
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Antiviral Research 186 (2021) 105012

Available online 8 January 2021
0166-3542/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

The rocaglate CR-31-B (− ) inhibits SARS-CoV-2 replication at 
non-cytotoxic, low nanomolar concentrations in vitro and ex vivo 

Christin Müller a,c, Wiebke Obermann b, Nadja Karl a, Hans-Guido Wendel d, 
Gaspar Taroncher-Oldenburg e, Stephan Pleschka a,c, Roland K. Hartmann b, 
Arnold Grünweller b,*, John Ziebuhr a,c 

a Institute of Medical Virology, Justus Liebig University Giessen, Schubertstrasse 81, 35392, Giessen, Germany 
b Institute of Pharmaceutical Chemistry, Philipps University Marburg, Marbacher Weg 6, 35032, Marburg, Germany 
c German Center for Infection Research (DZIF) at the Partner Site Giessen-Marburg-Langen, Germany 
d Cancer Biology and Genetics Program, Memorial Sloan Kettering Cancer Center, New York, NY, 10023, USA 
e Gaspar Taroncher Consulting, Philadelphia, PA, 19119, USA   

A R T I C L E  I N F O   

Keywords: 
Rocaglate 
SARS-CoV-2 
COVID-19 
Antiviral activity 
eIF4A 
Translation initiation 

A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of COVID-19, a severe 
respiratory disease with varying clinical presentations and outcomes, and responsible for a major pandemic that 
started in early 2020. With no vaccines or effective antiviral treatments available, the quest for novel therapeutic 
solutions remains an urgent priority. Rocaglates, a class of plant-derived cyclopenta[b]benzofurans, exhibit 
broad-spectrum antiviral activity against multiple RNA viruses including coronaviruses. Specifically, rocaglates 
inhibit eukaryotic initiation factor 4A (eIF4A)-dependent mRNA translation initiation, resulting in strongly 
reduced viral RNA translation. Here, we assessed the antiviral activity of the synthetic rocaglate CR-31-B (− ) 
against SARS-CoV-2 using both in vitro and ex vivo cell culture models. In Vero E6 cells, CR-31-B (− ) inhibited 
SARS-CoV-2 replication with an EC50 of ~1.8 nM. In primary human airway epithelial cells, CR-31-B (− ) reduced 
viral titers to undetectable levels at a concentration of 100 nM. Reduced virus reproduction was accompanied by 
substantially reduced viral protein accumulation and replication/transcription complex formation. The data 
reveal a potent anti-SARS-CoV-2 activity by CR-31-B (− ), corroborating previous results obtained for other 
coronaviruses and supporting the idea that rocaglates may be used in first-line antiviral intervention strategies 
against novel and emerging RNA virus outbreaks.   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a 
member of the genus Betacoronavirus (Gorbalenya et al., 2020), causes a 
potentially severe respiratory illness, coronavirus disease 2019 
(COVID-19), with case fatality rates ranging from 0.5% to 1% according 
to recent estimates (Rajgor et al., 2020; Meyerowitz-Katz and Merone, 
2020). Following its rapid global spread, the World Health Organization 
declared COVID-19 a pandemic in March 2020 (WHO, 2020). To date, 
no approved therapeutic is available against any human coronavirus but 
a number of investigational antiviral compounds that target viral func-
tions have entered clinical trials (Brown et al., 2019; de Wit et al., 2020; 
Sheahan et al., 2017; de Wilde et al., 2014; Choy et al., 2020; Sanders 
et al., 2020). Moreover, compounds that modulate the human immune 
system and/or have an anti-inflammatory effect are also being tested for 
their potential to reduce the severity of COVID-19 progression 

(Oldenburg and Doan, 2020; Guaraldi et al., 2020; Jalkanen et al., 2020; 
Lucas et al., 2009). Finally, antivirals that target host mechanisms crit-
ical to viral replication are being developed, including inhibitors tar-
geting host proteases required to activate the fusogenic activity of the 
SARS-CoV-2 spike protein (Bestle et al., 2020; Hoffmann et al., 2020). 

We and others have focused on approaches that inhibit viral protein 
synthesis, another host function critical to viral proliferation. Inciden-
tally, a recently published SARS-CoV-2 protein interaction map identi-
fied the host translational machinery as a top target for repurposing 
drugs to block SARS-CoV-2 (Gordon et al., 2020). In particular, two 
eukaryotic factors involved in the initiation phase of translation, 
eukaryotic initiation factor-1A (eIF1A) and eukaryotic initiation 
factor-4A (eIF4A), have been singled out for further development. eIF1A 
is a small protein that binds to the 40S ribosome subunit-mRNA complex 
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(Passmore et al., 2007), and eIF4A is a DEAD-box RNA helicase central 
to the activity of the eukaryotic translation initiation complex eIF4F 
(Chu and Pelletier, 2015). As of this writing, the eIF1A inhibitor aplidin 
(PharmaMar) has entered a Phase 2 clinical trial for the treatment of 
COVID-19, and the eIF4A inhibitor zotatifin (eFFECTOR Therapeutics) is 
undergoing evaluation for potential COVID-19 clinical development 
(Harrison, 2020; Bronstrup and Sasse, 2020). 

We recently demonstrated the antiviral potency of rocaglates, a class 
of natural and synthetic compounds, against MERS-CoV and the com-
mon cold human coronavirus HCoV-229E in vitro and ex vivo (Müller 
et al., 2018a, 2020). Natural (e.g. rocaglamide A, silvestrol) and syn-
thetic rocaglates (CR-31-B (− ), zotatifin) are highly specific nanomolar 
eIF4A inhibitors. Rocaglates form stacking interactions with polypurine 
sequences in the 5′-untranslated regions (UTRs) of capped mRNAs, 
clamping the mRNAs onto eIF4A and stalling mRNA unwinding, which 
results in a dissociation of the mRNA-eIF4A complex from eIF4E and 
eIF4G. Because eIF4A-mediated translation is key to the activation of a 
majority of oncogenes, several of these selective rocaglates are in pre-
clinical cancer studies and at least one compound, zotatifin, has been 
advanced into early stage clinical studies (Bordeleau et al., 2008; Lucas 
et al., 2009; Kogure et al., 2013; Patton et al., 2015; Ernst et al., 2020). 

Many viral RNAs contain 5′-UTRs with stable RNA structures 
(Madhugiri et al., 2016; Schlereth et al., 2016) and are thus dependent 
on eIF4A for translation. Silvestrol exhibits broad-spectrum antiviral 
activity against a range of RNA viruses such as Ebola virus, Zika virus, 
Chikungunya virus, Crimean Congo hemorrhagic fever virus, Lassa 
virus, hepatitis E and several coronaviruses (Biedenkopf et al., 2017; 
Elgner et al., 2018; Henss et al., 2018; Müller et al., 2018a, 2020; 
Glitscher et al., 2018; Todt et al., 2018). While silvestrol and other 
natural rocaglates represent promising therapeutic leads due to their 
activities in the low nanomolar range and high selectivity indices 

(≥100) in primary cells, their natural availability is limited (Pannell, 
1998) and their chemical synthesis is challenging due to their complex 
structures (Adams et al., 2009; Pan et al., 2014). As an alternative, a 
variety of synthetic rocaglate analogs have been generated that exhibit 
similar or enhanced eIF4A-targeting characteristics and can be produced 
to high purity and in large quantities. 

Recently, we compared the antiviral activity of silvestrol with that of 
CR-31-B (− ), which lacks the dioxane moiety of silvestrol and makes it 
structurally less complex and more straightforward to synthesize (Wolfe 
et al., 2014). We were able to show that, similar to silvestrol, CR-31-B 
(− ) inhibits the replication of a range of RNA viruses both in vitro and 
ex vivo (Müller et al., 2020). Here, we evaluated the potential activity of 
the synthetic rocaglate CR-31-B (− ) against SARS-CoV-2 using both in 
vitro and human ex vivo cell culture systems. 

In a first set of experiments, we analyzed potential inhibitory effects 
of CR-31-B (− ) (Fig. 1A) on 5′-UTRs of different coronaviruses including 
SARS-CoV-2 in a dual luciferase reporter assay (Fig. 1B) to assess 
whether translation of mRNAs containing these viral 5′-UTRs depends 
on eIF4A. Cap-dependent translation of the firefly luciferase gene was 
measured and transfection efficiencies were normalized to renilla 
luciferase expression, which is under control of an eIF4A-independent 
IRES element from HCV. The short and unstructured 5′-UTR of the 
beta-globin gene and an unstructured (AC)15 sequence served as nega-
tive controls, since these 5′-UTR sequences were shown to be not 
repressible upon inhibition of eIF4A (Müller et al., 2018a, 2020). The 
polypurine sequence (AG)15 was used as a positive control since this 
sequence can be efficiently clamped onto the surface of eIF4A by 
different rocaglates due to π-π stacking interactions (Iwasaki et al., 2019; 
Müller et al., 2020). Using this experimental setup, eIF4A-dependency 
can be inferred from sensitivity of firefly luciferase mRNA translation 
to the presence of a specific eIF4A inhibitor. The data revealed that the 

Fig. 1. Effect of CR-31-B (− ) on dual re-
porter gene expression from constructs con-
taining different 5′-UTRs. (A) Structure of 
the synthetic rocaglate CR-31-B (− ). (B) 
Schematic illustration of the dual luciferase 
reporter construct used to determine eIF4A- 
dependent translation of coronavirus 5′- 
UTRs. (C) Effects of 5 and 10 nM CR-31-B 
(− ) on reporter gene expression in the 
context of 5′-UTRs from three human coro-
naviruses, HCoV-229E, MERS-CoV and 
SARS-CoV-2. The 5′-UTR of the human 
β-globin mRNA and the unstructured (AC)15 
sequence served as negative controls, while 
the (AG)15 polypurine sequence served as a 
positive control. Experiments were per-
formed using previously described protocols 
(Müller et al., 2018a, 2020) with at least 
three independent biological replicates.   
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5′-UTRs of SARS-CoV-2, HCoV-229E and MERS-CoV were similarly 
sensitive to eIF4A-dependent translation inhibition by CR-31-B (− ) in 
the dual luciferase reporter assay, when 10 nM CR-31-B (− ) was used 
(Fig. 1C), indicating that CR-31-B (− ) may have also antiviral activity 
against SARS-CoV-2. 

To analyze possible antiviral effects of CR-31-B (− ) in cell culture, 
African green monkey Vero E6 cells were used (Ogando et al., 2020). No 
major cytotoxicity was detected for concentrations of up to 100 nM, with 

cell viability being reduced by about 10–25% at this highest concen-
tration tested (Fig. 2A). Moreover, the production of infectious 
SARS-CoV-2 progeny was found to be reduced in a dose-dependent 
manner with an EC50 of ~1.8 nM (Fig. 2B), which is in a similar range 
as the CR-31-B (− ) EC50 values reported previously for other coronavi-
ruses (~2.9 nM for HCoV-229E; ~1.9 nM for MERS-CoV) (Müller et al., 
2020). The selectivity index (CC50/EC50) for SARS-CoV-2-infected Vero 
E6 cells was determined to be > 50. Next, we analyzed the effect of 

Fig. 2. Dose-dependent antiviral activity of the synthetic rocaglate CR-31-B (− ) in SARS-CoV-2 infected Vero E6 cells. (A) Vero E6 cells were treated for 24 h with the 
indicated CR-31-B (− ) concentrations. Cell viability (compared to that of untreated cells) was determined by MTT assay (n = 8) as described previously (Müller et al., 
2018a). (B) SARS-CoV-2 titers in supernatants collected from infected Vero E6 cells (MOI = 0.1) treated with the indicated CR-31-B (− ) concentrations were collected 
at 24 h p.i. (n = 6) and virus titers were determined by plaque assay. Significance levels compared to the results for untreated cells were determined by the two-tailed 
Mann Whitney U test and are indicated as follows: *, P < 0.05; **, P < 0.005. Data from six independent experiments were used to calculate the EC50 value by 
non-linear regression analysis. (C) Representative Western blot analysis of SARS-CoV-2 N protein accumulation (top panel) after treatment with CR-31-B (− ) and 
CR-31-B (+). Vero E6 cells were infected with SARS-CoV-2 (MOI = 1) or left uninfected and treated with the indicated CR-31-B concentrations for 24 h p.i. Protein 
accumulation was analyzed by Western blotting using polyclonal rabbit anti-SARS nucleocapsid protein antibody (Rockland) and mouse-anti actin antibody (abcam), 
respectively, each diluted 1:500 in PBS containing 1% bovine serum albumin (BSA). Beta-actin (lower panel) was used as a loading control (n = 3). (D) Repre-
sentative immunofluorescence analysis to determine the effects of CR-31-B (+) and CR-31-B (− ) on viral dsRNA accumulation in SARS-CoV-2-infected Vero E6 cells. 
Cells were infected (MOI = 1) and cultivated in medium containing the indicated CR-31-B concentrations. Cells were fixed at 24 h p.i. and analyzed by confocal 
microscopy using a mouse anti-dsRNA mAb (J2, SCICONS English & Scientific Consulting Kft, red) that detects a viral RNA replication intermediate (red) (Müller 
et al., 2018b). Cell nuclei were stained with DAPI (blue) (n = 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 3. Comparison of antiviral effects of CR-31-B 
(− ) and silvestrol using differentiated NHBE cells 
infected with SARS-CoV-2. (A) NHBE cells (Lonza, 
CC-2540) obtained from a 13-year-old Caucasian boy 
(Donor 1) and a 36-year-old Caucasian man (Donor 
2), which both were non-smoking and lacking respi-
ratory pathology, were seeded on collagen IV-coated 
transwell plates (Corning Costar, CLS3470-48 EA) 
and grown in a mixture of DMEM (Invitrogen) and 
BEGM (Lonza; CC-4175) supplemented with retinoic 
acid (75 nM). After reaching confluence, the cells 
were cultivated under air-liquid conditions for at 
least four additional weeks to allow differentiation 
into pseudostratified human airway epithelia. (B and 
C) Differentiated NHBE cells were infected with 
SARS-CoV-2 (MOI = 3) and treated with silvestrol 
(B), CR-31-B (− ) or CR-31-B (+) (C) at the indicated 
concentrations. At the indicated time points p.i., the 
apical surface of the cells was incubated with 100 μl 
PBS for 15 min and SARS-CoV-2 titers in the cell 
culture supernatants were determined by virus pla-
que assay.   
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CR-31-B (− ) on SARS-CoV-2 protein accumulation and the formation of 
viral replication/transcription complexes in Vero E6 cells. Viral nucle-
ocapsid (N) protein levels were found to be drastically reduced in the 
presence of 100 nM CR-31-B (− ), and moderately reduced at concen-
trations of 10 or 1 nM (Fig. 2C). As expected, viral protein accumulation 
was not affected in the presence of 100 nM of the inactive (+)-enan-
tiomer CR-31-B (+) nor was it affected in cells treated with solvent only. 
In line with this, the formation of SARS-CoV-2 replication/transcription 
complexes was impaired in infected cells treated with CR-31-B (− ) 
(Fig. 2D). 

To further evaluate the antiviral potential of CR-31-B (− ) in a bio-
logically relevant ex vivo respiratory cell culture system, we analyzed 
air/liquid interface (ALI) cultures of differentiated primary normal 
human bronchial epithelial (NHBE) cells obtained from two different 
donors. ALI cultures are increasingly recognized as an excellent culture 
model mimicking the tracheobronchial region of the human respiratory 
tract and thus enabling respiratory infection research in a physiologi-
cally relevant cellular environment (Jonsdottir and Dijkman, 2016). 
Differentiated NHBE cells (Fig. 3A) were infected with SARS-CoV-2 in 
the presence of inhibitor, CR-31-B (− ) or silvestrol (obtained from the 
Sarawak Biodiversity Center, Kuching; North-Borneo, Malaysia; purity 
> 99%), the inactive enantiomer CR-31-B (+) or solvent control (un-
treated). Silvestrol was included as a reference in this experiment 
because this rocaglate has previously been tested extensively against a 
broad range of viruses. Silvestrol treatment reduced SARS-CoV-2 titers 
at different time points p.i. about 10 to 100-fold when used at a con-
centration of 10 nM, while virus replication in NHBE cells was 
completely abolished at a concentration of 100 nM (Fig. 3B). Next, we 
analyzed the effects of CR-31-B on viral replication in NHBE cells. 
CR-31-B (− ) reduced the production of infectious virus progeny by ~1.5 
log steps at a concentration of 10 nM in differentiated NHBE cells ob-
tained from two different donors. At 100 nM, CR-31-B (− ) reduced 
SARS-CoV-2 titers to undetectable levels, whereas the enantiomer 
CR-31-B (+) did not affect viral replication compared to the solvent 
control (Fig. 3C and D). No obvious cytotoxicity could be observed at 
this concentration using light microscopy. 

The discovery and development of antivirals that target host mech-
anisms critical to viral proliferation is of growing importance. The 
rationale behind this approach is twofold: first, host mechanisms are not 
virus-specific, but are used by a broad range of viruses, and second, 
targeting a host mechanism preempts the risk for developing resistance 
typically associated with targeting viral structures or mechanisms. 
Several host-targeting approaches against SARS-CoV-2 are currently 
under investigation. Most of these represent efforts to repurpose 
approved drugs with known safety profiles. 

Here, we added to the antiviral toolbox against SARS-CoV-2 the 
synthetic rocaglate CR-31-B (− ), a specific inhibitor of eIF4A-dependent 
mRNA translation. We identified CR-31-B (− ) as a potent and non- 
cytotoxic inhibitor of SARS-CoV-2 replication in vitro and ex vivo. The 
observed antiviral activities are directly comparable to those that we 
reported previously for other coronaviruses, namely HCoV-229E and 
MERS-CoV, and a range of highly pathogenic positive- and negative- 
sense RNA viruses. To our knowledge, this is the first report of a roca-
glate inhibiting SARS-CoV-2 proliferation in a relevant ex vivo human 
bronchial cell system. 

Against the backdrop of a number of reports we and others have 
published over the past three years documenting the broad-spectrum 
antiviral activity of CR-31-B (− ) and related rocaglates, the data we 
report here strengthen the case for the potential use of rocaglates as first- 
line, broad-spectrum ‘pan-antivirals’. The necessary next step is the in 
vivo evaluation of CR-31-B (− ) and other rocaglates to confirm safety 
and determine appropriate dosing regimens. Extensive preclinical work 
with CR-31-B (− ), zotatifin, and other rocaglates as cancer therapeutics 
is a priori highly encouraging for the potential antiviral application of 
rocaglates in humans. Minimal or no toxicities were reported for long- 
term dosing regimens in animal models, along with favorable safety, 

ADME- and bioavailability profiles (Wolfe et al., 2014; Chan et al., 2019; 
Rodrigo et al., 2012). In addition, the advancement of zotatifin into the 
clinic supports the potential of this class of molecules to be used as an-
tivirals in humans. 

In summary, the path to clinical implementation is still long and will 
most likely require further optimization of CR-31-B (− ) or other lead 
rocaglates currently under investigation. Nevertheless, the antiviral ef-
ficacy against viruses from diverse families, the low toxicity of this class 
of compounds both in vitro and ex vivo, and the ongoing advanced efforts 
to harness their activity as cancer therapeutics lead us to suggest that 
rocaglates represent a potentially powerful addition to the toolbox of 
therapeutic options for mitigating the consequences of global outbreaks 
by newly emerging RNA viruses. 
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