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Introduction 
The The pandemic widely known as coronavirus disease of 2019 

(COVID-19) is the third coronavirus outbreak of zoonotic origin 
in the past 20 years, having been preceded by coronavirus-caused 
respiratory syndromes generally referred to as SARS [1] and MERS [2]. 
COVID-19 is characterized by high rates of infection and lethality, and 
has significantly strained economic, healthcare, and political systems. 
The disease was recognized as a global pandemic by the World Health 
Organization on 11 March 2020 and has since resulted in more than 
two million deaths worldwide [3, 4]. Although several vaccines that 
prevent COVID-19 have already been developed [5], the need for 
effective therapeutics is paramount, particularly as the vaccines are not 
currently available in many countries, substantive logistical challenges 
remain for manufacturing and global distribution, and certain high-
risk populations are unable to be vaccinated. Moreover, it is unclear 
what the future medical landscape may look like should SARS-CoV-2 
become endemic or mutate to a structure poorly recognized by immune 
systems primed with vaccines targeted against the current versions of 
the virus’ spike protein. 

Literature Review
We COVID-19 is considered to have two critical elements: (1) 

uncontrolled SARS-CoV-2 replication in the early stage of the disease 
and (2) an over reactive inflammatory response, referred to as a cytokine 
storm, in the later stage of the disease [6]. Virus-induced cytokine 
storms are not unique to SARS-CoV-2, as both SARS and MERS also 
manifest this excessive immune response, with replication of the three 
respective disease-causing viruses stimulating increased levels of a 
subset of pro-inflammatory cytokines, including interleukin (IL)-6, IL-
17, and vascular endothelial growth factor (VEGF) [7]. The uncontrolled 
inflammation can result in hyperpermeability of the vasculature, multi-
organ failure, acute respiratory distress syndrome (ARDS), and death 
[6, 7]. ARDS is a leading cause of mortality in COVID-19 and elevated 
levels of interleukin IL-6 and IL-17 are reported to be associated with 
severe pulmonary complications and death [6].

Multiple therapies are under development for treating COVID-19, 
but only a few of these potentially address both viral replication and the 
excessive pro-inflammatory immune response [6]. A therapeutic that 
can inhibit SARS-CoV-2 replication while suppressing the cytokine 
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Abstract
COVID-19,  the pandemic arising from the third coronavirus outbreak in the past 20 years,  will not be the last. 

Identifying therapies for COVID-19, and possibly future outbreaks, is of great importance. COVID-19 is characterized 
by an initial phase of viral replication followed by an excessive pro-inflammatory response (cytokine storm). PTC299 
is an orally available compound that is a potent inhibitor of dihydroorotate dehydrogenase (DHODH), the rate-limiting 
enzyme in the de novo pyrimidine biosynthesis pathway. Recent in vitro findings indicate that PTC299 acts via a dual 
mechanism to inhibit viral replication and the cytokine storm, both of which are dependent on intracellular pyrimidine 
levels. Consistent with PTC299 targeting a host enzyme, the drug demonstrates broad antiviral activity, and is likely 
to be impervious to viral resistance. These characteristics may be critical when SARS-CoV-2 becomes endemic or 
mutates sufficiently to be resistant to current vaccines, as well as during future coronavirus outbreaks.

storm would seem likely to be highly beneficial for both the early and 
late stages of the disease. Experience with COVID-19 and other viral 
infections indicates that treating the excessive inflammatory immune 
events downstream of the infection can be vital to patient recovery [8, 
9], with the provision that drugs utilized to modify the cytokine storm 
do not compromise viral clearance [8]. 

Targeting the cellular de novo pyrimidine biosynthesis pathway 
through inhibition of dihydroorotate dehydrogenase (DHOHD) may 
facilitate a dual mechanism COVID-19 therapeutic that is distinct from 
the use of separate antiviral or anti-inflammatory drugs. Pyrimidines 
are crucial building blocks for the biosynthesis of RNA and DNA and 
cellular pyrimidine levels control both viral replication and production 
of pro-inflammatory cytokines [6]. DHODH is the rate limiting enzyme 
in this pathway and is expressed in all tissues examined, including the 
lung, heart, and liver. The enzyme 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) (Figure 1). In support of 
the notion of targeting DHODH for the treatment of viral infections, 
several high-throughput screens for broad-spectrum antivirals 
identified compounds that target the de novo pyrimidine biosynthesis 
pathway, in particular DHODH [6]. In addition, a recent multi-omics 
study of drug targets for viral infections prioritized DHODH inhibition 
as one of the top three mechanisms to consider for COVID-19 therapy 
[10]. It might be thought that DHODH inhibition would have adverse 
consequences for human patients, but pyrimidines can also be supplied 
by a salvage pathway (Figure 1), which recycles pre-existing nucleotides 
from extracellular sources such as food. This pathway does not appear 
to play a major role in the replication of SARS-CoV-2 [6] and by itself 
would likely be inadequate to support the extensive viral replication 
requirements of SARS-CoV-2. 
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The PTC299 is an orally bioavailable molecule that directly binds 
DHODH and inhibits the activity of the enzyme [11]. Treatment of 
cultured cells with PTC299 results in reduction of DHODH activity, 
leading to increased levels of DHO, the substrate for the enzyme [11]. 
Similar findings were observed in PTC299-treated cancer patients, 
where administration of PTC299 caused increased levels of DHO in 
the blood, indicating successful inhibition of DHODH in these patients 
[11]. The ability of PTC299 to inhibit DHODH in vivo is further 
supported by the observation that PTC299 also normalized VEGF 
levels in cancer patients who characteristically have high levels of this 
stress-regulated cytokine [11]. Importantly, the clinical characteristics 
of PTC299 are well known, as it has been extensively studied in clinical 
trials of more than 300 healthy volunteers and cancer patients and 
shown to have a favorable pharmacokinetic (PK) profile and to be well 
tolerated [12] (PTC Therapeutics, data on file). 

Recently, Luban and colleagues have demonstrated that, in vitro, 
PTC299 blocks SARS-CoV-2 replication and attenuates the production 
of a subset of inflammatory cytokines implicated in COVID-19 disease 
severity and prognosis (Figure 2A) [13]. PTC299 was found to inhibit 
SARS-CoV-2 replication in vitro with an EC50   ranging from 2.0 to 
31.6 nM (Figures 2B and 2C) and with an antiviral selectivity index of 
>3,800. Consistent with the drug functioning as a DHODH inhibitor, 
inhibition of SARS-CoV-2 replication by PTC299 was prevented by the 
addition of exogenous uridine, which bypassed the requirement for the 
de novo pyrimidine synthesis pathway (see Figure 1). As anticipated 
for a host-based mechanism, PTC299 also demonstrated potent broad-
spectrum antiviral activity against a number of other RNA viruses with 
EC50   values ranging from 0.57 to 36 nM [13].

The components of the inflammatory response inhibited by PTC299 
in cell culture include MCP-1, IL-6, TNFα, VEGF, and IL-17, and the 
production of IgG  [13, 14]. Reduction of IgG levels by PTC299 may 
be clinically relevant as an elevated antibody titer has been shown to 
be associated with increased COVID-19 disease severity [13, 15].  The 
inhibition of IL-6, IL-17, and VEGF by PTC299 may be of particular 
importance for treating COVID-19. IL-6 appears to play a key role in 
COVID-19 by promoting excessive cytokine production resulting from 
viral infection and pulmonary complications [7]. Consistent with this, 
preliminary results from two small studies suggest inhibition of the IL-6 
pathways by tocilizumab and siltuximab resulted in a treatment benefit 
for COVID-19 patients [16, 17]. Similarly, IL-17 has been associated 
with disease severity and lung disease in COVID-19, and increased 
VEGF levels promote vascular permeability and leakage, contributing 
to the pathophysiology of hypotension and pulmonary dysfunction 
[18]. In short, the dual mechanism of action and the favorable PK 
and safety profiles of PTC299 support its investigation for use as a 
therapeutic for COVID-19.

In addition to PTC299, a number of other DHODH inhibitors 
(brequinar, IMU-838, S312, S416, leflunomide and its active metabolite 
teriflunomide) have shown activity against SARS-CoV-2 and other 
RNA viruses [6]. Leflunomide and teriflunomide are, respectively, 
FDA approved treatments for rheumatoid arthritis and relapsing forms 
of multiple sclerosis, whereas IMU-383 is a proposed treatment for 
multiple sclerosis [6]. Leflunomide, teriflunomide, S312, and S416 
have also been found to inhibit components of the cytokine storm 
[19],  consistent with a dual mechanism of action for these DHODH 
inhibitors as well. Due to differences in experimental design, it is 
difficult to compare findings across the group of DHODH inhibitors 

Figure 1: Schematic of the salvage and de novo pathways of pyrimidine biosynthesis. The salvage pathway recycles pre-existing nucleotides from 
food or other extracellular sources and does not appear to be sufficient to support viral RNA replication. The percentages in red denote the respective 
extents to which the relative levels of specific nucleotides are reduced during PTC299 treatment (100 nM) of cultured HT1080 fibrosarcoma cells 
for 8 hours [11]. Abbreviations: CAD, complex of the following three enzymes: carbamoyl-phosphate synthetase 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: uridine monophosphate; UPP: uridine phosphorylase; UPRT: uracil 
phosphoribosyl transferase; UTP: uridine triphosphate.  From   [13].



Citation: Goodwin E, Jacobson A, Weetall M, et al. Dual mechanism of action of PTC299 and other DHODH inhibitors in suppressing SARS-CoV-2 
replication and cellular cytokine storms. J Cytokine Biol 6: 37. 

Page 3 of 4

Volume 6 • Issue 3 • 100037
J Cytokine Biol, an open access journal
ISSN:2576-3881

with respect to anti-SARS-CoV-2 activity, but the available data suggest 
that PTC299 is highly potent compared with the other molecules whose 
EC50   at a multiplicity of infection (MOI) of 0.05 range from 0.017 to 
41.5 µmol/L, and whose selectivity indices range from 21 to 1050 [13]. 

    Currently, the efficacy and safety of PTC299 are being investigated in 
the randomized, placebo controlled, phase 2/3 study PTC299-VIR-015-
COV19 in hospitalized adult patients with COVID-19 (ClinicalTrials.
gov Identifier: NCT04439071; also referred to as FITE19). Two other 
DHODH inhibitors, brequinar and IMU-838, are also in clinical trials 
of patients with COVID-19. Continued evidence of DHODH inhibitor 
efficacy in the clinic would not only be a reassuring development of a 
therapeutic approach to COVID-19, but also support the concept that a 
COVID-19 progression is mediated in part by a cytokine storm.  

An important advantage of anti-viral drugs that target host cellular 
enzymes, e.g., DHODH, is that they act independently of virus-encoded 
proteins, thus making them potentially impervious to the development 
of viral resistance. This attribute may be important as variants of SARs-
CoV-2 with increased infectivity, e.g., B.1.1.7 and 50LV2, continue to 
arise [20]. B.1.17 is rapidly spreading around the globe due to increased 
rate of infection and 50LV2 is not only highly infectious, but also carries 
a mutation in the spike protein that reduces antibody recognition. 
Hence, concern has been raised that current vaccines, and those under 

development, may not be as efficacious against certain new variants as 
with the original SARS-CoV-2 strains [20].

   The ease of intercontinental travel and increased man-made 
changes to the environment will undoubtedly result in closer physical 
association of humans with zoonotic carriers of pathogens, including 
coronaviruses. Viral spillover events are thus likely to become 
more frequent potential health threats to the human population 
and identifying therapies that may treat such outbreaks is of great 
importance. The findings to date indicate that PTC299 acts by a dual 
mechanism of action to block SARS-CoV-2 replication and suppress 
the cytokine storm triggered by viral infection. This dual mechanism of 
action makes PTC299 a strong candidate as therapy for COVID-19, and 
potentially other future viral outbreaks. 
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Figure 2: PTC299 Inhibits SARS-CoV-2 Replication. (A) Schematic of the dual mechanism of action of PTC299 for treating COVID-19. (B) 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 minutes prior to infection of Vero E6 cells with SARS-CoV-2 (USA-WA1/2020) at a MOI of 0.1. At 48 hours 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 
indicated (note images corresponding to the 3 nM concentration of PTC299 were omitted for simplicity). Scale bar, 200 µm. (C) 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 independent replicates.  Adapted  from [13].
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