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Abstract: Human metapneumovirus (HMPV) is an important cause of acute respiratory tract infection
and causes significant morbidity and mortality. There is no specific antiviral drug to treat HMPV
or vaccine to prevent HMPV. This study determined if probenecid, a host-targeting antiviral drug,
had prophylactic (pre-virus) or therapeutic (post-virus) efficacy to inhibit HMPV replication in LLC-
MK2 cells in vitro and in the lungs of BALB/c mice. This study showed that ≥0.5 µM probenecid
significantly inhibited HMPV replication in vitro, and 2–200 mg/kg probenecid prophylaxis or
treatment reduced HMPV replication in BALB/c mice.

Keywords: probenecid; HMPV; antiviral; host directed; repurposed

1. Introduction

HMPV is an enveloped negative-sense, single-stranded, non-segmented RNA virus
and a member of the Pneumoviridae family [1]. HMPV consists of groups A and B, each
divided into subclasses consisting of A1, A2, B1, and B2, each with year-to-year variabil-
ity [2]. HMPV has seasonal distribution affecting younger children, with infants less than
12 months of age at a higher risk of severe infection [3]. Infection with HMPV is estimated
to cause >14 million acute lower respiratory infections in those under 5 years of age and as
many as 61,000 infant deaths per year [4]. Thus, infections of HMPV are life-threatening in
the young but usually cause mild symptoms in healthy adults [5]. Similar to respiratory
syncytial virus (RSV), influenza virus (flu), and seasonal coronaviruses (CoV), HMPV
can cause clinical symptoms that include fever, cough, and wheezing, and co-infections
with HMPV are common, i.e., ranging from 3% to 11% [6]. Despite the disease burden
imposed by HMPV, no safe and effective vaccines or treatments exist; thus, the mainstay
of treatment is supportive. Many of the antiviral treatments investigated for RSV have
also been examined for HMPV, including the nucleoside analog ribavirin [7], viral fusion
inhibitors [8], monoclonal antibodies [9,10], and others.

Probenecid, belonging to the uricosurics class of drugs, is a safe FDA-approved drug
that has been used to lower urate levels associated with gout for >6 decades [11]. Our lab
has shown that probenecid has potent nano- to micromolar antiviral drug activity when
administered either prophylactically (pre-virus infection) or therapeutically (post-virus
infection) and potently inhibits the replication of RSV variants [12], influenza virus types
and strains [13,14], and SARS-CoV-2 variants [15] in respiratory epithelial (A549) cells,
primary normal human bronchial epithelial (NHBE) cells, and mouse and hamster models
of infection. In addition, probenecid has anti-inflammatory qualities, reducing several pro-
inflammatory cytokines such as IL-6, TNF-α, and IL-1β [15,16]. Importantly, probenecid
treatment was very effective in a Phase 2 randomized, placebo-controlled, single-blind,
dose range-finding study in non-hospitalized patients with symptomatic, mild-to-moderate
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COVID-19 [17]. In this clinical study, the median time to viral clearance was significantly
shorter in patients receiving 1000 mg probenecid compared to placebo (7 vs. 11 days,
respectively; p < 0.0001), and for patients receiving 500 mg probenecid versus placebo, it
was 9 vs. 11 days, respectively (p < 0.0001). In addition, the median time to viral clearance
was significantly shorter for the probenecid 1000 mg group than for the probenecid 500 mg
group (7 vs. 9 days, respectively; p < 0.0001).

The antiviral activities of probenecid were first revealed in RNA interference (RNAi)
screens of human A549 cells infected with influenza A viruses (IAVs) that were functionally
screened for druggable host genes required for IAV replication [18–22]. One of the host
genes discovered from the siRNA screens was the OAT3 gene, which is known to be in-
volved in the transport and excretion of organic ions and metabolites [13]. To determine
the broadly efficacious antiviral mechanism that appeared common to the various viruses
inhibited by probenecid [12–15,17,23], we examined if mitogen-activated protein kinases
(MAPKs) were involved because the MAPK pathway was used in the replication of these
viruses [24]. We examined the role of probenecid treatment on the extracellular signal-
regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) downstream pathways affecting
virus replication in A549 cells. We found that probenecid inhibits the RSV-induced phos-
phorylation of JNK and ERK and the downstream phosphorylation of c-jun, a component
of the AP-1 transcription complex needed for virus replication (manuscript submitted).
The inhibition of JNK by probenecid also reversed the repression of transcription factor
hepatocyte nuclear factor-4 (HNF-4). Thus, the probenecid inhibition of JNK and ERK
phosphorylation involved a pathway that precludes virus replication. Evidence indicates
that JNK regulates many cellular processes and is activated during viral infections [25,26].
When JNK is activated by the sequential phosphorylation of upstream kinases, it translo-
cates from the cytoplasm to the nucleus [27,28], where it can regulate transcription factors
such as HNF-4 [29], which regulates the expression of OATs [30,31]. Thus, it appears that
the mechanism of action of probenecid inhibition is linked to the inhibition of JNK phos-
phorylation and downstream HNF-4 expression, which regulates OAT3 gene expression,
preventing virus assembly/replication.

Since probenecid treatment had prophylactic (pre-virus) and therapeutic (post-virus)
efficacy to inhibit RSV replication in Vero E6 cells, HEp-2 cells, NHBE cells, and BALB/c
mice [12], and HMPV and RSV are closely related viruses causing similar respiratory tract
infections [32], we evaluated the prophylactic and therapeutic efficacy of probenecid for
inhibiting HMPV/CAN/97-83 (CAN83) replication in vitro and in mice.

2. Materials and Methods
2.1. Cell Culture

LLC-MK2 cells (ATCC; CCL7), an immortalized Rhesus macaque kidney cell line, were
grown in OptiMEM (Gibco, ThermoFisher, Waltham, MA, USA) supplemented with 10%
heat-inactivated fetal bovine serum (HyClone, Logan, UT, USA). The cells were maintained
in the log phase at 37 ◦C in a 5% CO2 incubator and used to propagate CAN83 and for
plaque assays.

2.2. Human Metapneumovirus (HMPV)

The A2 sub-lineage, CAN83, originally isolated in Canada from a clinical sample [33],
was propagated and quantified in LLC-MK2 cells as described [34]. Briefly, cells were grown
to 80% confluence in Opti-MEM (Gibco) supplemented with 10% heat-inactivated fetal
bovine serum (HyClone). For virus infection, cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS; Gibco) and then infected with HMPV (MOI = 0.1) for 1 h at room
temperature to allow for virus adsorption. Following this, Opti-MEM supplemented with
1 µg/mL TPCK trypsin (Worthington) and 100µg/mL CaCl2 (Gibco) was added to the
cells and incubated for 5 days before harvesting the virus. For virus harvesting, the in-
fected cells were scraped, and the lysates were transferred to a 50 mL tube and sonicated
3 times for 1 min. The material was clarified by centrifugation (3000 RPM for 10 min),
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and the supernatant containing the HMPV was aliquoted and flash-frozen for later use, as
previously described [9].

2.3. HMPV Plaque Assay

Viral titers were determined by plaque assay, as previously described [35]. LLC-MK2
cells were plated on a 24-well plate (Costar, Corning, NY, USA) to achieve 100% confluency.
Cells were washed in Hanks Balanced Salt Solution (HBSS, Sigma), and 10-fold dilutions of
lung homogenate or cell supernatant were made in OptiMEM (Gibco) supplemented with
1 µg/mL TPCK trypsin (ThermoFisher). Virus dilutions were incubated for 2 h, followed
by overlay with 2% methylcellulose (ThermoFisher) supplemented with 1 µg/mL TPCK
trypsin without FBS. After 6 days, overlay media were removed, and the cells were washed
in HBSS and fixed with 60:40 acetone–methanol (Sigma) for 20 min at room temperature.
After fixation, plates were washed 3× with KPL wash buffer (Seracare, Milford, MA, USA),
blocked with Blotto (5% non-fat dry milk), then incubated for 60 min with a human anti-
HMPV antibody (clone MPV346; provided by Jarrod Mousa, UGA), subsequently washed
with HBSS, and then followed by a 45 min incubation with secondary goat anti-human-AP
(Fisher). Plaques were developed with NBT/BCIP (Sigma), rinsed with deionized water,
and enumerated using a dissection microscope (Zeiss, Cambridge, UK).

2.4. Probenecid Treatment and HMPV Replication

A working stock of probenecid (CAS Number: 57-66-9; Sigma, St. Louis, MO, USA)
was dissolved in DMSO (Sigma), and dilutions from a 100 mM working stock were
made. For prophylactic or therapeutic treatment, LLC-MK2 cells were plated overnight
at 2.5 × 104 cells/well in 96-well flat-bottom plates (Costar, ThermoFisher, Waltham, MA,
USA). Cells were pre-treated prophylactically for 24 h before infection or therapeutically
treated at 1 h post-infection with probenecid at different concentrations, i.e., 100, 50, 25,
12, 6, 3, 1, 0.5, 0.2, 0.1, and 0 µM. LLC-MK2 cells were plated in 24-well plates (Corning,
Corning, NY, USA). For the prophylactically treated cells, the tissue culture was decanted,
the cells were washed with PBS (Gibco), and probenecid in complete tissue culture media
was added to the wells and incubated for 24 h. For both the prophylactic and therapeutic
treatment groups, CAN83 diluted with serum-free media with 1 µg/mL TPCK trypsin
was added to the wells at an MOI of 0.1. The infection was incubated for 1 h at 37 ◦C,
after which CAN83 was removed, probenecid was added to the respective wells in overlay
media, and the assay continued at 37 ◦C for 6 days. HMPV plaques were stained and
enumerated as described above.

2.5. Mice

Female BALB/c mice that were 6–8 weeks old were purchased from Charles River
Laboratory (Raleigh, NC, USA) and rested for a week before use. The Institutional Review
Board of the University of Georgia, A2021 03-006-Y2-A0, approved the animal use protocol,
Immunity to Respiratory Viruses and Virus Proteins in Mus Musculus, 6 May 2021. To
determine the efficacy of probenecid on HMPV replication, the mice were orally gavaged
(p.o.) either 24 h pre-virus (prophylactic) or 24 h post-virus (therapeutic) with either 2 or
200 mg/kg probenecid diluted in PBS or given PBS alone (n = 5 mice/group). Avertin (2,2,2-
tribromoethanol; Sigma)-anesthetized mice were intranasally (i.n.) infected with 106 PFU
CAN83 diluted in PBS. On day 5 pi, the mice were euthanized by Avertin, then cervically
dislocated and exsanguinated. To determine lung viral loads, lungs were removed and
stored on ice in gentleMACS tubes containing 1 mL OptiMEM, then homogenized using
a gentleMACS tissue dissociator (Miltenyi Biotec, Waltham, MA, USA), centrifuged at
200 xG, and the supernatants containing the virus were used immediately in the plaque
assay described above.
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2.6. BAL Cytokines and Chemokines

As described above, bronchoalveolar lavages (BALs) were collected from Avertin-
euthanized mice. The trachea was exposed, a small incision was made, and an 18-gauge
catheter was inserted. The lungs were flushed 3× with 1 mL 0.8% BSA/1× Halt™ protease
inhibitor cocktail (ThermoFisher) diluted in PBS and collected in 1.5 mL snap-cap tubes.
The BALs were centrifuged for 10 min at 500 xG at 4 ◦C, and the supernatant (BAL fluid,
BALF) was separated and stored at −80 ◦C until cytokine/chemokine analysis. BALF was
used in the Milliplex MAP Mouse Cytokine/Chemokine Immunology 25-plex Assay as
described by the manufacturer (Millipore Sigma, Rockville, MD, USA) using standards
and quality controls included in the kit. Individual BALF samples were duplicated from
n = 3 mice/group in one experiment. Samples were analyzed on a Luminex 200 instrument
(Luminex Corporation, Austin, TX, USA) using Luminex xPONENT 3.1 software.

2.7. Statistical Analysis

Statistical analyses were performed using a one-way analysis of variance (ANOVA),
as indicated in the figure legends. Representative data from at least two independent
experiments are shown. Data were analyzed for statistical significance where p < 0.05 was
considered statistically significant using Prism 9 (GraphPad). The results were calculated
and presented as means +/− standard error.

3. Results
3.1. Probenecid Inhibits HMPV In Vitro

LLC-MK2 cells support HMPV replication [36]. Thus, we examined if probenecid
treatment inhibited virus replication either 24 h pre-virus (prophylactic) (Figure 1) or 1 h
post-virus (therapeutic) (Figure 2) infection (MOI = 0.1) with CAN83. The results show that
pre- and post-virus treatment with probenecid potently inhibited HMPV replication. The
HMPV infection of LLC-MK2 cells was significantly (p < 0.0001) reduced in cells treated with
probenecid at concentrations ≥ 0.5µM prophylactically (Figure 1A) and therapeutically
(Figure 2A). At doses ≥ 1.0 µM, the plaque assay did not detect HMPV. For pre-virus
prophylactic treatment, the IC50 was calculated to be 0.18 µM, and the IC90 was 1.64 µM
following infection with CAN83 (Figure 1B). The IC50 was 0.36 µM for therapeutic post-
virus treatment, and the IC90 was 3.24 µM (Figure 2B). We recently showed that probenecid
was highly effective at inhibiting RSV strain A and B replication in vitro [12]. Specifically,
probenecid prophylaxis resulted in a dose-dependent decrease in RSV A2 replication where
the IC50/IC90 was 0.07/0.63 µM in Vero E6 cells, 0.8/7.2 µM in HEp-2 cells, and 0.4/3.6 µM
in NHBE cells [12]. These results show that the potent inhibitory effects of probenecid on
HMPV replication in LLC-MK2 cells are consistent with our previous RSV studies.

3.2. Probenecid Inhibits HMPV In Vivo

Additionally, we previously showed that mice treated once with probenecid at
2 or 200 mg/kg, either 24 h pre-virus (prophylaxis) or 24 h post-virus (treatment), had
considerable reductions in RSV lung virus titers [12]. Given the similarity of HMPV to RSV
in epidemiology and infection [32,37], we determined if probenecid could inhibit HMPV
replication in BALB/c mice. BALB/c mice are commonly used in RSV and HMPV studies
to evaluate drugs and vaccines. These mice are semi-permissive to these viruses and are re-
placement animal models for chimpanzees and other non-human primates (NHPs) [38,39].
Thus, BALB/c mice were treated (p.o.) with either 2 or 200 mg/kg probenecid or PBS, either
24 h pre-virus (prophylaxis) or 24 h post-virus (treatment). Mice were i.n. infected with
106 PFU CAN83 as described in the Methods. At the peak of lung viral replication, i.e., day
5 pi, the mice were sacrificed, and lungs were collected to determine the HMPV titers and
histopathology, as previously described [9,40]. Figure 3 shows that probenecid treatment
before or after CAN83 infection significantly (p < 0.0001) reduced lung viral titers in mice
compared to untreated mice. These dose-dependent reductions supported our in vitro
results (Figures 1 and 2) and previous in vivo studies of other viruses [12,13,15]. Regardless
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of treatment timing, mice treated with 2 mg/kg probenecid had a ~2 log reduction in lung
viral titers, and mice dosed with 200 mg/kg probenecid had a ~4 log reduction. These
data support the use of probenecid as a potential prophylactic or therapeutic treatment for
HMPV in vivo.
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Figure 1. LLC-MK2 cells prophylactically treated with probenecid reduce HMPV replication. LLC-
MK2 cells were treated with the indicated concentrations of probenecid for 24 h. After 24 h of
pre-treatment, cells were infected at an MOI = 0.1 of CAN83 and incubated for 1 h. After incubation,
the infection was removed, the cells were washed, and the media decanted. Media containing
probenecid were added to the cells for 24 h. Plaques were enumerated, and (A) titers and (B) dose–
response curves were determined. Probenecid prophylaxis was significantly (**** p < 0.0001) effective
at concentrations ≥ 0.5 µM. These data represent three independent experiments, each with three
experimental replicates. All statistics are one-way ANOVA with Dunnett’s multiple comparison
correction, with comparisons performed against infected cells.
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Figure 2. LLC-MK2 cells therapeutically treated with probenecid reduce HMPV replication. LLC-
MK2 cells were infected with CAN83 at an MOI of 0.1 and incubated for 1 h. After incubation, the
infection was removed, the cells were washed, and the media decanted. Media containing probenecid
at the indicated concentrations were added to the cells. Plaques were enumerated, and (A) titers
and (B) dose–response curves were determined. Probenecid treatment was significantly (** p < 0.01,
**** p < 0.0001) effective at concentrations ≥ 0.5 µM. These data represent three independent experi-
ments, each with three experimental replicates. All statistics are one-way ANOVA with Dunnett’s
multiple comparison correction, with comparisons performed against infected cells.



Viruses 2024, 16, 1087 7 of 12

Viruses 2024, 16, x FOR PEER REVIEW 7 of 13 
 

 

infected with 106 PFU CAN83 as described in the Methods. At the peak of lung viral rep-
lication, i.e., day 5 pi, the mice were sacrificed, and lungs were collected to determine the 
HMPV titers and histopathology, as previously described [9,40]. Figure 3 shows that pro-
benecid treatment before or after CAN83 infection significantly (p < 0.0001) reduced lung 
viral titers in mice compared to untreated mice. These dose-dependent reductions sup-
ported our in vitro results (Figures 1 and 2) and previous in vivo studies of other viruses 
[12,13,15]. Regardless of treatment timing, mice treated with 2 mg/kg probenecid had a ~2 
log reduction in lung viral titers, and mice dosed with 200 mg/kg probenecid had a ~4 log 
reduction. These data support the use of probenecid as a potential prophylactic or thera-
peutic treatment for HMPV in vivo.  

 
Figure 3. Probenecid reduces HMPV replication in mice. Female BALB/c mice were treated with 2 
or 200 mg/kg probenecid or PBS either 24 h prior to (prophylactic) or 24 h post- (treatment) infection 
with 106 PFU CAN83. At least two independent repeats were performed with representative data 
shown. Bars represent mean PFU/mL +/− SEM of n = 3–5 mice/group. **** p < 0.0001 compared to 
PBS-treated mice, as determined by one-way ANOVA. 

3.3. Immune Profiling during HMPV Challenge and Probenecid Treatment 
To evaluate how probenecid treatment may affect the cytokine responses to HMPV 

infection, BALF was collected on day 5 pi and subjected to cytokine and chemokine anal-
ysis by a 25-plex Luminex kit. Overall, HMPV infection did not drastically modify cyto-
kine responses in the BALF of BALB/c mice at this time (Figure 4A). Of the 25 analytes 
interrogated, only IP-10 (Figure 4B) was significantly modified during HMPV infection. 
Compared to untreated, uninfected mice, PBS-treated, infected mice had significantly (p < 
0.05) increased levels of IP-10 in the BALF. Pre-virus and post-virus treatment with 2 

Figure 3. Probenecid reduces HMPV replication in mice. Female BALB/c mice were treated with 2 or
200 mg/kg probenecid or PBS either 24 h prior to (prophylactic) or 24 h post- (treatment) infection
with 106 PFU CAN83. At least two independent repeats were performed with representative data
shown. Bars represent mean PFU/mL +/− SEM of n = 3–5 mice/group. **** p < 0.0001 compared to
PBS-treated mice, as determined by one-way ANOVA.

3.3. Immune Profiling during HMPV Challenge and Probenecid Treatment

To evaluate how probenecid treatment may affect the cytokine responses to HMPV
infection, BALF was collected on day 5 pi and subjected to cytokine and chemokine
analysis by a 25-plex Luminex kit. Overall, HMPV infection did not drastically modify
cytokine responses in the BALF of BALB/c mice at this time (Figure 4A). Of the 25 analytes
interrogated, only IP-10 (Figure 4B) was significantly modified during HMPV infection.
Compared to untreated, uninfected mice, PBS-treated, infected mice had significantly
(p < 0.05) increased levels of IP-10 in the BALF. Pre-virus and post-virus treatment with
2 mg/kg probenecid significantly affected IP-10 levels in the BALF, but interestingly,
200 mg/kg did not significantly reduce IP-10.
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Figure 4. Cytokine and chemokine responses during HMPV infection. Female BALB/c mice
(n = 3/group) were treated with 2 or 200 mg/kg probenecid or PBS either 24 h prior to (prophy-
lactic) or 24 h post- (treatment) infection with 106 PFU CAN83. BALF was collected on day 5 pi,
and samples were analyzed in duplicate by a Luminex multiplex cytokine/chemokine (25-plex) kit.
(A) Immune responses were quantified, and most analytes remained unchanged regardless of in-
fection or treatment. (B) IP-10 concentrations are shown. Each analyte was analyzed by a one-way
ANOVA, compared to PBS-treated mice, where * p ≤ 0.05.

4. Discussion

HMPV causes respiratory tract infections in children, adults, the elderly, and im-
munocompromised patients [41]. The predominant clinical features caused by HMPV
infection are upper and lower respiratory tract infections that can lead to pneumonia and
bronchiolitis [41]. There are no licensed antiviral drugs or vaccines approved against
HMPV. However, vaccine candidates are in the preclinical research stage, and numerous
neutralizing monoclonal antibodies against HMPV have been characterized together with
their targeting epitopes [9,42–45]. Infection with HMPV is similar to RSV, where infection
typically occurs in the young, with reinfection occurring throughout life [46]. The treatment
of HMPV infection is typically supportive, where medications including over-the-counter
analgesics and decongestants are used to control pain, fever, and congestion. Currently,
novel therapeutic strategies against HMPV have focused on broad-spectrum antiviral drug
repurposing and HMPV F protein-direct strategies [47]. Examples include intravenous
immunoglobulins (IVIG) made of polyclonal antibodies against HMPV, ribavirin, and
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other nucleotide analogs (e.g., favipiravir), viral attachment inhibitors (e.g., DAS181), and
F protein inhibitors (e.g., synthetic peptides against the HRA and HRB domains of the
HMPV F protein). Without an antiviral treatment or vaccine, HMPV infection remains an
important burden on the healthcare system. Thus, we sought to determine if probenecid
treatment could inhibit HMPV replication.

Probenecid is FDA-approved and has been used safely for decades to treat gout
and inflammatory arthritis by facilitating the excretion of uric acid [48]. Using RNA
interference (RNAi) screens to determine the host genes required for influenza A virus
(IAV) replication in human respiratory epithelial cells, i.e., A549 cells, we showed that
the organic anion transporter, OAT3, was required for IAV replication [13,20,21]. OAT3
is a druggable host gene, and probenecid is a pharmacological inhibitor of OAT3 [13,49].
Further, probenecid has a benign clinical safety profile [50]. Thus, we explored the antiviral
features of probenecid and showed that it is a broadly efficacious antiviral drug with pico-
to micromolar inhibitory in vitro and in vivo activity for IAV strains and highly pathogenic
influenza viruses [13,23], SARS-CoV-2 variants [17,50], and RSV strains [12,50]. We also
showed that probenecid reduced aspects of the pro-inflammatory response [16,51]. A
recent study did not repeat our results for SARS-CoV-2 [52]. It should be noted there were
several differences between the studies. Specifically, different drug concentrations were
tested in vitro and in vivo, different virus variants were compared, different cell lines were
compared, and different readouts of drug efficacy were measured. We measured virus
replication by PFU versus Box et al. who evaluated cytopathic activity (cell death) and
performed PCR, which cannot be used to measure virus replication as PCR primers will
detect DNA fragments and produce false positives. Further, there were differences in the
duration of in vitro experiments and with the probenecid concentrations used.

Consistent with our previous work on other respiratory viruses [12,13,15], we report
the potential of probenecid to regulate HMPV replication. We show that low micromolar
(high nanomolar) treatment of LLC-MK2 cells with probenecid reduces HMPV replication.
At concentrations ≥ 1.0 µM, no HMPV was recovered in either pre-virus or post-virus-
treated cells. Similarly, mice treated with 200 mg/kg at 24 h pre- or post-HMPV infection
had substantial (log) reductions in lung viral titers. The BALF cytokine results did not
show robust changes associated with CAN83 infection, which is consistent with the lack
of lung pathology observed. No remarkable histopathology in HMPV-infected mice was
detected by the H&E staining of lung sections, so we could not determine if probenecid
treatment affected lung damage. Various studies have reported differential pathology and
immune responses to HMPV in the mouse model, which is likely dependent on strain,
passage number, and inoculum [53–55]. Despite this limitation, our results support using
probenecid as an effective antiviral drug and further expand the virus repertoire susceptible
to probenecid treatment. Future studies should investigate low-passaged clinical isolates
of HMPV known to induce stronger immune responses and histopathology in vivo.

Given the substantial reduction in HMPV replication in vitro and in vivo and the
antiviral effects on several other respiratory pathogens, including influenza, RSV, and
SARS-CoV-2 [14,50], the mechanism of action is likely shared among these respiratory
viruses. We recently showed that probenecid inhibits the phosphorylation of JNK and
ERK and the downstream phosphorylation of c-jun, which is needed for virus replication
(manuscript submitted). Thus, the probenecid inhibition of JNK and ERK phosphorylation
involves a pathway that precludes virus replication and could be a broadly antiviral
mechanism. There are benefits of broadly effective antiviral drugs other than the obvious
as they may be used to circumvent the need for some diagnostics. For example, patients
with viral respiratory disease may be treated with a broadly active drug like probenecid,
regardless of the specific pathogen causing the disease. This may be limited by the range
of drug efficacy, but probenecid is safe and has been used in humans for >6 decades as a
treatment for gout.
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