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[Abstract] Objective To investigate the differences in pathological changes and immune responses of human
airway organoids at different stages of differentiation following respiratory syncytial virus (RSV) infection.
Methods Models of human fetal lung organoids (FLO) and induced airway organoids (iAO) were established to
simulate immature and mature airway epithelium. Immunofluorescence staining, electron microscopy, and quantitative
polymerase chain reaction (Q-PCR) were used to confirm the successful construction of the lung organoid models.
Human lung organoids were infected with RSV, and samples were collected at 6 and 48 hours post-infection. The immune
characteristics of immature and mature RSV-infected organoids were assessed using immunofluorescence staining,
droplet digital PCR (DDPCR), and Q-PCR. Results We successfully generated FLO expressing both the progenitor
markers sex determining region Y-box transcription factor 2 (SOX2) and sex determining region Y-box transcription
factor 9 (SOX9), as well as iAO containing basal cells, ciliated cells, club cells, and goblet cells. In addition, organoid
models of RSV infection were established. DDPCR results showed that, at the initial stage of RSV infection, the viral load
in iAO was significantly higher than that in FLO (P < 0.001). However, at 48 hours post-infection, the viral load in iAO
was lower than that in FLO (P < 0.05). Q-PCR results indicated that the expression of RSV infection receptor genes,
including epidermal growth factor receptor (EGFR), insulin-like growth factor 1 receptor (IGFIR), and nucleolin (NCL),
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was significantly higher in iAO compared to that in FLO (P < 0.001). RSV infection led to an increase in the expression

levels of immune factors, including interleukin 6 (IL-6), interleukin 8 (CXCL8), interferon a (IFN-«), granulocyte colony-

stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), and tumor necrosis factor a

(TNF-a), in iAO compared to those in FLO, and the differences were statistically significant (P < 0.05). Conclusion The

expression of RSV infection receptor proteins increases with airway maturation, and mature airway epithelial cells exhibit

a stronger immune response than immature ones do, effectively inhibiting RSV replication.

[Key words] Respiratory syncytial virus
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AV E L VPO ARG R DL S B AR 1 B RFAE

1 #MBEFE

1.1 EIwiEAR

AURA A W SIS A R A fi FH
ELARAS DU 1| R AR P — PR B AR B D 2 it fe, T H it
#E5 N U21A20333, T A 1R A8 A bR /RE R E F
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FEEL AL YR RAE B L, FEAS 5 I i s s 12 A H A i
R A I D ), 8 Al S e, ICHE e S e P
B X, A JEARIE AL 400 U/mL Collagense
I (Sigma, C0130). 10 umol/L Y27632(Cell Signaling
Technology, 13624) . 10 U/mL DNase(Sigma, D5025), 7£
37 CHERLL100 r/min A% HH 030 min. TH AL
M, R ASE R, 724 F LA A F 3R R i
1785 9%: Advanced DMEM/F12(Gibco, 12634010),
1xGlutaMax(Gibco, 35050061), 1 mmol/L HEPES(Gibco,
15630080), 1xPenicillin/Streptomycin(Gibco, 15140122),
1xB27 supplement(Gibco, 17504044 ), 1.25 mmol/L n-
Acetylcysteine, 5 mmol/L Nicotinamide, 50 ng/mL
recombinant human EGF(Sino Biological, 10605-HNAE),
100 ng/mL recombinant human Noggin(R&D, 6057-NG),
100 ng/mL recombinant human FGF10(Sino Biologica,
10573-HNAE), 100 ng/mL recombinant human FGF7(Sino
Biological, 10210-HO7E ), 500 ng/mL recombinent human
R-spondinl1(R&D, 4645-RS), 3 umol/L CHIR99021
(Selleck, $1263) F1500 nmol/L A8301(Cell Signaling
Technology, 75073) . 4 dFEHfe—RIEFRIE, A HE
KN EHAL200 pm A FEF AL
122 AFREENHHEFIN

AW i 5 98 e A AR K B (transforming
growth factor, TGFP) . J£F 4k 4 ffd A= 4 PH F (fibroblast
growth factor, FGF) ., ‘HJE {8 H (bone morphogenetic
protein, BMP) . Wt [iff ff i 73k ) 5 SA 530 6 7 &
RIS B, REAS G A LA B B
JUR A A o B R R v Y A R SRR SR A B A R
7 d, 7 dJE AT iR T 5 JR S AT 3 ARG I e T
Advanced DMEM/F12, 1xGlutaMax, 1 mmol/L HEPES,
1xPenicillin/Streptomycin, 1xB27 supplement, 1.25 mmol/L
n-Acetylcysteine, 5 mmol/L Nicotinamide, 100 ng/mL BMP4
(R&D systerms, 314-BPE), 100 ng/mL TGFB(Peprotech,
AF-100-21C-UG) . 3 dJF A TIE MRS 14 d:
Advanced DMEM/F12, 1xGlutaMax, 1 mmol/L HEPES,
IxPenicillin/Streptomycin, 1xB27 supplement, 1.25 mmol/L
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n-Acetylcysteine, 5 mmol/L Nicotinamide, 100 ng/mL
recombinant human Noggin, 500 ng/mL recombinant
human FGF10, 500 nmol/L A8301, 10 umol/L Y27632(Cell
Signaling Technology, 13624) . #j[R]4f4 dH¥E e — k3%
IRl
1.2.3 RSVAGARAL 49438

M55 K RSV A2#R(ATCC, VR-1540) . KIF RS
2 HA£200 pmitf, ST E, 200xgE 03 min, EFR E
T, AL mL 1xTryLE(Gibco, A1217701) R FTIR 2], i
A37 CHIFRAIAL30 s, 30 o5 A 2 3 B VR TR
Advanced DMEM/F12, 1xGlutaMax, 1 mmol/L HEPES, 1x
Penicillin/StreptomycinZ¢ 1F I A6 5 PR 250 K BR L 35 W,
JE PRI UE P B AT C B 7 00 7 T SRS VIR T8
(1x10° PFU/mL), PA1 = 1007 B e & 95 23 7 7 W (1

10" PFU/mL), A1 mLJ& 800 5 I B 2R B UIES,
FE37 CHEFRAATPIFE 6 h, PR Z A0S0 & T, 1Tk
PR JE A AFE BT Ak 235 5% . 4351 Tk 6 h148 hilg
SEREAR, UEAT S SR SE 5
1.2.4 FEHRAZTERSGBEHKXNAHE (real-time
fluorescence quantitative PCR, Q-PCR ) 547

RS AR T, 200xgHS 003 min, FIZEHE B VR P K
FBREE T, Hie FRRN A S HGA ] & 1 W] 5 (Qiagen, 4004)
PEHUERNA 4% IR % 5177 & (Roche, 4897030001)
Ul W] A5 X PR I RN A HEAT S % L c DN A, SR 5 %
cDNAFZIRL : 10MB U1 FQ-PCR, THAN5 Y751 i 1T
N, UM -3-BE R I UM (GAPDH) N S 3L, R A
2N TR BT B A A RN AR TAEY TRA
RRAH] .

x1 51455

Table 1 Primer sequences

Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3")
SOX2 ACATGAACGGCTGGAGCAA GTAGGACATGCTGTAGGTGGG
SOX9 GGACCACCCGGATTACAAGT AAGATGGCGTTGGGGGAGAT
KRT5 CTCAGTGGAGAAGGAGTTGGAC ACTGCTACCTCCGGCAAG

FOXJ1 GGCATAAGCGCAAACAGCCG TCGAAGATGGCCTCCCAGTCAAA
CCI10 CCCCTCCTCCACCATGAAAC AGGAGGGTTTCGATGACACG
MUC5AC GCACCAACGACAGGAAGGATGAG CACGTTCCAGAGCCGGACAT
IL-6 TTCGGTCCAGTTGCCTTCTC CTGAGATGCCGTCGAGGATG
CXCL8 ACTCCAAACCTTTCCACCCC TTCTCAGCCCTCTTCAAAAACT
EGFR GCCTTGACTGAGGACAGCAT AATCTGCCACTGTTTCCCCC
IGFIR GGGGCTCTTGTTTACCAGCAT TCTCCCGCCTCTCTCGAGTT
NCL ACTCTGGTTCAGTTGGGCTG TAGTTACAACCCTGGCTGGC
TNF-« CACAGTGAAGTGCTGGCAAC AGGAAGGCCTAAGGTCCACT
IFN-« ACTCATACACCAGGTCACGC CAGTGTAAAGGTGCACATGACG
G-CSF TGGTGAGTGAGTGTGCCA GGTAGAGGAAAAGGCCGCTA
GM-CSF ACTTCCTGTGCAACCCAGATT CTCATCTGGCCGGTCTCAC
GAPDH GACTCATGACCACAGTCCATGC AGAGGCAGGGATGATGTTCTG
RSVA-N-P CACCATCCAACGGAGCACAGGAGAT

SOX2: sex-determining region Y-box 2; SOX9: sex-determining region Y-box 9; KRT5: keratin 5; FOX]1: forkhead box J1; CC10: Clara cell 10-kDa protein;
MUC5AC: mucin 5AC; IL-6: interleukin 6; CXCLS8: interleukin 8; EGFR: epidermal growth factor receptor; IGFIR: insulin-like growth factor 1 receptor; NCL:
nucleolin; TNF-a: tumor necrosis factor a; IFN-a: interferon a; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte macrophage colony-

stimulating factor; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; RSV: respiratory syncytial virus.

w45

WA, I 2.5% )% — 2 %] € W (JSK, JS13111)
BB E, AR5 B A R TGS, SR H AR H
FAEFEHYTEM-1400FLASH % 5 H 55 X5 4 I 3R 47 PR 2R
4, FEKHTI G T6 00017 FURER, HEFFZEILEE 1Y) X Sl R 4
R, WS LR M 25 4544
1.2.6 RAERAEE

WAEZEEE, AT mL 4%PFA (Beyotime, P0099)
SERARE, HUE T4 CUFR R, 55— KHIDPBS(Gibco,

1.2.5

c14190500bt) Vi PR S 45 H , AR5 1 HI3% B it e e 2k
FE L 4 CIFF 30 min, 1 170% £ FER010 min, 5K
B AR E (4 £ B W R K, T 7K 1 ] —
AN TN R b g i s, [ BUE SRS R T
R, 8 S R A SRR, T4 CCUKARTR
S R HY) R WL R S AT e SO g £, U)K
RTINS . BURIEE | 5% G4 S EiRE L e, 5
— i BUfAE 5(keratin 5, KRT5)Fi{4 (Abcam, ab52635) |
PiClaraZliiif110-kDa® [ (Clara cell 10-kDa protein, CC10)
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Pk (Santa Cruz, sc-365992) . HLACE-TUBULIN#L{K
(Santa Cruz, sc-23950) . $i & & F15AC(mucin 5AC,
MUC5AC)#ifk(Abcam, ab3649) . HLSOX24i 4 (Santa
Cruz, sc-365823) . FiSOXIHLIA (Abcam, ab5535) | HilliliFe
T35 76 19 B (surfactant protein B, SFTPB)$i{£ (Santa
Cruz, sc-133143) . HufiliZR 7% 5 11 C(surfactant protein
C, SFTPC)#i {4 (Abcam, ab3786) V& 4 Cit i, VE T
55¢56 Pt (Alexa Fluor 488, Alexa Fluor 594, Alexa Fluor
647; ¥J1 : 400) Je = Eh R =R ILIE R (Hoechst33342,
1 : 800) ¥ H 1 h, FJa i FHHLHO G IGAHEATE Fr, 6
#HE2 hm, AR T EV30003E B 4 W R 4R
E3)an

1.2.7 fhis XBF IS4 X E (droplet digital
PCR, DDPCR)

DL 5 s cDN A B4R, ¥ DDPCR%E HIIR & 1K
(Bio-Rad, 1863023) . RSV4REE . RSV ¥, cDNA K TCf
JKBC B AL20 pLIZ VAR 2R, i A DGR &R BFL A, i
A 70 uLGIGH A S E DG IAE S X 7 (A FL AP, A
A U RS o SRR RO e B o6 f LR H i TR A
it % 2R I, 98 K 9 6 FL A I A Bk 152 LAY iR AT 3
B, S5 B e O 45 SR 4% A X x 10x 1 000%20/0.5=

Hoechst33342/ /SOX9 Hoechst33342/ /KRT5

G 507pun

P5d11

Y(copies/ug RNA) 13RSV .
128 %it# 5k

>k HGraph Pad Prism 8% /1-3#E4 T8 /- A Akl 1], 4%
B IERS TR FORNR F X + s 37, 210 AR
SEREAS oGy, 22 2R 1) H AR FH B DR 3R T 220 W, 22401
PP ELHR LS D, XU 36, 46236 7K Ea= 0.05

2 #R

2.1 BREGEHARRRRT X EME

FIFZE9JE | 128 F16 8 r NG itideui T R 4i i s 5%
TE BRI B, FERI A= OERIRESH (K1A) .
TERSMT R E AR 1R, IR — B 2R A BB S
DL T A R R GA (1B ) o st o G
A AR b T DAl R A B NG T AE 20 M B A SO X2 A
SOX9FIk, MIIE [ Fz A MIbR &Y NKRTS, SR AE R
J1(forkhead box J1, FOXJ1), CC10, MUC5ACLA K Jifiifd I
F A bR RSB n SETPC, FTPBJLF-AFEIA(K1C).,
22 BASELREINES

Q-PCREH /R, M EL FIRIGIG SR B, 5 IR
RS JEA B T AGE L AR R SR R A T R, 22
SWHE G FE X (P<0.05) (E2A); g s R

SOX2

.

Relative expression
S = N W

AR LR RS ) Q\\Q\O)
SOX9

Relative expression
S = N W

RARER RS ) PV

Hoechst33342/ /

MUC5AC Hoechst33342/ /SFTPC

1 PRI B B R EM AR ES

Fig 1 Self-renewal and maintenance culture of fetal lung organoids

FLO: fetal lung organoids; P: passage number of the organoids; d: days of culture for the current generation of organoids; FLO1: 9 pregnancy chronological week;

FLO2: 12 pregnancy chronological week; FLO3: 16 pregnancy chronological week. A, Bright-field image of cultured FLO; B, Q-PCR results of FLO for fetal lung progenitor

cell-specific gene expression, n = 3; C, immunofluorescence staining results of lung epithelial cell marker protein expression in FLO.
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Fig 2 Fetal lung organoids differentiate into mature airway organoids

FLO: fetal lung organoids; iAO: induced airway organoids. A, Q-PCR results of airway epithelial cell marker gene expression in FLO and airway organoids; n = 3,

P

" P<0.01,” P<0.001,

characteristics of FLO and iAO as observed by electron microscopy.

BRI E RS E AT B, Clubdifi., FRR41
RN SE AR AE (15128 ) 5 FLBE T ] UL K A S8 i “9+2”7
SR B MESSA E A (E2C) .
2.3 AESUMEASELIZERSVELAFE
RSVIEYL 5 B4 B B 2t 45 R s, 5086 h
HA G, SR YL 48 VR IR A B R R 2SR e
PRI A2l B s, 22 3946 Gei 248 L (P< 0.05) ([&13) .
I R DY L T, AFSE & AT BN . Clubd

P <0.000 1; B, immunofluorescence staining results of airway epithelial cell marker protein expression in airway organoids; C, ultrastructural

JHL . ARDR AT ISR A U A G it L 40 e A 356 G 400 i 22
BERSVIE Yy, H A HT 4 2 Y 20 M 45 oA 8 2 40 L 31 mT
UL, MR T IS4 T P A A i, i s 4L 40 i e RS VR e
14 L A1 5 e, LU 2T B 40, 17 5 P 20 e S e 4 L)
AR (&)
24 HASEEBREARSVBAEGFEEEBNRENE
VAT A RS VI YL 48 W 1 2R 2 AR TR
GBI 28 B (P<0.05), [RINFRSVIEYL6 hipd5 4 8 i TR

FLO iAO Control
15000 - i = FLO - RSV-6 h
16 000 Z 4.0x10° . Z 4.0x107
14000 | igae E“‘ R — Tm e
< 12000 & % 3.0x10° &0 3.0x107
% 10000 3 3 I
§ 8000 & 2.0x10° & 2.0x107
= 3 O o
S 6000} - o S
= S .
4000 & 1.0x10° 2« 1.0x107
2000 > >
3 3
k= 0 = 0
0 20000 4%0001 ao?’oo 80000 100 000 S 6h 48h S FLO iAO
vent number
(A RSV-6 h (C) ()
FLO iAO Control .
16000 - == = iAO 2 RSV-48 h
14000 Z 2.0x10° Z 4.0x10°
~ 24
12000 - o -
< S0 1.5x10° 80 3.0x10°
% 10000 $:L 31
g 8000 9 9
: £ 1.0x10° £ 2.0x10°
Z e} 8 8
aoop [1 & 5.0x107 E 1.ox10°
2000 3 3
2 @
0 20000 40000 60000 80 000 100 000120 000 2 0 & 0 :
Event number - 6h 48h - FLO 1A0
(5 RSV-48h (D) o

3 PRRRAT R EMSE LR ERSVEL6 hila8 hEREHE
Fig 3 The viral load in FLO and airway organoids at 6 h and 48 h post-RSV infection

The abbreviations are explained in the note to Fig 2. A, DDPCR results for viral load in the organoids 6 h after RSV infection; B, DDPCR results for viral load in the

organoids 48 h after RSV infection; C, the viral load in FLO; D, the viral load in iAO; E, the viral load at 6 h after RSV infection; F, the viral load at 48 h after RSV infection.

n=3,"P<0.05 P<001,"" P<0.0001.
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g
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j=}
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4 RSVELIE48 hiRBR AT R B E S E LR ER KRB LLEZEPRSVER KN LB L EN

Fig 4 Co-localization of RSV immunofluorescence staining in FLO and iAO at 48 hours post-RSV infection and in uninfected organoids

Control: uninfected organoids; RSV-48 h: organoids at 48 hours post-RSV infection; the other abbreviations are explained in the note to Fig 2.
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(insulin-like growth factor 1 receptor, IGF1R) flfZ{ &
(nucleolin, NCL) ikt 5 TIRIGIIRARE, 2R IA 5
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Fig 5 Q-PCR results of the expression of RSV infection-related genes in FLO and iAO

The abbreviations are explained in the note to Fig 2. A, Q-PCR results of RSV entry receptor gene expression in FLO and iAO; B, Q-PCR results of immune factor-

related gene expression in FLO and iAO at 48 hours post-infection. n=3, P <0.05, " P<0.01, " P<0.001," P<0.0001.



2 W

D 55555 AR BN UG KA B WIS & IR R G5 2 AL 417

¥ mRNARIKFOL, 45250 W AU R de B b iz
PR 4 1 40 A E 6 (interleukin 6, IL-6) . 140N
8(interleukin 8, CXCL8) . T-# R a(interferon a, IFN-a) |
4T 4 V% 08 PR 7 (granulocyte colony-stimulating
factor, G-CSF) . ki 40 i - B W 40 g 4 v ) 33 5 1
(granulocyte macrophage colony-stimulating factor, GM-
CSF) Fled R ALK T a(tumor necrosis factor a, TNF-a) [
mRNAR K& TIERINE SR B, 2700 558
(P<0.05)(&I5B)

3 itig

AT R BRI AG I 20 2R 2 T RG22
HLOIFSESIE AEEAE IR 2R S
B 240 B A B SOX 2 FISOXO XU BH A A 5 S s i
it AHL A A, A 2SS B R A0 B A A S S KRT 5 P P Ay
JIC4HA . ACE-TUBULINFHME A EF E41M . CCLOBHMERY
Club4 s LA EMUCSACBHPE MR AL . A2 ARG T &
BRI, S B4 AR AR IR AN AR AR
DR A A5 00 30 o S Y A0 v SR T B
1711 i AF ) R 20 M T2 & T B, [ Bif 2  75
SR SZ AR IR T R, 995 R R A RS VI 7 A it A
7T, TR ) R A B A M LA R Y B R T
AL S S R o AR ol 7 2 1 32 3 T AR Ao

El:ig: EARSIL/NPNE I T ESRE PN S 211 (WS E Y=
) AT R AT AE B 22 S, IR BRI 1 AH SCBIF o it i S
I PRI AR, A B ZE A0 AR U BU RS TRSVIER Y, 75
RAF M4 2H AN R AR LA B, 23 SRR A R AR RFAK,
A AEAR B AE T 5 3 B (O RS VIR 38, A 51 T 2 i
S BREKCAE AL TNF-affly T4 (interferon y, IFN-y) g 3
1 9P R SR, T BSCATE A BRUAH G s g D5, R T /)
BRA/IVTE AN B R A FIARAR 200 ), RAYAVARASER!
FF RIS L R 20 M R A TRSVIER Y, K IURSVIFE &
4 A AR IO TR AT PN R S8 R S 2 R, N T olIRE A7
(Toll-like receptors, TLR), AJ fie ik 4 g 415 o1 2 11 Y 58
I, SFECIRE G, SR AU 2D 20 M FR 0 1k B S M AR AL
20 R A Y 22 5 1 R 2 IR B o R e R DA T IR, i
AR SRR A, B2 I T A A R 1Y
FHOCAIFSY o AR SE IS &R T AT LAVE A et 75 ) JE e
R T TR, G Tt 92E v 0 AN [ 58 AR R 7 st 0 7
HOHRHLAE FH 2 I 6 il R 20 20075 5 40 s v il
WA, AT FH IR0 e 2 R e it vt B 240 7 Je
B APE R B ARl 5 5 oAk B A
PRAE e B RARIT] DU OB Ol R i 2 R Al 2R

RUZH L K 3D 7% [ 2548, LA AU AR <l 7 & & R TR
BB A P2 R

RSV ih T GRE M 5 A R 2 R 45 5,
W5 R PR 1 S MR, 35 1% 0 B R s 38 4 L J5t
L ST HE— 2B B SERTBIE™ . RSVAIAZ RIS, & 5K
Ye iy B AR UIAOC . EGFRA] SRSV FHE 1A H.AE
FL AR £ SR R A, [RIR, ZEAAR S S g6 v & I
RSVili i FAR 15 15 AN NCLAH AR, 48545
A B T 20 M 2% 18 FINCL_E, AT A S 20k AR e 4
JiL7 S5 BT BT Y kAN i 2 TR TG F 1R 7T LA By By
RSVIE AJRYL A, S —FPHT RSV AAZ IR, Rl I
B AR B, 40 DRl ek it Bl T =, S AR
FEAR 3, WAIE IS4 H WEGFR . NCLFIGFIRI K
IR TR R IR IR I AR, T RESE RS VIR G
W AE S B e 2 0y I B e TR I 2R 28 Y
B, ] Fof 2 BH 5 5 A AR S A s AR AL A E A
B FERRRAE T AT LA OIS - R R B RRAE

RSVEYLIT IR J5 , 2> il & TollBEZ 1R A2 FIRIG- 1
WA, Ja BE SRR, FEUFN-of A2, I Shw R B A
B0, — 25 B B X RSV R S8 KA W 25, (e R IL-
6FITNF- a5 G R 17 Az, DA HE P I 8 o™,
it 1 R 240t I 22 s s M 4 L T AL B A R, i —
A0 H 55T 22 R A0 B G R A6, DL S GM-CSFARIG-
CSFLASE M SLA (1 AU AL J5 SRAF T . LR R A2 D) BE, AT
HEHLRSVIYIZZE ), AWM AR BN, TERSVIERYL48 h
J&, B R AR T R B AR G F AnIL-6.. CXCLS,
TNF-a, IFN-a, GM-CSF., G-CSF#J . 2 1 235 TR fii
RAE, PSS T HA TR0 e ong, LA
RSVI 29 5 1l o

SR, WRIG IS a8 B ) SOE R R B L it
T v S B s w3 R e 32 AR BE R 1 223k, S BUGE B
Y| Ve O [ B S = B e 1 O e Yl v
B SR ) G 1V 2, IRIRS VIR E 1

* * *

FEETRAE B P S0 508 SOl R B 4 . BT IR RS
B, B SCEE ST T A B W S 0 o 5215 2 S A, I e 6
STHAF R B9 G S 1, 5 PHRT ST & WP S RS 7 i, AT
XSRS AR SR AL IR R S A TER C 4R 2
TEPE IR A T, LU 2R R A RAS HEA T e 8 SE A, JF IR REX T AR 9 7
AT w5
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