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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) damages lung epithelial stem/progenitor 
cells. Ideal anti-SARS-CoV-2 drug candidates should be screened to prevent secondary injury to the lungs. Here, 
we propose that in vitro three-dimensional organoid and lung injury repair mouse models are powerful models for 
the screening antiviral drugs. Lung epithelial progenitor cells, including airway club cells and alveolar type 2 (AT2) 
cells, were co-cultured with supportive fibroblast cells in transwell inserts. The organoid model was used to evaluate 
the possible effects of hydroxychloroquine, which is administered as a symptomatic therapy to the coronavirus 
disease 2019 (COVID-19) patients, on the function of mouse lung stem/progenitor cells. Hydroxychloroquine was 
observed to promote the self-renewal of club cells and differentiation of ciliated and goblet cells in vitro. Additionally, 
it inhibited the self-renewal ability of AT2 cells in vitro. Naphthalene- or bleomycin-induced lung injury repair mouse 
models were used to investigate the in vivo effects of hydroxychloroquine on the regeneration of club and AT2 
cells, respectively. The naphthalene model indicated that the proliferative ability and differentiation potential of club 
cells were unaffected in the presence of hydroxychloroquine. The bleomycin model suggested that hydroxychloroquine 
had a limited effect on the proliferation and differentiation abilities of AT2 cells. These findings suggest that 
hydroxychloroquine has limited effects on the regenerative ability of epithelial stem/progenitor cells. Thus, stem/
progenitor cell-derived organoid technology and lung epithelial injury repair mouse models provide a powerful 
platform for drug screening, which could possibly help end the pandemic.
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Introduction

The coronavirus disease 2019 (CoViD-19) broke out 
in December 2019, which has affected the population of 

more than 200 countries and regions globally. Currently, 
the number of confirmed cases of COVID-19 worldwide 
exceeds 220 million and the death toll has reached 4.5 
million. COVID-19 is clinically divided into the follow-
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ing levels based on its severity: mild to moderate, severe, 
and critical (respiratory failure) [1]. Common symptoms 
include fever, cough, and muscle pain [2], and patients 
with this disease often display the following lung histo-
pathological features: lung epithelial injury, hyaline 
membrane formation, and diffuse inflammatory infiltra-
tion [3, 4].

Epithelial stem/progenitor cells, including club and 
type 2 alveolar (AT2) cells, reside in the intralobar con-
ducting airways and alveoli of the human lung, respec-
tively. When the lung epithelium is injured, these cells 
can self-renew to regenerate and repair the lung epithe-
lium. Once the repair is completed, the structure and 
function of the lung are restored [5, 6]. Club cells gener-
ate ciliated and goblet cells through proliferation and 
differentiation, whereas AT2 cells can differentiate into 
AT1 cells, which are necessary for gas exchange [7–9]. 
Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) invades cells through its spike protein to bind to 
the angiotensin-converting enzyme 2 (ACE2) receptor 
[10]. Because ACE2 receptors are expressed on the sur-
face of club cells and AT2 cells, these two epithelial 
progenitor cells can be targeted and damaged by SARS-
CoV-2 [11]. A diminished pool of lung progenitor cells 
may compromise the regenerative capacity of the epithe-
lium and slow down the restoration of epithelial barrier. 
Consistent with this, SARS-CoV-2 infection-induced lung 
damage in COVID-19 patients has been proposed to per-
sist for a long time [12]. Xu et al. confirmed an increase 
in the mRNA expression of transforming growth factor 
β, connective tissue growth factor, and fibronectin (Fn1) 
in the lung epithelial cells of patients with COVID-19 
[13]. This increase was found to result in Fn1 deposition, 
which is indicative of potential pulmonary fibrosis in 
patients with COVID-19. Therefore, clinical medicine 
prescribed for COVID-19 patients should be screened to 
avoid secondary injury to the lung epithelial progenitor 
cells to reduce the occurrence of lung fibrotic progression.

A stem/progenitor cell-derived 3-D organoid culture 
technology shows great potential for evaluating drug 
safety and investigating host-pathogen interactions. Us-
ing this organoid model, Lamers et al. demonstrated that 
a low dose of interferon λ1 can reduce SARS-CoV-2 
replication [14]. Mulay et al. used this model to study 
the efficacy of COVID-19 drug candidates and confirmed 
that remdesivir strongly inhibits SARS-CoV-2 infection/
replication [15]. As the distribution and function of club 
and AT2 cells in the lungs of mice is very similar to that 
of humans, mouse models can be used to examine the 
changes in club and AT2 cells [16]. Naphthalene (Naph) 
is an environmental toxicant that can cause cancer [17]. 
Naph-induced airway epithelial injury and repair models 

have been widely recognized and applied [17, 18]; hsu 
et al. used this model to demonstrate the important role 
of β-catenin in the proliferation and self-renewal of air-
way epithelial cells [19]. Bleomycin (BLM), an anti-
tumor drug, has been shown to induce AT2 cell apopto-
sis and lung fibrosis [20]. We previously adopted this 
mouse model to demonstrate that the weight-reducing 
drug orlistat appeared to counteract the effects of au-
tophagy loss on alveolar epithelial injury [21]. Both in 
vitro organoid culture and in vivo lung injury mouse 
models provide opportunities to evaluate drug safety in 
regenerative medicine.

To date, there are no effective drugs to treat COVID-19 
patients. Several potential anti-SARS-CoV-2 drug can-
didates have been proposed and clinically tested. For 
example, remdesivir can block the viral life cycle by 
inhibiting the viral RNA-dependent RNA polymerase 
[22]. However, its efficacy in treating COVID-19 re-
mains controversial [23, 24]. hydroxychloroquine 
(HCQ) can inhibit glycosylation of the host receptor and 
increase the pH of the endosome to prevent viruses from 
entering cells. It exerts antiviral effects by regulating 
activated immune cells [25]. Some studies have sug-
gested that HCQ treatment has a beneficial effect on 
COVID-19 patients, such as increased pneumonia im-
provement rate, faster fever reduction, and lower mortal-
ity [26, 27]. however, other studies have shown that 
HCQ is not helpful in treating COVID-19 patients 
[28–30]. Besides, there are various adverse reactions 
associated with the use of HCQ [31, 32]. The use of HCQ 
may be associated with an increased risk of arrhythmia 
[32–34]. Several research teams have shown that HCQ 
may increase tissue damage, including that of the lung 
[35–37]. In the present study, we used in vitro organoid 
cultures and mouse lung epithelial injury models to 
evaluate the effect of HCQ on the regeneration of club 
and AT2 cells. Our findings suggest that HCQ has lim-
ited effects on the regenerative ability of the lungs.

Materials and Methods

Compounds
Hydroxychloroquine sulfate (HCQ) was purchased 

from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, 
China) and solubilized in sterile water as recommended. 
And the compounds used are from the same batch.

Animals
Male C57BL/6J mice (age, 6–10 week-old) were pur-

chased from Beijing Huafukang Bioscience, China, and 
housed in a fixed location in a specific pathogen-free 
(SPF) facility at Tianjin University Haihe Hospital. 
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animals were randomly assigned to control and treat-
ment groups. Their age and gender were matched. For 
each animal, different investigators are responsible for 
the damage, treatment, harvest and result processing. 
The mouse study was approved by the Haihe Hospital 
Animal Care and Use Committee (approval number: 
2020HHSQKT-047).

Naphthalene-induced mouse airway epithelial injury
Before 10 am, 250 mg/kg naphthalene (Sigma, St. 

Louis, MO, USA) dissolved in corn oil (Sigma) was 
intraperitoneally injected into the mice. HCQ or phos-
phate-buffered saline (PBS) (Gibco, Grand Island, NY, 
USA) was administered at a fixed time for 7 and 14 days, 
after naphthalene. The Ethics Committee of Haihe Hos-
pital, Tianjin University provided approval (ethical ap-
proval number: 2020HHSQKT-047).

Bleomycin (BLM)-induced mouse alveolar epithelial 
injury

Mice were anesthetized using 7.5% chloral hydrate 
(Sangon Biotech, Shanghai, China), followed by a single 
intratracheal administration of BLM (2 U/kg body 
weight, Nippon Kayaku, Tokyo, Japan). Mice received 
HCQ (10 mg/kg or 50 mg/kg, i.p.) or PBS on day 1 after 
BLM, as previously described [21]. Thereafter, HCQ or 
1 × PBS was administered at a fixed time for 7 and 14 
days. Mice were sacrificed on days 7 and 14 after the 
HCQ administration. The Ethics Committee of Haihe 
Hospital, Tianjin University provided approval (ethical 
approval number: 2020HHSQKT-047).

Fluorescence-activated cell sorting (FACS)
A single-cell suspension was prepared by digestion of 

lung tissues from 6–10-week-old C57BL/6 mice with 
elastase and Dnase i. Freshly isolated cells were sus-
pended in Hanks balanced saline solution (Solarbio, 
Beijing, China) with 2% fetal bovine serum (FBS, Gibco), 
0.01% Penicillin- streptomycin (Gibco, USA) and 10 mM 
HEPES (Sigma). The primary antibodies used to stain 
cells included CD24-PE (1:25, eBioscience, San Diego, 
CA, USA), EpCAM-PE-Cy7 (1:50, Biolegend, San Di-
ego, CA, USA), CD31-biotin (1:50, eBioscience), CD45-
biotin (1:100, eBioscience), CD34-biotin (1:16, eBiosci-
ence), and Sca-1-APC (1:100, eBioscience). Then, the 
secondary antibody Streptavidin-APC-Cy7 (1:100, eBio-
science) was used, followed by the addition of 7-amino-
actinomycin D (7-aaD, 1:20, eBioscience) to discrimi-
nate the dead cells. Mouse club and aT2 cells were 
sorted based on their surface expression pattern, CD31−

CD34−CD45−EpCAM+CD24+Sca-1+ and CD31−CD34−

CD45−EpCAM+CD24−Sca-1−, respectively.

Transmission electron microscope
Mouse club or AT2 cells were sorted by FACS as de-

scribed above. Then the cells were placed in the electron 
microscope fixing solution (pH7.0–7.5) (Servicebio, 
Wuhan, China) containing 2.5% glutaraldehyde, and 
fixed at 4°C for 2 h. Phosphate buffer (0.1M) (pH=7.4) 
was used to wash the cells 3 times (15 min each). Starva-
tion acid (1%) was used for post-fix, keeping away from 
light for 2 h. Then, the cells were washed 3 times with 
0.1M phosphate buffer (15 min each). The samples were 
dehydrated at room temperature as the following: 30%, 
50%, 70%, 80% and 95% ethanol for 20 min, 100% 
ethanol twice (20 min each) and acetone twice (15 min 
each). For resin penetration and embedding, the samples 
were sequentially treated with alcohol/EMBed 812 (1:1) 
for 2–4 h, acetone/EMBed 812 (1:2) overnight, and pure 
EMBed 812 for 5–8 h at 37°C. The samples were main-
tained in the pure EMBed 812 at 37°C overnight. The 
embedding board was placed in 60°C oven for 48 h to 
polymerize. Ultrathin sections (60–80 nm) were made 
and mounted on cuprum grids. Cuprum grids were 
stained using 2% uranium acetate saturated alcohol solu-
tion avoiding light for 8 min, rinsed in 70% ethanol and 
ultra-pure water for 3 times each. Then the samples were 
treated by 2.6% lead citrate avoiding Co2 for 8 min, and 
rinsed with ultra-pure water 3 times. Cuprum grids were 
dried overnight at room temperature. Electron micro-
scope (Tecnai G2 F20, FEI, Eindhoven, Holland) was 
used to observe and image.

Organoid cultures
FACS-sorted mouse club cells (5 × 103) or aT2 cells 

(2 × 104) were co-cultured with MLg (2 × 105), mouse 
lung fibroblast cells (ATCC, Rockefeller, MD, USA), in 
Matrigel/culture medium (1:1) respectively. The culture 
medium included Dulbecco’s modified Eagle Medium/
F12 (Corning, Corning, NY, USA), 1% insulin/transfer-
rin/selenium (Sigma), 10% FBS, 100 IU/ml penicillin, 
100 µg/ml streptomycin, and 10 µM SB431542 (Sigma). 
In the treatment group, 10 µM hCQ was added to the 
culture medium. Then, the mixture was transferred to 
the Transwell inserts in 24-well plates (Corning) contain-
ing the culture medium at the bottom. an incubator with 
a humidified 37°C with 5% CO2 was used to maintain 
cultures, and the culture medium was changed every 
other day. The organoids were imaged using an inverted 
fluorescence microscope (Olympus, Tokyo, Japan). The 
colony-forming efficiency (CFE) was calculated as the 
number of organoids (greater than 50 µm in diameter) 
in each insert as a percentage of seeded epithelial cells.
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Assay for the viability of AT2 and club cells
Club cells (1 × 104 cells/well) or AT2 cells (2 × 104 

cells/well) were plated in a 96-well plate (Labgic, Bei-
jing, China). Serially diluted compounds were added in 
quadruplicate and incubated at 37°C for 24 h. Thereafter, 
according to the manufacturer’s instructions,3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2 
-(4-sulfophenyl)-2H-tetrazolium (MTS) was directly 
added to the culture wells to evaluate the effect of each 
compound on the viability of club or AT2 cells at 490 
nm wavelength on a Spectrophotometer (Multiskan GO, 
Thermo Fisher Scientific, Vantaa, Finland).

RNA isolation and quantitative real-time PCR 
(qPCR)

Total RNA was extracted from organoid cultures and 
mouse lung tissues using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA), according to the manufacturer’s 
instructions. RNA was reverse transcribed using Super-
Script III reagents with oligo-d (T) (Invitrogen) and ran-
dom hexamer primers (Takara, Tokyo, Japan). qPCR was 
performed with specific primers using SYBR green su-
permix (Vazyme, Nanjing, China) in the Light Cycler 96 
(Roche, Nutley, NJ, USA) Real-Time PCR system under 
the following conditions: 95°C for 2 min, 95°C for 10 s, 
40 cycles of 60°C for 20 s, and 72°C for 20 s. The relative 
expression level of each gene of interest was normalized 
to that of Actb in the same sample. The following primers 
(Sangon Biotech) were used for qRT-PCR: Actb F: 
5’-ggCCaaCCgTgaaaagaTga-3’, Actb -R: 
5’-CagCCTggaTggCTaCgTaCa-3’; Cyp2f2-F: 
5’-CgaCTgCTTCCTCaCaaaga-3’, Cyp2f2-R: 
5’-gTCaTCagCagggTaTCCaTaTT-3’; Foxa3-F: 
5’-CTTggTggaggTTgggTgag-3’; Foxa3-R: 
5’-aCaggCagTaTTCCCaagCC-3’; Tubulin-F: 
5’-GGTGATGTGGTTCCCAAAGA-3’; Tubulin-R: 
5’-gTgggaggCTggTagTTaaTg-3’; Foxj1-F: 
5’-agagagTgaggg CaagagaC-3’, Foxj1-R: 
5’-gCgggCTTagagaCCa TTTC-3’; Clca1-F: 
5’-ggCaTCgTCaTCgCCaTag-3’, Clca1-R: 5’-CAC-
CaTgTCCTTTaTgTgTTgaaTg-3’; Sftpc-F: 5’-gaa-
gaTggCTCCagagagCaTC-3’, Sftpc-R 5’-GGACTC-
g g a a C C a g T aT C aT g C - 3 ’ ;  P d p n - F : 
5’-TgCTaCTggagggCTTaaTga-3’, Pdpn-R: 
5’-TgCTgaggTggaCagTTCCT-3’; Aqp5-F: 
5’-ggTggTCaTgaaTCggTTCagC-3’, Aqp5-R: 
5’-gTCCTCCTCTggCTCaTaTgTg-3’; Fn1-F: 5’-gT-
gTagCaCaaCTCCaaTTaCgaa-3’; Fn1-R: 
5’-ggaaTTTCCgCCTCgagTCT-3’; Collagen 
1(Col1)-F: 5’-CCaagaagaCaTCCCTgaagTCa-3’; 
Col1-R: 5’-TGCACGTCATCGCACACA-3’.

Immunofluorescence
Immunofluorescence was conducted as described pre-

viously [21]. Briefly, lung tissue was perfused and fixed 
with formalin. Organoid cultures were embedded in 
O.C.T. compound. Lung tissue or organoid sections were 
blocked with 5% BSA (Boster, Wuhan, China) and in-
cubated with anti-Ki67 (1:200, eBioscience), anti-CCSP 
(1:1,000; Santa Cruz Biotechnology, Dallas, TX, USA), 
anti-CYP2F2 (1:100; Santa Cruz Biotechnology), anti-
ACT (1:200; Sigma), anti-CLCA1 (1:200; Abcam, Cam-
bridge, UK), and pro-SPC (1:200, Millipore, Boston, 
MA, USA). Thereafter, a fluorescent-coupled secondary 
antibody (1:200, invitrogen) was added, and the nuclei 
were stained with Fluromount g containing 4’-6’-di-
amidino-2-phenylindole (DAPI). The stained sections 
were imaged using an IX73 inverted fluorescent micro-
scope (Olympus).

Hematoxylin and eosin (H&E) staining
H&E staining was conducted as described previously 

[21]. Briefly, lung sections were deparaffinized and re-
hydrated for hematoxylin and eosin staining (Solarbio). 
Thereafter, 95% alcohol and 100% alcohol solutions 
were used for dehydration (5 min each). The glass slides 
containing the sections were sealed with neutral resin.

Masson trichrome staining
Masson trichrome staining was performed as previ-

ously described [21]. Briefly, paraffin-embedded lung 
tissue sections were treated with Masson’s compound 
staining solution, phosphomolybdic acid dye, aniline 
blue, and differentiation solution (MXB, Fuzhou, China). 
After dehydration, the sections were sealed with neutral 
balsam for imaging.

Statistical analysis
All data are presented as mean ± SD. The sample size 

was based on the previous studies[38–40]. no animals 
were excluded for data analysis. Every experiment were 
repeated two or more times. One-way ANOVA and Stu-
dent’s t-test were performed to determine P-values. 
Statistical significance was defined as P<0.05 (*P<0.05; 
** P<0.01).

Results

HCQ does not affect the viability of mouse club and 
AT2 cells

hCQ is clinically used as an antiviral drug to treat 
patients with COVID-19 [41–43]. however, it is un-
known whether HCQ has a negative influence on the 
regenerative capability of lung epithelial stem cells dur-
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ing the suppression of virus activity. Therefore, we ex-
plored the influence of HCQ on the regenerative ability 
of club and AT2 cells. FACS was used to fractionate the 
mouse lung epithelial stem/progenitor cells. Thereafter, 
single-cell suspensions of lung tissue from C57BL/6 
mice were obtained by immunostaining with fluorescent-
labeled antibodies against cell surface markers and reac-

tive dyes. Epithelial cells were isolated by selecting 
EpCAMpos, CD31neg, CD34neg, and CD45neg cells. Mouse 
club and AT2 cells were further separated by CD24 and 
Sca-1 staining (Fig. 1A). We oberved that the autofluo-
rescence of club cells was stronger than that of AT2 cells 
in mice (Fig. 1B). Immunofluorescence staining with 
anti-CCSP- or anti-pro-SPC antibodies proved the char-

Fig. 1. Isolation and organoid cultures of lung epithelial progenitor cells. (A) Lung epithelial progenitor cells, including 
club and AT2 cells, were retrieved from normal mice by fluorescent activated cell sorting. (B) The autofluorescence 
intensity of club and AT2 cells were detected using fluorescence-activated cell sorting. (C) Immunofluorescence 
staining of club and AT2 cells with CCSP and SPC, respectively. Scale bar=10 µm. (D) Transmission electron mi-
croscopy images of club and AT2 cells. (E) Club or AT2 cells were cultivated in transwell chambers with MLg cells 
to establish an organoid platform. (F) MTS analysis was used to derive the cytotoxicity of hydroxychloroquine 
(HCQ) in mouse club and AT2 cells (n=4). Data are expressed as mean ± SD. Statistical significance was determined 
using one-way anoVa.
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acteristics of sorted mouse club and AT2 cells (Fig. 1C). 
Morphologically, transmission electron microscopy in-
dicated that club cells exhibit a round shape with an 
abundance of cytoplasm and organelles, while AT2 cells 
exhibit a columnar shape with a rounded nucleus and 
lamella bodies (Fig. 1D). The sorted mouse club or aT2 
cells were cultivated with MLg cells in transwell cham-
bers to establish an organoid culture system (Fig. 1e). 
MTS was used to evaluate the cytotoxicity of HCQ. 
Based on the MTS analysis, the viability of mouse club 
cells and AT2 cells was not affected by HCQ at a con-
centration of 10 µM or lower (Fig. 1F).

Effects of HCQ on the in vitro regenerative ability 
of mouse club cells

To determine whether HCQ affects the regenerative 
function of club cells in vitro, we adopted the established 
3-D organoid-based system. Herein, we found that HCQ 
increased the CFE of club cells; however, its effect on 
the size of club cell-derived organoids was negligible 
(Figs. 2a and B). We also measured the mRNA expres-
sion of the differentiation-related genes in colonies de-

rived from club cells and found that ciliated cells (Foxj1) 
and goblet cells (Clca1) differentiating from club cells 
were both increased (Fig. 2C). Furthermore, after im-
munofluorescence staining and quantification of the 
fraction of Ki67+CYP2F2+ cells in total pro-CYP2F2+ 
cells in organoid colonies, we found that HCQ did not 
affect the proliferation of club cells in organoid colonies 
(Figs. 2D and E). These findings indicate that HCQ pro-
motes the differentiation of club cells but has no sig-
nificant effect on their proliferation.

HCQ does not impair the regenerative ability of 
mouse club cells after airway epithelial injury

To explore the effect of HCQ on club cell regeneration 
in vivo, we adopted a naphthalene-induced airway in-
jury model. Intraperitoneal injection of naphthalene 
selectively eliminates airway club cells[44]. hCQ was 
intraperitoneally administered daily starting on day one 
after naphthalene injection, and the mouse lung tissues 
were collected on D7 and D14, respectively (Fig. 3A). 
HCQ, at dosage of either 10 mg/kg or 50 mg/kg, did not 
affect the expression of Clca1, Foxa3, Foxj1, Tubulin in 

Fig. 2. Organoid platform employed to evaluate the effects of hydroxychloroquine (HCQ) on 
the regenerative function of club cells. (A) Mouse club cell derived organoids with or 
without hCQ (10 µM) were imaged (n=6). Scale bar=500 µm. (B) Quantification of 
CFE and organoid size of control and HCQ-treated groups (n=6). A total of 696 and 
1,310 organoids were counted in the control and HCQ-treated groups, respectively. (C) 
The mRNA expression levels of Foxj1 and Clca1 in the organoid cultures of mouse 
club cells were measured by qPCR (n=6). (D) Immunofluorescence staining of frozen 
sections from organoid cultures with CYP2F2 and Ki67 (n=3). Scale bar=50 µm. (e) 
Quantification of Ki67+CYP2F2+ cells in all CYP2F2+ cells in the organoid cultures of 
mouse club cells (n=3). A total of 1,216 cells in 14 fields and 1,758 cells in 23 fields 
were counted in the control and HCQ-treated groups, respectively. Statistical significance 
of all data was calculated by two-tailed Student’s t-test. **P<0.01.
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Fig. 3. Hydroxychloroquine (HCQ) had no effect on the regeneration of mouse club cells during naphthalene-induced airway epithe-
lial injury. (A) Schematic diagram of naphthalene-induced airway injury and the administration of HCQ (50 mg/kg per day) to 
mice. (B) Body weight of mice was recorded during naphthalene-induced mouse airway injury (n=8). (C) qPCR analysis of 
Foxj1 and Clca1 mRNA expression in mouse lung at 7 days after naphthalene injury (n=8). (D) Immunofluorescence staining 
of lung sections at 7 days after naphthalene injury (n=8). Scale bar=50 µm. (E) Quantification of club, ciliated, and goblet cells 
at 7 days after naphthalene injury (n=8). A total of 17,098 cells in 44 fields, 17,067 cells in 99 fields and 16,093 cells in 110 
fields were counted in the PBS+PBS group, Naph+PBS-treated and Naph+HCQ-treated groups, respectively. (F) qPCR analysis 
of Foxj1 and Clca1 mRNA expression in mouse lung at 14 days after naphthalene injury (n=8). (G) Immunofluorescence stain-
ing of lung sections at 14 days after naphthalene injury (n=8). Scale bar=50 µm. (H) Quantification of club, ciliated, and goblet 
cells during naphthalene injury in the absence or presence of HCQ (n=8). A total of 17,343 cells in 51 fields, 20,888 cells in 91 
fields and 11,143 cells in 60 fields were counted in the PBS+PBS group, Naph+PBS-treated and Naph+HCQ-treated groups, 
respectively. Statistical significance of all data was determined calculated using one-way ANOVA. ** P<0.01.
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the lung at day 7 or day 14 after naphthalene injection 
(Supplementary Figs. 1A, B, and Fig. 3). Compared with 
Naph+PBS group, Cyp2f2 expression was increased in 
Naph+HCQ (10 mg/kg) group at day 14 after naphtha-
lene (Supplementary Fig. 1B). The higher dose (50 mg/
kg) was chosen to further investigate possible effects of 
HCQ on airway epithelial stem cell function. As ex-
pected, body weight was reduced following naphthalene 
administration, however, body weight recovery began 
on day three (Fig. 3B). No difference was observed in 
body weights between the PBS-treated and HCQ-treated 
groups throughout the treatment period (Fig. 3B). At day 
7 after naphthalene injury, Foxj1 expression was up-
regulated in the lung as compared to non-injury group 
(Fig. 3C). Immunofluorescence staining indicated that 
naphthalene caused a significant decrease in the abun-
dance of CCSP-expressing club cells, while increase in 
acetylated tubulin (ACT)-expressing ciliated cells as 
compared to non-injured group (Figs. 3D and E). In ad-
dition, the quantitative statistics showed that, at this 
timpoint, the Ki67+CYP2F2+/CYP2F2+ ratio was sig-
nificantly higher in Naph+PBS group than that in the 
PBS+PBS group (Fig. 3E). However, HCQ did not affect 
the abundance of CCSP-expressing club, ACT-express-
ing ciliated or Clca3-expressing goblet cells during 

naphthalene-induced airway epithelial injury (Figs. 3D 
and E). Likewise, at day 14 after naphathalene injury, 
HCQ exhibited no effects on the mRNA expression of 
Foxj1 and Clca1, or abundance of club cells, ciliated 
cells or goblet cells during naphthalene injury (Figs. 
3F–H, and Supplementary Fig. 1B). These findings in-
dicated that naphthalene injury can significantly reduce 
club cells and increase ciliated cells, but hCQ does not 
affect the proliferation and differentiation of mouse club 
cells in vivo.

Effects of HCQ on the in vitro regenerative ability 
of mouse AT2 cells

The organoids derived from mouse AT2 cells revealed 
that HCQ decreased the CFE of mouse AT2 cells but 
increased the colony size (Figs. 4a and B). Furthermore, 
based on quantitative PCR analysis of AT2 cell-derived 
organoid cultures, the expression levels of Pdpn and 
Aqp5, markers of AT1 cells, didn’t have obvious differ-
ence between the HCQ and control groups (Fig. 4C). 
Immunofluorescence staining of mouse lung tissues sug-
gested that there was no difference in AT2 cell prolif-
erations between the control group and the HCQ treat-
ment group at this time in vitro (Fig. 4D).

Fig. 4. Organoid model derived to evaluate the effects of hydroxychloroquine (HCQ) on the regenerative function 
of mouse AT2 cells. (A) Organoids derived from AT2 cells cultured with or without HCQ (10 µM) were 
imaged (n=9). Scale bar=500 µm. (B) CFE and size of the organoids derived from mouse AT2 cells cultured 
with or without HCQ (n=9). A total of 1,046 and 747 organoids were counted in the control and HCQ-
treated groups, respectively. (C) The expression levels of Pdpn and Aqp5 in the organoid cultures of AT2 
cells were measured using qPCR (n=6). (D) Immunofluorescence staining of the organoid cultures with 
pro-SPC and Ki67, and quantification of Ki67+AT2 cells in all AT2 cells in the organoid cultures of AT2 
cells (n=3). A total of 619 cells in 12 fields and 625 cells in 16 fields were counted in the control and HCQ-
treated groups, respectively. Scale bar=50 µm. Statistical significance of all data was calculated by two-tailed 
Student’s t-test, **P<0.01.
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HCQ does not affect the regenerative ability of 
mouse AT2 cells during BLM-induced alveolar 
epithelial injury

To evaluate the possible effect of HCQ on AT2 cell 
regeneration in vivo, we employed a BLM-induced al-
veolar epithelial injury mouse model. Bleomycin is 
known to injure AT2 and AT1 cells [44]. After the induc-
tion of injury, HCQ was intraperitoneally administered 
daily starting on day 1 after BLM injection (Fig. 5A). 
Mice were then sacrificed on day 7 or 14 for analysis 
(Fig. 5A). HCQ, at dosage of either 10 mg/kg or 50 mg/
kg, did not affect the expression of Sftpc, Pdpn, Aqp5, 
Fn1 or Col1 in the lung at day 7 or day 14 after BLM 
(Supplementary Figs. 2A, B, and Fig. 5). The higher dose 
(50 mg/kg) was chosen for the following experiments to 
maximize possible effects of HCQ on alveolar epithe-
lial stem cell function. Injury compelled mice to lose 
weight, however, body weight began to recover after day 
7 (Fig. 5B). No difference in body weight was found 
between the HCQ and control groups over the entire 
injury process (Fig. 5B). At day 7 after BLM-induced 
injury, Masson and H&E staining of the lung tissues 
indicated that the alveolar structure was injured (Fig. 
5C). The mRNA expression of Fn1 and Col1 in lung 
tissue of mice increased significantly (Fig. 5D). And 
Sftpc and Aqp5 gene expression levels were decreased 
at this time point (Fig. 5E). As compared to the 
BLM+PBS group, HCQ exhibited no effects on bleomy-
cin-induced alveolar injury, the expression of these al-
veolar epithelial genes or fibrotic genes, or proliferative 
potential of AT2 cells at this time point (Figs. 5C–F, and 
Supplementary Fig. 2A). Compared to the lung tissue 
harvested at day 7, more severe damage was observed 
in the tissues retrieved at day 14, which was related to 
the development of lung fibrosis (Fig. 5G). At day 14 
after BLM, the mRNA expression of Fn1 and Col1 in 
lung tissue of mice remained increased as compared to 
non injury group (Fig. 5H). However, compared to the 
BLM+PBS group, HCQ didn’t effect the mRNA expres-
sion of Fn1 and Col1 in lung tissue (Fig. 5H). Similar 
to the results at day 7, HCQ exhibited no effects on 
bleomycin-induced alveolar injury, the expression of 
fibrotic genes and epithelial markers at day 14 after BLM 
(Figs. 5G–I, and Supplementary Fig. 2B). In addition, 
immunofluorescence analysis confirmed that HCQ did 
not affect the proliferation of AT2 cells at day 14 after 
BLM (Fig. 5J).The findings showed BLM caused col-
lagen deposition, fibrosis and compensatory alveolar 
epithelial cell proliferation in mouse lung tissue, but 
hCQ exhibits a limited role in regulating the regenera-
tive ability of AT2 cells after bleomycin treatment.

Discussion

There is an urgent need to not only develop anti-
SARS-CoV-2 drugs but also establish platforms to screen 
drug candidates that do not impair lung regeneration as 
lung epithelial stem/progenitor cells, including airway 
club cells and alveolar AT2 cells, are injured by SARS-
CoV-2. In this study, we adopted a 3-D lung organoid 
platform and lung epithelial injury repair mouse models 
to assess the effects of HCQ on lung epithelial regen-
eration. Serum HCQ levels were reported to range from 
0–7.9 µM in patients according to a weight-based dosing 
of 6.5 mg/kg [45, 46]. Further, the 50% maximal effec-
tive concentration (EC50) of HCQ was found to range 
from 4.06–12.96 µM in VeroE6 cells [6]. in order to be 
relevant to clinic, we selected hCQ at 10 µM for in vitro 
organoid cultures, and HCQ at 10 or 50 mg/kg for the 
lung injury mouse models.

The organoid platform indicated that HCQ enhances 
the colony-forming ability and differentiating ability of 
goblet and ciliated cells of mouse club cells without 
affecting their proliferation. However, these effects were 
abolished during naphthalene-induced airway epithelial 
injury in vivo. Although HCQ appeared to inhibit the 
colony-forming ability of mouse AT2 cells in vitro, the 
regenerative and differentiation abilities of AT2 cells 
were unaffected by HCQ during BLM-induced alveolar 
epithelial injury in vivo. In our previous study, we dem-
onstrated that CQ (Chloroquine) does not affect the 
proliferation and differentiation of mouse club and AT2 
cells [38]. CQ and hCQ share similar chemical structures 
and mechanisms of action as weak bases and immuno-
modulators [47]. CQ is metabolized into desethylchlo-
roquine, whereas hCQ is metabolized into desethylchlo-
roquine and desethylhydroxychloroquine [48]. Therefore, 
different metabolic products may contribute to the dis-
crepancy in the different effects of CQ and HCQ on lung 
stem/progenitor cell function in in vitro organoid cul-
tures. The effects of HCQ on the function of the mouse 
club and AT2 cells were found to be abolished in mouse 
models. Such finding suggests that the in vivo environ-
ment could compensate for the HCQ-induced effects on 
lung epithelial stem/progenitor cells. Such a dicrepancy 
in the findings between organoids and lung injury mouse 
models reminds us of the strengths and limitations of 
drug screening models.

Recently, rising organoid technology has investigated 
the direct role of drugs on lung stem/progenitor cells that 
can be gained from animals or human subjects. We pre-
viously adopted an organoid model to evaluate the direct 
role of several anti-SARS-CoV-2 drug candicates [38]. 
Lung organoids can be used to model human lung biol-
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Fig. 5. Hydroxychloroquine (HCQ) had no effect on the regeneration of AT2 during bleomycin (BLM)-induced alveolar epithelial injury. 
(A) Schematic diagram of the induction of mouse alveolar epithelial injury by BLM and the administration of HCQ (50 mg/kg 
per day). (B) Body weight of mice was recorded during BLM-induced mouse alveolar injury (n=10). (C) Hematoxylin and eosin 
staining and Masson trichrome staining of the lung sections at day 7 after BLM (n=10). Scale bar=100 µm. (D) mRNA expression 
of Fn1 and Col1 were determined in mouse lung tissues at day 7 after BLM (n=10). (E) qPCR analysis of Sftpc and Aqp5 mRNA 
expression in mouse lung at 7 days after BLM injury (n=8). (F) Immunofluorescent staining and quantitative analysis of AT2 cell 
proliferation at day 7 after BLM injury (n=8). A total of 5,337 cells in 25 fields, 711 cells in 20 fields and 1,293 cells in 29 fields 
were counted in the PBS+PBS group, BLM+PBS-treated and BLM+HCQ-treated groups, respectively. Scaled bar=50 µm. (g) 
Hematoxylin and eosin staining and Masson trichrome staining of the lung sections at day 14 after BLM (n=10). Scale bar=100 
µm. (H) mRNA expression of Fn1 and Col1 were determined in mouse lung tissues at day 14 after BLM (n=10). (I) qPCR 
analysis of Sftpc and Aqp5 mRNA expression in mouse lung at 14 days after BLM injury (n=8). (J) Immunofluorescent staining 
and quantitative analysis of AT2 cell proliferation at day 14 after BLM injury (n=8). A total of 5,178 cells in 25 fields, 931 cells 
in 28 fields and 931 cells in 27 fields were counted in the PBS+PBS group, BLM+PBS-treated and BLM+HCQ-treated groups, 
respectively. Scaled bar=50 µm. Statistical significance of all data was calculated using one-way ANOVA. *P<0.05, **P<0.01.
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ogy using human pulmonary epithelial cells [38]. To 
date, human proximal airway and distal alveolar organ-
oids have been successfully derived [49, 50]. Lung or-
ganoids can model the developmental process of the 
lung, as well as recapitulate the 3-D essential structural 
(such as alveolars, airways, and lung buds) and func-
tional aspects of the lung in vitro [47]. however, there 
is a lack of key in vivo characteristics such as a defined 
body axis, nervous system and functional immune sys-
tem, functional vasculature, and force change during gas 
exchange in organoids [51]. in addition, hCQ is me-
tabolized in the liver into desethylchloroquine and des-
ethylhydroxychloroquine, which then circulates to the 
lungs [48]. Acting ingredients may have different regu-
latory roles from those of prodrugs. Mouse lung injury 
models have all these elements, but the physical differ-
ences between mice and humans create a major obstacle 
in translational medicine [52]. in this study, we were 
unable to access human lung tissues for airway and al-
veolar epithelial progenitor cells. We propose that the 
combination of organoid cultures with human cells and 
mouse lung injury models would be a solution to iden-
tify lung regeneration-friendly drugs for COVID-19 
treatment. Combining the in vitro and in vivo findings, 
we concluded that HCQ has a limited effect on the re-
generative ability of lung epithelial stem/progenitor 
cells, reducing the concern of potential fibrotic progres-
sion in recovered COVID-19 patients administered HCQ.
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