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a b s t r a c t

There is an urgent need to identify therapies that prevent SARS-CoV-2 infection and improve the
outcome of COVID-19 patients. Although repurposed drugs with favorable safety profiles could have
significant benefit, widely available prevention or treatment options for COVID-19 have yet to be iden-
tified. Efforts to identify approved drugs with in vitro activity against SARS-CoV-2 resulted in identifi-
cation of antiviral sigma-1 receptor ligands, including antihistamines in the histamine-1 receptor binding
class. We identified antihistamine candidates for repurposing by mining electronic health records of
usage in population of more than 219,000 subjects tested for SARS-CoV-2. Usage of diphenhydramine,
hydroxyzine and azelastine was associated with reduced incidence of SARS-CoV-2 positivity in subjects
greater than age 61. We found diphenhydramine, hydroxyzine and azelastine to exhibit direct antiviral
activity against SARS-CoV-2 in vitro. Although mechanisms by which specific antihistamines exert
antiviral effects is not clear, hydroxyzine, and possibly azelastine, bind Angiotensin Converting Enzyme-2
(ACE2) and the sigma-1 receptor as off-targets. Clinical studies are needed to measure the effectiveness
of diphenhydramine, hydroxyzine and azelastine for disease prevention, for early intervention, or as
adjuvant therapy for severe COVID-19.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

SARS-CoV-2 has emerged as a major public health problem.
There is an urgent need to identify safe drugs with activity against
SARS-CoV-2 to prevent infection in at-risk populations [1].
Although known safety profiles of approved drugs permit rapid
advancement to clinical trials, there has been limited success in
identifying clinically effective small molecule drugs for COVID-19
therapy [2-8].

SARS-CoV-2 gains entry into cells by intermolecular interactions
between the virus spike glycoprotein and Angiotensin converting
enzyme 2 (ACE2) [9]. Therapeutic agents that interfere with the
spike glycoprotein/ACE2 interaction neutralize SARS-CoV-2
strov).
infection. The interface between the receptor binding domain
(RBD) of the SARS-CoV-2 spike glycoprotein and ACE2 is relatively
flat [9].

ACE2 is a cell surface metalloprotease expressed in the lungs,
arteries, heart, kidney, and intestines. ACE2 catalyzes the hydrolysis
of angiotensin II (a vasoconstrictor peptide) into angiotensin (1e7)
(a vasodilator). Structures of the apo and substrate bound forms of
the ACE2 catalytic domain show large conformational changes that
accompany catalysis within the active site, and distant from the
active site [10]. The apo form of ACE2 exhibits an open conforma-
tion, whereas the substrate bound form of ACE2 shows a closed
conformation. Since the SARS-CoV-2 spike protein was shown to
bind the open form of ACE2, small molecule drugs that modify the
ACE2 conformation to a closed form could inhibit RBD interactions.

We previously identified compounds that inhibit ACE2 catalytic
activity [11], and drugs that enhance ACE2 catalytic activity [12].
We previously reported an ACE2 inhibitor that disrupted interac-
tion of the SARS-CoV-1 spike glycoprotein with ACE2 [11],
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Fig. 1. Antiviral activity of specific antihistamines against SARS-CoV-2 isolates in vitro. Panel A. An engineered GFP-expressing lentivirus pseudotyped with the SARS-CoV-2
surface glycoprotein was used to infect ACE2 expressing HEK293 cells in the presence and absence of histamine-1 receptor binding antihistamines. The number of GFP positive
cells per image field 72 h after a single application of drugs in HEK293T cells overexpressing human ACE2 is shown. n ¼ 6 independent experiments. *p ¼ 0.0044 DMSO vs CET *;
p ¼ 0.0002 DMSO vs HYD; *p ¼ 0.0006 DMSO vs DIPH; *p ¼ 0.0052 DMSO vs AZ; p < 0.0001 DMSO vs SPK. Panel B. Number of SARS-CoV-2 isolate USA-UF-1/2020 viral plaques
present in Vero E6 cells 3 dpi following exposure to antihistamines or DMSO vehicle control. n ¼ 3 independent experiments. *p ¼ 0.0003 DMSO vs HYD *; p ¼ 0.0003 DMSO vs
DIPH; *p < 0.0001 DMSO vs AZ. Dose response curves against SARS-CoV-2 isolate USA-UF-1/2020 in Vero E6 cells for hydroxyzine (C), diphenhydramine (D) and azelastine (E). n ¼ 3
independent experiments. Dose response curve against SARS-CoV-2 isolate USA-WA1/2020 in human lung A549 cells for hydroxyzine (F). n ¼ 2 independent experiments. Ab-
breviations: cetirizine (CET), hydroxyzine (HYD), diphenhydramine (DIPH), loratadine (LOR), azelastine (AZ), plaque forming units (PFU), spike protein (SPK). Drug concentrations in
Panels A and B in mg/ml: hydroxyzine [10]; cetirizine [10]; loratadine [1.5]; diphenhydramine hydrochloride [25]; azelastine hydrochloride [7.0]. Spike protein used at 13.5 ng/ml.
Data were analyzed by a one-way ANOVA followed by a Dunnett multiple comparison test. In panel A B, the median þ interquartile range are shown.
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presumably through modifying the ACE2 conformation from an
open to closed state. ACE2 inhibitors may be considered as candi-
dates for repurposing drugs with antiviral effects. For example,
hydroxyzine is a first generation histamine receptor (H1) antagonist
that exhibits off-target ACE2 inhibitory activity [13].

In vitro evaluation of approved drugs for direct antiviral activity
against SARS-CoV-2 using virus isolates has been used to identify
candidates for further investigation and repurposing as therapeutic
agents to prevent and treat COVID-19 [14,15]. The antihistamines
clemastine, cloperastine [16], and astemizole [17] were shown to
exhibit direct antiviral activity in vitro. Although antiviral mecha-
nisms of action by antihistamines are not clear, clemastine and
cloperastine were proposed to block the interaction between host
sigma-1 receptor and SARS-CoV-2 nonstructural protein NSP6. The
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sigma-1 receptor is an integral chaperone protein localized to the
endoplasmic reticulum (ER) and has broad roles in cellular stress
signaling including regulating Ca2þ signaling, bioenergetics, and ER
stress [6].

Usage of the antihistamine famotadine was associated with
improved outcome in severe COVID-19 patients [18]. These data,
and direct antiviral activity by clemastine, cloperastine, and aste-
mizole in vitro [16] [[,17], implicate specific antihistamines as
repurposing candidates for prevention and treatment of SARS-CoV-
2 infection.

Although mining of patient records was used to identify famo-
tidine as a candidate for treatment of COVID-19, reports of associ-
ations between prescribed drug usage and SARS-CoV-2 infection
are sparse. Prescribed drug usage associated with reduced



Fig. 2. In silico modeling of the ACE2 catalytic inhibitor hydroxyzine suggests binding within the active site. A. Hydroxyzine was posed by molecular docking with AutoDock
Vina. Hydroxyzine is shown as sticks, white for carbon, blue for nitrogen, red for oxygen, green for chlorine. Polar interactions (e.g., H bonds) shown as magenta dashes. B. The SARS-
CoV-2 spike glycoprotein binds the open conformation of ACE2. The SARS-CoV-2 spike protein is shown in orange (from PDB 6M17). ACE2 is shown in grey in the open conformation
(left, from PDB 6M17) and the closed conformation (right, PDB 1R4L). Inhibitor binding prevents intermolecular contacts between ACE2 and SARS-CoV-2 spike protein (shown as
sticks in red). Hydroxyzine is shown as spheres in magenta, as posed by AutoDock Vina.
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incidence of SARS-CoV-2 positivity may be informative as in-
dicators of low risk individuals, or because of direct drug effects on
the virus and/or immune response. Although association studies
are possible with all drugs captured in electronic medical records,
associations for drugs used to treat rare diseases can be less infor-
mative compared to common drugs since the cohort size limits
statistical significance.

In this study, we identified candidate antihistamines for repur-
posing bymining electronic health records of over 219,000 patients
tested for SARS-CoV-2 within the University of California Health
System. To determine if specific antihistamines exhibit direct
antiviral effects, drugs were tested in vitro using infectious SARS-
CoV-2 cell-based drug susceptibility assays which measure
175
inhibitory effects on the production of infectious virus over time.
Molecular docking was used to identify potential binding sites for
antiviral antihistamines on ACE2 and the sigma-1 receptor.
2. Materials and methods

2.1. Molecular docking

Molecular docking of ACE2 was performed as described [13].
Drugs were docked individually using AutoDock Vina [19] into the
ACE2 crystal structure (PDB 1R4L). The SMILES string of each drug
was obtained from PubChem and translated into 3 dimensional
coordinates using the NCI/CADD translator (http://cactus.nci.nih.

http://cactus.nci.nih.gov/translate/


Fig. 3. Molecular docking predicts binding of diphenhydramine and azelastine to
the ligand binding pocket of the Sigma-1 receptor. The crystal structure of the
human sigma-1 receptor bound to a ligand was used as the basis for molecular docking
with AutoDock Vina. The ligand PD144418 was extracted from the coordinates of PDB
code 5HK1, and diphenhydramine was docked to this site (upper panel), estimated DG
-8.2 kcal/mol. Azelastine was docked to the ligand binding site of the sigma 1 receptor
(lower panel), estimated DG -11.3 kcal/mol.
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gov/translate/). AutoDock Tool assigned hydrogen atoms and
calculated atom charges for AutoDock Vina. The crystal structure of
human sigma 1 receptor PDB 5HK1 [20] was used to predict drug
interactions. Atomic coordinates for ligand PD144418 and solvent
molecules were extracted from the sigma 1 receptor structure and
each drug was docked to the ligand binding site using AutoDock
Vina. The top 9 scoring orientations were evaluated by visual in-
spection with the highest scoring poses reported.
2.2. Study population and association analysis based on electronic
health records (EHRs)

Medical history and information related to SARS-CoV-2 infec-
tion tests from EHRs of over 219,000 individuals from the Univer-
sity of California COVID Research Data Set (UC CORDS) was
obtained starting February 02, 2020. The UC CORDS is structured
using the Observational Medical Outcome Partnership common
data model (OMOP-CDM) [21] with standardized vocabularies
representing diagnosis, medications, lab measurements and med-
ical procedures associated with clinical encounter of individuals
across UC Health. The SARS-CoV-2 positive patients were identified
based on confirmed RT-qPCR test results among those tested across
UC Health. We computed odds ratios representing the association
176
between prior prescription of antihistamine and SARS-CoV-2
negative test results as primary outcome of interest using logistic
regression adjusting for sex and age. The age of individuals was
categorized into three groups 0e30 years, 31e60 years and 61 years
and above. We used the glm function implemented in R statistical
software [22] (27) to compute odds ratio along with confidence
intervals and p-values. All the p-values were corrected for false
discovery rate and were represented as q-values. The estimated
odds ratio was considered significant if the confidence intervals did
not span 1 and q-value � 0.10.

2.3. IRB approval and medical record access

Access to the HIPAA Limited Data Set of medical records (dei-
dentified except with dates) within the University of California
Health system were obtained under permission by the UC Health
IRB Directors and classified as non-human subject research (UCSF
IRB 20e30889). The University of California Health COVID Research
Data Set (UC CORDS) includes nearly all patients tested for SARS-
CoV-2 and treated at any of the 12 UC Health hospitals across 5
academic medical centers (UCLA, UC San Francisco, UC San Diego,
UC Irvine, and UC Davis).

2.4. Drug susceptibility assays

Drug susceptibility assays were performed for hydroxyzine
against the USA-WA1/2020 strain of SARS-CoV-2 on human lung
A549 cells that were transfected with hACE2 (ACE2-A549) cells. For
these studies, ACE2-A549 cells were seeded into 6 well plates and
allowed to attached overnight at 37 �C, 5% CO2. Cells were pre-
treated with various concentrations of hydroxyzine for 4 h prior
to infection. Confluent cell monolayers were then infected with
USA-WA1/2020 at a multiplicity of infection (MOI) equivalent to
0.03 PFU/cell and permitted to adsorb for 1 h. Plates were shaken
every 15 min to ensure even distribution of the virus. Unbound
virus was removed by washing cell monolayers twice with warm
PBS and medium containing various concentrations of hydroxyzine
were added to each well of the 6-well plate. One well served as a
no-treatment control. Cell supernatants were harvested on day 4
post-inoculation, the day inwhich peak viral burden is achieved for
this MOI on ACE2-A549 cells, clarified by high-speed centrifuga-
tion, and frozen at �80 �C until the end of the study. Assays were
conducted in triplicate in two independent experiments.

2.5. Viruses

The entire SARS-CoV-2 glycoprotein was synthesized by Gene-
wiz (GeneBank: MT118835.1) and used for pseudotyping a lenti-
virus encoding CMV-GFP-PGK-puro (Cellomics Technology, LLC).
Lentivirus was used at 2.5 X10 ^ 6 TU/ml. The SARS-CoV-2 strain
UF-1 was previously isolated, sequenced, and deposited in Gene-
Bank (MT295464.1). The USA-WA1/2020 strain of SARS-CoV-2 was
deposited by the Centers for Disease Control and Prevention and
obtained through BEI Resources, NIAID, NIH (NR-52281). All strains
of SARS-CoV-2 was propagated in Vero E6 cells (ATCC).

2.6. Cell culture

HEK293T cells overexpressing human ACE2 (HEK293T-hACE2)
were purchased from GeneCopoeia. Cell media was 10% FBS in
DMEM (high glucose, pyruvate) with 1X penicillin/streptomycin.
Cells were grown on rat-tail type 1 collagen coated 100 mm plastic
dishes or on 18 mm collagen-coated coverslips (Neuvitro) in 6-well
plates in a 37 �C and 5% CO2 humidified incubator. Transgene
expression was maintained by hygromycin B [100 ng/ml];
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Fig. 4. Model for antiviral mechanisms mediated by specific antihistamines. Hydroxyzine and related antihistamines have the potential to inhibit SARS-CoV-2 entry (by binding
ACE2), and virus replication (by binding the sigma-1 receptor). Hydroxyzine (purple) exhibits off-target inhibitory ACE2 activity by forming intermolecular interactions with the
active site, inducing a conformational change from the open conformation to the closed conformation. The conformational change shifts the position of ACE2 at positions that
contact the SARS-CoV-2 spike glycoprotein receptor binding domain (RBD), shown in red, which results in loss of intermolecular interactions at the ACE2/RBD interface. The sigma-1
receptor is a membrane bound chaperone highjacked by SARS-CoV-2 to link the replicase/transcriptase complex to the endoplasmic reticulum by binding directly to nonstructural
protein NSP6, which forms a complex with NSP3 and NSP4. Hydroxyzine binds the sigma-1 receptor with high affinity, potentially interfering with the virus life cycle by blocking
protein-protein interactions with NSP6.
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hygromycin B was removed 24 h prior to addition of drugs/lenti-
virus and remained absent during the entire experiment. Cells were
70e80% confluent at time of treatment and drug exposure was for
5e10 min prior to lentivirus infection. Cells were harvested and
fixed in 2% paraformaldehyde 72 h later. Studies were performed 6
independent times. Vero E6 cells purchased from ATCC and grown
in DMEMþ2%FBSþ 1X penicillin/streptomycin at 37 �C and 5% CO2
in a humidified incubator.

Studies performed with the USA-WA1/2020 strain of SARS-CoV-
2 utilized Vero E6 cells purchased from ATCC that were propagated
in Eagle’s Minimum Essential Medium (EMEM; Hyclone) supple-
mented with 10% FBS (Hyclone) and 1X penicillin/streptomycin
solution (Hyclone). hACE2-A549 cells [23] (a kind gift from Dr.
Shinji Makino) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS and 1X penicillin/
streptomycin solution. Vero E6 and hACE2-A549 cells were incu-
bated at 37 �C, 5% CO2 and split twice-weekly.
2.7. Microscopy

Coverslips containing cells HEK293T-hACE2 were imaged on a
Zeiss Axio Zoom V16 microscope [24]. The same magnification was
used across experiments. Two to three image fields were examined
per coverslip and number of GFP-positive cells counted and aver-
aged. Nuclei were counterstained using Hoechst [24].
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2.8. Viral plaque assay

Vero E6 cells were plated in 6 well plates with replicates on
different plates. Monolayers were infected with virus master mix at
100 PFU/ml aliquoted in separate tubes with drugs at designated
concentrations for 1 h (Herzog et al., 2008). Monolayers were
overlaid with MEM in 1.5% low-melt agarose with drugs at con-
centrations indicated above. Plaques were enumerated at 72 h post
infection. For dose response curves, virus was diluted and allowed
to infect Vero E6 across the indicated drug concentrations in
DMEMþ 10%FBS in triplicate for 1 h with gentle rocking every
10 min. Solution was removed, then cells overlain with MEMþ5%
FBS in 1.5% low melt agarose containing the indicated drug con-
centrations and incubated at 37 �Cwith 5% CO2 for 3 dpi. 200 ml PBS
containing 0.03% neural red was added to wells and plaques
counted 3e6 h later to determine apparent PFU/ml.

2.9. Drugs

Drugs were dissolved in 100% DMSO and diluted with 0.9% sa-
line for a 1000X stock; DMSO concentration in stocks was 5%. All
stocks were diluted into HEK media. Recombinant spike protein
(Sino Biological) was diluted in media for a final concentration of
13.5 ng/ml. DMSO was a control for all drugs. Screening of drugs
occurred in a blinded fashion. Hydroxyzine dihydrochloride
(Sigma-Aldrich), cetirizine dihydrochloride (Sigma-Aldrich),
diphenhydramine hydrochloride (Spectrum), loratadine
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(Spectrum), and azelastine hydrochloride (TCI America) were
studied.

2.10. Statistical analysis

One-way ANOVA was performed, followed by a Dunnett mul-
tiple comparison post hoc test, to determine differences in assays
relative to DMSO vehicle control group. For association analysis
based on EHRs, odds ratio, confidence interval, and p-value were
calculated using logistic regression, and p-values were corrected for
false discovery rate and represented as q-values. Statistical signif-
icance was determined by q-value � 0.10.

3. Results

3.1. Usage of specific antihistamines was associated with reduced
incidence of SARS-CoV-2 positivity

We utilized medical history and information related to SARS-
CoV-2 infection test from EHRs of over 219,000 individuals from
the University of California COVID Research Data Set (UC CORDS)
starting February 02, 2020, and computed odds ratios representing
the association between prior prescription of antihistamine and
SARS-CoV-2 negative test results as primary outcome of interest
using logistic regression adjusting for sex and age. The age of in-
dividuals was categorized into three groups 0e30 years, 31e60
years and 61 years and above. Prior usage of loratadine, diphen-
hydramine, cetirizine, hydroxyzine, and azelastine was associated
with a reduced incidence of positive SARS-CoV-2 test results in
individuals 61 years and above in a statistically significant manner
(Supplemental Table 1). Although numerous factors confound the
observed association of antihistamine usage with SARS-CoV-2
positivity (e.g., socio-economic status, co-morbidities), we asked
if associated drugs may exert direct antiviral activity against SARS-
CoV-2 as a possible contributing factor.

3.2. Hydroxyzine, diphenhydramine and azelastine exhibit direct
antiviral activity against SARS-CoV-2 in vitro

Each associated drug was tested for the ability to disrupt SARS-
CoV-2/ACE2 interactions using a lentivirus pseudotyped to express
the SARS-CoV-2 spike protein (Fig. 1A) using recombinant spike
protein and the DMSO vehicle as positive and negative controls,
respectively. Associated drugs were also tested for direct antiviral
activity by measuring effects on infection of Vero E6 cells with
SARS-CoV-2 isolate USA-UF-1/2020 (Fig. 1B). Hydroxyzine,
diphenhydramine and azelastine exhibited direct antiviral effects
against SARS-CoV-2 in vitro. Drug concentrations effective for 50%
inhibition of SARS-CoV-2 isolate USA-UF-1/2020 infection (EC50) of
Vero E6 cells were 15.3 mg/ml for hydroxyzine (Fig. 1C), 17.4 mg/ml
for diphenhydramine (Fig. 1D), and 2.24 mg/ml for azelastine
(Fig. 1E). The drug concentration effective for 50% inhibition (EC50)
for hydroxyzine against another SARS-CoV-2 isolate USA-WA1/
2020 in the human lung cell line A549 overexpressing ACE2 was
estimated to be 27.34 mg/ml for (Fig. 1F). These data show that
specific common antihistamines exhibit antiviral effects on distinct
isolates of SARS-CoV-2 in multiple cell types in vitro.

3.3. Antihistamines with antiviral properties bind ACE2 and the
sigma-1 receptor

We used molecular docking to define potential interactions
between hydroxyzine, diphenhydramine, azelastine and off-targets
ACE2 and the sigma-1 receptor. Hydroxyzinewas previously shown
to inhibit ACE2 catalytic activity and exhibited a molecular docking
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DG score of �8.6 kcal/mol (Fig. 2). Azelastine was predicted to bind
the active site of ACE2 (DG -9.9 kcal/mol), whereas diphenhydra-
mine was not predicted to bind ACE2 with high affinity (DG
6.9 kcal/mol). The affinities of hydroxyzine and diphenhydramine
for sigma-1 receptor were previously measured [25], showing an
estimated Kd of 192 nM for hydroxyzine, 1.7 mM for diphenhydra-
mine. Molecular docking showed that azelastine was predicted to
bind sigma-1 receptor with a higher affinity (DG -11.3 kcal/mol)
than diphenhydramine (DG -8.2 kcal/mol)(Fig. 3). These data sug-
gest that ACE2 and sigma-1 receptor binding mechanisms may
regulate antiviral effects mediated by hydroxyzine and azelastine.

4. Discussion

Hydroxyzine, diphenhydramine and azelastine exhibited direct
antiviral activity against SARS-CoV-2 isolates in vitro (Fig. 1). These
data are consistent with direct antiviral activity demonstrated by
antihistamines clemastine [16], cloperastine [16], and astemizole
[17]. Although mechanisms underlying antiviral activity of specific
antihistamines are not well characterized, antihistamines that
inhibit SARS-CoV-2 infection have been shown to bind off-targets
including ACE2 (for hydroxyzine [13])(Fig. 2), and the sigma
receptor-1 (Fig. 3)(for hydroxyzine and diphenhydramine [25]). The
sigma receptor-1 is an endoplasmic reticulum resident chaperone
protein shown to bind the SARS-CoV-2 protein nonstructural pro-
tein 6 (NSP6) [16]. The sigma-1 receptor links the SARS-CoV-2
replicase/transcriptase complex to the ER membrane by binding
directly to NSP6, which forms a complex with NSP3 and NSP4. NSP6
is also thought to inhibit degradation of SARS-CoV-2 proteins by
preventing autolysosome expansion [26]. Antihistamines that bind
sigma-1 receptors, such as hydroxyzine, may exert antiviral activity
by preventing NSP6 binding and pathological autolysosome effects.
Alternatively, antihistamines that bind ACE2, such as hydroxyzine,
have the potential to exert antiviral activity by interfering with
SARS-CoV-2 spike protein interactions [13,27](Fig. 4). Antiviral
mechanisms of specific antihistamines remain to be clearly
elucidated.

The EC50 values for in vitro antiviral activity are above con-
centrations expected in plasma following recommended dosing for
hydroxyzine [28] and diphenhydramine [29]. The azelastine con-
centrations used in the study effectively inhibit SARS-CoV-2 below
prescribed nasal spray doses [30]. Combining an antiviral antihis-
tamine with antiviral drugs that bind distinct targets may provide
additive or synergistic antiviral effects and decrease the likelihood
of SARS-CoV-2 resistance to a single drug. However, antihistamine
use should occur as directed and determining whether antihista-
mines should be combined requires feedback from a licensed
medical provider.

Specific antihistamine drugs may influence SARS-CoV-2 infec-
tion or cause benefit in COVID-19 patients by multiple interrelated
mechanisms [17]. Although our data suggest antihistamines exhibit
direct antiviral effects, on-target effects of antihistamines (binding
histamine-1 receptors for hydroxyzine, diphenhydramine and
azelastine) may inhibit inflammatory responses that increase
mortality [31]. Underlying genetic or cellular factors including
allergic responses might also contribute to risk of SARS-CoV-2
infection. A recent report indicating a lower than expected repre-
sentation of patients with asthma and COVID-19 is consistent with
this idea [32].

5. Conclusion

We found that usage of select antihistamines, including
diphenhydramine, hydroxyzine, and azelastine, was associated
with reduced incidence of SARS-CoV-2 positivity in a large
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population. These three drugs exhibited direct antiviral activity
in vitro. Randomized placebo controlled clinical trials will be
required to determine if specific antihistamines have beneficial
effects for prevention or treatment of COVID-19.
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