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Influenza pneumonia remains a common and debilitating viral infection despite vaccination
programs and antiviral agents developed for prophylaxis and treatment. The neuraminidase
inhibitor oseltamivir is frequently prescribed for established influenza A virus infections, but the
emergence of neuraminidase inhibitor resistant viruses, a brief therapeutic window and competing
diagnoses complicate its use. PUL-042 is a clinical stage, aerosol drug comprised of synthetic
ligands for Toll-like receptor (TLR) 2/6 and TLR 9. This host-targeted, innate immune stimulant
broadly protects against bacterial, fungal and viral pneumonias, including those caused by
influenza, when given prophylactically to animals. This study evaluated the therapeutic antiviral
effects of PUL-042 against established influenza A pneumonia, when given alone or in
combination with oseltamivir. Mice were treated with PUL-042 aerosol, oseltamivir or both at
varying time points before or after challenge with influenza pneumonia. Treating established,
otherwise lethal influenza A pneumonia (>1 LD100) with multiple inhaled doses of PUL-042
aerosol plus oral oseltamivir resulted in greater mouse survival than treatment with either drug
alone. Single agent PUL-042 also protected mice against established infections following
challenges with lower viral inocula (approximately 1 LD20). Aerosolized oseltamivir further
enhanced survival when co-delivered with PUL-042 aerosol. The prophylactic and therapeutic
benefits of PUL-042 were similar against multiple strains of influenza virus. In vitro influenza
challenge of human HBEC3kt lung epithelial cells revealed PUL-042-induced protection against
infection that was comparable to that observed in vivo. These studies offer new insights into means
to protect susceptible populations against influenza A pneumonia.
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1. INTRODUCTION
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Influenza viruses remain common causes of serious infection worldwide, despite large scale
vaccination programs. In the United States, 20,000–40,000 cases of seasonal influenza occur
annually, with attributable mortality as high as 7.9% (Russell 2016). This translates to
estimated hospitalization costs of $10.4 billion and lost earnings of $16.3 billion dollars per
year (Molinari 2007). Influenza causes disproportionate morbidity in certain populations,
with individuals at the extremes of age (<2 years, >50 years) and those with comorbid or
immunocompromising conditions the most susceptible to influenza pneumonia (Louie 2009,
Jain 2009, Poehling 2006).
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The available treatments for influenza infections are adamantane derivatives (rimantadine
and amantadine) or neuraminidase inhibitors (oseltamivir, zanamivir, and peramivir) (Fiore
2011). Neuraminidase inhibitors are first line agents, due to their efficacy against influenza
A and B viruses and the high prevalence of adamantane resistant influenza. Unfortunately,
viruses resistant to neuraminidase inhibitors such as oseltamivir have been increasingly
reported from both seasonal and pandemic H1N1 influenza isolates (Baz, 2009, Gubareva
2001, Stephenson 2009). Current guidelines recommend treating with neuraminidase
inhibitors within 48 h of symptom development in the general population. However,
resistance has been shown to emerge as early as 48 h after initiation of treatment (Inoue
2010), and transmission of resistant strains has been documented (Hatakeyama 2007, Le
2010).
We have previously reported that lung epithelial cells can be stimulated to protect mice
against bacterial, fungal and viral pneumonia following treatment with PUL-042, a clinical
stage, inhaled drug comprised of synthetic ligands for Toll-like receptor (TLR)2/6
(Pam2CSK4) and TLR9 (ODN M362), formulated at a 4:1 molar ratio of Pam2CSK4 to
ODN M362. PUL-042 treatment of isolated lung epithelial cells in vitro or PUL-042
treatment of mice via nebulization results in robust enhancement of survival and reduction in
pathogen burden following challenges with bacteria, fungi or viruses, including influenza A
(Cleaver 2014, Duggan 2011, Leiva-Juarez 2016, Tuvim 2012). This epithelium-dependent
effect persists despite leukocyte lineage depletion (Alfaro 2014, Cleaver 2014).
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Neuraminidase inhibitors such as oseltamivir are approved for use as therapy for established
influenza infections, as they act directly on the virus (Fiore 2011). Oseltamivir is also
recommended for prophylaxis of influenza without evidence of prior infection. PUL-042 has
principally been tested in prophylactic models, with its protective effect resulting from
generation of an antimicrobial environment by the host (Cleaver 2014, Duggan 2011, LeivaJuarez 2016, Tuvim 2012). The prophylactic benefit of PUL-042 persists for at least eight
days after a single inhaled treatment (Alfaro 2014), and PUL-042 also confers a survival
advantage when delivered to mice up to three days after influenza challenge (Duggan 2011).
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Given the differing mechanisms of protection afforded by oseltamivir and PUL-042, we
hypothesized that the two treatments might complement each other, enhancing antiviral
benefits over that conferred by either treatment alone. Similarly, given the non-overlapping
kinetics of the protection induced by the treatments, we theorized that combination treatment
with oseltamivir and PUL-042 might extend the window of opportunity for successful
intervention beyond that for either treatment alone.

2. Materials and methods
2.1 In vitro treatment and infection
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Immortalized human bronchial epithelial (HBEC3kt) cells were kindly provided by John
Minna at the University of Texas Southwestern Medical Center. Cells were cultured in
supplemented keratinocyte serum-free media (KSFM) (Thermo Fisher Scientific, Waltham,
MA) until 100% confluence was reached in 24-well plates. Cells were treated with 9.3μM of
Pam2CSK4 and 2.2μM ODN362 (InvivoGen, San Diego, CA), 2.25 μM oseltamivir
carboxylate (Toronto Research Chemicals, Toronto, ON), or both in KSFM for 24 h, then
infected with influenza A/HK/8/68 (H3N2) at an MOI of 0.1 in pre-conditioned media. 24 h
after infection, cells were lysed and RNA was extracted using Qiagen RNeasy kit (Qiagen,
Valencia, CA). 500 ng of total RNA was reversed transcribed to cDNA using iScript™
cDNA synthesis kit (Bio-Rad, Hercules, CA). Viral and reference transcripts were quantified
by qPCR using SYBR green PCR master mix (Applied Biosystems, Life Technologies) and
measured on a ABI ViiA 7 Real Time PCR system. Viral gene expression was normalized to
18s transcript levels. Primer sequences used for qPCR were: 18S (5’GTAACCCGTTGAACCCCATT-3’) (5’-CCATCCAATCGGTAGTAGCG-3’) and influenza
nucleoprotein NP (5’-CTCATCCTTTATGACAAAGAAG-3’) (5’AGATCATCATGTGAGTCAGAC-3’).
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2.2 Influenza virus source and preparation
Clinical isolates of influenza A [Hong Kong/8/68 (H3N2), California/04/2009 (H1N1),
Puerto Rico/8/34 (H1N1)] and B (Lee/40) were obtained and prepared for nebulization as
shown in Supplemental Table 1.
2.3 Animals
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Six to eight week old NIH Swiss mice of approximately 20 g (Charles River, Wilmington,
MA) were used for all experiments. 15 mice were used for each treatment condition. Due to
the large number of animals required per experiment, female mice were used in these studies
to allow maximally efficient housing. However, pilot studies and prior publications
demonstrate no differences in protection for male mice by PUL-042. All mice were handled
in accordance with the policies of the Baylor College of Medicine Institutional Animal Care
and Use Committee, full details of the study were approved by that body (approval
AN-2307), and any mice that exhibited signs of distress were humanely euthanized.
2.4 Synthetic TLR ligand and oseltamivir treatment preparation and administration in vivo
Pam2CSK4 acetate (Peptides International, Louisville, KY) and ODN362 sodium
(phosphorothioate backbone) (TriLink Biotechnologies, San Diego, CA) dry powder drug
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substances were stored at −20ºC and thawed prior to each experiment. Taking into account
purity (Pam2CSK4 and ODNM362) and peptide content (Pam2CSK4), the drug substances
were diluted to a concentration of 8 μM of Pam2CSK4 and 2 μM of ODNM362, giving the
required 4:1 molar ratio in a total volume of 6 ml sterile water. PUL-042 was always
administered as an aerosol. For LD50 experiments, the GMP produced clinical trial material
formulation of PUL-042 was used at 8 μM Pam2CSK4 and 2μM ODN M362. Oseltamivir
phosphate was obtained from contents of Tamiflu® tablets (mean 167 mg powder/capsule;
45% oseltamivir free base), suspended in 1 ml of sterile water to a 75 mg/ml concentration,
vortexed, and sonicated in a water bath at room temperature for 1–5 min. For oral gavage,
oseltamivir was diluted in sterile water to a total dose of 4 mg/kg/day administered in a total
volume of 100 μl. For nebulized treatments, oseltamivir carboxylate was suspended in sterile
water to an 18.8 mg/ml concentration. For experiments in Fig. 3B–C, powder from 9
capsules of oseltamivir carboxylate (167 mg/capsule of 45% oseltamivir carboxylate
equivalent) were suspended in 9 ml of sterile water or PUL-042 to a total concentration of
75 mg/ml (5.1 mg/kg), 18.8 mg/ml (1.3 mg/kg), and 4.7 mg/ml (0.32 mg/kg).
Mice received nebulized drugs by whole-body exposure. Mice were placed in a plastic
lidded container modified with inlet and exit ports for flow-through of the aerosol. A filter to
collect drug was mounted on the exit port and the apparatus was placed in a chemical safety
hood during the nebulization period. 6 ml of each treatment were placed in a nebulizer
reservoir and aerosolized for 15 min in an Aerotech II nebulizer driven by 10 L/min of room
air generated by an Aridyne 2000.
2.5 Influenza A virus challenge in vivo
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Influenza frozen stocks from pooled mouse lungs were thawed and diluted 1:500 in 0.05%
gelatin-MEM and suspended in a total of 10ml of MEM. The virus suspension was
transported in ice and mice were infected by whole-body exposure (described above) to
aerosolized virus for 20 min using an Aerotech II nebulizer flowing at 10 L/min of room air
generated from by an Aridyne 2000 compressor. Titers of the influenza in the nebulization
reservoirs pre- and post-nebulization were determined by hemagglutination assay of infected
MDCK cells (LD100 ~ 105 TCID50/ml, LD50 ~ 44 TCID50/mouse). If mice showed signs of
distress, they were humanely euthanized.
2.6 Statistical analysis
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Continuous variables were compared using a one-way analysis of variance test with a posthoc Tukey’s test. Survival was plotted as percent survival from the starting cohort and
compared using Kaplan-Meier log-rank test with a post-hoc Mantel-Cox test. Post-hoc direct
comparisons of survival rates between treatment groups were evaluated by Chi-square. A
P<0.05 was considered statistically significant. All statistical analysis were performed using
GraphPad Prism version 6.0.
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3. RESULTS
3.1 Pre-emptive and prophylactic therapy with PUL-042 protects against H3N2 influenza in
vitro and against pneumonia in vivo, with or without oseltamivir
We have previously shown that nebulization of PUL-042 protects mice against influenza
infection, particularly when delivered prior to challenge (Cleaver 2014, Duggan 2011,
Tuvim 2012). Fig. 1A demonstrates that PUL-042 also robustly protects mice when
delivered after infection with influenza A virus. Even a single treatment of PUL-042 given
in the first two days after infection was sufficient to protect mice against an influenza/A/HK/
8/68 virus challenge of approximately 1 LD50.

Author Manuscript
Author Manuscript

To further establish the efficacy of PUL-042 in protecting against viral pneumonia and
assess the potential benefit of combination therapies, we evaluated the in vitro and in vivo
effects of treating with PUL-042 and/or oral oseltamivir before and after influenza challenge
(Fig. 1B). In immortalized human bronchial epithelial cells (HBEC3kt), pretreatment with
PUL-042 24 h before infection led to a statistically significant (P<0.001) decrease in viral
nucleoprotein (NP) gene expression at 24 h post infection (Fig. 1C). Oseltamivir
administered 24 h before infection similarly reduced the viral burden 24 h after infection.
The combination of PUL-042 aerosol and oral oseltamivir administered prophylactically did
not result in an identified further decrease in viral gene expression over either individual
treatment, though it is notable that the two treatments were so efficacious individually that
further reductions may be below the limit of detection. Conversely, when the in vitro
treatments were applied 24 h after infection, only oseltamivir-containing treatments (alone
or in combination with PUL-042) resulted in a detectable reduction in viral burden 48 h after
infection (p=0.002) (Fig. 1E) No statistically significant difference from oseltamivir alone
was obtained by the addition of PUL-042.
Having established the strong in vivo protection afforded by PUL-042 alone in a standard
challenge, studies were performed with a virus challenge that produced 100% lethality (>1
LD100). Prophylactic nebulized PUL-042 delivered 24 h before infection significantly
increased survival over sham treated mice in this influenza challenge model (Fig. 1D).
Prophylactic delivery of oral oseltamivir resulted in no appreciable impact on survival.
Unexpectedly, mice that received both nebulized PUL-042 and oral oseltamivir were not as
strongly protected as mice that received PUL-042 alone, and this result was confirmed in a
second experiment (presented below). However, when delivered to mice 24 h after infection,
the combination of PUL-042 aerosol and oral oseltamivir resulted in strikingly greater
protection than either individual treatment alone against this strong challenge dose (Fig. 1F).
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3.2 Multiple combined treatments with aerosolized PUL-042 and oral oseltamivir protects
mice against established influenza A virus infection
To identify optimized strategies for protecting against established influenza infections, a
variety of aerosol PUL-042 -oral oseltamivir combination treatment regimens were tested. A
single treatment given on day 1 or 2 after infection conferred moderately increased survival
compared to controls (Fig. 2A). The survival advantage was greater following combined
treatments given on two days (D1 and D3 or D2 and D3, Fig. 2B). Adding one extra dose of
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oseltamivir to the regimens shown in Fig. 2B did not appreciably influence survival, whether
given between or after the combination treatments (Fig. 2C). The additional survival benefit
of adding two extra doses of oseltamivir alone to the two combination treatments was not
statistically significant (n = 15 per group, Chi-square p = 0.282745) (Fig. 2D). These data
show that PUL-042 aerosol with oral oseltamivir protects mice against active, otherwise
100% lethal, influenza A virus challenge, with outcomes dependent on the number of
treatments and timing of administration. Interestingly, we found in subsequent experiments
exploring optimized treatment regimens that the addition of prophylactic (D -1) oseltamivir
actually reduced the protective effect of prophylactic (D -1) PUL-042 (Fig. 2E). This same
series of investigations also revealed that the 2-day combination treatments could be
deferred as late as 4 days after infection, the day of maximal viral proliferation in this
model, and still improve survival rate to 46% from 0%. (Fig. 2E)
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3.3 PUL-042 and oseltamivir aerosol is an effective treatment for established influenza A
virus infection
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Oseltamivir systemic treatment may be associated with significant side effects such as
nausea, abdominal pain, headache, and dizziness (Strong 2010). This can become
particularly problematic in patients with other comorbidities, potentially leading to
incomplete treatment courses and development of resistant strains. PUL-042 is being
developed as an aerosolized drug, to directly stimulate antiviral responses from lung cells. If
the oseltamivir and PUL-042 combination were to be used clinically for severe influenza for
the hospitalized patient, it would be ideal to co-administer them via the same aerosol route.
We investigated the efficacy of the two drugs combined in a single aerosol, versus
established influenza A virus infections, beginning at 48 h post-infection. Survival rates
were compared between PUL-042 aerosol alone, oseltamivir aerosol alone, PUL-042 and
oseltamivir combination aerosol, and PUL-042 aerosol combined with oral oseltamivir. We
found that oseltamivir alone conferred significantly improved survival when given in
multiple doses by aerosol (Fig. 3A). A single dose of the combined aerosol was equally
beneficial. (Fig. 3A). We followed this experiment with an evaluation of dose response to
oseltamivir in the combined aerosol compared to aerosol oseltamivir alone, with single
aerosol treatments administered at either 48 or 96 h post-infection. Fig. 3B shows that a
single treatment with aerosolized oseltamivir at the highest dose was effectively equivalent
to the combined aerosol treatment with PUL-042. A statistically significant benefit of
combining PUL-042 with oseltamivir as an aerosol was seen when lower doses of
oseltamivir were used. In that same experiment (Fig. 3C), when treatment was delayed to 96
h post-infection the high dose of oseltamivir in the aerosol was no longer clearly the most
efficacious; when using 1.3 mg/kg oseltamivir aerosol the combination with PUL-042
showed statistically significant improvement over oseltamivir aerosol alone (Chi-square, p =
0.03).
3.4 Prophylaxis with PUL-042 or treatment with PUL-042 and oral oseltamivir are effective
against different strains of influenza virus
The pathogenicity of influenza viruses is highly correlated with rearrangements in their
genome (Iwasaki 2014.) To determine the generalizability of the foregoing experiments in
different viral challenge models, the efficacy of prophylactic PUL-042 and therapeutic
Eur J Pharmacol. Author manuscript; available in PMC 2019 January 05.
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PUL-042-oseltamivir combination were tested in multiple influenza A and B virus strains.
As shown in Fig. 4, pretreatment with aerosolized PUL-042 similarly protected against both
influenza A and B strains. Similarly, combination with two post-exposure doses of
aerosolized PUL-042 and oral oseltamivir combination therapy significantly enhanced
survival of influenza challenge in all three models. This suggests that PUL-042 is protective
against different strains of influenza viruses and is effective both as a prophylactic agent and
treatment in established infection if used with oseltamivir.

4. DISCUSSION
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Viral pneumonia is a common infection and a severe public health burden. Although
vaccination programs have successfully decreased the incidence of influenza pneumonia,
emergent endemic and pandemic strains are frequently lethal in immunocompromised
individuals. In addition, resistance to current antivirals mandates the need for alternative
therapies. We have previously shown that lung innate immune stimulation with a
combination of inhaled ligands for TLR 2/6 and TLR9 induces an antimicrobial response
that is protective against influenza pneumonia (Tuvim 2012). The protection is associated
with enrichment of diverse antimicrobial peptides and reactive oxygen species (Cleaver
2014, Tuvim 2012). Here we evaluated human bronchial epithelial cell stimulation with
PUL-042 relative to the effects of oseltamivir on prophylaxis and treatment of established
influenza infections.
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Prophylactic dosing with PUL-042 was as effective as prophylaxis with oseltamivir or the
combination in cultured human epithelial cells. This pattern was not seen in vivo, where
mice were not protected with prophylactic oseltamivir. Our in vivo model system was not
designed to evaluate prophylaxis by oseltamivir alone, which has been demonstrated by
others (Ilyushina 2008, Smee 2012). Lack of oseltamivir prophylaxis in our studies may be
due to the high viral inoculum used in our model, which is titrated to 100% death in the
control groups, compared to the 50% lethal dose used in many other murine influenza
models (Galabov 2015, Marathe 2016), and may also reflect partial resistance to oseltamivir.
It is notable that PUL-042 does not appreciably reduce viral burden in vitro when given 24 h
after influenza challenge, yet it provides significant benefit when given to mice more than 24
h after in vivo challenge. The explanation for this differential effect is likely multifold, but
most notably relates to progression patterns of the infection. Whereas, by 24 h after
influenza challenge in vitro, the entire well effectively infected, by 24 h after influenza
challenge in vivo the infection is still spreading in a patchy, step-wise manner. Thus, there
are more opportunities for PUL-042 to act on uninfected or recently infected cells in vivo,
even at later time points. We have previously reported that statistically significant reductions
in viral titer are achieved by PUL-042 in vitro at earlier post-challenge time points (4 h after
challenge), so there may be some reduction at 24 h after challenge, as well, though it may be
below the level of detection. Further, while the in vitro studies exclusively investigate the
therapeutic manipulation of direct antiviral effects from lung epithelial cells, the aggregate in
vivo effect of PUL-042 also includes the influences of epithelial responses on leukocytes
and, possibly, direct stimulation of leukocyte responses. Moreover, while we observe
pathogen reductions (here, of virus burden) to be associated with protection in every tested
model, it is possible that some of the protection is due to reduced infection induced
Eur J Pharmacol. Author manuscript; available in PMC 2019 January 05.
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immunopathology. Additionally, in viral models such as those tested here, we cannot
exclude the possibility that some of the survival benefit conferred by PUL-042 may relate to
protection against secondary bacterial infections, as PUL-042 protects against a quite broad
array of pathogens.
In mouse studies using a 100% lethal dose of virus, the benefit of a single dose of
aerosolized PUL-042 was greater when used as a prophylactic (24 h prior to influenza virus
challenge) than as a therapeutic agent (24 h after infection). The modest therapeutic benefit
was enhanced with repetitive dosing, and likely reflects the high viral titer used in our
challenge model, given that PUL-042 aerosol was efficacious when tested against the
standard LD50 often used in the literature. A single extra dose of aerosolized PUL-042 and
oseltamivir dramatically increased the survival of mice infected with influenza (Fig. 2), and
it was enhanced with further doses of oseltamivir or the combination.
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Protection with prophylactic PUL-042 or therapeutic PUL-042-oseltamivir combination was
demonstrated against both influenza A and B viruses, allowing for broader potential
generalization of this strategy. Currently, there are not established clinical guidelines for preexposure prophylaxis against influenza, but these studies suggest that this may be a feasible
strategy to protect at-risk populations. Studies by other investigators have shown protection
of prophylactic or pre-emptive neuraminidase inhibitors in the setting of institutionalized
patients (Lee 2000, Peters 2001, Schilling 1998), community-dwelling high-risk patients
(LaForce 2007), or stem cell transplant units (Yue 2016).
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We could reduce both the drug concentration and number of dosages of oseltamivir below
standard efficacious doses in the mouse model and still produce a beneficial effect in
conjunction with PUL- 042. Interestingly, when attempting to optimize delivery strategies,
nebulization of both compounds together proved to be a highly efficacious approach. The
combined aerosol was beneficial even as a single dose administered as late as 96 h after
infection. There is a suggestion in these results that at later timepoints, when viral
proliferation is highest, the highest dose of oseltamivir aerosol could have a detrimental
effect, as lower doses were more effective than higher doses at this timepoint. Our results are
congruent with other reports showing that oral oseltamivir delivery is less efficacious than
aerosolized oseltamivir. Notably, Leyva-Grado and colleagues compared several routes of
administration of oseltamivir, and found that aerosolized oseltamivir given 24 h after
infection confers protection against several strains of influenza, while oral oseltamivir
protection was strain-specific and achieved at high doses only (Leyva-Grado 2017). Other
reports indicate that oral oseltamivir may be efficacious at lower viral titers (Marjuki 2014)
for extended treatment periods (Byrn 2015, Smee 2016,). This is notable, since oseltamivir
is currently approved only for oral administration. Our system of aerosol administration uses
whole body exposure and total oseltamivir dose is received both by inhalation and orally.
The experiments reported by Leyva-Grado and colleagues used a nose-only exposure
system. Future dose-response studies of the combined PUL-042+ oseltamivir aerosol could
be performed using nose only exposure to establish the separate contributions of oral and
aerosol oseltamivir. Further studies in co-delivery of PUL-042 and the approved aerosolized
antiviral zanamivir may also prove this benefit.
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Stimulation of lung epithelial cells with PUL-042, a clinical stage therapeutic consisting of
two TLR ligands, is a potent means of inducing antiviral protection and enhancing survival
against experimental viral challenges in a validated animal model. This effect is evident
whether used as a single dose prophylaxis or as therapy. This is true when tested against
multiple strains of influenza. Addition of oseltamivir to a multiple dose treatment with
PUL-042 provides maximal post-infection benefit. Our results suggest that treatment with
PUL-042 aerosol in addition to oral oseltamivir could be of significant benefit in cases of
severe influenza (pneumonia) and when initiation of influenza treatment is delayed beyond
the current 48 h window for oral oseltamivir.
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Fig. 1. Treatment or prophylaxis with PUL-042 aerosol protects against H3N2 infection in vivo
and in vitro combinations with oseltamivir are effective
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(A) In vivo infection with standard H3N2 influenza virus challenge. (B) Schematic of
treatment protocols used for panels C–F, (C and E) HBEC3kt cells were pretreated with
either PBS, PUL-042, oseltamivir, or PUL-042 with oseltamivir 24 h prior to infection and
NP gene expression was measured at 24 h post infection by qRT-PCR, in vivo H3N2
infection in NIH Swiss mice with prophylactic (D) or therapeutic PUL-042 aerosol (F) or
oseltamivir treatment (at −24 and +24 h, respectively) OSL: oseltamivir, ns: non-significant.
Figs. 1D and 1F are separated displays of the same experiment using the same control (PBS)
group. (n=14 mice/group). In c and e, *P<0.05, **P<0.001 by a one-way ANOVA with a
post-hoc Tukey’s test. In A, D, and F *P<0.05 by a Kaplan-Meier log-rank test with a posthoc Mantel-Cox compared to the PBS control.
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Fig. 2. Multiple combined treatments with PUL-042 aerosol and oral oseltamivir protect mice
against established influenza A virus infection

Treatment schematic and survival post infection in mice infected with influenza A/HK/8/68
virus and treated with PUL-042 aerosol and oral oseltamivir combined for (A) one day, (B)
two days (Groups 1 and 2), (C) PUL-042 and oral oseltamivir combined for two days and
one additional day of oral oseltamivir alone (Groups 3 and 4), or (D) four days, consisting of
two doses of aerosol PUL-042 and oral oseltamivir, with an additional two days of oral
oseltamivir, (E) survival post infection in mice infected with A/HK/8/68 virus and treated
with PUL-042 aerosol or a combination of PUL-042 aerosol with oral oseltamivir;
prophylaxis with PUL-042 alone or PUL-042 aerosol with oral oseltamivir were included as
comparators. OSL: oseltamivir gavage. Figs. 2A–2D are separated displays of the same
experiment using the same control (PBS) group. *P<0.05 by a Kaplan-Meier log-rank test
with a post-hoc Mantel-Cox compared to the PBS control.
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Fig. 3. Aerosolized PUL-042 and oseltamivir are effective treatments against established
influenza A virus infection
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Survival in mice treated with PUL-042 or oseltamivir after challenge with influenza A/HK
virus, (A) Aerosol treatment with PUL-042 and/or aerosolized oseltamivir (B) single dose
aerosol co-delivery of PUL-042 with oseltamivir or aerosolized oseltamivir alone at 48 h
post-infection and (C) single dose aerosol co-delivery of PUL-042 with oseltamivir or
aerosolized oseltamivir alone at 96 h post-infection. OSL: oseltamivir, PBS: phosphate
buffered saline (control). Figs. 3A and B are separated displays of the same experiment
using the same control (PBS) group. *P<0.05 by a Kaplan-Meier log-rank test with a posthoc Mantel-Cox compared to the PBS control.
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Fig. 4. Prophylaxis with PUL-042 or treatment with PUL-042 and oral oseltamivir are effective
against different strains of influenza virus
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Survival in mice treated with either prophylactic PUL-042 24 h prior to infection or the
combination during 2 days of established infection and infected with influenza A/CA/4/2009
(H1N1) (A), A/PR/8/34 (H1N1) (B) or B/Lee/40 (C) virus strains. *P<0.05 by a KaplanMeier log-rank test with a post-hoc Mantel-Cox compared to the PBS control.
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