6, Pyr10 and 2-APB were utilized to assess their effectiveness in blocking
and/or reducing vaping-associated inflammation. Pyr10, Pyr6 and 2-APB inhibit Transient Receptor Protein (TRP)
channels, Orail/STIM1 and the inositol trisphosphate receptor (IP3R), respectively. K. pneumoniae infection also elicits
an inflammatory response and is also likely to alter Ca®>* homeostasis. V = Vape.

https://doi.org/10.1371/journal.pone.0256166.9004

mobilization. Using a mouse exposure model, we find that vaping alone leads to mild but
observable pulmonary inflammation (S1 Fig) [28], which is exacerbated when challenged with
a microbial pulmonary infection (Fig 1). Interestingly, this inflammation is clearly related to
Ca®" mobilization, as pre-treatment with various Ca® channel antagonists differentially modu-
lated the vaping-induced inflammatory response (Figs 2, 3). We found through this vape
exposure model that vaped e-liquid potentially interacts with multiple channels, such as TRPC
channels, Orail/STIM1 and IP;R, to impact Ca** signaling (Fig 4). Most of our utilized Ca**
antagonists were able to somewhat reduce inflammatory cytokine production compared to the
positive control. Finally, we observed a general decrease in pulmonary inflammation in the
vape-treated animal groups pretreated with these same Ca>* antagonists (prior to K. pneumo-
niae infection), with a more marked decrease observed with either Pyr10 or 2-APB treatment
(Fig 3). However, differential cytokine activation profiles were observable and clearly more
work will be required to uncover the role of Ca** signaling within the context of our dual vape
exposure and infection model.

Exposure to traditional tobacco smoke is well-documented to trigger a number of inflam-
matory responses in the airways and often leads to ailments such as airway inflammation,
acute lung injury (ALI), acute respiratory distress syndrome (ARDS) and chronic obstructive
pulmonary disease (COPD) [39]. ARDS, in particular, is characterized by acute respiratory
failure that results from pulmonary edema and inflammation [40], and its pathophysiology is
characterized by increases in circulating levels of multiple inflammatory proteins, including
cytokines and chemokines [41, 42]. At the same time, both acute and chronic exposure to ciga-
rette smoke leads to chronic elevations in intracellular Ca** levels, and smoke from other simi-
lar tobacco products, such as E-cigs, is expected to exert similar effects, resulting in pulmonary
disease initiation and progression [34, 35, 43]. Although Ca** has been demonstrated to play a
pivotal role in the development and disease progression of ARDS, little is known about the
mechanisms of Ca**-induced inflammatory lung diseases.

The recent literature suggests previously underappreciated levels of inflammatory effects
and cytotoxicity associated with E-cig use [44-48]. At the same time, vaping renders the user’s
lungs more susceptible to microbial infection/burden and, therefore, to pulmonary disease
[10]. This observation is possibly due to the decreased phagocytic activity of alveolar
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macrophages (AMs), which has also been demonstrated with cigarette smoke exposure [49].
However, a functional gap in knowledge does still exist with regard to the effects of vaping upon
airway inflammation and microbial infection, which possibly involves macrophage activity.

Our results regarding increased IM populations after vape exposure are intriguing alone
(Fig 2). However, when factoring in the effects of a simultaneous Pyr6, Pyr10 or 2-APB treat-
ment with the vape exposure, increased Ca** mobilization becomes a potentially potent mech-
anism controlling the pro-inflammatory lung response after vape exposure. To our
knowledge, there exists a current gap in knowledge surrounding Ca>* signaling (Orai and/or
TRP channel signaling (Fig 4)) and macrophage activation. While the P2X family of Ca®*
channels have been investigated [50], more work must be performed to understand the regula-
tion and function of SOC channels in macrophage phagocytosis and inflammation. Studies
that have been performed have predominantly focused on immune activation in the absence
of various TRP channels [51, 52] however not on the effects of perturbed Ca* signaling upon
deleterious immune activation, as we observed in our studies. A continuation of our studies
(with combined drug exposure or other variation of dosing) will undoubtedly add to this field
of study and aid in the development of novel therapeutic interventions for pulmonary
diseases.

Our Ca®* channel antagonist exposure model also has potential uses for other respiratory
diseases. For example, Ca®" channel blockers are currently employed to treat hypertension and
heart arrhythmias [53, 54]. Thus, these Ca** channel antagonists might find use in the treat-
ment of pulmonary diseases such as COPD, cystic fibrosis or asthma. There is also the poten-
tial that Ca®* channel antagonists might inhibit the inflammation observed in EVALI cases.

In sum, we have used an in vivo vaping model to demonstrate increased levels of macro-
phage chemotaxis and inflammatory cytokines after an acute exposure period. Further, we
now implicate a Ca**-dependent mechanism leading to this pro-inflammatory response and
to immune cell activation. This increase in macrophage activation would likely exacerbate
pneumonia symptoms due to pulmonary microbial infection. These findings indicate E-cig
use has potential effects on pulmonary health and disease outcome.

Supporting information

S1 Fig. An acute in vivo model of vaping indicates cytotoxicity. Mice received either PBS,
vaped PG/VG vehicle, resting e-liquid or vaped e-liquid (10 pl) once daily intranasal (IN) for 3
days and were then euthanized. n = 4 mice per treatment group. H&E staining (200X magnifi-
cation) of sections of lung tissue isolated from mock-, vaped vehicle-, resting e-liquid- or
vaped e-liquid- treated mice. Alveolar wall thickening was particularly observable in the lungs
from the vaped e-liquid-treated mice compared to the mock control. Arrows indicate alveoli
thickening and neutrophil influx.

(PPTX)

S2 Fig. (A) Accompanying FACS plot data for Fig 2. (B) Multiple FACS scatter plot data
frames to accompany Fig 2C. AM = SiglecF+/F4/80+ and IM = SiglecF-/F4/80+.

AM = alveolar macrophage, IM = interstitial macrophage.

(PPTX)

S3 Fig. (A) Accompanying FACS plot data for Fig 3. Includes data for all drug treatment
groups (2-APB, Pyr-6 and Pyr-10) and K. pneumoniae only. (B) Multiple FACS scatter plot
data frames to accompany Fig 3C. MAC = F4/80+ and NEU = LysG+. MAC = macrophage,
NEU = neutrophil.

(PPTX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0256166  August 12, 2021 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256166.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256166.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256166.s003
https://doi.org/10.1371/journal.pone.0256166

PLOS ONE

Vaping exacerbates pneumonia though calcium signaling

Author Contributions

Conceptualization: Rui Zhang, Myles M. Jones, Rob U. Onyenwoke, Vijay Sivaraman.

Data curation: De’Jana Parker, Ronna E. Dornsife.

Formal analysis: Rui Zhang, Myles M. Jones, Rob U. Onyenwoke.

Funding acquisition: Rob U. Onyenwoke.

Investigation: Rui Zhang, Myles M. Jones, De’Jana Parker.

Methodology: Rui Zhang, Myles M. Jones, De’Jana Parker, Nathan Wymer, Vijay Sivaraman.

Project administration: Rob U. Onyenwoke, Vijay Sivaraman.

Resources: Rob U. Onyenwoke, Vijay Sivaraman.

Software: De’Jana Parker, Ronna E. Dornsife.

Supervision: Rob U. Onyenwoke, Vijay Sivaraman.

Validation: Vijay Sivaraman.

Visualization: Myles M. Jones, De’Jana Parker, Ronna E. Dornsife.

Writing - original draft: Rui Zhang, Myles M. Jones.

Writing - review & editing: Rob U. Onyenwoke, Vijay Sivaraman.

References

1.

10.

11.

Phillips B. et al., Toxicity of the main electronic cigarette components, propylene glycol, glycerin, and
nicotine, in Sprague-Dawley rats in a 90-day OECD inhalation study complemented by molecular end-
points. Food Chem Toxicol 109, 315-332 (2017). https://doi.org/10.1016/}.fct.2017.09.001 PMID:
28882640

Callahan-Lyon P., Electronic cigarettes: human health effects. Tobacco Control 23, ii36—ii40 (2014).
https://doi.org/10.1136/tobaccocontrol-2013-051470 PMID: 24732161

Zhu S. H. et al., Four hundred and sixty brands of e-cigarettes and counting: implications for product
regulation. Tob Control 23 Suppl 3, iii3—9 (2014). https://doi.org/10.1136/tobaccocontrol-2014-051670
PMID: 24935895

Sood A. K., Kesic M. J., Hernandez M. L., Electronic cigarettes: One size does not fit all. J Allergy Clin
Immunol 141, 1973—1982 (2018). https://doi.org/10.1016/j.jaci.2018.02.029 PMID: 29522848

Miech R., Johnston L., O’'Malley P. M., Bachman J. G., Patrick M. E., Trends in Adolescent Vaping,
2017-2019. N Engl J Med 381, 1490-1491 (2019). https://doi.org/10.1056/NEJMc1910739 PMID:
31532955

King B. A., Gammon D. G., Marynak K. L., Rogers T., Electronic Cigarette Sales in the United States,
2013-2017. Jama 320, 1379-1380 (2018). https://doi.org/10.1001/jama.2018.10488 PMID: 30285167

Chand H. S., Muthumalage T., Maziak W., Rahman |., Pulmonary Toxicity and the Pathophysiology of
Electronic Cigarette, or Vaping Product, Use Associated Lung Injury. Front Pharmacol 10, 1619
(2019). https://doi.org/10.3389/fphar.2019.01619 PMID: 31992985

Aug A. et al., E-Cigarette Affects the Metabolome of Primary Normal Human Bronchial Epithelial Cells.
PL0oS One 10, e0142053 (2015). https://doi.org/10.1371/journal.pone.0142053 PMID: 26536230

Cervellati F. et al., Comparative effects between electronic and cigarette smoke in human keratinocytes
and epithelial lung cells. Toxicol In Vitro 28, 999-1005 (2014). https://doi.org/10.1016/j.tiv.2014.04.012
PMID: 24809892

Hwang J. H. et al., Electronic cigarette inhalation alters innate immunity and airway cytokines while
increasing the virulence of colonizing bacteria. J Mol Med (Berl) 94, 667—679 (2016). https://doi.org/10.
1007/s00109-016-1378-3 PMID: 26804311

Chun L. F., Moazed F., Calfee C. S., Matthay M. A., Gotts J. E., Pulmonary toxicity of e-cigarettes. Am J
Physiol Lung Cell Mol Physiol 313, L193-L206 (2017). https://doi.org/10.1152/ajplung.00071.2017
PMID: 28522559

PLOS ONE | https://doi.org/10.1371/journal.pone.0256166  August 12, 2021 11/13


https://doi.org/10.1016/j.fct.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/28882640
https://doi.org/10.1136/tobaccocontrol-2013-051470
http://www.ncbi.nlm.nih.gov/pubmed/24732161
https://doi.org/10.1136/tobaccocontrol-2014-051670
http://www.ncbi.nlm.nih.gov/pubmed/24935895
https://doi.org/10.1016/j.jaci.2018.02.029
http://www.ncbi.nlm.nih.gov/pubmed/29522848
https://doi.org/10.1056/NEJMc1910739
http://www.ncbi.nlm.nih.gov/pubmed/31532955
https://doi.org/10.1001/jama.2018.10488
http://www.ncbi.nlm.nih.gov/pubmed/30285167
https://doi.org/10.3389/fphar.2019.01619
http://www.ncbi.nlm.nih.gov/pubmed/31992985
https://doi.org/10.1371/journal.pone.0142053
http://www.ncbi.nlm.nih.gov/pubmed/26536230
https://doi.org/10.1016/j.tiv.2014.04.012
http://www.ncbi.nlm.nih.gov/pubmed/24809892
https://doi.org/10.1007/s00109-016-1378-3
https://doi.org/10.1007/s00109-016-1378-3
http://www.ncbi.nlm.nih.gov/pubmed/26804311
https://doi.org/10.1152/ajplung.00071.2017
http://www.ncbi.nlm.nih.gov/pubmed/28522559
https://doi.org/10.1371/journal.pone.0256166

PLOS ONE

Vaping exacerbates pneumonia though calcium signaling

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zhang R. et al., JUUL e-liquid exposure elicits cytoplasmic Ca(2+) responses and leads to cytotoxicity
in cultured airway epithelial cells. Toxicol Lett 337, 46—56 (2020). https://doi.org/10.1016/j.toxlet.2020.
11.017 PMID: 33253780

Rowell T. R. et al., Flavored e-liquids increase cytoplasmic Ca(2+) levels in airway epithelia. Am J Phy-
siol Lung Cell Mol Physiol 318, L226—-1.241 (2020). https://doi.org/10.1152/ajplung.00123.2019 PMID:
31693394

Ghosh A., Beyazcicek O., Davis E. S., Onyenwoke R. U., Tarran R., Cellular effects of nicotine salt-con-
taining e-liquids. J Appl Toxicol, (2020). https://doi.org/10.1002/jat.4060 PMID: 33034066

Clapham D. E., Calcium signaling. Cell 131, 1047-1058 (2007). https://doi.org/10.1016/j.cell.2007.11.
028 PMID: 18083096

Immler R., Simon S. ., Sperandio M., Calcium signalling and related ion channels in neutrophil recruit-
ment and function. Eur J Clin Invest 48 Suppl 2, 12964 (2018). https://doi.org/10.1111/eci.12964
PMID: 29873837

Nielsen N., Lindemann O., Schwab A., TRP channels and STIM/ORAI proteins: sensors and effectors
of cancer and stroma cell migration. BrJ Pharmacol 171, 5524-5540 (2014). https://doi.org/10.1111/
bph.12721 PMID: 24724725

Mandil R. et al., Protein kinase Calpha and protein kinase Cdelta play opposite roles in the proliferation
and apoptosis of glioma cells. Cancer Res 61, 4612—-4619 (2001). PMID: 11389098

Harris B., McAlister A., Willoughby T., Sivaraman V., Alcohol-dependent pulmonary inflammation: A
role for HMGB-1. Alcohol 80, 45-52 (2019). https://doi.org/10.1016/j.alcohol.2018.09.008 PMID:
30287211

Panitz D., Swamy H., Nehrke K., A C. elegans model of electronic cigarette use: Physiological effects of
e-liquids in nematodes. BMC Pharmacol Toxicol 16, 32 (2015). https://doi.org/10.1186/s40360-015-
0030-0 PMID: 26637209

Pagano T., Bida M. R., Robinson R. J., Laboratory Activity for the Determination of Nicotine in Electronic
Cigarette Liquids using Gas Chromatography-Mass Spectrometry. Journal of Laboratory Chemical
Education 3, 37-43 (2015). PMID: 26478904

Jackler R. K., Ramamurthi D., Nicotine arms race: JUUL and the high-nicotine product market. Tobacco
control 28, 623—628 (2019). https://doi.org/10.1136/tobaccocontrol-2018-054796 PMID: 30733312

Finlay B. L., Darlington R. B., Linked regularities in the development and evolution of mammalian brains.
Science 268, 1578—-1584 (1995). https://doi.org/10.1126/science.7777856 PMID: 7777856

Miyashita L. et al., E-cigarette vapour enhances pneumococcal adherence to airway epithelial cells. Eur
RespirJ 51, (2018). https://doi.org/10.1183/13993003.01592-2017 PMID: 29437942

Gotts J. E., Jordt S. E., McConnell R., Tarran R., What are the respiratory effects of e-cigarettes? BMJ
366, 15275 (2019). https://doi.org/10.1136/bm;.15275 PMID: 31570493

Pechous R. D., Sivaraman V., Price P. A., Stasulli N. M., Goldman W. E., Early host cell targets of Yersi-
nia pestis during primary pneumonic plague. PLoS Pathog 9, e1003679 (2013). https://doi.org/10.
1371/journal.ppat.1003679 PMID: 24098126

Matute-Bello G. et al., An official American Thoracic Society workshop report: features and measure-
ments of experimental acute lung injury in animals. Am J Respir Cell Mol Biol 44, 725-738 (2011).
https://doi.org/10.1165/rcmb.2009-0210ST PMID: 21531958

Sivaraman V., Parker D., Zhang R., Jones M. M., Onyenwoke R. U., Vaping Exacerbates Coronavirus-
Related Pulmonary Infection in a Murine Model. Front Physiol 12, 634839 (2021). https://doi.org/10.
3389/fphys.2021.634839 PMID: 34040540

Lawlor M. S., Hsu J., Rick P. D., Miller V. L., Identification of Klebsiella pneumoniae virulence determi-
nants using an intranasal infection model. Mol Microbiol 58, 1054—1073 (2005). https://doi.org/10.1111/
j.1365-2958.2005.04918.x PMID: 16262790

Willingham S. B. et al., NLRP3 (NALP3, Cryopyrin) facilitates in vivo caspase-1 activation, necrosis,
and HMGBH1 release via inflammasome-dependent and -independent pathways. J Immunol 183,
2008-2015 (2009). https://doi.org/10.4049/jimmunol.0900138 PMID: 19587006

Parker J. C., Townsley M. I., Evaluation of lung injury in rats and mice. American journal of physiology.
Lung cellular and molecular physiology 286, L231-246 (2004). https://doi.org/10.1152/ajplung.00049.
2003 PMID: 14711798

XuT. et al., Acute respiratory distress syndrome induced by avian influenza A (H5N1) virus in mice.
American journal of respiratory and critical care medicine 174, 1011-1017 (2006). https://doi.org/10.
1164/rccm.200511-17510C PMID: 16917113

Parekh A. B., Putney J. W. Jr., Store-operated calcium channels. Physiol Rev 85, 757—-810 (2005).
https://doi.org/10.1152/physrev.00057.2003 PMID: 15788710

PLOS ONE | https://doi.org/10.1371/journal.pone.0256166  August 12, 2021 12/13


https://doi.org/10.1016/j.toxlet.2020.11.017
https://doi.org/10.1016/j.toxlet.2020.11.017
http://www.ncbi.nlm.nih.gov/pubmed/33253780
https://doi.org/10.1152/ajplung.00123.2019
http://www.ncbi.nlm.nih.gov/pubmed/31693394
https://doi.org/10.1002/jat.4060
http://www.ncbi.nlm.nih.gov/pubmed/33034066
https://doi.org/10.1016/j.cell.2007.11.028
https://doi.org/10.1016/j.cell.2007.11.028
http://www.ncbi.nlm.nih.gov/pubmed/18083096
https://doi.org/10.1111/eci.12964
http://www.ncbi.nlm.nih.gov/pubmed/29873837
https://doi.org/10.1111/bph.12721
https://doi.org/10.1111/bph.12721
http://www.ncbi.nlm.nih.gov/pubmed/24724725
http://www.ncbi.nlm.nih.gov/pubmed/11389098
https://doi.org/10.1016/j.alcohol.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30287211
https://doi.org/10.1186/s40360-015-0030-0
https://doi.org/10.1186/s40360-015-0030-0
http://www.ncbi.nlm.nih.gov/pubmed/26637209
http://www.ncbi.nlm.nih.gov/pubmed/26478904
https://doi.org/10.1136/tobaccocontrol-2018-054796
http://www.ncbi.nlm.nih.gov/pubmed/30733312
https://doi.org/10.1126/science.7777856
http://www.ncbi.nlm.nih.gov/pubmed/7777856
https://doi.org/10.1183/13993003.01592-2017
http://www.ncbi.nlm.nih.gov/pubmed/29437942
https://doi.org/10.1136/bmj.l5275
http://www.ncbi.nlm.nih.gov/pubmed/31570493
https://doi.org/10.1371/journal.ppat.1003679
https://doi.org/10.1371/journal.ppat.1003679
http://www.ncbi.nlm.nih.gov/pubmed/24098126
https://doi.org/10.1165/rcmb.2009-0210ST
http://www.ncbi.nlm.nih.gov/pubmed/21531958
https://doi.org/10.3389/fphys.2021.634839
https://doi.org/10.3389/fphys.2021.634839
http://www.ncbi.nlm.nih.gov/pubmed/34040540
https://doi.org/10.1111/j.1365-2958.2005.04918.x
https://doi.org/10.1111/j.1365-2958.2005.04918.x
http://www.ncbi.nlm.nih.gov/pubmed/16262790
https://doi.org/10.4049/jimmunol.0900138
http://www.ncbi.nlm.nih.gov/pubmed/19587006
https://doi.org/10.1152/ajplung.00049.2003
https://doi.org/10.1152/ajplung.00049.2003
http://www.ncbi.nlm.nih.gov/pubmed/14711798
https://doi.org/10.1164/rccm.200511-1751OC
https://doi.org/10.1164/rccm.200511-1751OC
http://www.ncbi.nlm.nih.gov/pubmed/16917113
https://doi.org/10.1152/physrev.00057.2003
http://www.ncbi.nlm.nih.gov/pubmed/15788710
https://doi.org/10.1371/journal.pone.0256166

PLOS ONE

Vaping exacerbates pneumonia though calcium signaling

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rasmussen J. E., Sheridan J. T., Polk W., Davies C. M., Tarran R., Cigarette smoke-induced Ca2+
release leads to cystic fibrosis transmembrane conductance regulator (CFTR) dysfunction. J Biol Chem
289, 7671-7681 (2014). https://doi.org/10.1074/jbc.M113.545137 PMID: 24448802

Sassano M. F., Ghosh A., Tarran R., Tobacco Smoke Constituents Trigger Cytoplasmic Calcium
Release. Appl In Vitro Toxicol 3, 193-198 (2017). https://doi.org/10.1089/aivt.2016.0039 PMID:
28620626

Maruyama T., Kanaji T., Nakade S., Kanno T., Mikoshiba K., 2APB, 2-aminoethoxydiphenyl borate, a
membrane-penetrable modulator of Ins(1,4,5)P3-induced Ca2+ release. J Biochem 122, 498-505
(1997). https://doi.org/10.1093/oxfordjournals.jochem.a021780 PMID: 9348075

Schleifer H. et al., Novel pyrazole compounds for pharmacological discrimination between receptor-
operated and store-operated Ca(2+) entry pathways. BrJ Pharmacol 167, 1712-1722 (2012). https:/
doi.org/10.1111/j.1476-5381.2012.02126.x PMID: 22862290

Schyns J., Bureau F., Marichal T., Lung Interstitial Macrophages: Past, Present, and Future. J Immunol
Res 2018, 5160794 (2018). https://doi.org/10.1155/2018/5160794 PMID: 29854841

Rom O., Avezov K., Aizenbud D., Reznick A. Z., Cigarette smoking and inflammation revisited. Respira-
tory physiology & neurobiology 187, 5-10 (2013). https://doi.org/10.1016/j.resp.2013.01.013 PMID:
23376061

Ware L. B, Matthay M. A., Alveolar fluid clearance is impaired in the majority of patients with acute lung
injury and the acute respiratory distress syndrome. American journal of respiratory and critical care
medicine 163, 1376—1383 (2001). https://doi.org/10.1164/ajrccm.163.6.2004035 PMID: 11371404

Ning Q. M., Sun X. N., Zhao X. K., Role of mechanical stretching and lipopolysaccharide in early apo-
ptosis and IL-8 of alveolar epithelial type Il cells A549. Asian Pacific journal of tropical medicine 5, 638—
644 (2012). https://doi.org/10.1016/S1995-7645(12)60131-X PMID: 22840453

Imai Y. et al., Inflammatory chemical mediators during conventional ventilation and during high fre-
quency oscillatory ventilation. American journal of respiratory and critical care medicine 150, 1550—
1554 (1994). https://doi.org/10.1164/ajrccm.150.6.7952613 PMID: 7952613

Ghosh A., Nethery R. C., Herring A. H., Tarran R., Flavored little cigar smoke induces cytotoxicity and
apoptosis in airway epithelia. Cell death discovery 3, 17019 (2017). https://doi.org/10.1038/
cddiscovery.2017.19 PMID: 28496992

Rowell T. R., Tarran R., Will chronic e-cigarette use cause lung disease? American journal of physiol-
ogy. Lung cellular and molecular physiology 309, L1398-1409 (2015). https://doi.org/10.1152/ajplung.
00272.2015 PMID: 26408554

Ghosh A. et al., Chronic E-Cigarette Exposure Alters the Human Bronchial Epithelial Proteome. Ameri-
can journal of respiratory and critical care medicine 198, 6776 (2018). https://doi.org/10.1164/rccm.
201710-20330C PMID: 29481290

Vlahos R., E-Cigarettes: Inducing Inflammation that Spans Generations. American journal of respiratory
cell and molecular biology 58, 286—287 (2018). https://doi.org/10.1165/rcmb.2017-0306ED PMID:
29493321

Shields P. G. et al., A Review of Pulmonary Toxicity of Electronic Cigarettes in the Context of Smoking:
A Focus on Inflammation. Cancer epidemiology, biomarkers & prevention: a publication of the American
Association for Cancer Research, cosponsored by the American Society of Preventive Oncology 26,
1175-1191 (2017). https://doi.org/10.1158/1055-9965.EPI-17-0358 PMID: 28642230

ArRejaie A. S. et al., Proinflammatory cytokine levels and peri-implant parameters among cigarette
smokers, individuals vaping electronic cigarettes and non-smokers. Journal of periodontology, (2018).
https://doi.org/10.1002/JPER.18-0045 PMID: 30311944

Marti-Lliteras P. et al., Nontypeable Haemophilus influenzae clearance by alveolar macrophages is
impaired by exposure to cigarette smoke. Infection and immunity 77, 4232—-4242 (2009). https://doi.
org/10.1128/1A1.00305-09 PMID: 19620348

DesaiB. N., Leitinger N., Purinergic and calcium signaling in macrophage function and plasticity. Front
Immunol 5, 580 (2014). https://doi.org/10.3389/fimmu.2014.00580 PMID: 25505897

Yamamoto S. et al., TRPM2-mediated Ca2+influx induces chemokine production in monocytes that
aggravates inflammatory neutrophil infiltration. Nature medicine 14, 738747 (2008). https://doi.org/10.
1038/nm1758 PMID: 18542050

Link T. M. et al., TRPV2 has a pivotal role in macrophage particle binding and phagocytosis. Nat Immu-
nol 11, 232-239 (2010). https://doi.org/10.1038/ni.1842 PMID: 20118928

Godfraind T., Calcium channel blockers in cardiovascular pharmacotherapy. J Cardiovasc Pharmacol
Ther 19, 501-515 (2014). https://doi.org/10.1177/1074248414530508 PMID: 24872348

Sueta D., Tabata N., Hokimoto S., Clinical roles of calcium channel blockers in ischemic heart diseases.
Hypertens Res 40, 423—-428 (2017). hitps://doi.org/10.1038/hr.2016.183 PMID: 28123178

PLOS ONE | https://doi.org/10.1371/journal.pone.0256166  August 12, 2021 13/13


https://doi.org/10.1074/jbc.M113.545137
http://www.ncbi.nlm.nih.gov/pubmed/24448802
https://doi.org/10.1089/aivt.2016.0039
http://www.ncbi.nlm.nih.gov/pubmed/28620626
https://doi.org/10.1093/oxfordjournals.jbchem.a021780
http://www.ncbi.nlm.nih.gov/pubmed/9348075
https://doi.org/10.1111/j.1476-5381.2012.02126.x
https://doi.org/10.1111/j.1476-5381.2012.02126.x
http://www.ncbi.nlm.nih.gov/pubmed/22862290
https://doi.org/10.1155/2018/5160794
http://www.ncbi.nlm.nih.gov/pubmed/29854841
https://doi.org/10.1016/j.resp.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23376061
https://doi.org/10.1164/ajrccm.163.6.2004035
http://www.ncbi.nlm.nih.gov/pubmed/11371404
https://doi.org/10.1016/S1995-7645%2812%2960131-X
http://www.ncbi.nlm.nih.gov/pubmed/22840453
https://doi.org/10.1164/ajrccm.150.6.7952613
http://www.ncbi.nlm.nih.gov/pubmed/7952613
https://doi.org/10.1038/cddiscovery.2017.19
https://doi.org/10.1038/cddiscovery.2017.19
http://www.ncbi.nlm.nih.gov/pubmed/28496992
https://doi.org/10.1152/ajplung.00272.2015
https://doi.org/10.1152/ajplung.00272.2015
http://www.ncbi.nlm.nih.gov/pubmed/26408554
https://doi.org/10.1164/rccm.201710-2033OC
https://doi.org/10.1164/rccm.201710-2033OC
http://www.ncbi.nlm.nih.gov/pubmed/29481290
https://doi.org/10.1165/rcmb.2017-0306ED
http://www.ncbi.nlm.nih.gov/pubmed/29493321
https://doi.org/10.1158/1055-9965.EPI-17-0358
http://www.ncbi.nlm.nih.gov/pubmed/28642230
https://doi.org/10.1002/JPER.18-0045
http://www.ncbi.nlm.nih.gov/pubmed/30311944
https://doi.org/10.1128/IAI.00305-09
https://doi.org/10.1128/IAI.00305-09
http://www.ncbi.nlm.nih.gov/pubmed/19620348
https://doi.org/10.3389/fimmu.2014.00580
http://www.ncbi.nlm.nih.gov/pubmed/25505897
https://doi.org/10.1038/nm1758
https://doi.org/10.1038/nm1758
http://www.ncbi.nlm.nih.gov/pubmed/18542050
https://doi.org/10.1038/ni.1842
http://www.ncbi.nlm.nih.gov/pubmed/20118928
https://doi.org/10.1177/1074248414530508
http://www.ncbi.nlm.nih.gov/pubmed/24872348
https://doi.org/10.1038/hr.2016.183
http://www.ncbi.nlm.nih.gov/pubmed/28123178
https://doi.org/10.1371/journal.pone.0256166

