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Severe acute respiratory syndrome (SARS) is caused by an emer-
gent coronavirus (SARS-CoV), for which there is currently no
effective treatment. SARS-CoV mediates receptor binding and
entry by its spike (S) glycoprotein, and infection is sensitive to
lysosomotropic agents that perturb endosomal pH. We demon-
strate here that the lysosomotropic-agent-mediated block to SARS-
CoV infection is overcome by protease treatment of target-cell-
associated virus. In addition, SARS-CoV infection was blocked by
specific inhibitors of the pH-sensitive endosomal protease cathep-
sin L. A cell-free membrane-fusion system demonstrates that en-
gagement of receptor followed by proteolysis is required for
SARS-CoV membrane fusion and indicates that cathepsin L is
sufficient to activate membrane fusion by SARS-CoV S. These
results suggest that SARS-CoV infection results from a unique,
three-step process: receptor binding and induced conformational
changes in S glycoprotein followed by cathepsin L proteolysis
within endosomes. The requirement for cathepsin L proteolysis
identifies a previously uncharacterized class of inhibitor for SARS-
CoV infection.

SARS � viral entry � proteolysis � membrane fusion � viral envelope

Severe acute respiratory syndrome (SARS) is an acute respi-
ratory illness caused by a newly described coronavirus

(SARS-CoV) (1), the result of a zoonosis of a highly related
animal coronavirus (2). There continues to be potential for
further zoonotic transmission events, leading to the reintroduc-
tion of SARS-CoV into the human population. No effective
antiviral treatments have been described for SARS, and, al-
though several promising studies are ongoing, there is currently
no licensed protective vaccine.

SARS-CoV entry into target cells is initiated by engagement
of its cellular receptor, angiotensin-converting enzyme 2 (ACE2)
by spike (S) glycoprotein (3). Subsequent infection is sensitive to
inhibitors of endosomal acidification such as ammonium chlo-
ride (4–6), suggesting that SARS-CoV requires a low-pH milieu
for infection. On the other hand, S protein can mediate cell–cell
fusion at neutral pH (3, 4), indicating that S protein-mediated
fusion does not include an absolute requirement for an acidic
environment. Given these discordant findings, we hypothesized
that cellular factors sensitive to ammonium chloride, such as
pH-dependent endosomal proteins, may play a role in mediating
SARS-CoV entry. In this study, the requirements for proteases
in the activation of viral infectivity and the effect of protease
inhibitors on SARS-CoV infection are examined. Our results are
consistent with a model in which SARS-CoV employs a unique
three-step method for membrane fusion, involving receptor-
binding and induced conformational changes in S glycoprotein
followed by cathepsin L (CTSL) proteolysis and activation of
membrane fusion within endosomes.

Methods
Cell Lines and Plasmids. Human ACE2 was amplified by PCR from
a cDNA library and cloned into pcDNA3.1. pCAGGS SARS-
CoV S, as described in ref. 4. pCB6 vesicular stomatitis virus

(VSV)-G, amphotropic murine leukemia virus (MLV-A) enve-
lope, and avian sarcoma and leukosis virus (ASLV-A) envelope
are described in refs. 4 and 7.

Cells were maintained in DMEM10 (DMEM supplemented
with 10% FBS). A HeLa�Tva cell line was produced by using
pcDNA6-Tva and selection with blasticidin. The 293T cells were
transiently transfected with human ACE2 (293T�ACE2), by
using standard calcium phosphate transfection techniques and
challenged 48 h posttransfection.

Pseudotype Preparation. Pseudotypes were produced, essentially
as described in ref. 4, by using 10 �g of luciferase of GFP vector
(pNL-luc or pNL-gfp) (8) and 30 �g of plasmid-encoding viral
envelope or ACE2. Dual-envelope-expressing virions were
transfected with 10 �g of pNL-GFP, 15 �g of pCB6 ASLV-A
envelope, and 20 �g of pCAGGS SARS-CoV S. If required,
virions were concentrated by ultracentrifuge concentration at
40,000 rpm in a SW41 rotor (Beckman) through a 20% sucrose
cushion for 1 h at 4°C. The pellets were resuspended in PBS
overnight at 4°C.

Trypsin Pretreatment. Concentrated pseudovirions were exposed
to L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK)-
treated trypsin (Sigma) for 10 min at 25°C. DMEM10 supple-
mented with 75 �g�ml soybean trypsin inhibitor (STI) was then
added. Samples were used to spin-infect 293T�ACE2 cells at
1,200 � g for 2 h at 4°C. After incubation for 5 h at 37°C, the
medium was changed, and the cells were incubated for an
additional 40 h. The cells were analyzed for luciferase activity by
using a commercial assay (Promega).

Trypsin Bypass. Preincubation of 293T�ACE2 cells took place at
37°C for 45 min with DMEM10 in the presence or absence of
ammonium chloride (20 mM). The medium was replaced with
cold DMEM10 in the presence or absence of ammonium chlo-
ride (40 mM) and incubated for an additional 15 min at 4°C. An
equal volume of diluted cold virus was added [a 1-in-10 dilution
of HIV-luc(SARS S) or a 1-in-100 dilution of HIV-luc(VSV-
G)], and the cells were spin-infected at 4°C to allow virus-binding
to cells. The medium was replaced with warm serum-free
DMEM in the presence or absence of ammonium chloride (20
mM) and incubated at 37°C for 15 min. The medium was
removed, and fresh DMEM in the presence or absence of
TPCK-trypsin (15 �g�ml) was added for 10 min at 25°C. The
trypsin was removed, and DMEM10 supplemented with STI (75
�g�ml) in the presence or absence of ammonium chloride (20
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mM) was added. The medium was replaced with fresh DMEM10
12 h later. Cells were analyzed for luciferase activity 36 h later.

Replication-Competent SARS-CoV Assays. SARS-CoV (strain Tor2)
was handled under biosafety-level 3 conditions and grown and
titered on Vero E6 cells. For trypsin-bypass experiments, Vero E6
cells were incubated on ice for 1 h with DMEM2.5 (in the presence
or absence of 25 mM ammonium chloride or 500 �g�ml leupeptin).
SARS-CoV, at a multiplicity of infection of �0.5, was then added,
and the cells were spin-infected at 4°C for 1 h at 1,200 � g. The virus
was removed, and the cells were incubated for 10 min with
serum-free DMEM at 37°C. The medium was then replaced with
DMEM in the presence or absence of TPCK-trypsin (15 �g�ml),
and the cells were incubated at room temperature for 10 min. The
trypsin was removed and replaced with DMEM2.5 containing STI
(75 �g�ml) in the presence or absence of ammonium chloride (25
mM) or leupeptin (500 �g�ml). The cells were incubated at 37°C for
4 h, the medium was replaced with DMEM2.5 without inhibitors,
and the cells were incubated for an additional 40 h. The cells were
fixed for 10 min in cold methanol�acetone, washed in PBS, and
incubated for 2 h at 65°C. The cells were immunostained with anti-S
protein antibodies IMG-557 and IMG-5010 (Imgenex, San Diego),
at 0.5 �g�ml, followed by a mixture of anti-rabbit and anti-mouse
FITC conjugates.

For leupeptin sensitivity assays, 293T�ACE2 cells were pre-
treated for 1 h with DMEM2.5 in the presence or absence of
leupeptin and challenged with an equal volume of virus at a
multiplicity of infection of �5. After 3 h, the cells were washed
twice and incubated with DMEM2.5 in the presence or absence
of leupeptin for an additional 4 h. The medium was then replaced
with DMEM2.5, and the cells were incubated for 72 h. The
supernatant was harvested, centrifuged to remove cell debris,
and incubated at 65°C for 1 h in 1% Empigen (Calbiochem).
Samples were analyzed for SARS-CoV nucleocapsid by using a
commercial ELISA kit (Imgenex).

Intervirion Fusion. HIV-luc(ACE2) (500 ng of p24) was mixed with
1,000 ng of p24 of HIV-gfp particles incorporating ASLV-A
envelope, SARS-CoV S protein, or both envelopes in PBS at 4°C
for 30 min to allow binding. Samples were raised to 37°C for 15 min
to allow for conformational rearrangements. Virions were adjusted
to the desired pH with 0.1 M citric acid. PBS, TPCK-trypsin (final
concentration 10 �g�ml), CTSL, cathepsin B (CTSB) (final con-
centrations 2 �g�ml) or CTSL buffer alone was then added.
Recombinant CTSL (R & D Systems) was preactivated by incu-
bation for 15 min at 10 �g�ml in 50 mM Mes, pH 6.0, on ice.
Recombinant CTSB (R & D Systems) was preactivated in 25 mM
Mes, 5 mM DTT, pH 5.0, for 30 min at 25°C. After a 10-min
incubation at 25°C, proteolysis was halted by the addition of 300 �l
of DMEM10 containing leupeptin (25 �g�ml) and STI (75 �g�ml).
Virions were then incubated at 37°C for 30 min to allow membrane
fusion. 100 �l of the virion mixture was added in quadruplicate to
HeLa-Tva cells pretreated for 1 h with leupeptin (20 �g�ml). The
cells were spin-infected and incubated at 37°C for 5 h. The medium
was replaced with fresh DMEM10 and the cells were assayed for
luciferase activity 40 h later.

Temperature-Sensitivity Intervirion-Fusion Assay. Intervirion-fusion
assays were performed as above, except that binding was performed
wholly at 4°C for 50 min for some samples, whereas others were
allowed to bind at 4°C for 30 min, followed by 15 min at 37°C. The
samples incubated at 37°C were returned to 4°C for 5 min, and cold
TPCK-trypsin (final concentration of 10 �g�ml) was added. After
a 15-min incubation at 4°C, proteolysis was halted by the addition
of DMEM10 with STI (75 �g�ml) and leupeptin (25 �g�ml).
Virions were then incubated at 37°C for 30 min to allow membrane
fusion to occur, and the assay was completed as described above.

Protease Inhibitors. Vero E6 cells or 293T cells were pretreated
for 1 h with leupeptin (Roche Molecular Biochemicals), CA-074,
E64c, aprotinin, Z-leu-leu-leu-f luoromethyl ketone (Z-lll-
FMK), or MDL28170 (Sigma). Inhibitors were removed and
replaced with the same inhibitors at double the final concentra-
tion. An equal volume of pseudotypes was then added, and cells
were spin-infected as described above. After spin-infection, the
cells were incubated for 5 h, and the medium was replaced with
fresh DMEM10 without drug. Cells were assayed for luciferase
activity after 40 h.

Chemical-Library Screening for Cathepsin L. A library of 1,000 phar-
macologically active compounds in DMSO was diluted to 100 �M
in 50% glycerol and printed in triplicate on polysine-coated glass,
as described in ref. 9. The library was screened for inhibitors of
human CTSL at 1 �M in 400 mM NaCl, 20 mM malonate buffer,
and 1 mM EDTA, pH 5.5, with fluorogenic substrate Z-Phe-Arg-
AMC (Bachem) at 1 mM for detection. Leupeptin and blank spots
with no compounds were used as controls. After the addition of
enzyme and substrate, the reactions were incubated for 4 h before
imaging the slide, as described in ref. 9.

IC50 Determination Protease Inhibitor MDL28170. IC50 determination
was carried out by mixing 20 �l of 50 nM CTSL with 60 �l of buffer
(400 mM NaOAc�4 mM EDTA, pH 5.5) containing MDL28170, at
a final concentration ranging from 10 �M to 100 pM. The reaction
was activated by the addition of 20 �l of 10 �M Z-Phe-Arg-7-
amino-4-methylcoumarin (AMC). Fluorescence (Ex, 355 nM; Em,
460 nM) from cleaved AMC was detected in a kinetic mode by
using an Ascent Fluoroskan FL plate reader (Thermo Electron
LabSystems, San Jose, CA), with eight replicates on the same plate.
The kinetic data were plotted, and the IC50 curve was determined
by using software from GraphPad (San Diego).

Results
Proteolysis Activates SARS-CoV S Protein’s Membrane-Fusion Poten-
tial. Fusion between Vero and 293T cells expressing SARS-CoV
S protein occurs at neutral pH and is greatly enhanced by trypsin
activation; yet, lysosomotropic agents block SARS-CoV infec-
tion (4). To reconcile the observed effects of pH and proteolysis
on SARS-CoV membrane fusion, we posited that exogenous
trypsin cleavage mimics the action of a pH-dependent endoso-
mal protease (4). This hypothesis predicts that protease treat-
ment of cell-associated virus should overcome the block to viral
entry mediated by lysosomotropic agents like ammonium chlo-
ride. As demonstrated in ref. 4, pretreatment of cells with
ammonium chloride dramatically reduced infection mediated by
SARS-CoV S glycoprotein (Fig. 1A) and the pH-dependent viral
glycoprotein VSV-G incorporated into HIV virions. However,
when cell-bound HIV(SARS S) pseudovirions were exposed to
trypsin, infection occurred in the presence or absence of am-
monium chloride (Fig. 1 A). In fact, the combination of trypsin
proteolysis and ammonium chloride increased viral infectivity by
3-fold. Proteolysis of replication-competent SARS-CoV (Tor2
strain) bound to Vero E6 cells also overcame the block to viral
infection otherwise mediated by ammonium chloride (Fig. 1C).
Thus, proteolysis of SARS-CoV bypasses the requirement for
acid pH during the viral entry process.

In marked contrast to the studies in which SARS-CoV or
HIV(SARS S) virions were bound to cells before trypsin treat-
ment, proteolysis of free HIV(SARS S) pseudovirions dramat-
ically diminished infectivity (Fig. 1B). Trypsin concentrations
10-fold lower than those used to activate fusion of cell-associated
HIV(SARS S) were able to effectively inhibit infection by free
virus. Similarly, in cell–cell fusion assays, proteolysis after
mixing SARS-CoV S-expressing cells with target cells also
resulted in more robust membrane fusion, compared with pre-
treatment with trypsin (data not shown). In addition, trypsin was
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unable to bypass the requirement for ACE2 on receptor-null cell
lines, such as QT6 cells, even upon stable expression of the
attachment factors DC-SIGN or DC-SIGNR (data not shown),
suggesting a requirement for receptor engagement. The finding
that, in solution, proteolysis leads to SARS-CoV S inactivation,
whereas proteolysis leads to activation when the virus is bound
to receptor-expressing membranes, demonstrates that the con-
text in which proteolysis occurs is an important determinant of
SARS-CoV infectivity.

Sensitivity of SARS-CoV S Protein-Mediated Entry to Protease Inhib-
itors. The ability of trypsin cleavage to overcome inhibition of
endosomal acidification suggested a requirement for endosomal
protease activity. To test this hypothesis, the infection of 293T
cells with HIV(SARS S) was examined in the presence of
leupeptin, an inhibitor of endosomal trypsin-like serine and
cysteine proteases (Fig. 2A). Similar results were seen with
293T�ACE2 and Vero E6 cells (data not shown). Entry medi-
ated by SARS-CoV S protein was efficiently blocked by leupep-
tin, with �95% inhibition observed at 10 �g�ml. Infection
mediated by VSV-G, a pH-dependent viral membrane-fusion
protein, and the pH-independent envelope from amphotropic
MLV was not inhibited by leupeptin (Fig. 2 A).

Infection by replication-competent SARS-CoV was also in-
hibited by leupeptin (Fig. 2B). Efficient inhibition was observed
only if leupeptin was present 1 h before and during the 3-h
exposure to the virus. When leupeptin was added to cells after

exposure to SARS-CoV and then removed 4 h later, there was
little or no effect on SARS-CoV replication, even at a concen-
tration of 250 �g�ml. Thus, it is unlikely that the concentrations
of leupeptin required to efficiently inhibit a spreading SARS-

Fig. 1. Effect of trypsin on SARS-CoV infection. (A) Trypsin treatment
bypasses ammonium chloride inhibition. HIV-luc(SARS S) or HIV-luc(VSV-G)
were bound to mock (black and gray bars) or ammonium chloride-treated
(third set of bars and white bars) 293T�ACE2 cells. The cells were incubated
with either PBS (black bars and third set of bars) or TPCK-trypsin (gray and
white bars). The results are presented as a percentage of no-ammonium-
chloride (NH4Cl), no-trypsin (Tryp.) controls (�4,000 and 10,000 RLU for SARS
S and VSV-G, respectively) and represent the means of samples run in triplicate
(�SD). Similar results were seen in two subsequent assays. (B) Trypsin pre-
treatment of S protein inactivates infectivity. HIV-luc(SARS S) infection of
293T�ACE2 cells was assessed as luciferase activity, presented as a percentage
of no-trypsin control (�40,000 RLU). The results represent the means of
samples run in triplicate (�SD). (C) Trypsin treatment bypasses ammonium
chloride inhibition of SARS-CoV. Mock- (Center) or 25 mM ammonium chlo-
ride-pretreated (Right) Vero E6 cells were spin-infected with replication-
competent SARS-CoV at a multiplicity of infection of 0.5 and incubated with
either DMEM (Upper) or DMEM containing TPCK-trypsin (Lower). After 48 h,
the cells were immunostained for S protein.

Fig. 2. Protease-inhibitor sensitivity. (A) Leupeptin inhibits S protein-
mediated infection. The 293T cells were preincubated with leupeptin and
challenged with HIV-luc SARS S (solid line, �), VSV-G (dashed line, ■ ), or
MLV-Ampho (dotted line, Œ). The results are presented as a percentage of
infection of untreated cells (�3,000 RLU) for each envelope) and represent the
means of samples run in triplicate (�SD). Similar results were seen in two
subsequent assays. (B) Leupeptin inhibits replication-competent SARS-CoV
infection. Cells were either preincubated with leupeptin for 1 h and then
exposed to virus for 3 h in the continued presence of leupeptin (solid line) or
exposed to virus for 3 h and incubated for an additional 4 h with leupeptin
(dashed line). At 3 days postexposure, the supernatant was analyzed for
nucleoprotein by ELISA. The results are expressed as OD and represent the
means of samples run in triplicate (�SD). Similar results were seen in a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium cytoxicity assay. (C)
Trypsin treatment bypasses leupeptin inhibition of live SARS-CoV. Mock-
(Center) or 500 �g�ml leupeptin-pretreated (Right) Vero E6 cells were spin-
infected with replication-competent SARS-CoV at a multiplicity of infection of
0.5 and incubated with either DMEM (Upper) or DMEM containing TPCK-
trypsin (Lower). After 48 h, the cells were immunostained for S protein. (D)
E64c blocks SARS-CoV S protein-mediated entry. The 293T cells were preincu-
bated with E64c (solid lines) or aprotinin (dashed lines) and challenged with
HIV-luc SARS S (black lines) or VSV-G (gray lines). The results are presented as
a percentage of infection of untreated cells (�1,500 RLU for VSV-G and 6,000
RLU for SARS S) and represent the means of samples run in triplicate (�SD).
Similar results were seen in two additional experiments. (E) Z-lll-FMK inhibits
S protein-mediated infection. Vero E6 cells were preincubated with Z-lll-FMK
(solid lines) or CA-074 (dashed lines) and then challenged with HIV-luc SARS S
(black lines) or VSV-G (gray lines). The results are presented as a percentage of
infection of untreated cells (�15,000 RLU for VSV-G and 20,000 RLU for SARS
S) and represent the means of samples run in triplicate (�SD). Similar results
were seen on 293T and 293T�ACE2 cells.
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CoV infection are inhibiting postentry steps of replication or are
merely toxic to the cells. Rather, leupeptin appears to inhibit an
early step in viral entry. In a manner similar to inhibition by
ammonium chloride (Fig. 1C), the leupeptin-mediated block to
SARS-CoV infection of Vero E6 cells could be bypassed by
proteolysis of virus bound to the cell surface (Fig. 2C). These
findings are consistent with exogenous trypsin treatment com-
pensating for cleavage normally mediated by leupeptin-sensitive
endosomal proteases.

To more precisely define the protease(s) involved in SARS-
CoV infection, a series of inhibitors were analyzed. E64c, an
inhibitor of cysteine proteases, specifically inhibited infection by
HIV(SARS S) pseudovirions, whereas aprotinin, an inhibitor of
serine-type proteases, had no effect (Fig. 2D). Inhibitors of other
classes of proteases, such as pepstatin, an aspartate protease
inhibitor, also had no effect on either S protein- or VSV-G-
mediated infection (data not shown). CA-074, a selective inhib-
itor of CTSB (10) did not dramatically affect infection by either
HIV(SARS-CoV S) or HIV(VSV-G) (Fig. 2E; and see Table 1,
which is published as supporting information on the PNAS web
site). In contrast, Z-lll-FMK, an inhibitor of both CTSB and
CTSL (11), efficiently inhibited infection by HIV(SARS S), but
not by HIV(VSV-G) (Fig. 2E). In addition, a panel of four
commercially available CTSL inhibitors specifically inhibited
HIV(SARS S) infection (Table 1). Overall, these inhibitor
results suggest that a pH-dependent cysteine protease, perhaps
CTSL, is important for SARS-CoV infection.

Screen for Pharmacologically Active Inhibitors. To identify potential
lead candidates for therapeutic inhibition of CTSL, a high-
throughput screening of a library of pharmacologically active
compounds was performed (see Methods). MDL28170 was iden-
tified as an efficient inhibitor of CTSL-mediated substrate
cleavage, with an IC50 of 2.5 nM (Fig. 3A). MDL28170 (also
known as calpain inhibitor III, or Z-Val-Phe-CHO) is an inhib-
itor of cytosolic calpains (12, 13). Inhibition of CTSB has also
been noted (12). Interestingly, related calpain inhibitors have
already been described as inhibitors of SARS-CoV replication
(14), although it was assumed the action was through inhibition
of viral proteases. Similarly, we found efficient inhibition of
SARS-CoV replication using MDL28170 (data not shown). In
addition, MDL28170 efficiently inhibited infection by
HIV(SARS S), but not by HIV(VSV-G) pseudovirions (Fig. 3B

and Table 1). Given that the pseudotype infection assay is a
direct measure of S protein-mediated viral entry, these results
suggest that MDL28170’s action is due to inhibition of endoso-
mal protease activity during viral entry. Thus, these experiments
identify MDL28170 as a strong initial candidate for antiviral
inhibitors of SARS-CoV viral entry.

Protease-Mediated Activation of Membrane Fusion. To further study
the relative contributions of acid pH and specific proteases on
SARS-CoV infection, we developed a cell-free, virus–virus
membrane-fusion assay employing virions that carry either S
glycoprotein or the SARS-CoV cellular receptor ACE2 (3). The
HIV(ACE 2) pseudotypes encode luciferase, whereas S glyco-
protein particles encode GFP and have on their surface not only
SARS-CoV S but also the envelope glycoprotein from subgroup
A ASLV-A envelope. Membrane fusion between the virions
carrying SARS-CoV S and those with ACE2 is indicated by
transfer of the genome encoding luciferase to HeLa�tva cells
expressing the cellular receptor for ASLV-A but not SARS-CoV.
A similar cell-free membrane-fusion assay has been used to
analyze HIV and MLV-envelope-mediated membrane fusion
and, in both instances, has been shown to accurately reflect
normal virus infection requirements (15, 16).

Characterization of the peseudovirions demonstrated the effi-
cient production of HIV particles containing ACE2 in their lipid
coats, as determined by Western analysis of purified virions (data
not shown). These HIV-luc(ACE2) particles were able to efficiently
and specifically infect 293T cells expressing SARS-CoV S protein,
as demonstrated by high levels of luciferase activity in the target
cells (see Fig. 5, which is published as supporting information on the
PNAS web site). HIV particles encoding GFP and incorporating
both SARS-CoV S and ASLV-A envelope [referred to as HIV-
gfp(SARS S�ASLV-A)] were also efficiently produced and infec-
tious on cell lines expressing either ACE2 or the ASLV-A receptor
Tva (data not shown).

The ability of SARS-CoV S and ACE2, on the surface of their
respective virions, to mediate intervirion membrane fusion was
assessed by coincubating the pseudotypes before infection of
HeLa�Tva cells. In contrast to the results seen when individual
pseudovirions were used, a mixture of HIV-luc(ACE2) and
HIV-gfp(SARS S�ASLV-A) resulted in expression of the lucif-
erase-encoding genome in HeLa�Tva cells (Fig. 4A). Luciferase
activity was not observed when a pseudotype that did not carry
ACE2 [termed HIV-luc(bald)] was mixed with HIV-gfp(SARS
S�ASLV-A) or when HIV-gfp particles expressing ASLV-A env
alone were mixed with HIV-luc(ACE2) (Fig. 4A). Thus, lucif-
erase activity appears to be a measure of SARS-CoV S-mediated
intervirion membrane fusion.

We used this virus–virus membrane-fusion assay to examine the
effects of pH and proteolysis on SARS-CoV-mediated membrane
fusion. Pretreatment of the HeLa�Tva cells with leupeptin before
the addition of mixed virions abrogated S protein-mediated inter-
virion fusion, as demonstrated by the background levels of lucif-
erase activity observed (Fig. 4A). As a control, leupeptin was found
to have no effect on ASLV-A envelope-mediated infection of
HeLa�Tva cells (data not shown). These results suggest that, for
virus–virus membrane fusion to occur, the particles must be coen-
docytosed into endosomes, where proteases sensitive to leupeptin
are able to alleviate a block to fusion between the virus particles.
Thus, in all subsequent assays, target cells were pretreated with
leupeptin to determine the effect of the addition of exogenous
protease on virus–virus fusion before plating on target cells.

To more directly assess the requirement for proteolytic activation
of S protein, we incubated the two pseudovirion populations to
allow S protein and ACE2-mediated virus–virus binding. Trypsin
proteolysis of the bound virus particles dramatically increased
luciferase expression in target HeLa�Tva cells, despite endosomal
proteolysis inhibition by leupeptin (Fig. 4B). In contrast to trypsin,

Fig. 3. Cathepsin-L-specific inhibitor blocks infection. (A) MDL28170 inhibits
CTSL activity with an IC50 of 2.5 nM. A 1,000-compound library was screened
for inhibitors of CTSL activity (Inset, bottom left). MDL28170 (Inset, top right)
was found to be a potent inhibitor. The compound library was screened
against several other cathepsins, including CTSB, with no hits. The activity of
MDL28170 was confirmed in an in vitro CTSL-cleavage assay (inhibition curve).
(B) MDL28170 inhibits S protein-mediated infection. The 293T cells were
preincubated with MDL28170 and challenged with HIV-luc SARS S (solid line)
or VSV-G (dashed line). The results are presented as a percentage of infection
of untreated cells (�100,000 RLU for VSV-G and 20,000 RLU for SARS S) and
represent the means of samples run in triplicate (�SD). Similar results were
seen on Vero E6 and 293T�ACE2 cells.

Simmons et al. PNAS � August 16, 2005 � vol. 102 � no. 33 � 11879

M
IC

RO
BI

O
LO

G
Y



a brief low-pH pulse did not facilitate virus–virus membrane fusion,
as assayed by luciferase gene transfer in the leupeptin-treated target
cells (Fig. 4B). The higher levels of luciferase activity seen in these
experiments compared with Fig. 4A may reflect a more efficient
membrane fusion reaction, because this assay does not rely on
traffic of the bound virions to the endosome for intervirion fusion.

These results confirm that a low-pH environment does not appear
to act as a direct trigger for SARS-CoV entry. In agreement with
the studies above, showing proteolytic bypass of lysosomotropic-
agent-mediated inhibition, these membrane-fusion data are most
consistent with a model in which the low-pH environment of the
endosome is needed for proteolytic activation of membrane-fusion
activity.

Temperature-Dependence of Protease Activation. The fact that S
protein needs to bind ACE2 in order for trypsin treatment to have
an effect on membrane fusion (Fig. 1) suggested that conforma-
tional changes induced by SARS-CoV S protein–receptor interac-
tion may be required before proteolysis. Conformational changes
are generally slowed or arrested at low temperatures. Thus, we
examined whether incubation of mixtures of HIV-luc(ACE2) and
HIV-gfp(SARS S�ASLV-A) virions at 4°C, compared with 37°C
before treatment with protease, affected subsequent membrane-
fusion activity, possibly by preventing conformational changes in S
protein induced by ACE2 binding. Only a small increase in inter-
virion fusion was seen with HIV-luc(ACE2) and HIV-gfp(SARS
S�ASLV-A) virus particles maintained at 4°C, despite trypsin
treatment (Fig. 4C). When the mixture of HIV-luc(ACE2) and
HIV-gfp(SARS S�ASLV-A) particles was preincubated at 37°C for
15 min, however, before being returned to 4°C for trypsin treat-
ment, efficient intervirion fusion was observed (Fig. 4C). These
results indicate that a receptor and temperature-dependent step
occurs before proteolysis of SARS-CoV S protein, possibly involv-
ing receptor-induced conformational changes within S to either
expose a protease cleavage site or to undergo some of the steps
leading up to membrane fusion.

Cathepsin L Activates SARS-CoV Membrane Fusion. The ability of
specific inhibitors to block SARS-CoV entry and the require-
ment for proteolysis for S-mediated intervirion membrane fu-
sion suggested that CTSL may play a role in directly modulating
the fusion activity of SARS-CoV S. To test this hypothesis,
recombinant cathepsins common to cellular endosomes, such as
CTSB and CTSL, were used in the virus–virus membrane-fusion
assay. Treatment of mixed HIV-luc(ACE2) and HIV-gfp(SARS
S�ASLV-A) particles with CTSL at pH 6.0 mediated intervirion
fusion as efficiently as did trypsin (Fig. 4D). In contrast, CTSB
treatment did not produce a reproducible increase in intervirion
fusion. Additionally, CTSL buffer alone at pH 6.0 had no effect.
The sensitivity of SARS-CoV S protein-mediated entry to
lysosomotropic agents is likely explained by the fact that endo-
somal proteases, such as CTSL, cleave more efficiently and are
more stable at acidic pH. To address this question, CTSL-
mediated activation of SARS-CoV S membrane fusion was
performed at different pHs. With HIV-luc(ACE2) and HIV-
gfp(SARS S�ASLV-A) particles and CTSL, a gradual reduction
in levels of fusion was observed with increasing pH, and incu-
bation at pH 7.1 resulted in no intervirion fusion (Fig. 4E).

Discussion
Distinct spikes of trimeric glycoproteins mediate the attachment,
fusion, and entry of enveloped RNA viruses such as the orthomyxo-,
paramyxo-, filo-, retro-, and coronaviruses. A hallmark of these
class I viral membrane-fusion proteins is that they undergo a series
of structural rearrangements that cause fusion between the viral
and cellular membranes. The glycoproteins in the virion spikes are
in an energetically unfavorable conformation, and an activating
trigger is required to allow metastable protein complexes to refold
into a more stable final form. For many viruses, binding to specific
receptors can induce the conformational rearrangements within
envelope proteins required for membrane fusion by binding to a
single receptor, as is the case for Amphotropic MLV, or consecutive
binding to a receptor and coreceptor, as is seen in HIV entry.
Alternatively, viruses such as influenza require only an acidic milieu

Fig. 4. S protein-mediated intervirion fusion. (A) Intervirion fusion requires
ACE2 and S protein. Bald or ACE2 particles encoding luciferase (x axis) were
incubated with particles encoding GFP (SARS S and ASLV-A envelope, gray
bars; SARS S alone, black bars; or ASLV-A envelope alone, white bars). Virions
were mixed and used to infect HeLa�Tva cells that had been pretreated with
medium in the presence and absence of leupeptin (Leu) (20 �g�ml). Intervirion
fusion was measured as luciferase activity 48 h postinfection. Results represent
the means of samples run in triplicate (�SD). (B) Trypsin cleavage promotes
fusion mediated by S protein. Intervirion fusion between HIV-luc(ACE2) and
HIV-gfp(SARS S�ASLV-A) treated with TPCK-trypsin (10 �g�ml) for 10 min at
25°C or pulsed at pH 5.0 was quantified by luciferase activity 48 h postinfection
of HeLa�Tva cells pretreated with leupeptin. The results represent the means
of samples run in triplicate (�SD). Mixtures of HIV-gfp(SARS S), HIV-gfp(ASLV-
A), and HIV-luc(ACE2) could not be activated by trypsin cleavage, suggesting
that S and ASLV-A envelope are required to be incorporated into the same
particle in order for transduction of target cells by fused particles. (C) Receptor
interactions at elevated temperature are required before trypsin cleavage.
HIV-luc(ACE2) and HIV-GFP(SARS S�ASLV-A) particles were mixed and incu-
bated at 4°C to allow binding. Samples were then incubated at the noted
temperatures. TPCK-trypsin digestion was carried out at 4°C for 15 min. The
results represent the means of samples run in quadruplicate (�SD). Similar
results were observed in two additional experiments. Temp., temperature. (D)
CTSL enhances intervirion fusion. HIV-luc(ACE2) and HIV-GFP(SARS S�ASLV-A)
particles were mixed and incubated for 10 min at 25°C with preactivated CTSB
(at pH 5.0), CTSL (at pH 6.0), CTSL buffer alone (at pH 6.0), or TPCK-trypsin (at
pH 7.0). The mixed virus was used to infect HeLa�Tva cells pretreated with
leupeptin. The results represent the means of samples run in quadruplicate
(�SD). Similar results were observed in two subsequent experiments. (E) Acidic
conditions are required for CTSL-mediated S protein activation. HIV-luc(ACE2)
and HIV-GFP(SARS S�ASLV-A) particles were mixed and adjusted to various
pHs and CTSL was added. After neutralization of acid conditions, the mixed
virus was used to infect HeLa�Tva cells pretreated with leupeptin. The results
represent the means of samples run in quadruplicate (�SD). Tryp, trypsin.
Similar results were observed in an additional experiment.
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to be triggered (17). More recently, a fourth means of achieving
glycoprotein triggering has been described for the avian retrovirus
ASLV-A, whereby both binding to a specific receptor and low pH
are required in order for membrane fusion to be completed (18).
We describe here a potential fifth model for glycoprotein triggering
that requires the involvement of endosomal protease activity sub-
sequent to receptor interactions.

A number of possibilities exist for the role of CTSL in
SARS-CoV entry, including the cleavage of S protein, ACE2, or
another cellular protein that aids in membrane fusion. One
explanation is that, as in influenza, cleavage is required to expose
the hydrophobic fusion peptide. Indeed, protease activation of
influenza hemagglutinin can occur during entry in certain cell
types (19). However, in the case of SARS-CoV, it appears that
interaction with receptor is required before such cleavage.
Although a fusion peptide has not been established for SARS-
CoV S protein by mutagenesis mapping, prediction models place
it immediately amino-terminal of the membrane-distal leucine�
isoleucine heptad repeat (HR1) (20). Another likely scenario is
that S protein is physically constrained from undergoing the
necessary conformational changes required for fusion peptide
insertion. Cleavage at sites exposed by receptor-binding then
either relieves these constraints or even actively induces the
conformational rearrangements leading to fusion peptide inser-
tion. In this model, one can view proteolytic cleavage of S as the
fusion-activating trigger comparable to pH for influenza HA or
coreceptor-binding for HIV envelope. Analogous to the con-
formations of the influenza and HIV proteins induced by pH or
coreceptor binding, it seems likely that the CTSL-cleaved SARS-
CoV S may be a transient intermediate in the membrane-fusion
process. It is, perhaps, this transient nature or the rather
nonspecific character of cathepsin L that has made identification
of the cleavage sites in S difficult. However, preliminary muta-
tional analysis of the residues near the S1–S2 boundary of SARS
S suggest that trypsin activation does not require cleavage at this
location (G.S., A.J.R., and P.B., unpublished data).

An alternative model is that receptor-binding mediates the
early conformational changes in the S protein, including fusion
peptide insertion into the target membrane but that uncleaved
S protein is constrained in such a way that the later steps in
membrane fusion, such as stable six-helix bundle formation or
fusion pore formation, cannot occur. The act of cleavage then
releases this constraint. In support of this model, the ASLV
envelope protein is thought to use receptor binding to activate

the early steps of membrane fusion, including fusion peptide
insertion and at least partial refolding into a six-helix bundle, but
needs a low-pH step to complete membrane fusion (21–23). It
may be that SARS-CoV S uses protease in an analogous manner
to pH for ASLV as a second trigger acting late in the membrane-
fusion process. The role, if any, that extracellular proteases
commonly found in sites of SARS-CoV replication (such as the
airways and the gut) may play in this model for viral entry is
unclear. It is even possible that extracellular cleavage after
receptor engagement would negate the requirement for endo-
cytosis, as seen in the trypsin-bypass experiments.

Overall, these experiments suggest a previously undescribed
paradigm for viral entry into target cells. Namely, that for SARS-
CoV S protein, receptor-mediated conformational changes induce
exposure of cryptic cleavage sites within viral envelope glycopro-
tein. Proteolysis by cellular proteases is then necessary to fully
activate the viral glycoprotein’s membrane-fusion potential. Fur-
ther characterization of this phenomenon is likely to highlight steps
in the activation of S protein that may yield targets for specific
inhibitors of entry. Indeed, the finding that CTSL is an important
activating protease for SARS-CoV infection suggests CTSL as a
target for therapeutic intervention. MDL28170 represents an at-
tractive starting point for specific inhibitors of CTSL as antiviral
therapeutics targeting SARS-CoV entry.

The entry process described here for SARS-CoV S protein and
the inhibitors of this process also raise the question whether
other classically defined pH-dependent viruses display this de-
pendence because of a requirement for acidic protease involve-
ment and not pH-induced structural rearrangements, as is
commonly assumed. Indeed, it has recently been suggested that
Ebola glycoprotein undergoes similar processing by endosomal
proteases (see ref. 24; G.S., A.J.R., and P.B., unpublished
observations). Future investigation will reveal whether SARS-
CoV and Ebola represent initial members of a previously
uncharacterized category of viral fusion proteins.
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Abstract 

More than 1.6 million Americans have been infected with SARS-CoV-2 and >10 times that 

number carry antibodies to it.  High-risk patients presenting with progressing symptomatic 

disease have only hospitalization treatment with its high mortality.  An outpatient treatment that 

prevents hospitalization is desperately needed.  Two candidate medications have been widely 

discussed: remdesivir, and hydroxychloroquine+azithromycin.  Remdesivir has shown mild 

effectiveness in hospitalized inpatients, but no trials have been registered in outpatients.  

Hydroxychloroquine+azithromycin has been widely misrepresented in both clinical reports and 

public media, and outpatient trials results are not expected until September.  Early outpatient 

illness is very different than later hospitalized florid disease and the treatments differ.  Evidence 

about use of hydroxychloroquine alone, or of hydroxychloroquine+azithromycin in inpatients, is 

irrelevant concerning efficacy of the pair in early high-risk outpatient disease.  Five studies, 

including two controlled clinical trials, have demonstrated significant major outpatient treatment 

efficacy.  Hydroxychloroquine+azithromycin has been used as standard-of-care in more than 

300,000 older adults with multicomorbidities, with estimated proportion diagnosed with cardiac 

arrhythmias attributable to the medications 47/100,000 users, of which estimated mortality is 

<20%, 9/100,000 users, compared to the 10,000 Americans now dying each week.  These 

medications need to be widely available and promoted immediately for physicians to prescribe. 

 

Keywords: Azithromycin; Covid-19; Doxycycline; Hydroxychloroquine; Remdesivir; SARS-

CoV-2; Zinc 
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Abbreviations: AZ, azithromycin; CDC, US Centers for Disease Control; FAERS, FDA Adverse 

Events Reporting System database; FDA, US Food and Drug Administration; HCQ, 

hydroxychloroquine; NIH, US National Institutes of Health; QTc, corrected electrocardiogram 

Q-T-wave duration; RCT, randomized controlled trial; RR, relative risk; Rt, epidemic 

reproduction number at time t. 
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Introduction 

Aside from the now more than 1.6 million Americans found through testing and public-

health reporting to be infected with SARS-CoV-2, seropositivity studies in California (1, 2), 

Colorado (3) and New York City and State (4) suggest that some 10-50-fold larger numbers of 

people carry antibodies to the virus.  The workforce and effort required to carry out contact-

tracing on these tens of millions of Americans is not practical.  While these studies have 

generated some media criticism, recent similar studies of blood donor samples in the Netherlands 

found 3% with SARS-CoV-2 antibodies (5), and 5% among household volunteers in Spain (6).  

Even allowing for some degree of false-positivity of these antibody tests, they still indicate that 

appreciably larger fractions of the population have been infected than have been characterized by 

identified reported cases.  “Flattening the curve,” by social distancing, mask wearing and staying 

at home, serves to reduce hospital loads and spread them out over time, but to-date has pushed 

infection reproduction numbers Rt down only to about 1.0 (7), thus even if maintained, over time 

very large numbers of people in the US may eventually get the infection.  The great majority of 

infected people are at low risk for progression or will manifest the infection asymptomatically.  

For the rest, outpatient treatment is required that prevents disease progression and 

hospitalization.  Exposures will occur as isolation policies are lifted and people begin to mix, 

even with various degrees of public isolation such as mask usage and physical separation still in 

place.  Thus, the key to returning society toward normal functioning and to preventing huge loss 

of life, especially among older individuals, people with comorbidities, African Americans and 

Hispanics and Latinos, is a safe, effective and proactive outpatient treatment that prevents 

hospitalization in the first place. ORIG
IN

AL U
NEDIT

ED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article-abstract/doi/10.1093/aje/kw

aa093/5847586 by guest on 28 July 2020



 

5 
 

All treatments have costs and benefits.  In an ideal world, randomized double-blinded 

controlled clinical trials establish evidence for the relative degree of benefit, and if large enough, 

for estimates of the frequencies of adverse events.  These trials take time to conduct: to get 

formal approval, to get funding, to enroll enough eligible patients, to wait for the outcomes to 

occur, and to analyze the data.  In the context of the Covid-19 pandemic, we are presently 

averaging about 10,000 deaths per week in the US, under moderately strong isolation policies 

that have put more than 36 million people out of work.  Results of currently ongoing or planned 

randomized trials for use of a number of outpatient medications are many weeks or months off, 

and there are no guarantees that the results for these agents, even if statistically significant, will 

show sufficient magnitudes of effectiveness to be useful clinically.  We are rapidly reaching a 

breaking point in the ability to maintain the status quo; states have begun the process of lifting 

their restrictions, and we thus need to evaluate what evidence we do have for promising 

outpatient treatments. 

 

Review of Evidence 

Based on laboratory and other preliminary evidence to-date, among many others, two 

candidate medication regimens have been widely discussed for outpatient treatment: remdesivir 

(Gilead Sciences, Inc., Foster City, California), and hydroxychloroquine (HCQ) plus 

azithromycin (AZ).  Remdesivir has been studied extensively in laboratory work and in animals 

(8) and for other viral diseases and has good biological properties, suggesting utility for SARS-

CoV-2 infection.  In a study of remdesivir compassionate use in 53 hospitalized patients with 

severe disease (9), 13% died, which appears lower than what might have been expected without 

treatment, though greater than the deaths in the placebo arm of the Adaptive COVID-19 
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Treatment Trial (more below).  In a randomized, controlled but relatively underpowered trial in 

severe non-ventilated hospitalized patients in China (10), benefit vs placebo was not able to be 

shown either in improvement or mortality.  An appreciable fraction of the remdesivir patients left 

the trial early because of serious adverse events.  The Adaptive COVID-19 Treatment Trial of 

hospitalized patients with advanced lung disease has released initial results (11) showing that 

patients on remdesivir had 31% faster recovery than patients on placebo, medians 11 vs 15 days, 

which difference was statistically significant, but these results involve patients who did indeed 

survive.  Mortality of the two groups, 8.0% vs 11.6%, respectively, was better for remdesivir but 

not significantly so (P-value=.059).    More specific for consideration here, remdesivir has not 

been studied in outpatient use.  The Scientists to Stop Covid-19 “secret” Report (12, p. 7) 

recommends widespread use of remdesivir, and “as early in infection as possible,” but no actual 

evidence as yet shows in humans that it would be helpful for routine outpatient circumstances 

and disease.  The FDA recently approved use of remdesivir in the current public-health 

emergency circumstances (13), but only for patients with “severe disease defined as SpO2≤94% 

on room air, requiring supplemental oxygen, mechanical ventilation, or extracorporeal 

membrane oxygenation (ECMO)” and “administered in an in-patient hospital setting via 

intravenous (IV) infusion by a healthcare provider.”  This approval seems specifically not to 

allow outpatient use.  Symptomatic outpatient infection is a pathologically and clinically 

different disease than the life-threatening inpatient acute respiratory distress syndrome caused by 

SARS-CoV-2, thus there is little reason to think that the same treatment would be useful for both 

(14).  In any event, none of 20 currently registered trials is scheduled to provide data on 

outpatient use of remdesivir, thus we may not know whether it could be used effectively to 

prevent hospitalization of symptomatic outpatients unless or until it is actually tried that way. 
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The other suggestion is the combined regimen of HCQ+AZ (or its variant 

HCQ+doxycycline).  The FDA has recently issued guidance (15) to physicians and the general 

public advising that the combination HCQ+AZ should not generally be used except by critically 

ill hospital inpatients or in the context of registered clinical trials.  The NIH panel for Covid-19 

treatment guidelines say essentially the same (16), and a similar statement has been released by 

the major cardiology societies (17).  Numerous reviews of HCQ efficacy and adverse events 

have been and continue to be published.  To my knowledge, all of these reviews have omitted the 

two critical aspects of reasoning about these drugs: use of HCQ combined with AZ or with 

doxycycline, and use in the outpatient setting.  For example, the Veterans' Administration 

Medical Centers study (18) examined treated hospitalized patients and was fatally flawed (19).  

The same point about outpatient use of the combined medications has been raised by a panel of 

distinguished French physicians (20) in petitioning their national government to allow outpatient 

use of HCQ+AZ.  It appears that the FDA, NIH and cardiology society positions have been 

based upon theoretical calculations about potential adverse events and from measured 

physiologic changes rather than from current real-world mortality experience with these 

medications and that their positions should be revised.  In reviewing all available evidence, I will 

show that HCQ+AZ and HCQ+doxycycline are generally safe for short-term use in the early 

treatment of most symptomatic high-risk outpatients, where not contraindicated, and that they are 

effective in preventing hospitalization for the overwhelming majority of such patients.  If these 

combined medications become standard-of-care, they are likely to save an enormous number of 

lives that would otherwise be lost to this endemic disease. 

What is the evidence for these assertions?  Similar to remdesivir, 16 clinical trials of 

HCQ+AZ are listed in the ClinicalTrials.gov database (21).  Of these, only five involve treating 
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outpatients with the combined HCQ+AZ regimen (Web Table 1).  For the earliest trial, between 

now and September, assuming a flat epidemic curve of 10,000 deaths per week, I estimate that 

approximately 180,000 more deaths will occur in the US before the trial results are known.  The 

CDC has estimated substantially greater numbers of deaths (22). 

In this context, we cannot afford the luxury of perfect knowledge and must evaluate, now 

and on an ongoing basis, the evidence for benefit and risk of these medications (23).  Available 

evidence of efficacy of HCQ+AZ has been repeatedly described in the media as “anecdotal,” but 

most certainly is not.  The evidence is not perfect either.  Each piece of evidence, contained in 

each study, must be carefully considered and not dismissed because in an ideal world such 

evidence would fall in a lower part of the evidence-quality triangle.  Furthermore, and most 

critical to the correct understanding of what evidence is available, evidence for single agents 

cannot be extrapolated to apply to combined agents, evidence for one biochemical form of a 

drug cannot be extrapolated to another form, and even more importantly, evidence for utility or 

lack thereof or toxicity in hospitalized patients cannot be extrapolated to apply to outpatient use, 

outpatient use comprising the sole argument for application that I am making in this review. 

Thus for example, studies of chloroquine or HCQ used alone do not bear upon evidence 

for efficacy of HCQ+AZ or HCQ+doxycycline.  This point has been argued forcefully by the 

French doctors (20).  The first study of HCQ+AZ (24) was controlled but not randomized or 

blinded, and involved 42 patients in Marseilles, France.  This study showed a 50-fold benefit of 

HCQ+AZ vs standard-of-care, with P-value=.0007.  In the study, six patients progressed, 

stopped medication use and left the trial before the day-6 planned outcome measure of swab-

sampled nasopharyngeal viral clearance.  Reanalysis of the raw study data elsewhere (25) and by 

myself shows that including these six patients does not much change the 50-fold benefit.  What 
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does change the magnitude of benefit is presentation with asymptomatic or upper respiratory-

tract infection, vs lower respiratory-tract infection, the latter cutting the efficacy in half, 25-fold 

vs standard-of-care.  This shows that the sooner these medications are used, the better their 

effectiveness, as would be expected for viral early respiratory disease.  The average start date of 

medication use in this study was day-4 of symptoms.  This study has been criticized on various 

grounds that are not germane to the science, but the most salient criticism is the lack of 

randomization into the control and treatment groups.  This is a valid general scientific criticism, 

but does not represent epidemiologic experience in this instance.  If the study had shown a 2-fold 

or perhaps 3-fold benefit, that magnitude of result could be postulated to have occurred because 

of subject-group differences from lack of randomization.  However, the 25-fold or 50-fold 

benefit found in this study is not amenable to lack of randomization as the sole reason for such a 

huge magnitude of benefit.  Further, the study showed a significant, 7-fold benefit of taking 

HCQ+AZ over HCQ alone, P-value=.035, which cannot be explained by differential 

characteristics of the controls, since it compares one treatment group to the other, and the treated 

subjects who received AZ had more progressed pneumonia than the treated subjects receiving 

HCQ alone, which should otherwise have led to worse outcomes.  The study has also been 

described as “small,” but that criticism only applies to studies not finding statistical significance.  

Once a result has exceeded plausible chance finding, greater statistical significance does not 

contribute to evidence for causation (26).  No different conclusion would have resulted had a 

study with 1000 patients found the same 50-fold benefit but with a P-value of 10
-10

.  Study size 

limitation only applies to studies having findings within the play of chance.  That is not the case 
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A second study of the Marseilles group (27) involved 1061 patients tested positive for 

SARS-CoV-2 and treated with HCQ+AZ for at least 3 days and followed for at least 9 days.  The 

authors state “No cardiac toxicity was observed.”  Good clinical outcome and virological cure 

were seen in 973 patients (92%).  Five patients died, and the remainder were in various stages of 

recovery. 

The third piece of evidence involves the cohort of 1450 patients treated by Dr. Vladimir 

Zelenko of Monsey, NY.  Dr. Zelenko has released a two-page report (28) describing his clinical 

reasoning and procedures, dosing conditions and regimen, and patient results through April 28.  

Symptomatic patients presenting to Dr. Zelenko were treated with five days of HCQ+AZ+zinc 

sulfate if they were considered high-risk, as evidenced by one or more of: age 60 years or older; 

high-risk comorbidities; body-mass index>30; mild shortness of breath at presentation.  Patients 

were considered to have Covid-19 based on clinical grounds and started treatment as soon as 

possible following symptom onset, rather than delaying for test results before starting treatment.  

Of the 1450 patients, 1045 were classified as low-risk and sent home to recuperate without active 

medications.  No deaths or hospitalizations occurred among them.  Of the remaining 405 treated 

with the combined regimen, 6 were ultimately hospitalized and 2 died.  No cardiac arrhythmias 

were noted in these 405 patients. 

The fourth relevant study was a controlled non-randomized trial of HCQ+AZ in 636 

symptomatic high-risk outpatients in São Paulo, Brazil (29).  All consecutive patients were 

informed about the utility and safety profile of the medications and offered the treatment, and 

those who declined (n=224) comprised the control group.  Patients were monitored daily by 

telemedicine.  The study outcome was need for hospitalization, defined as clinically worsening 

condition or significant shortness of breath (blood oxygen saturation <90%).  Even though the 
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severities of all of the recorded flu-like signs and symptoms and of important comorbidities 

(diabetes, hypertension, asthma, stroke) were substantially greater in the treated patients than the 

controls, the need for hospitalization was significantly lower, 1.2% in patients starting treatment 

before day 7 of symptoms, 3.2% for patients starting treatment after day 7, and 5.4% for 

controls, P-value<.0001.  No cardiac arrhythmias were reported in the 412 treated patients.  The 

most common side effect of treatment was diarrhea (16.5%), but 12.9% of treated patients 

presented with diarrhea before treatment began. 

Finally, a small study is ongoing in a long-term care facility in Long Island, NY.  This 

study has been employing HCQ+doxycycline rather than HCQ+AZ for treatment of high-risk 

Covid-19 patients.  Doxycycline itself has antiviral activity against SARS-CoV-2 at in vitro 

concentrations 5.6μM median (30).  Among the first 54 residents treated in the Long Island 

study, 6 were hospitalized and 3 (5.6%) died (31).  An unofficial update of these data indicates 

that of about 200 high-risk patients treated with HCQ+doxycycline, 9 (4.5%) have died. 

The two non-randomized but controlled trials provide important evidence, if not “proof,” 

for the major efficacy of early use of HCQ+AZ against SARS-CoV-2 infection in symptomatic 

high-risk outpatients.  What can be said about the uncontrolled large case series of treated 

patients?  Standard published case reports provide clinical evidence of the possibility of an 

exposure-outcome relationship, but not of the regularity, magnitude or representativeness of such 

a relationship.  The same can be said of case series reports, meaning that subject entry into the 

series is not necessarily well-defined and no denominator information is provided from which to 

gauge what the series represents.  However, a large series in the context of known risks of 

mortality or adverse events can allow for ballpark estimates of the denominator and thus provide 

a reasonable frame of reference for whether the outcomes likely represent beneficial or harmful 

ORIG
IN

AL U
NEDIT

ED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article-abstract/doi/10.1093/aje/kw

aa093/5847586 by guest on 28 July 2020



 

12 
 

results.  For example, among Connecticut cases 60 years of age or older, at present the mortality 

is 20% (32).  Thus, it would be ballpark to estimate that some 20% of the 1466 treated high-risk 

patients in the Zelenko and Marseilles cohorts would have died without outpatient HCQ+AZ 

treatment, 293 patients, compared to the 7 who did die.  An alternative is to use the 12-13% 

mortality of hospitalized patients in the placebo arms of the remdesivir trials (10, 11).  This 

would give about 180 expected deaths. 

 

Adverse Events 

Both proposed drug regimens have shown side effects.  Remdesivir, in its phase-3 trial of 

10-day vs 5-day therapeutic courses in hospitalized patients, produced a range of adverse events 

in more than 70% of patients in both treatment arms (33).  Adverse events requiring medication 

discontinuation were many fewer, 5% in the 5-day group and 10% in the 10-day group.  In the 

Chinese trial, 12% of remdesivir patients stopped the medication before the end of the 10-day 

treatment because of drug-related adverse events (10). 

For HCQ+AZ use, the argued issue concerns fatal cardiac arrhythmias: the warnings 

issued by the FDA, the NIH and the cardiology societies.  Indeed, both HCQ and AZ produce 

QT prolongation, rare instances of fatal Torsades de Pointes and long QT-interval syndrome.  A 

number of essays by cardiologists published in JAMA and other journals have anxiously warned 

about these risks, but have not examined mortality from them.  The sole question is whether 

these fatal events, or even any fatal cardiac arrhythmia events, would occur with enough 

frequency that general treatment of non-contraindicated high-risk outpatients by HCQ+AZ 

would outweigh benefit in preventing hospitalization and mortality.  A number of studies have 

examined hospital inpatient use, but these studies have had major flaws discussed at length in the 
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literature, not least of which is that patients hospitalized with multiple medical problems and 

more-advanced disease do not represent the mortality experience of outpatient use of these 

medications in patients otherwise well enough not to be hospitalized.  One source of data on 

mortality associated with these medications is the FDA FAERS database (34).  Examination of 

the database for adverse events reported from the beginning of the database in 1968 through 

2019 and into the beginning of 2020, shows for hydroxychloroquine 1064 adverse event reports 

including 200 deaths for the total of cardiac causes that could be both specifically and broadly 

classified as rhythm-related.  Of these, 57 events including 10 deaths were attributed to Torsades 

de Pointes and long QT-interval syndrome combined.  This concerns the entirety of HCQ use 

over more than 50 years of data, likely millions of uses and of longer-term use than the 5 days 

recommended for Covid-19 treatment.  For AZ use, the numbers of reported Torsades de Pointes 

and long QT-interval syndrome events total 37, of which 2 deaths.  FAERS data are generated by 

patient, physician and pharmacist report initiation and likely underrepresent true event 

occurrences.  However, even if the true numbers were 10-fold larger, they would still be 

minuscule compared to the amounts of medication usage.  How much the risk of QT 

prolongation would be enhanced with HCQ and AZ taken together is unknown, but the 

Physicians' Desk Reference (35) says that coadministration of these medications risks “additive 

QT prolongation.”  Not multiplicative.  “Pharmacokinetic drug interactions associated with the 

highest risk of TdP include antifungal agents, macrolide antibiotics (except azithromycin)” (36, 

p. 139).  Nevertheless, even if the combined HCQ+AZ produced a 10-fold higher incidence of 

fatal Torsades de Pointes and long QT-interval syndrome than either agent alone, and even if 

both events were 10-fold underreported in FAERS, thus hypothetically giving 1200 fatal events, 

that would still be very small compared to the millions of uses of these medications that the 
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FAERS database represents.  Therefore, while it is established that HCQ+AZ lengthens the QTc 

interval by 18-55ms on average (37-40), in 40, 84, 90 and 98 hospitalized severely ill patients in 

the four studies, respectively, treated with these medications and having this lengthening, a total 

of one case of Torsade de Pointes occurred and it was not fatal—there were no deaths.  

Substantial fractions of these hospitalized patients were taking diuretics, which may be 

contraindicated for HCQ+AZ use in the first place.  This arrhythmia issue is a real, 

physiologically measurable effect of the use of these combined medications, but fatal arrhythmia 

outcomes are so rare that they are of much lesser clinical significance than the hospitalization 

and mortality that the drugs prevent.  This fact is also clear from the lack of any cardiac 

arrhythmia events or arrhythmia mortality noted in the 405 Zelenko patients or the 1061 

Marseilles patients or the 412 Brazil patients.  Patients were not enrolled in these studies if they 

had known histories of QTc prolongation.  History of cardiac arrhythmia or other possible 

contraindications for use of HCQ or AZ or doxycycline is a normal part of workup and clinical 

judgement in physician choice to use these medications and how to monitor the patients (see 

Web Appendix). 

Further evidence of the real-world unimportance of arrhythmia and other cardiovascular 

adverse event endpoints of HCQ+AZ use is given in the large Oxford-based record-linkage study 

(41, 42).  Fourteen large medical-records databases were examined for all-cause mortality and 

for 15 specified classes of adverse events among hundreds of thousands of patients with 

rheumatoid arthritis who had used these drugs.  First, 323,122 users of HCQ+AZ were compared 

to 351,956 users of HCQ+amoxicillin.  No significant difference in all-cause mortality was seen: 

as reported by the authors, relative risk (RR)=1.36, P-value=.10, and as I calculate from the data 

provided by the authors in their supplement to the paper (42), RR=1.18, P-value=.37; either way, 
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a null association within the range of chance.  However, the authors selectively presented from 

among the 15 analyzed endpoints the three most significant associations: cardiovascular 

mortality RR=2.19, P-value=.0088; chest pain/angina RR=1.15, P-value=.0027; and heart failure 

RR=1.22, P-value=.027.  What is misrepresented in the authors’ presentation of these data in this 

way is that these three outcomes were not individually specified to be of more interest than any 

of the other 12 specific outcomes that they examined, and they did not correct their calculated 

levels of statistical significance for the 15 classes of outcomes.  In lay terms, a fishing 

expedition.  When accounting is done, by the standard Bonferroni correction of multiple 

comparisons, the respective P-values are .12, .040 and .35.  The large amount of data in this 

study thus shows that there is no significant relationship of HCQ+AZ use vs HCQ+amoxicillin 

use for any of the 15 outcomes specified or for all-cause mortality, except a just-barely 

significant association with chest pain/angina, with a 15% higher risk which even if a true 

finding would still be of little clinical import for a relatively infrequent outcome in the context of 

the mortality to be saved by HCQ+AZ use in widespread symptomatic high-risk outpatient 

Covid-19 treatment. 

Second, the stated concern of the FDA and NIH advisories and the cardiology society 

opinion restricting use of HCQ+AZ was for fatal Torsades de Pointes and long QT-interval 

syndrome, two rare types of cardiac arrhythmias, as well as for cardiac arrhythmias in general.  

The Oxford study (41, 42) examined cardiac arrhythmia outcomes and obtained for its random 

effects meta-analysis result, RR=1.08, P-value=.36 for HCQ+AZ use vs HCQ+amoxicillin use.  

The fixed-effects meta-analysis RR=1.04, P-value=.41.  This study clearly demonstrates that 

cardiac arrhythmia adverse events are not appreciably increased by combining HCQ with AZ.  

The same study compared HCQ use to sulfasalazine use and again found no difference in cardiac 
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arrhythmia risk: for HCQ, a slightly lower RR=0.89, P-value=.13.  The subjects analyzed in the 

Oxford study were largely older adults with multiple comorbidities in addition to rheumatoid 

arthritis. 

Finally, the Oxford study allows for a direct estimate of the number of arrhythmia events 

attributable to HCQ+AZ use (41, 42).  Among 306,106 people taking sulfasalazine (which is 

known not to produce QT prolongation), 877 with cardiac arrhythmias were identified, 0.287%.  

In 320,589 people taking HCQ+AZ, 1,068 had arrhythmias, 0.333%.  The difference, 0.047% or 

47/100,000 older multicomorbidity patients taking HCQ+AZ, is attributable to the HCQ+AZ 

use.  These are events, not fatalities.  As noted above, fatalities according to FAERS comprise 

<20% of HCQ-related arrhythmia events.  The maintenance HCQ dose in the Oxford study 

patients, 200 mg/day, gives as large or larger plasma drug levels as five days of HCQ at 400 

mg/day, the recommended dose for outpatient Covid-19.  These very small numbers of 

arrhythmias, as well as the null results in this very large empirical study should therefore put to 

rest the anxieties about population excess mortality of HCQ+AZ outpatient use, either from 

cardiac arrhythmias, or as mortality from all causes. 

This discussion thus shows that the FDA, NIH and cardiology society warnings about 

cardiac arrhythmia adverse events, while appropriate for theoretical and physiological 

considerations about use of these medications, are not borne out in mortality in real-world usage 

of them.  Treatment-failure mortality will be much higher, but even that pales in comparison to 

the lives saved.  It would therefore be incumbent upon all three organizations to reevaluate their 

positions as soon as possible.  It is unclear why the FDA, NIH and cardiology societies made 

their recommendations about HCQ+AZ use now, when the Oxford study (41, 42) analyzed 

323,122 users of HCQ+AZ compared to 351,956 users of HCQ+amoxicillin, i.e., that the 
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combination of HCQ+AZ has been in widespread standard-of-care use in the US and elsewhere 

for decades, use comparable to HCQ+amoxicillin as if it just involved an alternate antibiotic 

choice, this use predominantly in older adults with multiple comorbidities, with no such strident 

warnings about the use given during that time.  I note that since doxycycline is believed to cause 

even fewer cardiac arrhythmias than AZ, in patients where that is a concern (43), the long-term 

care-facility evidence suggests that HCQ+doxycycline likely will work about as well. 

 

Discussion 

Given that a detailed and dispassionate review of all of the available relevant evidence 

leads to conclusions about outpatient HCQ+AZ use different than those of the FDA and NIH 

panels (which comprise wider expertise than the cardiology societies), I address how different 

underlying scientific worldviews might be involved.  This is particularly reflected in the 

Scientists to Stop Covid-19 position about remdesivir use “as early as possible,” i.e., early 

outpatient use implied (12, p. 5).  All but one of the scientists on the Scientists to Stop Covid-19 

panel are laboratory or clinical scientists; only one is an epidemiologist.  Their recommendation 

for remdesivir use as early as possible was made without either FDA approval or RCT evidence 

of efficacy in the outpatient context.  This recommendation therefore appears to be an 

extrapolation from animal and laboratory data and from use in severely ill hospitalized patients.  

However, a history of epidemiology shows numerous instances of failed extrapolation from 

animals to humans.  “Animal research on almost any topic of epidemiologic interest is so 

heterogeneous and inadequately synthesized that it is possible to selectively assemble a body of 

evidence from the animal and in-vitro studies that support almost any epidemiologic result.” (44, 

p. 221)  For example, some carcinogens have been affirmed in animal studies but not shown in 
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human studies (acrylamide, alar, cyclamate, red dye #2, saccharin) (44).  This is in part why the 

FDA has an approval system of phased RCTs leading to safety and efficacy of use in humans, in 

the specific contexts in which the drug is intended.  It is not a question of off-label use, but of 

who are the patients for which to use the medication.  For Covid-19, inpatient acute respiratory 

distress syndrome is typically a florid immune-system overreaction, whereas initial outpatient 

illness is a viral multiplication problem involving the beginnings of immune response.  These are 

different diseases.  Thus, how well remdesivir might perform in outpatients won’t be known until 

it is tried in typical outpatient circumstances, whether in RCTs or in any other unbiased 

systematic study of such use.  Further, to the degree that remdesivir is similar in temporal 

characteristics to an antiviral like Tamiflu, it would be used in general societal contexts where 

patients must first recognize that they might have symptoms of the disease and not something 

else and go to their physicians or clinics for care, and either be rapidly tested positive with an 

assay that has negligible false negatives, or be symptomatic enough for the disease to be 

clinically distinguished and diagnosed, but definably positive in this way not more than two days 

after symptoms start.  This is a very narrow temporal window to be definitive and to obtain full 

antiviral effectiveness, and could be difficult to achieve in general in the mass-treatment 

circumstances that we are facing.  So regardless of the strength of the implied evidence of 

outpatient efficacy when given shortly after the start of symptoms, remdesivir efficacy might be 

substantially less in the context of actual population outpatient usage.  This is another reason 

why empirical studies of medication use in the full context of application are needed. 

The extrapolation from laboratory theory to empirical use also seems to underlie 

resistance to the idea that combined HCQ regimens could work for early outpatient use.  HCQ is 

known to interfere with toll-like receptor signaling, reducing dendritic cell activation and 
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immune response.  This would seem to be counterproductive for suppressing SARS-CoV-2 

multiplication in early treatment.  Again, in extrapolation from physiologic theory to human data, 

the epidemiologic data are definitive.  The fact that epidemiologic data to-date show strong 

evidence for efficacy of combined HCQ+AZ in early outpatient treatment, even if not “proof” 

yet at the level of several successful RCTs, is evidence that this medication regimen works in 

that context.  The clash in scientific worldviews is that basic and clinical scientists seem to feel 

that biological and drug-development evidence for medication use in non-human and non-

outpatient contexts can be extrapolated to recommendations for outpatient use without benefit of 

RCT evidence but don’t accept epidemiologic evidence without RCTs, whereas epidemiologists 

have had career experience with laboratory and animal evidence that did not hold up under 

epidemiologic study, but do reason by including all types of epidemiologic study designs and 

derive causal conclusions in the standard way following Hill’s Aspects (26) on the basis of 

strong totality of evidence, sometimes even without RCT evidence.  There are contexts where 

each approach is valid.  However, it is not my point to say that remdesivir has little evidence to 

support its potential outpatient utility, only efficacy considerations that have not been addressed 

and that could lead to lack of efficacy under general use, but that HCQ+AZ has been directly 

studied in actual early high-risk outpatient use with all of its temporal considerations and found 

empirically to have sufficient epidemiologic evidence for its effective and safe employment that 

way, and that requiring delay of such general use until availability of additional RCT evidence is 

untenable because of the ongoing and projected continuing mortality.  No studies of Covid-19 

outpatient HCQ+AZ use have shown higher mortality with such use than without, cardiac 

arrhythmias included, thus there is no empirical downside to this combined medication use. ORIG
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Some of my medical colleagues still prefer to wait until more studies are done and 

stronger evidence such as from RCTs becomes available, and government and professional 

advisory panels do reevaluate the evidence.  I strongly urge these panels to reconsider the data 

and arguments discussed above.  Substantial fractions of physicians treating Covid-19 patients in 

Europe and elsewhere report use of HCQ+AZ: 72% in Spain, 49% in Italy, 41% in Brazil, 39% 

in Mexico, 28% in France, 23% in the US, 17% in Germany, 16% in Canada, 13% in the UK 

(45), much of the non-US use in outpatients.  HCQ+AZ has been standard-of-care treatment at 

the four New York University hospitals, where a recent study showed that adding zinc sulfate to 

this regimen significantly cut both intubation and mortality risks by almost half (46).  The French 

physicians are insistent that with careful clinical judgement and supervision, these medications 

are safe and should be used as early as possible for outpatients, and they provide a detailed 

clinical guide to their use (20).  Until we have quantitative evidence for the utility and safety of 

other medications for preventing hospitalization and mortality in high-risk Covid-19 outpatients, 

the urgency of current mass mortality requires an immediate application of the best that we have 

available, even if knowledge is imperfect and even if yet unproven to the standards of double-

blinded RCTs.  This problem will get even worse as states and cities yield to the acute pressure 

at this moment to begin lifting stay-at-home restrictions and even more people become infected.  

Some people will have contraindications and will need other agents for treatment or to remain in 

isolation.  But for the great majority, I conclude that HCQ+AZ and HCQ+doxycycline, 

preferably with zinc (47) can be this outpatient treatment, at least until we find or add something 

better, whether that could be remdesivir or something else.  It is our obligation not to stand by, 

just “carefully watching,” as the old and infirm and inner city of us are killed by this disease and 

our economy is destroyed by it and we have nothing to offer except high-mortality hospital 
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treatment.  We have a solution, imperfect, to attempt to deal with the disease.  We have to let 

physicians employing good clinical judgement use it and informed patients choose it.  There is a 

small chance that it may not work.  But the urgency demands that we at least start to take that 

risk and evaluate what happens, and if our situation does not improve we can stop it, but we will 

know that we did everything that we could instead of sitting by and letting hundreds of thousands 

die because we did not have the courage to act according to our rational calculations. 
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Highlights: 

� As of May27, 2020 there are over 1,678,843 confirmed cases of COVID-19 claiming 

more than 100,000 lives in the Unites States. Currently there is no known effective 

therapy or vaccine. 

� -According to a protocol-based treatment algorithm, among hospitalized patients, use of 

hydroxychloroquine alone and in combination with azithromycin was associated with a 

significant reduction in-hospital mortality compared to not receiving 

hydroxychloroquine. 

� -Findings of this observational study provide crucial data on experience with 

hydroxychloroquine therapy, providing necessary interim guidance for COVID-19 

therapeutic practice. 

Abstract: 

Significance: The United States is in an acceleration phase of the COVID-19 pandemic. 

Currently there is no known effective therapy or vaccine for treatment of SARS-CoV-2, 

highlighting urgency around identifying effective therapies.  

Objective: The purpose of this study was to evaluate the role of hydroxychloroquine therapy 

alone and in combination with azithromycin in hospitalized patients positive for COVID-19. 

Design:  Multi-center retrospective observational study  

Setting: The Henry Ford Health System (HFHS) in Southeast Michigan: large six hospital 

integrated health system; the largest of hospitals is an 802-bed quaternary academic teaching 

hospital in urban Detroit, Michigan.   

Participants:  Consecutive patients hospitalized with a COVID-related admission in the health 

system from March 10,2020 to May 2,2020 were included. Only the first admission was included 

for patients with multiple admissions.  All patients evaluated were 18 years of age and older and 

were treated as inpatients for at least 48 hours unless expired within 24 hours.   
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Exposure: Receipt of hydroxychloroquine alone, hydroxychloroquine in combination with 

azithromycin, azithromycin alone, or neither.  

Main Outcome: The primary outcome was in-hospital mortality.  

Results: Of 2,541 patients, with a median total hospitalization time of 6 days (IQR: 4-10 days), 

median age was 64 years (IQR:53-76 years), 51% male, 56% African American, with median 

time to follow-up of 28.5 days (IQR:3-53). Overall in-hospital mortality was 18.1% (95% 

CI:16.6%-19.7%); by treatment: hydroxychloroquine+azithromycin, 157/783 (20.1% [95% CI: 

17.3%-23.0%]), hydroxychloroquine alone, 162/1202 (13.5% [95% CI: 11.6%-15.5%]), 

azithromycin alone, 33/147 (22.4% [95% CI: 16.0%-30.1%]), and neither drug, 108/409 (26.4% 

[95% CI: 22.2%-31.0%]). Primary cause of mortality was respiratory failure (88%); no patient 

had documented torsades de pointes. From Cox regression modeling, predictors of mortality 

were age >65 years (HR:2.6 [95% CI:1.9-3.3]), white race (HR:1.7 [95% CI:1.4-2.1]), CKD 

(HR:1.7 [95%CI:1.4-2.1]), reduced O2 saturation level on admission (HR:1.5 [95%CI:1.1-2.1]), 

and ventilator use during admission (HR: 2.2 [95%CI:1.4-3.3]). Hydroxychloroquine provided a 

66% hazard ratio reduction, and hydroxychloroquine+azithromycin 71% compared to neither 

treatment (p<0.001).    

Conclusions and Relevance: In this multi-hospital assessment, when controlling for COVID-19 

risk factors, treatment with hydroxychloroquine alone and in combination with azithromycin was 

associated with reduction in COVID-19 associated mortality. Prospective trials are needed to 

examine this impact.   
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Introduction 

As of May 27, 2020, there were over 1,678,843 confirmed cases of COVID-19 claiming 

more than 100,000 lives in the Unites States.1 Currently there is no known effective therapy or 

vaccine. The urgent need for therapeutic agents has resulted in repurposing and redeployment of 

experimental agents.2,3 

Hydroxychloroquine, an antimalarial and immunomodulatory agent and a safer analogue of 

chloroquine, has demonstrated antiviral activity against SARS-CoV-2.4-7 It is postulated to exert 

a direct antiviral activity by increasing intracellular pH resulting in decreased phago-lysosome 

fusion, impairing viral receptor glycosylation. In addition, it has immune-modulating effect by 

inhibiting toll-like receptor signaling, decreasing production of cytokines especially IL-1 and IL-

6.8 Prior data also suggests a potential anti-thrombotic effect.9 Azithromycin, a macrolide 

antibiotic has in vitro antiviral properties such as decreased viral replication, blocking entrance 

into host cells, and a potential immunomodulating effect.10 An in vitro study demonstrated 

synergistic activity of the combination of hydroxychloroquine and azithromycin against SARS-

CoV-2 .11 A small non-randomized, open-label trial from France reported higher frequency of 

SARS-CoV-2 clearance after six days of treatment with hydroxychloroquine alone or 

hydroxychloroquine in combination with azithromycin versus untreated control group (70% vs 

12.5%; P < 0.001).12 Other early studies of hydroxychloroquine have reported  conflicting 

results.13-22 The US FDA as of June 15, 2020 has revoked the prior emergency use authorization 

(EUA) to use hydroxychloroquine and chloroquine to treat COVID-19 in certain hospitalized 

patients when clinical trial data is unavailable or participation is not feasible.23     

Currently, randomized trials of hydroxychloroquine for treatment and chemoprophylaxis are 

underway. 24-27 Based on these early reports, hydroxychloroquine alone and in combination with 
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azithromycin was incorporated into our institutional clinical guidelines for the treatment of 

hospitalized patients with COVID-19. We examined the association between 

hydroxychloroquine use and mortality in a large cohort of hospitalized COVID-19 patients. 

Methods 

SETTING 

This is a comparative retrospective cohort study evaluating clinical outcomes of all 

consecutive patients hospitalized at the Henry Ford Health System (HFHS) in Southeast 

Michigan being treated for COVID-19. The organization is a large six hospital integrated health 

system; the largest of hospitals is an 802-bed quaternary academic teaching hospital in urban 

Detroit, Michigan.  Approval for this study was granted by the Henry Ford Hospital IRB 

(#13897). 

PATIENTS  

Patients with a COVID-related admission in the health system from March 10, 2020 to 

May 2, 2020 were included. Only the first admission was included for patients with multiple 

admissions.  All patients were hospitalized though our emergency department. A COVID-related 

admission was defined as hospitalization during which the patient had a positive SARS-CoV-2 

test. Diagnosis with SARS-CoV-2 was confirmed by a positive reverse-transcriptase-

polymerase-chain-reaction (RT-PCR) assay from a nasopharyngeal sample.  All patients 

evaluated were 18 years of age and older and were treated as inpatients for at least 48 hours 

unless they expired within the time period. The primary objective was to assess treatment 

experience with hydroxychloroquine versus hydroxychloroquine+azithromycin, azithromycin 

alone, and other treatments for COVID-19. Treatments were protocol driven, uniform in all 

hospitals and established by a system-wide interdisciplinary COVID-19 Task Force. 
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Hydroxychloroquine was dosed as 400 mg twice daily for 2 doses on day 1, followed by 200 mg 

twice daily on days 2-5. Azithromycin was dosed as 500mg once daily on day 1 followed by 

250mg once daily for the next 4 days. The combination of hydroxychloroquine+azithromycin 

was reserved for selected patients with severe COVID-19 and with minimal cardiac risk factors. 

An electrocardiogram (ECK) based algorithm was utilized for hydroxychloroquine use. 

QTc>500ms was considered an elevated cardiac risk and consequently hydroxychloroquine was 

reserved for patients with severe disease with telemetry monitoring and serial QTc checks. The 

clinical guidelines included adjunctive immunomodulatory therapy with corticosteroids and 

tocilizumab.  

DATA SOURCES 

The data source for analysis of patient information was derived from electronic medical 

records in the Electronic Information System. Study variables collected on each patient included 

the following; 1) patient demographics: age, gender, race, body mass index (BMI) on admission, 

stratified into four categories: <18.5; 18.5-24.9; 25.0-29.9 and ≥ 30; 2) clinical characteristics: 

admission date, discharge date, length of stay (LOS), comorbidities including: cardiovascular 

disease (CVD), chronic lung disease,  chronic kidney disease (CKD), hypertension, asthma, 

chronic obstructive pulmonary disease (COPD), diabetes mellitus, immunodeficiency, and 

cancer (defined as active or past/resolved). Additionally, intensive care unit (ICU) status and 

ventilator use at any point during admission, minimum O2 saturation level collected on day of 

admission in the emergency department, and the maximal modified Sequential Organ Failure 

Assessment (mSOFA) score on admission were also collected. The mSOFA score is predictive 

of ICU mortality utilizing similar accuracy to the full SOFA score without substantial lab testing 

(ABG, LFTs) to complete.28 The duration and dosages of all therapies for COVID-19 were 
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collected.  

STUDY ENDPOINT 

The primary endpoint was in-patient hospital mortality in each treatment group. All 

deaths were reviewed in detail by the study team.  

STATISTICAL ANALYSIS 

Demographic and clinical characteristics were descriptively summarized for all patients 

and subsets by treatment group, to test the null hypothesis that treatment course between 

hydroxychloroquine, hydroxychloroquine+azithromycin, azithromycin, and other (no 

hydroxychloroquine or azithromycin) were similar. Multivariable Cox regression models and 

Kaplan-Meier survival curves were used to compare survival among treatment groups while 

controlling for demographics (e.g., age, gender), preexisting medical conditions (e.g. CVD, lung 

disease) and clinical disease severity (mSOFA, O2 saturation). Bivariate comparisons of the 4 

medication groups were made using analysis of variance or Kruskal-Wallis tests for continuous 

variables, and chi-square tests or Fisher exact tests for categorical variables. Additional analysis 

was performed using propensity score matching to compare outcomes in mortality across 

treatment groups. A propensity score was created for each patient based on the set of patient 

characteristics used in the Cox regression model.  Subsequently, 1 to 1 matchups of patients 

given hydroxychloroquine (either hydroxychloroquine alone or in combination with 

azithromycin) and patients not given hydroxychloroquine based on the exact propensity score 

were observed.  The resulting matched group status was placed into its own Cox regression 

model as a mortality predictor with a Kaplan-Meier plot summarizing the survival curves of the 

two matched groups. P values < 0.05 were considered statistically significant. Additionally, 

median survival times by treatment strata were calculated to approximate prognosis.  No 
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imputations were made for missing data. All data were analyzed using SPSS software version 26 

(IBM SPSS Statistics for Windows, version 26, IBM Corp., Armonk, N.Y., USA) and STATA 

(StataCorp. 2019. Stata Statistical Software: Release 16. College Station, TX: StataCorp LLC), 

and SAS version 9.4.  

 

Results  

The first COVID-19 case confirmed at HFHS by RT-PCR was on March 10, 2020, any 

patients admitted before March 10th and subsequently tested positive were also included in the 

analyses. There was a total of 2,948 COVID-19 admissions, of these, 267 (9%) patients had not 

been discharged, 15 (0.5%) left against medical advice, and four (0.1%) were transferred to 

another healthcare facility; these patients were excluded from analysis as we could not ascertain 

their outcome. In addition, there were 121 (4.1%) readmissions, which were also excluded. 

Overall, 2,541 consecutive patients were included in the analyses with a median age of 64 

years (IQR: 53-76 years), 51% male, 56% African American, median inpatient LOS was 6 days 

(IQR: 4-10 days). The median time to follow-up was 28.5 days (IQR 3-53). Majority of patients 

(52%, n=1,250) had BMI ≥ 30. Additional underlying comorbidities are detailed in Table 1.  On 

the day of admission, two variables predicting severity of disease and mortality: highest mSOFA 

score and lowest O2 saturation were recorded. However, 25% of the population did not have 

mSOFA scores available, as recording of this metric became institutional standard one month 

after the index admission. Other indicators of severity were ICU admission and mechanical 

ventilation status. All baseline characteristics were further stratified by the four treatment groups 

(hydroxychloroquine alone, hydroxychloroquine+azithromycin, azithromycin alone, and neither 

treatment). Median time (IQR) from admission to receipt of hydroxychloroquine was 1 day (1-
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2). Overall crude mortality rates were 18.1% in the entire cohort, 13.5% in the 

hydroxychloroquine alone group, 20.1% among those receiving hydroxychloroquine+ 

azithromycin, 22.4% among the azithromycin alone group, and 26.4% for neither drug (p < 

0.001). Adjunct therapy with corticosteroids (methylprednisolone and/or prednisone) and anti-

IL-6 tocilizumab was provided in 68% and 4.5% of patients, respectively.  

Primary cause of mortality in the 460 patients was: 88% respiratory failure, 4% cardiac 

arrest (with mean QTc interval from last ECG reading 471ms), 8% other cardiopulmonary arrest 

and multi-organ failure. No patient had documented torsades de pointes. 

In the multivariable Cox regression model of mortality using the group receiving neither 

hydroxychloroquine or azithromycin as the reference, treatment with hydroxychloroquine alone 

decreased the mortality hazard ratio by 66% (p<0.001), and hydroxychloroquine+azithromycin 

decreased the mortality hazard ratio by 71% (p<0.001).  We did not find statistical significance 

in the relative effect of adjunct therapy and mortality.  Predictors of mortality were age ≥ 65 

years (HR, 2.6 [95% CI: 1.9, 3.3]), white race (HR: 1.7 [95% CI: 1.4, 2.1]), CKD (HR, 1.7 

[95%CI: 1.4, 2.1]), reduced O2 saturation level on admission (HR, 1.6 [95%CI: 1.1, 2.2]), and 

ventilator use during admission (HR, 2.2 [95%CI: 1.4, 3.0]), which were all significantly 

associated with mortality due to COVID-19 (Table 2).  

Kaplan-Meier survival curves showed significantly improved survival among patients in 

the hydroxychloroquine alone and hydroxychloroquine+azithromycin group compared with 

groups not receiving hydroxychloroquine and those receiving azithromycin alone (Figure 1). The 

survival curves suggest that the enhanced survival in the hydroxychloroquine alone group 

persists all the way out to 28 days from admission.  
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Further, a total of 190 hydroxychloroquine patients exactly matched up with 190 

corresponding non-hydroxychloroquine treated patients based on the exact underlying propensity 

score.  Table 3 contains a descriptive summarization of these patients within both the unmatched 

and propensity matched settings, confirming that the propensity matched groups have identical 

underlying patient characteristics.  The Cox regression result for the two propensity matched 

groups (table 4) indicates that treatment with hydroxychloroquine resulted in a mortality hazard 

ratio decrease of 51% (p=0.009).  The resulting Kaplan-Meier survival curves within the 

propensity matched setting displayed significantly better survival in the hydroxychloroquine 

treated group, with the enhanced survival persisting all the way out to 28 days from admission 

(figure 2). 

Discussion 

The results of this study demonstrate that in a strictly monitored protocol-driven in-

hospital setting, treatment with hydroxychloroquine alone and hydroxychloroquine + 

azithromycin was associated with a significant reduction in mortality among patients 

hospitalized with COVID-19. In this study, among one of the largest COVID-19 hospital patient 

cohorts (n=2,541) assembled in a single institution, overall in-hospital COVID-19 associated 

mortality was 18.1% reflecting a high prevalence of co-morbid conditions in COVID-19 patients 

admitted to our institution. The independent predictors of mortality in our study included age ≥ 

65 years, CKD, and severe illness at initial presentation as measured by the oxygen saturation 

levels on admission, and ventilator use reflect findings similar to those reported in earlier 

studies.29 These predictors also underscore the high-risk for COVID-19 experienced by residents 

in our hospital catchment population in Metropolitan Detroit, Michigan. Michigan is among the 
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states with the highest number of cases of COVID-19 and deaths. In  Detroit, our residents suffer 

from substantial preexisting social and racial health disparities that place our patients at 

increased risk of severe disease and higher mortality.1 

In the present study, multivariate analysis performed using Cox regression modeling and 

propensity score matching to control for potential confounders affirmed that treatment with 

hydroxychloroquine alone and hydroxychloroquine in combination with azithromycin was 

associated with higher survival among patients with COVID-19. Patients that received neither 

medication or azithromycin alone had the highest cumulative hazard. The benefits of 

hydroxychloroquine in our cohort as compared to previous studies maybe related to its use early 

in the disease course with standardized, and safe dosing, inclusion criteria, comorbidities, or 

larger cohort. The postulated pathophysiology of COVID-19 of the initial viral infection phase 

followed by the hyperimmune response suggest potential benefit of early administration of 

hydroxychloroquine for its antiviral and antithrombotic properties.  Later therapy in patients that 

have already experienced hyperimmune response or critical illness is less likely to be of benefit. 

Others have shown that COVID-19 hospitalized patients are not diagnosed in the community and 

often rapidly deteriorate when hospitalized with fulminant illness.30  

Limitations to our analysis include the retrospective, non-randomized, non-blinded study 

design. Also, information on duration of symptoms prior to hospitalization was not available for 

analysis. However, our study is notable for use of a cohort of consecutive patients from a multi-

hospital institution, regularly updated and standardized institutional clinical treatment guidelines 

and a QTc interval-based algorithm specifically designed to ensure the safe use of 

hydroxychloroquine. To mitigate potential limitations associated with missing or inaccurate 

documentation in electronic medical records, we manually reviewed all deaths to confirm the 
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primary mortality outcome and ascertain the cause of death. A review of our COVID-19 

mortality data demonstrated no major cardiac arrhythmias; specifically, no torsades de pointes 

that has been observed with hydroxychloroquine treatment.  This finding may be explained in 

two ways. First, our patient population received aggressive early medical intervention, and were 

less prone to development of myocarditis, and cardiac inflammation commonly seen in later 

stages of COVID-19 disease.  Second, and importantly, inpatient telemetry with established 

electrolyte protocols were stringently applied to our population and monitoring for cardiac 

dysrhythmias was effective in controlling for adverse events. Additional strengths were the 

inclusion of a multi-racial patient composition, confirmation of all patients for infection with 

PCR, and control for various confounding factors including patient characteristics such as 

severity of illness by propensity matching.  

Recent observational retrospective studies and randomized trials of hydroxychloroquine 

have reported variable results.12-22 In a randomized controlled study of 62 patients from China 

with COVID-19, hydroxychloroquine was associated with a shortened duration of fever and time 

to cough and pneumonia resolution.17 In contrast, a study of 1376 consecutive hospitalized 

COVID-19 patients in New York that used respiratory failure as the primary endpoint found no 

significant reduction in the likelihood of death or intubation among those receiving 

hydroxychloroquine compared to those who did not.19  In a separate multicenter cohort study of 

1438 patients from 25 hospitals in New York, no reduction in hospitalized patient mortality was 

observed with hydroxychloroquine treatment.20 Among a number of limitations, this study 

included patients who were initiated on hydroxychloroquine therapy at any time during their 

hospitalization. In contrast, in our patient population, 82% received hydroxychloroquine within 

the first 24 hours of admission, and 91% within 48 hours of admission. Because treatment 
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regimens likely varied substantially (including delayed initiation) across the 25 hospitals that 

contributed patients to the study, it is not surprising that the case-fatality rate among the New 

York patients was significantly higher than in our study.  

Globally, the overall crude mortality from SARS-COV-2 is estimated to be 

approximately 6-7%.1,31 Multiple descriptive studies report higher mortality in hospitalized 

COVID-19 patients from 10-30%.32-40 Not surprisingly, mortality as high as 58% was observed 

among patients requiring ICU care and mechanical ventilation.36,37  This high mortality 

associated with COVID-19 in many populations has led to a search for effective drug therapies. 

The randomized controlled trial of lopinavir–ritonavir in COVID-19 hospitalized patients 

showed a mortality of 19.2% on lopinavir–ritonavir and 25% for standard of care; therapy had to 

be terminated in 13.8% patients due to adverse events.38 In the compassionate use remdesivir 

trial, 13% mortality was observed in the cohort of 61 patients.39 The interim analysis randomized 

trial of remdesivir showed a mortality rate of 8.0% for the group receiving remdesivir versus 

11.6% for the placebo group (p = 0.059).40  In our study, overall mortality was 18.1% and in ICU 

patients 45%. Our cohort included patients with severe disease, with 24% and 18% requiring 

ICU care and mechanical ventilation at presentation, respectively.  

Findings of this observational study provide crucial data on experience with 

hydroxychloroquine therapy, providing necessary interim guidance for COVID-19 therapeutic 

practice. These findings do support the recent NIH guidelines 24, indicating a potential role for 

hydroxychloroquine in treatment of hospitalized COVID-19 patients without co-administration 

of azithromycin. However, our results should be interpreted with some caution and should not be 

applied to patients treated outside of hospital settings. Our results also require further 

confirmation in prospective, randomized controlled trials that rigorously evaluate the safety, and 
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efficacy of hydroxychloroquine therapy for COVID-19 in hospitalized patients. Considered in 

the context of current studies on the use of hydroxychloroquine for COVID-19, our results 

suggest that hydroxychloroquine may have an important role to play in reducing COVID-19 

mortality. 
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Table 1: Patient Characteristics by Treatment Group 

 

Characteristics 

Total 

(n=2541) 

Neither 

Med 

(n=409) 

HCQ Alone 

(n=1202) 

AZM Alone 

(n=147) 

HCQ+AZM 

(n=783) P-value 

Mortality, n (%) 460 (18.1) 108 (26.4) 162 (13.5) 33 (22.4) 157 (20.1) <0.001 *** 

Hospital LOS in Days,  

Mean ± SD, Median (IQR) 

8.3 ± 6.5, 

6 (4 – 10) 

5.6 ± 4.8, 

(4 (3 – 7) 

8.0 ± 5.8, 

6 (4 – 10) 

5.3 ± 4.5, 

4 (2 – 6) 

10.7 ± 7.5, 

8 (5 – 14) 

<0.001 *** 

Age in Years,  

Mean ± SD, Median (IQR) 

63.7 ± 16.5, 

64 (53 – 76) 

68.1 ± 18.9, 

71 (56 – 83) 

63.2 ± 15.6, 

53 (64 – 74) 

63.3 ± 17.3, 

64 (52 – 76) 

62.3 ± 15.9, 

62 (51 – 74) 

<0.001 *** 

Age,  

n (%) 

< 65 Years 

> 65 Years 

1278 (50.3) 

1263 (49.7) 

158 (38.6) 

251 (64.1) 

614 (51.1) 

588 (48.9) 

79 (53.7) 

68 (46.3) 

427 (54.5%) 

356 (45.5%) 

<0.001 *** 

Gender,  

n (%) 

Male 

Female 

1298 (51.1) 

1243 (48.9) 

199 (48.7) 

210 (51.3) 

634 (52.8) 

568 (47.2) 

62 (42.2) 

85 (57.8) 

403 (51.5%) 

380 (48.5%) 

0.072 

Race,  

n (%) 

Black 

White 

Asian/Pacific Islander 

Other 

1411 (55.5) 

852 (33.5) 

47 (1.8) 

231 (9.1) 

187 (45.7) 

186 (45.5) 

6 (1.5) 

30 (7.3) 

724 (60.2) 

332 (27.6) 

24 (2.0) 

122 (10.1) 

76 (51.7) 

63 (42.9) 

0 (0.0) 

8 (5.4) 

424 (54.2%) 

271 (34.6%) 

17 (2.2%) 

71 (9.1%) 

<0.001 *** 

BMI,  

Mean ± SD, Median (IQR) 

31.7 ± 8.5, 

30 (26 – 36) 

28.8 ± 7.6, 

28 (23 – 33) 

31.9 ± 8.6, 

30 (26 – 36) 

31.4 ± 8.7, 

29 (25 – 36) 

32.9 ± 8.4, 

32 (27 – 37) 

<0.001 *** 

BMI,  

n (%) 

<18.5 

18.5-24.9 

25.0-29.9 

>30.0 

48 (2.0) 

430 (18.0) 

662 (27.7) 

1250 (52.3) 

22 (5.7) 

108 (28.2) 

104 (27.2) 

149 (38.9) 

15 (1.4) 

198 (17.9) 

314 (28.4) 

580 (52.4 

3 (2.1) 

25 (17.5) 

49 (34.3) 

66 (46.2) 

8 (1.1%) 

99 (13.1%) 

195 (25.8%) 

455 (60.1%) 

<0.001 *** 

Chronic Lung Disease, n (%) 1619 (63.7) 195 (47.7) 806 (67.1) 93 (63.3) 525 (67.0) <0.001 *** 
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Characteristics 

Total

(n=2541) 

Neither 

Med

(n=409) 

HCQ Alone

(n=1202) 

AZM Alone

(n=147) 

HCQ+AZM

(n=783) P-value 

Immunodeficiency, n (%) 30 (1.2) 2 (0.5) 15 (1.2) 2 (1.4) 11 (1.4) 0.502 

Cardiovascular Disease, n (%) 222 (8.7) 45 (11.0) 100 (8.3) 10 (6.8) 67 (8.6) 0.306 

Chronic Kidney Disease, n (%) 1099 (43.3) 196 (47.9) 528 (43.9) 62 (42.2) 313 (40.0) 0.062 

COPD, n (%) 325 (12.8) 58 (14.2) 144 (12.0) 24 (16.3) 99 (12.6) 0.380 

Hypertension, n (%) 1663 (65.4) 256 (62.6) 807 (67.1) 93 (63.3) 507 (64.8) 0.324 

Asthma, n (%) 251 (9.9) 28 (6.8) 130 (10.8) 19 (12.9) 74 (9.5) 0.069 

Cancer, n (%) 380 (15.0) 78 (19.1) 165 (13.7) 17 (11.6) 120 (15.3) 0.041 * 

Diabetes Mellitus, n (%) 955 (37.6) 130 (31.8) 484 (40.3) 45 (30.6) 296 (37.8) 0.006 **  

Max mSOFA Score on Admission,  

Mean ± SD, Median (IQR) 

3.7 ± 3.0, 

3 (1 – 5) 

4.0 ± 3.6, 

3 (1 – 6) 

3.2 ± 2.7, 

3 (1 – 5) 

5.0 ± 3.9, 

4 (2 – 6) 

4.2 ± 3.1, 

4 (2 – 6) 

<0.001 *** 

mSOFA  

Score,  

n (%) 

<1 

2-4 

>5 

497 (26.4) 

799 (42.5) 

584 (31.1) 

92 (31.5) 

95 (32.5) 

105 (36.0) 

295 (28.5) 

481 (46.4) 

260 (25.1) 

12 (19.7) 

19 (31.1) 

30 (49.2) 

98 (20.0%) 

204 (41.5%) 

189 (38.5%) 

<0.001 *** 

Max O2 Saturation on Admission, 

Mean ± SD, Median (IQR) 

90.0 ± 8.1, 

(92 (89 – 94) 

89.8 ± 10.9, 

93 (89 – 95) 

90.5 ± 6.7, 

92 (89 – 94) 

90.7 ± 8.7, 

92 (90 – 94) 

89.2 ± 8.1, 

91 (88 – 93) 

<0.001 *** 

O2 

Saturation,  

n (%) 

 

Normal (>95%) 

Mild Hypoxemia (90-

94%) 

Mod Hypoxemia (86-

89%) 

Severe Hypoxemia 

(<85%) 

504 (19.8) 

1275 (50.2) 

408 (16.1) 

354 (13.9) 

126 (30.8) 

180 (44.0) 

38 (9.3) 

65 (15.9) 

233 (19.4) 

619 (51.5) 

202 (16.8) 

148 (12.3) 

34 (23.1) 

84 (57.1) 

13 (8.8) 

16 (10.9) 

111 (14.2%) 

392 (50.1%) 

155 (19.8%) 

125 (16.0%) 

<0.001 *** 
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Characteristics 

Total

(n=2541) 

Neither 

Med

(n=409) 

HCQ Alone

(n=1202) 

AZM Alone

(n=147) 

HCQ+AZM

(n=783) P-value 

Ever in ICU, n (%) 614 (24.2%) 62 (15.2) 243 (20.2) 19 (12.9) 290 (37.0) <0.001 *** 

Total ICU Days,  

Mean ± SD, Median (IQR) 

2.3 ± 5.3, 

0 (0 – 0) 

0.8 ± 2.9, 

0 (0 – 0) 

1.9 ± 4.7, 

0 (0 – 0) 

0.7 ± 2.3, 

0 (0 – 0) 

4.0 ± 6.9, 

0 (0 – 0) 

<0.001 *** 

Ever Mechanically Ventilated, n 

(%) 

448 (17.6%) 34 (8.3) 166 (13.8) 14 (9.5) 234 (29.9) <0.001 *** 

Total Vent Days,  

Mean ± SD, Median (IQR) 

1.6 ± 4.5, 

0 (0 – 0) 

0.5 ± 2.2, 

0 (0 – 0) 

1.2 ± 3.7, 

0 (0 – 0) 

0.5 ± 2.0, 

0 (0 – 0) 

3.1 ± 6.1, 

0 (0 – 0) 

<0.001 *** 

Given Steroid, n (%) 1733 (68.2) 146 (35.7) 948 (78.9) 57 (38.8) 582 (74.3) <0.001 *** 

Given Tocilizumab, n (%) 114 (4.5) 5 (1.2) 32 (2.7) 5 (3.4) 72 (9.2) <0.001 *** 

* P-values between 0.01 and 0.05 

** P-values between 0.001 and 0.01 

*** P-values less than 0.001  
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Table 2. Multivariable Cox Regression Model for Mortality Prediction 

 

Parameter P-value 

Hazard 

Ratio 

95% Hazard Ratio 

Confidence Limits 

HCQ Alone (vs. Neither Medication) <0.001 *** 0.340 0.254 0.455 

Azithromycin Alone (vs. Neither Medication) 0.825 1.050 0.682 1.616 

HCQ+AZM (vs. Neither Medication) <0.001 *** 0.294 0.218 0.396 

Age > 65 Years <0.001 *** 2.579 1.989 3.345 

M Gender 0.155 1.157 0.946 1.414 

White Race <0.001 *** 1.738 1.413 2.137 

BMI > 30 0.021 * 0.775 0.624 0.962 

Lung Comorbidity 0.393 0.908 0.727 1.134 

Immunodeficiency Comorbidity 0.429 1.398 0.609 3.206 

Cardiovascular Comorbidity 0.678 1.062 0.800 1.410 

Chronic Kidney Disease Comorbidity <0.001 *** 1.699 1.370 2.108 

COPD Comorbidity 0.170 1.202 0.924 1.563 

Hypertension Comorbidity 0.064 0.798 0.628 1.014 

Asthma Comorbidity 0.643 0.916 0.632 1.327 

Cancer Comorbidity 0.577 0.933 0.731 1.190 

Diabetes Comorbidity 0.822 0.975 0.786 1.211 

Percent O2 Saturation < 95 0.021 * 1.488 1.063 2.084 

Admitted to ICU 0.882 0.969 0.635 1.478 

Ventilator <0.001 *** 2.159 1.427 3.268 

Given Steroid 0.085 0.802 0.625 1.031 

Given Tocilizumab 0.490 0.894 0.651 1.228 
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* P-values between 0.01 and 0.05 

** P-values between 0.001 and 0.01 

*** P-values less than 0.001  
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Figure 1.  
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Table 3. Characteristics of Patients Given versus Not Given HCQ Before and after 

Propensity Score Matching 

 

Characteristics 

Unmatched Patients Propensity-Matched Patients 

Given HCQ 

(N=1985) 

Not Given HCQ 

(N=556) 

Given HCQ 

(N=190) 

Not Given HCQ 

(N=190) 

Age > 65 Years 944 (47.6%) 319 (57.4%) 96 (50.5%) 96 (50.5%) 

Male Gender 1037 (52.2%) 261 (46.9%) 88 (46.3%) 88 (46.3%) 

White Race 603 (30.4%) 249 (44.8%) 67 (35.3%) 67 (35.3%) 

BMI > 30 1035 (55.5%) 215 (40.9%) 87 (45.8%) 87 (45.8%) 

Lung Comorbidity 1331 (67.1%) 288 (51.8%) 103 (54.2%) 103 (54.2%) 

Immunodeficiency Comorbidity 26 (1.3%) 4 (0.7%) 1 (0.5%) 1 (0.5%) 

Cardiovascular Comorbidity 167 (8.4%) 55 (9.9%) 7 (3.7%) 7 (3.7%) 

Chronic Kidney Disease Comorbidity 841 (42.4%) 258 (46.4%) 69 (36.3%) 69 (36.3%) 

COPD Comorbidity 243 (12.2%) 82 (14.7%) 10 (5.3%) 10 (5.3%) 

Hypertension Comorbidity 1314 (66.2%) 349 (62.8%) 118 (62.1%) 118 (62.1%) 

Asthma Comorbidity 204 (10.3%) 47 (8.5%) 6 (3.2%) 6 (3.2%) 

Cancer Comorbidity 285 (14.4%) 95 (17.1%) 8 (4.2%) 8 (4.2%) 

Diabetes Comorbidity 780 (39.3%) 175 (31.5%) 51 (26.8%) 51 (26.8%) 

Percent O2 Saturation < 95 1641 (82.7%) 396 (71.2%) 141 (74.2%) 141 (74.2%) 

Admitted to ICU 533 (26.9%) 81 (14.6%) 12 (6.3%) 12 (6.3%) 

Ventilator 400 (20.2%) 48 (8.6%) 10 (5.3%) 10 (5.3%) 

Given Steroid 1530 (77.1%) 203 (36.5%) 84 (44.2%) 84 (44.2%) 

Given Tocilizumab 104 (5.2%) 10 (1.8%) 2 (1.1%) 2 (1.1%) 
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Table 4. Propensity Matched Cox Regression Result for Mortality Prediction 

 

Parameter P-value 

Hazard 

Ratio 

95% Hazard Ratio    

Confidence Limits 

Given HCQ 0.009 ** 0.487 0.285 0.832

 

** P-value between 0.001 and 0.01  
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Figure 2.  
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Abstract 

Background Effective therapies are urgently needed for the SARS-CoV-2 pandemic. 

Chloroquine has been proved to have antiviral effect against coronavirus in vitro. In 

this study, we aimed to assess the efficacy and safety of chloroquine with different 

doses in COVID-19. 

Method In this multicenter prospective observational study, we enrolled patients 

older than 18 years old with confirmed SARS-CoV-2 infection excluding critical cases 

from 12 hospitals in Guangdong and Hubei Provinces. Eligible patients received 

chloroquine phosphate 500mg, orally, once (half dose) or twice (full dose) daily. 

Patients treated with non-chloroquine therapy were included as historical controls. 

The primary endpoint is the time to undetectable viral RNA. Secondary outcomes 

include the proportion of patients with undetectable viral RNA by day 10 and 14, 

hospitalization time, duration of fever, and adverse events.  

Results A total of 197 patients completed chloroquine treatment, and 176 patients 

were included as historical controls. The median time to achieve an undetectable 

viral RNA was shorter in chloroquine than in non-chloroquine (absolute difference in 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa113/5848167 by guest on 29 M
ay 2020



medians -6.0 days; 95% CI -6.0 to -4.0). The duration of fever is shorter in 

chloroquine (geometric mean ratio 0.6; 95% CI 0.5 to 0.8). No serious adverse 

events were observed in the chloroquine group. Patients treated with half dose 

experienced lower rate of adverse events than with full dose. 

Conclusions Although randomised trials are needed for further evaluation, this study 

provides evidence for safety and efficacy of chloroquine in COVID-19 and suggests 

that chloroquine can be a cost-effective therapy for combating the COVID-19 

pandemic. 

Introduction 

The coronavirus disease 2019 (COVID-19) emerged in late 20191,2. The 

responsible virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

belongs to a distinct clade from the human severe acute respiratory syndrome CoV 

(SARS-CoV) and Middle East respiratory syndrome CoV (MERS-CoV)3. It has 

become a global pandemic, affecting over 100 countries with more than 240,000 

confirmed cases and over 10,000 deaths globally as of March 20, 2020, calling for 

an urgent demand of effective treatment. 

 Chloroquine has been proved effective in vitro to inhibit the replication of 

SARS-CoV4, HCoV-229E5, and the newly discovered SARS-CoV-26 7. To evaluate 

the efficacy and safety of chloroquine for COVID-19, we previously conducted a 

single-arm pilot clinical study with 10 patients (Huang et al. Journal of Molecular Cell 

Biology, in press). Encouragingly, all patients achieved undetectable level of viral 

RNA within 14 days without serious adverse events. These results led us to conduct 

a multicenter prospective observational study in adult patients with COVID-19 to 

assess the efficacy and safety of chloroquine for COVID-19. 
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Result  
Patients 

Of the 233 enrolled patients for chloroquine, 197 (84.5%) completed treatment 

and were included in the final analysis (Figure 1, study flowchart; Supplementary 

Table 1). Of the 182 patients collected as historical controls, 176 (96.7%) were 

included in the final analysis. Their baseline demographic and clinical features are 

listed in Table 1. The median age of patients were 43 years (inter-quartile range 

[IQR], 33 to 55 years) in the chloroquine group and 47.5 years (IQR, 35.8 to 56 years) 

in the non-chloroquine group. Across the two treatment groups, the majority patients 

were classified as moderate cases (93.4% in chloroquine; 89.2% in non-

chloroquine)8. Chloroquine was added into China’s Diagnosis and Treatment 

Guidelines of COVID-19 later than the other therapies used in the non-chloroquine 

group. Therefore, we observed longer interval time between symptom onset and 

treatment initiation in chloroquine versus non-chloroquine (absolute difference 4 

days; 95% CI 2 to 6 days; P < 0.0001). In addition, due to the rapid rise of patients in 

Wuhan and established mobile hospital in early February, the interval time between 

symptom onset and treatment initiation in Wuhan (median 17 days, IQR 10.5 to 21 

days) is longer than that in Guangdong Province (median 5 days, IQR 3 to 10 days; 

Table 1).  In the subgroup of patients from the Fifth Affiliated Hospital of Sun Yat-sen 

University (SYSU5), we obtained and evaluated the viral load at baseline between 

chloroquine (N=21) and non-chloroquine (N=8) group and did not observe 

statistically significant difference (absolute difference in medians = 2.93, 95% CI -0.8 

to 6.6, p = 0.09). 

Outcomes 

In the analysis of the full study population, patients in the chloroquine group have 

an accelerated time to undetectable viral RNA from that of patients in the non-
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chloroquine group (absolute difference in medians -5.4 days; 95% CI -6 to -4; P < 

0.0001; Figure 2). Secondly, by day 10 and day 14 since treatment initiation, higher 

proportion of patients had undetectable viral RNA in the chloroquine group (91.4% 

and 95.9% respectively; Table 2) comparing to the non-chloroquine group (57.4% 

and 79.6% respectively; Table 2). In the aspect of clinical manifestations, we found 

that the duration of fevers is shorter in chloroquine versus non-chloroquine among 

patients experienced fever symptom (geometric mean ratio 0.6; 95% CI 0.5 to 0.8; P 

= 0.0029; Supplementary Figure S1). To note, the antipyretic effects of chloroquine 

may have also contributed to this result. We observed no difference in the length of 

hospital stay (Supplementary Figure S2). No patient died or admitted to ICU either 

in the chloroquine group or in the non-chloroquine group. Among patients who had 

moderate clinical symptoms at baseline, seven patients experienced aggravated 

symptoms from moderate to severe level, one in the chloroquine group and six in the 

non-chloroquine group. The proportion of patients having aggravated symptoms is 

lower in the chloroquine group but not statistically significant (absolute difference in 

proportions 3.28; 95% CI -6.96 to 1.43). All of the seven patients eventually were 

tested negative for the viral RNA within the study period.  

Due to the significant difference observed in clinical classification between 

chloroquine and non-chloroquine group at baseline, we further analyzed the primary 

and secondary outcomes in patients with moderate symptoms only. The number of 

patients in mild or severe subgroup were too few to compare. The benefit of 

chloroquine in viral suppression is consistent with the full analysis, except for non-

significant difference observed for the proportion of patients with undetectable viral 

RNA by day 14 (Supplementary Table 2).  
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In post hoc analysis, we examined the effect of chloroquine on the time to 

undetectable viral RNA stratified by different doses, types of clinical manifestation, 

the interaction between province and time from symptom onset to treatment initiation, 

and a representative center (Figure 3). Chloroquine showed beneficial effect in all 

stratum. However, the beneficial effect is not statistically significant in patients with 

severe COVID-19 symptoms, patients from Guangdong Province treated later than 

14 days after symptom onset, or patients from SYSU5.  

In order to assess the effect of chloroquine in more detailed clinical improvement 

outcomes in post hoc analysis, we collected detailed clinical data in patients from 

SYSU5, including the improvement of chest CT, the monitoring of serum chloroquine 

concentration, and the reappearance of positive viral RNA detection after hospital 

discharge. In this subgroup of patients, the interval time between symptom onset and 

treatment initiation were comparable. The medians are 7 days in chloroquine group 

(N=50) and 6 days in non-chloroquine group (N=21) (absolute difference in medians 

1 day; 95% CI -3 to 4 days; P = 0.99; Supplementary Table 3). We did not find 

statistically significant difference in the time to undetectable viral RNA between the 

two groups (absolute difference in medians -3.5 days; 95% CI -6 to 1 days). The 

chloroquine group have higher percentage of patients with improved chest CT by 

day 10 (absolute difference in proportions 9.7; 95% CI -16.0 to 35.6) and day 14 

(absolute difference in proportions 6.3; 95% CI -22.2 to 32.0) than the non-

chloroquine group but the difference is not statistically significant (Supplementary 

Table 3). This could be due to the small sample size or the delayed chest CT 

absorption9. We did not observe beneficial effect of chloroquine in the length of 

hospital stay and the duration of oxygen support (Supplementary Table 3). 

Unprecedently, we observed 3 cases of so called “re-positive” patients in the 
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chloroquine group. They were identified with negative viral RNA test from respiratory 

tract samples but positive viral RNA test from fecal samples within 7 days following 

hospital discharge. No such observation in the non-chloroquine group. Investigation 

is underway to examine whether it is due to re-infection or other factors.  

Among the 12 hospitals, one hospital explored different dosage of chloroquine, 

as 500 mg once daily, which is half of the protocol dosage. We compared the 

primary and secondary outcomes in patients from this subgroup (N=29) with the non-

chloroquine group in Guangdong Province. The results mainly showed that 

chloroquine has benefit effect on the time to undetectable viral RNA (absolute 

difference in medians -5 days; 95% CI -6.0 to -4.0 days) and the proportion of 

patients with undetectable viral RNA by day 10 is higher in chloroquine group 

(absolute difference in proportions 32.7; 95% CI 23.9 to 42.1). The duration of fever 

was also shorter than those in the non-chloroquine group (geometric mean ratio 0.8; 

95% CI 0.5 to 0.9) (Supplementary Table 4). 

 

Safety 

A total of 53 patients (26.9%) in the chloroquine group and 57 (32.4%) in the 

non-chloroquine group reported adverse events during study period (Table 3). 

Gastrointestinal events including vomiting, abdominal distension, nausea, decreased 

appetite, thirst were more common in chloroquine than in the non-chloroquine group. 

The percentage of patients with neurological adverse events, including dizziness and 

sleep order, were higher in the chloroquine than in the non-chloroquine group. In 

addition, anxiety was observed more frequently in chloroquine than in the non-

chloroquine group. We observed fewer adverse events in patients with half dose of 

chloroquine than full dose (absolute difference in proportions -40; 95% CI -60 to -29). 
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 Chloroquine phosphate has a long half-life (20-60 days)10-12 and its mean 

residence time is approximately 20 days10. It may have cumulative effect13. In order 

to determine whether chloroquine has a cumulative effect in the short-term treatment 

with COVID-19, we measured the serum concentration of chloroquine in patients 

from SYSU5 during and off the treatment. The results showed that the mean of 

serum concentration of chloroquine gradually rising, with the highest reaching 

1.80(±0.49) μmol/L during medication and reduced to 0.13(±0.08) μmol/L within 28±1 

days off chloroquine (Supplementary Figure 3). We did not observe statistically 

significant difference in treatment effect of chloroquine when stratifying by tertiles of 

serum chloroquine concentrations (Supplementary Figure 4).  

 

DISCUSSION 

In this study, we found that patients in the chloroquine group experienced 

significantly faster and higher rate of viral suppression comparing to the non-

chloroquine group in both the full analysis and the post hoc stratified analysis. Even 

when the dose reduced to half, the benefit of chloroquine still remained (Figure 3). 

These findings indicate that chloroquine could be effective in treating patients with 

COVID-19. To our knowledge, this is the first and largest clinical study on 

chloroquine phosphate for treating COVID-19 to date.  

We recognize that our study has several limitations. This study was carried out 

under the COVID-19 public health emergency. Due to the limited medical capacity 

and urgent clinical situation, we were unable to conduct a standard randomised 

controlled study to formally evaluate efficacy and safety of chloroquine versus 

placebo. As an observational study, we have to note that several factors may 

influence the interpretation of the result. It is reasonable to suspect that the dramatic 
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improvement in the primary outcome in chloroquine could be due to the later 

treatment initiation since symptom onset. Firstly, gaining experience in treatment 

management and attenuation of the virus during the course of the epidemic could 

contribute to the improved outcomes. Secondly, we cannot rule out the possibility 

that among those with longer interval time between symptom onset and treatment, 

some may already have been on the course of recovery. Thirdly, although it is 

impossible to dissect the influence from other antiviral therapies used before 

chloroquine, it is a plausible assumption that chloroquine is the first antiviral therapy 

used in the group of patients treated within 3 days since symptom onset. The post 

hoc analysis dividing subgroups according to the interval time and the two provinces 

(Figure 3) indicating that the chloroquine group had a better outcome than the non-

chloroquine group at early stage of the disease onset regardless of the locations. 

Lastly, due to the differences in personnel and technical equipment of among all 

hospitals, we could not fully collect clinical and laboratory data of all patients. 

However, detailed clinical data were obtained from the chloroquine patients enrolled 

from SYSU5, enabling advanced analysis of clinical outcomes and pharmacokinetics.  

 As of this time, there are more than 20 trials ongoing for evaluating the 

efficacy and safety of chloroquine or hydroxychloroquine in treating COVID-19.  

Magagnoli et al. recently published a retrospective study indicating that the use of 

hydroxychloroquine with or without azithromycin does not reduced the risk of 

mechanical ventilation in United States veterans hospitalized with COVID-1914. More 

recently, Geleris et al. presented an observational study of hydroxychloroquine 

indicating that no beneficial effect of hydroxychloroquine on the risk of intubation or 

death. Comparing with these studies, our study population was younger and fewer 
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patients with severe symptoms that requires ventilation15. Therefore, prospective 

randomised trials are needed to see if the results can be replicated.    

 Till now, the mechanism of chloroquine’s effect against SARS-CoV-2 

remained unelucidated. Clatherin-mediated endocytosis is required for entry of 

coronavirus into host cells and meanwhile autophagy involves in viral replication16. 

Chloroquine inhibits clatherin-mediated endocytosis by suppressing acidification of 

endosomes, and autophagy by raising its lysosomal PH and blocking fusion of 

autophagosome with lysosome and lysosomal protein degradation17. A recent study 

has shown that the development of COVID-19 disturbed metabolic patterns, which 

aligned with the progress and severity of COVID-19 (Wu et al. National Science 

Review 2020, in press). Chloroquine has a favorable effect on glucose and lipid 

metabolism18. Therefore, chloroquine may exert its antiviral effect against SARS-

CoV-2 by inhibiting endocytosis and autophagy, and stabilizing glucose and lipid 

metabolism. 

 The adverse reactions of chloroquine drugs are of great concern to the 

community. Although it is an old anti-malarial drug, its safety in treating COVID-19 

patients is still unknown. In the present study, we did not observe serious adverse 

events in patients with chloroquine. All adverse events observed during the study 

period are known side-effects for chloroquine (Table 3). The main adverse events 

were symptoms in gastrointestinal and neuropsychiatric systems. Chloroquine is 

known for its side effects in cardiovascular system. In the chloroquine group, we did 

not find significantly higher rate of adverse events in patients older than 65 or with 

pre-existing conditions (Supplementary Table 5). Adverse event appeared in 1 out 

of 29 patients (3.5%) with half dose while in 52 out 168 patients (31.0%) with full 

dose, indicating that the half dose group has lower adverse event rate (absolute rate 
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difference -27.5; 95% CI -45.0 to -19.2). Although previous studies suggested that 

chloroquine may have cumulative effect11,19,20, we did not observe cumulative effects 

among 50 patients from SYSU5 by monitoring the serum concentration of 

chloroquine for up to 28 days after treatment completion. Chloroquine are thought to 

interfere with medications that influence the QT interval. Patients on chloroquine 

therapy concurrently taking drugs for the treatment of cardiac comorbidities should 

also be monitored for the potential risk of cardiac arrhythmia21. For patients in the 

non-chloroquine group, about half were treated with lopinavir/ritonavir alone or in 

combination with other medications and the other half were treated with Arbidol 

(Supplementary Table 6). There is no strong evidence that these antiviral 

treatments were safe and effective in COVID-19 patients22. In addition, a recent 

pharmacovigilance study reported that number of drugs used in hospital and 

underlying basic diseases are independent risk factor for adverse reactions in 

COVID-19 and majority of the adverse reactions can be explained by the use of 

lopinavir/ritonavir23.  The different antiviral therapies used in the historical control 

group could potentially confound the risk of adverse events between chloroquine and 

non-chloroquine treatment. Future studies are needed to determine the optimal 

dosing for treating COVID-19 and the cumulative effect of chloroquine in tissues and 

organs. Severe cases are underrepresented in the present study, and thus should be 

focused in the future studies to evaluate the efficacy and safety profile in this 

population. In addition, it will be important to study the prophylaxical use of 

chloroquine in areas with high rate of COVID-19 or in health professionals working 

with COVID-19 patients.  

In conclusion, our preliminary evidence showed that chloroquine has the 

potential to shorten the time to SARS-CoV-2 viral suppression and duration of fever 
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in patients with moderate symptoms at earlier stage of the disease, even with 

reduced dose. Further randomised studies are needed to determine the optimal dose, 

to assess its benefit for both severe cases and to assess its benefit in settings other 

than secondary care. Considering that there is no better option at present, 

chloroquine could be a viable option to combat the coronavirus pandemic under 

proper management. 

  

METHODS 

Study Design and participants 

This study was a multicenter prospective observational study conducted from 

February 7 through March 8, 2020 at 11 hospitals in Guangdong Province and 1 

mobile cabin hospital in Wuhan, Hubei Province, China. The study protocol was 

approved by the ethics committee of Fifth Affiliated Hospital of Sun Yat-sen 

University (SYSU5), located in Zhuhai, Guangdong Province, and registered at 

Chinese Clinical Trial Registry (ChiCTR2000029609). We did this study in 

accordance with the principles of the Declaration of Helsinki and Good Clinical 

Practice. Written informed consent was obtained from all patients or their legal 

guardians. During the study period, each hospital had various choices of antiviral 

regimen, and the sample size of Lopinavir/Ritonavir (the historical control group in 

the original protocol) for single-use were underpowered. Thus, we updated the 

inclusion criteria of the historical control group as patients receiving non-chloroquine 

treatment.  

Eligible patients were aged 18 years or older with confirmed SARS-CoV-2 

infection, tested by the local Center for Disease Control (CDC) or by a designated 

diagnostic laboratory, using reverse-transcriptase-polymerase-chain-reaction (RT-

PCR) assay (Shanghai ZJ Bio-Tech Co Ltd) for SARS-CoV-2 in a respiratory tract 
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sample.  Patients were ineligible if he/she met any of the following criteria: pregnant 

women, with known allergies to 4-aminoquinoline compounds, blood system 

diseases, chronic liver or kidney diseases in end-stage, arrhythmia or second/third 

degree heart block, with known to have retinopathy, hypoacusis or hearing loss, 

mental disease, glucose-6-phosphate dehydrogenase (G6PD) deficiency, had 

received digitalis drugs within the 7 days preceding enrollment, or is classified as 

critical case according to China’s Novel Coronavirus Pneumonia Diagnosis and 

Treatment Plan (4th Edition). Enrolled patients received 500mg chloroquine 

Phosphate (equivalent of 300 mg chloroquine base, Shanghai Xinyi Pharmaceutical 

Co., Ltd) orally, once/twice-daily with no other antiviral therapies. The criteria of 

stopping chloroquine was defined as undetectable viral RNA for two consecutive 

respiratory tract samples. The duration of medication in chloroquine group is no 

more than 10 days. Patients in the historical control group were treated according to 

China’s Novel Coronavirus Pneumonia Diagnosis and Treatment Plan (details 

described in Supplementary Table 6). 

 

Outcome and measurements 

The primary outcome is the time from treatment initiation to undetectable viral 

RNA for two consecutive respiratory tract samples. The secondary outcomes include 

the proportion of patients with undetectable viral RNA by day 10 and 14, duration of 

fevers, time in hospital, and adverse events.  The detailed definition of outcomes is 

described in Supplementary Methods. Respiratory tract sample was collected from 

patients daily to conduct RT-PCR assay for SARS-CoV-2 infection. The 

epidemiological characteristics, clinical symptoms and signs, adverse 

reactions/events were collected with data collection forms. The outcomes, clinical 
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characteristics, laboratory findings, chest computed tomographic (CT) scans were 

recorded on case record forms and then double-entered into an electronic database 

and validated by trial staff. After hospital discharge, patients were followed up once 

weekly. Patients with “re-positive” viral RNA detection within one week after hospital 

discharge are defined as having either 2 consecutive RT-PCR positive result from 

either respiratory tract sample or fecal specimen. In the subgroup of patients in 

SYSU5, all CT images were reviewed by two fellowship-trained cardio-thoracic 

radiologists by using a viewing console. Images were reviewed independently, and 

final decisions were reached by consensus 9.          

To fully assess the safety of chloroquine, we monitor the serum concentration 

of chloroquine at the day 1, 3, 5, 7, 10 during drug administration and day 1 to 7, and 

day 14, day 21 after treatment completion in a subgroup of samples enrolled from 

SYSU5 (N=50). Details about the measurement of serum concentration of 

chloroquine are described in Supplementary Methods. 

Statistical Analysis 

The original plan was to compare the efficacy between three groups, 

chloroquine only, Lopinavir/Ritonavir only, and chloroquine plus Lopinavor/Ritonavir. 

At the beginning of the outbreak, different therapies were proposed and tested for 

the treatment of COVID-19. Therefore, it is challenging to find sufficient patients with 

unified treatment across all centers. The epidemic in Guangdong had been brought 

under control rapidly during the study making it difficult to recruit patients as planned. 

The history of changes to the protocol is listed in Supplementary Table 7. Thus, a 

decision was made to focus on recruiting chloroquine only and compare the efficacy 

with historical controls. The current sample size was based on feasibility within the 

fixed trial recruitment window and was felt would provide sufficient precision for the 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/advance-article-abstract/doi/10.1093/nsr/nw

aa113/5848167 by guest on 29 M
ay 2020



estimation of plausible effects. With right-censoring in time-to-event variables, 

generalized Wilcoxon test was used to compare the difference in medians and the 

95% confidence intervals were calculated by bootstrapping24. For binary outcomes, 

Wilson test was implemented to calculate the difference in proportions and 95% 

confidence intervals. As this was an observational study, imbalance in the baseline 

characteristics of the two groups was expected. To adjust for this imbalance, we 

performed post hoc analyses within various subgroups by two dosage options, by 

clinical manifestation, by the interaction of province and the interval time between 

symptom onset and treatment initiation (  3 days; 3~7 days; 7~14 days; > 14 days), 

and by center. For all comparative analyses, P <0.05 was considered statistically 

significant. No allowance for multiplicity. All P values are two tailed. All statistical 

analyses were performed in R, version 3.6.1 (R Foundation for Statistical 

Computing)25. 
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Table 1. Baseline characteristics in chloroquine and non-chloroquine among 
people with COVID-19. 
 

 chloroquine 
(N=197) 

Non-chloroquine 
(N=176) 

Guangdong, N (%) 118 (60) 96 (54) 
Hubei, N (%) 79 (40) 80 (46) 
Age, mean (SD) 43.8 (13.1) 45.6 (13.5) 

Age  65 190 (96) 171 (97) 
Age > 65 7 (4) 5 (3) 

Female sex, N (%) 101 (51) 97 (55) 

Clinical manifestation†, N (%)   
    Mild 9 (5) 5 (3) 
    Moderate 184 (93) 157 (89) 
    Severe 4 (2) 14 (8) 
Comorbidities, N (%)*   
Hypertension 13 (17) 11 (17) 

Type 2 diabetes 4 (5) 5 (8) 

Interval time from symptom onset to 
treatment initiation, median (IQR)   

    Guangdong 7 (3, 10.8) 4 (2, 7) 
    Hubei 19 (17, 24.5) 11 (7, 16) 

Body temperature, median (IQR), ºC 36.7 (36.5, 37.0) 36.6 (36.4, 37.3) 

Pneumonia from chest CT, N (%)§ 173 (89) 137 (93) 

* The number of patients with valid record of comorbidities are 78 in chloroquine 
group and 66 in non-chloroquine group 
§ The number of patients with valid record of chest CT image are 194 in chloroquine 
group and 148 in non-chloroquine group. 
† clinical manifestation type definitions: 1) Mild, mild clinical symptoms with no signs 
of pneumonia on chest radiological imaging; 2) Moderate, fever, respiratory 
symptoms, imaging with pneumonia changes; 3) Severe, meet any of the following 
criteria: shortness of breath, respiratory rate > 30 times per minute, resting stable 
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oxygen saturation in fingertip < 93%, oxygenation index < 300, pulmonary imaging 
showed that the lesion progressed significantly more than 50% within 24-48 hours. 
 

Table 2. Outcomes in the overall population with confirmed SARS-CoV-2 
infection§. 
 

 chloroquine 
(N=197) 

Non-
chloroquine 

(N=176) 
Difference  
(95% CI) † 

P value 

Time to undetectable 
viral RNA, median no. of 
days (IQR) 

3.0 
(3.0, 5.0) 

9.0 
(6.0, 12.0) 

-6.0 
(-6.0, -4.0) < 0.0001 

Patients with 
undetectable viral RNA 
by, N (%) 

    

    Day 10 180.0 
(91.0) 

101.0 
(57.0) 

34.0 
(25.6, 42.9) < 0.0001 

    Day 14 189.0 
(96.0) 

140.0 
(80.0) 

16.0 
(9.2, 23.3) < 0.0001 

Duration of fever*, no. of 
days, geometric mean 
(CV) 

1.2 
(53.5) 

1.9 
(110.0) 

0.6 
(0.5, 0.8) 0.0029 

Length of hospital stay, 
median no. of days 
(IQR) 

19.0 
(16.0, 23.0) 

20.0 
(15.8, 24.0) 

-1.0 
(-3.0, 0.0) 0.25 

Abbreviations: CI, confidence interval; IQR, inter-quartile range; CV, coefficient of 
variation. 
§ Definitions of outcomes are listed in Supplementary Methods. 
† 95% CI for continuous variables are calculated by bootstrapping. 95% CI for binary 
variables are calculated with Wilson method. The difference for duration of fever is 
geometric mean ratio of chloroquine group to non-chloroquine group. The 
differences for all other variables are the absolute difference between chloroquine 
group and non-chloroquine group. 
* The number of patients had at least one day of fever is 42 and 51 in the 
chloroquine and non-chloroquine group respectively. 
 
Table 3. Summary of adverse events§. 
 

Event, N (%) chloroquine 
(N=197) 

Non-chloroquine 
(N=176) 

Any adverse event 53 (26.9) 57 (32.4) 
Gastrointestinal   
    Vomiting  9 (4.6) 2 (1.1) 
    Abdominal distension  2 (1.0) 1 (0.6) 
    Abdominal pain  2 (1.0) 2 (1.1) 
    Nausea  18 (9.1) 7 (4.0) 
    Diarrhea   6 (3.0) 11 (6.3) 
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    Decreased appetite   7 (3.6) 0 (0) 
    Thisrt  4 (2.0) 0 (0) 
    Acid reflux  1 (0.5) 0 (0) 
    Belching   1 (0.5) 0 (0) 
Neurological   
    Dizziness  20 (10.2) 4 (2.3) 
    Headache  3 (1.5) 3 (1.7) 
    Sleep disorder  10 (5.1) 1 (0.6) 
Psychological   
    Anxiety   6 (3.0) 0 (0) 
    Depression  1 (0.5) 0 (0) 
    Delirious  1 (0.5) 1 (0.6) 
    Dysphoria   1 (0.5) 0 (0) 
    Emotional Unstable  1 (0.5) 0 (0) 
Cardiovascular   
    Pain under xiphoid  1 (0.5) 0 (0) 
    Chest tightness  2 (1.0) 6 (3.4) 
    Ventricular premature beat   0 (0) 1 (0.6) 
Other   
    Hand shaking/numbness  2 (1.0) 0 (0) 
    Muscle soreness   0 (0) 4 (2.3)     
    Blurred vision   3 (1.5) 0 (0) 
    Rash  1 (0.5) 0 (0) 
    Weight loss  1 (0.5) 0 (0) 
    Fatigue / Weakness  2 (1.0) 1 (0.6) 
    Shortness of breath   1 (0.5) 3 (1.7) 
    Unsteady gait   1 (0.5) 0 (0) 
§ Adverse events that occurred in more than 1 patient after treatment initiation during 
study period are shown. Some patients had more than one adverse event. 
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Figure 1. Study flowchart. 
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Figure 2. Kaplan-Meier curve for time to undetectable viral RNA comparing 
treatment groups. 
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40-word summary: Zinc sulfate added to hydroxychloroquine and azithromycin may 

improve outcomes among hospitalized patients. 
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ABSTRACT  

Background: COVID-19 has rapidly emerged as a pandemic infection that has caused 

significant mortality and economic losses. Potential therapies and means of prophylaxis 

against COVID-19 are urgently needed to combat this novel infection. As a result of in 

vitro evidence suggesting zinc sulfate may be efficacious against  COVID-19, our 

hospitals began using zinc sulfate as add-on therapy to hydroxychloroquine and 

azithromycin. We performed a retrospective observational study to compare hospital 

outcomes among patients who received hydroxychloroquine and azithromycin plus zinc 

versus hydroxychloroquine and azithromycin alone.  

Methods: Data was collected from electronic medical records for all patients being 

treated with admission dates ranging from March 2, 2020 through April 5, 2020. Initial 

clinical characteristics on presentation, medications given during the hospitalization, and 

hospital outcomes were recorded. Patients in the study were excluded if they were 

treated with other investigational medications. 

Results: The addition of zinc sulfate did not impact the length of hospitalization, 

duration of ventilation, or ICU duration. In univariate analyses, zinc sulfate  

increased the frequency of patients being discharged home, and decreased the need 

for ventilation, admission to the ICU, and mortality or transfer to hospice for patients 

who were never admitted to the ICU. After adjusting for the time at which zinc sulfate 

was added to our protocol, an increased frequency of being discharged home (OR 1.53, 

95% CI 1.12-2.09) reduction in mortality or transfer to hospice remained significant (OR 

0.449, 95% CI 0.271-0.744). 
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Conclusion: This study provides the first in vivo evidence that zinc sulfate in 

combination with hydroxychloroquine may play a role in therapeutic management for 

COVID-19. 
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INTRODUCTION

The World Health Organization has declared a pandemic due to spread of the 

coronavirus disease of 2019 (COVID-19) caused by the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV2)[1, 2]. SARS-CoV2 is a single-strand RNA 

coronavirus, which enters human cells mainly by binding the angiotensin converting 

enzyme 2 (ACE2)[3]. SARS-CoV2 is primarily transmitted after viral particles are 

inhaled and enter the respiratory tract and has the potential to cause a severe systemic 

inflammatory response, acute respiratory disease syndrome (ARDS), multi organ 

failure, and shock[2, 4].   Laboratory abnormalities found in patients with COVID-19 

include lymphopenia, elevation in lactate dehydrogenase, C reactive protein, D-dimer, 

ferritin and interleukin-6 (IL-6)[5, 6].   

Several medications are under investigation for the treatment of COVID-19.  Despite 

limited and conflicting data, the U.S. Food and Drug Administration authorized the 

emergency use of hydroxychloroquine for the treatment of COVID-19 with or without 

azithromycin. Chloroquine analogues are weak bases that concentrate within acidic 

endosomes and lysosomes. Once intracellular, chloroquine analogues become 

protonated and increase pH resulting in prevention of endosomal trafficking, 

dysfunctional cellular enzymes, and impaired protein synthesis[7]. This inhibits viral 

replication through interference with endosome-mediated viral entry or late transport of 

the enveloped virus. Further, this results in interference with the terminal glycosylation 

of ACE2 receptor expression which prevents SARS-CoV-2 receptor binding and spread 
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of infection [8]. Hydroxychloroquine, a hydroxy-derivative of chloroquine, has also been 

proposed based on in vitro activity against SARS-CoV-2 with a three-fold higher 

cytotoxic potential compared to chloroquine [9]. However, clinical data in humans has 

yielded mixed results[10-12]. The anti-viral and anti-inflammatory effects of chloroquine 

have been suggested to account for its potential utility in preventing COVID-19-related 

pneumonia. Soon current studies will answer whether hydroxychloroquine is effective as 

monotherapy or in combination with azithromycin. In the case that hydroxychloroquine 

is found to be ineffective, it may still have a role to play when combined with zinc 

sulfate.  Zinc inhibits RNA dependent RNA polymerase, and has been shown to do this 

in vitro against SARS-CoV[13]. However, it is difficult to generate substantial 

intracellular concentrations of zinc, therefore prophylactic administration of zinc alone 

may not play a role against SarCoV-2[14]. When combined with a zinc ionophore, such 

as chloroquine (hydroxychloroquine), cellular uptake is increased making it more likely 

to achieve suitably elevated intracellular concentrations[15]. This combination is already 

being tested as a prophylactic regimen in a randomized clinical trial.  

As New York became the epicenter of the pandemic, hospitals in the area quickly 

adopted investigational therapies, including the use of hydroxychloroquine and 

azithromycin.  Given this proposed synergistic effect of zinc with hydroxychloroquine, 

practices at NYULH changed and the addition of zinc sulfate 220 mg PO BID along with 

hydroxcychloroquine 400 mg once followed by 200 mg PO BID with azithromycin 500 

mg once daily became part of the treatment approach for patients admitted to the 

hospital with COVID-19. This study sought to investigate outcomes among patients who 
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received hydroxychloroquine and azithromycin alone compared to those who received 

triple therapy with zinc sulfate.  

METHODS 

We performed a retrospective analysis of data from patients hospitalized with confirmed 

SARS-CoV-2 infection at NYU Langone Health. Data was collected from electronic 

medical records (Epic Systems, Verona, WI) for all patients being treated with 

admission dates ranging from March 2, 2020 through April 5, 2020. Patients were 

admitted to any of four acute care NYU Langone Health hospitals across New York City. 

COVID-19 positivity was determined by real-time reverse-transcriptase-polymerase-

chain-reaction (RT-PCR) of nasopharyngeal or oropharyngeal swabs. Prior to March 16, 

tests were completed by the New York City Department of Health and Mental Hygiene. 

After that date,  NYU Langone clinical laboratory conducted tests using the Roche 

SARS-CoV2 assay in the Cobas 6800 instruments.  On March 31, testing was also 

conducted using the SARS-CoV2 Xpert Xpress assay in the Cepheid GeneXpert 

instruments. After March 16, only pharyngeal samples were tested. 

Patients were included in the study if they were admitted to the hospital, had at least 

one positive test for COVID-19, received hydroxychloroquine and azithromycin, and had 

either been discharged from the hospital, transitioned to hospice, or expired. Patients 

were excluded from the study if they were never admitted to the hospital or if there was 

an order for other investigational therapies for COVID-19, including tocilizumab, 

nitazoxanide, rituximab, anakinra, remdesivir, or lopinavir/ritonavir during the course of 
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their hospitalization to avoid potential confounding effects of these medications.  We 

collected demographics as reported by the patient and any past medical history of 

hypertension, hyperlipidemia, coronary artery disease, heart failure, chronic obstructive 

pulmonary disease, asthma, malignancy other than non-melanoma skin malignancy, 

and diabetes. We also recorded vital signs on admission, the first set of laboratory 

results as continuous variables, and relevant medications as categorical variables, 

including NSAIDs, anticoagulants, antihypertensive medications and corticosteroids 

ordered at any point during the course of the hospitalization.  

Statistics 

Patients were categorized  based on their exposure to hydroxychloroquine (400 mg load 

followed by 200 mg twice daily for five days) and azithromycin (500 mg once daily) 

alone or with zinc sulfate (220 mg capsule containing 50 mg elemental zinc twice daily 

for five days) as treatment in addition to standard supportive care.  Descriptive statistics 

are presented as mean and standard deviation or mean and interquartile range for 

continuous variables and frequencies for categorical variables. Normality of distribution 

for continuous variables was assessed by measures of skewness and kurtosis, deeming 

the dataset appropriate for parametric or nonparametric analysis. A 2-tailed Student’s t 

test was used for parametric analysis, and a Mann Whitney U test was used for 

nonparametric data analysis. Pearson’s chi-squared test was used to compare 

categorical characteristics between the two groups of patients. Linear regression for 

continuous variables or logistic regression for categorical variables was performed with 

the presence of zinc as the predictor variable and outcome measures (duration of 
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hospital stay, duration of mechanical ventilation, maximum oxygen flow rate, average 

oxygen flow rate, average FiO2, maximum FiO2, admission to the intensive care unit 

(ICU), duration of ICU stay, death/hospice, need for intubation, and discharge 

destination),  as dependent variables. Data was log transformed where appropriate to 

render the distribution normal for linear regression analysis. Multivariate logistic 

regression was used to adjust for the timing that our protocol changed to include zinc 

therapy using admission before or after March 25th as a categorical variable. P-values 

less than 0.05 were considered to be significant. All analyses were performed using 

STATA/SE 16.0 software (STATA Corp.). 

Study approval 

The study was approved by the NYU Grossman School of Medicine Institutional Review 

Board.  A waiver of informed consent and a waiver of the Health Information Portability 

Privacy act were granted.  The protocol was conducted in accordance to Declaration of 

Helsinki. 

RESULTS 

Patients taking zinc sulfate in addition to hydroxychloroquine and azithromycin (n=411) 

and patients taking hydroxychloroquine and azithromycin alone (n=521) did not differ in 

age, race, sex, tobacco use or past medical history (Table 1). On hospital admission, 

vital signs differed by respiratory rate and baseline systolic blood pressure.  The first 

laboratory measurements of inflammatory markers including white blood cell count, 

absolute neutrophil count, ferritin, D-dimer, creatine phosphokinase, creatinine, and C-
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reactive protein did not differ between groups. Patients treated with zinc sulfate had 

higher baseline absolute lymphocyte counts [median (IQR), zinc: 1 (0.7-1.3) vs. no zinc:  

0.9 (0.6-1.3), p-value: 0.0180] while patients who did not receive zinc had higher 

baseline troponin [0.01 (0.01-0.02) vs. 0.015 (0.01-0.02), p-value: 0.0111] and 

procalcitonin [0.12 (0.05-0.25) vs 0.12 (0.06-0.43), p-value: 0.0493) (Table 1).  

In univariate analysis, the addition of zinc sulfate to hydroxychloroquine and 

azithromycin was not associated with a decrease in length of hospital stay, duration of 

mechanical ventilation, maximum oxygen flow rate, average oxygen flow rate, average 

fraction of inspired oxygen, or maximum fraction of inspired oxygen during 

hospitalization (Table 2). In bivariate logistic regression analysis, the addition of zinc 

sulfate was associated with decreased mortality or transition to hospice (OR 0.511, 95% 

CI 0.359-0.726), need for ICU (OR 0.545, 95% CI 0.362-0.821) and need for invasive 

ventilation (OR 0.562, 95% CI 0.354-0.891) (Table 3). However, after excluding all non-

critically ill patients admitted to the intensive care unit,  zinc sulfate no longer was found 

to be associated with a decrease in mortality (Table 3). Thus, this association was 

driven by patients who did not receive ICU care (OR 0.492, 95% CI 0.303-0.799). We 

also found that the addition of zinc sulfate was associated with likelihood of discharge to 

home in univariate analysis (OR 1.56, 95% CI 1.16-2.10) (Table 3).  We performed a 

logistic regression model to account for the time-period when the addition of zinc sulfate 

to hydroxychloroquine plus azithromycin became utilized at NYULH. After adjusting for 

this date (March 25th), we still found an association for likelihood of discharge to home 

(OR 1.53, 95% CI 1.12-2.09) and decreased mortality or transition to hospice however 
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the other associations were no longer significant (Table 4). The decrease in mortality or 

transition to hospice was most striking when considering only patients who were not 

admitted to the ICU (OR: 0.449, p-value: 0.002) (Table 4).  

DISCUSSION 

While practicing at the epicenter of the pandemic in the United States, we were faced 

with unprecedented challenges of adopting investigational therapies quickly into clinical 

practice.  Initially, antiviral options at our institution consisted of clinician preference for 

either ritonavir/lopinavir or hydroxychloroquine plus azithromycin.  After the findings of 

ritonavir/lopinavir in NEJM, we noticed an increase in the use of hydroxychloroquine 

plus azithromycin[16].  Our providers within the infectious diseases division, clinical 

pharmacy, and hospitalists discussed the use of zinc sulfate as an addition to 

hydroxychloroquine, based on the potential synergistic mechanism, and low risk of harm 

associated with this therapy.   

To our knowledge, we provide the first in vivo evidence on the efficacy of zinc in 

COVID-19 patients.  After adjusting for the timing of zinc sulfate treatment, the 

associations between zinc and the need for ICU and invasive ventilation were no longer 

significant but we did still observe a trend. This observation may be because patients 

with COVID-19 were initially sent to the ICU quicker, but as time went on and resources 

became more limited, clinicians began treating COVID-19 patients on general medicine 

floors for longer periods of time before escalating to the ICU. Future studies are needed 

to confirm or refute the hypothesis that the addition of zinc sulfate to a zinc ionophore 
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such as hydroxychloroquine may reduce the need for ICU care in patients with COVID-

19.  

The main finding of this study is that after adjusting for the timing of zinc therapy, we 

found that the addition of zinc sulfate to hydroxychloroquine and azithromycin was 

found to associate with a decrease in mortality or transition to hospice among patients 

who did not require ICU level of care, but this association was not significant in patients 

who were treated in the ICU.  This result may be reflective of the proposed mechanism 

of action of zinc sulfate in COVID-19. Zinc has been shown to reduce SARS-CoV RNA 

dependent RNA polymerase activity in vitro [13]. As such, zinc may have a role in 

preventing the virus from progressing to severe disease, but once the aberrant 

production of systemic immune mediators is initiated, known as the cytokine storm, the 

addition of zinc may no longer be effective [17]. Our findings suggest a potential 

therapeutic synergistic mechanism of zinc sulfate with hydroxychloroquine, if used early 

on in presentation with COVID-19. However, our findings do not suggest a prophylactic 

benefit of zinc sulfate in the absence of a zinc ionophore, despite interest in this therapy 

for prevention.  A prophylactic strategy of zinc sulfate should be evaluated to help 

answer this question. 

This study has several limitations. First, this was an observational retrospective analysis 

that could be impacted by confounding variables. This is well demonstrated by the 

analyses adjusting for the difference in timing between the patients who did not receive 

zinc and those who did. In addition, we only looked at patients taking 
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hydroxychloroquine and azithromycin. We do not know whether the observed added 

benefit of zinc sulfate to hydroxychloroquine and azithromycin on mortality would have 

been seen in patients who took zinc sulfate alone or in combination with just one of 

those medications. We also do not have data on the time at which the patients included 

in the study initiated therapy with hydroxychloroquine, azithromycin, and zinc. Those 

drugs would have been started at the same time as a combination therapy, but the point 

in clinical disease at which patients received those medications could have differed 

between our two groups. Finally, the cohorts were identified based on medications 

ordered rather than confirmed administration, which may bias findings towards favoring 

equipoise between the two groups. In light of these limitations, this study should not be 

used to guide clinical practice. Rather, our observations support the initiation of future 

randomized clinical trials investigating zinc sulfate against COVID-19.  
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1

Zinc
N=411

No Zinc
N=521

P-value

Demographics

Age  63.19 + 15.18 61.83 + 15.97 0.0942 

Female Sex  147 (35.7%) 201 (38.6%) 0.378 

Race   0.428 

   African American 68 (16.5%) 81 (15.5%) 

   White 189 (46.0% 244 (46.8%) 

   Asian  30 (7.3%) 30 (5.8%) 

   Other 97 (23.6%) 142 (27.2%) 

   Multiracial/Unknown  27 (6.6%) 24 (4.6%) 

History

Tobacco use   0.142 

   Never or Unknown 306 (74.5%) 382 (73.3%) 

   Former 76 (18.5%) 115 (22.1%) 

   Current 29 (7.1%) 24 (4.6%) 

Any cardiovascular condition 182 (44.3%) 248 (47.6%) 0.313 

   Hypertension 154 (37.5%) 208 (39.9%) 0.445 

   Hyperlipidemia 99 (24.1%) 148 (28.4%) 0.138 

   Coronary Artery Disease 36 (8.8%) 41 (7.9%) 0.624 

   Heart Failure 26 (6.3%) 22 (4.2%) 0.149 
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1

Asthma or COPD 50 (12.2%) 56 (10.7%) 0.499 

Diabetes 105 (25.5%) 130 (25.0%) 0.835 

Malignancy 23 (5.6%) 33 (6.3%) 0.638 

Transplant 3 (0.7%) 2 (0.4%) 0.473 

Chronic Kidney Disease 47 (11.4%) 44 (8.4%) 0.127 

BMI kg/m2 29.17 (25.8-33.42) 29.29 (25.77-33.2) 0.8611 

Admission Characteristics

Oxygen saturation at presentation 94 (91-96)* 94 (91-96)** 0.1729 

Respiratory Rate, respirations per minute 20 (19-24) 20 (18-24) 0.0460

Pulse, beats per minute 97.66 + 18.61 99.40 + 19.82 0.0858 

Baseline Systolic BP, mmHg 134.83 + 20.84 132.41 + 21.87 0.0435

Baseline Diastolic BP, mmHg 76.66 + 12.62 76.59 + 14.22 0.4670 

Temperature, degrees Celsius 37.65 + 0.82 37.72 + 0.94 0.1354 

White blood cell count 103/ul 6.9 (5.1-9.0) 
N=400

6.9 (5.1-9.3) 
N=500

0.5994 

Absolute neutrophil count, 103/ul 5.15 (3.6-7.05) 
N=388

5.4 (3.8-7.5) 
N=488

0.0838 

Absolute lymphocyte count, 103/ul 1 (0.7-1.3) 
N=388

0.9 (0.6-1.3) 
N=482

0.0180

Ferritin, ng/mL 739 (379-1528) 
N=397

658 (336.2-1279) 
N=473

0.1304

D-Dimer, ng/mL 341 (214-565) 
N=384

334 (215-587) 
N=435

0.7531 

Troponin, ng/mL 0.01 (0.01-0.02) 
N=389

0.015 (0.01-0.02) 
N=467

0.0111

Creatine Phosphokinase, U/L 140 (68-330) 
N=343

151.5 (69.5-398.5) 
N=344

0.4371

Procalcitonin, ng/mL 0.12 (0.05-0.25) 
N=395

0.12 (0.06-0.43) 
N=478

0.0493
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1

Creatinine, mg/dL 0.97 (0.8-1.34) 
N=400

0.99 (0.8-1.27) 
N=499 

0.4140

C-Reactive Protein, mg/L 104.95 (51.1-158.69) 
N=398

108.13 (53-157.11) 
N=480

0.9586 

Medications recorded during 
hospitalization 
NSAID 53 (12.9%) 74 (14.2%) 0.563 

Anticoagulant  402 (97.8%) 511 (98.1%) 0.772 

ACE inhibitor or ARB 138 (33.6% 175 (33.7%) 0.997 

Beta Blocker  91 (22.1%) 132 (25.3%) 0.256 

Calcium Channel Blocker 89 (21.7%) 104 (20.0%) 0.527 

Corticosteroid 40 (9.7%) 47 (9.0%) 0.711 

Table 1: Comparisons of baseline characteristics and hospital medications. Data are 

represented as median (IQR) or mean + SD. Sample size is reported where it differed due to lab 

results not tested.  P-values were calculated using 2-sided t-test for parametric variables and 

Mann Whitney U test for nonparametric continuous variables. Pearson χ2 test was used for 

categorical comparisons. P�<�.05 was deemed significant. Laboratory results represent the 

first measured value while hospitalized. 

*measured on supplemental oxygen for 86.4% 

**measured on supplemental oxygen for 83.1%
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could be used, for which even greater 
efficacy has been reported in in-vitro 
studies.5 Prophylaxis could last for 
the whole duration of an outbreak, 
and in countries in which malaria 
is not endemic, there is no risk of 
negative events associated with the 
development of resistance to this drug. 
In countries where malaria is endemic, 
appropriate monitoring of resistance 
among Plasmodium spp is needed. 

Future studies might better 
elucidate the most effective schedule 
of admini stration and potential 
adverse events. We advocate 
for studies to evaluate whether 
chloroquine or hydroxychloroquine 
prophylaxis should be considered in a 
country such as Italy, where there are 
thousands of cases and deaths as a 
result of COVID-19.
We declare no competing interests.
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Chloroquine or 
hydroxychloroquine for 
prophylaxis of COVID-19

In-vitro studies have shown that 
chloroquine is effective against 
several viruses, including severe acute 
respiratory syndrome coronavirus 
(SARS-CoV).1 Multiple mechanisms 
of action have been identified for 
chloroquine that disrupt the early 
stage of coronavirus replication. 
Moreover, chloroquine affects 
immune system activity by mediating 
an anti-inflammatory response, 
which might reduce damage due 
to the exaggerated inflammatory 
response.1 At the time of the SARS 
epidemic, chloroquine was suggested 
as a drug that could be used to treat 
this infection.2 However, randomised, 
double-blind, controlled studies in 
humans to evaluate its efficacy for 
this use were not done, and the true 
clinical efficacy of chloroquine in 
treating coronavirus infections was 
not established.

Because coronavirus disease 
2019 (COVID-19) is associated with 
substantial morbidity and mortality,3 
and no specific pharma cological 
treatment that is effective against 
it is available, chloroquine and 
chloroquine-related formulations 
have been tentatively included among 
drugs for use in limiting the total 
burden of COVID-19.4,5 However, no 
studies have evaluated the use of 
chloroquine for prophylaxis.

Chloroquine is a cheap drug that has 
been used for decades—predominantly 
for malaria prophylaxis, for which it 
had excellent results and good safety 
and tolerability.1 Severe adverse 
events, which mainly involve retinal 

and psychiatric symptoms, occur 
only when doses prescribed for 
malaria are substantially higher than 
required.1 Inhibition of severe acute 
respiratory syndrome coronavirus 
2 (SARS-CoV-2) replication seems 
essential to reduce the risk of spread 
and development of COVID-19. 
SARS-CoV-2 is highly contagious.5 
Most people who live in areas with 
a high incidence of COVID-19 are 
apparently healthy, but they can be 
SARS-CoV-2 negative and healthy 
or healthy but with asymptomatic 
infection. In both cases, effective drugs 
such as chloroquine and its related 
formulations might prevent infection 
(ie, in those who are SARS-CoV-2 
negative) or the development of 
severe symptomatic disease (ie, in 
those who are SARS-CoV-2 positive 
and asymptomatic or with minor 
symptoms), substantially reducing 
morbidity and mortality due to 
COVID-19. The dose used might be the 
same as that usually administered for 
malaria treatment given chloroquine 
inhibited SARS-CoV replication 
at a 50% effective concentration 
of 8·8 μmol/L. The half-maximal 
inhibitory concentration (IC50) of 
chloroquine inhibition of SARS-CoV 
replication in Vero E6 cells, 8·8 μmol/L, 
is substantially lower than the 
plasma concentrations that are 
reached in humans when the drug is 
prescribed to treat malaria at a dose of 
25 mg/kg over 3 days.1 For long-term 
prophylaxis, even lower doses could 
be used. Doses of 3·6 mg/kg, similar 
to those generally prescribed to treat 
rheumatoid arthritis, lead to plasma 
concentrations of 1–3 μmol/L—ie, 
the same concentration range as 
the IC50 for SARS-CoV inhibition.1 
Alternatively, hydroxychloroquine 
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Effect of hydroxychloroquine on viral load 
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