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The coronavirus disease 2019 (COVID-19) pandemic, which is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has been associated with more

than 780,000 deaths worldwide (as of 20 August 2020). To develop antiviral
interventions quickly, drugs used for the treatment of unrelated diseases are
currently being repurposed to treat COVID-19. Chloroquine is an anti-malaria drug
thatis used for the treatment of COVID-19 asitinhibits the spread of SARS-CoV-2in the
African green monkey kidney-derived cell line Vero' 3. Here we show that engineered
expression of TMPRSS2, a cellular protease that activates SARS-CoV-2 for entry into
lung cells*, renders SARS-CoV-2 infection of Vero cells insensitive to chloroquine.
Moreover, we report that chloroquine does not block infection with SARS-CoV-2in the
TMPRSS2-expressing human lung cell line Calu-3. These results indicate that
chloroquine targets a pathway for viral activation that is not active in lung cells and is
unlikely to protect against the spread of SARS-CoV-2 in and between patients.

Chloroquine and hydroxychloroquine are used for the treatment of
malaria and have been widely used to treat patients with COVID-19.
Both of these drugs are currently under investigation in more than 80
registered clinical trials for the treatment of COVID-19 worldwide?”.
Chloroquine and hydroxychloroquine inhibit the ability of SARS-CoV-2
toinfect Vero cells**®, providing arational for using these drugs for the
treatment of COVID-19. However, it is unknown whether these drugs
inhibit theinfection of lung cells anditis poorly understood how they
inhibit infection with SARS-CoV-2.

Chloroquine and hydroxychloroquine increase the endosomal
pH of cells and inhibit viruses that depend on low pH for cell entry’.
We investigated whether these drugs could also block the cell entry
by SARS-CoV-2 and whether entry inhibition accounted for the pre-
vention of infection with SARS-CoV-2. Moreover, we investigated
whether entry inhibition is cell-type-dependent, as the virus can use
pH-dependent and pH-independent pathways for entryinto cells. The
spike (S) protein of SARS-CoV-2, which mediates viral entry, is acti-
vated by the endosomal-pH-dependent cysteine protease cathepsinL
(CTSL) insome cell lines*. By contrast, entry into airway epithelial cells,
which express low levels of CTSL®, depends on the pH-independent,
plasma-membrane-resident serine protease TMPRSS2*. Notably, the
use of CTSL by coronaviruses is restricted to cell lines®'°, whereas
TMPRSS2 activity is essential for the spread and pathogenesis of the
virusin the infected host™"

We compared the inhibition by chloroquine and hydroxychloro-
quine of S-mediated entry into Vero (kidney), TMPRSS2-expressing
Vero and Calu-3 (lung) cells. Calu-3 cells, as with the airway epithe-
lium, express low amounts of CTSL® and SARS-CoV-2 entry into these
cells is dependent on TMPRSS2*. By contrast, entry of SARS-CoV-2

into Vero cells is CTSL-dependent, and both CTSL and TMPRSS2
support entry into TMPRSS2-expressing Vero cells*. As a control,
we used camostat mesylate, which inhibits TMPRSS2-dependent
entry into cells*.

Treatment with camostat mesylate did notinterfere with cell viabil-
ity, whereas chloroquine and hydroxychloroquine slightly reduced
the viability of Vero, TMPRSS2-expressing Vero and Calu-3 cells when
applied at the highest concentration (Fig. 1a). Inhibition of S-driven
entry by camostat mesylate was observed only in TMPRSS2" celllines,
asexpected (Fig.1laand Table1). Moreover, chloroquine and hydroxy-
chloroquineinhibited S-drivenentryinto TMPRSS2" Vero cells with high
efficiency whereas the inhibition of entry into TMPRSS2" Calu-3 and
TMPRSS2* Vero cells was inefficient and absent, respectively (Fig. 1a
andTable1). Therefore, chloroquine and hydroxychloroquine can block
S-driven entry, but this inhibition is cell-line-dependent and efficient
inhibition is not observed in TMPRSS2" lung cells.

We next investigated whether the cell-type-dependent differences
in entry inhibition translated into differential inhibition of authen-
tic SARS-CoV-2. Indeed, chloroquine efficiently blocked SARS-CoV-2
infection of Vero kidney cells, as expected’, but did not efficiently
inhibit SARS-CoV-2 infection of Calu-3 lung cells (Fig. 1b, c). A subtle
reductionin SARS-CoV-2infection was seeninthe presence of 100 pM
chloroquine, consistent with the modestinhibition of cellular entry of
S-bearing pseudotypes under those conditions (Fig.1a), but this effect
was not statistically significant. In summary, chloroquine did not effi-
ciently block the infection of Calu-3 cells with S-bearing pseudotypes
and authentic SARS-CoV-2, indicating that—in these cells—chloroquine
doesnotappreciablyinterfere with viral entry or the subsequent steps
of the viral replication cycle.
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Fig.1|Chloroquine does not block infection of humanlungcells with
SARS-CoV-2.a, Vero, TMPRSS2-expressing Vero and Calu-3 cells were
preincubated for 2 hwith the respective inhibitors (O pM, 0.01uM, 0.1puM,
1M, 10 pM or 100 pM) and theninoculated with replication-defective
vesicular stomatitis virus reporter particles bearing the S protein. Top, the
transduction efficiency of the virus was assessed. Bottom, cells were not
inoculated with virus particles but cell viability after drug treatment was
instead assessed at the same time as transduction was quantified.
Transduction efficiency was quantified by measuring virus-encoded luciferase
activityin cell lysates. Cell viability was measured using the CellTiter-Glo assay.
Dataare mean +s.e.m. of three biological replicates, each of which consisted of
quadruplicate samples. Data were normalized as the relative entry efficiency
or cellviability of inhibitor-treated cells compared with those of untreated
cells (setto100%). The calculated 50% inhibitory concentration (I1Cs,) values
aresummarizedin Table1.b, Untreated or chloroquine-preincubated Vero
and Calu-3 cells were inoculated with SARS-CoV-2 Munichisolate (patient
isolate 929, BetaCoV/Munich/BavPat1/2020|EPI_ISL_406862) at amultiplicity
of infection (MOI) of 0.001. After inoculation for 24 h, viral RNA was isolated
from the culture supernatant (extracellular virus) (dark blue) and the infected
cells (intracellular virus) (light blue), and SARS-CoV-2 genome equivalents (GE)
were determined by quantitative PCR withreverse transcription. Dataare
mean+s.e.m.of threebiological replicates, each of which consisted of single

Researchto confirmourresultsin primary respiratory epitheliumis
ongoing. Moreover, virus productionin Calu-3 cells relative to Vero E6
cellswasmore robust in the present study compared witha previously
published study®, potentially due to the use of the Calu-3 subclone 2B4
inthe previousbut not the present study. Nevertheless, our results sug-
gest that chloroquine and hydroxychloroquine will exert no antiviral
activityin human lung tissue and will not be effective against COVID-19,
in keeping with the results of recent clinical trials'". Moreover, our
results highlight the fact that cell lines that mimic important aspects of
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samples. ¢, Theexperiment was conducted as describedinb, but the number
ofinfectious SARS-CoV-2 particlesin culture supernatants was determined
by plaque titration using Vero E6 cells. PFU, plaque-forming units.
Statistical significance was analysed by two-way analysis of variance (ANOVA)
with Dunnett’s post hoc test. NS, not significant (P>0.05); *P<0.05;
**P<0.01;***P<0.001. Pvalues (from left toright) are as follows. a, Entry
efficiency (camostat mesylate/chloroquine/hydroxychloroquine), Vero
(0.9999/0.8587/0.9997,0.9842/0.9846/0.3904, 0.6860/0.0991/0.0223,
0.9968/0.0001/0.0001, 0.9997/0.0001/0.0001), TMPRSS2-expressing
Vero (0.9999/0.9968/0.9795,0.1251/0.9962/0.9998,0.0004/0.9997/
0.9999,0.0001/0.9967/0.9982, 0.0001/0.9981/0.9986; Calu-3 (0.9900/
0.9999/0.9986,0.0003/0.9999/0.9983,0.0001/0.9988/0.9929,0.0001/
0.1291/0.9938,0.0001/0.0005/0.0045); cell viability (camostat mesylate/
chloroquine/hydroxychloroquine), Vero (0.9273/0.9999/0.9999, 0.9999/
0.8710/0.9642,0.9999/0.9996/0.9999,0.9999/0.8958/0.4818, 0.9998/
0.0838/0.0161), TMPRSS2-expressing Vero (0.9998/0.9999/0.9959,
0.9811/0.9985/0.9362,0.9998/0.9985/0.9997,0.9997/0.8835/0.9998,
0.9999/0.0315/0.1422), Calu-3 (0.9986/0.9999/0.9999,0.9999/0.9997/0.9999,
0.9986/0.9999/0.8134,0.9924/0.9275/0.7125,0.9983/0.0492/0.0002).

b, (extracellular/intracellular), Vero (0.6844/0.6989,0.0121/0.0002,0.0002/
0.0001), Calu-3(0.9434/0.8800,0.9999/0.8830,0.0517/0.3924). ¢, (extracellular/
intracellular), Vero (0.9561,0.0001,0.0001), Calu-3(0.1184,0.9997,0.0987).

Table 1| Half-maximal inhibitory concentrations of the
tested drugs

IC5, (M)
Vero TMPRSS2'* Vero Calu-3
Camostat mesylate ND 5.7 0.083
Chloroquine 6.5 ND 64.7
Hydroxychloroquine 13.3 ND 19

ND, not determined.
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respiratory epithelial cells should be used when analysing the antiviral
activity of compounds that target host cell functions.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Cells

Vero 76, Vero 76 stably expressing TMPRSS2 (both used for pseudotype
experiments)*, the Vero 76 subclone Vero E6 (used for SARS-CoV-2
experiments), HEK293T and Calu-3 cells® were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) or minimum essential medium
(MEM, Calu-3) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin—streptomycin. In case of Calu-3 cells, the medium was
also supplemented with 1% non-essential amino acids and 1% sodium
pyruvate. All cell lines were incubated at 37 °C and 5% CO, and were
obtained from repositories (Vero E6 and HEK293T) or collaborators
(Calu-3and Vero 76). Cell lines were free of mycoplasma, authenticated
on the basis of morphology and growth properties and confirmed by
PCR to be of the correct species. The cell lines used were not listed as
commonly misidentified cell lines by the ICLAC register.

Production of pseudotyped particles

Vesicular stomatitis virus (VSV) particles pseudotyped with SARS-CoV-2
Swere generated according to published protocols*”. At 24 h after
transfection, HEK293T cells expressing the S protein were inoculated
with areplication-restricted, VSV-G-trans-complemented VSV, which
lacks the genetic information for VSV-G but instead encodes the
reporter genes eGFP (enhanced green fluorescent protein) and FLuc
(firefly luciferase), VSV*AG-FLuc®® (provided by G. Zimmer). After 1h
ofincubationat37 °C and 5% CO,, theinoculum was aspirated and the
cells were washed with phosphate-buffered saline (PBS) before culture
medium was added. The culture medium was further supplemented
with the culture supernatant from I1-hybridomacells (CRL-2700 cells,
ATCC) containing anti-VSV-G antibody (1:1,000) toinactivate residual
inputvirus. After anincubation period of 18 hat 37 °C and 5% CO,, the
culture supernatant was collected, centrifuged to pellet cellular debris,
and the clarified supernatant was aliquoted and stored at -80 °C until
further use.

Transduction of target cells with pseudotypes and its inhibition
For transduction experiments, Vero, TMPRSS2-expressing Vero
and Calu-3 cells were grown in 96-well plates and allowed to reach
about 50-70% confluency. Then, cells were preincubated with medium
containing different concentrations (10 nM, 100 nM, 1 uM, 10 pM or
100 uM) of camostat mesylate (Sigma-Aldrich), chloroquine or hydroxy-
chloroquine (both Tocris) or DMSO (Roth, solvent control) for 2 h at
37 °Cand 5% CO,, before they were inoculated with S-bearing VSV. At
18 hafter transduction, culture supernatants were aspirated and cells
were lysed by incubation (30 min, room temperature) with Cell Culture
Lysis Reagent (Promega). Cell lysates were subsequently transferred to
white, opaque-walled 96-well plates and FLuc activity was quantified as
anindicator of transduction efficiency, using the Beetle-Juice substrate
(PJK) and aHidex Sense plate reader (Hidex) operated with Hidex plate
reader software (version 0.5.41.0, Hidex). Raw luminescence values
(indicating luciferase activity) were recorded as counts per second.
Fornormalization, transduction of DMSO-treated cells was set to 100%
and therelative transduction efficiencies in the presence of camostat
mesylate, chloroquine or hydroxychloroquine were calculated. Trans-
duction experiments were performed in technical quadruplicates using
three separate pseudotype preparations.

SARS-CoV-2infection of target cells and its inhibition
Virusinfections were done with SARS-CoV-2 Munichisolate 929. Vero E6
or Calu-3 cells were seeded at densities of 3.5 x 10° cells per ml or 6 x10°

cells per mlin 12-well plates, respectively. After 24 h, cells were incu-
bated with chloroquine (1uM, 10 pM or 100 pM) or left untreated (con-
trol) for 1 h at 37 °C. Subsequently, cells were infected with an MOI of
0.001inserum-free OPTIpro medium containing the above-mentioned
chloroquine concentrations at 4 °C for 30 min to enable virus attach-
ment. Afterwards, infection medium was removed and the wells were
washed twice with PBS and DMEM supplemented with chloroquine
was added as described above and the plates were incubated at 37 °C.
Samples were taken at 24 h after infection. Infection experiments were
conducted with biological triplicatesin a biosafety level 3 laboratory.

Viral RNA extraction and quantitative RT-PCR

Forviral RNA extraction from supernatants, 50 pl of cell culture superna-
tant was mixed with RAV1lysis buffer (Macherey-Nagel) followed by an
incubationat 70 °Cfor 10 min. RNA extraction was performed as recom-
mended by the manufacturer (Macherey-Nagel). For intracellular viral
RNA extraction, cellswere washed with PBS and lysed with TRIzol (Zymo).
SARS-CoV-2genome equivalents were detected by quantitative RT-PCR
targeting the SARS-CoV-2 E gene as previously reported®, using the
following primers: E_Sarbeco_F, ACAGGTACGTTAATAGTTAATAGCGT;
E_Sarbeco_P1, FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ;
E Sarbeco R, ATATTGCAGCAGTACGCACACA. The quantitative RT-PCR
experiment and data processing were carried out using the LightCy-
cler 480 Real-Time PCR System (Roche) and LightCycler 480 Software
(version 1.5, Roche Molecular Systems). Absolute quantification was
performed using SARS-CoV-2-specificin vitro-transcribed RNA stand-
ards, as previously described”.

Plaque assay

Infectious SARS-CoV-2 plaque-forming units were quantified by plaque
titration on Vero E6 cells, as previously described?, with minor modi-
fications. Vero E6 monolayers were seeded in 24-well plates, washed
with PBS, incubated with serial dilutions of SARS-CoV-2-containing
cell culture supernatantsin duplicates, and overlaid with 1.2% Avicel in
DMEM, supplemented as described above. After 72 h, cells were fixed
with 6% formaline and visualized by crystal violet staining.

Cell viability assay

The cell viability was quantified using the CellTiter-Glo assay (Promega)
and using the same experimental conditions as described above for
transduction experiments with the exception that cells were notinocu-
lated with virus particles. In brief, cells were preincubated for 2hat 37 °C
and 5% CO, with medium containing different concentrations (10 nM,
100 nM, 1M, 10 uM or 100 pM) of camostat mesylate, chloroquine
or hydroxychloroquine, or DMSO (solvent control), before culture
medium was added (instead of medium containing VSV pseudotyped
with SARS-CoV-2S) and cells were further incubated for 18 h. Next, intra-
cellular ATP levels were quantified as an indicator of cell viability. For
this, culture supernatants were aspirated and cells were lysed by incuba-
tion with CellTiter-Glo substrate for 30 min at room temperature. Cell
lysates were subsequently transferred to white, opaque-walled 96-well
plates and luminescence was measured using a Hidex Sense plate reader
(Hidex). Luminescence values (indicating cell viability) were recorded as
absolute counts over aperiod of 200 ms per well. For normalization, cell
viability of control-treated cells was set to100% and the relative viability
of cells incubated in the presence of camostat mesylate, chloroquine
or hydroxychloroquine was calculated. Cell viability experiments were
performed in technical quadruplicates and repeated with three sepa-
rately prepared dilution series of the inhibitors.

Statistical analysis

Two-way ANOVA with Dunnett’s post hoc test was performed to ana-
lyse statistical significance of differences in transduction efficien-
cies, SARS-CoV-2 genome equivalents or SARS-CoV-2 titres between
control-and inhibitor-treated cells. P> 0.05, not significant; *P< 0.05;
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*P<0.01;**P<0.001). The ICs, values, which indicate the inhibitor
concentration thatled toa50%reductionintransduction, were calcu-
lated using a nonlinear regression model with variable slope. Statistical
analyses and IC, calculations were performed using GraphPad Prism
(version 8.4.2).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data are provided with the paper. Source data are provided with
this paper.
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[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed. Sample sizes adhere to standards in the field; for instance, three biological replicates performed
with technical replicates.

Data exclusions  No data were excluded from the analysis.
Replication All findings were confirmed in three independent experiments. All results could be reproduced.
Randomization Experiments were performed in vitro with standard immortalized cell lines. Therefore, no randomization was required.

Blinding No groups were allocated. Therefore, blinding was not necessary.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines X[ ] Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXXNXNXX s
OO0O00O0OXO

Dual use research of concern

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) - Vero76: Provided by Andrea Maisner (Philipps University Marburg, Marburg/Germany)
- Vero76-TMPRSS2: Generated from parental Vero76 cells by retroviral transduction (Hoffmann et al., 2020)
- VeroE6: Obtained from ATCC (CCL-81)
- Calu-3: Provided by Stephan Ludwig (Institute of Virology (IVM), Westfaelische Wilhelms-University Muenster) and initially
obtained from ATCC
-293T: Obtained from DSMZ (ACC 635)

Authentication Species origin of all cell lines was confirmed by sequencing a PCR-amplified fragment of the cytochrome c oxidase gene. Cell
lines were further authenticated by analysis of morphology and growth properties.

Mycoplasma contamination Cells were tested for the presence of mycoplasma by PCR. No contamination by mycoplasma was detected.

Commonly misidentified lines  The used cell lines are not listed as commonly misidentified cell lines by the ICLAC register.
(See ICLAC register)
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	Fig. 1 Chloroquine does not block infection of human lung cells with SARS-CoV-2.
	Table 1 Half-maximal inhibitory concentrations of the tested drugs.




