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The search for novel therapeutic interventions for viral disease is a
challenging pursuit, hallmarked by the paucity of antiviral agents
currently prescribed. Targeting of viral proteins has the inextricable
challenge of rise of resistance. Safe and effective vaccines are not
possible for many viral pathogens. New approaches are required
to address the unmet medical need in this area. We undertook a
cell-based high-throughput screen to identify leads for develop-
ment of drugs to treat respiratory syncytial virus (RSV), a serious
pediatric pathogen. We identified compounds that are potent
(nanomolar) inhibitors of RSV in vitro in HEp-2 cells and in primary
human bronchial epithelial cells and were shown to act postentry.
Interestingly, two scaffolds exhibited broad-spectrum activity
amongmultiple RNA viruses. Using the chemical matter as a probe,
we identified the targets and identified a common cellular path-
way: the de novo pyrimidine biosynthesis pathway. Both targets
were validated in vitro and showed no significant cell cytotoxicity
except for activity against proliferative B- and T-type lymphoid
cells. Corollary to this finding was to understand the consequences
of inhibition of the target to the host. An in vivo assessment for
antiviral efficacy failed to demonstrate reduced viral load, but re-
vealedmicroscopic changes and a trend toward reduced pyrimidine
pools and findings in histopathology. We present here a discovery
program that includes screen, target identification, validation, and
druggability that can be broadly applied to identify and interro-
gate other host factors for antiviral effect starting from chemical
matter of unknown target/mechanism of action.

Respiratory syncytial virus (RSV) (1) is an increasingly impor-
tant pediatric pathogen (2). RSV affects all age groups (3),

with symptoms ranging from mild rhinorrhea, cough and fever
(4) to more serious bronchiolitis or pneumonia (5), and it is the
single most common cause of childhood hospitalization (6). With
the exception of the prophylactic antibody Synagis® (palivizu-
mab) (7), for high-risk populations, there is no specific treatment
for RSV, and the prospects for a safe and effective vaccine remain
remote at this time (8). Overall, the effort to develop effective
therapies for pathogenic viral infections is one of the most chal-
lenging in public health (9). The large-scale screening for natural
products able to kill bacteria in vitro, which was the basis for the
boom of antibiotics in the 1950s, was not successful for antivirals
(10). Because of an increased understanding of the molecular
mechanisms of viral life cycles, many viral proteins have emerged
as targets for therapeutic intervention. However, antiviral drug
discovery can be targeted at either viral proteins or cellular pro-
teins as in the case of Selzentry® (maraviroc, targeting CCR5) for
human immunodeficiency virus (HIV) (11). Although the former
is likely to yield compounds with a narrow spectrum of antiviral
activity, few effective and safe agents have emerged, and these
face the inextricable challenge of high mutation rates that have

confounded many conventional antiviral products. Targeting a
cellular protein might afford antiviral compounds with a broader
spectrum of activity and have the attractive property to lessen
the chance of resistance development. However, targeting the
host could result in toxicity, especially if the protein or pathway
used is crucial for cell survival. This risk is mitigated if the virus
uses the host target in a substantially different manner from the
obligate cell process or the biological process is not essential.
Therefore, an up-front understanding of antiviral mechanism of
action (MoA) is required to mitigate such risks. Given the inher-
ent challenges, we took an unbiased approach and sought chemi-
cal starting points that exert an antiviral phenotype in whole cells
that could potentially reveal inhibitors of virtually any facet of
the viral life cycle. By not restricting the screen to a biochemical
assay for virally encoded protein, we did not preclude identifying
inhibitors of such. Rather, we opened the additional possibility to
identify host factors critical to propagation of the viral life cycle.
Cognizant of the potential toxicity caveats associated with inhibi-
tion of host factors, we prioritized target identification to facil-
itate an assessment of druggability (12–14) of any such targets
should they arise from our screen. We present here a small-
molecule–driven paradigm to identify, and subsequently interro-
gate, the druggability of specific host factors for antiviral efficacy.

Results
Screening.Awhole cell screen in HEp-2 cells infected with RSV-A
(Long) was performed using approximately 1.7 M compounds
that identified >16;000 primary hits (approximately 0.95% hit
rate) with >50% cell protection (denoted as CPE assay for cell
cytopathic effect) at a single concentration (10 μM) (Fig. 1A).
Hit confirmation (CPE, 10 μM, triplicate) delivered approxi-
mately 7,000 validated candidates (48% confirmation rate) that
were further characterized to determine their purity/integrity
(liquid chromatography–UV-MS), antiviral efficacy (EC50), and
cell cytotoxicity (CC50) (eight-point dose response curve, half-log
serial dilution) to deliver a working set of approximately 5,000
compounds (one-third of validated candidate list) from which
two distinct chemical series were selected, pyrazole-isoxazole
(6b) and proline (14b) (Fig. 1B).
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In Vitro Antiviral Activity.Addition of 6b or 14b to HEp-2 cells 1 h
prior to inoculation with RSV-A-Long at multiplicity of infection
(MOI) 0.1 resulted in a reduction of 4 logs of virus production
compared to DMSO control as measured by plaque assay at 96 h
postinoculation. This strong reduction was similar to the effect
by the replication inhibitor RSV604 (Fig. 1C). Time of addition
studies were performed to determine at which step of the viral
cycle the compounds were acting (15). The compound was added
4 h postinoculation at MOI 1 (Fig. 1D). Both 6b and 14b signifi-
cantly reduced the viral copies measured by quantitative RT-PCR
(qRT-PCR) from the whole cell RNA compared to DMSO con-
trol, similar to inhibitions observed with replication inhibitors
RSV604 and RI. RSV604 targets the replication complex,
whereas RI targets the L-polymerase. In contrast, FI, a fusion
inhibitor that targets the F protein, could not suppress viral
replication when added 6 h postinoculation. These data suggest
that both 6b and 14b act at a postentry level and probably target
virus replication.

Efficacy in Primary Cells. RSV infection targets the lungs of pa-
tients. Therefore, we tested the effect of 6b and 14b in primary
human bronchial epithelial cells (HBECs) grown at an air-liquid
interface (16). These cells form a stratified polarized epithelium
that develop ciliated and goblet cells that produce beating
cilia and mucus that mimics the in vivo conditions. Addition of
5 μM of 6b or 14b to the basolateral chamber added at time
of inoculation with RSV-A-Long at MOI 0.1 reduced 1.5 logs
of viral titer as determined by qRT-PCR analysis of the super-

natants collected at 2, 3, 4, and 5 d postinoculation (Fig.1E),con-
firming activity in primary polarized cells.

Broad-Spectrum Activity. To test the specificity of the compounds
against RSV, both 6b and 14b were screened against four differ-
ent RNA virus families (Paramyxoviridae, Orthomyxoviridae,
Flaviviridae, and Retroviridae). Potent EC50 values in the range
0.002 to 0.3 μM are observed for RSV, influenza virus, hepatitis C
virus (HCV), dengue virus, yellow fever virus, and HIV (Table 1).
The broad-spectrum activity was not only observed among the
different viral families but within a family as well. The compounds
are active against strains of RSV groups A and B, influenza virus
A/PR/8/34, A/Udorn/72 and B/Lee, HCV infectious virus group
2a and replicon 1a, dengue virus 2 and replicon, yellow fever virus
17D, and the multidrug-resistant strain MDR769. In all assays the
CC50 was >10 μM. These unexpected results suggested that the
target or targets are a cellular factor used by all RNA viruses. It
would be highly unlikely that a compound would be active against
viral proteins from such a large number of divergent virus
families.

Affinity Purification/Analysis. To identify the cellular efficacy
target(s) through which 6b and 14b inhibit viral replication, we
used a three-channel iTRAQ quantitative chemical proteomics
approach as described previously (17, 18). In two separate experi-
ments, this strategy is based on the immobilization of the bioac-
tive analogues 6a and 14a, respectively, to affinity-capture
cellular proteins from lysates of RSV-infected HEp-2 cells spiked
with an excess amount (20 μM) of 6b (or 14b), the inactive

Fig. 1. Identification of 2 series with anti-RSVantiviral effect in a whole-cell high-throughput screening (HTS). (A, Right) Flow chart of the HTS for RSV in HEp-2
cells using cell protection as efficacy determination. (A, Left) Images of healthy HEp-2 cells protected by RSV604 or killed by RSV infection. (B) The isoxazole-
pyrazole (6b) and the proline (14b) series identified. (C) Effect of compounds (10 μM) in HEp-2 cells at 96 h postinoculation at an MOI 0.1 measured by plaque
assay. (D) Time of addition experiments. Compounds (10 μM) were added at time of addition and 4 h postinoculation to HEp-2 cells at MOI 1. Virus was
quantified by qRT-PCR from total cell RNA isolated from infected cells at 12 h postinoculation. (E) Efficacy in HBEC polarized. Virus was measured by
qRT-PCR from the apical surface supernatant at days 2, 3, 4, and 5 postinoculation after 5 μM compound addition.

6740 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1017142108 Bonavia et al.



analogues 6c (or 14c), or DMSO (Fig. 2A). Specific binding to the
immobilized compound should be competed with 6b (or 14b), but
not with 6c (or 14c). The protein with highest affinity to 6b was
dihydroorotate dehydrogenase (DHODH) (Fig. 2B) (19). The
protein with highest affinity to 14b was the trifunctional complex
comprising carbamoyl-phosphate synthetase 2, aspartate trans-
carbamylase, and dihydroorotase (collectively known as CAD)
(Fig. 2C) (20). Interestingly, both enzymes belong to a common
pathway, the de novo pyrimidine biosynthesis pathway (21).

Target Validation. Because both DHODH and CAD are part of
the same biochemical pathway, and the endpoint is the synthesis
of pyrimidines (T/G for DNA, U/G for RNA) we tested whether
addition of pyrimidine or purines could rescue the antiviral effect.
Dose response curves were performed with RSV-A-Long with
addition of 5 or 25 μM uridine (because RSV replication requires
RNA and not DNA amplification) and as control the same
concentrations of adenosine, which are not the endpoint of the
pyrimidine de novo biosynthesis pathway. Both 6b and 14b lost
antiviral activity in a dose-dependent manner when uridine was
added but not when adenosine was supplemented (Table 2).
When 25 μM of uridine was used, the antiviral phenotype was
completely rescued. The same pattern was exhibited with brequi-
nar, which targets DHODH (Table 2) (22). These data show that
addition of pyrimidines can rescue the antiviral effect imparted by
the depletion of pyrimidines by both 6b and 14b. In the case of 6b,
we subsequently confirmed the biochemical inhibition of huD-
HODH via an isothermal titration calorimetry (ITC) study that
measured the Kd ¼ 27� 6 nM (Fig. 3).

In Vitro Cytotoxicity Assessment. Because the pyrimidine de novo
biosynthesis pathway is essential for the survival of highly repli-
cating cells, we further investigated in vitro cell cytotoxicity. Dose
response curves were obtained using a viability assay quantifying
the levels of ATP, and no cytotoxicity was observed up to 10 μM in
most continuous cell lines from different organs and species such
as HeLa, HEp-2, A549, Huh-7, MDCK, and Vero, (Table 1).
However, both 6b and 14b show activity against highly dividing T
and B lymphoid-derived cells such as Jurkat, Molt4, MT4,
CEMSS, SupT1, Ramos, and Raji (Table 3). These results suggest
that highly dividing cells that rely on a substantial pool of pyri-
midines for continued replication are susceptible to both inhibi-
tors. These results raised the question of whether there could be
in vivo cytotoxicity due to arrest of highly proliferating cells.
Therefore, the assessment of safety as well as efficacy to establish
a therapeutic index needed to be assessed in vivo.

Animal Experiments.To determine the druggability of targeting the
de novo pyrimidine pathway for antiviral efficacy, the RSV cotton
rat model was chosen (23). Prior to assessment, in vivo PK was

established for 6b via subcutaneous and oral routes at 10 mg∕kg
to enable study design for efficacy studies. Pharmacokinetics in
cotton rats confirmed that although subcutaneous administration
of 6b showed slightly higher dose-normalized area under the
curve and maximum concentration values, plasma and lung
exposure following oral administration could be achieved. Cotton
rats were dosed orally with 6b or brequinar at 25 or 50 mg∕kg

Fig. 2. Target identification using affinity purification. (A) Chemoproteo-
mics tool compounds for series 1 (6a/6c) and series 2 (14a/14c). (B) The scatter
plots highlighting results for 6a/6b (B) and 14b/14c (C) relative to DMSO.

Table 1. Broad-spectrum activity

Family Virus Strain
EC50 6b,
μM

EC50 14b,
μM

Cell
type

Paramyxoviridae RSV A-Long 0.007 0.086 A549
B-Washington 0.009 0.098 HEp-2

Orthomyxoviridae influenza
H1N1

A/PR/8/34 0.032 0.009 MDCK

influenza
H3N2

A/Udorn/72 0.217 0.019 MDCK

influenza B B/Lee 0.117 0.342 MDCK
Flaviviridae HCV 1a replicon 0.007 0.025 Huh-7

2a 0.0126 0.013 Huh-7
dengue 2 0.005 0.06 A549

replicon 0.0026 0.044 A549
yellow
fever

17D 0.0082 0.1 A549

Retroviridae HIV MDR769 0.00097 0.023 PBMC

Table 2. Antiviral effect is rescued by uridine

Series 1 Series 2 Brequinar Cells only

RSV* (EC50 of compound, μM) CC50, μM

Uridine †, μM
(product of
pyrimidine
biosynthesis)

0 0.004 0.101 0.053 >10
5 0.009 0.158 0.106 >10
25 >10 >10 >10 >10

Adenosine, μM
(product of purine
biosynthesis)

0 0.009 0.101 0.046 >10
5 0.008 0.158 0.053 >10
25 0.010 0.142 0.051 >10

*For clarity, only data for RSV shown. Data is consistent for HCV and
influenza. Live virus used in all cases.

†Circulating levels in man are approximately 5–10 μM.
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twice a day for 7 d, and lungs were harvested on either day 4 or
7 postinoculation. Plasma samples were collected at the termina-
tion of the study to confirm anticipated exposure based upon
the pharmacokinetic studies. No viral load reduction compared
to vehicle dosing was observed with either compound (Table 4).
At day 4, animals dosed with 6b had similar titers as the control
group, and those dosed brequinar actually showed higher titers
(Table 4). By day 7, both 6b- and brequinar-treated animals had
up to 2.5-logs higher titers compared to vehicle control. This
suggests that both compounds are inhibiting the clearance of
virus because at day 7 the infection in the vehicle-treated animals
is almost resolved and titers are undetectable or just at the detec-
tion limit of 102 pfu∕mL. Ribavirin was used as an internal con-
trol and gave the expected 1-log reduction at day 4.

Histopathology. Microscopic changes for both compounds were
similar, albeit brequinar’s effects were somewhat more pro-
nounced, especially in the highest dose. At this highest dose,
animals had single-cell necrosis/apoptosis in the intestine, lym-
phoid depletion/increased apoptosis in thymus, and decreased
cellularity/single-cell necrosis in bone marrow. Bone marrow
changes were reflected in the peripheral blood as moderate to
marked decreases in absolute reticulocyte counts. Three out of
eight animals in the high-dose 6b group died prior to scheduled

necropsy. One of these animals was necropsied and the cause of
death was determined to be mucosal necrosis of the duodenum
and cecum with secondary peritonitis. At the termination of
the study, mucosal changes were also present in the duodenum
and cecum of another animal (Fig. 4). Overall, the pathology
observed in the animals administered either brequinar or 6b
was consistent with on-target toxicity of highly proliferating cells
by inhibition of the de novo pyrimidine biosynthesis pathway.

Discussion
Natural products are a unique source of structural complexity
and stereodiversity, and they have been exploited by many in
the pursuit of new medicine (24). However, the large-scale
screening for natural products able to kill bacteria in vitro, which
was the basis for the boom of antibiotics in the 1950s, was not
successful for antivirals (10). One reason for this might be that
we have simply yet to isolate, purify, characterize, and screen
the next wave of natural-product candidates; a pursuit that,
although underway, will take considerable time. Although organ-
ic synthesis has been used to enrich the pool of molecular starting
points with natural product–like complexity and diversity (25),
the screening of compound libraries for novel chemical scaffolds
as leads for drugs remains limited by the overall diversity, not
number, of candidates that are screened (26). To address the
urgent need for novel treatments for RSV, we took a different
approach and sought chemical starting points that exert an
antiviral phenotype in whole cells that could potentially reveal
inhibitors of virtually any facet of the viral life cycle through a
phenotypic screening paradigm using a library of both natural
and nonnatural products. Inhibitors of RSV were identified
from two distinct chemical scaffolds. Extensive in vitro profiling
revealed 6b and 14b to be inhibitors of postentry events of viral
replication, active against both RSV serogroups (A and B) with
no evidence of cell cytotoxicity. Importantly, the two series exhi-
bit antiviral effect in primary HBECs grown in ALI, a differen-
tiated, stratified, ciliated epithelium model that recapitulates
the lining of the human lung (16). We were surprised to find the
antiviral activity of both series was not specific to RSV but that
the compounds were also active against influenza virus and HCV.

Fig. 3. ITC data for 6b and huDHODH, with measured Kd ¼ 27� 6 nM.

Table 3. Proliferation inhibition of B and T cells

Cells 6b 14b 6c Tamiflu Taxol

Jurkat 0.014 0.4 >10 >10 0.006
Molt4 0.008 0.2 >10 >10 0.002
MT4 0.001 0.2 ND ND ND
CEM SS 0.006 0.1 ND ND ND
Sup T1 0.001 0.2 ND ND ND
Ramos 0.003 0.2 >10 >10 0.004
Raji 0.007 0.4 >10 >10 0.004
HeLa >10 >10 >10 >10 0.06
MDCK >10 >10 >10 >10 1
293T >10 >10 >10 >10 1

ND, no data.

Table 4. Cotton rat efficacy model for RSV; viral load reduction in
lungs (log)

Dose 6b BRQ

Day 4 Day 7 Day 4 Day 7

50 mg∕kg −0.37 −1.22 −0.48 > − 1.41
100 mg∕kg −0.35 −1.26 −0.87 > − 2.52

Fig. 4. Apoptosis in jejunum after administration of brequinar 25 mg∕kg
per d for 7 d

6742 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1017142108 Bonavia et al.



Upon testing of a broader panel, we consistently found nanomo-
lar antiviral activities against multiple subtypes of multiple RNA
viruses in multiple different cell types, including the multidrug-
resistant MDR769 strain of HIV. The broad-spectrum activity
of these compounds highly suggested that a cellular target was
involved in the MoA because they were active among positive-
and negative-sense RNA, and retroviruses. In addition, resistant
viruses were not able to be generated in the presence of both
series, pointing again to a possible cellular target.

We were intrigued with identifying two proteins that share
a common pathway, de novo pyrimidine biosynthesis (27). The
protein identified by 6b was dihydroorotate dehydrogenase
(DHODH) (19), and that of 14b was the multifunctional polypep-
tide termed CAD (20) [comprising the catalytic triad carbamoyl
phosphatase (CSPase), aspartate transcarbamylase (ATCase) and
dihydroorotase (DHOase)]. CAD initiates and regulates de novo
pyrimidine biosynthesis, delivering dihydroorotate to DHODH,
the fourth and rate-limiting enzyme in the de novo pathway
(21). Together, both lead to the production of uridine that serves
as an activated precursor of RNA and DNA, CDP-diacylglycerol
phosphoglyceride, and UDP sugars for protein glycosylation/
glycogen synthesis (28). There is precedence of a hereditary oro-
tic aciduria disease that is triggered by a congenital disfunction in
the pyrimidine metabolism transmitted as an autosomal recessive
trait. Hematological remission of the condition was observed
in patients after the dosing of uridine as supplement (29). We
hypothesized that if DHODH and CAD are the protein targets
of series 1 and 2, addition of exogenous uridine to the assay media
should result in rescue of the antiviral phenotype. Conversely,
addition of adenosine, the precursor for de novo purine biosynth-
esis, should have no effect. This was found to be the case, thus
validating the chemoproteomic identification of DHODH and
CAD as the molecular targets of 6b and 14b, respectively. We
were subsequently able to demonstrate binding of 6b to DHODH
using biochemical and biophysical methods as further confirma-
tion of the chemoproteomics results.

In addition to the de novo biosynthesis, cells can acquire
pyrimidine nucleotides via salvage pathways; most cells have
multiple passive and active transporters that facilitate uptake of
circulating pyrimidine pools (30, 31), with the relative contribu-
tion of the de novo and salvage pathways depending on cell type
and developmental stage. In general, resting or fully differen-
tiated cell types have little need for de novo source, because the
demand for pyrimidines is largely satisfied by salvage pathways
(32). Evidence to suggest that allosteric regulation of CAD gov-
erns pyrimidine biosynthesis in vivo comes, in part, from studies
showing the enzyme is subject to feedback inhibition by the end
product UTP (27). When intracellular UTP levels drop, catalytic
activity of CAD increases to achieve homeostasis (33).

We speculate that the viral replication machinery utilizes intra-
cellular pyrimidine pools to suffice vRNA replication (34), during
which the demand for pyrimidines likely exceeds supply through
salvage by approximately 15–30-fold (35). This likely triggers
the activation of the de novo synthesis pathway through unbind-
ing of UTP from CAD, although the exact mechanism remains
unknown. There is always the possibility that one of the viral
encoded proteins up-regulates the pathway as well. In any scenar-
io, inhibition of the de novo pathway would result in an antiviral
phenotype by restricting the virus of pyrimidines necessary for
replication. There are multiple in vitro data implicating de novo
pyrimidine biosynthesis pathway as an antiviral candidate for ade-
novirus, vaccinia virus, influenza B virus, paramyxovirus, picorna-
virus, reovirus, herpes viruses, and BK virus (36–39). There are
also reports of efficacy studies in animal models with banzi virus,
influenza B virus, and vaccinia virus (36) that showed either a
lack of or very limited efficacy. Clinical trials in humans were also
reported for HIV, CMV, and BK virus (38, 40–43), with no con-
clusive results. It is reported that mean levels of circulating

uridine in man are approximately 6 μM (44), spanning a range
between 2.6 μM (45) and 21 μM (46). In our hands, in vitro ur-
idine rescue was observed within this range. We grew concerned
of the possibility that circulating levels of uridine would suffice
reversal of the antiviral phenotype, and, in turn, would negate
the possibility to achieve antiviral efficacy in vivo with 6b or 14b.

Of greater concern was knowing that proliferating cells typi-
cally require a 3–8-fold increase in pyrimidine levels to undergo
cell division (32), that is largely satisfied by use of the de novo
pathway (47). Indeed, inhibitors of DHODH such as Arava®
(leflunomide) are used clinically as antiproliferative agents for
the treatment of rheumatoid arthritis (48). In placebo-controlled
trials, adverse events include GI symptoms, skin rash and rever-
sible alopecia that are consistent with an antiproliferative MoA
(49). We had observed a lack of cell cytotoxicity in multiple non-
proliferating cell types, even under nonconfluent conditions.
However, we did observe profound cytotoxicity against highly
dividing Tand B cell lymphoid-derived cells, confirming the anti-
proliferative phenotype for 6b and 14b in vitro. We therefore
questioned whether administration of 6b or 14b in vivo would
lead to a restricted safety margin.

To experimentally determine the druggability of pyrimidine
biosynthesis for in vivo antiviral efficacy, we sought evidence
for toxicity in the context of an efficacy study through incorpora-
tion of uridine and histopathology as biomarkers for safety. It
seemed that the MoA of the de novo pyrimidine as a drug target
would suit more for a rapidly replicating RNA virus. Indeed, for
RSV there were two reports that used the mouse model of RSV
and showed that the active metabolite of leflunomide did not
have an antiviral effect but did block the immuno- and lung
pathology associated with the disease (50, 51). However, none of
these animal experiments addressed the pharmacokinetics of the
drug and, most importantly, the possible toxicity associated with
on-target effects. There are a number of animal models available
for studying RSV, including primates, cows, cotton rats, and mice,
each with its own set of advantages and disadvantages (52). In
terms of rodents, we chose to use the cotton rat, because they
have been shown to be at least 50-fold, and as much as 1,000-fold,
more permissive than mouse strains for RSV (23), with the virus
replicating in the nasal epithelium and bronchiolar epithelium
of the animal (53). Because the in vitro antiviral effect of CAD
phenocopies that of DHODH (the rate-limiting step), we chose
to profile DHODH inhibition in the cotton rat model.

We were unable to demonstrate antiviral efficacy in this model
using either 6b or the known inhibitor brequinar in the assay. In-
stead, we observed viral titers marginally increase over days 4–7
of the study. We speculate this is due to the immunosuppressive
phenotype of DHODH inhibition impacting the host ability to
clear the virus (22). It is intriguing that there seems to be a
marked difference in the strong phenotype observed in vitro with
the lack of efficacy observed in vivo. One possible explanation is
that given the ability of uridine to rescue the antiviral phenotype
in vitro, the lack of efficacy could be attributed to the high levels
of circulating uridine observed in cotton rats (approximately 20
μM). The fact that Davis et al. were not able to demonstrate
efficacy in mice provides further evidence that inhibition of this
pathway to result in an antiviral effect is not attainable in vivo.
Although plasma concentrations of uridine were not changed
by the administration of 6b, there was a trend toward decreasing
levels of uridine following brequinar dosing over 4 and 7 d.
This decrease suggests that despite not impacting the viral titer,
brequinar concentrations were adequate to inhibit the DHODH
pathway and thereby impact pyrimidine biosynthesis. Unfortu-
nately, we did not observe efficacy at high doses of the drug, but
we observed cytotoxicity negating a therapeutic index. In hema-
tology studies, brequinar administration appeared to result in a
decrease in blood neutrophil and monocyte counts, suggesting a
decrease in the inflammatory response to RSV infection. In the
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study with 6b, single-cell necrosis of crypt epithelium was not
a prominent feature of changes in contrast to the study with bre-
quinar that produced single-cell necrosis in most animals. How-
ever, mucosal necrosis of duodenum and/or cecum was present
at doses ≥50 mg∕kg per d. Together, these experiments provide
a thorough druggability assessment of efficacy and on-target toxi-
city for the de novo pyrimidine biosynthesis as an antiviral target.

In summary, through phenotypic screening for inhibitors of
a single RNA virus (RSV), we have identified compounds that
exhibit broad-spectrum antiviral activity. Chemoproteomic iden-
tification of the protein targets as inhibitors of de novo pyrimi-
dine biosynthesis led us to interrogate whether this host pathway
is druggable for antiviral therapy. Monitoring biomarkers for
antiproliferation during an antiviral efficacy study in vivo leads
us to conclude this is not the case. A retrospective analysis of the
in vitro profiling reveals dividing T- and B-type lymphoid-derived
cells (e.g., Jurkat) as a possible indicator of the outcome in vivo.
In order to identify a promising clinical candidate, the relative
therapeutic index of any host-targeted compound will need to

be an integral part of the early discovery process. We speculate
that greater success might be seen by targeting host processes
that directly interact with virally encoded gene products, rather
than essential host enzymes that play a critical role in normally
proliferating cells.

Materials and Methods
RSV strains A-Long (VR-26) and B-Washington (RSV-9320 VR-955) and influ-
enza virus strains A/PuertoRico/8/34 (VR-1469) and B/Lee/40 (VR-101) were
obtained from ATCC. Influenza A/Udorn/72 and HIV-1 strains MDR52-52,
br/92/020, SF162, JR-CSF, MDR807, and MDR769 were supplied by Southern
Research Institute. HCV 2a carrying the renilla-luciferase gene was obtained
from Chiron. Dengue virus and yellow fever strains were supplied by Novartis
Institutes for Tropical Diseases. A detailed description of the protocols and
procedures to accompany the Results section is available in SI Text.
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