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Despite respiratory syncytial virus (RSV) bronchiolitis remaining the
most common cause of lower respiratory tract disease in infants
worldwide, treatment has progressed little in the past 30 years. The
aim of our study was to determine whether post-infection admin-
istration of de novo pyrimidine synthesis inhibitors could prevent the
reduction in alveolar fluid clearance (AFC) and hypoxemia that
occurs at Day 2 after intranasal infection of BALB/c mice with RSV.
BALB/c mice were infected intranasally with RSV strain A2. AFC was
measured in anesthetized, ventilated mice after instillation of 5%
bovine serum albumin into the dependent lung. Post-infection sys-
temic treatment with leflunomide has no effect on AFC. However,
when added to the AFC instillate, leflunomide’s active metabolite,
A77-1726, blocks RSV-mediated inhibition of AFC at Day 2. This
block is reversed by uridine (which allows pyrimidine synthesis via
the scavenger pathway) and not recapitulated by genistein (which
mimics the tyrosine kinase inhibitor effects of A77-1726), indicating
that the effect is specific for the de novo pyrimidine synthesis path-
way. More importantly, when administered intranasally at Day 1,
A77-1726, but not its vehicle dimethyl sulfoxide, maintains its
beneficial effect on AFC and lung water content until Day 2. Intra-
nasal instillation of A77-1726 at Day 1 also reduces bronchoalveolar
lavage nucleotide levels, lung inflammation, and hypoxemia at
Day 2 without impairing viral replication at Day 2 or viral clearance
at Day 8. Post-infection intranasal or aerosolized treatment with
pyrimidine synthesis inhibitors may provide symptomatic relief
from the pathophysiologic sequelae of impaired AFC in children
with RSV bronchiolitis.
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Respiratory syncytial virus (RSV) remains the most common
cause of lower respiratory tract infection in infants and children
worldwide (1), and recent studies indicate that it has a disease
impact comparable to that of nonpandemic influenza A in the
elderly (2). However, while infant hospitalization rates for RSV
increased 2.4-fold from 1980 to 1996 (3), treatment for infants
with moderate to severe RSV bronchiolitis has progressed little
in the past 30 years: supplemental oxygen and periodic suction-
ing to remove excess nasopharyngeal secretions provide clear

benefit, but more specific pharmacologic therapies are moder-
ately successful at best (4). The need for new approaches to
RSV treatment is therefore paramount.

The interface between the respiratory epithelium and the air
is normally bathed by a thin layer of fluid, the airspace lining fluid
(ALF). To permit efficient gas exchange in the bronchoalveolar
compartment and effective mucociliary clearance in the airways,
the depth of this layer must be tightly regulated. Active transport
of sodium (Na1) ions from the ALF to the interstitial space by
bronchoalveolar epithelial cells is critical to the regulation of
ALF thickness (5). Inhibition of active Na1 transport can result
in formation of an excessive volume of ALF, impairment of gas
exchange (6), narrowing of airway lumens (7), and dilution of the
surface-active materials that stabilize small airways (8). The
resultant small airway obstruction, which would be exacerbated
by any intercurrent inflammatory process, such as that occurring
during RSV bronchiolitis, would be predicted to be most severe
in infancy and early childhood when airway diameter is lowest.

Moderately severe RSV bronchiolitis is commonly associ-
ated with signs of respiratory distress, and admission decisions
are often based upon clinical evidence of hypoxemia (4). The
underlying causes of hypoxemia in RSV bronchiolitis have not
been determined, but its presence must perforce indicate either
hypoventilation of the bronchoalveolar compartment (as a re-
sult perhaps of airway obstruction by fluid secretions, mucus,
inflammatory infiltrates, or necrotic cell debris), an abnormal
alveolar ventilation–perfusion ratio, and/or diminished respira-
tory membrane diffusion. Our previous findings suggest that
bronchoalveolar edema, occurring as a consequence of reduced
active Na1 transport by the respiratory epithelium, may be an
unrecognized component of RSV disease that plays a role in
development of hypoxemia, either by impairing alveolar gas
exchange or by contributing to obstruction of small airways (9).
We have found that infection of BALB/c mice with RSV
significantly impairs alveolar fluid clearance (AFC), an in vivo
measure of active Na1 transport in the whole lung, at early time
points after infection (by 43% from mock-infected values at
Day 2) (10). This decrease in AFC is mediated by de novo
synthesized UTP acting on P2Y purinergic receptors, and is
rapidly reversed by addition to the AFC instillate of agents that
degrade UTP, but not ATP (9, 10). Our studies also demon-
strated that RSV-mediated nucleotide release, AFC inhibition,
and physiologic sequelae thereof can be prevented by pretreat-
ment of mice with the de novo pyrimidine synthesis inhibitor
leflunomide (9). These findings suggested that inhibitors of
de novo pyrimidine synthesis, while not being antiviral, might
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be useful in alleviating symptoms of RSV bronchiolitis. How-
ever, as a consequence of its poor pharmacodynamic profile
(11), leflunomide is only effective in abrogating effects of RSV
on AFC when given as a systemic pretreatment regimen. This
renders it less valuable as a potential therapy for RSV bron-
chiolitis. The aim of the current study was to determine whether
post-infection treatment with the active metabolite of lefluno-
mide, A77-1726, could produce similar beneficial effects on
AFC, lung edema, and hypoxemia in a murine model of RSV
infection. Some of the results of these studies have previously
been reported in the form of abstracts (12–14).

MATERIALS AND METHODS

Preparation of Viral Inocula and Infection of Mice

Preparation of viral stocks and intranasal infection of 8- to 12-week-old
pathogen-free BALB/c mice of either sex with RSV strain A2 (106

plaque-forming units in 100 ml) were performed as previously de-
scribed (10). All mouse procedures were approved by the UAB and
OSU Institutional Animal Care and Use Committees.

Reagents

Leflunomide, A77-1726, genistein, and amiloride were reconstituted in
dimethyl sulfoxide (DMSO), aliquoted, and stored frozen. Uridine was
reconstituted in sterile normal saline. All reagents were from Sigma-
Aldrich (St. Louis, MO).

AFC Measurements

AFC was measured as previously described (10). Briefly, mice were
anesthetized with diazepam (1.75 mg/100 g, intraperitoneally; Abbott
Laboratories, Abbott Park, IL) followed 6 minutes later by ketamine
(45 mg/100 g, intraperitoneally) and were placed on a heating pad
(Braintree Scientific, Cambridge, MA). The trachea was exposed and
cannulated with a trimmed 18-gauge intravenous catheter, which was
then connected to a mouse respirator (model 687; Harvard Apparatus,
Holliston, MA). Mice were paralyzed with pancuronium bromide (0.04
mg, intraperitoneally; Gensia Pharmaceuticals, Irvine, CA) and venti-
lated with 100% O2 with a 200-ml tidal volume (8–10 ml/kg body wt) at
160 breaths/minute. Once stable anesthesia was obtained, mice were
positioned in the left decubitus position, and 300 ml of isosmolar NaCl
containing 5% fatty acid–free bovine serum albumin was instilled via
the tracheal cannula, followed by 100 ml of room air to clear dead
space. After instillation, mice were ventilated for a 30-minute period,
then the alveolar fluid was aspirated. AFC was calculated from the
ratio between the protein concentration of the instillate before
instillation and of the alveolar sample at 30 minutes.

All reagents were added to the AFC instillate from stock solutions
directly before instillation, in a minimal volume of solvent (1–10 ml/ml).
Previous studies have demonstrated that mock infection has no effect
on AFC or other measured lung parameters, and that measured de-
clines in AFC are not a consequence of instillate dilution by intra-
pulmonary edema fluid, but require replication-competent virus (10).
No sex difference in AFC rate has been found in BALB/c mice.

Topical (Intranasal) Inhibition of De Novo

Pyrimidine Synthesis

Mice were lightly anesthetized. One hundred microliters of saline,
containing 0.5 ml A77-1726 in DMSO, was administered dropwise, via
both nares, at Day 1 after RSV infection. Control animals received an
equal volume of saline 1 DMSO. Mice were placed in lateral recum-
bency, allowed to recover, and returned to their cage.

Peripheral Blood Arterial Oxygen Saturation

SpO2
was measured in conscious mice using the MouseOx system (Starr

Life Sciences Corp., Allison Park, PA), in accordance with manufac-
turer’s instructions. To ensure accurate sensor placement, SpO2

data
points were excluded from analysis if one of the four measured param-
eters (SpO2

, pulse rate, pulse distension, and respiratory rate) received
an error code during measurement. Data were collected for a minimum

of 10 s (150 data points) per sample. Arterial PO2 was estimated from
SpO2

using the Ventworld interactive oxyhemoglobin dissociation curve
tool(http://www.ventworld.com/resources/oxydisso/oxydisso.html),assum-
ing a normal blood pH and arterial PCO2.

Measurement of Airway Resistance

Mice were anesthetized using the same regimen as for AFC studies.
Total lung resistance was measured in mice undergoing mechanical
ventilation at 150 breaths per minute on a computer-controlled piston
ventilator (flexiVent; Scireq Scientific Respiratory Equipment Inc.,
Montreal, PQ, Canada), with 3 cm H2O PEEP, as previously described
(15). R was recorded after performance of two TLC maneuvers to
standardize volume history and administration of normal saline by
Aeroneb nebulizer. Data were analyzed using the single compartment
model. Female mice only were used in these studies, since male mice
exhibit exaggerated AHR responses to methacholine (MCH) (16).

Other Procedures

All other procedures were performed as previously described (10, 17,
18).

Statistical Analyses

Descriptive statistics were calculated using Instat software (GraphPad,
San Diego, CA). Differences between group means were analyzed by
ANOVA, with Tukey-Kramer multiple comparison post-tests. All data
values are presented as mean 6 SEM.

RESULTS

Effect of Post-Infection Systemic Leflunomide Treatment on

RSV-Mediated Inhibition of AFC at Day 2

Previously, we had shown that, in the BALB/c mouse model,
pretreatment with the dihydro-orotate dehydrogenase inhibitor
leflunomide by oral gavage for 7 d blocked RSV-mediated inhi-
bition of AFC at Day 2 after infection (when AFC is most im-
paired) (9). However, we have found in subsequent studies that
post-infection gavage with leflunomide at Day 1 had no bene-
ficial effect on AFC at Day 2 (mean AFC rate 20.5 6 2.3% in
leflunomide-treated mice, n 5 15, versus 21.4 6 1.2% in un-
treated animals, n 5 19, 34.2 6 1.1% in uninfected animals, n 5

10). AFC rates in uninfected mice and at Day 2 in the current
study are comparable to those that we have reported previously
using this model (9, 10).

Effect of Topical Nucleotide Synthesis Inhibition on

RSV-Mediated Inhibition of AFC at Day 2

We hypothesized that the lack of effect of post-infection
leflunomide treatment at Day 1 on AFC at Day 2 was a result
of the need for its metabolism to an active form, and of poor
bioavailability in the lungs after a single dose (since 90% of the
drug remains bound to plasma proteins [11]). We therefore de-
cided to investigate the effects of intrapulmonary administra-
tion of the active metabolite of leflunomide, A77-1726, on AFC
after RSV infection. In agreement with our hypothesis, addition
of 25 mM A77-1726 to the AFC instillate resulted in complete
blockade of RSV-induced suppression of AFC at Day 2 and
returned AFC to control levels (Table 1). A77-1726 also re-
stored normal amiloride sensitivity to AFC at Day 2: amiloride
reduced AFC by 56% in the presence of A77-1726 at Day 2,
while our previous studies (10) have shown that amiloride
reduces AFC by 61% in uninfected mice and has no effect on
AFC at Day 2 in untreated, RSV-infected mice.

Dihydro-orotate dehydrogenase inhibitors such as A77-1726
also have nonspecific tyrosine kinase inhibitory activity (19).
However, the beneficial effect of A77-1726 on AFC at Day 2
was not replicated by the broad-spectrum tyrosine kinase inhi-
bitor genistein, even at a concentration of 25 mM (Table 1),
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which is far greater than that which has been shown previously
to be effective at tyrosine kinase blockade in a rat AFC model
(1 mM) (20). Furthermore, blockade of RSV-mediated AFC
inhibition by A77-1726 was reversed by concomitant addition of
10 mM uridine to the instillate, which allows pyrimidine syn-
thesis via a salvage pathway, indicating the A77-1726 block is
specific to the de novo pyrimidine synthesis pathway. Uridine
alone had no effect on AFC in RSV-infected mice.

Effect of Intranasal A77-1726 Treatment at Day 1 after RSV

Infection on RSV-Mediated Inhibition of AFC at Day 2

Since topical, post-infection treatment with A77-1726 appeared
effective in blocking RSV-mediated inhibition of AFC at Day 2
after infection, we wished to determine whether A77-1726
might provide prolonged therapeutic benefit. When A77-1726
(10–50 mM, but not 1 mM, in DMSO) was administered intra-
nasally at Day 1 after infection, its blocking effect on RSV-
induced inhibition of AFC persisted for at least 24 hours: AFC
remained at control levels at Day2, even in the absence of
further addition of A77-1726 to the AFC instillate (Figure 1A).
In contrast, administration of an equivalent volume of DMSO
in saline (100 ml of 5 ml/ml solution) alone intranasally at Day 1
had no beneficial effect on AFC at Day 2. However, in spite of
this ability to restore normal AFC to RSV-infected mice, intra-
nasal treatment with 10 or 50 mM A77-1726 did decrease AFC
in uninfected mice 24 hours later, by 19% and 34%, respectively
(Figure 1B). This effect is comparable to that which we ob-
served previously after treatment of uninfected mice with
leflunomide (9).

Effect of Intranasal A77-1726 Treatment at Day 1 after RSV

Infection on Lung Water Content at Day 2

Treatment of mice with 50 mM A77-1726 by intranasal instilla-
tion at Day 1 after infection restored normal lung wet:dry
weight ratios at Day 2 (Figure 2), but had no significant effect
on lung water content in mock-infected mice (mean wet:dry
weight ratio 4.54 6 0.05 in A77-1726–treated mice, versus 4.67 6

0.03 in untreated animals, n 5 8 for both groups). In contrast,
intranasal treatment with an equivalent volume of DMSO in
saline (100 ml of 5 ml/ml solution) at Day 1 had no beneficial
effect on wet:dry weight ratios at Day 2.

Effect of Intranasal A77-1726 Treatment at Day 1 after

RSV Infection on Bronchoalveolar Lavage Nucleotide

Levels at Day 2

Previously, we demonstrated that RSV infection resulted in a
doubling of bronchoalveolar lavage (BAL) UTP and ATP

levels at Day 2 (9). Intranasal treatment with 50 mM A77–
1726 at Day 1 after infection returned BAL UTP and ATP
content at Day 2 to levels comparable to those in untreated,
uninfected mice (Figures 3A and 3B). These findings are con-
sistent with the observation that de novo purine and pyrimidine
synthesis pathways are usually concordantly regulated (re-
viewed in Ref. 21). Interestingly, despite causing mild suppres-
sion of AFC in uninfected mice 24 hours later, intranasal
treatment of uninfected mice with A77-1726 had no stimulatory
effect on BAL nucleotide content. This differs from our pre-
vious finding after treatment of uninfected mice with leflunomide,

Figure 1. Effect of intranasal A77-1726 treatment at Day 1 after RSV

infection on AFC at Day 2. (A) Effect of intranasal instillation of 100 ml

saline containing DMSO vehicle (open bar), or 1 (darkly shaded bar), 10
(hatched bar), and 50 (lightly shaded bar) mM A77–1726 at d1 after RSV

infection on % AFC over 30 minutes at Day 2 (n 5 19 for untreated

mice [solid bar]; n 5 7 for DMSO; n 5 9 for 1 mM A77–1726; n 5 7 for
10 mM A77–1726; n 5 14 for 50 mM A77-1726). Dotted line indicates

mean AFC rate in untreated, uninfected mice (n 5 10). (B) Effect of

intranasal instillation of 100 ml saline containing 10 (hatched bar) or 50

(shaded bar) mM A77-1726 on % AFC over 30 minutes in uninfected
mice, 24 hours later (n 5 10 for untreated mice [solid bar]; n 5 9 for

10 mM A77-1726–treated mice; n 5 10 for 50 mM A77-1726–treated

mice). *P , 0.05, **P , 0.005, ***P , 0.0005, compared with

untreated mice.

TABLE 1. EFFECT OF ADDITION OF INHIBITORS OF DE NOVO
PYRIMIDINE SYNTHESIS TO THE ALVEOLAR FLUID CLEARANCE
INSTILLATE ON ALVEOLAR FLUID CLEARANCE AT DAY 2 AFTER
RESPIRATORY SYNCYTIAL VIRUS INFECTION

Treatment Concentration (mM) n* % AFC30
†

None — 19 21.4 6 1.2

A77-1726 25 18 34.1 6 1.1‡

A77-1726 1 Amiloride 25 1 1500 6 15 6 3.2

Genistein 25 7 20.4 6 0.7

A77-1726 1 Uridine 25 1 10 13 24 6 1.8

Uridine 10 7 21.8 6 1.9

Definition of abbreviation: AFC, alveolar fluid clearance.

* Number of mice in which AFC was evaluated.
† Mean % AFC over 30 min 6 SEM.
‡ % AFC30 in uninfected mice is 34.2 6 1.1 (n 5 10) (P , 0.0005 versus

untreated AFC at Day 2).

Figure 2. Effect of intranasal
A77-1726 treatment at Day 1

after RSV infection on lung

water content at Day 2. Effect

of intranasal instillation of
100 ml saline containing 0.5

ml DMSO (open bar) or 50 mM

A77-1726 (shaded bar) at Day

1 on lung wet:dry weight
ratio at Day 2 after RSV infec-

tion (n 5 7–8 per group).

Solid bar, Day 2. Dotted line indicates mean wet:dry weight ratio in
untreated, mock-infected animals (n 5 8). ***P , 0.0005, compared

with untreated mice.
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when suppression of AFC was associated with elevated BAL
nucleotide levels (9).

Effect of Intranasal A77-1726 Treatment at Day 1 after RSV

Infection on Peripheral Blood Oxygen Saturation at Day 2

RSV had a very significant overall effect on peripheral blood
oxygen saturation (SpO2

) in conscious mice over the 8-d in-
fection period (P , 0.0005 by ANOVA), and impairment of
AFC at Day 2 was temporally associated with a statistically
significant (P , 0.05, by Tukey-Kramer post-test) reduction
(1.95%) in SpO2

(Figure 4). This corresponds to a decline in
arterial PO2 from 82 to 71 mm Hg. No change in either res-
piratory rate or heart rate was detected at any time after
infection (data not shown). Treatment of mice with 50 mM
A77-1726 by intranasal instillation at Day 1 prevented the
decline in SpO2

readings seen in untreated, RSV-infected,
conscious mice at Day 2, but had no significant effect on SpO2

at later time points after infection. Mean SpO2
values in A77-

1726–treated RSV-infected mice at Day 2 were significantly
higher than in untreated animals. In contrast, intranasal treat-
ment with an equivalent volume of DMSO in saline at Day 1
had no beneficial effect on SpO2

at d2. Finally, intranasal treat-
ment of uninfected mice with 10 mM A77–1726 did not result in
hypoxemia 24 hours later (mean SpO2

96.25 6 0.3%, n 5 10),
despite causing a 19% decrease in AFC.

Effect of RSV Infection and Intranasal A77-1726 Treatment at

Day 1 on Baseline Airway Resistance

Infection with RSV resulted in a significant increase in baseline
airway resistance at Day 2, but not at other time points after
infection (Figure 5). Increased airway resistance at Day 2 was
reversed by intranasal administration of 50 mM A77-1726 at
Day 1.

Effect of Intranasal A77-1726 Treatment at Day 1 after RSV

Infection on BAL Cytokines and Chemokines

Post-infection intranasal treatment with 50 mM A77-1726 had a
very limited effect on BAL cytokine and chemokine responses
after RSV infection (Table 2). Interestingly, treatment with the
A77-1726 vehicle DMSO at Day 1 had some proinflammatory
effects (induction of BAL IL-1b and TNF-a at Day 2, and of
TNF-a at Day 4). These proinflammatory effects of the vehicle
at Day 2 were abrogated by A77-1726 itself, resulting in nor-
malization of IL-1b levels and complete suppression of TNF-a.
However, the anti-inflammatory effect of A77-1726 on TNF-a
did not persist until Day 4. Intranasal A77-1726 treatment at
Day 1 also significantly reduced BAL keratinocyte cytokine (KC)
(murine homolog of CXCL8) chemokine levels at Day 2 after
RSV infection, but not later time points. However, DMSO
treatment had a similar effect. Some limited suppression of
CCL3 (MIP-1a) was seen after A77-1726 treatment, but only at
Day 8. Neither DMSO nor A77-1726 treatment had any effect
on BAL IFN-g or CCL5 (RANTES) levels at any time point
after infection. A77-1726 treatment had no significant effect on
the minimal levels of proinflammatory cytokines and chemo-
kines detectable in BAL fluid from mock-infected mice.

Effect of Intranasal A77-1726 Treatment at Day 1 after RSV

Infection on BAL Cell Counts

Post-infection intranasal treatment of mice with 50 mM A77-
1726 also resulted in a significant reduction in BAL total cell
counts at Day 2 (Figure 6A), although numbers remained ele-
vated above those in uninfected mice. The decline in BAL
cellularity was primarily due to a drop in BAL alveolar macro-
phages—no significant changes in BAL neutrophil or lympho-
cyte counts were observed after intranasal A77-1726 treatment
(Figure 6B).

Effect of Intranasal A77-1726 Treatment at Day 1 after RSV

Infection on RSV Replication in Mouse Lungs

Treatment of mice with DMSO or 50 mM A77-1726 by intra-
nasal instillation at Day 1 had no effect on viral growth at any
time point after infection (Figure 7). Moreover, unlike with
leflunomide treatment (10), viral replication was not prolonged
to Day 8—replication of RSV was undetectable at Day 8 in
untreated, intranasal DMSO-treated, and intranasal A77-1726–
treated animals.

DISCUSSION

Bronchiolitis results in estimated hospitalization rates of 30 per
1,000 children younger than 1 year old in the United States and
Europe (22), and RSV remains its most common underlying
cause (23). There is much controversy regarding the best
approach to treatment of RSV bronchiolitis (24). b-adrenergic
agonists are frequently prescribed, primarily as bronchodilators,
but there is little conclusive evidence that they are effective
(25), and recent studies suggest that RSV may induce insensi-
tivity to their actions (26). Likewise, systemic corticosteroids
(27) and ribavirin (28) appear to provide no clinical benefit in

Figure 3. Effect of intranasal A77-1726 treatment at Day 1 after RSV
infection on BAL nucleotide levels at Day 2. (A) Bal UTP levels (n 5 10

for uninfected, untreated mice; n 5 7 for uninfected, A77-1726–

treated mice; n 5 14 for RSV-infected, untreated mice; n 5 11 for
RSV-infected, A77-1726–treated mice). (B) BAL ATP levels (n 5 11 for

uninfected, untreated mice; n 5 7 for uninfected, A77-1726–treated

mice; n 5 14 for RSV-infected, untreated mice; n 5 12 for RSV-infected,

A77-1726–treated mice). BAL nucleotide levels for untreated groups
were previously published (9), although samples for all groups were

collected contemporaneously. *P , 0.05, ***P , 0.005, compared with

uninfected, untreated mice. Solid bars, untreated mice; open bars, mice

treated with A77-1726.

Figure 4. Effect of RSV infec-
tion and intranasal A77-1726

treatment at Day 1 after RSV

infection on peripheral oxy-
gen saturation. Time course

of effect of RSV infection and

intranasal instillation of 100 ml

saline containing 0.5 ml of
DMSO (squares) or 50 mM

A77-1726 (circles) at Day 1

on SpO2
in conscious BALB/c

mice (n 5 10–20 per day).
**P , 0.005, compared with

untreated mice (triangles).
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children with bronchiolitis. Finally, trials of surfactant, immu-
noglobulins, heliox, vitamin A, interferon, and erythropoietin in
the ICU setting have been inconclusive (29). Only supportive
care (supplemental oxygen, suctioning, and parenteral fluid re-
placement) appears beneficial (4). In these circumstances, new
and effective approaches to therapy are urgently needed.

Previously, we had shown that we could prevent RSV-
mediated nucleotide release, AFC inhibition, and the physiologic
sequelae thereof, including hypoxemia, by systemic pretreat-
ment of BALB/c mice with leflunomide (an inhibitor of de novo
pyrimidine synthesis) for 7 days (9). However, we found that,
as a consequence of its poor pharmacodynamic profile (11),
leflunomide is completely ineffective in abrogating effects of
RSV on AFC when given after infection. In contrast, its active
metabolite, A77-1726, was effective as both a topical treatment
(added to the AFC instillate) and as an intranasal pretreatment
(administered at Day 1 after infection) in blocking RSV-
mediated inhibition of AFC at Day 2.

Results of our previous studies with leflunomide had sug-
gested that UTP release from the respiratory epithelium is
limited by UTP availability in cells: the pool of UTP that is
normally available for release is small, and primarily derived
from de novo pyrimidine synthesis (9). The effects of A77-1726
on AFC, when this drug is added directly to the AFC instillate
at Day 2, tend to support this contention. For RSV-mediated
inhibition of AFC to be blocked so rapidly under these
conditions, the extracellular UTP that is activating P2Y recep-
tors must be derived from continuous de novo synthesis, since
the uridine salvage pathway is not sensitive to inhibition by
A77-1726. Furthermore, this result suggests that the half-life of
extracellular UTP is very short and that maintenance of the
elevated extracellular steady-state UTP concentrations required
to inhibit AFC necessitates a constant efflux of newly synthe-
sized intracellular UTP: if the extracellular UTP that mediates
AFC inhibition has a prolonged half-life in the bronchoalveolar
space, or were derived from an intracellular pool independent

Figure 5. Effect of RSV infection and intranasal A77-1726

treatment at Day 1 after RSV infection on baseline airway

resistance. Time course of effect of RSV infection on total
lung resistance (R) in BALB/c mice undergoing mechanical

ventilation at 150 breaths per minute on a computer-

controlled flexiVent piston ventilator with 3 cm H2O PEEP

(n 5 10–20 per day). Also shown is effect of intranasal
instillation of 100 ml saline containing 50 mM A77-1726 at

Day 1 on R at Day 2. *P , 0.05, compared with uninfected

mice (solid bars). Open bars, Day 2; darkly shaded bars, Day

2 1 A77; hatched bars, Day 4; lightly shaded bars, Day 6;
cross-hatched bars, Day 8.

TABLE 2. EFFECT OF INTRANASAL TREATMENT WITH DIMETHYL SULFOXIDE OR 50 mM A77-1726 AT
DAY 1 AFTER RESPIRATORY SYNCYTIAL VIRUS INFECTION ON BRONCHOALVEOLAR LAVAGE CYTOKINE
AND CHEMOKINE LEVELS

n* IL-1b† TNF-a† IFN-g† KC† CCL5† CCL3†

Uninfected 14 29 6 10 0 0 63 6 14 36 6 19 25 6 1

Mock-infected 6 47 6 14 0 0 55 6 16 26 6 6 31 6 3

Mock, DMSO-Tx 6 40 6 13 0 0 122 6 33 11 6 11 28 6 7

Mock, A77-1726-Tx 6 27 6 5 25 6 15 0 116 6 15 20 6 3 30 6 2

Day 2 14 106 6 19 140 6 25 0 777 6 50 508 6 23 71 6 8

Day 2, DMSO-Tx 6 266 6 20‡ 366 6 48‡ 0 554 6 62‡ 531 6 12 92 6 9

Day 2, A77-1726-Tx 12 95 6 20 0‡ 0 588 6 42‡ 571 6 25 81 6 7

Day 4 6 35 6 13 0 598 6 99 181 6 25 208 6 30 81 6 13

Day 4, DMSO-Tx 6 18 6 7 110 6 9‡ 699 6 82 162 6 15 203 6 21 85 6 10

Day 4, A77-1726-Tx 6 79 6 18 105 6 30‡ 582 6 83 164 6 20 212 6 17 106 6 10

Day 6 6 61 6 13 0 398 6 83 78 6 12 117 6 6 121 6 24

Day 6, DMSO-Tx 6 101 6 24 0 300 6 72 95 6 8 76 6 18 125 6 16

Day 6, A77-1726-Tx 6 169 6 24 0 368 6 131 164 6 42 55 6 27 133 6 20

Day 8 6 33 6 5 0 270 6 16 153 6 19 114 6 19 177 6 33

Day 8, DMSO-Tx 6 32 6 9 0 330 6 42 146 6 20 108 6 9 147 6 46

Day 8, A77-1726-Tx 6 81 6 18 0 196 6 37 158 6 20 88 6 11 26 6 11‡

Definition of abbreviations: BAL, bronchoalveolar lavage; KC, keratinocyte cytokine.

* Number of mice in which BAL cytokine/chemokine levels were measured.
† Mean concentration in BAL fluid 6 SEM (pg/ml)
‡ P , 0.0005 versus untreated mice at the same time point.
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of active de novo pyrimidine synthesis (either a storage pool, or
one resulting from salvage synthesis), then there would be
sufficient UTP to mediate AFC inhibition for at least the
duration of the AFC measurement (30 min) and topical A77-
1726 would have no effect. Indeed, previous in vitro studies
have demonstrated that UTP and ATP are rapidly degraded by
ectonucleotidases at the respiratory mucosal surface (30), which
supports our contention that continuous de novo nucleotide
synthesis is necessary to maintain AFC inhibition.

We have previously shown that infection of mice with RSV
resulted in mild hypoxemia in conscious mice at Day 2, which was
reversible following pretreatment with leflunomide (9). How-
ever, because of the very rapid pulse rate of the mouse, we were
only able to measure mean O2 saturation values from arterial and
venous blood (SmO2

), which therefore appear low (85%) relative
to true SpO2

values (95%) even in uninfected mice. In the current
study, we used the newly available MouseOx system, which can
accurately measure true SpO2

, in addition to other physiologic
parameters, in conscious mice at a 15-Hz sampling rate. More-

over, the associated software allows accurate sensor placement,
since error codes are displayed when arterial pulse signals do not
conform to the software algorithm, so that erroneous data may
be excluded. To our knowledge, our study is the first to be
published using this system. We found that infection with RSV is
associated with a significant reduction in SpO2

at Day 2 only,
which is when AFC is most impaired (by 43% from mock-
infected values). The lack of decline in SpO2

at Day 4 suggests
that the degree of AFC impairment at this time point (21%) is
insufficient to result in detectable hypoxemia. Indeed, we were
similarly unable to detect hypoxemia in uninfected mice 24 hours
after intranasal treatment with 10 mM A77-1726, which causes a
comparable decline in AFC (19%).

The time course of effect of RSV on SpO2
described herein

was almost identical to that which we reported previously for
SmO2

(9), and results of the two techniques were very strongly
correlated (P , 0.0005), confirming the validity of our earlier
findings. Interestingly, van Schaik and coworkers (31) previ-
ously reported an early peak in respiratory rate at Day 1 to Day
2 after RSV infection, measured by whole-body plethysmog-
raphy, although they also found a second period of tachypnea at
Day 6, which they associated with the onset of the specific
immune response to infection. We found no hypoxemia at Day
6 and no tachypnea at any time point after infection, although
this latter finding may be a consequence of the greater animal
handling required for SpO2

measurement versus plethysmogra-
phy, which may have artificially altered respiratory rates. Never-
theless, our findings are supported by the observation of
Welliver and colleagues (32) that in human patients, severity
of hypoxemia during RSV infection is poorly correlated to T
cell cytokine levels.

Although the observed decrease in mean SpO2
at Day 2 in

RSV-infected mice appears small (2%), this nevertheless cor-
responds to a decline in arterial PO2 of 10 mm Hg. Moreover, an
SpO2

of 94%, which is greater than the mean value observed in
our study at Day 2 (93.5%), has also been suggested as a lower
acceptable limit for bronchiolitis outpatient therapy (33), and
has been defined by some authors as indicative of hypoxemia
(34). In one recent study, an SpO2

below 95% was found to be
highly predictive of admission to the pediatric ICU in full-term
infants with bronchiolitis that lack other underlying illnesses
(35). Most importantly, the limited hypoxemia observed in con-
scious mice at Day 2 could be prevented by intranasal A77-1726
treatment at Day 1, as we had previously shown for leflunomide
pretreatment (9). This finding further supports our hypothesis
that hypoxemia during RSV bronchiolitis may result from
nucleotide-mediated impairment of AFC. Furthermore, intra-
nasal A77-1726 treatment had no detrimental effect on SpO2

at
later time points after infection.

Unlike systemic leflunomide treatment (9), intranasal A77-
1726 treatment at Day 1 had only a limited suppressive effect on
the intrapulmonary proinflammatory cytokine/chemokine re-
sponse at Day 2, since it induced significant reductions only in
BAL KC and TNF-a levels. However, a comparable suppressive
effect on BAL KC levels was also noted after intranasal DMSO
treatment at Day 1, suggesting that the reduction in BAL KC
levels at Day 2 after intranasal A77 treatment at Day 1 is an
effect of the vehicle rather than the drug itself. DMSO has
previously been shown to suppress IL-8 production by RSV-
infected A549 cells, as a consequence of its antioxidant proper-
ties (36). While the suppressive effect of A77 treatment on BAL
TNF-a levels was not replicated by DMSO alone, our previous
studies demonstrated that leflunomide’s effect on RSV-induced
AFC inhibition was reversed by uridine, but its effect on BAL
TNF-a levels was not (9). Taken together, these findings suggest
that the beneficial effect of A77-1726 treatment on AFC in RSV

Figure 6. Effect of intranasal A77-1726 treatment at Day 1 after RSV
infection on BAL cell counts. (A) Total counts. (B) Alveolar macrophage

counts. (C ) Lymphocyte counts. (D) Neutrophil counts (n 5 6–8 per

group). **P , 0.005, ***P , 0.0005, compared with uninfected mice.

*P , 0.05, compared with untreated, RSV-infected mice at Day 2. Solid
bars, untreated; open bars, DMSO; shaded bars, A77.

Figure 7. Effect of intranasal

A77-1726 treatment at Day 1

after RSV infection on RSV rep-
lication in mouse lungs at Day

2. Effect of intranasal instilla-

tion of 100 ml saline containing

0.5 ml DMSO (open bars) or 50
mM A77-1726 (shaded bars) in

0.5 ml DMSO at Day 1 on lung

homogenate viral titers at Days

2 to 8 after RSV infection (n 5

6–12 per group). ND: none

detected. Solid bars, untreated.
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infection is not a consequence of its immunosuppressive effects,
but instead results from its inhibitory effect on de novo pyrim-
idine synthesis.

Intranasal A77-1726 treatment at Day 1 also blocks the
increase in BAL alveolar macrophage counts in response to
infection at Day 2, although it has no effect on BAL lymphocyte
or neutrophil responses to RSV. Previously, we had found that
continuation of leflunomide treatment to Day 8 after infection
resulted in impaired leukocyte recruitment to the airspaces and
histopathologic evidence of trapping of leukocytes around ma-
jor blood vessels (9). These data suggest that either nucleotides
themselves, or the cytokines and chemokines that they induce,
may be important for recruitment of alveolar macrophages to
the lung in the early phase of RSV infection. Interestingly, nu-
cleotides have been shown to promote monocyte chemotaxis
(37), and our findings may reflect this role. Taken together, the
alteration in pulmonary humoral and cellular responses to RSV
infection observed after inhibition of de novo pyrimidine syn-
thesis suggest that nucleotides may play a significant role in the
initiation of the immune response to RSV infection (although
this alteration may be partially attributed to the tyrosine kinase
inhibitory activity of these drugs [19]). Nevertheless, irrespec-
tive of the underlying mechanism, the immunosuppressive
activity of A77-1726 may be an additional beneficial property
of this drug, since an elevated nasal lavage or lung level of
CXCL8, which intranasal A77-1726 reduces, may be an indica-
tor of increased disease severity in children with RSV (38, 39).

Our previous studies had demonstrated that the inhibitory
effect of RSV on AFC requires active viral replication (10), and
the beneficial effect of A77-1726 on AFC at Day 2 might
therefore simply result from an antiviral activity. However,
neither intranasal A77-1726 treatment nor intranasal DMSO
treatment at Day 1 had any effect on viral replication kinetics in
mouse lungs. The beneficial effect of A77-1726 on basal and
amiloride-sensitive AFC at Day 2 is not therefore simply a con-
sequence of inhibition of viral replication, but is rather a specific
modulatory effect on epithelial cell function. Moreover, unlike
leflunomide therapy, intranasal A77-1726 treatment at Day 1
does not prolong viral replication to Day 8. This finding suggests
that, despite any immunosuppressive effects, this treatment
does not impede normal antiviral clearance mechanisms.

In conclusion, our studies indicate that post-infection intra-
nasal therapy with an inhibitor of de novo pyrimidine synthesis
can have a prolonged beneficial effect on the pathophysiologic
consequences of RSV infection in the BALB/c mouse model—
intranasal A77–1726 treatment at Day 1 after RSV infection is
able to restore normal AFC and alleviate lung edema 24 hours
later, thereby helping to counter the development of hypoxe-
mia, without impairing clearance of RSV from the lung in the
long term. Post-infection intranasal or aerosolized therapy with
pyrimidine synthesis inhibitors may therefore have the potential
to provide symptomatic relief from the pathophysiologic seque-
lae of impaired AFC in children with severe RSV disease. To
our knowledge, this is the first report of an effective post-
infection therapy for hypoxemia in RSV bronchiolitis in the
murine model, other than supplemental oxygen.

Conflict of Interest Statement: I.C.D., W.M.S., and S.M. have been granted US
Provisional Patent Application #60/573558: ‘‘Methods for using pyrimidine
synthesis inhibitors to increase airway epithelial cell fluid uptake.’’ (Filed May
21, 2004; Inventors: Dr. Ian C Davis, Dr. Wayne Sullender and Dr. Sadis Matalon)
which converted to International PCT application (#PCT/US2005/017939);May
2005. I.C.D. has received $500 in consultancy fees from Inspire Pharamaceuticals
for advising on licensing issues related to this patent. S.M. received $1000 as an
honorarium from Inspire Pharmaceuticals for a seminar delivered at Inspire. S.M.
was the principal investigator for a grant from Inspire Pharmaceuticals, entitled:
‘‘Assessment of a novel P2Y receptor antagonist in preventing RSV induced injury
to the Alveolar epithelium in vivo’’ (07/15/2006–07/15/2007; $130,000, direct
costs). W.M.S. and I.C.D. acted as a co-investigator and consultant, respectively.

None of the experiments and results presented in this paper were funded from
this grant. None of the other authors has a financial relationship with a
commercial entity that has an interest in the subject of this manuscript.

Acknowledgments: The authors acknowledge the excellent technical assistance
of Glenda C. Davis and Zachary Traylor.

References

1. Black CP. Systematic review of the biology and medical management of

respiratory syncytial virus infection. Respir Care 2003;48:209–233.
2. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE. Respiratory

syncytial virus infection in elderly and high-risk adults. N Engl J Med
2005;352:1749–1759.

3. Shay DK, Holman RC, Newman RD, Liu LL, Stout JW, Anderson LJ.

Bronchiolitis-associated hospitalizations among US children, 1980–
1996. JAMA 1999;282:1440–1446.

4. Smyth RL, Openshaw PJ. Bronchiolitis. Lancet 2006;368:312–322.
5. Matthay MA, Folkesson HG, Verkman AS. Salt and water transport

across alveolar and distal airway epithelia in the adult lung. Am J
Physiol 1996;270:L487–L503.

6. Ware LB, Golden JA, Finkbeiner WE, Matthay MA. Alveolar epithelial

fluid transport capacity in reperfusion lung injury after lung trans-
plantation. Am J Respir Crit Care Med 1999;159:980–988.

7. Yager D, Butler JP, Bastacky J, Israel E, Smith G, Drazen JM.

Amplification of airway constriction due to liquid filling of airway
interstices. J Appl Physiol 1989;66:2873–2884.

8. Clark JC, Weaver TE, Iwamoto HS, Ikegami M, Jobe AH, Hull WM,

Whitsett JA. Decreased lung compliance and air trapping in hetero-
zygous SP-B-deficient mice. Am J Respir Cell Mol Biol 1997;16:46–52.

9. Davis IC, Lazarowski ER, Hickman-Davis JM, Fortenberry JA, Chen

FP, Zhao X, Sorscher E, Graves LM, Sullender WM, Matalon S.
Leflunomide prevents alveolar fluid clearance inhibition by respira-
tory syncytial virus. Am J Respir Crit Care Med 2005;173:673–682.

10. Davis IC, Sullender WM, Hickman-Davis JM, Lindsey JR, Matalon S.

Nucleotide-mediated inhibition of alveolar fluid clearance in BALB/c
mice after respiratory syncytial virus infection. Am J Physiol Lung
Cell Mol Physiol 2004;286:L112–L120.

11. Rozman B. Clinical pharmacokinetics of leflunomide. Clin Pharmaco-

kinet 2002;41:421–430.
12. Davis IC, Sullender W, Graves LM, Zhao X, Matalon S. Pyrimidine

biosynthesis and release mechanism in respiratory syncytial virus-
induced inhibition of alveolar fluid clearance. Am J Respir Crit Care
Med 2004;169:A669.

13. Davis IC, Sullender WM, Graves LM, Zhao X, Matalon S. Respiratory

syncytial virus inhibits alveolar fluid clearance by inducing release of
de novo-synthesized UTP [abstract]. FASEB J. 2004;18:684.3.

14. Davis IC, Sullender WM, Zhao X, Graves LM, Matalon S. Effects of

inhibitors of de novo pyrimidine synthesis on respiratory syncytial virus-
induced inhibition of alveolar fluid clearance. Eur Respir J 2004;24:29s.

15. Lundblad LK, Thompson-Figueroa J, Leclair T, Irvin CG, Bates JH.

Thoracic gas volume measurements in paralyzed mice. Ann Biomed
Eng 2004;32:1420–1427.

16. Card JW, Carey MA, Bradbury JA, Degraff LM, Morgan DL, Moorman

MP, Flake GP, Zeldin DC. Gender differences in murine airway
responsiveness and lipopolysaccharide-induced inflammation. J
Immunol 2006;177:621–630.

17. Lazarowski ER, Harden TK. Quantitation of extracellular UTP using a

sensitive enzymatic assay. Br J Pharmacol 1999;127:1272–1278.
18. Sullender WM, Anderson K, Wertz GW. The respiratory syncytial virus

subgroup B attachment glycoprotein: analysis of sequence, expression
from a recombinant vector, and evaluation as an immunogen against
homologous and heterologous subgroup virus challenge. Virology
1990;178:195–203.

19. Elder RT, Xu X, Williams JW, Gong H, Finnegan A, Chong AS. The

immunosuppressive metabolite of leflunomide, A77 1726, affects murine
T cells through two biochemical mechanisms. J Immunol 1997;159:22–27.

20. Folkesson HG, Pittet JF, Nitenberg G, Matthay MA. Transforming

growth factor-alpha increases alveolar liquid clearance in anesthe-
tized ventilated rats. Am J Physiol 1996;271:L236–L244.

21. Huang M, Graves LM. De novo synthesis of pyrimidine nucleotides:

emerging interfaces with signal transduction pathways. Cell Mol Life
Sci 2003;60:321–336.

22. Simoes EA, Carbonell-Estrany X. Impact of severe disease caused by

respiratory syncytial virus in children living in developed countries.
Pediatr Infect Dis J 2003;22:S13–S18.

Davis, Lazarowski, Chen, et al.: A77-1726 Therapy in RSV Disease 385



23. Henrickson KJ, Hoover S, Kehl KS, Hua W. National disease burden of
respiratory viruses detected in children by polymerase chain reaction.
Pediatr Infect Dis J 2004;23:S11–S18.

24. Scarfone RJ. Controversies in the treatment of bronchiolitis. Curr Opin
Pediatr 2005;17:62–66.

25. Kellner JD, Ohlsson A, Gadomski AM, Wang EE. Efficacy of bron-
chodilator therapy in bronchiolitis. A meta-analysis. Arch Pediatr
Adolesc Med 1996;150:1166–1172.

26. Moore PE, Cunningham G, Calder MM, Dematteo AD Jr, Peeples ME,
Summar ML, Peebles RS Jr. Respiratory syncytial virus infection
reduces beta2-adrenergic responses in human airway smooth muscle.
Am J Respir Cell Mol Biol 2006;35:559–564.

27. Patel H, Platt R, Lozano JM, Wang EE. Glucocorticoids for acute viral
bronchiolitis in infants and young children. Cochrane Database Syst
Rev 2004;CD004878.

28. Ventre K, Randolph A. Ribavirin for respiratory syncytial virus infec-
tion of the lower respiratory tract in infants and young children.
Cochrane Database Syst Rev 2004;CD000181.

29. Davison C, Ventre KM, Luchetti M, Randolph AG. Efficacy of
interventions for bronchiolitis in critically ill infants: a systematic
review and meta-analysis. Pediatr Crit Care Med 2004;5:482–489.

30. Picher M, Burch LH, Boucher RC. Metabolism of P2 receptor agonists
in human airways: implications for mucociliary clearance and cystic
fibrosis. J Biol Chem 2004;279:20234–20241.

31. van Schaik SM, Enhorning G, Vargas I, Welliver RC. Respiratory
syncytial virus affects pulmonary function in BALB/c mice. J Infect
Dis 1998;177:269–276.

32. Welliver RC, Garofalo RP, Ogra PL. Beta-chemokines, but neither T
helper type 1 nor T helper type 2 cytokines, correlate with severity of
illness during respiratory syncytial virus infection. Pediatr Infect Dis J
2002;21:457–461.

33. Adcock PM, Sanders CL, Marshall GS. Standardizing the care of
bronchiolitis. Arch Pediatr Adolesc Med 1998;152:739–744.

34. Wolf DG, Greenberg D, Kalkstein D, Shemer-Avni Y, Givon-Lavi N,
Saleh N, Goldberg MD, Dagan R. Comparison of human metapneu-
movirus, respiratory syncytial virus and influenza A virus lower res-
piratory tract infections in hospitalized young children. Pediatr Infect
Dis J 2006;25:320–324.

35. Voets S, van Berlaer G, Hachimi-Idrissi S. Clinical predictors of the
severity of bronchiolitis. Eur J Emerg Med 2006;13:134–138.

36. Mastronarde JG, Monick MM, Hunninghake GW. Oxidant tone regu-
lates IL-8 production in epithelium infected with respiratory syncytial
virus. Am J Respir Cell Mol Biol 1995;13:237–244.

37. Kaufmann A, Musset B, Limberg SH, Renigunta V, Sus R, Dalpke AH,
Heeg KM, Robaye B, Hanley PJ. ‘‘Host tissue damage’’ signal ATP
promotes non-directional migration and negatively regulates toll-like
receptor signaling in human monocytes. J Biol Chem 2005;280:32459–
32467.

38. Smyth RL, Mobbs KJ, O’Hea U, Ashby D, Hart CA. Respiratory
syncytial virus bronchiolitis: disease severity, interleukin-8, and virus
genotype. Pediatr Pulmonol 2002;33:339–346.

39. McNamara PS, Flanagan BF, Hart CA, Smyth RL. Production of
chemokines in the lungs of infants with severe respiratory syncytial
virus bronchiolitis. J Infect Dis 2005;191:1225–1232.

386 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 37 2007


