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A2 As 9 PH
A 1A @u] A7) FZE(cigarette smoke extract, CSE) A%}
Marlboro Red 7498 wEWlE AF&3Qoh 7HWHs  As®
]_o

JEE A A GulS 18] & 6-8%F < AAA AT, @l 10718 =

ukich
2

)

ol

(Fisherbrand Variable-Flox Peristaltic Pumps, Shanghai, China)E A}

phosphate-buffered saline (PBS) 10 mLell =<1 H, =AMl o3 =HE(0.75
pm)E delA CSEE A &etith(Fig 1). th= 2> W o= A2s
CSE %= 100 %= 7 2 3tith

PBS 10mL
in 25mL Pipette Tip
without filter

MINI-PUMP
VARIABLE
FLOW

JJ Cigarette without filter

Figure 1. A schematic diagram of CSE preparation

The filter removed cigarette was burned for 6-8 minutes per cigarette using a variable-flow peristaltic
pump. 10 cigarettes were dissolved in 10 mL of PBS. The solution was filtered by 0.75 pm strainer
and stored in -80°C.
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TEAAFL 9359 FRI(SNU-IACUC  No.  SNU-220719-2-2) 3]

i.n, 10% CSE for 4 weeks (3 times/week) ‘ | Sacrifice |
*‘¢¢¢¢¢¢l¢¢¢¢¢

‘“7"[.‘“ 0 3 5 7 10 12 14 17 19 21 24 26 27

Figure 2. The protocol of the long-term effects of cigarette smoke in mice

C57BL/6 mice were exposed to 10% CSE intranasally three times per week for four weeks.
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X
s WEZE A ddst & Fepadalas -3 4(collagenase
type 4, Worthington, Lakewood, NJ, USA) 1 mg/mL-s &3+ Roswell Park
Memorial Institute (RPMI) 1640 HJ]%|(Biowest, Riverside, MO, USA)°l % o]
37CA 90F3t HEEAI AT, e #H A 40 uyM -t cell
strainer= ol ¥sto]  ddAlxE sttt AET &3 &S
Agste]  AdTE AASACH, 4 AE F xS AEE
wstel FAE EAS At WA FAY H|Eolx AdES
2ptsl7] $]8kod Fe receptor binding inhibitor antibody (BD Biosciences, San
Jose, CA, USA)E 4ToA 583 AHgst & AHx 3W I8
systdet. A2 Ul Afo] =R A4S St7] $1381A4] ionomycin (1 pg/mL;
Sigma, St. Louis, MO, USA), phorbol 12-myristate 13-acetate (100 ng/mL,
Sigma), GolgiStop (1 puL/mL BD Biosciences)= X33t RPMI 1640 Hj %] o]

37°CoA 347 30REQk wjekale]l =S A7 T OAE ww o

H
=<

Al
21835193 © 1, Cytofix/Cytoperm kit (BD Biosciences)= ©]-&3}o] A xu} 4l
ok FastE s & AE U AlelETRIS] S Xkl
AFE-3E A B4 A (Biolegend, San Diego, CA, USA)+:= table 1¢]
A ASFATE F-A 3 412 LSR Fortessa X-20 (BD Biosciences)2} FlowJO
10 (BD Biosciences)= ©]-§-3Fo] 133}t

A AEe FAE A Alel® M= Fig 39 AASHATH
A2d7d 8 = A A (innate  lymphoid cell, ILC), %2 T Al*Z(helper T cell,

Th)el A% &4 Ao’ ke Fig4ell AlAaH3It



Table 1. Antibodies for flow cytometry

Macrophage staining

Name Fluorescence Company
CD45 BV650 BV650
F4/80 PE FITC
SiglecF BV521 APC
CDllc BV711 PE-Cy7
CDl11b BV785 BV785
CD206 PE-Cy7 .
Biolegend
CD86 FITC
Ly6c BVs510
MHCII(1-Ab) APC
IL-13 PE
IL-17A PerCP-CyS5.5
ST2 BVv421

Regulatory T cell & CD8" T cell staining

Name Fluorescence| Company
CD45 BV650
CD3 FITC
CDh4 BV785 .
Biolegend
CD8 PE
CD25 BVv421
Foxp3 PerCP-Cy5.5

ILC & CD4" T cell staining

Name Fluorescence| Company
CD45 BV650
Lineage FITC
CD90.2 PE-Cy7
IL-5 APC Biolegend
IL-13 PE
IL-17A BV421
IFN-y PerCP-Cy5.5
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Figure 3. FACS gating strategy for macrophage populations

Leukocytes were gated from SSC-A versus FSC-A plot and CD45* cells. Following the exclusion of
eosinophils from the CD11c versus SiglecF scatter plot, F4/80* cells were defined as total
macrophages. Macrophages were further analyzed by dividing them based on the CD11c versus
CD11b marker. CD11c*CD11b", CD11c*CD11b*, and CD11c'CD11b* macrophages were defined as
alveolar macrophages, transitional macrophages, and monocyte-derived macrophages, respectively.
M2 and M1 subtypes were further investigated within CD11b* macrophages. Ly6c* and Ly6c
macrophages within CD11b* macrophages were defined as classical and non-classical monocyte-
derived macrophages. IL-17A, IL-13, and ST2-expressed macrophages were further investigated
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within each subset of macrophages, categorized the CD11c versus CD11b marker. SSC, side scatter;
FSC, forwarder scatter; IL, interleukin.
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Figure 4. FACS gating strategy for T cells and ILCs

(A) Lymphocytes were gated from SSC-A versus FSC-A plot and CD45* cells. CD3* cells were
defined as T cells. T cells were further divided into CD4* T cells and CD8* T cells. Tregs were
defined as Foxp3*CD25* cells within the CD4* cells (B) Lymphocytes were gated from the SSC-A
versus FSC-A plot and CD45* cells. Then, ILCs were defined using lineage versus CD90.2 scatter
plots. CD4* T cells were identified based on lineage versus CD4* T cell scatter plots. The subtypes of
CDA4* T cells and ILCs were determined by IL-5, IL-13, IL-17, and IFN- y . SSC, side scatter; FSC,

forwarder scatter; ILC, innate lymphoid cell; Treg; regulatory T cell; IL, interleukin; IFN, interferon.
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CSE7} #lZ ti2lM 2o wX= dFs gRlstr] el w2
H 3 ) ME A ESQ] CRL-2019 (American Type Culture Collection,
Manassas, VA, USA)E °]&3slo] A3S X333t 24 well plateel] 5x10
celiwell ZHo =z  wiekatAar, 10%  AEjold 3 (Biowest) I 1%
YA ~EfIErfolile] £3E RPMI 1640 WiAlE AF&-3FQiT
vk AlZF & 2A13F H 0.2% CSEE A3kl 48A1F & 20 ng/mL
F59 IL-33 AlxE T A (R&D systems, Minneapolis, MN, USA)S
TS WA 2 wAEe] 24A13- FTFE w3 TH(Fig 5).

+ IL-33 (20ng/mL)

Seeding I CSE treat media change Harvest
-2h oOh 48h 72h

1 1 1 1 -
I T 1 T Ll

Figure 5. The in vitro and ex vivo protocol to identify the IL-33 response by CSE pre-
exposure

The in vitro protocol using CRL-2019 cell line, or the ex vivo protocol using CD11c* macrophages
isolated from the lung tissue of C57BL/6 mice. The cells were treated with 0.2% CSE media and
cultured for 48 hours, and then replaced with medium containing IL-33 recombinant protein (20
ng/mL) and cultured for additional 24 hours.
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C57BL/6 Wh-28] &FollA =FAEE 53311, MojoSort™ Mouse
Monocyte Isolation Kit (Biolegend)2} MojoSort™ Mouse Ly6c separation Kit
(Biolegend)S ©o]&3te] Ly6c &5 =l 5kSlth 1x10° Lyee @
R0 meEl guow Qg Hdad 49 dAKO0® 10% CSEE
nhe-2o] B R wE2A710, 29 F A4Sl MES F55HTHFg
6). xS wmy AW Y= PBSE AYsty FAsA  CSEel

EE A H T
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+ Ly6c monocyte (x10°. i.v.) |

Figure 6. The adoptive transfer of Ly6¢c- monocyte protocol

For Ly6c monocyte isolation, monocytes were isolated from C57BL/6 mouse bone marrow cells and
separated using Ly6c separation kit. Ly6¢c™ monocytes were adoptively transferred into mice via tail
vein and 10% CSE exposed for 4 consecutive days.

A 8 A Primarycell ¥ 2wk

2 ol7 C57BL/6 TFe-~9 H 2AM @A AEES FEed e,
MojoSort™ Mouse CD11lc Nanobeads (Biolegend)E ©]%-3}o] CD1lc*
AEZE EEelh. Zgay muRaozs giAAEE FEs]
13141 100 pi cell culture dish (SPL Life Sciences, Pocheon, Korea)& ©]-8-3}¢]

37TelM 2 AZE FQE wjket &, TS AAstaL dA"F o nig

8
8

=< CD1lct "UI¥AIXZE F5315lth 24 well plateo] 2x10° cell/well
ZHoE  wiekela, 10% AcEerEAT 1% AYAAGL
~EgEnto]alo] £3HE RPMI 1640 wA1E ARSI Wik A& &
2A1ZF % 0.5% CSEE A glslglal, 48A17F & 20 ng/mL 559 IL-33
ANz G L (R&D systems)s E3Fsh B A2 wA|ste] 24A7HS FULE
Hlj Fat il vt
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F

CSE w=Zol o3 EAste diaAMxst =8 T Alx 18 F3t&
toa et Ads Wity 87% oA C57BL6 whp-2 9]
T x2S o970 40 uM F-+F cell strainer® o3} & v AHE=R
Eeadty. Ady &al &dGigma)s APsle]  AESE
A A8+ 2™, MojoSort™ Mouse CD4 Nanobeads (Biolegend)E ©]-8-3}o]
natve CD4* T MXE wE|atqlth st CD4* T A& 37ColA 3
FPstAIZl ¥ CSES} IL-33 A=2 + thAlAlEg 11 vj&= 24 AIZF

T T skelaL, AlEE skl FACS w415 a8l tH(Fig 7).

J {
o
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+IL-33 (20ng/mL)  Naive CD4* T cell

Seeding + CSE treat media change co-culture Harvest
-2h Oh 48h 72h 96h
: : : : : -
|
CRL-2019 (1x10%) Naive CD4* T cell (1x10%)

isolated from mouse spleen

Figure 7. The macrophage and naive CD4* T cells co-culture
CRL-2019 cell line was treated with 0.2% CSE media and cultured for 48 hours, and then replaced
with a medium containing IL-33 recombinant protein (20 ng/mL) and cultured for an additional 24
hours. Nalve CD4* T cells were isolated from mouse spleen. Co-culture of naive CD4* T cells with
the CRL-2019 cell line stimulated with CSE or/and IL-33 for 24 hours.

A 9 B RNA FF 4 HAAZF FFHEAAHHES(Quantitative real-time
PCR, RT-gPCR)

Trizol (Thermo Fisher Scientific, Waltham, MA, USA)E A}-£3}o] AlE 4l
Z2# ] RNAE FZ331l, dAFE A (SensiMix 11 probe kit, Bioline,
London, UK)E Al&3lo] cDNAE A3kt SYBR green reagents
(Bioline) & AFE3}o] RT-gPCR=S F a5} a1, Hprtle AME-slo] AFth A<l
AR B v Wkl ARE-SE primer= table 201 A A8}t
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Table 2. Primer sequences for RT-qPCR

Gene Primer sequence
Forward primer: 5-CTG GTG AAA AGG ACC TCT CGA AG-3'
Reverse primer: 5'-CCA GTT TCA CTA ATG ACA CAAACG-3'
Forward primer: 5'- CTA CTG CAT GAG ACT CCG TTC TG-3'
Reverse primer: 5'- AGA ATC CCG TGG ATA GGC AGA G-3'
Forward primer: 5'-TGT ATT TGA CAG TTA CGG AGG GC-3'
Reverse primer: 5'-ACT TCA GAC GAT CTC TTG AGA CA-3’
Forward primer: 5'- GTG GAA CTG GCA GAA GAG-3’
Reverse primer: 5'-CCA TAG AAC TGA TGA GAG G-3'
Forward primer: 5'-GCA ACT GTT CCT GAA CTC AAC T-3'
Reverse primer: 5-ATC TTT TGG GGT CCG TCA ACT-3'
Forward primer: 5'-TGA TCC CAA TGA GTA GGC TGG AG-3'
Reverse primer: 5'-ATG TCT GGA CCC ATT CCT TCT TG-3'
Forward primer: 5-AAG TAC AAG CCA ATG AAG AAA GAG-3'
Reverse primer: 5'-GAG GCG AGT CCA GAA CCA G-3'
Forward primer: 5'-ATA CGT CGG CCG TGT CTA T-3'
Reverse primer: 5'-GGA ACT GTG ATC CGT GTA G-3'
Forward primer: 5-AGA GCG GTG CCT ACG GCT ACA GTAA -3’
Reverse primer: 5-CGA CGT GAG AAG GTC CGA GTT CTT G-3'
Forward primer: 5-ATG GGC TCG CCT GTC AAC GC-3’
Reverse primer: 5'-GGA GAT AAC TGT TCC ACC TTG CCC C-3’
Forward primer: 5'-GAT GGA TGC TAC CAA ACT GGA-3'
Reverse primer: 5'-TCT GAA GGA CTC TGG CTT TG-3’
Forward primer: 5'-TCC GTT CCAAGA TCC TTC G-3'
Reverse primer: 5'-GAA CCT GGG CAT CCT TAA GC-3'

Hprtl

133

St2

Thfa

11ib

Mepl

Mydss8

Nficb

cjun

cfos

16

1123a

S

A 10 2 FAF 24

S|

2E dolHE H##y T+ 2 (mean = standard error of the mean) =
BAIBF 2™, Mann-Whitney U test 737 H+= One-way ANOVA 774 %
Tukey' s test® AFS H-A1S H3sto] pgts gl BA42 4
GraphPad Prism 10 (GraphPad Software, San Diego, USA) AXEgJo]&
AH-g-&F At

rlo
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BALF Wl T WAAE & 15 el Zel7h fisley, CSE

wETON EFT7F UM kFig 8A). ¥ AL dlniEal & of 24
AMste] zASA BAS AAE Ay}, VL FHOR FETY H&ol

5
(Fig 8B). A= A< a3 &g 7 579 SA+

% Zel AelZE QIsla, "HEFTE SAIHCER oS

e
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Figure 8. Effects of cigarette smoke on airway inflammatory response
(A) The number of inflammatory cells in BALF, including macrophages, neutrophils, eosinophils,
and lymphocytes. (B) H&E staining (400 %) for lung histology. (C) Eosinophils, neutrophils, and
lymphocytes were identified in the lung tissue using flow cytometry parameter FSC/SSC. (D) The
percentages of neutrophils, eosinophils and lymphocytes in lung tissue assessed by flow cytometry.
BALF, bronchoalveolar lavage fluid; H&E, hematoxylin and eosin. Statistical analysis was performed

by the Mann-Whitney U test. *p < 0.05.
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2 A gl 47171 A AR mX= JF

tiz=atel  vlsted  CSE x=EwellA #HES giAAHE f5]9]
Z7Vetth(Fig 9A). CSE =% A CD1lc*CD1lb AM3} CD1ic*CD11b*
TMo] f9&tA 57183, CD11cCD11b* MoMS 1% 3Fe] =bo]7h
A A THFig 9B, C). CD11b* A A|3Ze] 3¢ o}& oA CSE wFeol up
CD206CD86"CD11c* M1 T2 Al 3% 9} CD206'CD86CD1lc M2 th2] Al 3 €]
<717 FJAEATKFig 9D). M2 tiAAES] ] oy FolA]
CD206*CD86'MHCII* M2a%} CD206 CD86'MHCII* M2b thA A E:= 18
kel zolzk gllonyy, CD206*CD86MHCIIT  M2c  thal A7}
7Vt (Fig 9E). IL-13* A HAEE AMIF TM o}y Bo]x o2 CSE
EETolA F7FEEAAL, IL-17AY A A ¥= CSE mEol wel AM, TM,
MoM E= ofg A ZF7tst 3l th(Fig 9F, G).
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Figure 9. Effects of cigarette smoke on lung macrophages

(A) The percentages of total macrophages in the lung. (B) Representative flow cytometry plots
gating macrophages subtypes; CD11c*CD11b (resident alveolar macrophage, AM), CD11c*CD11b*
(transitional macrophage, TM) and CD11¢c'CD11b* (monocyte-derived macrophage, MoM). (C) The
percentages of AM, TM, and MoM. (D) The percentages of CD206CD86*CD11c* M1 macrophage
and CD206*CD86°CD11c M2 macrophage in CD11b* macrophages. (E) The percentages of
CD206*CD86'MHCII* M2a, CD206CD86*MHCII* M2b, and CD206*CD86'MHCII- M2c
macrophage in CD11b* macrophages. (F) Representative flow cytometry plots gating IL-13* or Il-
17A* population in AM, TM, and MoM, respectively. (G) The percentages of IL-13* or Il-17A*
macrophages in AM, TM, and MoM, respectively. Statistical analysis was performed by the Mann-
Whitney U test. *p < 0.05, **p < 0.01.
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3 A gl d7)o Q% I1L-33/ST2 A5 AaZe A
273 vlwste] CSE =579 # & oA 133 Zde] S
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[e)
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Figure 10. IL-33/ST2 signaling in lung macrophages induced by cigarette smoke

(A) 1133 gene expression in the lung. (B) Representative flow cytometry plots gating ST2* population
in AM, TM, and MoM, respectively. (C) The percentages of ST2* macrophages in AM, TM, and
MoM, respectively. Il, interleukin. Statistical analysis was performed by the Mann-Whitney U test. *p
<0.05.
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A 4d G 47 xF F IL-U7AT AR So]F sT2 Hd 9 FU}
CSE & F S7kgh IL-13° ti2lAEgl IL-17AT A AE7E F
A AlEe] IL-33/sT2 AlsxEe] @Astel Avke] =A<l
A IL-137 T IL-17AT S A oA ST29) 23S #2ldqith IL-
13 A ZEE hxFI CSE =E7 BT ST2E A9 wd

oFSktH(Fig 11A, B). 1o ®5lo] IL-17AT WA EE= o] st

CSE =ZEwollAl ST2 Hdo] FostAl S 7k tH(Fig 11C, D).
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Figure 11. Increased IL-17A* macrophage-specific ST2 expression after exposure to
cigarette smoke

Representative flow cytometry plots gating (A) and percentages (B) of ST2* population in I1L-13*
macrophages. Representative flow cytometry plots gating (C) and percentages (D) of ST2* population
in IL-17A* macrophages. Statistical analysis was performed by the Mann-Whitney U test. *p < 0.05.
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A5 2 g A7 =¥ F dHAEY IL-33ST2 Wi A IFA
HHS-9 &4 st

CSE xFo] ¥ th2AxE9 IL-33/ST2 Az dde] uxE J&FS
81915} 712, CRL-2019¢] CSEE AMd wZA17]3 L33 HF$A S

gtelalgitl. CSE AMY w% % IL-33S AEd 1FS IL-33 @5
il

Hlw3ake] Sst2 §1Ake} A 9EA 2A=kQl Tnfa, 111b, Mcepl 82} 1&l o]
AdFxAd HQuh(Fig 12A). CSE W5 =F-2 Mydss, Nfxb odS 33k
ZAAZAT 9 MAP Z]ubobAl A Ze] F2o AARRIARD cfos E -
=77 vwete] CSE w& & 7hAastglon, cjund 18 ko xpolvt
AATHFig 12B). = Z# W CDlic* WHAAMNEE o]&3 A 9
A% vp7A 2 CSE AP =F $ IL-332 A3 152 IL-33
GE=F vlwste] A 9FA X}l Tnfa, 116, 1123a A= 2Eo)
ez Fth vhd CSEQ) IL-332 ZH7F W o ® A s g
gz AR JEo fdx HdE 2 THFig 12C).
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Figure 12. Cigarette smoke enhanced IL-33/ST2 signaling-mediated pro-inflammatory
response in lung macrophages.

(A) St2, Tnfa, 1l11b, and Mcpl gene expression of CRL-2019 in each group. (B) Myd88, Nfxb, cfos,
and cjun gene expression of CRL-2019 in each group. (C) Tnfa, 116, and 1123a gene expression of
CD11c* macrophages in each group. Il, interleukin. Statistical analysis was performed by the Mann-

Whitney U test, and one-way ANOVA followed by Tukey’ s test as a post-hoc test. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. i
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A 6 A g Arle] 3% LycCDllb* HAAXES HYo wWE 3
FEHS FXT H dAAEY AR olF 4

273 Hlwsle] CSE wEwollA] Ly6e*CD1lbt thalAlEe] o
AAE=d, ol$k ®HYE  LyécCD1lb*
A A EY F9L S71eFAth(Fig 13A, B). CSE 95 714 Al ¥+
Ly6cCD11b* T2 A7} ] d5Hb-gof mX= A3S &lstaial, Lyée
@3] e A 2l
Lyéc @G- AP oA BALF Wl F AESFI Frleke AEE
HAow, O FoME thAAE feleo]l Ad FiEe AAslT 53]
Lyec @3l AL 35749 5ol TA% 54 S BIAoH(Fig 13C).
d 24 FAE EA4Y 2H4sE A AFeAE 357 HHo
¥z 3l oh(Fig 13D, E).

Lyec wHal-o] QloFx el wmE oA AES] AR oo ®gE
golstieh xo vlwste] Lyee walgt Adtol A LyéetCD11b*
A Al ZS] f+]io] FHAskal, Ly6CDllb" thaAl2e] #lo] F7hshs
Zo] WA HFigure 13F, G). AMS  Ly6e WG A ektol A
FoetA F7ekal, TM3 MoMe 1% 7+e zkol7h gLl thk(Figure
13H). o]ojA  Z+ A o}doA e |L-13, IL-17A, ST29 23
Hlwekdnt o5 wdS gz njuwste] Lyee ©@E T AT
AMZ} TM T2 AR A f-838HA] F71etalom, MoM  tf A A 2ol 4] =

% 7rol zFol7b gl vk(Figure 131-K).
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Figure 13. The Effect of increased Ly6c CD11b* macrophages after cigarette smoke

exposure on pulmonary inflammation and macrophage subtypes

Representative flow cytometry plots gating (A) and percentages (B) of Ly6c*CD11b* and Ly6c
CD11b* macrophages in CD11¢*-CD11b* macrophages in CSE 4 weeks exposure model. (C) The
number of inflammatory cells in BALF, including macrophages, neutrophils, eosinophils, and
lymphocytes. (D) The percentages of neutrophils in lung tissue assessed by flow cytometry. (E) H&E
staining (400 <) for lung histology. Representative flow cytometry plots gating (F) and percentages
(G) of Ly6c*CD11b* and Ly6c'CD11b* macrophages in CD11¢*-CD11b* macrophages in Ly6c
monocyte adoptive transfer model. (H) The percentages of AM, TM, and MoM in lung tissue
assessed by flow cytometry. (I) The percentages of IL-13* macrophages in AM, TM, and MoM,
respectively. (J) The percentages of IL-17A macrophages in AM, TM, and MoM, respectively. (K)
The percentages of ST2* macrophages in AM, TM, and MoM, respectively. BALF, bronchoalveolar
lavage fluid; AM, alveolar macrophage; TM, transitional macrophage; MoM, monocyte-derived
macrophage. Statistical analysis was performed by the Mann-Whitney U test. *p < 0.05
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A7 2 2o 47 =¥ F ILCS T AxES ®¥s 9 gu A7)
XA Z] IL-33/ST2 A 29 A7 CDa* T AIE £33}

AA ILC 1 A ofgelME CSE wEol wE Fou|d W3t
%] ekgrth(Fig 14A). T AXS A%, A cD4* T A*E7} CSE
=ETolA FoHA FkskE Aol ER1EQla, CD8' T Alx+ + IF
Zrell zo] 7} QLS tH(Fig 14B). CD4* T A9 319 o} FolA T Thi7
ML Thl ME7F CSE =ZwolA S7Fskglal, Th2 MxEs F 1%
ko Fol7 QI THFig 14C, D). Treg Al T3 & 15 kel Zol7}
Holx 9kokrh(Fig 14E). CSE-pre + IL-33 =E 7oA &
Hhgo] CD4* T Al Eslell #ofsh==] F<lstiiat CSE-pre + IL-33
=E7 ¥ nawve CD4AT T AEE Fuik Ads ATy a3
Hlwskls W, CSES IL-335 Z42f d@sow Aejsh Imd ulge
CD4* T MEe 37l FE¥A 92 Hhde], CSE-pre + IL-33 =& 7
FHjoFEt CDA'T AlE= Thi7 A ¥ 2 #3145 9 tH(Fig 14F, G).
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Figure 14. The changes in ILCs and CD4* T cells after CSE exposure and the effects of
IL-33/ST2-mediated inflammatory macrophages enhanced by CSE on these changes

(A) The percentages of total ILCs, IFN-y* ILC1s, IL-5* or/and IL-13* ILC2, and IL-17A* ILCS3s,
in CSE 4 weeks exposure model. (B) The percentages of CD4* T cells and CD8* T cells. (C) The
percentages of IL-17A* Th17 and IFN-y* Thl in the lungs and their dot plots. (D) The percentages of
IL-5* or/and IL-13* Th2 in the lungs and their dot plots. (E) The percentages of Foxp3*CD25" Tregs
in the lungs and their dot plots. (F) Representative flow cytometry plots gating IL-17A* Th17, IFN-y*
Thi, and IL-13* or/and IL-5* Th2 in CD4* T cell co-culture experiment. (G) The percentages of
Th17, Thl, and Th2. ILC, innate lymphoid cell; IFN, interferon; Th, helper T cell; Treg, regulatory T
cell. Statistical analysis was performed by the Mann-Whitney U test, and one-way ANOVA followed
by Tukey’ s test as a post-hoc test. * p < 0.05, ** p < 0.01.
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ol EukAy iﬂl‘é%ﬂr%(idiopathic pulmonary fibrosis)iﬂr S A R |
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Cigarette smoke is a risk factor contributing to the development of chronic lung
diseases by inducing airway inflammation and tissue remodeling. As cigarette
smoke is composed of various components and has a broad impact on the immune
system, the mechanisms by which it affects pulmonary immunity are complex.
Pulmonary macrophages are known to regulate airway homeostasis and protect the
host from external antigens. However, macrophages exposed to cigarette smoke
may exhibit compromised functions and enhanced pro-inflammatory responses,
thereby contributing to chronic inflammatory diseases. In this study, we
investigated the effects of cigarette smoke on the normal respiratory immune
system focusing on monocytes and macrophages and determined their roles in the
inflammatory response induced by cigarette smoke exposure.

We established a chronic cigarette smoke exposure mouse model by intranasally
administering cigarette smoke extract (CSE) to 8-week-old C57BL/6 mice, three
times a week for four weeks. To examine the changes in airway inflammation and
immune cell distribution, we performed differential counts of bronchoalveolar
lavage fluid (BALF) and conducted histology, flow cytometry, and mRNA
expression analyses of lung tissues. Based on the expression levels of CD11c, a
marker for tissue-resident macrophages, and CD11b, a marker associated with
migratory capacity, we categorized macrophages into distinct subtypes. Specifically,

we classified them as CD11c*CD11b alveolar macrophages (AM), CD11c*CD11b*
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transitional macrophages (TMs), and CD11c’CD11b® monocyte-derived
macrophages (MoMs). Then the expression of IL-13, IL-17A, and ST2 markers in
each subset of macrophages was analyzed. Furthermore, CD11b* macrophages
were classified into CD206°CD86CD11lcc M2 macrophages and CD206
CD86*CD11c* M1 macrophages. M2 macrophages were further subdivided into
CD206*CD86'MHCII* M2a, CD206CD86*MHCII* M2b, and CD206*CD86
MHCII- M2c.

Chronic exposure to cigarette smoke did not cause any significant changes in the
distribution of lung immune cells, but neutrophilic inflammation in the airway was
confirmed in the CSE-exposed group. Regarding macrophages, AM and TM
increased in the CSE-exposed group compared to the control group, and MoM did
not differ between the two groups. CSE exposure induced differentiation of M2
macrophages within CD11b* macrophages, especially M2c macrophages that
contribute to tissue remodeling. In addition, in AM and TM, an increase in the
expression of IL-13, a key factor that causes airway inflammation and fibrosis, was
observed. It was shown that CSE can contribute to tissue remodeling by inducing
M2 macrophage polarization. Interestingly, IL-17A expression was detected in all
macrophage subsets, including AM, TM, and MoM, exposed to CSE. This suggests
that macrophages exposed to CSE can act as the main source of IL-17A and
contribute to the neutrophilic inflammation.

CSE exposure also influenced the IL-33/ST2 signaling pathway in macrophages.
CSE exposure augmented the expression of 11-33 in lung tissues and upregulated
the expression of the IL-33 receptor, St2, in macrophages. Significantly, the
expression of ST2 was specifically elevated in IL-17A" macrophages, while no
such expression was observed in IL-13" macrophages. In vitro and Ex vivo, the
gene expression of St2 and pro-inflammatory cytokines, including Tnfa, 1I-15,
Mcpl, 11-6, and 1l-23a, was upregulated with IL-33 treatment when preceded by
CSE exposure but not with either single stimulation of I1L-33 or CSE exposure.
CRL-2019 cells exposed to CSE showed the activation of Myd88/NF-«kB signaling,
downstream of the IL-33/ST2 pathway. These findings demonstrated that cigarette
smoke modulates the responsiveness of macrophages to IL-33, leading to the
induction of a pro-inflammatory response. Although we have not elucidated the

mechanism, previous studies have shown that IL-33 is a major factor in enhancing
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Myd88-dependent TLR signaling. Consequently, it is plausible that exposure to
cigarette smoke activated the Myd88/NF-kB signaling pathway in macrophages,
while the increased levels of 1L-33 in the lungs synergistically contributed to the
induction of a pro-inflammatory response. It is also supposed that IL-17A*
macrophages identified in the CSE exposed group may be associated with IL-
33/ST2 mediated pro-inflammatory macrophages.

Chronic exposure to cigarette smoke induces the recruitment of Ly6¢cCD11b*
macrophages into the lungs. Mouse monocytes are classified into Ly6c* classical
monocytes and Ly6¢™ non-classical monocytes. Previous studies have indicated that
these subsets have distinct roles depending on the characteristics and timing of
inflammation. To investigate the role of increased Ly6c CD11b*™ macrophages upon
CSE exposure, Ly6c” monocytes were adoptively transferred into the tail vein, and
CSE was intranasally administered. It was observed that neutrophilic inflammation
significantly increased in the Ly6¢c- monocyte transfer group, suggesting a crosstalk
between Ly6c monocytes and CSE-mediated neutrophilic inflammation.
Furthermore, it was proposed that Ly6c™ monocytes infiltrating the lungs could
undergo differentiation into IL-17A" pro-inflammatory macrophages and I1L-13*
macrophages, which are known to participate in tissue remodeling, thus acting as
key mediators of inflammatory responses.

Lastly, CSE exposure induces a Th17 immune response in the lung. To confirm
whether macrophages affect the adaptive immune system, co-culture experiments
were conducted with naive CD4* T cells. It was observed that IL-33/ST2-mediated
pro-inflammatory macrophages, activated by CSE, induced the differentiation of
Th17 cells. These findings suggest that macrophages, activated by cigarette smoke,
can be a major factor in the activation of the adaptive immune system by changing
the microenvironment in the lungs, especially in the context of Th17 immune
response.

This study confirms the potential contributions of monocytes and macrophages
to airway inflammation in response to chronic exposure to cigarette smoke. In
particular, we demonstrated that Ly6c- monocytes and IL-33/ST2-mediated pro-
inflammatory macrophages induce neutrophilic inflammation and alterations in the

adaptive immune system, ultimately leading to airway inflammatory responses.
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