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RESEARCH ARTICLE

E-cigarette exposure triggers distal lung
cell injury, persistent lung stress response,
and antiviral immune suppression

Tammer C. Rivera,' Kelly 5. Sohweitzer’ Chrlsting Cornel |, |ordan Mall," Nlchalas Egersdorf,!
Courtney Moeder," Riley &, Cooney® Eszber K. Viadar,® Steve D. Groshong, ' Gregory P. Dowiney,'®
James P. Brideges,* Rlchard Bowen," Hong Wel Chis' and iring Petr ache'®

Teaartmentof Med cine, Deeson of Pubmon ary and Oebcal Care Medione, Blationad Jlews hHeadth, lemnes, Coloradn
*Penartmet of Medcone, veson of Pulimonaeey Soences and Crbcad Care Medicne, Uneeess iy of Colomado, Desrre
Lo, USA,. "epartm et of Biomedcal S oenoes, Colbrado S tabe Ui iy, ot Colens, Coloracdic, UG,

The methaniurs by whith e-digarette vaping (EV] affects hing health remain undesr, Oustess of EV-
s datied hing injury indicste that £V damapes distal hing parenchym a and incremes sulnes bility to
second-hitinjury, inchiding respirstory visal infections. Using human lung snd othelial o nd epithelial
ielle and piecision-mut hing slices, weinvestigated the medhianisms underbying distsl hing osl injury
el repaic iggened by brief [24-howr]) EV esposume. RMA- sa1 o flung s from gaol den Sydan

tham sters evaluated the persistence of hng shress wspomnes (10 days after Sdays of EVexgrosune]
and e effedt of EV onhost defense sga inat in Phensa & vine and S8R S-CoV-2. BV dismghed

the hanrier funt fion of human dists Ihing cells through JNK stress response signaling, triggensd
sutophagy with bmpained Mux, suppessed mTOR Sgnafing and ool prolifesstion, snd culminated in
apaphesis. Transtriptional esponsesin By-exposed hamster hings revealed penbytent activational
[N shgniafing, sutophag y, barrier d ysfunc tion, tissus remodeling, and impained Thi kmmunity. BY
increzsed SARS-CoV-2 viral busien, d ownregulated antiviral genes (Ifit], kg1, Nfkbi g, and smplified
imit] ative steess and IL-12 signaling. Short-tenrm BV exposiee i geemd stress-induoed distal ki ol
finjiiry it persistent changes in antiviralim munity snd mol eolar pathways ssotated with Sssus
remodefing. That mury inoese susseptibility to vical infettions and contshute to ung diseses.

Introduction

Electramic cigarette {ecigaretie ) vaping (EV) has emerged 25 2 populer abernafive o tobacoosmoking (1, 23
EV poses impariant ris s to lung healsh (3, 4), mostdramatcally reflected in 2 chister of cases of aowe nespi

rabar y fadbure from EV product use—asmociated hng injury (EVALIL (55, which wes attributed % concurrent
EVusewith vitamin E or tetizhyd rocannaibmed or infection with respara oy viruses (5, 6. This sugeesss shas
EV predisposes toa second-hit injury of the distal lung, which may include weakening of she eprthelial and
endihelial lung barriers, therdby indocing acude hung inHammation and edema. Additionally, subfe repet

itive hung barrier dysunction has been implicated in chronie obstructive pulmonary dsease (COFD) (7, B
and pulmanary fibrasis (@, 100, We have shiwn thatbath nicotine-comtaining and nicotine free EV weakens
thie lung endathelial el harrier (1 1) through unknawn mechanisms. EV expasure of primary human smell
airway epithelial cell (h3AEC) cultures and mman precsin-cutlung shices {PCLSs) friggers an exaggerated
inflammatary resporse & vimses, wezkening antiviral signaling (12, 13). EV has béen shown o increase
angirtemns noonverting enzyme 2 (ACE2) levek, partoulashy in male mice (14}, which could increase the
susceptibility @ coranavirus infection. These reparss indicate that EV has deleterioas efiects on the hos
response & subsecquent hits such 25 respiratory viral infections.

Stessinduced signaling pathways, including o Jun Maerminal kinase (IN K}, are arical regulators of
celfular responses to emvironmental insubs ke reactive aoygen species or aldehydes that are present in EV
(11} IMK signaling has been Bnked to inoreased endothelia] and epithelial permeability, impadred repadr,
cell death, auwphagy (15, 16), and inflammation. Akhough ansophagy is a2 prodective mechansm during
stress, dysregulsted autaophagy may camse cell death and barrier dysfunction (17 ) Prior studies implicating
JWE in autaphagy in cigarette smake—opased cells suggest 2 rade in EVindueed lung injury (17,
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Tr better understznd the acute znd dhronic afiecs of EV, most imvestigations nehed. on lebaratory mice,
wvealing increased oddative stess (11, 15}, enphysemadile ng remodeling (19, 20, and ectrapul maonany
firmsis (21 L Further, moststudies of EV inhumen specimens have focused an proscimead 2ineaeas (213, Add ton
al ami mal modeling, aymplemented with studies in Imman distsl hng specimens, is essential for bridging knowd:
e gaps. We study here godden Syrisn hamssters | Memoiur sty because of sher homen resemibling smadl
airway architectune (22} and inHammataony respanses %0 respiratony vinses, incheding severe acate respiratany
synadraime coranavirus 2 (SARSC A Z) (23 ) Hamrsters respand to acate BV espasune by upregul ating airway
eprthehial infla mmetony geneand dsddatiee 5 fness responses 2 4}, rendenng itoptmal & sudy BV effects on lung
bherriers and mespores w0 nfiueres Aovimes [LAV) 2nd 3ARSO002

We show that EV triggers 2 JNE-mediated stress response that impairs distal lung bamrier function
and antophagy, with effecs that pers it even after cessation of EV exposure, manifesting 25 alier ations in
immune and tzue remeedeling pathways that change host responses & acube respiratony viral inkections.

Results

Barrter dvsfunction of endothelal and epihelial vronafapers following EV exposure, Trans-endotheliald epithel izl
electrical res stance (TEER, or TER) measured by electric cellsubstrate impedance senging (ECIS) and
transcellular dextran permeability measured iy Huorimetry were recorded over time following EY addi
tign. In primary human hing microvascular endoshelisd celk (HLMYECS), expasure 9 EV resulted in 2
dise dependemt reduction in barrier function (Figore 1AL When normalimed s hefore exposure, TER
decreazed mmediately following EV concentrations (5 mi, 7.5 mM, and 10 mb} that simmulate casual
vaping in humans, with the 1 mM concentration showing the most prodfound 2nd sustained edfect (Figure
18} EV impaired h3AECKT (25) barrier function in 2 desedependent manner (Figure 1), with con
cenraton of 75 mM and 1 mM showing the greatest effect. In primary h3AECs differentiated into 2
Eeudostratified layer 2t the 2ir-liquid imerface for 3 weels, EVS reduced barrer function, as amesed by
FITC- lebeded dextran trans migration (Figure 1 D), The skrwer kinetics compared with those measwured by
BCIS in the submerged celks likely re fiect differences in amay methodology and sensithity

Awephagy ir oy endothelial and epithelial s flowing EF exposwe, Mext, we derrminel the effect of EVs
. megpa v i stresss inchced andophagy, In HEMYECs, EY exposune increased levels of micnotuiule-ass ociased
prodeina] light chain 33 (LCSE-IT), with a punciate appearance on immunoduonescence imaging, indicating
ataphagasome irmaton (Figure 2, A and B, 2nd Supplemantal Figore 1A supplementad material availainle
amnline with this artide; ttpsy Adodorgd 1 117244 nsight. 19875706 1), and ph2 fssequessosame 1 HSTM )
(Frgure 2, Aand C, and Supplementz] Figure 10}, consestent with ausiphagy without dull 2ussphagohs asomel
degradation. Phespho-nbosomal pratein 56 (phospho-56) wes raduced by EV (Figure 20, indicating sup
pressed mechanistie target of rapammyein (mTOR), consistent with industion of awophagy, EV reduced cell
prodifention, a5 indicated by decreased EdLT staining (Figure ZE) EV inceased coramide levels i plasma
memiranes and perinuclearregions and increesed the cleaved caspase 3 transhoc tion i the muckeus [ Figure 2,
Fand {r}, comssient with 2 pogrotic signaling,

In h3AECIKET, EV increased LOSRI and pA2 SS0ETMI kevels (Figure 3, A-E) and merkedhy
decreased cell prodiferation, measured by BAU (Figwr e 3P EY increased apopios i, &5 indicased by incneased
ceramnde staning at the plasma membrane (Figure 305) and incrased deaved FPARF 1, cell ounding, and
muclear andens ation (Figure 3D Similar responses werne odmer ved i cells exposed i EV juice condensate
(Figure 31} and in humen PCLEs exposed o EV (Figure 3, 1 and K}

JSNE gy mrprever barrier forction and awtapliagy conpple o i E Feagpoead HIEMPECe. T determine
the mechanizsm by which EV triggers indmplete autophagy and barmer dysfunctien, we next inbenrggat
ed the MAPK pathways. In HLMYEC, under condifions of decreased bharrier integrey induced by EV
(7.5 mM}, pretreatment with 2 panJWE inhidor (3P6I2S, 50 phd)y significandy attemated this effect
(Figure 4, A and B}, mdicating that JNE congiutes to barner deruption. Western blotting showed thas
JNE mhibiion significandy reduced EVoinduced LESE and pa2/SCETMI levels (Figure 4, © and D)
Complementary immunodurescence micnoscopy showed that fransformed HLMYECs protreated with
a JMK inhibrtar, compared with vwhicle, had reduced accummulstion of ph2f/505ThM 1 (Figure d, E and
Fp. Covimmmunestining for ph2/S30ETHM ] and the ysosomal marker LAMP] (Figure dF) revealed that
in EXNexposed cells, most ph2 stained puncta did not colocalize with hsosomes (indicating reduced auto
phagatysosomal fusion). While JNK inhiion reduced the sbundance of piZ-stined puncta, it had no
effect on LAMP] st ned hsisome abundance, suggesting that JTNE does not impact hysosomal hiogenss &,

{Clinsight 036 MHEB)=19E75T mttps-f fdolorg 10 1172/ clinsght 19877 z
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Figure L Bamier function of endo thelizl and ep ithelizd monolryen following EV expesure. {Aand €) Aepesemtatye taongs of onetes of trams-endo-
thefiad feprtheiial edar tecal e ictanc e { TER), noem altzed and expessed as fold change versus inrtlad fonior to avpos ue), of primainy fuman lung miorowsou-
ar endo tielal cels (HLMWVEDs. A) and b formed Puman small sy enrtielal cells (RS CH-R T, E) eoposed o EW at the sndcarhed ooncen trarticns

{H) Scattespiot of normateed TER mexoued n HLMYELS evposed to EV for 10 hours. Mean + SEM. symibols are ndvidual mological mobcates, Toay 00-
WA, vt Rl s test (o 628, TR OO (0 Scattesniot of Auces cenee brbens rhy meamumd B astrbrasy wnets (A0 0 e bas clatesad cham ber of
ST -Sabeded devtran i olla) apcaty appbed o apemary ASAEC pseudos batified kayer gaovwm on a Tran senel o aer-Sgu idin terface for 21 days and expo sed
1o B (TS mM) for the indicated tmes_ Means SEM, sym bols ane indeadu 2l Diological ren bcates, T-veay ANOVA ] = 629, 8¢ 0.105). UT umteated

The EVanduced increase in L3RI was significantly redonced by inhibndors of JNK, p38 MAPK, or EREK
MAPK pathways (Figune 40), whereas anly JNK inhinition reduced EV-mduced ph2 A0S TM] accummls
tiam (Figure 40} Thereire, INK signaling &2 crtical mediasor of bath barrier cysfunction and ausphagy
dysregulation, whereas mubtiple MAPK pathways are imodved in EV-#riggered auspha gosome formaton

SN Tl ooy addemrusdes Barrier dygunc o and awdopliagy oo EV expored ASA EC: EVvinduced bammer dsmp-
trn in hSAEC KT was atenuated by 2 pan- JNEK inhibitor (Figure SA4), Confirming that EY induced JTHNE
activation, immunobk#ing and mmunaduorescenos demonstrased ncreased phosphosd MK kevels (Figure 5,
Band C, and Supplemental Figune 1C), The EVitrigeened accummulation of LUSE-I and ph2S ST was
reduced by INE inhibition (Figure 5, B, [ and E}, indicating improved antophagy completion. EV reduced
phus phoeS6, indicative of mTOR inhibdion regardless of JNE inhihition (Figure 5, F and G}, imphring that
JME acts demvns tream awr independenthy of mTOR in regulating the completion of ansophagy

{Clinsight 036 MHEB)=19E75T mttps-f fdolorg 10 1172/ clinsght 19877 3
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exmcesed to £V (TS m, 34 howrs) | B-0Y) Scattespiots of mspechue potein atundanc e mess uned by denshomebry and exo ess ed refabve to wenoubn loaed 2]

oontol Mean+ 5EM. symibols s nduedual ofograd nepiica wnpated st i A e d Fe Q0L A= T " P 000 Lo = 5 """ 00 E-G)
Repes emtartyne bmmunofluces cence mage of oxiis exposed to BV {3m M, 24 hows ) and stained for mucied with DAF §aiue] and for noonpoated fiuoms -

oty laleded EdU igeen El '.':"'=|'I1-D."":E'\:"':"'I Fl. or deavred cas pase-1 smaspetta, Gl UT, werbearbed. Mote that EV-euposed oelis showed deoeased om0 f

enxtion, moreased ceremide Aound an o p edomen sy locaioed pesnu ceariy fsolid aroees B0 enets) andin plas ma mem bane jdas hed anoe i sef), and
noreased cleaned caspase3 abund anoe with admos texcusye nucear iocatzation fsed) - Scale bars: 50 pm

Ty e Livgs. Tor gain further msighs

E'V exponie o f 2
iy repair proces ses and potential kg term consequences of acute BV expasure, hamsters were exposed

W BV aerosals at concentrations shawn do simulate luman exposure (26) viz 5 consecutive daily nasal

nebrulizations, To evaliade persstent pulmonary cfiiecs of 2 relatively bricf BV aeros exposure, anmalk

werne alliwed 2 1ikday recowvery period, with ling fisue harvested on day 15 (Figure d4), Expeciedy,

at the time of hamest, EVeexposed and recow ened hamsters showed no clinical signs of lness, and no
herdy weright changes (Supplemental Figure 240, confirming that the model was nontoode. Histopathobk

v showed no signs of inflammation or fbrogis Supplemental Figure 2, B and C). EVeexpoed animalk

shovwed 2 4-fold increase in pf2 sbundanee in the dgtl lung parenchyma, a2n increage in p2 abundanse
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cilocalizing with CD3]positive endothelial cells lining small pulmanary areries, and 2 significant
increase in ph2 n epithel il cells ining small airways (Figure §, B and O, comsstent with impainsd 2auie

phage Hux, We noded cleaved caspase: 3 presence in EVeexpesed hings, even at 10 days after exposune
(Figure 409, Costaining for T3] and terminal dessoymuclestidy ] drans feras e-mediated dU TP nick end
labeling (TUMEL} revealed that endothelial cells had DA strand breaks at 1 days after EV exposure
(Figure §E). These results suggnest madest but persistent apopts s in dssllungs dllkwing BV expasure

Py oo regrres o havrger Loge S being brief EF exponies. T comprehensvely prodile biae
lagical prodsses, signaling, and d gesse asgociations driven by EV exposure, we perirmed B MAseq of hamester
hungs 2nd anabyred pathway enrichment, EMA s, fiered o lag, #dd change graster than 1 or ke than -1
amnd Flews than 5, revealed abowt 20 upreguleated and about 30 downregulased hing genes, In this anabysis,
while many genes achievad P value significance, far fower met the mare sringent FOR {g) theshaold, likely
ecause of brict, noniic aopdsure fallanved. by recovery, the inhesent variability in f=moripiomic dag, and
the relatively krw mumiber of ammals per group, Fowever, the dbserved nomina] significance of difieremntially
aopressed gones may proy ide biologically meaninghl nformation that will requie further aonnobaration.

Tr validate the results obtzined in human cells, we first interrogased the JNK signaling patineay.
Although this was not the top differential by regulated pathway during the recovery from acoute EY exposurne,
mteractive padhway analysis predicied that BV activates the JMNK sigmaling pathway as a result of (nomi
nally ) significant indrease in expression of the upEieam JN K activators Spag® (TNE- imeracting prateined;
dedirdd; F = 03} and Ade (axin-dnferacting prodein:]; Sdodd; F= L02) (Figure 7, A-C), as well a5 the
dovmsiream JNE mediator o, which was also ncreased 5-dld (F = (L3 In 2dd om0 Junly 2 cene
trall signaling pathway hub linking cellular stress & barrier funchon and autaphagy, anather netaible abiachor
change was the decrease in Dachl {Daclshund hameloeg 1), predicted to impair 2wtapha gy completion (27)
and trigger lung epithelial cell apoprasis, promoting fibross (285, EV decreased Diach [y 50% (= (LIKKFT)
while upregulating Ager {2dvanced ghyeation end product receptary, Eug (endagling, fLIE, Sphd {integrinf ),
and TIxd, which may link EVomducsed INK activation &0 bamrier dysfunction and ausphagy, These resulss
demonstrade crossvalidation between the human cell experiments and the animal model, reinkrcing the
baogical significance of the identified pathways,

We determined which framscrips are most differentially meodified by remage EV exposure in ha meter
lungs. The top A tramscrips that were most increased by prior EW exposune in hamster lungs and that
reached nominal statistical significance (Table 1} inchided genes invedhved in profein degradation such as
~dikisld increase in uhiquitin.conugating enmyme E2 01, innate immune defense {~ 146 d increase in BP1
fold eeneaiming family B member 1), coagulation and inflammeation (such a5 ~13-d0dd increase in due Be
topry, cell adhesion 2nd proliferation {fuch 25 fumor amaciaed caleium signal ramsducer 2 2nd LY&SPLALR
doymain axntaining 2, and sfress response Suma L sentrin peptidase 1, Mudix hydrolase 13, 2and Jun D, The
20 transeripts most decreased by prior EV exposuwre in hamster lungs and that reached nomina] statistical
significance (Table 2) were also gones imobved primarily in protessies s and matrix remadeling, such as
uiriuitin-<oaugating enzyme B2 D], propease, serine 35, and ostapponting, with LR {ubicquitin-like pro
tein Spregistering a s@tstically significant decresse of more than §likddd (F = 4.51 = 107, g = 04}, Ao
dowmreguladed were genes mvolved in mivchondriad function 2nd #he immune response, such a5 galectind,
Cucr2, and Mod2, These findings suggest that EV mmiributes t0 2 pemsient siess respomse and signaling
that impact immune finchion and tssue remodeling.

When examinad by enrichment scores, the top 5 functional catepories of gene pathways impacied by
BV (Figure 71 indluded celluler mavement, illiowed by the cellular asgemily and o ganmation pathway,
suggesting cyies keletal remadeling; cell death and swrvival; cellular development; and cellul ar function and
maimtenance, These patlways ane consstent with EViriggered activation of antophagy, stress-adaptive
survival, and celluler repair mechanisms.

When anahzed using patterns related o bidogical responses or disease associations, pathway
enrichment analysi revealed significant activation of actin cytoskeleton, hepatic fibrosis, and neutro
phil extracelluler trap signaling (Supplemental Figure 3A) a5 well 25 cancer, inflammatory disease, and
cell-mediated immune response (Supplemental Figure 3B) Intercstingly, gene expresion was predom
inantly inhibfed in NET, REOGDT, and Thl pashways, suggesting immune suppression or impained
nflammamr v resolution. Ckher activated pathways were linked ® mebolsm and endocrine regulation,
with nodable enrichment of the P2Y purinergic recepior signaling pathway, given its key rode in airway
infammation, muous hypersecretian, vasenlar reactivity, and pulmanary surkcant homeostass.,

{Clinsight 036 MHEB)=19E75T mttps-f fdolorg 10 1172/ clinsght 19877 &
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Hurman Lunn Microvascular Encochelial Calls
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alotof phl and wnouln 5 shown i D E] Scattesiot of edatve abundance of pa? relatiee to I0AP deter fed oy emmuncfiucesoenoe { 1F] microsoooy and mea-
swed iy [0 bnded automatc smage anadyses, n HULSCs exoosied oW T EmM. M hows) o the presence of W o [ Miesn & 55, Zaway AW, T beys
test{in =3, =Fa 005, =P 007 §F] Repesentate 1= mages of HULECs exposed 1o EV in the presence of wehiche fef or . __ dsghtl mmuncetaned fior
ol M2 T igreenl, bys cesomes JLAMIF, ], amd mucied {IMPL Diue] . Yedow amovws indcate superimpcsed p&l and LAMP staining dreliow] sugeses tng auto-
anagoysome sionevents . Deginad magnrfication =20 UT, urteated
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Higridern EV exposwe alers logt bong resporwes o acule expiraiory vied Difections i enrser Dogs, The
tramscriptional changes in immmune response pathways indicay that EY may modulate host responsess to
respiratory viral infections. We designed the experiments #o address the following fwa questions: does
EV preexposure modify the lung inury response o 3ARSCoVa2; and does EV pré-axposure madidy the
effiect of corviral indsction (with LAV an the ling injury induced by SARS-CoVe2? The goal was not o
evahuate (the afiect of EY on) IAV indweed acute lung injury; rather, TAV served solely ax a sginfection with
BEARS-CaV2, reflecting 2 commian chinical seenaria, Crven dur fods on SARSC o\ 2-madisted infury, we
selected a lteratwres upparied fime paoint correspanding do peak SARSCoV-2 hing injury, 2nd we expased
hameters do daily EV for 5 days, kdkewved by SARSCAZ (3 days Later); or, secuentially, to bath LAY fthe
fllowing dayh and ZARSE-OON2 (3 days later) (Figure 8A). Lungs were harvested an day 7 after 3ARS
CoV- 2 infection (during the injury phase). This experimental design aloenabled us to st the effectod TAYV
pre-infectian dn hast responses & SARS-CoV-2, with or without EV exposure,

T test the effect of EV an upper ainvay virus infectivity, we measured aropharyngeal 3ARS-0O0W-2
viral titers during the first 3 danys eflowing infection (Figure 88 A 3way ANDWVA facoring time, BV
copisure, and [AY infection shomed shat time (F= (00 ) played 2 signilficantrole, and shat EV significant
by increased viral titers of SARS0O0N2 (F = (L0 (Figure 88y, Although TAV infection reduced SARS
CLA2 titers, this did not reach statistical significance in ths anahss (F= (L 13) As expected, at T dags
after 5ARS00VW.2, ammak had significant weight loss that was more pronsunced in malke animak (Sup-
plement] Fymre 2B EV preexposure significantly (7 = (L0} warsenad weight ks in female animak
miected with SARSOIW-2 (Figure 50), while males preexposed fo EV had les wetght lass (7« (LIKH )
(Figure B0} A Joway ANIAA facoring EV exposure, AV coinfaction, and sex showed that LAV and sex
had 2 significant impact on SA RS- OLA 2-induced weight ks (F= 000y, with LAV attermating 2nd male
sex accentuating the SARS OV 2-mduwed weight kiss, 2nd that EV significamly ineracted with these 2
variables (F= (L006), modifying their effect on weight ks (Supplemental Figure 28),

Analysis of bronchoalveodar lavage Huid inflammatory cells revealed that SARS-CoV-2 signih
cantly decreased the shundance of macraphages and increased that of lymphocytes, newtmophik, and
eosinaphils (Figure 8, -1}, EV preexposure decreased macrophage (= (01} and increased hym
phocyte (F = [Lild) abundance anly in female animals coinfected with TAY and 3ARS-Cot-2 (Figune
B E and {3} A Foway ANOVA factoring EY exposure, sex, and LAV coinfechion showed 2 significant
effect of LAV on (increasing ) lymphacyte predominance and {decreas ingh neutraphil predaminance in
respanse o SARSLCOA2 (P = (L05 for each) (Supplemental Figure 2, [ and B}, aonsistent with inter
ference, and confirmed significant mteraction of EV with sex 2nd with sex and [AV an macrophage
abundance (=< (LO5 dr each) (Supple mental Figure 20).

Hixdogical analysis was consistent with ncreased inflammatory inury induced by 3ARS-Col2
in comparizaen with uninfected lungs, regardles of EV expoasure (Figure 8, Jand K} A Savay ANDVA
fewring EV exposune, sex, and LAV coinfection shewed only 2 trend of impact of EV (F = (L) and sex
(= (10T} an hung injury induced by 3ARS CoV-2 (Supplementz] Figure 2{3).

[wverall, these resuls show that remote shorsterm exposure to EY is sufficient i abter the susceptihil
iy o mes piratory indection with SARS-CoV 2, a5 evidenced by increased viral titers and (sex-dimanphic
wetnht ks, Flowever, these changes wene insufhicient s abter lung inflammation and injury in response to
FARSCoV 2, (ur deta also indicate that 3 dans of pre-mndection with LAV was sufficient to intenfiene with
BARS-CaV.2 infection, reducing s infectivity and i% detrimental effect on weight ks, preventing the
devrease in, and @ven increaging, macraphage abundanse, incrsasing lymphoctes, and decreasing aosing
phils, EV was synergistc with LAV in #s effects on body weight and macrophage and ymphacyte inflam
maticin in Eemalkes, suggesting it may share mechansfc features of viral inferderence.

EV experure changes rranorpiowme responses o repiciory wral inecione. To gain nsight into petential
mechanisms underlying anfiviral host responses friggered by EY, the ranscripomic prodiles of hings
pre-expased to EV and then indected with SARS-CoV-2 were compared with those of animals infected
trut unexpased to EV, Several significant effects were noted (Table 3, inchuding EW increases in Muop 13
Gefokl; F= 9.0 = 107, g = (LN}, Murplf2 (3dokl; P = 000001, g = 0035), and cseoponion (Sppl; 2-fold;
F= L0, g = (L05) that, coupled with dewmregulation of TTop I and Forod, suggested that EV enhances
lung tmue remerdeling &dkwing vims imdection, Downregulation of cifal 15 esental for cyochrome
coxidase by 3%, F=42 =% 14, g= 3,87 = 10 '% and for critical components of the clectron franspont
dhain, indicating significamt ehedts on mitachandrial responses & viral infection., EVopre-exposed hngs
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Figure 5. Raole of JNK in EV-induced human bung smali 2i neay epithdial aatophagy. (4] Azpesertate tacngs of wnetes of TER normal ced amd
eapessed & fold change wersus initiad measummentin ASA501-% T eopos ed to EV{S or ¥5 mi) in the pesence of P __ {SPE0M IS, 50 pb] oreehicle
{500 JB-E) Repressmtatvne Wes tern Diots {B) and respec tye denstometses of phospho-J K €1 LE3B-11{D), and &2 JE) redatve tofi-ac tn {as loadng
contol] i RS AS0-K T ewposad to EV {5 or 7.5 mM, 24 hous) in the pesenceof N2 (SPSOM IS 20 p M) or veficle F and ) Represemtatene Weshern biots
{F] aind m=s pectve dens iometries of phosp ho-56 iG] edative to fl-actn. €~ and G Mean + S28. symbols are indeid wad bio bgcal replicates (0= 3 ineach
T-vaey AANOAD, Tuloey's test =P OOS, " F < Q01 " P 00m, =8 .00 UT unteated
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Figure &. Pamistent effects of brief EVexposum on distal lung autoph gy in goilden Syrian hamstes. (A) Schemate of svpesmental design depctng
iy £ eupomu me wa nhadartion for 5 comseoute dayes, foliowned oy em ol Toom evposwee for 10 days and harestat day 15 §B) Henreserrtatane smmu-
nofluc mscen oz mages of Ev-ewposed hamster ung paenc yma staened formuched | DOP, Due), artonnaey manes pa2 S 0ETM1 igreen), and endothela
el marier (03 fred) dscale harsze: 100 pm; et S magafication] . €] Res pectve scattemiots of atundance of paldin the parenchyma, incuding
erdothebal pad-C031 e cofocalration (P00 soores, e vascular endothefum, and i the amway eorthelum. =P« 005, *°F .« 0.0, Pand E] Aepresen-
tartere smimunofluces cence mages of EV-enpos ed hams ter lung parendyma s tan ed for nuces §IGP, Bue) and ceased cas pase-3 fed, yelow amows)
=110 magnification. ) cr D48 s band breadmadioer TUN EL igeen, yelow amows ) and endothelial cedl masiers CIET drad], 00 magndfication JE). hote the
oo alzation of TUMEL A0031 n EV-exposed ung pamn oiyma §magenta anrowneads). A5 a posrtsne ©omhod, lung s bdes were treatad with Didase

respondied to BARS-CaV.2 with significantly increased newrtin (NEN T, d-dold; F= 926 = 10 '..._' = [LiF33},
a proeangiogenis medecule with neursendacr ine signaling efiects, and decreased TMEF regulated nuckear
prodein 1 TRNFEL by 80%; F= 2.7 = 10N, an mhibstor of cell prodieration. Pathway anabysis showed

that lungs preexposed & EV exhibited decreased phagosome frmation, decreased immune cell death,

and enhanced WETosis, TL-12 signaling, muscle cell death, and vascular lesion Ermetn in response

0 HARS- oW 1zl Figure 4A) When EYV preceded both LAYV and SARS-CaW-2

2 infection (Supplemer

n of genes

similar patterns of gene expresion werne giserved, with EVeexposed Iungs shemving upregulatio
aritical for actracellular matric inte grity and dewnregulation of genes imaolved in energy production and
nrodein synthesis (Table 4.

FPathway anahses indicated activation of fibris s and actin cytoskeletal reorgan mation (Supplementany
Figure 44 ) and depwmnegulation of antiviral genes and innate immmune réesponses, 25 well a5 those invobwed

N Immune récmitm and resohution (Supplemental Figore A8}, Signaling by TL-12, 2 2entral Thl immmune
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[Figure 7. in teractie ty map of N s gnaling induced by brief distan t EV exposure in hamsber lungs. (A-€) Fesistent £V effects on NE-anchoned 5ignal-
g patterays bnboad to endothetial bamier functon (A eothelial baster function (B, andced aurtonhagy €1 Mofenules thatarne prediched or messured as
acterated ane shown in oange or e, respec taedy jwith indicabed log, fold changes]. and thos e that are prediched or msas uned to be Enhired e s hown

n e or green, respectyeiy Mote predcted N actvabion by ups team reguiators {eg. SPAGS, Fiocs, A0W), and dovwn stream actraton of junll and A1
and of o inflammatoy mediatos such as ILTE. 0k = predhched to devie 201D phaay o eprtheiial and endothebal oels thnough patwways nuohieng TUHS
and EMNG, negpectwedy junll actaaticn {ed), wihich promotes auhophagy wa tans origbonal actation of ITGBL and A0GER, shouwid lead to m TOR upegu -
tion and swbsequent autophaey egulation through BECN . Hovweyner, dovwrs team m TOR tagets ane not incessed, suggesting s actwity s suppressed
LGER! TURS sgnaing deves eprthetial aurtop ey, wherneas E4G sgnaling mediates endothelal autonnaey {0 ot plot g@on andsummany table showng
the Fvaiued s tebu ton o pattweays woived B0 ool and molieou b function and the comes pondng numaier of moleouies mobved
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Tabie 1. Top 20 upregula ted genes in hamster lung foll owing EV exposure

Gane
Ubeln
Tastd2
Bpiftn
F2
SH2d2
Senpl
Hudtid
lqck
Memd
GasZH
Lhm

Enppi

Ubsls
Caonhd
CandZ
Famtdd a?
Jund
Lypdd
ChatX

Log, fold
changs
4363

422
855
am
162
3452

2304
2035
24894
2828
2404

LT
2603
28]
gy
2Ef
a4z
Zal
x3m
2383

Pwalue Full name and func ion
000462 Ui itin- son ju gating Enzyme E2 O invabled in pratesin ubiqui tinst on and desadation
0.00049 Turriar-aeso¢ ixted ¢ slciom <ignal transdueer 2: invabsed in cell ad hesion and cancer progressian
AT "B lakd oon taining family B rrember§; lipid -hinding probein o ke d in innatemmonity
00t Caagula tian fac tar 1 {tissue Factar): initistes hlood coagulation and promotes in flamimation
HIE o SIFT2 dammain- con aining pim tein 2 f2ins tians in vesicde trafficking and membrane fusion
0.0 SUMO fsen trin pep tid 2se 1 regulates de-SUMOylation and protein stess e panse
014035 M el e hydrotose 130 invilved-in i leatid e metabe lim snd t.ﬂﬁrﬁﬂ Tedpon e
10103 10 mmetif camtaining ¥ put atiee egulatarof caltium signaling patheays
00205  Minichmmasome maint enance comples component 9 escentialfor DNA mplic ation and g enome tahiliy
.{ea Goroarth amest spesci fic 2 lile 1: optos belet sl protein imeakoed in actin s tabilizatian
004 Cmatine kinae muscle: keyenrymein ene gy metsholim and ATE regen eration
a.0iz8 B ton ue beatid ey ph os phatase phas ph odies terase 1: e ulates exbrace] lular nudheo tide
) I & and miineal iza tian
DR Zime finger protein 365 insoked in BGHA iepairand genomic stability
Q.E9 Libi qui tin- con jug ating enzyme EX 5: tagets pateins for degrad ation duding cell 2y le progres<ian
0.0 Calcizim channel vattad edependent B, ibunit. mgulsbed caleium influzin signaling pathaays
f.arai Cullin-associa ted W EDDE -dissoc isted protein 2 implic ated in musdecantaction and signaling pathways
aan7 Famiky with sequencesimilasty 199 member A2 membiane protein loked 1 signaltansduction
0.00033 Junl n mto-ancogene :campanent of the AP transcdption factar. wegulat es stress and iinflammiatian
LTI LYE/PLALIR damain l::l'rl:ﬂ'ﬁg L invhesd in celular sdhesian and :g_nﬂg
0.0 Carbohydrate sulfot mnsfemse 2: regul ates g hrasylation and BCM remad eling

cydokine that stimmilstes IFN production and TL-23 and suppresses ThlT oell res ponses, was ncreased by
EV indouibdy indected lungs (Supplemental Figure d, Cand ). Thesechanges suggest that EV exposunes ane
Evorrail e for viral persistence and may promote chronic inflammation in respomnse &0 viral infections.

[ AN pregdnfection abered transcriptional responses to SARSCA-2 infection, enhancing pulme
nary and hepatic hbross pathways (Supplemental Figure 5A), increasing sstrogen rece par signaling
(Bupplement] Figure 5, A and [, and suppressing interferdgn signaling (Supplemental Figure 5, B
and ) and cell proliferation while increasing DMA damage and inhiviting cordnawvims pathogeness
pethways (Supplemental Figure SHp

Discussion
These results indicate that even short4erm EV exposure has detrimental effects an lung health, with EVs
petentizdhy directly injuring distal hung cells, triggering a stress response that decreases the barmier functon
of small 2wy epithelial and ing microvas cular endathelial cells, and keading & incomplete cell nepair
via sineg-autaphagy that may culminate in apogtoss. This stress response persists for at least 1ihdays after
showtterm EV exposures, with transcripiomic changes that predict decreased immune defemses agains
respiratory viruses, and notable alberations in proteostasis and tesue remodeling that might herald the
develapment of chromie hing d s eases folkwing habual BV use

The pulmenary ansacquences of vaping ramain 2n imparznt public hekh soncern marked by importnt
Inerwded ge gams and the msdancephon that EV & 2 sadera Fernasive to cigarette s making. By focusing on thed s
il hung, dour study addesses unme neads (29, complementing knowdedge of the harmiul effasts of EV on the
proscimial adrwanys (30320 or on specthic ool papulations (335 By wing 2 populer commeraal EV product and
itegrating sudies of human distz] hing structural cells with those in khoratory animals thatshere disa] lung
anatamry and immune responses & respiradony virs infechion with humens, owr study has dinical relevance
Flrwever, wedid not dissect potentially disanct (1], 12, 34-36) nicotne-dependent versus nicetineg independ e
odiecsts, on these of varioas Hawvorings, and, owing to BEL-3 wegulations at the time of #he study, we rebied on
armagilizing EY drom condensate, which laclks shortd ved voldatile compounds,

Acute EV exposure of human lung endoshelial and epithelial cellk disruped the distal lung structural
cell barrier function, therdhy weakening lung defenses and promoting infla mmation, a proces pertinent
iy the development of several chranye ung diseases, nchiding OOPD and lung fibrass, which are alzo

{Clinsight 036 MHEB)=19E75T mttps-f fdolorg 10 1172/ clinsght 19877 12



RESEARCH ARTICLE

Tale 2. Top 20 downneg ulated genes in hamster lung Foll owing BV expasune

b ekedi

Citarfal
Braatl

MadX
Hrnt
d2a
Aanah
Cagr?
kzda¥
Tha2t
Gppt

Mas2
Lasksd
PEz3b
Mipsil
Sk 13ad

Ll

log fold change Pvalue Full name and function
-1 Eh, d4.00088 Ubjittin-¢ onjugating enseme E2 Il invabeed | n protein desrad stion and g itin Sign sting-
-1ax 0005 Chromasame 15 o pen reading frame 48 invobéed in immune respanse and inflamma tian
-1934 0028 Rrezad canter metastoio o ppetsort- ke, sopp et melzs bt and vegy lated Sene spetian
L5977 000088 Nue leat ide-h indiing o lidomerization damain 2: pattern nesagnitian neoep tar in immune respanse
210 LR RABSE mamsber RAS ancogens family; sy lates sndocytosis and in‘tae el lar traffic king
-2 159 1085 Weurittin 1: pmmotes neunonal$usdal. F|-'.Eti:i‘t'||'.;.|!1l:| = pair
-1 a8y 0a9& C O {PD-LY): bt ne che kpn bt prot e that inhibis Teell setiat dan
-2 132 .maz Mg ylaeyacy] hydmlase: deto sfies bacterial lipapaksac harides to mod ula te inflammatian
-2 00108 C-H-C ¢ hema kine tecep tor type 2: iecep tor i mahoed in new traph il chematass and infammation
-2 533 054 Membrane -spanning 4-domains AT linked ta immeune cell functian
T 454 < W T-hox transedpbion Tactar T idﬂﬂlﬂﬁﬂﬂtﬁﬂﬂ?—!ﬂttﬂ o
-2 86 003 Su:rctlud fhaspha protein 1: asteapantin, regula bes |n'|n'unerﬁpur==.1r|:|tmur!rrn:|el|ng
-3353 .0t e Diiata-lesss hemmmn o 5 vegiilrtes, bane and eranio fatisl develop mant '
-3%35 01T ll-llt-:l:!1l:|n|:|r|.1l meth nn',H: RHA Elrnthut;uz.z :.11'.1I'_|r.z1= amlrn;l:','htnn afmitachandrial tRHA
-34t9 01 e tin-2. sredl o et irmmv e retpon st agoptoss and infla mmation
-3.505 010305 Probease, serine 35; imsakeed in ECM remad eling and pmteakytic actisity
-3.655 {1.amai il techondrisl ribosamalpm tein 510, essen tlal for mitochan delal protein senthess
-6.006 0.0n0F Salute carder family 13 mem ber 4; sodiu m-dependent phasphate transpa e
~E5 il jv.] Dee b winarbod e e 1 n'fety e i hane mineralizatinn and phnsghabe regula tian
-9 245 451 = 10" Lib iquitin- like protein 5 weg ulate s mita chand d al stress respanse and RWA spllicing

characterzed by decreased lung barmer function. Building an previous findings that EV decreases lung
micTivascular endothehial cell barrier function {113, cumrent resuls add mechanstic insight 2nd demon
strate a similar permeaiilty increase in smaldl ainway epithelial cells when soposed s EV experimental
irmulation as vapor, uice, o condensate

Bosh aell types exposed & EV wndenwent ausiphagy with incomplete ausophagohsosomal degradstion and
inethicient repadr, a5 indicated by increased apopiosi. There & ample evidenae that sresss indncad antophegy &
coupled with decreaged ol prodifenson rates o0 enable cdl suryival and repadr (37} Hleonwever, austophagy can
chirecsly predede and frigeer apapioss if sres loek are exoosve and persisient, or o 2uiphagy & mpained
amc for decompled fram ather cell reparr processes 8] Acute EV expos ures induced ennchmented ceramide in
the plasme membrane and nuclear franglocation of caspase 3, events that signify 2 poptosis (33—}, Although
thelevels of EV exposure studied did not induce mess ve apoptasis, 2nd apopione medkes were necosded mamny
howurs after the ks of barrer function, 5 possile tha tapopioss could weaken the barmrier of the micavascular
ancdeghelium and the smell 2irway epithelum, Apophes s was 2 ko modest during recovery from BV expasure in
harrster lungs and was primarily fimnd in the d#tal lungs and lung endashetial cells.

Chur study implicased JWKE 25 2 key signalingevent in hash EV-induced barrier dysunction and dysiunction
 anpophagy. Ckher MAFPKs activated by stress, such as p38 MAPE @5), have been implicased in the odiecss
of EV o newtrophiks (36, bt not on rat lung microvasculsr endothelial barner chsfonction (1 1) In previous
studies, we identified bosh p38 and TNE as medistors of cigarette smoke—indusad cyiiskeletal changes in lung
mndathelial celk, but not barner dysiunction (A7) Inferestingly, JWE inhiition did not affect 36 phosphor vl
e, sugeesting the présence of addiona] mecheansms of mT{H signaling during EV expasune

As expected (31, 48), shortderm EV exposures in hamsders, 25 in mice, and especially when followed
ry @ recomery window, ane insufficient % frigger apprecizble systemic changes. (rur dat build on findings
publshed by Hinds et al. @4) an 2-day whole-bady nicotine sodution expasure in hamsters, with mmedi
ate histodogical and targeted gene trans cription assessments showing increases in the infla mmation-ne lated
genes [L-10, ELAME (METosis gene), and fisue factor and in prodibrotic genes, Our sudy complementss
these resulss by capfuring previoushy unreporiod persistent effects of acute EV exposunes and by prowviding
a muh broader franseripiomic asemment, which shows that TL-6 devations (2 240ld; F= (L01}) and
[L-=1f reductions {by 5(Fqh; = (L) pessteven afier EV cesation, In addition, we shoaw shat BV induces
persEfent changes in cywoskeletal dynamics and ol death and survival pathways, sugeesting that # ampli

fes inflammation, promotes dsue remadeling, and mpairs immune function, Repeated activation of

{Clinsight 036 MHEB)=19E75T mttps-f fdolorg 10 1172/ clinsght 19877 13



EY mxpasuns fallowsad by raspiratory viral infecticn inhamsters

RESEARCH ARTICLE

A toclel B Wins titers c Body Wiaight Loss
oo Iy 4 12w Fomaos Macs
LTI TR Aanic Y L
i o = i (S| !
q:' ':|:_'f-__::\_r' .E. B LR P LW " p=LH i :_5| ” L b s :_l
| A i ¢ z | = 5
&, = - o mn
12Ees = e - ™ . .
AR | Y
ﬂ “,1.1 L L h 3 et T 1 o i ‘E }
. = - [l
i . i 1= e iite ML -.&.;_H‘ o P R 50
2 ) & 5 alhrs LA
TS LT
BaLE iInflarmatany cels
Wzt dogpen S E H ;
o e Wi shiacne s PHN %
e L
k.
*Fs
[T Ty - "L i
ki 4
5 bk LR
] L g | E - il L
£ v B gnd x i
B 5 A PO L =
B = = = s
i | S o i Z 2k =S
i TR = - = | - u L] -
%‘ﬂ 'H i o, 5%' AR B
BE =" & %"H a2 R "1["]
L = . — P
i ll ; 2 ! bR r|I
R .l = ol Ur Sy U OEY T E
[ LT ar e d = LT E'¥ T Ev Lho Gl Pl [ LT ()
[EVRH E°F LT - B [ ER IS (A | ELE B P
S i
F Lamarrofes s G Ly bty | -
e sk b
AL e 5 LTl L3 I
54 i
E —Ha -l + E " = % | B | L}
= £ el s =
S T e 25 ; B 1
Atk = i-;. au Tr 1
-\H.;g v . %‘E ¥ Bz g
- AR C A x [ L o igh =
ol i 2. T F": v
= A F:i 3 o I b ! e
E‘ 3 5 o ey S N T o
JT Ev LT E¥ UT = i R FH L
o o fal it ELEL F et ) Lo L]
LR ey Scars
ETEYS
J K o
LIJI'I!'.] rllAarinal O e
whEd
nilactad Lo BT 24
; e e = [ -
oo gt W .
-4 |
.
g
R, U
T i 0
i .rj“' l"‘!il. i
Wl E¥ A T2 BN T 5
Ll oz L N | L o el

Figum B. Effects of brief prior EVexpesureon inflammatory nes ponses to res piratory viral infection s in hamsters. (8] Soemental tmeline Sxposurne
1o BV for S days pror to srbanas af adm esbration of erflueea B s s JUV)L Dfowed 3 days Saber by rbanas al adm estation of SERS-Coh-2 {0002 Wisal
titess weme measuned 2 days 1 2, and 3 afber bflec tion with SARS-Cov-2. lung tssues and bronchoakneoiar avage flud (BALF) were colected at 7 d ags aftes
hecticn weth SAORS-Co\v-2 §10 days afher ces satson of £ ewncs wrel | H) Uapesr mesa bsarhory vl trbers obtaened by nasal svsates at the ind icated temes ddans)
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after SARS-Cov-2 infection. Mean + 558, 3-way L0000, with a Pvaiue for the £ of 004 i) Change in body weigt infemale and mate hams ters fom
are-=nfection waght. Mean + SEM, J-war AN, with Fsner’s least sgaficant dfference { LSO D) (uanmtdication of ind cated rflammahony oz poou -
lation abundance in otospens of BALUE. Mean+ SEM. F-vey AN, with Fsher’s LS00 §) Repesemtatve HEE-s tained ung tesue sechions from unen ected
SARS o2 -infected, andoon fected {AV «00V-3 hams ters show esuberant inflam martony efidtabe in 5005 -Cot-2-infected Lnes. Scale Das 100 pm.

| K] Uinmarsed Aistolograd scomngof sflammartosy iung injuisy | based on earthedad thiciening and flammabory el nfitraton]. Mean + S5, 2-veaey ARIVA,
with Fis er’s LS80 Forall ganhs, =R 0005, =R 0, TR 0001 TR« 00001 dots are indeidust anemads . UT, un teated.

these pashways comld bead o persistent airway and vasonlar remadeling abserved n chronie lung diseases,
Pathway analysis following sequental EY,) TAV, andfor SARS-Co) 2 exposures suggesis that EV has a
detrimental e ffect an the lung's 2b iy to respond & SARS-CoV.2 infection, drivenby a complex intenplay
etween antviral Immune suppression, 2ug mented dmue remadeling, and mischandrial dysfinction sig
naling. Akhough not 2 study focus, nonksthal TAY predniection had an gverall progective, antiinflamma
wry priming effiect on subsequent SARS-CoV-2 infection, aboknown 25 interference (497, In contrase, EV
exerted a detrimental priming effiect on respiratory viral indections, with exaggerated inflam masry and
fimue remadeling responses and impaired injury resalution. We noded 2 significant interaction behween
EV eftecs and animal sex. Criven the small mmber of animals in sach sex subgroup, these indings will
need ta be validated i fwune studies. Another limitation & that we did not investigate the affect of EVs
on LAV induced lung mjury or necovery, as this topic has recemly been explored. Instead, we nsed LAY to
mikdel & cdvinfection with 3ARSCaV-2, a comman dhinical séenarky (50, 513,

[n eonehosin, thi study finds shateven short-term EV exposure & cHvates sires s res pomses, induces sell
nury, 2nd reduces repair in luman lung parenchyma cell, changes that persst after EV exposure. Even
briet EV expaswres decrease antiviral immunity, indreasing suscepibilty & 3ARS-CoVe2 and influenza
virus mnfectins while triggering medecular padhways mwihed in luing e remadeling. Identifying THE
signaling a5 a maodifiable pathway may guide future research on therapeutic strategies o mitigate EVin
duced lung imury, These findings prowide medhamste evidence linking EV exposune 20 impaired lung
defense and distal lung remodeling, such a5 lung hbross, informing risk assemments of EV sakety and
PrEvention measunes against respiratony virus exposunes in habiual BV wers.

Methods
S e @ hindopinal variehle, Both seces were induded in human.cell-based and animal stmdies. When avail
aile, hath sexes were used aqually in the study design and inderpretation.,

Reapgaix, Al reagents were purchased from Sigme Aldrich S ERM D Millipare unless atherwise stated .

Cafl cauliaes, All cell cubures were mamizamed 1n sténle conditins at 37°C and 5% L‘[]".. Primary
human hng micrvascular endothelial cells (HLMMY ECs) were abtained from Lonza (00-2527) and
maintzined in their appropriate media with standard growth &otor supple ments (Lonza), Immontalized
HLMVECs (HULEC s, ATOD, CRL-3 24 were grawn in MU DR 131 (Comning, A501H-11 2 ymedmm and
used in submerged cubure, h-TERT-immanalized human small airway epithelial cells (h3AEC]-KT,
ATCC, CRL 305 were graown in Pneuma Cult-Ex Phis Medium (StemCell Technolkogies, 0500}, char
acterized for full diferentiation 2t air-ligquid intedace (Supplemental Figure d), and used in experimentss
at earlier sages of differentiaztion, while submerged in medum. Primery hSAECS were isolated draom
lungs of deidentified organ donors thathad not been used for transplantation and that were donated for
medical research. The lungs werne obtained from the Mational Jewsh Health Fluman Lung Tisue Core,
which gbtains deidentified lungs through the National Diseasze Research Interchanges (Philadelphia,
Fennsylvania, USA), the International Institute for the Advansement of hMedicing (Edison, New Jemsey,
USA), ar the Danagr Allance of Colorado {Denver, Colorada, USAL The Committes for the Prodecton
of Human Subjects at Matwnal Jewsh Heakh, Denver, Colorada, deemed his research 25 exempt from
IRB human research. Donors wene without 2 history of lung diease, were lifelong nonsmeokers, and
had no hng injury 25 indicated by a Pal} /Fil)d, greater than 300, 2 chest radiograph that indicated ng
acute process, and 2 time on the ventilamr of leg than 5 days, Smell airway (2 mm diameter) epithe
hial cells were collected from the distal lung using 2 2 mm bronchoscopy brush (Conmed) and placed
in sterile PAS. Cells were solated by centrifugation, resuspended in PRS, counted, and plated anto an
irradiated NIH 3T3 fibroblast fieeder layer in Fomedinm. Onee visible codonies had formed (7- 10 days),
they were remowved with (£25% trypsin (Coming, 25053010 and plated on douidecol b gens coated
12wl Transwells (Advanced Riohdatrix, 5005, and Coming, 360, Cellk wene maintained in Pnevma
Cuk-ALLS medium (StemCell Technologies, 05001 pat 5% Ok and 37C for 21 days.
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Takble 3. i fferenti ally exprested genesin EV-exposed hamsters infected with SARS-Col-2

Gen e name

Nl
Fap?
g
Mmip13
Mmpi2
1]
Pehpt
Rpsita
Egln3
hixth
Sppi
Egfla
Kiixel
HduThs
Calphd
¥etds
ZfpaH
Smcd
Pelapt
s fhc
Shand

Hdufaf2

Fam{c
Senping
Sic¥tal

Ghps

Tmpi

Log, fold
changs
e
i
197
158
5]
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148
145
133
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1]
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1z
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(i 1
.85
(1]
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Q000104 0036 Matie metalloproteinrse 12: mgula tes elystin degrad ation in tissus repaland inflamimation
698 « 1 anx Die sameethasane-induced pratein: possibly inwo hoed in Stress respanses
BE0L10° 000 Fhlﬁﬂ-ﬁtdtgpnhhtiguﬁtﬂnﬂ!ﬂﬂl:ﬂbrkﬂ tzanulatinn

T3k« WY 0,004 Ribesamal pratein 5154 e 5en tial for dbosome 2sembly and protein syn thesis

GRS M O0F Eghd familyhyporis-indue bls foetor 3 reguilabes cellilar adygensensing and hypoals sspande
0000230 0052 haquais hameobas L invaheed in development al processes and cell differen tistian
a0adser  go52 S et phesphiaps el 1 losy player in fmmne megul sbion and hone smadeling
2«0t 015 EGF-like damain muliple &: involded in cell adbesion and angiogenesis

I8 <00 a0 Krlip pet-related sin finger protein: mgidates transenptian and chromiatin remadeling
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FAG =10 (u33 Pat 2&ium channel tetramerization damain & invabéed in peo bein- protein i nberss tians
QOO0 0048 Zine mpmﬁlmt@mﬁnﬂlﬁ.lﬂl"lm inflsmmiat by et ponset
Q0002 0052 Stroetursl maintenande of chomasamses 4. inwobeesd in ¢ hramasame ¢andensa tion and eahesion
0000@e. 0048 PO - soct abed paotein 1 reguls tes ol grawth snd proiieation

1.00015% 0.0 WA FL1cofac tor pdT: imsaboed fin memib iane ta ficking and protein complex disass emibiky

| sne- ate o & g ulard e vy Lar e,
BRI S0 ok mmimmlr::hﬂ Hﬂmw-g atian g
WADH ubiquinane aoidansdu chate oomphe s2<embly factar 3:

AT a8 I'ﬂ?Jiﬂﬂ furmi'tl:u:hg:lndri:lll:l:lm:ln I:Ezmll:.l','

245410 0016 FAMIOC Goligl inasm régubites bio mineradivation snd EOM homen st asis
03«90 0030 Senpin family Gmemiberi: regulates comp lement cascade and infla mmatian
43 «¥1= 0000 Sinkite carder Lamily 3 memibes ; coppes tmnsportes mpartant for celllar metaho lom
3% Bl 033 Cun','ht: hinding pratein &: ey |:|L'.|'|r-:r in iinmart e i mun e res panse and mfl-ammatnn
o400 gam Prerm ssama | bioge nesis Lacbin Ty nvohed in persomse pofifertio n and metaholism
2T =™ 0004 T 1 damain-cant sining pratein 1: e ulates neural stem oell prali featian and difesntistion

Hopwan FCL 8. Right upper hing lobes from dedentied nonsmaking donors with no lung disease or
indection were aivizined from the Infernational Instiute for the Advancement of Medicing or the Donor
Alliane of Coldorada, Lungs were inflated wath 1L.5% lome-melting agarose (42°0C) and shiced indo consec
wve sections of 450 pm thickness using 2 Comprestome V3N vibramme (Predsionany Instrumenss
The slices were tramsierred fo 23 well plates cont2ining Dulbecon's mod ified Eagle medum (Ther ma Fisher
Scientifich with antifungal 2 gents and antfibictics and incubated in 2 humidified inculbasr 2t 37°C, 56 O,

EVF expomire o cells Torgenerate BV, weused JUTTLpods with 5% (59 mg /m L) nicodine, commercialized
2% Virginia Tobacca (JUULY, with 2 ratio of 300 propylene gheol/ vegetahle ghyeerin, We ested several
forms of BV, as juice or aerasol, in submerged and airliquid interface exposune madels, respactively. For
submerged culfures, todetermine whether the vaporized juice has similer effect tothe non vaporzed juice
am the guicomes tested, we generated EV condensate.

JUUL juice was prepared by dilution of JULL ligquid in serumdree medium o2 10= siock salution
that was then added to submerged cell cobures or PCLSs to achieve 2 final concentration of 2 5-10 mhd
micgding, A VITROCELL WVE 1 apparatus (VITROLCELL Systens GmbE) was used to generade EV acro
50, which was used to cither abtain EV condensate used in submerged cultures, or directly expose to EV
SAECs at the airliquid interface, The VITROC ELL prodocol comssted of 2 mod ihied Cooperation COR
ESTA-recommended method 51, with puff vodume, 55 mL; puft duration, 3 seconds; puff frequency,
30 seconds ; puft hold time, ( seconds; pulf exhaust time, 8 seconds; and puff number, 75 pufls. The EV
comndens ate codlected was considered 1P and used 2t a 5% final concentration in submerged  culturnes,

with ambient air used #0 generate 2 contrd Sondensate at similar conce mratons, For experiments using
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Table 4. Genes g ficant by regul sted by EV in ham sters coinfected withLAY and SARS-C0OWV-2

Gene name  Log, foldchange  Pualus Fulll nams and function
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mhibiters, cells or PCLSs were exposed to EV ance at the indicated final nicodine concentrations in the
presence or ahsence of pan-INE inhibior (3PG00125; 50 pbd, 10 mg; Selleckchem, 51360, ERK 142
inhiritor (POEN5Y; 50 ph; Fisher Scientific, NOOTT 16300, pi8 MAPK mhibitor (SE202190); 30 phd, 5
mg; Sigmas-Aldrich, 37067, or DMSCY as vehicle control.

Cell monodayer barrier measurement was performed using ECLS (A pplied Biophysics) with the Z-The
2 1wl array station. Cell manalayers were grown an BWIIE ar BWI10E+ Couburewars & 2 capaciance
af <] nF ar <1l nF, respectively, at & kFz, Measuremens of electrical resistanse (ohme) were collased
at < JHK} Hz avver time. A complementary assay o measure the barrier function of cells grown on nsers
4 pm = 4.5 mm) wed fuorescently labeled dextran (FITC or rhodamine B, dK) applied fo the apacal
side, follwed by kinetic measurement of Huonescence in the basal compartment 2t excitation and emision
wavelengths (FITC, excitation 485, emission 538, rhodamine B, excitation 54, emssian 590,

Tomnooblng, Cells were reswspended in slandard RIPA bufer (RO27E, lot SLBLT395YW) an ja for
30 mimutes, collected by centrifugation, and quantified using standard BOA. Prossin were resalved by
Fr- AR gradient PAGE and transierred wsing a semi-dry fransher apparatus (B Bad ) omio Tmmobidon P
VDT memibranes (MiliporeSigma, [PVEHOENO), Membranes were blocked in Fience Prodein: Free T2
(TH5) Blcking Bufler (Thermea Fsher Sciensgfic, 37571 ) and washed in THS with (11% Tween 20 Anti
hodies for immunohlotting wene ph2 (Abnova, HIKMSETEM 0T}, LCSREIT (Sigmes Aldrich, L7543}, phos
phae36 (Cell Signaling Technalagies, 221 15), amtivinculin (Abcam, AB130007), and amti-factin {Fisher
Srientific, AS4 1) and were incubated overnight 28450, Ant-mouse {MNA93 1V, lot 97 15064 and antirabbi
(AN kot 1IN TI5D) HRP-conmgated seoondary antibodies were fom GE Healtheare

Cell inmnorofirercenc: soomopy. Human ing endathelbial cells ar h3AEDs were plated aon chamber
shides (Falkoom, culture shides, 354108} coated with etther 12,5 pgd mL fibronectin in PBS or 5 pgdmL ool
lrgen type [ in (2N glacial acetic acid, respectively. Experiments were conducted on cell monodayers
about A1 amiluence. At the end of experiments, cells were hixed in & paraformaldchyde in PES for 20
minuEs 2t radm temperature, then permeabilmed in 00.5% of Tridan X- 10010 PES.

For el prodiferation measurements, cells wene incubased with the Huogrescenshy Labeled symthetic nud e
tide BALT {5-ethynyl- 2% deooywridine) dissohved in DRSCY {Invitrogen, C 10637A), which wes added 4 hours
iesdorne eperi ment completion; bretly, 100« EdU sohution in PAS was added to each cell colure for 2 final
Bl comcentration of 1} phd, The muckear upske of EdU was dewected using the Invirogen Chicka T Flus
EdLT Cell Prosliferation Kitfor [Imaging, Abesa Fluor 488 dye { Therma Fiher Scientific, C10637%

Far immunaiuorescence, after fixation and permeabilzation, plated cells were blocked with 5% goat
serum and (1% Tridon X-100 n PBS for 1 houwr 28 room semperafure, then meubaded avernight 2t 7 wrth
primary antibadies, Kllowed by washing and incubation fr 4 hours with respective secondary antibadies. Thes
waz illowed by washing and muclear stining with DAPL (3K ng/mL in L. 5% bovine serum alibumin | B34
amcl (10 % Tritan 3100 in PRS) for A minutes 2t room emperature, washing, 2and mounting using PraLaong
Diamand Antifade mounting sodution (Invitrggen, PIGTH. Amdbadies were diluted in an antbody buffer
conststing of 1% BSA and 0.1% Trton X- 100 in PES. Primary 2 mtibodies were agaimst pé2 | 1: M mowseant
S0ETM 1-Tg2a, Abnova, FENNKIBRETE], LOC3BE (1 : 1060 rabbit and-LOSA, Sigme-Addrich, LT53), PCHA
|1 200, mouse anti PN A-Tgl2a)wg, Mowvus, MRS 106 ], cora midies (1220 mouse anti ceramide-Ighd b0
1564|, Erma, ALX- 80 196- TS, LANMEPD {1:100; rabbit anti LAMPL, D201 1LXT, Cell Signaling Technod
oy, 1), and cleaved caspage 3 (1:200; rabbit anti-deved caspased, Abcam, ab2302), Primoery antibod
% were againgt mouse [gG2a00 (150 Allaa Fluor 54 goat anti-mouse [0 [H+L], Imvitrogen, A 110523,
memse [abd (1500 Alec Fluor 488 gaet anti-mouse [ghd [p chain|, Imatrogen, AZ1047), and rabbit Tals
{1:500, Alexa Fluor Plus 488 goat andiorabibit [glh |H+L], Invitragen, A32 731 ar 150, Alexa Fluor 647 goat
amt-memse Igls [H+L], Imdtragen, A2 1245).

Anivral gudies, Colden Syrian hamsters (0 = & per group, 3 months of 2ge male and female; Charles
River) were expased to EV (TUUL condensate; Tl pufis #1000 pL/dase in saline) or vehicle (saline control)
viz nefrulization., Sex a5 2 biodogical variable was omsidered in the design fpoth sexes were included equal
Iypamd date analysis and interpretation. EV condensaie was collected from the aerosol of vaped JUUL in
a sidearm Edenmeyer Hask and solubilized in saline as &flows: 7 pods (each J00 gL were vapormed, and
the condensate was brooghe up to 2 mL. Each animal was nebulmed with EV or vehicke once per day for 5
consecutive days, and hings were harvested 10 days afier the last exposwre (schematic in Figure 6A), The
administration of nebulized EYV was perfor med using 2 nebulizer un# (2 5.0 VD, Aenogen) fitted with
a come that allwed nasal mhalation of he aerosel (5 minutes) by cach animal 2t 2 ime, a5 we previoushy

{Clinsight 036 MHEB)=19E75T mttps-f fdolorg 10 1172/ clinsght 19877 18



RESEARCH ARTICLE

reporrted (1 1) Tor assess the efiect of EV on respirasry virus infections, hamsters were infected 2t the end
of EV exposure, on day 5, with influenza A vins (IAV; ASCalilirniad 07 22009) by inranasa] instillation
af 6 log, FEFU; and/or, on day &, with SARS-CoVa2 (WAD ) by intranasal instillation of 4 lag , PFU
fEehematie in Figure 8A)L As controls, unindected ammals wene instilled intranasally with 100 gL of PRS
an WL of medum, respectively, Hameters were sacrificed 7 days afer SARSCoV-2 infection. The lef
ke was clamped, and the right lung was instilled with FAS (1 mL <3)% 2nd lavaged, with each retumn col

lected separately ag bronchoal vesler lavage Huid (BALF). The first réturn was usad for cytosping. The right
czudal lung ke was excsed and placed in Buffer RLT (RMNA Lyss Tesme, QLAGEN) with freshhy added
B-mercapirethanal. The left lung was nflated with ethana] (7FG) and then immersed in formalin {107},
sectioned with 2 random untform sampling method,, 2and mounted on cassettes for paraffin embedding.

Lung fusodmricoy and imeorgiuoesene . Cybosping gbtained from the BALF were fixed and stained with
a merdified DidChuik stxin using Coemsa Saan (Sigma-Akdnch, GS1L-11) Samples were fced to slides using
1iFRs methanod for 1 muimudes 2t room emperatne, and then Criemsa sodution (in water) was added for 20
T & raam emperatune, Ader s ining, ringed shdes were air-dred and mowmted with Cyseal Gl Fsher
SGoientific, 23244257 Images were faken at =20 magnification, Five hundred cell were assesmed for cach
sample (blinded & the dentity of the groups), differentiating among macraphagess, mphocytes, newmagphil,
and egsinaphils iy monphological aspect and expresxing their abundance a5 percentage of 2l cells counted.

For histaldgggical assesxment, paraffin-embedded hng sections @ pm thicknes jwere stained with hema
woacvhin and sosin (HEE) and then were assessed unhiagedly dolinded 0 the animal group identity ) under
light oo copy using 2 sooring system for infle mmation 25 anigina Iy describad (52 yand previoushy applied
fr models of LAV hung infections (53) and hamster hung inflammation (543, The saoring was applied for
each tEsue secton evaluated | using 5 criteria: {2) the mumber of bronchioles and branchi with milamme
wwry cell mbikrate; (b) the severity of infiltrate of inflammatory celks in bronchiods and bronchi; &) the
severity of bronchiglar and bronchial luminal omdate; @) the e quency of blood vessels with perivascular
infammatory cell infiltrase; and (e} the severny of pneumonia. H&EE-stained slides were also amessed for
lung fibrosis using the Ashoroft method, where each microscopic fickd of the bopsy was assigned an integer
score from (F fnormal) to B ESevere fibros sl

For TUUMEL staiming, sectiomn were deparatfinized in xyilene, permeshiled with proteinagse K, and post
fiwed with &% paradormaldehyde. They were then washed in PES, incubated in TdT bulfer, and then washed
with (k. 1% Trtan X-10din 3% PESSA3A hefire heing incubated in TUNEL reaction salutian. Samples were
washed with PRS hefore blocking in PRESBS AT, The primary antiady (diluted in PBSSBSA) was added
ancl incubaded evermight at FC. Samples were washed twice before 2dd dion of the secondany angbady for d
herurs 22 room temperature, The sa mples were washed twice wrth PR3 belire being incubeded with TMPT 2nd
memnied. Images were oitained on an Eche Revolution Microscope (Decover Echao Ine )

Bulle BNA ey analees, Tot] BENA was solated using an All Prep DNAS RENAY Prodein kit ((HAGEN,
BN, Bulk BMA (RMA-seqywas padormed by Movogene using Mumina RMA-sa echnodogy, The soquens-
ing data were mappad through STAR software (htps: Y grbuboom Salacdobind STARS releases), replicate
multivariad anahsis of fransorpt splicing (fMATS) (httpss Srnasegmas, sourceiorge 000, and clusherP o
fler (hitps: /¥ hioconduchororgd pa deages mel e sedbios’ himl Schesier Profiler iml),. The Bst of differentially
mopressiad genes was anabzed with QLAGENS Ingemuity Pathway Anabss ([PA) wing Cone Aonahsis (date
st had a log, #kd change cusdf of = 1 and 2 Fyvahue cusdf of = 1015) &0 crossreference againgt GO ennich
miemt and Kyoto Encyelopedis of Cenes and Ceenames (BKECr) ana hesis resuls,

Sratigiz, Analwses of significance were performed using CrraphPad Prism 10 soffwarne A 24adled
unpaired Sfdent’s § test was used for experiments in which 2 conditions were being compared. A FPvalie
less than (105 was considerad st shcally sigmbcant. Comparisons between groups wsed ANTAR fol kowed
by an intergroup comparson with Tukey 's post hoo esting.

For RMA-seq analyses, 2 normalmation method of DESeq? was used, with the fild change being
cakculated with the equation [kgig = 2 A F |, The F value was cakulated using negative bingmizl
distribution [AX - sp=(w=x—-1 - pu(] — phu], and FO'R was caleulated using the Benjamini-Hach
berg pracedure: [FLIE - & R0 _.1 1]

Drifferential gene screening was perfrmed with threshalds of | kg ffold change}| = 1 and adiuswed F
vahe 0015, 2 soore was cakulsted through TPA softwareusing ALV ‘ Pasthways with 2 z soome

2=+2 were considened significant, Ty LW
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Sady aprowal, The studies were perkrmed in line with the principles of the Declaration of Helsinki
This study used human hisdogical samples rom deidentified ndviduals and was deemed TRB exempt. All
studies were comducied under approvals by the instisutional TACUC (no. 13720 at Colorado State Univer s
ty, Fort Colling, Coloradn, USA and National Jewish Fealth, Demeer, Colorado, TI5A and the Instiutional
Bicmafety Committes at Wational Jewish Health (200298 protocols .

Date avalzhiliy, Bulk ENAseaq dat generated in #his study are available in the Zenodo repostary 2
et o Sdodorgs 1L 528] Srenoda 216762 TE. Mate that the arigina] FASTL) and BAM sequencing fles are
unavailple dfor public deposiion because the archived files were cormupted and could not be recovensd.
Supporting data values associated with the mam and supplemental figures are prowided in the Supparting
Data Values He
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