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Chloroquine Inhibits the Release of
Inflammatory Cytokines by Human
Lung Explants
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On human lung parenchymal explants, chloroquine concen-
tration clinically achievable in the lung (100 uM) inhibited the
lipopolysaccharide-induced release of TNF-a (by 76%), IL-6 (by
68%), CCL2 (by 72%), and CCL3 (by 67%). Besides its antiviral
activity, chloroquine might also mitigate the cytokine storm as-
sociated with severe pneumonia caused by coronaviruses.
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The severe pneumonia caused by severe acute respiratory syn-
drome coronaviruses (SARS-CoVs) features rapid viral repli-
cation followed by an intense, prolonged cytokine/chemokine
response known as a “cytokine storm.” This extreme response
involves the release of proinflammatory cytokines, such as inter-
leukin (IL)-6, tumor necrosis factor o (TNF-a), macrophage in-
flammatory protein 1a (CCL3), and monocyte chemoattractant
protein 1 (CCL2) [1-4]. Reports that plasma cytokine levels are
higher in patients requiring intensive care than those not re-
quiring intensive care suggest that the cytokine storm is linked
to disease severity [3]. Hence, dysregulated and/or exaggerated
cytokine and chemokine responses to SARS-CoV infection
might have a major influence on the pathogenesis of coronavirus
disease and the associated morbidity and mortality [1-4].

The antimalarial drugs chloroquine and hydroxychloroquine
have been used to treat patients infected with severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2). Given the ef-
ficacy observed in trials conducted in China, chloroquine is to
be included in the forthcoming version of the Chinese national
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guidelines for the prevention, diagnosis, and treatment of pneu-
monia caused by SARS-CoV-2 [5]. Chloroquine will probably
be the first compound to be widely used in China and worldwide
as the first-line treatment of severe SARS-CoV-2 infections due
to its broad availability, low cost, and low frequency of adverse
drug reactions [6]. The US Food and Drug Administration also
encourages the use of chloroquine and hydroxychloroquine in
clinical trials and authorizes their emergency use for the treat-
ment of patients with SARS-CoV-2 for whom a clinical trial is
not available or participation is not feasible.

Micromolar concentrations of chloroquine are effective in
preventing the spread of SARS-CoVs in primate cell cultures [7,
8]. At 100-fold higher concentrations (~100 uM), chloroquine
additionally exerts anti-inflammatory activities, such as a re-
duction in the production of inflammatory cytokines by various
cell types—including human monocytes and lung macrophages
[9, 10]. In the rat, chloroquine is distributed extensively into the
tissues: a peak/plasma concentration ratio of more than 1000 is
obtained in the lung [11]. In a very recent study [12], the sim-
ulated human lung-to-plasma concentration ratio was as high
as 400, with lung concentrations of30 000 ng/mL or greater
(ie, close to or greater than 100 uM) [12]. The objective of the
present study of human lung explants (in which the in situ pa-
renchymal architecture and cell-cell communications are main-
tained) was to assess the potential anti-inflammatory effects of
chloroquine on the lipopolysaccharide (LPS)-induced release
of cytokines and chemokines involved in the SARS-CoV-2-in-
duced cytokine storm.

METHODS

Drugs and Chemicals

Chloroquine diphosphate was obtained from Sigma-Aldrich
(Saint-Quentin Fallavier, France). Chloroquine was solubilized
and diluted in sterile water. Antibiotics, L-glutamine, and LPS
(from Escherichia coli serotype 0111:B4) were purchased from
Sigma (St Louis, MO). Roswell Park Memorial Institute (RPMI)
medium was purchased from Eurobio Biotechnology (Les Ulis,
France).

Preparation and Treatment of Human Lung Explants

The use of resected lung tissue for in vitro experiments was
approved by the regional independent ethics committee
(Comité de Protection des Personnes Ile-de-France VIII,
Boulogne-Billancourt, France), and all patients provided their
informed consents. Lung tissue samples were obtained from
7 patients (4 males and 3 females; smokers:ex-smokers, 1:6;
mean * standard deviation [SD] age, 63.2 + 7.4 years; forced
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expiratory volume in 1 second [FEV ], 82.4% + 14.1%; pack-
years, 41 + 21; FEV :forced vital capacity [FVC], 0.78 + 0.08;
FEV :FVC, <0.7:1; severity of airflow limitation, mild) under-
going surgical resection for lung carcinoma and who had not
received prior chemotherapy. The procedure for the preparation
of lung explants in our laboratory has been described previously
[13]. Briefly, all tissue specimens were taken at some distance
from the tumor; dissected free of pleura, visible airways, and
blood vessels; and then finely chopped into ~3-5-mm” frag-
ments. The parenchymal fragments were washed in complete
culture medium (RPMI supplemented with 2 mM L-glutamine,
100 pg/mL streptomycin and 100 U/mL penicillin) to prevent
contamination by blood and then maintained overnight at 4°C.
On the day after isolation, the parenchymal fragments were
washed in the culture medium. Five fragments were distrib-
uted into 6-well plates (3 mL of medium per well) and incu-
bated with chloroquine or vehicle (medium) for 1 hour prior
to stimulation with LPS (1 pg/mL). After a 24-hour incubation
at 37°C in a 5% CO, humidified atmosphere, supernatants were
collected and stored at —80°C for subsequent cytokine assays.

Assays

The supernatants cytokine concentrations (TNF-a, CCL2,
CCL3,1L-6,and IL-8 [CXCL8]) were measured with an enzyme-
linked immunoassay (R&D Systems Europe, Lille, France), ac-
cording to the manufacturer’s instructions. The assay detection
limits were 4 pg/mL for CCL3, 8 pg/mL for TNF-a and CCL2,
10 pg/mL for IL-6, and 16 pg/mL for CXCL8. Cytokine concen-
trations were expressed in picograms or nanograms per 100-mg
explants (wet weight). Lactate dehydrogenase (LDH) activity
in the supernatants was measured using a cytotoxicity assay
(CytoTox 96’ Promega Corporation, Madison, WI).

Statistical Analysis

The data are presented as the mean + standard error of the
mean (SEM) obtained in experiments with explants from in-
dependent donors. To compare chloroquine experiments with
LPS-only (control) experiments, we applied a 1-way analysis
of variance for repeated measures (Friedman test) and then
Dunn’s post-hoc multiple comparison test. The threshold for
statistical significance was set to P < .05.

RESULTS

Effects of Chloroquine on LPS-Induced Cytokine Production by Human
Lung Explants

Lipopolysaccharide induced a marked increase in the cyto-
kine release: 118.6-fold for TNF-a, 26.4-fold for CCL3, 8.9-fold
for IL-6, 6.0-fold for CCL2, and 4.3-fold for CXCL8 (n = 6-7,
paired preparations). These findings are in agreement with our
previous results [13].

In a concentration-dependent manner, chloroquine inhib-
ited the LPS-induced release of 4 of the cytokines known to be

involved in the SARS-CoV cytokine storm (Figure 1), together
with CXCL8 (data not shown). At a chloroquine concentration
of 100 uM, the relative reduction in release was 76% + 7% for
TNF-a, 68% + 6% for IL-6, 72% + 5% for CCL2, 67% + 5%
for CCL3, and 43% + 5% for CXCL8. Exposure to chloroquine
concentrations of up to 100 uM induced small, nonsignificant
changes in LDH release. However, chloroquine is known to re-
duce cell viability at concentrations above 100 M and a sig-
nificant increase in LDH release was observed at the highest
concentration, suggesting that the near maximal inhibition for
all analytes at 1 mM was related (at least in part) to cell toxicity.

DISCUSSION

Here, we used a validated human lung explant model to investi-
gate the pulmonary anti-inflammatory effect of chloroquine in
vitro. The lung explants contain the full set of lung cells with a
normal spatial configuration and normal cell-to-cell ratios; as
such, they approximate well in vivo conditions in the lung [13].
Lipopolysaccharide is a widely used inflammatory stimulus that
acts on a number of cells within the lung. The LPS concentration
used in the present study was clinically relevant because it was
estimated from the levels measured in bronchoalveolar lavage
fluids from patients with acute respiratory distress syndrome
(ARDS) [13]. In the lung explant model, LPS causes a marked
release of the cytokines involved in the cytokine storm asso-
ciated with SARS-CoV-induced severe pneumonia and ARDS.
We found that clinically relevant concentrations of chloroquine
reduced the LPS-induced release of TNF-q, IL-6, CCL2, CCL3,
and CXCLS. At a concentration of 100 uM, chloroquine more
than halved the release of the 4 cytokines reportedly involved
in the cytokine storm. In this concentration range, chloro-
quine has been found to inhibit the LPS-induced release of var-
ious cytokines by human monocytes, monocyte/macrophage
cell lines (U937, THP-1, and RAW 264.7), and more recently,
human lung macrophages [9, 10]. In lung explants, cells other
than macrophages contribute to the cytokine release; unfortu-
nately, we cannot determine the exact source of the cytokines
released in response to LPS or the various lung cells relative in-
volvement in chloroquine’s inhibitory effect.

The high tissue levels of chloroquine are consistent with its
large volume of distribution (~3000 1) [14]. Exposure to chloro-
quine in the lungs, plasma, and blood was recently simulated in
a validated physiologically based pharmacokinetic model [12].
With a high daily dose level (500 mg twice daily), the simu-
lated free chloroquine concentration was much higher in the
lung than in plasma; the lung-to-plasma ratio increased over
time and reached a value of ~400, with lung levels of more
than 30 000 ng/mL (ie, close to or higher than 100 uM) after
3 or 4 days of treatment [12]. After 600-mg and 1500-mg oral
doses of chloroquine, the blood concentrations reached 1.8 uM
and 3.4 pM, respectively [14]. These blood levels would also
be associated with lung concentrations in the range of 100 uM
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according to the lung-to-blood ratio in the pharmacokinetic
model [12]. Hence, chloroquine treatment would preferably be
initiated in the first days of lung symptoms caused by SARS-
CoVs: first to reduce viral replication and then to mitigate the
cytokine storm that typically occurs a few days later in last-stage
disease. Given that chloroquine and hydroxychloroquine both
appear to affect cytokine production by human monocytes and

to accumulate in the lung in a similar way, they might exert the
same effect on the cytokine storm [9, 12]. Although the in vitro
effects on viral replication have yet to be confirmed in patients
and translated into clinical benefits, a recent randomized clin-
ical study suggested that hydroxychloroquine has the potential
to control acute inflammation and prevent disease progression
in patients infected with SARS-CoV-2 [15].
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Figure 1. Concentration—response curves for chloroquine’s effect on the LPS-triggered production of TNF-a, IL-6, CCL2, and CCL3. Human lung explants from 6 to 7 patients
were stimulated with LPS in the absence or presence of chloroquine (0.001-1 mM). *P< .05, **P< .01, ***P < .001 compared with LPS alone. Abbreviations: CCL2, monocyte
chemoattractant protein 1; CCL3, macrophage inflammatory protein 1o, IL-6, interleukin-6; LPS, lipopolysaccharide; TNF-a., tumor necrosis factor .
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