
 

 

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. 

 



Virus Research 292 (2021) 198246

Available online 26 November 2020
0168-1702/© 2020 Published by Elsevier B.V.

The DHODH inhibitor PTC299 arrests SARS-CoV-2 replication and 
suppresses induction of inflammatory cytokines 

Jeremy Luban a,b,c,d,1, Rachel A. Sattler e,1, Elke Mühlberger d,f,g,1, Jason D. Graci h, 
Liangxian Cao h, Marla Weetall h, Christopher Trotta h, Joseph M. Colacino h, Sina Bavari i,2, 
Caterina Strambio-De-Castillia a, Ellen L. Suder f,g, Yetao Wang a, Veronica Soloveva i,3, 
Katherine Cintron-Lue h, Nikolai A. Naryshkin h, Mark Pykett h, Ellen M. Welch h, Kylie O’Keefe h, 
Ronald Kong h, Elizabeth Goodwin h, Allan Jacobson j, Slobodan Paessler e, Stuart W. Peltz h,* 
a Program in Molecular Medicine, University of Massachusetts Medical School, Worcester, MA, 01605, USA 
b Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School, Worcester, MA, 01605, USA 
c Broad Institute of Harvard and MIT, 75 Ames Street, Cambridge, MA, 02142, USA 
d Massachusetts Consortium on Pathogen Readiness, Boston, MA, 02115, USA 
e Department of Pathology, University of Texas Medical Branch at Galveston, Galveston, TX, 77555, USA 
f Department of Microbiology, Boston University School of Medicine, Boston, MA, 02118, USA 
g National Emerging Infectious Diseases Laboratories, Boston University, Boston, MA, 02118, USA 
h PTC Therapeutics, Inc. South Plainfield, NJ, 07080, USA 
i United States Army Medical Research Institute of Infectious Diseases, 1425 Porter Street, Fort Detrick, MD, 21702, USA 
j Department of Microbiology and Physiological Systems, University of Massachusetts Medical School, Worcester, MA, 01605, USA   

A R T I C L E  I N F O   

Keywords: 
PTC299 
SARS-CoV-2 
COVID-19 
Antiviral 
Cytokine 
DHODH 
Coronavirus 
Cytokine storm 

A B S T R A C T   

The coronavirus disease 2019 (COVID-19) pandemic has created an urgent need for therapeutics that inhibit the 
SARS− COV-2 virus and suppress the fulminant inflammation characteristic of advanced illness. Here, we describe the 
anti− COVID-19 potential of PTC299, an orally bioavailable compound that is a potent inhibitor of dihydroorotate 
dehydrogenase (DHODH), the rate-limiting enzyme of the de novo pyrimidine nucleotide biosynthesis pathway. In 
tissue culture, PTC299 manifests robust, dose-dependent, and DHODH-dependent inhibition of SARS− COV-2 repli
cation (EC50 range, 2.0–31.6 nM) with a selectivity index >3,800. PTC299 also blocked replication of other RNA 
viruses, including Ebola virus. Consistent with known DHODH requirements for immunomodulatory cytokine pro
duction, PTC299 inhibited the production of interleukin (IL)-6, IL-17A (also called IL-17), IL-17 F, and vascular 
endothelial growth factor (VEGF) in tissue culture models. The combination of anti-SARS-CoV-2 activity, cytokine 
inhibitory activity, and previously established favorable pharmacokinetic and human safety profiles render PTC299 a 
promising therapeutic for COVID-19.   

Abbreviations: ARDS, acute respiratory distress syndrome; BSL-3, biosafety level-three; BS-4, biosafety level-four; BioMAP, Biologically Multiplexed Activity 
Profiling; CC50, concentration required for 50 % cytotoxicity; CDC, Centers for Disease Control and Prevention; COVID-19, coronavirus disease 2019; CTP, cytidine 
triphosphate; DAPI, 4′,6-diamidino-2-phenylindole; DHO, dihydroorotate; DHODH, dihydroorotate dehydrogenase; DMEM, Dulbecco’s Modified Eagle Medium; 
DMSO, dimethyl sulfoxide; EC50, effective concentration required for 50 % inhibition; EC90, effective concentration required for 90 % inhibition; ELISA, enzyme- 
linked immunosorbent assay; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HCV, hepatitis C virus; HUVEC, human umbilical vein 
endothelial cells; IFN- γ, Interferon gamma; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; MMP-1, matrix metalloproteinase-1; MOI, multiplicity of 
infection; PBMCs, peripheral blood mononuclear cells; PK, pharmacokinetic; RT-qPCR, quantitative reverse transcription-polymerase chain reaction; RVFV, Rift 
Valley Fever virus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SRB, sulforhodamine B; TCID50, 50 % tissue culture infectious dose assay; TCR, T 
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1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic is a serious 
threat to public health. Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), the causative agent of COVID-19, is a positive-sense, 
single-stranded-RNA virus of the Coronaviridae family that shares 79.5 
% sequence identity with SARS-CoV-1 (Huang et al., 2020; Lu et al., 
2020; Wu et al., 2020a, b; Zhou et al., 2020b; Zhu et al., 2020). While 
both viruses are likely descendants of bat coronaviruses, the proximal 
source of SARS-CoV-2 zoonotic virus is unknown (Zhou et al., 2020b). 
Since its first description at the end of 2019, SARS-CoV-2 has spread 
around the globe, infecting and killing millions of people worldwide 
million (https://coronavirus.jhu.edu). An urgent medical need exists for 
effective treatments for this disease. 

In the early stages of COVID-19, the virus proliferates rapidly, and in 
some cases, triggers a cytokine storm - an excessive production of in
flammatory cytokines (Quartuccio et al., 2020; Wiersinga et al., 2020). 
This uncontrolled inflammation can result in hyperpermeability of the 
vasculature, multi-organ failure, acute respiratory distress syndrome 
(ARDS), and death (Gupta et al., 2020; Jose and Manuel, 2020; Quar
tuccio et al., 2020; Wang et al., 2020a; Zhou et al., 2020a). Acute res
piratory distress syndrome is one of the leading causes of mortality in 
COVID-19 (Moore and June, 2020). In addition, elevated levels of 
interleukin (IL)-6 and IL-17 are reported to be associated with severe 
pulmonary complications and death (Pacha et al., 2020; Ruan et al., 
2020; Russell et al., 2020). 

A therapeutic that can inhibit SARS-CoV-2 replication while atten
uating the cytokine storm would be highly beneficial for both the early 
and late stages of COVID-19. Targeting the cellular de novo pyrimidine 
nucleotide biosynthesis pathway is one potential approach to treat both 
phases of COVID-19 as viral replication and over-production of a subset 
of inflammatory cytokines are controlled by pyrimidine nucleotide 
levels (Cheung et al., 2017; Xiong et al., 2020a). Dihydroorotate dehy
drogenase (DHODH), the rate-limiting enzyme in this pathway, is 
located on the inner membrane of mitochondria and catalyzes the 
dehydrogenation of dihydroorotate (DHO) to orotic acid, ultimately 
resulting in the production of uridine and cytidine triphosphates (UTP 
and CTP) (Fig. 1A) (Munier-Lehmann et al., 2013). Pyrimidine nucleo
tides are also supplied by the salvage pathway. The salvage pathway 
recycles pre-existing nucleotides from food or other extracellular sour
ces and does not appear to be sufficient to support viral RNA replication. 
The salvage pathway does not seem to play a major role in replication of 

SARS-CoV-2 (Xiong et al., 2020b). 
The de novo pyrimidine biosynthesis pathway is also critical for the 

excessive production of a subset of inflammatory cytokines (including 
interferon-gamma, monocyte chemoattractant protein-1 [MCP-1], IL-5, 
and IL-6) in both cultured cells and animal models of viral infection 
(Cheung et al., 2017; Xiong et al., 2020a). Consistent with DHODH being 
mechanistically central to the progression of COVID-19, a recent 
multi-omics study of drug targets for viral infections prioritized DHODH 
inhibition as one of the top three mechanisms to consider for 
SARS-CoV-2 treatment (Zheng et al., 2020). 

PTC299 is an orally bioavailable potent inhibitor of DHODH (see 
Fig. 1B for chemical structure) (Cao et al., 2019). Treatment of cultured 
cells with PTC299 results in inhibition of DHODH activity, leading to 
increased levels of DHO, the substrate for the DHODH enzyme (Cao 
et al., 2019). Similar findings were documented in PTC299-treated 
cancer patients, where administration of PTC299 resulted in increased 
blood levels of DHO, indicating successful inhibition of DHODH in these 
patients (Cao et al., 2019). These results are consistent with increased 
DHO levels observed in Miller syndrome patients who carry mutations in 
the DHODH gene that reduce DHODH activity (Duley et al., 2016) and 
with studies showing that PTC299 not only inhibits vascular endothelial 
growth factor (VEGF) levels in cultured cells, but also normalized VEGF 
levels in cancer patients (Cao et al., 2019). VEGF is a stress-regulated 
cytokine the levels of which are increased in these cancer patients 
(Plotkin et al., 2009). 

In studies of over 300 human subjects, including healthy volunteers 
and oncology patients, PTC299 has manifested a favorable pharmaco
kinetic (PK) profile and has been generally well tolerated. The mecha
nism of action and the favorable PK and safety profiles of PTC299 
support its investigation for use as a therapeutic for COVID-19. Here, we 
evaluated the in vitro antiviral activity of PTC299 against a panel of 
RNA viruses, with a specific focus on SARS-CoV-2, and the ability of the 
drug to attenuate the excessive production of inflammatory cytokines. 
Our results indicate that that PTC299 has considerable potential as a 
COVID-19 therapeutic. 

2. Material and methods 

2.1. Reagents, cell culture, and viruses 

PTC299 was synthesized by PTC Therapeutics, Inc. Uridine, brequi
nar, and A77 were obtained from Sigma-Aldrich (St. Louis, MO). Anti IL- 

Fig. 1. Pyrimidine nucleotide synthesis and 
chemical structure of PTC299. (A) Schematic of 
the salvage and de novo pathways of pyrimidine 
biosynthesis. The salvage pathway recycles pre- 
existing nucleotides from food or other extra
cellular sources and does not appear to be suf
ficient to support viral RNA replication. The 
percentages in red denote the respective extents 
to which the relative levels of specific nucleo
tides are reduced during PTC299 treatment 
(100 nM) of cultured HT1080 fibrosarcoma 
cells for 8 h (Cao et al., 2019). (B) Chemical 
structure of PTC299. 
Abbreviations: CAD, complex of the following 
three enzymes: carbamoyl-phosphate synthe
tase 2, aspartate carbamoyl transferase, and 
dihydroorotase; CDA, cytidine deaminase; CMP, 
cytidine monophosphate; CTP, cytidine 
triphosphate; DHO, dihydroorotate; UCK1/2, 
Uridine-cytidine kinase 1 and Uridine-cytidine 
kinase 2; UDP, uridine diphosphate; UMP, uri
dine monophosphate; UPP, uridine phosphory
lase; UPRT, uracil phosphoribosyl transferase; 
UTP, uridine triphosphate.   
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4 and anti-IFL-γ antibodies were obtained from BD Biosciences (San 
Jose, CA). Frozen PBMCs were obtained from AllCells (Alameda, CA). IL- 
17, IL-17 F and IL-23 ELISA kits were purchased from R&D Systems 
(Minneapolis, MN). Human T-activator CD3/CD28 Dynabeads was 
purchased from GIBCO (Gaithersburg, MD). 

Human and primate cells HeLa (ATCC, CCL-2), Vero (ATCC, CCL- 
81), Vero E6 (ATCC, CRL-1586) and Vero 76 (ATCC, CRL-1587) were 
maintained at 37 ◦C and 5% CO2 in Dulbecco’s Modified Eagle Medium 
(DMEM, Hyclone [Logan, UT] or GIBCO) supplemented with 10 % fetal 
bovine serum (FBS, Corning [Corning, NY] or GIBCO). Huh7 cell line 
harboring a genotype 1b replicon (Con1) was licensed from ReBLikon 
GmbH (Mannheim, Germany) and was maintained under similar con
ditions but with the addition of 0.25 mg/mL G418 (GIBCO). G418 was 
for replicon cell maintenance only and was removed during compound 
testing. 

SARS-CoV-2 USA-WA1/2020 was provided by the World Reference 
Center for Emerging Viruses and Arboviruses (WRCEVA) and was orig
inally obtained from the Centers for Disease Control and Prevention 
(CDC). The virus was subsequently titrated and passaged once more on 
Vero cells, grown in DMEM supplemented with 5% FBS and 1% peni
cillin and streptomycin solution. 

The in vitro experiments that evaluated the activity of PTC299 
against SARS-CoV-2 were performed at two locations. Those employing 
immunofluorescence assays were performed at the Boston University 
biosafety level 4 (BSL-4) laboratory at the National Emerging Infectious 
Diseases Laboratories. Those using biochemical assays were conducted 
at the University of Texas Medical Branch (UTMB) approved biosafety 
level-three (BSL-3) laboratories and all personnel underwent routine 
medical surveillance. 

Poliovirus (CCL-2) was obtained from ATCC. The received virus was 
amplified in HeLa cells, grown in DMEM supplemented with 5% FBS and 
1% penicillin and streptomycin solution and the titer evaluated by 
plaque assay on HeLa cell monolayers. EBOV-GFP was provided by the 
CDC. RVFV-GFP was provided by the University of Texas Medical 
Branch (UTMB). 

2.2. Antiviral assays 

2.2.1. SARS-CoV-2 viral yield assay 
Vero cells were pretreated with increasing concentrations (1 nM to 1 

μM) of PTC299 or PTC299 with 100 μM uridine. After incubation at 37 
◦C overnight, the medium was removed, and cells were inoculated with 
SARS-CoV-2 at a multiplicity of infection (MOI) of 0.05. After 1 h of 
incubation at 37 ◦C in CO2, wells were washed 3 times with dilution 
medium and 1 mL of medium containing the indicated compound doses 
was added back to each well. Cells were incubated at 37 ◦C and samples 
collected at 0, 16, and 24 h post-infection. Collected timepoint medium 
was replaced with an equal amount of 1x compound or dilution medium. 
Samples were stored at − 80 ◦C until the day of analysis. The SARS-CoV-2 
titer in Vero cells via 50 % tissue culture infectious dose assay (TCID50) 
was performed for each sample collected at 0, 16, and 24 h post- 
infection. 

For cytotoxicity determination, Vero cells were plated at 1 × 105 

cells/well DMEM containing 5% FBS and 1% penicillin and strepto
mycin solution. Cells were treated with PTC299 at concentrations from 1 
nM to 10 μM. At 48 h post-treatment, cytotoxicity was measured by Cell 
Titer-Glo Luminescent Cell Viability Assay (Promega, Madison, WI, 
USA). 

2.2.2. Quantification of SARS-CoV-2 infection levels by quantitative 
immunofluorescence analysis 

African Green Monkey kidney (Vero) E6 cells were plated in 96-well 
plates at 1 × 104 cells per well. The next day, cells were either pretreated 
with DMSO alone, increasing concentrations of PTC299 in DMSO or they 
were untreated for 30 min at 37 ◦C and 5% CO2. Cells were subsequently 
infected with SARS-CoV-2 at an MOI of 0.1 by adding 10 μL of the 

diluted virus to each well. Experiments were conducted in triplicate 
using three wells of a 96-well plate per condition. 

Two days post infection, cells were fixed in 10 % neutral buffered 
formalin for at least 6 h at 4 ◦C and removed from the BSL-4 laboratory. 
The cells were permeabilized with 1:1 (vol:vol) acetone-methanol so
lution for 5 min at − 20 ◦C, incubated in 0.1 M glycine for 10 min at room 
temperature, and subsequently incubated in blocking reagent (2% 
bovine serum albumin, 0.2 % Tween 20, 3% glycerin, and 0.05 % NaN3 
in PBS) for 20 min at room temperature. After each step, the cells were 
washed three times in PBS, and then incubated for 1 h at room tem
perature with a rabbit antibody directed against the SARS-CoV nucleo
protein (Rockland Immunochemicals, Gilbertsville, PA). This antibody 
cross-reacts with the SARS-CoV-2 nucleoprotein. The cells were 
washed four times in PBS and incubated with goat anti-rabbit antibody 
conjugated with AlexaFluor488 (Invitrogen, Waltham, MA) for one hour 
at room temperature. 4′,6-diamidino-2-phenylindole (DAPI) (Sigma- 
Aldrich, St Louis, MO) was used at 200 ng/mL for nuclei staining. 

Cells were stored at 4 ◦C in PBS prior to imaging. Images were ac
quired using a with Photometrics Prime BSI sCMOS camera attached to a 
Nikon Eclipse Ti2 microscope, equipped with a Nikon N Plan Apo λ 4X/ 
0.20 ∞/- WD20. Acquisition was driven using the NIS Elements AR 
software (Nikon). Four tiles were acquired per well and tiles were 
stitched together using the NIS Element AR Software. Two channels 
were acquired per tile using the Nikon C-FL DAPI and the Nikon C-FL 
GFP HC HISN Zero Shift filter sets, respectively. 

Images corresponding to 4 tiles and 2 channels each, were imported 
into QuPath software v0.2.0 (https://qupath.github.io/) and subjected 
to quantitative image analysis using a custom-made script based on the 
Multiplexed Analysis procedure (https://qupath.readthedocs.io/en/lat 
est/docs/tutorials/multiplex_analysis.html). SARS-CoV-2 positive cells 
were counted and their normalized percentage with respect to the total 
number of identified cells was plotted against the Log10 transform of the 
concentration of PTC299. The non-linear regression of the inverted 
sigmoid curve was calculated using GraphPad Prism 8. 

Data management was performed using the OMERO.web client 
(v5.4.6-ice36-b87) and the OMERO server v5.4.6 (https://www.openmi 
croscopy.org/omero/. 

2.2.3. PTC299 activity against RNA virus panel 
For the poliovirus antiviral assay, HeLa cells were seeded at 5000 

cells/well in 96-well plates the day before infection in DMEM containing 
10 % FBS. Cells were treated with serially diluted test compounds 16 h 
pre-infection. The final concentration of dimethyl sulfoxide (DMSO) in 
the media was 0.5 %. Cells were infected with 0.1 plaque forming units 
per cell of poliovirus and incubated at 37 ◦C. Twenty hours post- 
infection, cells were lysed, and quantitative reverse transcription- 
polymerase chain reaction (RT-qPCR) was performed using primers to 
the poliovirus genome and to human glyceraldehyde 3-phosphate de
hydrogenase (GAPDH), a cellular reference gene, and Predeveloped 
TaqMan® assay reagents (Applied Biosystems, Foster City, CA). Polio
virus directed primers were forward primer 
TAGACTGCTTGCGTGGTTGA, reverse primer ACACTCTGGGGTT
GAGTGCT, and probe 6FAM-TTATCCGCTTATGTACTTCGAGAAGCC
CAGTA-TAMRA. Concentration required for 50 % inhibition of viral 
genomic RNA compared to mock treated control (EC50) was reported as 
the concentration of test compound required to cause a 50 % reduction 
in polio virus RNA and was normalized to GAPDH levels in the same 
well. The concentration required for 50 % inhibition of cellular GAPDH 
RNA compared to mock treated control (CC50) was reported as the 
concentration of test compound that caused a 50 % reduction in GAPDH 
mRNA. The experiment was repeated 3 times for this study and average 
EC50 and CC50 values are reported. 

Hepatitis C virus (HCV) replicon studies were performed as previ
ously described. Huh-7 (hepatocarcinoma) cells harboring the sub
genomic HCV genotype 1b (Con1) replicon (referred to as 1b replicon 
cells) were obtained from ReBLikon GmbH (Manneim, Germany). 
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Replicon cells were plated at a density of 5000 cells per well in 96-well 
plates in DMEM containing 10 % FBS. Serial dilutions of test compounds 
in DMSO were added to wells and cells were incubated at 37 ◦C and 5% 
CO2 for 3 days prior to determining the extent of inhibition of HCV 
replicon RNA replication and the effect of the compound on cell pro
liferation. The final concentration of DMSO in the medium was 0.5 %. 
Inhibition of replicon RNA replication was quantified using real-time 
RT-qPCR assay. At the end of compound treatment, the cells were 
lysed with Cell-to-cDNA lysis buffer (Ambion, Austin, TX). RT-PCR was 
carried out using TaqMan® One-Step RT-PCR master mix reagents kit 
(Applied Biosystems, Foster, CA) with HCV primers (sense S66 [ACG
CAGAAAGCGTCTAGCCAT] and anti-sense A165 [TACT
CACCGGTTCCGCAGA]) and probe (5′ -6FAM- 
TCCTGGAGGCTGCACGACACTCAT - 3′ TAMRA) at a concentration of 
100 μM. The effect of the compound on the abundance of the house
keeping gene GAPDH mRNA as a control for cytotoxicity was deter
mined by using Predeveloped TaqMan® assay reagents (Applied 
Biosystems). Both HCV replicon and GAPDH RNAs were amplified in the 
same well using ABI 7900 H T (Applied Biosystems). The quantity of 
HCV replicon or GAPDH RNA from each sample was determined by 
applying PCR cycle-time values to a standard curve. The percent 
reduction of HCV RNA in the presence of test compound was calculated 
using the formula: [1-(compound treatment sample - background con
trol) / (non-compound treatment control - background control)] X 100. 
EC50 and EC90 (50 % and 90 % effective concentrations, respectively) 
values were calculated by non-linear regression using Prism software 
(GraphPad, San Diego, CA). The test was repeated 6 times for this study 
and average EC50 and CC50 values are reported. 

Evaluation of the effect of PTC299 on Ebola and Rift Valley Fever 
(RVFV) virus replication was performed at USAMRIID (Fort Detrick, 
MD). Assays were performed in 96 well plates and analyzed by high 
content screening. Test compounds were administered at a concentra
tion range of 0.0032–2 μM in duplicate. Antiviral assays used a virus 
engineered to express green fluorescent protein, and antiviral activity 
was determined by counting the number of GFP expressing cells 
compared to a mock treated control. Cytotoxicity was determined by 
counting the number of viable cells compared to mock treated control. 
For evaluation of efficacy against Ebola virus, Vero76 cells were seeded 
at 30,000 cells per well one day prior to infection and pretreated for 18 
or 2 h with test compound. Cells were infected at a MOI of 5 with Ebola- 
GFP virus and incubated 48 h at 37 ◦C. For evaluation of efficacy against 
Rift Valley fever virus, HeLa cells were seeded at 10,000 cells per well 
one day prior to infection and pretreated for two hours with test com
pound. Cells were infected at a MOI of 0.1 with RVFV-GFP virus and 
incubated 48 h at 37 ◦C. 

2.3. Evaluation of inhibition of cytokine production 

2.3.1. BioMap profiling 
The activity of PT299 was evaluated in complex primary culture 

human cell systems in the Biologically Multiplexed Activity Profiling 
(BioMap) assays profiling platform (from BioSeek, now part of Eurofins 
[South San Francisco, CA]). Detailed protocols for the BioMap primary 
human cell cultures and coculture systems have previously been pub
lished (Berg et al., 2010, 2013; Melton et al., 2013; Shah et al., 2017). 
These systems consist of complex co-cultures of human peripheral blood 
mononuclear cells (PBMCs) pooled from healthy donors with early 
passage human primary fibroblasts, B-cells, or venular endothelial cells 
and are stimulated to recapitulate relevant signaling networks that 
naturally occur in human tissue or during specific disease states. In this 
study, four different co-culture systems were utilized. PTC299 was 
prepared in DMSO (final concentration ≤0.1 %) and was added at the 

specified concentrations one hour before stimulation and remain in 
culture for 24 h (sAg system), 48 -hs (HDFSAg system), 72 -hs (BT sys
tem, soluble cytokines), or144 hours (BT system, secreted IgG)). 

2.3.1.1. SAg system. The SAg system is a co-culture of human umbilical 
vein endothelial cells (HUVEC) and PBMCs stimulated with mitogenic 
levels of T cell receptor (TCR) ligands to drive the polyclonal T cell 
stimulation (defined as 1X TCR ligand strength), expansion and elevated 
cytokine release that is characteristic of acute T cell immune activation 
and inflammation conditions. HUVEC cells were stimulated with cyto
kines (IL-1β, 1 ng/mL; tumor necrosis factor (TNF)-α, 5 ng/mL; and 
interferon (IFN)-γ, 100 ng/mL) and the superantigen Staphylococcal 
enterotoxin F from Staphylococcus aureus [Sag (20 ng/mL)]. The SAg 
system also captures the paracrine signaling between activated immune 
cells and inflamed endothelial cells that is relevant for the vascular 
inflammation. 

2.3.1.2. BT system. The BT system is a co-culture of CD19 + B cells and 
PBMC that utilizes B cell receptor (BCR) stimulation and sub-mitogenic 
TCR stimulation (defined as 1/1000th TCR ligand strength) to capture 
the T cell dependent B cell activation and class switching that occurs in 
germinal centers. The BT system models diseases and chronic inflam
matory conditions driven by B cell activation and antibody production. 

2.3.1.3. HDFSAg system. The HDFSAg system is a co-culture of human 
primary dermal fibroblasts and PBMC that is stimulated with sub- 
mitogenic TCR levels (defined as 1/1000th TCR ligand strength) to 
model chronic T cell activation and inflammation responses within a 
tissue setting. 

2.3.1.4. /TH2 system. The /TH2 system is a co-culture of HUVEC cells 
and Th2 blasts stimulated with TCR ligands (1/10th ligand strength) and 
cytokines to model mixed vascular T helper type 1 (Th1) and Th2 type 
inflammation and create a pro-angiogenic environment that promotes 
vascular permeability and recruitment of mast cells, basophils, eosino
phils and T and B cells. 

For all four co-cell culture systems, PTC299 was added to cells at a 
concentration of 0.1, 1.0, 10, and 100 nM 1 h prior to stimulation of the 
cells and was present during the 48 -h stimulation period. The effect of 
PTC299 on the levels of various biomarkers including cytokines, growth 
factors, expression of surface molecules, and cell proliferation were 
monitored. The levels of protein biomarkers were measured by ELISA 
(enzyme-linked immunosorbent assay). Cytotoxicity was quantified by 
Alamar blue reduction, which measures cell viability by evaluating the 
level of oxidation during respiration. Cell viability was quantified using 
Sulforhodamine B (SRB) assay. SRB bind cellular protein components 
and measure the total biomass and proliferation was measured by 
counting cells. 

2.3.2. IL-17A and IL-17 F ELISA 
PBMCs (AllCells, LLC) were stimulated with T cell activator CD3/ 

CD28 Dynabeads, that were coated with anti-CD3 and anti-CD28 anti
bodies (Dynabeads; Gibco, Cat#11131D), in the presence of cytokines 
and antibodies to promote Th17 differentiation while blocking Th1 and 
Th2 differentiation. The final concentration of cytokines and neutral
izing antibodies in the culture medium was as follows: IL-6 (10 ng/mL), 
IL-1β (10 ng/mL), TGF-β1 (5–10 ng/mL), IL-23 (10 ng/mL), anti-IL-4 (10 
μg/mL) and anti-IFN-γ (10 μg/mL). 

For all experiments, a total of 40 μL of PBMCs (1 × 105 cells) were 
added per well in a 96-well tissue culture plate. Subsequently, 10 μL of 
washed Dynabeads or medium were added to each well and the cells 
were incubated at 37 ◦C, 5% CO2 for 3–4 hours. Following the 

J. Luban et al.                                                                                                                                                                                                                                   



Virus Research 292 (2021) 198246

5

incubation, 25 μL of 4x concentrated cytokine/Ab mixture (described 
above) was added to each well (for the “no stimulating control”, 25 μL 
medium was added). Meanwhile 25 μL of 4x concentrated PTC299, PTC- 
371 (the inactive enantiomer of PTC299) (Cao et al., 2019), brequinar, 
A77, or medium was added to each well, resulting in a total volume of 
100 μL per well. Cytokines and compounds were prediluted in the cul
ture medium to the desired concentration as described above or in the 
result section. Subsequently, cells were incubated at 37 ◦C, 5% CO2 for a 
total 88 h. After 88 h, the medium was collected and analyzed by an 
ELISA kit (R&D System: IL17 Cat#DY317− 05 and IL17 F 
Cat#DY1335− 05) according to the manufacturer’s instruction. 

3. Results 

3.1. PTC299 inhibits SARS-CoV-2 replication in vitro 

The ability of PTC299 to inhibit SARS-CoV-2 replication was evalu
ated in vitro using two virus cell culture models. In the first model, Vero 
E6 cells were preincubated for 30 min with increasing concentrations of 
PTC299 and cells were subsequently infected with SARS-CoV-2 at a MOI 
of 0.1. Forty-eight hours after infection, viral protein was quantified by 
staining with antibody to the nucleocapsid protein of SARS-CoV-2 and 
with DAPI, which stains the cells nuclei, to determine cell number. 

The results demonstrated that PTC299 treatment led to a dose- 
dependent reduction in the levels of SARS-CoV-2 nucleocapsid protein 
(green) with an EC50 of 1.96 nM (Figs. 2A and 2B). DAPI staining of cell 
nuclei (blue) showed that PTC299 did not reduce cell number (Fig. 2A). 

These results indicate thatPTC299 reduces viral load in the absence of 
cytotoxicity. 

In a second cell culture model, the efficacy of PTC299 in inhibiting 
SARS-CoV-2 replication was further evaluated. Vero cells were infected 
with SARS-CoV-2 at a MOI of 0.05 and PTC299 was added at increasing 
concentrations at various times from 18 h pre-infection to 2 h post- 
infection. Viral titer was quantified by collecting the medium from the 
infected cell cultures and determining the TCID50 (50 % tissue culture 
infectious dose). The 50 % and 90 % effective concentrations (EC50 and 
EC90, respectively) of PTC299 were calculated and are presented below. 
In parallel, the concentration of PTC299 necessary to reduce cell 
viability by 50 % (cytotoxic concentration; CC50) in the absence of 
infection was determined by measuring intracellular ATP levels, and the 
selectivity index was calculated as CC50/EC50. 

Preincubation of Vero cells with PTC299 at concentrations of 250, 
500, and 1000 nM for 2 h prior to viral infection reduced viral repli
cation by approximately three orders of magnitude after 24 h for all 
concentrations tested (Fig. 3A). To determine whether the effect of 
PTC299 is a direct consequence of DHODH inhibition, excess uridine 
(100 μM) was added to the treatment medium. Exogenously added 
uridine prevented the inhibition of SARS-CoV-2 replication by PTC299 
(Fig. 3B) consistent with the drug inhibiting DHODH to block viral 
replication. PTC299 also inhibited viral replication when added to the 
cells 18 h prior to infection, added at the time of infection, or added 2 h 
post-infection (see Supporting Material Fig S1). 

The initial concentration range of PTC299 explored did not enable 
the determination of EC50 and EC90 for PTC299 against SARS-CoV-2. 

Fig. 2. PTC299 inhibits SARS-CoV-2 replication. (A) Quantitative 
immunofluorescence analysis of SARS-CoV-2-infected Vero E6 cells 
treated with PTC299. PTC299 was added at concentrations ranging 
from 1 nM to 1 μM 30 min prior to infection of Vero E6 cells with 
SARS-CoV-2 (USA-WA1/2020) at a MOI of 0.1. At 48 h post- 
infection, the cells were fixed, probed with antibodies against the 
nucleocapsid protein (NP) of SARS-CoV-2 and stained with Alexa 
Fluor 488 conjugated secondary antibody. Nuclei were stained with 
DAPI. Images acquired in the Green (i.e., NP of SARS-CoV-2) and 
the Blue (DAPI) channels were overlaid and are displayed as indi
cated (note images corresponding to the 3 nM concentration of 
PTC299 were omitted for simplicity). Scale bar, 200 μm. 
(B) In order to quantify viral infection, images acquired in A were 
subjected to quantitative image analysis to determine the number 
of SARS-CoV-2 nucleocapsid positive cells at each concentration of 
PTC299 (i.e., 1, 3, 10, 100 nM and 1 μM). Normalized percent 
numbers of nucleocapsid positive cells were plotted against Log10 
transforms of PTC299 concentrations and the IC50 was estimated 
using non-linear regression (goodness-of-fit R-squared = 0.9653). 
Data is plotted as the mean and standard deviation of 3 indepen
dent replicates.   
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Therefore, a range of lower concentrations of PTC299 (from 1 pM to 1 
μM) was evaluated. The EC50 and EC90 values were determined to be 2.6 
nM and 53 nM, respectively (Fig. 3C), which is consistent with the 
findings of the immunofluorescence experiments described in Fig. 2. The 
EC50, determined as the midpoint of the logarithmic curve, was 31.6 nM. 
Using a similar calculation based on the logarithmic curve, the EC90 was 
determined to be 80.3 nM. At the highest concentration of PTC299 
tested (10 μM), the CC50 was determined to be >10 μM (Fig. 3D), 
indicating that, similar to the immunofluorescence experiments 
described above, PTC299 reduces viral load with little cell death. 

3.2. PTC299 has broad-spectrum antiviral activity 

The results in Figs. 2 and 3 indicate that PTC299 is a potent inhibitor 
of SARS-CoV-2 replication. Considering its mechanism of inhibiting 
cellular de novo pyrimidine synthesis and the established role of py
rimidine nucleotides in viral replication, we investigated the spectrum 
of activity of PTC299 against a panel of RNA viruses of both positive and 
negative genome polarity. These studies were not designed to directly 
compare the potency of PTC299 across the different viruses but were 
designed to assess anti-viral activity for each virus. 

PTC299 was found to have broad-spectrum antiviral activity against 

Fig. 3. PTC299 decreases the titer of SARS-CoV-2 through the de novo pyrimidine synthesis pathway. (A) Quantification of the dose dependent inhibition of SARS- 
CoV-2 replication by PTC299. Vero cells were pretreated for 2 h with PTC299 at 250, 500, or 1000 nM prior to the addition of SARS-CoV-2. Dashed line indicates the 
limit of quantification. (B). Uridine blocks the PTC299 inhibition of SARS-CoV2 replication. Vero cells were preincubated for 2 or 18 h with PTC299 alone or with 
250 nM PTC299 plus 100 μM uridine before addition of SARS-CoV-2. (C) Determination of EC50 and EC90. Vero cells were preincubated with PTC299 at 0.003, 0.01, 
0.10, 0.30, 1.0, 3.0, 10, 20, 30, 40, 50, 100, 250, 500, 750, and 1000 nM prior to addition of SARS-CoV-2. (D) PTC299 has little cytotoxic effect in Vero cells. Vero 
cells were preincubated for 2 h with PTC299 at 0.001, 0.003, 0.010, 0.030, 0.10, 0.30, 1.0, 3.0, and 10 nM prior to addition of SARS-CoV-2. (A-D) Cells were 
inoculated with SARS-CoV-2 (USA-WA1/2020) at a MOI of 0.05. Viral titer was determined by collecting the medium from the infected cells and assessing the 
concentration required for 50 % infectivity of Vero cells (the 50 % tissue culture infectious dose assay or TCID50). Cytotoxicity was evaluated by measuring 
intracellular ATP (adenosine triphosphate) levels after 48 h of culture. Data are plotted as the mean and standard deviation of 3 independent replicates. 

Table 1 
PTC299 has broad-spectrum antiviral activity.  

Virus Genome Assay Type Host Cell EC50 (nM)b CC50 (nM)b Selectivity indexa 

SARS-CoV-2 (+) RNA TCID50 Vero 2.6 >10,000 >3800 
HCV replicon (+) RNA RT-qPCR Huh7 36 ± 23 570 ± 380 16 
Polio (+) RNA RT-qPCR HeLa 0.57 ± 0.36 >10 >18 
Ebola (-) RNA Imaging(immuno-fluorescent) Vero 76 9.1 >2000 >220 
Rift Valley Fever (-) RNA Imaging(immuno-fluorescent) HeLa 13 >2000 >150 

SARS-CoV-2, Ebola, and Rift Valley Fever were performed once. Poliovirus results represent the average of three experiments and HCV replicon data is the average of 
six experiments. 
Abbreviations: CC50, compound concentration at which cell number is reduced by 50 %; EC50, compound concentration at which viral replication on a linear scale is 
inhibited by 50 %; HCV, hepatitis C virus replicon genotype 1b; RT-qPCR, quantitative reverse transcription PCR; SARS-CoV-2, severe acute respiratory syndrome 
coronavirus 2; TCID50, tissue culture infectious dose 50 %. 

a Selectivity index is the ratio of CC50 to EC50. 
b values are mean ± standard deviation (SD). 
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the RNA viruses tested (Table 1). PTC299 was a highly potent inhibitor 
of hepatitis C virus (HCV) replicon genotype 1b, poliovirus, Ebola virus, 
and Rift Valley fever virus (EC50 ≤36 nM). The CC50 values indicated 
minimal cytotoxicity in most of the viral infection models and were 
generally above the highest concentrations of PTC299 tested. 

3.3. PTC299 inhibits production of inflammatory cytokines 

PTC299 was originally identified as a compound that modulates 
expression of stress-regulated proteins like VEGF and was only subse
quently found to be a DHODH inhibitor (Cao et al., 2019; Weetall et al., 
2016). DHODH inhibitors have been shown to suppress virus-induced 
inflammatory cytokine production (Xiong et al., 2020a). The effect of 
PTC299 on cytokine production and release into the cell culture medium 
was assessed in the BioMAP assay profiling platform. This system con
sists of co-cultures of PMBCs with other cell types, including B cells, 
fibroblasts, and endothelial cells, allowing for the measurement of 
physiologically relevant biomarker readouts of the activity of a test 
compound (Berg et al., 2006; Kunkel et al., 2004a, b). Each co-culture 
was stimulated to recapitulate relevant signaling networks that natu
rally occur in healthy human tissue and under certain disease states. For 
each system, cytotoxicity and cellular proliferation were assessed. 
PTC299 was added at increasing concentrations to each of the model 
systems one hour before cellular stimulation and remained present 
during the stimulation period for each co-culture. Cytokine production 
was subsequently assessed. 

PTC299 was found to be a potent inhibitor of the production of a 
subset of immunomodulatory and inflammation-related cytokines that 
are associated with the stress response and poor prognosis in COVID-19 
(Fig. 4 and Table S1). In the SAg co-cell culture system, which models T- 
cell activation, PTC299 treatment resulted in significant decreases of 
MCP-1, CD40, and IL-8, as levels decreased after 24 h of stimulation 

(Table S1). Compared with the control, 31 % and 27 % reductions in 
MCP-1 and IL-8, respectively, were observed when cells were incubated 
with 10 nM PTC299, and a 29 % decrease in CD40 was detected with 
100 nM PTC299 (all p values <0.01). A 23 % reduction in endothelial 
cellular proliferation as measured by SRB (a measure of cell biomass) 
relative to control was seen following treatment with PTC299 at 100 nM 
(p < 0.01) but not at 1 or 10 nM. 

In the BT co-cell culture system, which models chronic inflammatory 
conditions driven by B cell activation and antibody production, incu
bation of cells with 10 nM PTC299 resulted in a significant reduction in 
the levels of soluble (s)IgG, sIL-17A, sIL-17 F, sIL-6, and sTNFα released 
from the cells after 72 h of stimulation (range, 49%–68%) (all p values 
<0.01) (Fig. 4 and Table S1). The production of sIgG was also signifi
cantly decreased by 97 % following 144 h of stimulation (p < 0.01). 
Similar to results obtained in the SAg co-cell culture system, 100 nM 
PTC299 significantly inhibited proliferation (31 %) compared with 
control (p < 0.05). 

In the HDFSAg co-cell culture system, which models chronic T cell 
activation and inflammation responses within a tissue setting, PTC299 
was associated with significantly lower levels of secreted MCP-1, IL-8, 
MMP-1, sIL-10, sIL-17A, sIL-17 F, sIL-2, sIL-6, sTNFα and sVEGF 
compared with control (all p values <0.01) (Fig. 4 and Table S1). 
PTC299 inhibition of cytokine production was particularly apparent for 
sIL-17 F, sIL-6, and sVEGF, where a significant reduction in the levels of 
these cytokines was observed at as low as 1 nM PTC299 (range 33%– 
90%; all p values <0.01). No significant differences between co-cultures 
treated with PTC299 or the control were seen with regard to prolifera
tion or cytotoxicity. 

In the /TH2 co-cell culture system, a model of mixed vascular Th1 
and Th2 type inflammation that creates a pro-angiogenic environment 
promoting vascular permeability and recruitment of mast cells, baso
phils, eosinophils and T and B cells, significant inhibition of MCP-1 and 

Fig. 4. PTC299 inhibits production of inflammatory cytokines measured using the BioMAP profile. The x-axis indicates the cytokines evaluated and the y-axis the log 
ratio of PTC299 treated vs. vehicle (0.5 % DMSO) control. Arrows indicate evaluation of cell viability, cytotoxicity, and proliferation, with the two thicker grey 
arrows showing values that reached statistical significance at 100 nM PTC299. Biomarkers are annotated only when there was a significant difference between the 
effect of PTC299 and vehicle control (p < 0.01), were outside of the significance envelope, and were >20 % [log10 ratio>0.1]. Arrows indicate evaluation of cell 
viability, cytotoxicity, and proliferation, with the two thicker grey arrows showing when values reached statistical significance at 100 nM PTC299. Each BioMap 
assay was performed once. The dose response is consistent across all four different model systems that assessed cytokine production and release into the cell culture 
medium, suggesting that the results are robust. 
Abbreviations: BCR, B-cell receptor; BioMAP, Biologically Multiplexed Activity Profiling; BT System, co-culture of CD19 + B cells and PBMC that utilizes BCR 
stimulation and sub-mitogenic TCR stimulation; HDFSAg system, co-culture of human primary dermal fibroblasts and PBMC that is stimulated with sub-mitogenic 
TCR levels; Ig, immunoglobulin; IgG Immunoglobulin G; IL, interleukin; PBMC, Peripheral Blood Mononuclear Cell; SAg system, co-culture of endothelial cells and 
PBMC stimulated with mitogenic levels of TCR ligands; TCR, T-cell receptor; /TH2 system, co-culture of endothelial cells and Th2 blasts stimulated with TCR ligands 
and cytokines; Th2, T helper type 2; VEGF, vascular endothelial growth factor. 
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sIL-17A production was seen as relative to controls (all p values <0.01) 
(Fig. 4 andTableS1). Significant inhibition of MCP-1 production of 21 % 
was observed when cells were incubated with 10 nM PTC299 (p < 0.01). 
Similar to results obtained with the HDFSAg co-culture system, treat
ment with PTC299 did not result in a significant decrease in cell pro
liferation or increased cytotoxicity in the /TH2 system. 

3.4. PTC299 inhibits IL-17 production in Th17 cells 

IL-17A and IL-17 F are cytokines produced by activated T-helper-17 
(Th17) cells that mobilize and activate neutrophils. In COVID-19, dis
ease severity is positively correlated with levels of IL-17A, and the levels 
of this cytokine are increased in patients in the intensive care unit 
(Megna et al., 2020; Pacha et al., 2020). Results from the BioMap 
analysis described above using the BT and HDFSAg co-cell culture sys
tems demonstrated that PTC299 significantly inhibits the production of 
IL-17A and IL-17 F. The ability of PTC299 to decrease IL-17A and IL-17 F 
levels was further verified by assessing the effects of PTC299 on the 
production of IL-17A and IL-17 F by Th17 cells, a subset of CD4 T cells 
that produce these cytokines (Martinez et al., 2012). 

The ability of PTC299 to inhibit the production of secreted IL-17A 
and IL-17 F was assessed in a model system in which PBMCs were 
stimulated with human T-activator CD3/CD28 Dynabeads in a culture 
containing cytokines and antibody to induce Th17 differentiation. The 
model culture system was incubated with increasing levels of PTC299. 
Consistent with the BioMap results, PTC299 inhibited the production of 
IL-17A and IL-17 F in tissue culture medium in a dose-dependent 
manner, with >70 % inhibition being observed at doses of ≥75 nM 
(Figs. 5A and 5B). The inhibition was specific for PTC299, as the inactive 
R-enantiomer of this compound, PTC-371 (Cao et al., 2019) and 

teriflunomide, a DHODH inhibitor with a relatively high EC50 (26.1 μM) 
(Xiong et al., 2020a), did not inhibit the production of IL-17A and IL-17 
F. A different DHODH inhibitor, brequinar, also inhibited IL-17A and 
IL-17 F production, but at substantially higher concentrations than 
PTC299. Addition of 100 μM uridine rescued the PTC299-dependent 
inhibition consistent with PTC299 acting on DHODH (Figs. 5C and 5D). 

4. Discussion 

COVID-19 is characterized by an early stage of viral replication fol
lowed in some cases by overproduction of inflammatory cytokines. Both 
the viral replication and the cytokine response are dependent upon 
pyrimidine nucleotides produced by the de novo biosynthesis pathway 
(Cheung et al., 2017; Xiong et al., 2020a). The results presented here 
demonstrate that PTC299 has a dual mechanism of action that inhibits 
viral replication and attenuates the production of a subset of inflam
matory cytokines. PTC299 potently inhibited SARS-CoV-2 replication in 
vitro, with an EC50 of 2.6 nM (31.6 nM based on the logarithmic curve), 
and an antiviral selectivity of >3,800. Inhibition of SARS-CoV-2 repli
cation by PTC299 was prevented by the addition of exogenous uridine, 
which obviated the requirement for the de novo pyrimidine nucleotide 
synthesis pathway, consistent with the drug functioning as a DHODH 
inhibitor and with the fact that many RNA viruses require high con
centrations of pyrimidine nucleotides to transcribe or replicate the viral 
genomes (Xiong et al., 2020a). Accordingly, PTC299 also demonstrated 
broad-spectrum antiviral activity. 

A unique aspect of a DHODH inhibitor such as PTC299 is their ability 
to affect both viral replication and attenuate the cytokine storm 
(Breedveld and Dayer, 2000; Li et al., 2013; Xiong et al., 2020a). The 
cytokine response associated with COVID-19 dramatically complicates 

Fig. 5. PTC299 inhibits IL-17A and IL-17 F 
production in Th17 cells. (A-D) PMBCs were 
stimulated with T-cell activator CD3/CD28 
Dynabeads and a combination of cytokines and 
antibodies to promote T-cell differentiation 
while blocking Th1 and Th2 differentiation. 
Cells were incubated with increasing concen
trations of PTC299 and levels of (A) IL-17A and 
(B) IL-17 F in the medium were measured by 
ELISA. Following PMBC stimulation and incu
bation in the presence of 1 μM PTC299 and100 
μM uridine, levels of (C) IL-17A and (D) IL-17 F 
in the medium were measured by ELISA. 
Vehicle (Medium plus 0.5 %DMSO) was used as 
a negative control. 
Secreted IL-17 F was reported as both pg/mL in 
the medium and as (pg/mL) normalized for cell 
number. Bars indicate standard deviation. 
Abbreviations: IL, interleukin; PBMC, peripheral 
blood mononuclear cell.   
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the course of the infection in some patients and can result in ARDS with a 
high mortality rate. Experience with other viral infections indicates that 
treating the excessive inflammatory immune events downstream of the 
infection is paramount to patient recovery (Quartuccio et al., 2020). 
Studies presented here demonstrated that PTC299 inhibited production 
of multiple cytokines, including MCP-1, IL-6, TNFα, VEGF, and IL-17. 

Inhibition of IL-6, IL-17, VEGF, and IgG by PTC299 may be of 
particular importance for treating COVID-19. IL-6 appears to play a key 
role in excessive cytokine production resulting from viral infection and 
pulmonary complications in COVID-19 (Ruan et al., 2020; Russell et al., 
2020). Preliminary results from two small studies suggest inhibition of 
the IL-6 pathways by tocilizumab and siltuximab resulted in treatment 
benefit for COVID-19 patients (Gritti et al., 2020; Xu et al., 2020). 
Comparable to what was found for MERS-CoV and SAR-CoV infections, 
IL-17A has also been associated with disease severity and lung injury in 
COVID-19 (Pacha et al., 2020). Similarly, increased VEGF levels pro
mote vascular permeability and leakage, helping in the pathophysiology 
of hypotension and pulmonary dysfunction (Teuwen et al., 2020). The 
attenuation of expression of these cytokines by PTC299 that result from 
SARS-CoV-2 infection may provide important and unique therapeutic 
benefits. 

The reduction in the levels of IgG associated with PTC299 treatment 
may be clinically meaningful as an elevated antibody titer has been 
shown to be associated with COVID-19 disease severity (Tan et al., 2020; 
Zhao et al., 2020). The latter findings may be evidence for 
antibody-dependent enhancement of disease, which was observed in 
SARS-CoV-1 (Fu et al., 2020; Liu et al., 2019; Zhao et al., 2020), an 
infection in which the appearance of IgG is associated with acute res
piratory disease in 80 % of patients (Peiris et al., 2003). It is hypothe
sized that antiviral antibodies may trigger an Fc receptor-mediated 
inflammatory response resulting in severe lung injury (Fu et al., 2020). 

The novel dual mechanism of action of PTC299 distinguishes it from 
most other therapeutics being investigated in the clinic for the treatment 
of COVID-19, as many of these target either viral-specific processes or 
the immune response, but not both. Due to its dual mechanism of action, 
PTC299 is expected to be effective in treating both early and later stages 
of COVID-19. This contrasts with direct-acting antivirals that typically 
show their greatest effectiveness primarily in the early phase of the 
disease. Further, since PTC299 targets a cellular gene product (DHODH), 
and it is unlikely that viruses can overcome the need for pyrimidine 
nucleotides, the likelihood that the therapeutic effect of PTC299 will be 
compromised by the development of viral resistance is low. This may be 
particularly important for RNA viruses whose high mutation frequency 
often promotes evasion of direct-acting antivirals. 

PTC299 is a highly potent inhibitor of SARS-CoV-2 replication, with 
an EC50 of 2.6 nM. Several other DHODH inhibitors have also shown 
activity against SARS-CoV-2 (Xiong et al., 2020a), including lefluno
mide, teriflunomide, brequinar, and two recently identified DHODH 
inhibitors, S312 and S416 (Xiong et al., 2020a). Leflunomide and its 
active metabolite teriflunomide are FDA approved treatments for 
rheumatoid arthritis and relapsing forms of multiple sclerosis, respec
tively. Differences in experimental design make it difficult to directly 
compare the findings of PTC299 to those reported for these other 
DHODH inhibitors, but the results suggest that PTC299 is highly potent 
compared to the other molecules. At an MOI of 0.05, the EC50 values for 
SARS-CoV-2 were 41.5 μmol/L for leflunomide, 26.1 μmol/L for teri
flunomide, 0.123 μmol/L for brequinar, 0.017 μmol/L for S416, and 
1.56 μmol/L for S312 (Xiong et al., 2020a) and the respective selectivity 
indices ranged from 21 for leflunomide to 10,505 for S416. Similar to 
PTC299, these other DHODH inhibitors showed broad spectrum anti
viral activity (Xiong et al., 2020a). 

Several other compounds that are under evaluation in the clinic for 
the treatment of SARS-CoV-2 infection have EC50 values reported to be 
the micromolar range. While these compounds have different mecha
nisms of action than those of PTC299, it is notable that the reported EC50 
of remdesivir is 770 nM, that of chloroquine is 1.1–5.5 μM, and that of 

hydroxycholorquine is 720 nM (Choy et al., 2020; Sanders et al., 2020; 
Wang et al., 2020b; Xiong et al., 2020a; Yao et al., 2020). 

The key to a successful COVID-19 treatment is to not only have a 
potent molecule, but to also have a dose that can be delivered safely and 
that will sustain exposure in the blood to inhibit viral replication or 
infection. PTC299 is currently being evaluated to treat COVID-19 in the 
phase 2/3 study PTC299-VIR-015− COV19 (referred to as FITE19) (htt 
ps://clinicaltrials.gov/ct2/show/NCT04439071?term=PTC299+A 
ND+COVID&draw=2&rank=1). The dose being used is based on a PK/ 
pharmacodynamic relationship obtained in monkeys and in cancer pa
tients with neurofibromatosis type 2 (NF2), and the well-characterized 
PK profile from healthy volunteer and oncology studies (Cao et al., 
2019)(data on file). The PTC299 dose in the FITE19 study is predicted to 
yield a Cave of 1371 ng/mL and will thus be approximately1100-fold 
higher than the EC50 of the drug and about 55-fold greater than the 
EC90 values against SARS-CoV-2. The PTC299 levels would also be 
approximately 12-fold higher than the 250 nM concentration that 
resulted in the 3-log reduction in the titer of SARS-CoV-2 in cultured 
Vero cells. 

PTC299 is a highly potent inhibitor of SARS-CoV-2 replication that 
also suppresses production of a subset of pro-inflammatory cytokines, 
suggesting it has the potential to act through this dual mechanism to 
treat the viral and immune components of COVID-19. Due to its ability 
to block viral replication and cytokine production, PTC299 may be 
effective in treating both early and later stages of the disease. This 
contrasts with direct-acting antivirals that typically show their greatest 
effectiveness primarily in the early phase of the disease (McNicholl and 
McNicholl, 2001; Xiong et al., 2020a) and with anti-inflammatory drugs 
that treat only the later phase of COVID-19 (Moore and June, 2020; 
Quartuccio et al., 2020). It has been argued that it is important to 
combine antiviral therapy with immune suppressants as using only 
compounds that modify the immune response to treat the cytokine 
storms may make viral clearance more difficult (Quartuccio et al., 
2020). Importantly, PTC299 is orally bioavailable, has been extensively 
evaluated in human subjects, has well established PK and safety profiles 
and is generally well tolerated. These findings and prior clinical expe
rience with PTC299 support the further development of this novel 
molecule for the treatment of COVID-19. 

Funding sources 

The study was supported by NIH grants R37AI147868 and 
R01AI148784 to J.L, a grant from the Evergrande COVID-19 Response 
Fund Award from the Massachusetts Consortium on Pathogen Readiness 
to J.L. E.M. was supported by the Evergrande COVID-19 Response Fund 
Award from the Massachusetts Consortium on Pathogen Readiness, Fast 
Grants, and NIH NCATS grant UL1TR001430. E.S. was supported by NIH 
HL007035T32 training grant Biology of the Lung. S.B. was supported by 
the Defense Threat Reduction Agency, Joint Science Technology Office, 
A.J was supported by the NIH grant R35GM122468, and S.P. and R.A.S 
were supported through Sponsored Research Agreement from PTC 
Therapeutics to University of Texas Medical Branch. R.A.S was also 
funded in part by the Clinical and Translational Science Award NRSA 
(TL1) Training Core grant TL1TR001440 from the National Center for 
Advancing Translational Sciences at the NIH. 

CRediT author contributions 

Conceptualization, data curation, formal analysis, methodology, and 
project administration: J.L, S.P., E.M., R.A.S. S.B. C.S-D-C., E.L.S., Y.W, 
V.S., J.D.G., L.C., M.W., C.T., K.C-L. 

Writing, review, and editing: J.L., S.P., E.M., R.A.S., S.B., J.D.G., M. 
W., C.T., N.A.N., J.M.C., M.P., E.M.W., K.OK, R.K., E.G. A.J., S.W.W.P. 

Project administration and funding acquisition: N.A.N, J.M.C, S.W.P. 

J. Luban et al.                                                                                                                                                                                                                                   

https://clinicaltrials.gov/ct2/show/NCT04439071?term=PTC299+AND+COVID%26draw=2%26rank=1
https://clinicaltrials.gov/ct2/show/NCT04439071?term=PTC299+AND+COVID%26draw=2%26rank=1
https://clinicaltrials.gov/ct2/show/NCT04439071?term=PTC299+AND+COVID%26draw=2%26rank=1


Virus Research 292 (2021) 198246

10

Declaration of Competing Interest 

J.L, E.M., S.B, C. S-D.-C., E.L.S., Y.W, and V.S. have no conflict of 
interest to declare. 

S..P. and R.A.S. received support from PTC Therapeutics for this 
work. 

J.D.G, L.C, M.W, C.T-L., N.A.N, J.M.C, M.P. E.M.W., K.O’K., R.K, E. 
G., A.J. and S.W.P. are or were employed by PTC Therapeutic and have 
received salary compensation for time, effort, and hold or held financial 
interest in the company. 

Acknowledgments 

The authors would like to thank Leonid Yurkovetskiy for thoughtful 
discussion and constructive advice and help with design and execution 
of SARS-CoV-2 experiments, and Mitchell White and Baylee Heiden for 
excellent technical support. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.virusres.2020.198246. 

References 

Berg, E.L., Kunkel, E.J., Hytopoulos, E., et al., 2006. Characterization of compound 
mechanisms and secondary activities by BioMAP analysis. J. Pharmacol. Toxicol. 
Methods 53 (1), 67–74. https://doi.org/10.1016/j.vascn.2005.06.003. 

Berg, E.L., Yang, J., Melrose, J., et al., 2010. Chemical target and pathway toxicity 
mechanisms defined in primary human cell systems. J. Pharmacol. Toxicol. Methods 
61 (1), 3–15. https://doi.org/10.1016/j.vascn.2009.10.001. 

Berg, E.L., Yang, J., Polokoff, M.A., 2013. Building predictive models for mechanism-of- 
action classification from phenotypic assay data sets. J. Biomol. Screen. 18 (10), 
1260–1269. https://doi.org/10.1177/1087057113505324. 

Breedveld, F.C., Dayer, J.M., 2000. Leflunomide: mode of action in the treatment of 
rheumatoid arthritis. Ann. Rheum. Dis. 59 (11), 841–849. https://doi.org/10.1136/ 
ard.59.11.841. 

Cao, L., Weetall, M., Trotta, C., et al., 2019. Targeting of hematologic malignancies with 
PTC299, a novel potent inhibitor of dihydroorotate dehydrogenase with favorable 
pharmaceutical properties. Mol. Cancer Ther. 18 (1), 3–16. 

Cheung, N.N., Lai, K.K., Dai, J., et al., 2017. Broad-spectrum inhibition of common 
respiratory RNA viruses by a pyrimidine synthesis inhibitor with involvement of the 
host antiviral response. J. Gen. Virol. 98 (5), 946–954. https://doi.org/10.1099/ 
jgv.0.000758. 

Choy, K.-T., Wong, A.Y.-L., Kaewpreedee, P., et al., 2020. Remdesivir, lopinavir, emetine, 
and homoharringtonine inhibit SARS-CoV-2 replication in vitro. Antiviral Res. 178 
https://doi.org/10.1016/j.antiviral.2020.104786, 104786-104786.  

Duley, J.A., Henman, M.G., Carpenter, K.H., et al., 2016. Elevated plasma dihydroorotate 
in Miller syndrome: biochemical, diagnostic and clinical implications, and treatment 
with uridine. Mol. Genet. Metab. 119 (1–2), 83–90. https://doi.org/10.1016/j. 
ymgme.2016.06.008. 

Fu, Y., Cheng, Y., Wu, Y., 2020. Understanding SARS-CoV-2-Mediated inflammatory 
responses: from mechanisms to potential therapeutic tools. Virol. Sin. https://doi. 
org/10.1007/s12250-020-00207-4. 

Gritti, G., Raimondi, F., Ripamonti, D., et al., 2020. Use of siltuximab in patients with 
COVID-19 pneumonia requiring ventilatory support. medRxiv. 

Gupta, A., Madhavan, M.V., Sehgal, K., et al., 2020. Extrapulmonary manifestations of 
COVID-19. Nat. Med. 26 (7), 1017–1032. https://doi.org/10.1038/s41591-020- 
0968-3. 

Huang, C., Wang, Y., Li, X., et al., 2020. Clinical features of patients infected with 2019 
novel coronavirus in Wuhan. China. Lancet 395 (10223), 497–506. https://doi.org/ 
10.1016/s0140-6736(20)30183-5. 

Jose, R.J., Manuel, A., 2020. COVID-19 cytokine storm: the interplay between 
inflammation and coagulation. Lancet Respir. Med. https://doi.org/10.1016/s2213- 
2600(20)30216-2. 

Kunkel, E.J., Dea, M., Ebens, A., et al., 2004a. An integrative biology approach for 
analysis of drug action in models of human vascular inflammation. FASEB J. 18 (11), 
1279–1281. https://doi.org/10.1096/fj.04-1538fje. 

Kunkel, E.J., Plavec, I., Nguyen, D., et al., 2004b. Rapid structure-activity and selectivity 
analysis of kinase inhibitors by BioMAP analysis in complex human primary cell- 
based models. Assay Drug Dev. Technol. 2 (4), 431–441. https://doi.org/10.1089/ 
adt.2004.2.431. 

Li, Y., Wang, S., Wang, Y., et al., 2013. Inhibitory effect of the antimalarial agent 
artesunate on collagen-induced arthritis in rats through nuclear factor kappa B and 
mitogen-activated protein kinase signaling pathway. Transl. Res. 161 (2), 89–98. 
https://doi.org/10.1016/j.trsl.2012.06.001. 

Liu, L., Wei, Q., Lin, Q., et al., 2019. Anti-spike IgG causes severe acute lung injury by 
skewing macrophage responses during acute SARS-CoV infection. JCI Insight 4 (4). 
https://doi.org/10.1172/jci.insight.123158. 

Lu, R., Zhao, X., Li, J., et al., 2020. Genomic characterisation and epidemiology of 2019 
novel coronavirus: implications for virus origins and receptor binding. Lancet 395 
(10224), 565–574. https://doi.org/10.1016/s0140-6736(20)30251-8. 

Martinez, N.E., Sato, F., Kawai, E., et al., 2012. Regulatory T cells and Th17 cells in viral 
infections: implications for multiple sclerosis and myocarditis. Future Virol. 7 (6), 
593–608. https://doi.org/10.2217/fvl.12.44. 

McNicholl, I.R., McNicholl, J.J., 2001. Neuraminidase inhibitors: zanamivir and 
oseltamivir. Ann. Pharmacother. 35 (1), 57–70. https://doi.org/10.1345/ 
aph.10118. 

Megna, M., Napolitano, M., Fabbrocini, G., 2020. IL-17 have a role in COVID-19 
infection? Med. Hypotheses 140. https://doi.org/10.1016/j.mehy.2020.109749, 
109749-109749 May.  

Melton, A.C., Melrose, J., Alajoki, L., et al., 2013. Regulation of IL-17A production is 
distinct from IL-17F in a primary human cell co-culture model of T cell-mediated B 
cell activation. PLoS One 8 (3), e58966. https://doi.org/10.1371/journal. 
pone.0058966. 

Moore, B.J.B., June, C.H., 2020. Cytokine release syndrome in severe COVID-19. Science. 
https://doi.org/10.1126/science.abb8925. 

Munier-Lehmann, H., Vidalain, P.O., Tangy, F., et al., 2013. On dihydroorotate 
dehydrogenases and their inhibitors and uses. J. Med. Chem. 56 (8), 3148–3167. 
https://doi.org/10.1021/jm301848w. 

Pacha, O., Sallman, M.A., Evans, S.E., 2020. COVID-19: a case for inhibiting IL-17? Nat. 
Rev. Immunol. 20 (6), 345–346. https://doi.org/10.1038/s41577-020-0328-z. 

Peiris, J.S., Chu, C.M., Cheng, V.C., et al., 2003. Clinical progression and viral load in a 
community outbreak of coronavirus-associated SARS pneumonia: a prospective 
study. Lancet 361 (9371), 1767–1772. https://doi.org/10.1016/s0140-6736(03) 
13412-5. 

Plotkin, S.R., Stemmer-Rachamimov, A.O., Barker 2nd, F.G., et al., 2009. Hearing 
improvement after bevacizumab in patients with neurofibromatosis type 2. N. Engl. 
J. Med. 361 (4), 358–367. https://doi.org/10.1056/NEJMoa0902579. 

Quartuccio, L., Semerano, L., Benucci, M., et al., 2020. Urgent avenues in the treatment 
of COVID-19: targeting downstream inflammation to prevent catastrophic syndrome. 
Joint Bone Spine 87 (3), 191–193. https://doi.org/10.1016/j.jbspin.2020.03.011. 

Ruan, Q., Yang, K., Wang, W., et al., 2020. Clinical predictors of mortality due to COVID- 
19 based on an analysis of data of 150 patients from Wuhan, China. Intensive Care 
Med. 1–3. https://doi.org/10.1007/s00134-020-05991-x. 

Russell, B., Moss, C., George, G., et al., 2020. Associations between immune-suppressive 
and stimulating drugs and novel COVID-19—a systematic review of current 
evidence. ecancermedicalscience 14, 1022. https://doi.org/10.3332/ 
ecancer.2020.1022. 

Sanders, J.M., Monogue, M.L., Jodlowski, T.Z., et al., 2020. Pharmacologic treatments 
for coronavirus disease 2019 (COVID-19): a review. Jama. https://doi.org/10.1001/ 
jama.2020.6019. 

Shah, F., Stepan, A.F., O’Mahony, A., et al., 2017. Mechanisms of skin toxicity associated 
with metabotropic glutamate receptor 5 negative allosteric modulators. Cell Chem. 
Biol. 24 (7), 858–869. https://doi.org/10.1016/j.chembiol.2017.06.003 e855.  

Tan, W., Lu, Y., Zhang, J., et al., 2020. Viral kinetics and antibody responses in patients 
with COVID-19. medRxiv. 

Teuwen, L.A., Geldhof, V., Pasut, A., et al., 2020. COVID-19: the vasculature unleashed. 
Nat. Rev. Immunol. 1–3. https://doi.org/10.1038/s41577-020-0343-0. 

Wang, D., Hu, B., Hu, C., et al., 2020a. Clinical characteristics of 138 hospitalized 
patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. Jama 
323 (11), 1061–1069. https://doi.org/10.1001/jama.2020.1585. 

Wang, M., Cao, R., Zhang, L., et al., 2020b. Remdesivir and chloroquine effectively 
inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 30 
(3), 269–271. https://doi.org/10.1038/s41422-020-0282-0. 

Weetall, M., Davis, T., Elfring, G., et al., 2016. Phase 1 study of safety, tolerability, and 
pharmacokinetics of PTC299, an inhibitor of stress-regulated protein translation. 
Clin. Pharmacol. Drug Dev. 5 (4), 296–305. https://doi.org/10.1002/cpdd.240. 

Wiersinga, W.J., Rhodes, A., Cheng, A.C., et al., 2020. Pathophysiology, transmission, 
diagnosis, and treatment of coronavirus disease 2019 (COVID-19): a review. JAMA. 
https://doi.org/10.1001/jama.2020.12839. 

Wu, A., Peng, Y., Huang, B., et al., 2020a. Genome composition and divergence of the 
novel coronavirus (2019-nCoV) originating in China. Cell Host Microbe 27 (3), 
325–328. https://doi.org/10.1016/j.chom.2020.02.001. 

Wu, F., Zhao, S., Yu, B., et al., 2020b. A new coronavirus associated with human 
respiratory disease in China. Nature 579 (7798), 265–269. https://doi.org/10.1038/ 
s41586-020-2008-3. 

Xiong, R., Zhang, L., Li, S., et al., 2020a. Novel and potent inhibitors targeting DHODH, a 
rate-limiting enzyme in de novo pyrimidine biosynthesis, are broad-specturm 
antiviral against RNA viruses including newly emerged coronavirus SARS-CoV-2. 
Protein Cell 11 (10), 723–739. https://doi.org/10.1007/s13238-020-00768-w. 

Xiong, R., Zhang, L., Li, S., et al., 2020b. Novel and potent inhibitors targeting DHODH 
are broad-spectrum antivirals against RNA viruses including newly-emerged 
coronavirus SARS-CoV-2. Protein Cell 11 (10), 723–739. https://doi.org/10.1007/ 
s13238-020-00768-w. 

Xu, X., Han, M., Li, T., et al., 2020. Effective treatment of severe COVID-19 patients with 
tocilizumab. ChinaXiv 202003 (00026), V1. 

Yao, X., Ye, F., Zhang, M., et al., 2020. In Vitro Antiviral Activity and Projection of 
Optimized Dosing Design of Hydroxychloroquine for the Treatment of Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. https://doi. 
org/10.1093/cid/ciaa237. 

J. Luban et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.virusres.2020.198246
https://doi.org/10.1016/j.vascn.2005.06.003
https://doi.org/10.1016/j.vascn.2009.10.001
https://doi.org/10.1177/1087057113505324
https://doi.org/10.1136/ard.59.11.841
https://doi.org/10.1136/ard.59.11.841
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0025
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0025
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0025
https://doi.org/10.1099/jgv.0.000758
https://doi.org/10.1099/jgv.0.000758
https://doi.org/10.1016/j.antiviral.2020.104786
https://doi.org/10.1016/j.ymgme.2016.06.008
https://doi.org/10.1016/j.ymgme.2016.06.008
https://doi.org/10.1007/s12250-020-00207-4
https://doi.org/10.1007/s12250-020-00207-4
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0050
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0050
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1016/s2213-2600(20)30216-2
https://doi.org/10.1016/s2213-2600(20)30216-2
https://doi.org/10.1096/fj.04-1538fje
https://doi.org/10.1089/adt.2004.2.431
https://doi.org/10.1089/adt.2004.2.431
https://doi.org/10.1016/j.trsl.2012.06.001
https://doi.org/10.1172/jci.insight.123158
https://doi.org/10.1016/s0140-6736(20)30251-8
https://doi.org/10.2217/fvl.12.44
https://doi.org/10.1345/aph.10118
https://doi.org/10.1345/aph.10118
https://doi.org/10.1016/j.mehy.2020.109749
https://doi.org/10.1371/journal.pone.0058966
https://doi.org/10.1371/journal.pone.0058966
https://doi.org/10.1126/science.abb8925
https://doi.org/10.1021/jm301848w
https://doi.org/10.1038/s41577-020-0328-z
https://doi.org/10.1016/s0140-6736(03)13412-5
https://doi.org/10.1016/s0140-6736(03)13412-5
https://doi.org/10.1056/NEJMoa0902579
https://doi.org/10.1016/j.jbspin.2020.03.011
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.3332/ecancer.2020.1022
https://doi.org/10.3332/ecancer.2020.1022
https://doi.org/10.1001/jama.2020.6019
https://doi.org/10.1001/jama.2020.6019
https://doi.org/10.1016/j.chembiol.2017.06.003
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0165
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0165
https://doi.org/10.1038/s41577-020-0343-0
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.1002/cpdd.240
https://doi.org/10.1001/jama.2020.12839
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1007/s13238-020-00768-w
https://doi.org/10.1007/s13238-020-00768-w
https://doi.org/10.1007/s13238-020-00768-w
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0215
http://refhub.elsevier.com/S0168-1702(20)31153-9/sbref0215
https://doi.org/10.1093/cid/ciaa237
https://doi.org/10.1093/cid/ciaa237


Virus Research 292 (2021) 198246

11

Zhao, J., Yuan, Q., Wang, H., et al., 2020. Antibody responses to SARS-CoV-2 in patients 
of novel coronavirus disease 2019. Clin. Infect. Dis. https://doi.org/10.1093/cid/ 
ciaa344. 

Zheng, J., Zhang, Y., Liu, Y., et al., 2020. Multi-omics study revealing tissue-dependent 
putative mechanisms of SARS-CoV-2 drug targets on viral infections and complex 
diseases. medRxiv 2020 (2005), 2007. https://doi.org/10.1101/ 
2020.05.07.20093286, 20093286.  

Zhou, F., Yu, T., Du, R., et al., 2020a. Clinical course and risk factors for mortality of 
adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. 
Lancet 395 (10229), 1054–1062. https://doi.org/10.1016/s0140-6736(20)30566-3. 

Zhou, P., Yang, X.L., Wang, X.G., et al., 2020b. A pneumonia outbreak associated with a 
new coronavirus of probable bat origin. Nature 579 (7798), 270–273. https://doi. 
org/10.1038/s41586-020-2012-7. 

Zhu, N., Zhang, D., Wang, W., et al., 2020. A novel coronavirus from patients with 
pneumonia in China, 2019. N. Engl. J. Med. 382 (8), 727–733. https://doi.org/ 
10.1056/NEJMoa2001017. 

J. Luban et al.                                                                                                                                                                                                                                   

https://doi.org/10.1093/cid/ciaa344
https://doi.org/10.1093/cid/ciaa344
https://doi.org/10.1101/2020.05.07.20093286
https://doi.org/10.1101/2020.05.07.20093286
https://doi.org/10.1016/s0140-6736(20)30566-3
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017

