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 Introduction

The replication of virus is dependent on the host metabolism; nucleotide precursors for the 

synthesis of viral genome or viral mRNAs are supplied from the host nucleotides pool. As 

viral replication requires a massive synthesis of viral mRNA or viral genome, the inhibition 

of cellular nucleotide synthesis is considered a strategy for broad-spectrum antivirals. 

Indeed, the inhibition of GTP synthesis showed antiviral effects against many viruses. 

Mycophenolic acid (MPA) has broad-spectrum antiviral activity and the mechanism is to 

decrease cellular GTP concentration by inhibiting inosine-5’-monophosphate dehydrogenase 

(IMPDH), which catalyzes the rate-limiting reaction of de novo GTP biosynthesis [1]. Many 

IMPDH inhibitors, however, show noticeable cytotoxicity at the effective concentrations, 

making them less attractive as an antiviral therapeutic [2–5].

On the other hand, pyrimidine synthesis inhibitors are getting more attention as a novel 

antiviral strategy. Several pyrimidine synthesis inhibitors have been discovered as active hit 

compounds from high-throughput screenings for antivirals [6–8]. Unlike MPA, these 

pyrimidine synthesis inhibitors did not show toxicity to the cells at the effective 

concentrations. Recently, a novel antiviral mechanism was discovered that could interpret 

the robust antiviral activity of pyrimidine synthesis inhibitors. Marianne et al. has shown that 

brequinar or DD264, a dihydroorotate dehydrogenase (DHODH) inhibitor, has broad-

spectrum antiviral activity and the treatment of the cells with the compounds induced the 

expression of IFN-stimulated genes (ISGs) that are associated with the antiviral effects [9]. 

The compound decreased cellular pyrimidine concentration; however, the decrease of 

pyrimidine concentration was not the main antiviral mechanism. More importantly, the 

antiviral effect was dependent on the synthesis of new proteins under the control of 

interferon regulatory transcription factor 1 (IRF1). This finding clearly illustrates how 

pyrimidine synthesis inhibitors could exert potent broad-spectrum antiviral activity without 

cytotoxicity unlike MPA. This finding could lead to the development of broad-spectrum 

antivirals from pyrimidine synthesis inhibitors. In support of the mechanism, leflunomide, 

an immunosuppressant drug that inhibits DHODH, the fourth enzyme of the pyrimidine 
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biosynthesis (Figure 1), has been reported to have an antiviral effect against several viruses 

in a clinical study [10].

Despite this prominent antiviral effect in vitro, none of the pyrimidine synthesis inhibitors 

have shown antiviral effect in vivo models using mice [6–8]. For this reason, pyrimidine 

synthesis inhibition has not been accepted as a viable antiviral strategy. It has been 

speculated that the concentration of exogenous pyrimidines in the serum is too high to 

inhibit viral replication. This argument, however, can’t explain the lack of antiviral effect in 

mice completely. Wang et al. showed about a 50% decrease in uridine levels in mice treated 

with their compound, NITD-982 [8]. With the decrease in the pyrimidine concentration, the 

induction of ISGs was expected after the treatment of the mice, which could lead to an 

antiviral activity. As mentioned earlier, no antiviral effect was observed in various in vivo 

models, which is contradicting to the clinical finding with leflunomide.

In this study, we sought to understand better why pyrimidine synthesis inhibitors are not 

successful in inhibiting virus replication in mouse models. During the study of a novel 

pyrimidine inhibitor as a broad-spectrum antiviral, we observed results that are similar to 

Marianne et al. in that cells treated with pyrimidine synthesis inhibitors reduced virus 

replication significantly. More interestingly, we found that such antiviral effect was cell line-

specific: i.e., human cell lines established an antiviral state by the treatment of pyrimidine 

synthesis inhibitors, but mouse cell lines did not. This observation could explain the lack of 

antiviral effect of pyrimidine synthesis inhibitors in mouse models. This finding may imply 

the fundamental difference in the mechanism of innate immune system in response to the 

inhibition of pyrimidine biosynthesis between human and mouse.

 Results

 Antiviral activity of brequinar and monensin

To test whether pyrimidine synthesis inhibitors can inhibit virus replication in mouse cells in 

vitro, we measured the antiviral activity of brequinar and monensin in several cell lines 

through determining an EC50 for each. Monensin inhibits the acidification of endosome, 

which is required for the viruses to infect and release the genetic materials into the 

cytoplasm [11]. Brequinar is a well-known pyrimidine synthesis inhibitor (Figure 1) and has 

been tested for cancer treatment in Phase I and II trials [12]. The cell lines we tested include 

HEK 293T (human embryonic kidney), SY-SH5S (human bone marrow derived neuroblast), 

Vero76 (African green monkey kidney fibroblast), BHK C21 (hamster kidney fibroblast), 

Neuro2A (mouse neuroblast), and NIH3T3 (mouse fibroblast). For measurement of antiviral 

activity, two recombinant viruses, V3526-luc (alphavirus) and pseudotyped ΔG-luciferase 

(pVSV-luc, rhabdovirus), were used. V3526-luc was constructed by inserting a firefly 

luciferase gene under viral nonstructural protein 3 of Venezuelan equine encephalitis virus 

strain V3526 [13]. pVSV-luc is a non-replicating pseudovirus with homologous viral Gp 

proteins from Vesicular stomatitis virus [14].

The antiviral activities of brequinar and monensin in various cell lines are summarized in 

Table 1 as a format of EC50, half-maximal effective concentration. The antiviral activities of 

monensin were very close to each other in all cell lines tested in this experiment. The EC50s 
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were within a range between 0.08 and 0.25 for V3526-luc, and between 0.17 and 0.56 µM 

for pVSV-luc. The maximum fold-difference of EC50s was less than 3.3 (EC50 in SY-SH5S 

compared to that in Vero76). This result shows that endocytosis is a critical pathway for the 

viruses in the cell lines and monensin worked equally in the cell lines.

In contrast to monensin, the antiviral activities of brequinar were cell line-specific. The 

EC50s of brequinar in 293T cells (human) were 0.031~0.039 µM for the viruses, implying a 

strong antiviral activity against both viruses in these cell lines. The antiviral activities in 

murine cell lines we tested (BHK, Neuro 2A and NIH 3T3), however, were much less 

compared to in 293T cell lines. The EC50s were ~1 µM for both viruses, which is around 30-

fold higher than those in 293T cells. Interestingly, brequinar did not show a strong antiviral 

activity in SY-SH5S cell line with an EC50 of 1.13 µM, even though it is a human cell line. 

These data clearly indicate that antiviral activity of brequinar is much less efficient in mouse 

cells and is cell line-dependent. These responses were the same with other stains of VEEV, 

such as V3526 or TC-83 (data not shown).

 Induction of antiviral response gene by brequinar

To test whether the cell type-dependent antiviral activity of brequinar is associated with the 

induction of ISGs, we measured the induction of Interferon-Induced Protein With 

Tetratricopeptide Repeats 1 (IFIT1) gene as a marker for ISGs in two cell lines; 293T 

(responsive to brequinar) and Neuro 2A (less responsive to brequinar) after a treatment with 

brequinar for 18 hours (Figure 2). Treatment of brequinar increased IFIT1 gene expression 

significantly (4-fold increase, P=0.02 by Student t-test). However, this increase in IFIT1 in 

Neuro2A cells was not high as in 293T. The expression of IFIT1 was increased by 1.45-fold 

and was not statistically significant (P=0.09 by Student t-test). This result shows that 

brequinar is less efficient in inducing ISGs in mouse cells, which is consistent with our 

antiviral assay result (Table 1).

 Discussion

The antiviral activity associated with pyrimidine synthesis inhibition is expected to depend 

on two mechanisms: 1) direct effect from decreased pyrimidine concentrations for viral 

RNA and DNA synthesis, and 2) indirect effect through the induction of ISGs. It is difficult 

to measure the sole impact of each mechanism on the viral replication, as the latter 

mechanism is dependent on the first mechanism. The silencing of IRF1, which induces the 

ISGs, abrogated antiviral effect of brequinar; hence, the second mechanism seems more 

important for the antiviral activity [9].

The lower antiviral activity of brequinar that was observed in mouse cells could be due to 

the binding specificity to mouse DHODH. All mammalian DHODHs are very similar and 

clustered in Family 2 group. The sequence identity between mouse and human DHODH is 

88% [15]. However, the binding site of brequinar is known to be species-specific; brequinar 

has less binding affinity to rat DHODH compared to human’s [16]. There is no known study 

with mouse DHODH and its inhibitors. As the sequence identity between rat (GenBank Ref 

ID, NP_001008553.1) and mouse is 95% (GenBank Ref ID, NP_064430.1), it is expected 

that brequinar is less efficient to mouse DHODH. But a study with a mouse line showed 
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brequinar was able to decrease UTP and CTP up to 4% of their initial levels, which could 

suggest the decrease in pyrimidine concentration may not be the determining factor for the 

decrease in antiviral activity observed in mouse cells [17]. Similarly, hamster cell line 

(BHK) was not responsive to the treatment of brequinar either (Table 1). Considering mouse 

and hamster share the sequences with a sequence identify of 96% (GenBank Ref ID, 

ERE78904.1), the antiviral activity in hamster cells might be due to the genetic similarity of 

the DHODHs. 293T (human cell line) and Vero 76 (African green monkey cell line) showed 

similar antiviral response upon the treatment of brequinar.

An alternative hypothesis could be an absence of a pathway to activate ISGs in response to 

decreased cellular pyrimidine concentration. While both SH-SY5S and 293T cell lines are 

human cell lines, the antiviral activity of brequinar in the two cell lines were clearly different 

(~30-fold difference). Experiments with other pyrimidine synthesis inhibitors showed a lack 

of antiviral activity in the mouse cell lines (data not shown). The absence of an antiviral 

effect in mice regardless of their structure suggests a difference downstream pathway is 

involved. Currently, the pathway is unknown and we are currently focused on identifying of 

the nature of the pathway in both human and mouse.

Aside from the mechanism, this study sheds light on selecting a proper animal model to 

evaluate antiviral activity of pyrimidine synthesis inhibitors. Many in vivo antiviral efficacy 

models use mice as the first line model for the convenience and virus susceptibility [18–20]. 

In fact, the animal models in which all pyrimidine synthesis inhibitors have been evaluated 

for their antiviral activities were mice or cotton rat models, and no antiviral activity has been 

observed [6–8,21]. Based on our study showing greatly reduced antiviral activity in mouse 

cell lines, mouse models should be avoided for testing this class of compounds in vivo. 

Rather, the non-human primate model could be considered for the compounds. We are 

currently working on establishing an animal model to evaluate the antiviral activity of this 

class of inhibitors, as well as novel developing pyrimidine synthesis inhibitors that are active 

in human cells in addition to other small animal cells. A successful outcome will allow us to 

develop novel broad-spectrum antiviral therapeutics from a pyrimidine synthesis inhibitor 

inducing ISGs and establishing antiviral states.

 Acknowledgments

I thank Robert Scott Adcock for his technical support and reading the manuscript. Funded by the NIH with grant 
number 3 U54 HG005031-05S1.

References

1. Hedstrom L. IMP dehydrogenase: mechanism of action and inhibition. Curr Med Chem. 1999; 
6:545–560. [PubMed: 10390600] 

2. Robins RK, Revankar GR, McKernan PA, Murray BK, Kirsi JJ. The importance of IMP 
dehydrogenase inhibition in the broad spectrum antiviral activity of ribavirin and selenazofurin. 
Advances in enzyme regulation. 1985:29–43. [PubMed: 2872781] 

3. Weber G, Yamaji Y, Olah E, Natsumeda Y, Jayaram HN, et al. Clinical and molecular impact of 
inhibition of IMP dehydrogenase activity by tiazofurin. Adv Enzyme Regul. 1989; 28:335–356. 
[PubMed: 2576178] 

Chung Page 4

J Antimicrob Agents. Author manuscript; available in PMC 2016 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Leyssen P, Balzarini J, De Clercq E, Neyts J. The predominant mechanism by which ribavirin exerts 
its antiviral activity in vitro against flaviviruses and paramyxoviruses is mediated by inhibition of 
IMP dehydrogenase. Journal of virology. 2005; 3:1943–1947. [PubMed: 15650220] 

5. Sun Y, Chung DH, Chu YK, Jonsson CB, Parker WB. Activity of ribavirin against Hantaan virus 
correlates with production of ribavirin-5’-triphosphate, not with inhibition of IMP dehydrogenase. 
Antimicrobial agents and chemotherapy. 2007; 1:84–88. [PubMed: 17060520] 

6. Bonavia A, Franti M, Pusateri Keaney E, Kuhen K, Seepersaud M. Identification of broad-spectrum 
antiviral compounds and assessment of the druggability of their target for efficacy against 
respiratory syncytial virus (RSV). Proceedings of the National Academy of Sciences of the United 
States of America. 2011; 17:6739–6744. [PubMed: 21502533] 

7. Hoffmann HH, Kunz A, Simon VA, Palese P, Shaw ML. Broad-spectrum antiviral that interferes 
with de novo pyrimidine biosynthesis. Proc Natl Acad Sci U S A. 2011; 108:5777–5782. [PubMed: 
21436031] 

8. Wang QY, Bushell S, Qing M, Xu HY, Bonavia A. Inhibition of dengue virus through suppression of 
host pyrimidine biosynthesis. Journal of virology. 2011; 13:6548–6556. [PubMed: 21507975] 

9. Lucas-Hourani M, Dauzonne D, Jorda P, Cousin G, Lupan A, et al. Inhibition of pyrimidine 
biosynthesis pathway suppresses viral growth through innate immunity. PLoS pathogens. 2013; 
10:e1003678. [PubMed: 24098125] 

10. Teschner S, Burst V. Leflunomide: a drug with a potential beyond rheumatology. Immunotherapy. 
2010; 2:637–650. [PubMed: 20874647] 

11. Dargan DJ, Galt CB, Subak-Sharpe JH. The effect of cicloxolone sodium on the replication in 
cultured cells of adenovirus type 5, reovirus type 3, poliovirus type 1, two bunyaviruses and 
Semliki Forest virus. The Journal of general virology. 1992:407–411. [PubMed: 1311362] 

12. Chen SF, Ruben RL, Dexter DL. Mechanism of action of the novel anticancer agent 6-fluoro-2-(2’-
fluoro-1,1’-biphenyl-4-yl)-3-methyl-4-quinolinecarbo xylic acid sodium salt (NSC 368390): 
inhibition of de novo pyrimidine nucleotide biosynthesis. Cancer research. 1986; 10:5014–5019. 
[PubMed: 3019518] 

13. Bernard KA, Klimstra WB, Johnston RE. Mutations in the E2 glycoprotein of Venezuelan equine 
encephalitis virus confer heparan sulfate interaction, low morbidity, and rapid clearance from 
blood of mice. Virology. 2000; 276:93–103. [PubMed: 11021998] 

14. Whitt MA. Generation of VSV pseudotypes using recombinant DeltaG-VSV for studies on virus 
entry, identification of entry inhibitors, and immuneresponses to vaccines. Journal of virological 
methods. 2010; 2:365–374. [PubMed: 20709108] 

15. Liu S, Neidhardt EA, Grossman TH, Ocain T, Clardy J. Structures of human dihydroorotate 
dehydrogenase in complex with antiproliferative agents. Structure (London, England: 1993). 2000; 
1:25–33.

16. Hurt DE, Sutton AE, Clardy J. Brequinar derivatives and species-specific drug design for 
dihydroorotate dehydrogenase. Bioorganic & medicinal chemistry letters. 2006; 6:1610–1615. 
[PubMed: 16406782] 

17. Lyons SD, Christopherson RI. Effects of brequinar and ciprofloxacin on de novo nucleotide 
biosynthesis in mouse L1210 leukemia. Biochem Int. 1990; 22:939–949. [PubMed: 1965281] 

18. Steele KE, Twenhafel NA. Review Paper: pathology of animal models of alphavirus encephalitis. 
Vet Pathol. 2010; 47:790–805. [PubMed: 20551475] 

19. Milligan GN, Sarathy VV, Infante E, Li L, Campbell GA, et al. A Dengue Virus Type 4 Model of 
Disseminated Lethal Infection in AG129 Mice. PLoS One. 2015; 10:e0125476. [PubMed: 
25938762] 

20. Nagat N, Iwata-Yoshikawa N, Hayasaka D, Sato Y, Kojima A, et al. The pathogenesis of 3 
neurotropic flaviviruses in a mouse model depends on the route of neuroinvasion after viremia. 
Journal of neuropathology and experimental neurology. 2015; 3:250–260.

21. Smee DF, Hurst BL, Day CW. D282, a non-nucleoside inhibitor of influenza virus infection that 
interferes with de novo pyrimidine biosynthesis. Antiviral chemistry and chemotherapy. 2012; 
6:263–272. [PubMed: 22516927] 

Chung Page 5

J Antimicrob Agents. Author manuscript; available in PMC 2016 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Brequinar and DHODH, Structure of brequinar (A), and the pyrimidine de novo biosynthesis 

pathway (B).DHODH is the rate limiting step and inhibited by brequinar.
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Figure 2. 
Induction of IFIT1 by brequinar in 293T and Neuro 2A cells. Total RNAs from cells in a 6-

well plate were isolated with RNAzol® RT (Molecular Research Center, Inc) reagent as per 

the manufacturer’s protocol and were dissolved in 50 µL of THE RNA Storage Solution 

(Life Technologies). One microgram of RNA samples were subjected to a cDNA synthesis 

with Maxima™ HMinus Reverse Transcriptase (Life Technologies), random hexamers, and 

oligo-dT by following the manufacturer’s protocol. The relative amount of IFIT1 was 

calculated using a real-time PCR assay with 2(−Delta DeltaC(T)) method in a total of twenty 
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microliters per well with 2 µL of 2-fold diluted cDNA mixture in a multiplex mode in 

conjunction with TaqMan chemistry. Human GAPDH (Life Technologies Cat. 4326317E) 

and mouse GAPDH (Cat. 4352339E) primer probe mix were used as the endogenous 

controls and human IFIT1 (Life Technologies assay ID: Hs01911452_s1) and mouse IFIT1 

(Life Technologies assay ID: Mm00515153_m1) were used to quantitate the RNA copy 

numbers. Three biological replicates along with two technical replicates were used for the 

quantitation.
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Table 1

Antiviral activity of brequinar and monensin in various cell lines.

EC50 (µM) of

Monensin Brequinar

V3526-luc pVSV-luc V3526-luc pVSV-luc

293T 0.08 0.19 0.039 0.031

SY-SH5S 0.02 0.17 1.13 3.712

Vero76 NT 0.56 0.094 0.303

BHK 0.092 0.503 0.903 >25

Neuro2A 0.25 0.22 0.967 1.03

NIH 3T3 0.02 0.244 0.765 0.932

To test antiviral effects, EC50 were evaluated in a dose-response format starting from 25 µM by a five-fold dilution, triplicates for each, in a 96-

well format. Cells were suspended in a cell culture media and seeded in white well plates in a volume of 45 microliters and incubated in an actively 
humidified incubator with 5.0% CO2 at 37°C and 95% humidity for 18 hours. Test compounds diluted in thirty microliters of cell culture medium 

was added to each well. After a two-hours incubation at 37°C with a 5.0% CO2, virus was added to the wells in a volume of fifteen microliters then 

incubated 18 hours further. The luciferase activity was measured with Bright-Glo™ reagent (Promega). The assay conditions were optimized for 
each cell line. 293T, Vero76, Neuro 2A, and BHK cells were maintained in Minimum Essential Medium with Earl's modification (MEM-E) 
containing 10% fetal bovine serum (FBS) and 1X GlutaMAX (Gibco 35050-061). NIH 3T3 and SY-SH5S cells were maintained in Dulbecco's 
modified Eagle's medium with 10% FBS or MEM-E/F12 medium with 10% FBS, respectively. For assays with 293T, Neuro 2A, and SH-SY5Y 
cells, 24,000 cells and 2,400 TCID50 units of virus per well was used. For Vero 76 and BHK cells, 12,000 cells and 1200 TCID50 units of virus 

per well was used. For NIH3T3, 24,000 cells and 20,000 TCID50 units of virus per well was used. IC50s were calculated using XLfit (IDBS) 

formula 205, a 4-parameter Levenburg-Marquardt algorithm with maximum and minimum limits set at 100 and 0, respectively.
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