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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
responsible for coronavirus disease 2019 (COVID-19), a pandemic
that continues to cause widespread morbidity and mortality across
the globe. SARS-CoV-2 is the seventh species of coronavirus known to
infect people. These coronaviruses, which include SARS-CoV, 229E,
NL63, OC43, HKU1, and Middle East respiratory syndrome coronavirus (MERS-CoV), cause a range of symptoms from the common
cold to more severe pathologies (1). Despite recent vaccine availability, SARS-CoV-2 is still spreading rapidly (2), highlighting the
need for alternative treatments, especially for populations with limited
inclination or access to vaccines. To date, few therapies have been
identified that block SARS-CoV-2 replication and viral production.
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SARS-CoV-2 is a positive-sense single-stranded RNA enveloped
virus composed of a lipid bilayer and four structural proteins that
drive viral particle formation. The spike (S), membrane (M), and
envelope (E) are integral proteins of the virus membrane and
promote virion budding while also recruiting the nucleocapsid (N)
protein and the viral genomic RNA into nascent virions. Like its
close relative SARS-CoV, SARS-CoV-2 primarily enters human cells
by the binding of the viral S protein to the angiotensin converting
enzyme 2 (ACE2) receptor (3–5), after which the S protein undergoes proteolysis by transmembrane protease serine 2 (TMPRSS2) or
other proteases into two noncovalently bound peptides (S1 and S2)
that facilitate viral entry into the host cell. The N-terminal S1 binds
the ACE2 receptor, and the C-terminal S2 mediates viral–cell membrane fusion following proteolytic cleavage. Depending on the cell
type, viral entry can also occur after ACE2 binding, independent of
proteolytic cleavage (6–8). Following cell entry, the SARS-CoV-2
genome is translated into two large polypeptides that are cleaved by
two viral proteases, Mpro and PLpro (9, 10), to produce 15 proteins,
in addition to the synthesis of subgenomic RNAs that encode
another 10 accessory proteins plus the 4 structural proteins. These
proteins enable viral replication, assembly, and budding. In an
effort to suppress infection by the SARS-CoV-2 -coronavirus as
well as other evolving pathogenic viruses, we tested the antiviral
potential of a number of small molecules that target host stress
response pathways.
One potential regulator of the host stress and antiviral inflammatory responses is cannabidiol (CBD), a member of the cannabinoid class of natural products (11) produced by Cannabis sativa
(Cannabaceae; marijuana/hemp). Hemp refers to cannabis plants
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The spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and ongoing coronavirus disease 2019
(COVID-19) pandemic underscores the need for new treatments. Here, we report that cannabidiol (CBD) inhibits
infection of SARS-CoV-2 in cells and mice. CBD and its metabolite 7-OH-CBD, but not THC or other congeneric
cannabinoids tested, potently block SARS-CoV-2 replication in lung epithelial cells. CBD acts after viral entry, inhibiting viral gene expression and reversing many effects of SARS-CoV-2 on host gene transcription. CBD inhibits
SARS-CoV-2 replication in part by up-regulating the host IRE1 ribonuclease endoplasmic reticulum (ER) stress
response and interferon signaling pathways. In matched groups of human patients from the National COVID
Cohort Collaborative, CBD (100 mg/ml oral solution per medical records) had a significant negative association
with positive SARS-CoV-2 tests. This study highlights CBD as a potential preventative agent for early-stage
SARS-CoV-2 infection and merits future clinical trials. We caution against current use of non-medical formulations
as a preventative or treatment therapy.
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or materials derived thereof that contain 0.3% or less of the psychotropic tetrahydrocannabinol (THC) and typically have relatively high
CBD content. By contrast, marijuana refers to C. sativa materials
with more than 0.3% THC by dry weight. THC acts through binding
to the cannabinoid receptor, and CBD potentiates this interaction
(11). Despite numerous studies and many unsubstantiated claims
related to CBD-containing products, the biologic actions of CBD
itself are unclear and specific targets are mostly unknown (12). However, an oral solution of CBD is a U.S. Food and Drug Administration (FDA)–approved drug, largely for the treatment of epilepsy
(13). Thus, CBD has drug status, is viable as a therapeutic, and
cannot be marketed as a dietary supplement in the United States
(12). Although limited, some studies have reported that certain
cannabinoids have antiviral effects against hepatitis C virus and
other viruses (14).
RESULTS
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CBD is often consumed as part of a C. sativa extract, particularly in
combination with psychoactive THC enriched in marijuana plants.
We therefore determined whether congeneric cannabinoids, especially analogs with closely related structures and polarities produced
by the hemp plant, are also capable of inhibiting SARS-CoV-2
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Fig. 1. CBD is a potent inhibitor of SARS-CoV-2 infection in vitro. (A) A549-ACE2 cells were treated with indicated doses of CBD from four different suppliers, followed
by infection with SARS-CoV-2 at an MOI of 0.5 for 48 hours. The cells were stained for spike protein, and the percentage of cells expressing the spike protein in each condition was plotted. EC50 values are indicated. (B) The 1H qNMR spectra of CBD reference material and CBD samples from four different suppliers. (C) A549-ACE2 cells were
treated with CBD from supplier A, followed by infection with SARS-CoV-2 or , , or  variants at an MOI of 0.5 for 48 hours. The cells were stained for spike protein, and
the percentage of cells expressing the spike protein in each condition was plotted. EC50 values are indicated.
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High-purity CBD inhibits SARS-CoV-2 replication in human
lung epithelial cells
To test the effect of CBD on SARS-CoV-2 replication, we pretreated
A549 human lung carcinoma cells expressing exogenous human
ACE2 receptor (A549-ACE2) for 2 hours with 0 to 10 M CBD
before infection with SARS-CoV-2. After 48 hours, we monitored
cells for expression of the viral spike protein (S) and viral titer. CBD
potently inhibited viral replication under nontoxic conditions with
a median effective concentration (EC50) of ~1 M (Fig. 1A and
fig. S1A). CBD inhibited SARS-CoV-2 replication in human Calu3
lung and Vero E6 monkey kidney epithelial cells as well (fig. S1B),
and no toxicity was observed at the effective doses (fig. S1, C and D).

Last, we tested three SARS-CoV-2 variants of concern (, , and )
in addition to the original SARS-CoV-2 strain, and their ability to
infect cells was comparably inhibited by CBD (Fig. 1C).
When isolated from its source plant, natural nonsynthetic CBD
is typically extracted along with other cannabinoids, representing the
unavoidable residual complexity of natural products (12). To verify
that CBD is indeed responsible for the viral inhibition, we analyzed
a CBD reference standard as well as CBD from four different sources
for purity using 100% quantitative nuclear magnetic resonance
(qNMR). These sources included two chemical vendors (suppliers A and B) and two commercial vendors (suppliers C and D).
The notable congruence between the experimental 1H NMR and
the recently established quantum-mechanical HiFSA (1H Iterative
Full Spin Analysis) profiles observed for all materials confirmed
that (i) the compounds used were indeed CBD with purities of at
least 97% (Fig. 1B) and (ii) congeneric cannabinoids were not present
at levels above 1.0%. Analysis of these different CBD samples in the
viral A549-ACE2 infection assay showed similar EC50s with a range
from 0.6 to 1.8 M, likely reflecting the intrinsic variability of the
biological assay (Fig. 1A). No toxicity was observed for any of
the CBD preparations at the doses used to inhibit viral infection
(fig. S1, E to G).

SCIENCE ADVANCES | RESEARCH ARTICLE

% Spike-positive cells

A

aggregate, these results suggest that the effective plasma concentrations of CBD and its metabolite are within the therapeutic range to
inhibit SARS-CoV-2 infection in humans.
CBD acts at an early step after viral entry into cells
CBD could be acting by blocking viral entry to host cells or at later
steps following infection. As CBD was reported to decrease ACE2
expression in some epithelial cells, including A549 (16), we first
determined whether CBD suppressed the SARS-CoV-2 receptor in
the A549-ACE2, Calu-3, and Vero E6 cells. No decrease in ACE2
expression was observed (Fig. 3A and fig. S4, A and B). Furthermore, analysis of lentiviruses pseudotyped with either the SARS-CoV-2
spike protein or the vesicular stomatitis virus (VSV) glycoprotein
(17) showed that 10 M CBD only weakly inhibited cell entry by
spike-expressing virus, suggesting that other mechanisms are largely
responsible for its antiviral effects. The robustness of the assay was
confirmed by using anti-spike antibodies that effectively blocked
viral infection of lentivirus pseudotyped with spike, but not VSVg
(Fig. 3B and fig. S3, A and B). In contrast to the negligible effect on
viral entry, CBD was very effective (~95 to 99%) at inhibiting SARSCoV-2 spike protein expression in host cells at 2 and 6 hours after
infection after entry (Fig. 3C). This was true even in the presence
of antibodies to the spike protein to prevent reinfection (Fig. 3D),
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Fig. 2. Limited or no inhibition of SARS-CoV-2 infection by cannabinoids other than CBD. (A) A549-ACE2 cells were treated with indicated doses of various cannabinoids
or a CBD/THC 1:1 mixture, followed by infection with SARS-CoV-2 at an MOI of 0.5 for 48 hours. The cells were stained for spike protein, and the percentage of cells expressing the spike protein in each condition was plotted. All cannabinoids tested were isolated from a hemp extract as described in Materials and Methods. (B) Chemical
structures of cannabinoids and 7-OH-CBD. (C) A549-ACE2 cells were treated with indicated doses of 7-OH-CBD, followed by infection with the SARS-CoV-2 at an MOI of
0.5. The cells were stained for spike protein, and the percentage of cells expressing the spike protein in each condition was plotted. Representative data of CBD from
Fig. 1C (supplier A) are used for comparison. EC50 values are indicated.
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infection. Of this group, only CBD was a potent agent, while no or
very limited antiviral activity was exhibited by these structurally
closely related congeners that share biosynthesis pathways and form the
biogenetically determined residual complexity of CBD purified from
C. sativa: THC, cannabidiolic acid (CBDA), cannabidivarin (CBDV),
cannabichromene (CBC), or cannabigerol (CBG) (Fig. 2, A and D;
see Materials and Methods). None of these cannabinoids were toxic
to the A549-ACE2 cells in the dose range of interest (fig. S2). Notably,
combining CBD with THC (1:1) significantly suppressed CBD
efficacy, consistent with competitive inhibition by THC.
CBD is rapidly metabolized in the intestine and liver into two
main metabolites, 7-carboxy-cannabidiol (7-COOH-CBD) and
7-hydroxy-cannabidiol (7-OH-CBD). The level of 7-COOH-CBD
is 40-fold higher, and the level of 7-OH-CBD is 38% of the CBD
level in human plasma (15). CBD and its 7-OH-CBD metabolite are
the active and equipotent ingredients for the treatment of epilepsy
(13). Like CBD, 7-OH-CBD effectively inhibited SARS-CoV-2 replication in A549-ACE2 cells (Fig. 2C) and was nontoxic to cells (fig. S2,
H and I). Analysis of blood plasma levels in healthy individuals taking
1500 mg daily of FDA-approved CBD solution (Epidiolex) showed
a maximal concentration (Cmax) at 7 days for CBD and 7-OH-CBD
of 1.7 and 0.56 M, respectively; the Cmax can be further increased
several-fold by coadministration with a high-fat meal (15). Taken in
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Fig. 3. CBD inhibits viral replication after SARS-CoV-2 entry into the host cell. (A) Immunoblots of ACE2 protein expression from A549-ACE2 cell lysates either untreated or treated with vehicle or CBD at indicated doses (n = 3). Blots were probed with antibodies against ACE2 and tubulin. ACE2 protein expression levels were
normalized to the tubulin signal within each sample. ACE2 expression levels were plotted relative to untreated samples. DMSO, dimethyl sulfoxide. (B) 293 T–ACE2 cells
were infected by spike or VSV-G pseudovirus for 72 hours with the indicated doses of CBD treatment, and the percentages of infected cells were plotted. (C) A549-ACE2 cells
were infected with SARS-CoV-2 at an MOI of 0.5 for 2 hours. DMSO or 10 M CBD was then added at either 2, 6, or 15 hours after infection. After 16 hours, spike-positive
cells were quantified and normalized to the virus-infected only samples. (D) Left: A549-ACE2 cells were infected with SARS-CoV-2 at an MOI of 0.5 for 2 hours. DMSO or
10 M CBD was then added at 2 hours after infection with the spike neutralizing antibody (nAb) to prevent reinfection. After 16 hours, spike-positive cells were quantified
and normalized to the virus-infected only samples. Right: Validation of neutralizing antibody efficacy. SARS-CoV-2 virus (400 PFU) was incubated with or without 100 nM
neutralizing antibody for 1 hour. A549-ACE2 cells were treated with the mixture for 16 hours, and spike-positive cells were quantified.

suggesting that CBD acts early in the infection cycle, in a postentry
step. CBD was also partially effective (~60%) at inhibiting SARSCoV-2 at 15 hours after infection (Fig. 3C), suggesting a possible
secondary effect on viral assembly and release. To assess whether
CBD might be preventing viral protein processing by the viral
proteases Mpro or PLpro, we assayed their activity in vitro (fig. S4,
C and D). CBD did not affect the activity of either protease, raising
the possibility that CBD targets host cell processes.
CBD inhibits viral RNA expression and reverses viral-induced
changes in host gene expression
Consistent with this interpretation, RNA sequencing (RNA-seq)
analysis of infected A549-ACE2 cells treated with CBD for 24 hours
shows a notable suppression of SARS-CoV-2–induced changes in
gene expression. CBD effectively eradicated viral RNA expression
in the host cells, including RNA coding for spike, membrane,
envelope, and nucleocapsid proteins (Fig. 4, A and B). Both
SARS-CoV-2 and CBD each induced significant changes in cellular
gene expression (figs. S5 and S6). Principal components analysis
(PCA) of host cell RNA shows almost complete reversal of viral
changes, but rather than returning to a normal cell state, the
CBD + virus-infected cells resemble those treated with CBD alone
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)
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(Fig. 4C). Clustering analysis using Metascape reveals some interesting patterns and associated themes (Fig. 4D and figs. S7 and S8).
For example, viral induction of genes associated with chromatin
modification and transcription (cluster 1) is reversed by CBD, although CBD alone has no effect. Similarly, viral inhibition of genes
associated with ribosomes and neutrophils (cluster 3) is largely
reversed by CBD, but the drug alone has no effect. This contrasts
with clusters 5 and 6 where CBD alone induces strong activation of
genes associated with the host stress response. Together, these
results suggest that CBD acts to prevent viral protein translation
and associated cellular changes.
To gain a better understanding of the specific antiviral action of
CBD, we analyzed RNA-seq from lysates of uninfected or SARSCoV-2–infected cells treated for 24 hours with the inactive CBDV
homolog. Induction of viral genes for spike, envelope, and nucleocapsid proteins is reduced by only 60% with CBDV as opposed to
~99% with CBD (Fig. 5, A and B). CBDV treatment causes fewer
transcriptomic changes than CBD in A549-ACE2 cells and is largely
ineffective at reversing transcriptional changes induced by SARS-CoV-2
(Fig. 5C). Clustering analysis using Metascape reveals only a couple
clusters that show CBDV reversal of viral transcriptomic changes
(Fig. 5D). These include autophagy and lipid metabolism (cluster 1)
4 of 18
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Fig. 4. Changes in viral and host cell transcription following SARS-CoV-2 infection or CBD treatment. A549-ACE2 cells were infected with SARS-CoV-2 at an MOI of
3 with or without CBD treatment at 10 M for 24 hours. RNA-seq was performed as described in Materials and Methods. (A) Heatmap of relative levels of SARS-CoV-2 genes
from the RNA-seq samples. (B) Expression levels of SARS-CoV-2 spike and nucleocapsid genes. Percent expression level changes for genes from infected cells compared
to cells infected and CBD treated are indicated for each gene. (C) PCA of RNA-seq data showing control (veh_mock), SARS-CoV-2–infected (veh_infect), CBD-treated
(CBD_mock), and SARS-CoV-2–infected plus CBD-treated (CBD_infect) samples. The first and second principal components (PC1 and PC2) of each sample are plotted.
(D) Heatmap of normalized expression levels of 5000 most variable genes across all RNA-seq samples, clustered into six groups based on differential expression between
treatment conditions.

that are induced by CBDV as well as protein translation/cell cycle/
DNA replication (cluster 3) that are suppressed by CBDV.
CBD induces the ER stress response and IRE1 activity
as a key mechanism for its antiviral action
Of particular interest are three sets of genes related to the endoplasmic
reticulum (ER) stress response, the unfolded protein response (UPR),
and interferon induction that are selectively upregulated by CBD
but not CBDV (Fig. 6A). By contrast, genes associated with the oxidative stress response are induced by both cannabinoids. Cells
experience ER stress when the workload on the ER protein folding
machinery exceeds its capability. Under ER stress, secretory proteins
accumulate in unfolded forms within the organelle to trigger a set of
intracellular signaling pathways called UPR, which is part of a larger
cellular stress response that maintains proteostasis throughout
the cell (18). The UPR pathway is controlled by three ER transmembrane proteins—inositol-requiring enzyme-1 (IRE1), protein
kinase R-like endoplasmic reticulum kinase (PERK), and activating
transcription factor 6 (ATF6)—that contain an ER luminal domain
capable of directly or indirectly sensing misfolded proteins. In response
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)
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to ER stress, each of these sensors sets in motion transcriptional
and translational changes that increase protein folding capacity
and attempt to restore homeostasis. However, if the stress on the
ER is irremediable, then the UPR switches outputs and signals cell
death. We validated CBD induction of IRE1, PERK, and ATF6
gene expression by quantitative reverse transcription polymerase
chain reaction (qRT-PCR) (fig. S9A), consistent with previous reports
(19). Ingenuity analysis confirmed that CBD induces the UPR significantly more than CBDV (figs. S9B, S10B, and S11).
Numerous studies report compelling evidence that the UPR is
hyperactivated and required for replication of other closely related
coronavirus family members (20, 21). Unexpectedly, although gene
set enrichment analysis (GSEA) of the RNA-seq data showed that
the IRE1 pathway is strongly activated by CBD in the presence or
absence of virus, this pathway was not activated by SARS-CoV-2
alone (Table 1 and figs. S12 to S14). PERK, by contrast, was functionally activated by both SARS-CoV-2 and CBD. IRE1 is a
single-pass ER transmembrane protein with bifunctional kinase/
endoribonuclease [ribonuclease (RNase)] activities. In response to ER
stress, IRE1 undergoes oligomerization and autophosphorylation,
5 of 18
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Fig. 5. Changes in viral and host cell transcription following SARS-CoV-2 infection or CBDV treatment. A549-ACE2 cells were infected with SARS-CoV-2 at an MOI of
3 with or without CBDV treatment at 10 M for 24 hours. RNA-seq was performed as described in Materials and Methods. (A) Heatmap of relative levels of SARS-CoV-2
genes from the RNA-seq samples. (B) Expression levels of SARS-CoV-2 spike and nucleocapsid genes. Percent expression level changes for genes from infected cells compared
to cells infected and CBD treated are indicated for each gene. (C) PCA of RNA-seq data showing control (veh_mock), SARS-CoV-2–infected (veh_infect), CBDV-treated
(CBDV_mock), and SARS-CoV-2–infected plus CBDV–treated (CBDV_infect) samples. The first and second principal components (PC1 and PC2) of each sample are plotted.
(D) Heatmap of normalized expression levels of 5000 most variable genes across all RNA-seq samples, clustered into six groups based on differential expression between
treatment conditions.

which allosterically activates its RNase to initiate productive
splicing of X-box binding protein 1 (XBP1) mRNA. Spliced XBP1
encodes a transcription factor that up-regulates many host stress
responses, including ER chaperone induction and ER-associated
degradation components (Fig. 6E) (22).
CBD strongly activates IRE1 RNase activity as shown by analysis of XBP1 splicing using both RNA-seq data to quantify spliced
XBP1 as well as direct confirmation by qRT-PCR (Fig. 6B and
fig. S15). As predicted, CBD induced XBP1 splicing in the presence
or absence of virus, whereas CBDV had no significant effect and is
comparable to virus alone. The time course and dose response
curves for CBD induction of XBP1 splicing in the absence of the
virus were consistent with the time course and dose responses for
CBD inhibition of viral spike protein expression in A549-ACE2
cells (Fig. 6C). Furthermore, while an IRE1 knockout had no
significant effect on SARS-CoV-2 infection, it shifted the dose
response and significantly reduced the antiviral effects of CBD,
leading to an approximately twofold increase in its EC50 against
SARS-CoV-2 (Fig. 6D and fig. S16). Together, these results indicate
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)
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that CBD induction of IRE1 is a critical component of its antiviral
action against SARS-CoV-2.
CBD induces interferon expression as part of its
antiviral activity
Another mechanism by which CBD could suppress viral infection
and promote degradation of viral RNA is through induction of the
interferon signaling pathway. Interferons are among the earliest
innate immune host responses to pathogen exposure (23). As
reported (24), SARS-CoV-2 infection suppresses the interferon signaling pathway (Fig. 7A and fig. S17). Many genes in the pathway
such as interferon-stimulated gene 15 (ISG15), interferon induced
protein with tetratricopeptide repeats 1 (IFIT1), IFIT3, suppressor
of cytokine signaling 1 (SOCS1), and 2’-5’-oligoadenylate synthetase 1 (OAS1), an interferon-induced gene that leads to activation of RNase L and RNA degradation (25), were moderately
up-regulated by CBD alone but highly induced by CBD in the presence of the virus (Fig. 7A and figs. S18 and S19). These latter results
are consistent with the possibility that CBD sufficiently lowers the
6 of 18

Downloaded from https://www.science.org at University of Chicago on March 21, 2022

PC2: 5% variance

C

SCIENCE ADVANCES | RESEARCH ARTICLE
C

D
100
80

6 hours

60

Rel. splicing

100

3 hours

40
20
8
6
4
2
0

0.0

2.5

5.0

7.5

% Spike-positive cells

A

EC50 ( µM)

P = 0.042
IRE1 KO

P = 0.0019

2.24

Vector control 1.16

75

P = 0.0066

50

P = 0.027

25
0

10.0

0.25

[CBD] µM

0.5

1

2

4

8

16

[CBD] µM

B

E
Example

CBD

Virus

Virus

Low

High

8

8

6

6

4

% Alt. spliced

CBDV

Alt. splicing

% Alt. spliced

Mock

P = 0.04
ns

2

4

ns
2

ns
0

s
ru
vi

C

B

D

+

s

B
D
C

k
oc
M

ru
vi
+

V
D
B
C

Vi
ru

s

s

V
D
B
C

oc

k

0
Vi
ru

CBD
+
virus

M

CBDV
+
virus

Fig. 6. CBD promotes host cell ER stress responses and IRE1/XBP1 splicing, and IRE1 contributes to antiviral CBD activity. A549-ACE2 cells were infected with
SARS-CoV-2 at an MOI of 3 with or without CBD or CBDV treatment at 10 M (A and B) or as indicated (C) for 24 hours (A and B) or as indicated (C). (A) Heatmap of predicted
pathway activation based on Ingenuity analysis of activation z scores for each pathway and each comparison. Red: Pathway is activated. Blue: Pathway is inhibited. White:
Pathway is unchanged. Gray: No prediction due to lack of significance. NRF2, nuclear factor erythroid 2-related factor 2. (B) Analysis of XBP1 splicing by the IRE1 RNase.
Reads representing spliced or unspliced XBP1 were identified and quantified for cells that were mock-treated, SARS-CoV-2–treated, or treated with CBD or CBDV either
alone or in the presence of virus (left). Percentage of alternatively spliced reads for the RNA-seq samples were plotted, and unpaired t tests were performed comparing
each experiment’s mock samples to other samples (right). ns, not significant. (C) A549-ACE2 cells were treated by indicated concentrations of CBD for 3 and 6 hours.
Relationship between CBD concentration and XBP1 splicing was determined by qRT-PCR. (D) Effect of IRE1 on dose response for antiviral activity of CBD. A549-ACE2 or
A549-ACE2 cells lacking IRE1 (IRE1 KO) were treated with indicated doses of CBD, followed by infection with SARS-CoV-2 at an MOI of 0.5 for 48 hours. The cells were
stained for spike protein, and the percentage of cells expressing the spike protein in each condition was plotted. EC50 values are indicated. Unpaired t tests were
performed at each concentration and significant P values were shown. This is representative of three independent experiments (composite EC50 1.7 versus 1.2, P < 0.05).
(E) Schematic illustrating effect of CBD and SARS-CoV-2 on IRE1 RNase activity and XBP1 splicing. ERAD, ER-associated degradation.

effective viral titer to enable normal host activation of the interferon pathway. At the same time, CBD effectively reversed viral induction of cytokines that can lead to the deadly cytokine storm at
later stages of infection (Fig. 7B). By contrast, the inactive homolog
CBDV does not significantly induce genes within the interferon pathway or prevent cytokine induction (Figs. 6A and 7, A and C; and
figs. S20, A and B, and S21).
To directly test the possibility that interferons might account in
part for the antiviral activity of CBD, we exposed ACE2-A549 cells
to a mixture of antibodies against type I (, , and ο) and type II ()
interferons before 2.5 M CBD treatment and viral infection. The
results show that the anti-interferon antibodies reduce the antiviral
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)
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effects of CBD and partially rescue SARS-CoV-2 infection (Fig. 7D).
Collectively, these results suggest that CBD inhibits SARS-CoV-2
infection in part by activating IRE1 and the interferon pathways,
leading to degradation of viral RNA and subsequent viral-induced
changes in host gene expression, including cytokines.
CBD treatment significantly inhibits SARS-CoV-2
replication in mice
As several agents including cationic amphipathic drugs block
SARS-CoV-2 replication in cultured cells but not in vivo (26), we
determined whether CBD reduces viral titer in female K18-hACE2
mice (27). Mice were injected intraperitoneally twice daily with CBD
7 of 18
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Table 1. Induction of PERK, IRE1, or ATF6 gene expression and function in response to CBD and/or SARS-CoV-2 virus. RNA-seq gene expression data are
used for GSEA on three GO terms: “PERK-mediated UPR,” “IRE1-mediated UPR,” and “ATF6-mediated UPR” (GO numbers 36498, 36499, and 36500). Normalized
enrichment score is shown under the “GSEA NES” (gene set enrichment analysis normal enrichment score) column (higher score = more enrichment). Fold
change for transcriptional expression differences between PERK, IRE1, and ATF6 is shown for each comparison under the “RNA-seq fold change” column.
Comparison

UPR branch

GSEA NES

RNA-seq fold change

PERK

1.43

2.46

IRE1

1.38

2.29

ATF6

ND*

1.40

CBD versus mock

Virus versus mock

CBD + virus versus mock

PERK

1.92

1.85

IRE1

Not enriched

2.67

ATF6

ND*

0.91

PERK

1.45

3.24

IRE1

1.44

2.76

ATF6

ND*

1.24

*ND, not determined because of not enough genes to get reliable values.

CBD is negatively associated with indications of
SARS-CoV-2 infection in patient medical records
Given that high-purity CBD preparations are taken by a large number
of individuals, we examined whether medication records of CBD
prescriptions or use are associated with indications of SARS-CoV-2
infection (i.e., positive COVID-19 tests and/or COVID-19 diagnoses
proximal to COVID-19 tests). An oral solution of CBD (100 mg/ml)
(CBD100) is often used for the treatment of seizures (see the Patient
Data Analysis Supplement). Analysis of 1212 patients from the
National COVID Cohort Collaborative (N3C) (28) with a history of
seizure-related conditions and a medication record of CBD100 revealed
6.2% (75 patients) with an indication of SARS-CoV-2 infection
proximal to the dates of their first COVID-19 test in their N3C data.
This was a significantly lower rate than the rates of matched control
groups of patients that did not have any CBD100 records [e.g., 6.2%
for CBD100 patients compared to 8.9% for non-CBD100 patients,
P = 0.014; multivariable logit model odds ratio (OR) of 0.65, P =
0.009, 95% confidence interval (CI) (0.47 to 0.90)]. The demographics and medical history of the CBD100 patients were similar to
those of the matched control group. The medical condition history
for these patients included seizure-related conditions, the Centers for
Disease Control (CDC) list of at-risk conditions (29) and other potential confounders such as conditions of reduced mobility, chronic
pain, or developmental disabilities that can limit public interaction
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)

23 February 2022

and COVID-19 exposure. The negative association was even more significant in analyses of a subgroup of 531 CBD100 patients who were
likely taking CBD100 on the dates of their first COVID-19 tests [e.g.,
4.9% among these CBD100 patients compared to 9.0% among 531 matched
controls, P = 0.011; OR = 0.48, P = 0.006, 95% CI (0.29,0.81)] (Fig. 9
and table S4 in the Patient Data Analysis Supplement, which describes the patient data analysis methods and findings in detail).
DISCUSSION

Our results suggest that CBD and its metabolite 7-OH-CBD can
block SARS-CoV-2 infection at early and even later stages of infection. The mechanism appears to be mediated, in part, by activation
of the IRE1 RNase and interferon pathways. In addition to these
cell-based findings, preclinical studies show that CBD treatment reduced viral titers in the lungs and nasal turbinates of SARS-CoV-2–
infected mice. Last, analysis of a national sample of patients with
active records of CBD100 consumption at the time of COVID testing revealed an association with substantially fewer SARS-CoV-2–
positive test results. This negative association was robust to many
sensitivity analyses, including changes in the matching and outcomes
models, and merits further research into the potential of CBD to
combat SARS-CoV-2 infection, such as validation in other large,
multisite electronic health record datasets or prospective experimental designs.
One mechanism contributing to the antiviral activity of CBD is
the induction of the interferon pathway both directly and indirectly
following activation of the host immune response to the viral pathogen.
Interferons have been tested clinically as potential treatments for
COVID-19 (30). When hyperactivated by severe ER stress, IRE1’s
RNase activity leads to the endonucleolytic decay of many ER-localized
mRNAs [regulated IRE-1 dependent decay (RIDD)] and subsequent
activation of RIG-I (retinoic acid-inducible gene I) and interferons
(18). Although SARS-CoV-2 induces the kinase activity of IRE1, it
does not activate its RNase activity as monitored by XBP1 splicing.
Thus, the RNase activity of IRE1 induced by CBD can potentially
account for both the degradation of viral RNA and the induction of
interferons by the RNA fragments. Further investigation will be
8 of 18
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(20 or 80 mg/kg) for 7 days before intranasal challenge with
SARS-CoV-2 [2 × 104 plaque-forming units (PFU)]. After the
challenge, administration of CBD continued twice daily for an
additional 4 days (Fig. 8A). CBD treatment significantly inhibited
viral replication in lungs and nasal turbinates at day 5 after infection
in a dose-dependent manner (Fig. 8, B and C). The lower dose of
CBD reduced viral load by 4.8-fold in lungs and 3.7-fold in nasal
turbinates, while the higher dose decreased viral titers by 40- and
4.8-fold in lungs and nasal turbinates, respectively. During this
period, the mice showed no signs of clinical disease, and their body
weights were not significantly changed (Fig. 8D). These results
establish the preclinical efficacy of CBD as an antiviral drug for
SARS-CoV-2 during early stages of infection.
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Fig. 7. CBD promotes host cell interferon responses and inhibits viral induction of cytokines. (A) Heatmap of fold change (log2) of genes from the Interferon Response Canonical Pathway for all virus- or CBD-treated samples compared to mock-treated samples. Columns 1 to 3 use samples from the RNA-seq experiment on CBD
and SARS-CoV-2. Columns 4 to 6 use samples from the RNA-seq experiment on CBDV and SARS-COV-2. (B) Heatmap of normalized expression levels of GO Cytokine Activity genes that were up-regulated by the viral infection but down-regulated by CBD treatment for all RNA-seq samples from the experiment on CBD and SARS-CoV-2.
(C) Heatmap of the normalized expression levels of the same genes for all RNA-seq samples from the experiment on CBDV and SARS-CoV-2. (D) A549-ACE2 cells were
treated with 2.5 M vehicle or CBD with or without Human IFN- Antibody and Human Type I IFN Neutralizing Ab Mixture at 2 hours before infection. Cells were then infected with 0.5 MOI SARS-CoV-2 and incubated for 24 hours, and active virus was measured using a plaque assay. The results are representative of three independent
experiments. PFU, plaque-forming units.

required to determine whether both antiviral effects of CBD are
linked to the ER stress response. CBD also suppresses cytokine
activation in response to viral infection, reducing the likelihood of
immune cell recruitment and subsequent cytokine storms within the
lungs and other affected tissues. These results complement previous
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)

23 February 2022

findings suggesting that CBD suppresses cytokine production in recruited immune cells such as macrophages (31). Thus, CBD has to
the potential not only to act as an antiviral agent at early stages of
infection but also to protect the host against an overactive immune
system at later stages.
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CBD has a number of advantages as a potential preventative agent
against SARS-CoV-2. CBD as a food additive with THC content less
than 0.3% is widely available without restricted access. With proper
formulation, quality control, and delivery, CBD could be used prophylactically in contrast to recent antiviral drugs. Multiple means of
CBD ingestion are possible, including potential for inhalation and
nasal delivery. CBD blocks viral replication after entry into cells and
thus is likely to be effective against viral variants with mutant spike
proteins. Unlike drugs such as remdesivir or antiviral antibodies,
CBD administration does not require injection in hospital settings.
Last, CBD is associated with only minor side effects (32).
However, several issues require close examination before CBD
can be considered further or even explored as a therapeutic lead for
COVID-19 (12). Although many CBD and CBD-containing products
are available on the market, they vary vastly in quality, CBD content,
and their pharmacokinetic properties after oral administration, which
are mostly unknown. CBD is quite hydrophobic and forms large
micellar structures that are trapped and broken down in the liver,
thereby limiting the amount of drug available to other tissues after
oral administration. Inactive carriers and formulation adjuvants have
a significant impact on clinically obtainable concentrations. As CBD
is widely sold as a preparation in an edible oil, we analyzed flavored
commercial hemp oils and found a CBD content of only 0.30% in a
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)

23 February 2022

representative sample (fig. S22). The purity of CBD and the chemical
composition of the materials labeled as CBD are also important,
especially in light of our findings suggesting that other cannabinoids
such as THC might act to counter CBD antiviral efficacy. This
essentially eliminates the feasibility of marijuana serving as an
effective source of antiviral CBD, in addition to issues related to its
legal status. Last, other means of CBD administration such as
vaping and smoking raise additional concerns about potential
lung damage.
Future studies to explore the optimal means of CBD delivery to
patients along with clinical trials will be needed to further evaluate
the promise of CBD as a therapeutic to block SARS-CoV-2 infection.
Our animal studies provide preclinical support for evaluation of
CBD as an anti–SARS-CoV-2 therapeutic agent in clinical trials. We
advocate carefully designed placebo-controlled clinical trials with
known concentrations and highly characterized formulations to define
CBD’s role in preventing and treating early SARS-CoV-2 infection.
The necessary human in vivo concentration and optimal route and
formulation remain to be defined. We strongly caution against the
temptation to take CBD in presently available formulations including
edibles, inhalants, or topicals as a preventative or treatment therapy
at this time, especially without the knowledge of a rigorous randomized clinical trial with this natural product (33).
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Fig. 9. CBD100 medication records in patients are significantly associated with less COVID-19 positivity. Schematic showing derivation of our main analysis sample
and CBD patient groups obtained from the National COVID Cohort Collaborative (N3C). Successive analyses of patient subsets are illustrated. The final panel shows associations between having a CBD100 medication record on the date of their first COVID-19 test and COVID-19–positive status among matched control groups of increasing
size (i.e., 1-to-1, 2-to-1, and 3-to-1 ratios of controls to CBD patients). A mismatched covariate has a standardized mean difference greater than 0.10 and a two-sided
Fisher’s exact test P value of less than 0.05 when comparing its distribution between the CBD patients and their matched controls. AUC refers to area under the receiver
operating characteristic curve. Detailed information regarding the patient data analysis methods and findings is in the Patient Data Analysis Supplement.

MATERIALS AND METHODS

Study design
The goal of this study was to determine whether CBD, a natural
product extracted from the cannabis plant, has the potential to
inhibit infection of cells by SARS-CoV-2. To this end, we utilized
three different human or monkey cell lines. We tested four independent preparations of CBD from chemical as well as natural sources
and also tested related cannabinoid compounds and metabolites.
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)
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We used RNA-seq analysis to demonstrate that CBD, in contrast to
the inactive cannabinoid CBDV, effectively eliminated SARS-CoV-2
viral RNA from infected cells, activated the ER stress response and
XBP1 splicing, induced expression of the interferon pathway, and
suppressed viral induction of cytokines. We demonstrated using
IRE1 knockout cells and anti-interferon blocking antibodies that
both IRE1 and interferons contribute to the antiviral activity of CBD.
Last, using medical records for groups of human patients from the
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N3C under appropriate institutional review board (IRB) protocols,
we analyzed the association of patients taking CBD with their risk of
testing positive for SARS-CoV-2. Statistics are provided in the corresponding figures and in methods.

calculated. Data were analyzed and plotted using GraphPad Prism,
and EC50 values were extracted from nonlinear fit of response curves.

Nguyen et al., Sci. Adv. 8, eabi6110 (2022)
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Crystal violet toxicity assay
Cells were treated with varying concentrations of different compounds
in 2% DMEM starting at 10 M and going down by one-half for
Materials, cells, and viruses
High-purity CBD was acquired from two chemical companies or six more dilutions. Cells were incubated with the drug for 48 hours.
two online commercial sources. 7-OH-CBD was purchased from Cells were fixed with 10% formalin solution for 30 min. Then, they
Cerilliant Corporation (Round Rock, TX). All commercial compounds were stained with 1% crystal violet solution for 30 min after which
used were validated by NMR as described below. Cannabinoid- plates were dried and the amount of crystal violet staining was asinfused hemp oil containing more than 1500-mg cannabinoids sessed by measuring absorbance at 595 nm on a Tecan M200 plate
was from Bluebird Botanicals (Louisville, CO, USA). Hemp extract reader. Absorbance readings were normalized to those of the confrom C. sativa biomass was from Hopsteiner Ltd. (Yakima, Washington, trol wells not treated by the drug to measure the differences in cell
USA). Low-CBD hemp oil was obtained from an online commercial growth with or without the drug treatment.
source. A549-ACE2 cells were provided by tenOever and colleagues
(24). Vero E6 and Calu3 cells were purchased from the American Spike protein and antibody neutralizing assay
Type Culture Collection (ATCC). SARS-CoV-2 [novel coronavirus A549-ACE2 cells were treated with 10 M CBD either 2 hours be(nCoV)/Washington/1/2020] was provided by N. Thornburg (CDC) fore infection or 2, 6, or 15 hours after infection. Cells were infected
via the World Reference Center for Emerging Viruses and Arbo- with an MOI of 0.5 for 2 hours. Then, the infection medium was
viruses (Galveston, TX) and from BEI Resources for the in vivo replaced with a medium containing CBD or dimethyl sulfoxide
studies. SARS-CoV-2 variants were provided by BEI Resources. The (DMSO), and the samples were incubated at 37°C for 16 hours. In
 variant is BEI number NR-54000, isolate hCoV-19/England/ one experiment when CBD was added 2 hours after infection, infec204820464/2020 sourced from Public Health England. The  variant tion medium was replaced with CBD or DMSO and neutralizing
is BEI number 54009, B.1.351(20H/501Y.V2) sourced from the antibody (Active Motif 001414). After 16 hours, the samples were
Africa Health Research Institute. The  variant is BEI number fixed with 10% formalin and underwent immunohistochemistry for
54982, isolate hCoV-19/Japan/TY7-503/2021 sourced from the spike protein. Neutralizing antibody efficiency was tested by incuJapan National Institute of Infectious Disease. Viral stocks were bating 400 PFU of virus with or without 100 nM antibody at 37°C
made by two passages in Vero E6 cells, and stock titers were for 1 hour. Then, A549-ACE2 cells were infected with the mixture for
determined by limiting dilution plaque titer on VeroE6 cells (de- 16 hours. Spike-positive cells were quantified as described above.
scribed below).
Interferon antibody neutralizing assay
A549-ACE2 cells were treated with 2.5 M CBD, Human IFN-
SARS-CoV-2 infection assay
All SARS-CoV-2 infections were performed in biosafety level 3 con- Antibody (1 g/ml) (MAB285-100), and 1:25 dilution of Human
ditions at the Howard T. Rickett Regional Biocontainment Labora- Type I IFN Neutralizing Ab Mixture (PBL Assay Science, 39000-1)
tory, University of Chicago. In vivo infections were performed in 2 hours before infection. Cells were then infected with 0.5 MOI
animal biosafety level 3 conditions at the Center for Predictive and incubated for 24 hours, after which supernatants were colMedicine for Biodefense and Emerging Infectious Diseases, the lected and active virus was measured using the plaque assay deUniversity of Louisville Regional Biocontainment Laboratory. Cells scribed above.
in Dulbecco’s modified Eagle’s medium (DMEM) + 2% fetal bovine
serum (FBS) were treated with CBD or other inhibitors or 2 hours Generation of IRE1 knockout cells by CRISPR-Cas9
with twofold dilutions beginning at 10 M in triplicate for each assay. Lentivirus stocks were by using lentiCRISPR v2 (Addgene) with
A549-ACE2 cells were infected with an MOI (multiplicity of infec- single guide RNA targeting IRE1 sequence (CGGTCACTCACtion) of 0.5 in media containing the appropriate concentration of CCCGAGGCC). The infected A549-ACE2 cells were polyclonally
drugs. Vero E6 cells were infected with an MOI of 0.1 in media con- selected and maintained using medium supplemented with purotaining the appropriate concentration of drugs. After 48 hours, mycin (4 g/ml) for 1 week.
the cells were fixed with 3.7% formalin, blocked, and probed with
mouse anti-spike antibody (GTX632604, GeneTex) diluted 1:1000 Description of the cannabinoids
for 4 hours, rinsed, and probed with anti-mouse–horseradish peroxi- CBD can be procured by isolating CBDA from C. sativa plant material
dase for 1 hour, washed, and then developed with 3,3′-diaminobenzidine and then inducing chemical decarboxylation or via decarboxylation
substrate for 10 min. Spike-positive cells (n > 40) were quantified by of cannabinoids contained in raw plant material or extract and sublight microscopy as blinded samples. Viral titers were determined sequent isolation of CBD. CBDV is a naturally occurring CBD
by plaque assay. Briefly, a monolayer of E6 cells is infected with a homolog that has an n-propyl in place of CBD’s n-pentyl side chain.
series of serial dilutions of virus sample for 1 hour at 37°C. The viral CBG, in the form of cannabigerolic acid, is the metabolic precursor
inoculum is then removed and replaced by a minimum essential to both tetrahydrocannabidiolic acid and CBDA in C. sativa. THC
medium overlay containing 1.25% carboxymethyl cellulose. Cells is a cyclized congener of CBD that is obtained after tetrahydroare incubated for 72 hours after which overlay medium is removed, cannabinolic acid decarboxylation. THC is present in C. sativa
and cells are fixed with 10% formalin and stained with 0.25% crystal in both 9-cis and 9-trans stereoisomers. CBC, in the form of
violet solution. Plaques are counted in the dilution well with be- cannabichromenic acid, represents a third possible cannbigerolic acid
tween 10 and 100 plaques, and original concentration of viral sample is metabolite with a chromene ring in the geranyl residue.
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NMR data acquisition and processing and qNMR evaluation
The NMR spectra were acquired on Jeol 600 ECZ-600R (with HFX
Royal RT probe) and Bruker 600 Avance III (13C direct He cryogenic
probe) two-channel spectrometers. For qHNMR measurements,
time domain was set to 64k, relaxation delay (D1) was 60 s, and
90° excitation pulses were used for a total of 32 signal-averaged
scans. The receiver gain (RG) was 32 for all samples, except for
one mass-limited sample < 1 mg (RG = 101) and the large-quantity
hemp oil sample (RG = 2; 15° excitation pulse used). Determination
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)
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of sample purity and CBD content in hemp oil by qNMR was performed using the 100% qNMR approach and openly published worksheets (https://gfp.people.uic.edu/qnmr/content/qnmrcalculations/
100p.html). The qNMR purity of all CBD samples was >97% including foreign impurities, and no cannabinoid congeners could be
detected at levels above 1.0%. Using the absolute qHNMR method
with IC (IC abs-qNMR), the content of CBD in hemp oil was determined as 0.30%.
Pseudotyped lentivirus production
293 T and 293 T–ACE2 cells were cultured in DMEM (Corning,
10017CV) with 1× sodium pyruvate (Gibco, 11360070) and 10% FBS
(HyClone, SH30910). Lentivirus particles pseudotyped with
SARS-CoV-2 (Wuhan-Hu-1) spike protein or VSV-G were generated as described (19). Briefly, 293 T cells were transfected using
TransIT-LT1 (Mirus) with third-generation lentivirus packaging
vectors (HDM-Hgpm2, HDM-tat1b, and pRC-CMV-Rev1b), transfer vector (pHAGE-CMV-ZsGreen-W) and either SARS-CoV-2
spike (HDM-IDTSpike-fixK) or VSV-G (HDH-VSVG). Supernatants
collected at 36 and 60 hours after transfection were pooled,
syringe-filtered, and frozen in single-use aliquots at −80°C. All
plasmids used for lentivirus production were provided by J. Bloom
(University of Washington, Seattle).
Pseudovirus binding assay
293 T–ACE2 cells were seeded at 1.2 × 104 cells per 96 wells in
black-wall, clear-bottom plates. The next day, twofold dilutions of
CBD stock (10 mM) were prepared in DMSO, followed by 1:1000
dilutions in either complete DMEM or pseudovirus preparation.
SARS-CoV-2 spike pseudovirus was used undiluted, while VSV-G
pseudovirus was diluted 1:1500 in complete DMEM. Cells and
pseudovirus were pretreated with CBD dilutions for 2 hours and
1 hour at 37°C, respectively. Cells were infected with pseudovirus
for 72 hours, fixed with 4% paraformaldehyde, stained with a nuclear
marker (Hoechst 33342, Thermo Fisher Scientific, H3570) and
imaged. 293 T–ACE2 cells were supplied by J. Bloom (University of
Washington, Seattle).
Pseudovirus neutralization assay
293 T or 293 T–ACE2 cells were seeded at 1.2 × 104 cells per 96 wells
in black-wall, clear-bottom plates. The next day, SARS-CoV-2 spike
neutralizing antibody (Sino Biological, 40592-R001) was diluted in
complete DMEM to a starting final concentration of 300 ng/100 l
per 96 wells, followed by subsequent threefold dilutions. The neutralizing antibody was incubated with pseudovirus for 1 hour at 37°C.
Cells were infected with pseudovirus with or without neutralizing antibody for 72 hours, fixed with 4% paraformaldehyde, stained
with nuclear marker Hoechst 33342, and imaged.
Protease inhibition assay
Assays were performed in duplicate at room temperature in 96-well
black plates at 25°C. Reactions containing varying concentrations
of inhibitor (10 or 50 M) and 3CLpro enzyme (0.4 M) or PLpro
enzyme (0.3 M) in tris-HCl (pH 7.3) and 1 mm EDTA were incubated for approximately 5 min. 3CLpro reactions were then initiated
with TVLQ-methyl-amino coumarin (AMC) probe substrate (40 M),
and PLpro reactions were initiated with LKGG-AMC probe substrate (40 M). The reaction plate was shaken linearly for 5 s and
then measured for fluorescence emission intensity (excitation ,
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Acquisition, isolation, and characterization of cannabinoids
In the present study, purification of CBD from natural sources used
(i) cannabinoid-infused hemp oil containing 1500+-mg cannabinoids
in medium-chain triglycerides per fluid ounce, manufactured by
Bluebird Botanicals (Louisville, CO, USA) and (ii) hemp extract
prepared by supercritical fluid extraction (SFE) with CO2 from
C. sativa biomass qualifying as hemp, manufactured by Hopsteiner
Ltd. (Yakima, WA, USA) with a 54.7% total content of CBD, calculated as CBD + CBDa × 0.877. Typical purities of these CBD preparations are in the 90 to 97% range including foreign impurities (e.g.,
residual solvent) determined by quantitative 1H NMR (qHNMR).
Details of the purification and structure analysis methodologies are
detailed in a concurrent publication, which is currently in press
(Journal of Natural Products). In brief, the methodologies can be
summarized as follows:
Purification procedure
CBD, CBC, CBG, 9-trans-THC, 9-cis-THC, and CBDV were isolated from the hemp oil and CBDA from the crude hemp SFE
extract, using centrifugal partition chromatography, a countercurrent
separation technique, and a biphasic liquid-liquid solvent system.
Structure elucidation methodology
The identities of the commercially sourced CBD and other cannabinoid samples were verified by one-dimensional (1D) 1H NMR analysis, performed as qNMR measurement, via comparison with an
authentic HiFSA profile of CBD as published (12). In addition to an
overall excellent match of the profiles, the highly coupled fingerprint
signal of H-4”ax served as a highly specific identity marker. The
structures of the cannabinoids that were sourced commercially or
purified from the natural sources were established by a combination
of 1D/2D NMR and liquid chromatography–high-resolution mass
spectrometry analysis, taking into account reference data from
the literature.
NMR sample preparation
For commercial samples supplied as solution, the solvent was removed carefully in vacuo and 450 l of deuterated methanol
(MeOH-d4) added to the residue using a precision syringe. The
solution was transferred into a 5-mm NMR tube with a glass pipette,
the vial was rinsed three times with 25 l of solvent, and the rinsing
solution was transferred into the same NMR tube, for a final volume
of 525 l. Commercial and isolated samples available as solids were
directly weighed into a 5-mm NMR tube, and 500 l of solvent
was added with a precision syringe. For analysis of the commercial
hemp oil preparation, 10 drops (0.25 ml equivalent to 14 to
15 drops) was added into the 5-mm NMR tube directly. The net
weight of hemp oil in the NMR tube was 198.50 mg, determined
on a 0.01-mg precision balance, and 0.90 mg of dinitrobenzoic acid
was added as an internal calibrant for internal calibration (IC)–
qHNMR; 325 l of CDCl3 and 10 l of CD3OD were added, and the
tube was flame-sealed.
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364 nm; emission , 440 nm) over time (1 min to 3 hours) on a
Synergy Neo2 Hybrid). Each assay contained two to three positive
control wells (DMSO) and two negative control wells (assay components without protease). Data were normalized to the positive control wells at 3 hours, which were assigned an arbitrary value of 100.
Immunoblotting
A549-ACE2 cells were treated with CBD, treated with vehicle (DMSO)
only, or left untreated for 24 hours. Cells were first washed with
ice-cold phosphate-buffered saline (PBS). Whole-cell extraction
were prepared by directly lysing cells with Laemmli sample buffer
(Bio-Rad, 1610747) supplemented with protease inhibitor (Roche,
4693159001), phenylmethylsulfonyl fluoride (Roche, 10837091001),
and phosphatase inhibitor (GB-450) at 4°C. Protein samples
were lastly boiled at 98°C for 5 min. Western blotting was performed using antibodies for ACE2 (Abcam, 108252) and -tubulin
(Invitrogen, MA1-19401) for control. For validations of IRE1
knockout in A549-ACE2, cells, antibodies for IRE1 (Cell Signaling
Technology, 3294S) and glyceraldehyde-3-phosphate dehydrogenase
(Cell Signaling Technology, 5174S) were used. Blots were imaged
and quantified using Li-COR Odyssey Fc.
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Quantitative reverse transcription polymerase
chain reaction
Complementary DNA (cDNA) was synthesized from RNA samples
using the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, 4368813). cDNA samples were diluted in molecular
biology–grade water, and qRT-PCR experiments were performed
on a Roche LightCycler 96 Instrument using the Applied Biosystems
PowerUp SYBR Green Master Mix (Thermo Fisher Scientific,
A25776). Results were analyzed by the Roche LightCycler 96 Software. Ribosomal protein L13a (RPL13A) was used as a reference
gene. The following primer pairs were used:
ERN1, CCGAACGTGATCCGCTACTTCT (forward) and
CGCAAAGTCCTTCTGCTCCACA (reverse); EIF2AK3, GTCCCA
AGGCTTTGGAATCTGTC (forward) and CCTACCAAGACAGGAGTTCTGG (reverse); ATF6, CAGACAGTACCAACGCTTATGCC
(forward) and GCAGAACTCCAGGTGCTTGAAG (reverse); IFIT1,
GCCTTGCTGAAGTGTGGAGGAA (forward) and ATCCAGGCGATAGGCAGAGATC (reverse); IFIT3, CCTGGAATGCTTACGGCAAGCT (forward) and GAGCATCTGAGAGTCTGCCCAA
(reverse); ISG15, CTCTGAGCATCCTGGTGAGGAA (forward)
and AAGGTCAGCCAGAACAGGTCGT (reverse); OAS1, AGGAA
AGGTGCTTCCGAGGTAG (forward) and GGACTGAGGAAGACAACCAGGT (reverse);
SOCS1, TTCGCCCTTAGCGTGAAGATGG (forward) and
TAGTGCTCCAGCAGCTCGAAGA (reverse); alternatively, spliced
XBP1, GCTGAGTC CGCAGCAGGT (forward) and CTGGGTCCAAGTTGTCCAGAAT (reverse); total XBP1, TGAAAACAGAGTAGCAGCTCAGA (forward) and CCCAAGCGCTGTCTTAACTC
(reverse); and RPL13A, CTCAAGGTGTTTGACGGCATCC (forward)
and TACTTCCAGCCAACCTCGTGAG (reverse).
Clustering of variable genes
The top 5000 most variable genes were selected, and the normalized
gene expression data were analyzed by the Morpheus software
(https://software.broadinstitute.org/morpheus). K-means clustering
with six clusters was applied to the gene expression data of the
RNA-seq experiment involving CBD and SARS-CoV-2, and K-means
clustering with five clusters was applied to the gene expression data
of the RNA-seq experiment involving CBDV and SARS-CoV-2. For
each gene, the normalized expression values of all samples were
transformed by subtracting the mean and dividing by the SD.
The transformed gene expression values were used to generate
the heatmap.
XBP1 splicing assay
qRT-PCR was used to quantify relative expression of spliced version
of XBP1 (XBP1s) using specific pairs of primers for human alternatively spliced XBP1 and total XBP1 (primer sequences are described
above) as previously described (40). Relative percentage of alternative splicing of XBP1 (%XBP1s) was indicated by calculating the
ratio of signals between XBP1s and total XBP1.
Ingenuity Pathway Analysis
Expression data (log2 fold change) and predicted activation status
of genes were overlaid onto the interferon signaling pathway and
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RNA sequencing
Lung alveolar A549 cells were stably overexpressed with human
ACE2 protein and seeded at 10,000 cells per well in a 96-well plate.
CBD or vehicle was added together to the cells. CBD (Cayman
Chemical, 90080) was dissolved in a 10 mM stock solution with
DMSO (100 ml; Sigma-Aldrich, D2650). The final concentration of
CBD was 10 M. The virus stock was then removed and replaced
with fresh 2% FBS-DMEM media with drug. The cells were incubated for another 24 hours before total RNA extraction using the
NucleoSpin 96 RNA kit (Takara Bio, 740709). Three independent
biological replicates were performed per experimental condition,
with 12 total RNA samples. RNA sample quality check, library construction, and sequencing were performed by the University of
Chicago Genomics Facility following standard protocols. The average
RNA Integrity Score was 8.9. All 12 samples were sequenced in two
runs by a NovaSeq 6000 sequencer to generate paired-end 100–base
pair reads. For each sample, the raw FASTQ files from two flow cells
were combined before downstream processing. CBDV was isolated
from the hemp oil as described above, and identical studies as those
described above with CBD were performed. The average RNA
Integrity Score for the CBDV samples was also 8.9.
RNA-seq data for both CBD and CBDV-treated cells were analyzed separately using a local Galaxy 20.05 instance for the following steps (34). Quality and adapter trimming were performed on
the raw sequencing reads using Trim Galore! 0.6.3 (35). The reads
were mapped to both the human genome (UCSC hg19 with
GENCODE annotation) and the SARS-COV-2 genome (NCBI
Assembly ASM985889v3 with Ensembl annotation) using RNA
STAR 2.7.5b (36). The resulting mapped reads from each sample
were counted by featureCounts 1.6.4 (37) to generate per-gene read
counts. The raw counts were analyzed for differential expression
between experimental conditions using DESeq2 1.22.1 (38), which
also generated a normalized gene expression matrix and a PCA plot
of the samples.
The number of alternatively spliced XBP1 reads was counted by
Integrative Genomics Viewer 2.9.4 (39) using aligned reads data
from RNA STAR (see above). The total number of XBP1 reads was

counted by featureCounts as above. For each sample, the relative
XBP1 splicing was determined by dividing the reads containing the
alternative splicing site by the total XBP1 reads.
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the ER stress pathway maps using Ingenuity Pathway Analysis (IPA).
Figures were generated through the use of IPA (QIAGEN Inc).
Normalized gene expression values or fold change (log2) of genes
were analyzed by the Morpheus software. For each gene, the normalized expression values of all samples were transformed by subtracting
the mean and dividing by the SD. The transformed gene expression
values were used to generate the heatmaps. IPA-predicted activation
z scores of relevant pathways from the RNA-seq data were also
graphed by the Morpheus software.

CBD treatment and SARS-CoV-2 challenge in mice
Nine- to 11-week-old female K18-hACE2 mice (27) were purchased
from The Jackson Laboratory (stock no. 034860). Following acclimation, mice received CBD treatment (20 or 80 mg/kg) via twice
daily intraperitoneal injection in a volume of 0.1 ml. The injection
solution was prepared immediately before each treatment. First, the
CBD powder from supplier D was dissolved in 100% ethanol. Then,
the CBD solution was mixed with Cremophor EL (Millipore Sigma,
238470), followed by PBS solution at a ratio of 1:1:18. The vehicle
injection solution was prepared by mixing 100% ethanol, Cremophor
EL, and PBS at a 1:1:18 ratio. For each injection, the final amount of
CBD was either 20 or 80 mg/kg of mouse body weight depending on
treatment group. Control groups were treated with vehicle only or
received no treatment. Following 7 days of treatment, all animals
were anesthetized and challenged with 2 × 104 PFU of SARS-CoV-2
(nCoV/Washington/1/2020) via intranasal instillation in a volume
of 0.05 ml. After challenge, CBD treatment continued twice daily
for an additional 4 days. Mice were also monitored twice daily for
the development of clinical disease. Body weights were measured
once daily. Five days following virus challenge, all animals were
humanely euthanized, and the nasal turbinate and lung tissue were
collected. Tissues were homogenized in sterile PBS using a handheld
Nguyen et al., Sci. Adv. 8, eabi6110 (2022)
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SARS-CoV-2 virus titration from mouse tissues by
TCID50 assay
Vero E6 cells (ATCC no. CRL-1586) were seeded at a density of
20,000 cells per well into 96-well flat-bottomed tissue culture plates
(Nunc) and incubated overnight at 37°C with 5% CO2 and humidity.
Homogenized tissues were centrifuged at 8000 rpm for 10 min at
4°C, and the supernatant was collected and serially diluted 10-fold
(up to 10−7) in viral growth medium (DMEM containing 5% FBS
and 1% antibiotic/antimycotic solution). After overnight incubation,
the cell plates were washed twice with PBS, and the serial dilutions
were added to each well in quadruplicate. The plates were further
incubated at 37°C in a humidified incubator with 5% CO2. After
3 days, cells were stained with 0.1% crystal violet containing 10%
neutral-buffered formalin and scored for cytopathic effect development. The median tissure culture infectious dose (TCID50) was
calculated as per Reed and Muench method (44) and corrected for
per-gram weight of each lung homogenate. All animal work was
approved by the University of Louisville Institutional Animal Care
and Use Committee. All work with live SARS-CoV-2 was approved
by the University Institutional Biosafety Committee and conducted
within biosafety level 3 containment.
Analysis of patient data
All patient data analysis was approved by the N3C and the University
of Chicago Biological Sciences Division IRB (IRB21-0591), which
granted a waiver of consent because the identities of the study participants cannot readily be ascertained by the investigators, the
investigators do not contact the participants, and the investigators will
not reidentify participants. A detailed description of the patient
data analysis methods and findings is in the Patient Data Analysis
Supplement.
Statistical analysis
Data are shown as means ± SD. For RNA-seq differential expression
analysis, DESeq2 version 1.22.1 was used with a minimum false
discovery rate–corrected P value (q value) significance threshold of
0.01 for the RNA-seq experiment involving CBD and SARS-CoV-2
and a threshold of 0.05 for the RNA-seq experiment involving CBDV
and SARS-CoV-2. For GSEA, Metascape was used with a minimum
P-value significance threshold of 0.05. For EC50 calculations of drug
treatments, GraphPad Prism software was used with a nonlinear
curve fit with four parameters. Prism was also used for unpaired
t tests, and one-way ANOVA with statistical significance was defined as P < 0.05. For the patient data statistical analysis methods,
please refer to the “Statistical analysis” section of the Patient Data
Analysis Supplement.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi6110
View/request a protocol for this paper from Bio-protocol.
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Gene set enrichment analyses
To identify themes across the six clusters, functional GSEAs for the
genes in each cluster were performed using Metascape (41). The
following categories were selected for the enrichment analyses: Gene
Ontology (GO) Molecular Functions, Kyoto Encyclopedia of Genes
and Genomes (KEGG) Functional Sets, GO Biological Processes,
Canonical Pathways, and KEGG Pathway. Additional parameters
for Metascape: minimum overlap = 3, P cutoff = 0.05, minimum
enrichment = 1.5. To identify gene sets in which activities were
reversed by CBD with viral infection, the input gene list includes
genes significantly down-regulated by the virus [differential expression comparing vehicle-infect (veh_infect) versus vehicle-mock
(veh_mock), q-value cutoff of 0.01], while also significantly up-
regulated by CBD (differential expression comparing CBD_infect
versus veh_infect, q-value cutoff 0.01). A second list includes genes
significantly up-regulated by the virus (differential expression comparing veh_infect versus veh_mock) while also significantly down-
regulated by CBD (differential expression comparing CBD_infect
versus veh_infect). GSEAs were performed on these two lists of
genes using the same Metascape method. The same analyses were
also performed on the differential expression data from RNA-seq
experiments involving CBDV and SARS-CoV-2 with a q-value cutoff
of 0.05. GSEA v4.1.0 was used to perform specific GSEAs on GO
terms PERK-mediated UPR and IRE1-mediated UPR using the
differential expression data from the RNA-seq experiment involving
CBD and SARS-CoV-2 (42, 43).
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