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Abstract: The prolonged treatment of immunosuppressed (IS) individuals with anti-influenza
monotherapies may lead to the emergence of drug-resistant variants. Herein, we evaluated oseltamivir
and polymerase inhibitors combinations against influenza A/H3N2 infections in an IS mouse
model. Mice were IS with cyclophosphamide and infected with 3 × 103 PFU of a mouse-adapted
A/Switzerland/9715293/2013 (H3N2) virus. Forty-eight hours post-infection, the animals started
oseltamivir, favipiravir or baloxavir marboxil (BXM) as single or combined therapies for 10 days.
Weight losses, survival rates and lung viral titers (LVTs) were determined. The neuraminidase
(NA) and polymerase genes from lung viral samples were sequenced. All untreated animals died.
Oseltamivir and favipiravir monotherapies only delayed mortality (the mean day to death (MDD)
of 21.4 and 24 compared to 11.4 days for those untreated) while a synergistic improvement in
survival (80%) and LVT reduction was observed in the oseltamivir/favipiravir group compared to
the oseltamivir group. BXM alone or in double/triple combination provided a complete protection
and significantly reduced LVTs. Oseltamivir and BXM monotherapies induced the E119V (NA) and
I38T (PA) substitutions, respectively, while no resistance mutation was detected with combinations.
We found that the multiple dose regimen of BXM alone provided superior benefits compared to
oseltamivir and favipiravir monotherapies. Moreover, we suggest the potential for drug combinations
to reduce the incidence of resistance.

Keywords: influenza; H3N2; immunosuppression; combination therapy; oseltamivir; favipiravir;
baloxavir marboxil; resistance; mice

1. Introduction

Influenza viruses (IVs) are among the most important pathogens causing severe respiratory
infections. During seasonal influenza epidemics, the A/H3N2 subtype can be associated with higher
mortality and morbidity compared to other influenza subtypes [1]. Two classes of antivirals targeting
the viral neuraminidase (NA) and the polymerase complex are currently clinically available for the
treatment of influenza infections. Oseltamivir phosphate (OS), a NA inhibitor (NAI), is the most
frequently prescribed compound and has demonstrated efficacy against influenza A and B viruses [2,3].

In 2018, the novel antiviral, baloxavir marboxil (BXM) was approved in the USA, Japan and several
other countries for the treatment of uncomplicated influenza in otherwise healthy individuals [4,5].
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Its active form, baloxavir acid (BXA), potently inhibits the influenza cap-dependent endonuclease
encoded by the PA gene, preventing viral replication [6].

Treatment with BXM significantly improved the time of influenza symptom alleviation compared
with placebo as well as reduced the viral load after a single dose [7]. Furthermore, it decreased the
duration of virus shedding more rapidly than OS in otherwise healthy (CAPSTONE-1) and high-risk
(CAPSTONE-2) patients [7,8], including adults older than 65 years or those who have conditions
such as asthma, chronic lung disease, morbid obesity, or heart disease. Another polymerase inhibitor,
favipiravir (FA; T-705), was approved in 2014 in Japan, but its use is restricted to patients with novel or
re-emerging pandemic IVs and in cases of NAI resistance [5,9]. FA is a nucleoside analog that targets
the polymerase basic 1 (PB1) protein, resulting in errors during viral RNA synthesis [10]. This drug
displays a high genetic barrier to resistance, with one exceptional case of in vitro resistance mediated
by a K229R substitution in the PB1 protein of A/H1N1 virus [11].

Virus clearance is usually delayed among high-risk populations, including immunosuppressed
(IS) patients [12,13]. To inhibit virus replication in these individuals, the prolonged use of NAIs is
required, which frequently leads to the emergence of drug-resistant viruses [13–19]. The substitutions
R292K and E119V in the NA of A/H3N2 viruses have been reported in clinical isolates with reduced
susceptibility to OS [13,20,21]. In clinical trials, mutant viruses harboring the I38T/M/F PA substitutions
with reduced susceptibility to BXM were reported [7]. The emergence of these variants could be
problematic, especially in IS patients with prolonged viral shedding.

Interestingly, a few studies have found beneficial effects of combination therapy compared with
monotherapy in inhibiting IVs in IS hosts [22,23]. The evaluation of combination treatment may be
done using appropriate animal models, including those that mimic viral replication in IS patients.
However, very few studies have examined the potential benefits of the combination therapy in IS
animal models [24,25].

In this study, we used a mouse model of immunosuppression by serial administrations of
cyclophosphamide (CP), a drug commonly used in antitumor therapy [26–28]. First, we confirmed
that the lymphoproliferative response and number of total T, B and neutrophil cells was reduced.
Then, we used such an IS mouse model and we evaluated whether the combination of OS and
polymerase inhibitors (FA or BXM) would improve therapeutic efficacy and reduce the emergence of
resistance mutations compared with single therapy following lethal infection with a contemporary
mouse-adapted influenza A/H3N2 virus [29].

In the present study, we showed the superior efficacy of BXM single therapy with repeated doses
compared to OS and FA monotherapies during A/H3N2 infections in IS mice. We found a synergistic
interaction between OS and FA combination therapy over monotherapies. In addition, our data suggest
the potential for drug combinations to reduce the incidence of resistance among IS patients.

2. Materials and Methods

2.1. Cells and Virus

Madin–Darby canine kidney cells overexpressing the α2,6 sialic acid receptor (ST6-GalI-MDCK
cells) were kindly provided by Y. Kawaoka from the University of Wisconsin, Madison, WI [30].
The mouse-adapted A/Switzerland/9715293/2013 (H3N2) IV was generated in our laboratory [29].
Virus stocks were prepared, titrated in ST6-GalI-MDCK cells and stored at −80 ◦C.

2.2. CP Treatment of Mice and Confirmation of Immunosuppression

To confirm CP-induced immunosuppression, female C57BL/6 mice (Charles River, St-Constant,
Quebec, Canada) were infected intranasally (i.n.) under isoflurane anesthesia with 3 × 103 PFU of
the A/Switzerland/9715293/2013 (H3N2) virus in 50 µL of PBS. A group of mice received 50 µL of
PBS and served as control. Mice received either saline or CP (Sigma, St-Louis, MO) (100 mg/kg)
intraperitoneally (i.p.), 24 h before infection, and on days 3, or 7 post-infection (p.i.), as previously
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described [24]. Groups of 3 mice were euthanized on days 4 and 10 p.i. and spleens were removed to
quantify immune cells and proliferation capacity. For proliferation assays, splenocytes were stained
with 5 µM carboxyfluorescein succinimidyl ester (CFSE) according to the manufacturer’s instructions
(Thermo Fisher Scientific, Burlington, Canada). and stimulated with antibodies against CD3ε (1 µg/mL)
and CD28 (1 µg/mL) monoclonal antibodies (BD Biosciences, Sanjose, CA) for T cells stimulation,
resiquimod (R848) (1 µg/mL) to stimulate B cells and IL-15 (100 ng/mL) to induce natural killer (NK)
cells proliferation (Sigma Aldrich, Ontario, Canada). After 5 days, the cells were stained with anti-CD3ε,
B220 or NK1.1 antibodies (BD Biosciences, Sanjose, CA). Cell proliferation was analyzed by flow
cytometry (LSR-II, BD Biosciences). To quantify the immune cells, splenocytes were incubated with a
cocktail of antibodies (Table S1) for 30 min to identify the different immune subsets. Flow cytometry
data acquisition and analyses were performed using a BD SORP LSR II (BD Biosciences) software.

2.3. Antiviral Compounds

Oseltamivir-phosphate (Tamiflu) was purchased from a local pharmacy and
oseltamivir-carboxylate was synthesized by Hoffmann-La Roche (Basel, Switzerland). Both compounds
were suspended in sterile water. Favipiravir was purchased from BOC Sciences (Shirley, NY, USA) and
prepared in sterile water supplemented with 74.6 mg/mL of meglumine excipient. Baloxavir marboxil
(HY-109025A) was purchased from MedChem Express (Princeton, NJ, USA) and prepared with
0.5% methylcellulose.

2.4. Influenza A/H3N2 Infections in IS Mice

Animal experiments were approved by the Animal Care Ethics Committee of Université Laval
and the mice were used in accordance with the guidelines of the Canadian Council on Animal Care.
Groups of seventeen 6–8 week-old female C57BL/6 mice housed four to five per cage and kept under
conditions which prevented cage-to-cage infections, were treated i.p. with 100 mg/kg of CP 24 h before
infection and on days 3, 7, 11, 15, 19, 23, and 27 p.i. On day 0, mice were infected i.n., under isoflurane
anesthesia, with 3 × 103 PFU of A/H3N2 virus in 50 µL of PBS. Treatments were started 48 h p.i. by
oral gavage for 10 days with single drug regimen: OS (20 mg/kg; twice a day (BID)), FA (100 mg/kg;
BID), and BXM (40 mg/kg; once a day); bi-therapy: OS and FA or OS and BXM or tri-therapy:
OS, FA and BXM. A group of animals inoculated with the virus were treated with meglumine for
10 days. A group of 4 uninfected mice served as the control. Animals were weighed daily for 28 days
and mice with weight losses ≥ 20% were humanely euthanized. Four mice per group were sacrificed on
days 7 and 15 p.i. and lungs were removed aseptically. For the determination of lung viral titers (LVTs),
harvested lung tissues were homogenized in 1 mL of PBS containing 2× antibiotic–antimycotic solution
(penicillin, streptomycin and amphotericin B) using Omni Tip homogenizer (OMNI International,
Kennesaw, GA, USA). Cells were pelleted by centrifugation (600× g, 5 min) and supernatants were
used for the determination of TCID50 titers using ST6-GalI-MDCK cells [31].

2.5. Sequencing of Viral Genes

Viral NA, polymerase acidic (PA), and polymerase basic 1 (PB1) genes were amplified by reverse
transcription (RT)-PCR from lung homogenates (collected at day 15 p.i.) using specific primers
(available upon request) and sequenced using the ABI 3730 DNA Analyzer (Applied Biosystems,
Carlsbad, CA, USA) [24].

2.6. Droplet Digital RT-PCR (RT-ddPCR)

RNA was isolated from lung homogenates as previously described [24]. The RT-ddPCR workflow
and data analyses were performed to assess the presence of PA/I38T substitution with the One-Step
RT-ddPCR Advanced Supermix (Bio-Rad Laboratories, Mississauga, ON, Canada) according to the
manufacturer’s instructions and as previously described [32,33]. The primers and probes targeting
the I38 wild-type (WT) and T38 (mutant) variants for the A/H3N2 virus are available upon request.
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The cycled plate was then transferred and read in the FAM and HEX channels of the QX200 reader
(Bio-Rad, Montréal, QC, Canada).

2.7. NA Susceptibility Assays

The phenotype of resistance to OS carboxylate was evaluated by NA inhibition assays as previously
described [34]. Stock virus (A/H3N2-WT used as control) and viruses isolated from mouse lungs on day
15 p.i. (previously passaged once in ST6-GalI-MDCK cells) were standardized to an NA activity level
10-fold higher than that of 2′-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MUNANA; Sigma,
St-Louis, MO, USA) substrate (final concentration of 100 µM). The 50% inhibitory concentrations (IC50s)
were determined from the dose–response curves. Fluorescence was measured with excitation and
emission filters of 355 and 460 nm, respectively, on a Victor X3 multilabel plate reader (PerkinElmer,
Waltham, MA, USA).

2.8. Statistical Analyses

Lung viral titers (LVTs) and levels of cellular proliferation were compared by one-way ANOVA
analysis of variance, with the Dunnett’s multiple comparison post-test. A Log-Rank (Mantel–Cox) test
was used to compare the Kaplan–Meier survival plots. For weight loss, the area under the curve (AUC)
was calculated for each group of mice receiving the different treatments. Comparisons of AUC data
and absolute cell counts among animals treated or not with CP were done using the Student’s t-test.

3. Results

3.1. CP-Induced Immunosuppression in Mice

Our data confirmed that CP treatment induced immunosuppressive effects in mice as demonstrated
by the strong suppression of splenic T and B cell proliferative responses (Appendix A.1, Figure S1).
In addition, reduced numbers of total T/B lymphocytes and neutrophils were recorded (Appendix A.2,
Figure S2).

3.2. Efficacy of Single and Combined Therapies

In IS mice infected with the mouse-adapted A/Switzerland/9715293/2013 (H3N2) virus, the body
weight loss was observed earliest in the untreated group (on day 7 p.i.), whereas the OS- or FA-treated
mice started losing body weight on days 18 and 20 p.i., respectively (Figure 1). In contrast,
monotherapy with BXM significantly prevented the body weight loss compared to non-treated
animals (p < 0.0001).

All untreated but infected animals died between days 10 and 13 p.i. with a mean day of death
(MDD) of 11.4 ± 1.5 (Figure 2). Single therapy with OS or FA did not prevent death, but significantly
delayed the mortality with MDDs of 21.4 ± 3.7 (p = 0.0025), and 23.8 ± 1.6 (p = 0.0025), respectively,
compared to the untreated group. BXM provided a 100% survival rate, suggesting that the efficacy
of daily doses of BXM is superior to that of OS or FA (Figure 2). The combination treatment of OS
and FA significantly increased the survival of mice (80%) compared to OS with an MDD of 24 days,
demonstrating evident synergistic effects for this combination therapy (Figure 2). Treatment with BXM
in combination with OS was not more effective than BXM alone, suggesting there was no advantage of
combining these two drugs in this animal model for improving survival. The triple therapy of OS, FA,
and BXM fully protected infected mice from death, resulting in a 100% survival rate (Figures 1 and 2).
Again, triple combination was not more effective than BXM alone.
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Figure 1. Effects of single and combined therapies on the weight of immunosuppressed (IS) mice
infected with an A/H3N2 influenza virus. C57BL/6 mice intranasally (i.n) infected with 3 × 103 PFU of
a mouse-adapted A/Switzerland/9715293/2013 (H3N2) influenza virus received meglumine (placebo),
20 mg/kg of oseltamivir (OS; twice a day (BID)), 100 mg/kg of favipiravir (FA; BID), or 40 mg/kg of
baloxavir marboxil (BXM; once a day), bi-therapy with OS and FA, OS and BXM or tri-therapy with OS,
FA and BXM, starting at 48 h post-infection (p.i.) for 10 days. An uninfected group (meglumine) was
added as the control. Animals were monitored daily for 28 days for weight loss and sacrificed when
they lost ≥ 20% of their original body weight.
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Figure 2. Effects of single and combined therapies on the survival of IS mice infected with an A/H3N2
influenza virus. C57BL/6 mice intranasally (i.n) infected with 3 × 103 PFU of a mouse-adapted
A/Switzerland/9715293/2013 (H3N2) influenza virus received meglumine (placebo), 20 mg/kg of
oseltamivir (OS; twice a day (BID)), 100 mg/kg of favipiravir (FA; BID), or 40 mg/kg of baloxavir
marboxil (BXM; once a day), bi-therapy with OS and FA, OS and BXM or tri-therapy with OS, FA and
BXM, starting at 48 h post-infection (p.i.) for 10 days. An uninfected group (meglumine) was
added as the control. Kaplan–Meier survival curves for IS mice were compared using the Log-Rank
(Mantel–Cox) test.
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In order to evaluate the level of virus clearance, four IS mice per group were infected and
treated as described above and LVTs were evaluated on days 7 and 15 p.i. On day 7 p.i., the viral
titers of IS mice treated with OS, FA, and BXM monotherapies were statistically lower than those of
non-treated mice, with mean titers of 106.2 (p < 0.05), 105.1 (p < 0.001), and 103.7 TCID50/mL (p < 0.001),
respectively, compared to 107.6 TCID50/mL for the untreated mice (Figure 3A). At this time-point,
the combination therapies of OS plus FA, OS plus BXM or OS plus FA plus BXM induced a significant
reduction in titers compared to the OS monotherapy with mean titers of 104.3 (p < 0.01), 103.5 (p < 0.001),
and 103.4 TCID50/mL (p < 0.001), respectively, versus 106.2 TCID50/mL (Figure 3A).
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Figure 3. Effects of single and combined therapies on the lung viral titers of IS mice infected with an
A/H3N2 influenza virus. C57BL/6 mice intranasally (i.n) infected with 3 × 103 PFU of a mouse-adapted
A/Switzerland/9715293/2013 (H3N2) influenza virus received meglumine (placebo), 20 mg/kg of
oseltamivir (OS; twice a day (BID)), 100 mg/kg of favipiravir (FA; BID), or 40 mg/kg of baloxavir
marboxil (BXM; once a day), bi-therapy with OS and FA, OS and BXM or tri-therapy with OS, FA and
BXM, starting at 48 h post-infection (p.i.) for 10 days. An uninfected group (meglumine) was added
as the control. Lung viral titers (LVTs) were determined by TCID50 using ST6-GalI-MDCK cells for
groups of four mice euthanized on days 7 (A), and 15 (B) p.i. and compared by one-way ANOVA with
Dunnett’s multiple comparisons test. * p < 0.05, ** p < 0.01, and *** p < 0.001.

On day 15 p.i., the LVTs remained significantly reduced in the BXM group compared to untreated
animals (107.6 versus 103.9 TCID50/mL, p < 0.001). This was not the case for OS and FA monotherapies
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highlighting the superior efficacy of BXM (Figure 3B). In the combined OS and FA group, virus titers
were significantly lower compared to those receiving OS or FA monotherapies (Figure 3B).

3.3. Emergence of Drug Resistance

In mice treated with OS, we detected an E119V substitution as a pure population by the Sanger
sequencing of the NA gene from lung samples collected from two out of four mice on day 15. When
assessed in NA inhibition assays, these E119V variants had mean IC50 values of 81.00 ± 0.01 nM and
80.39 ± 0.12 nM, respectively, equivalent to 192.9 and 191.4-fold increases compared to the A/H3N2-WT
IC50 (Table 1). No mutations were detected by Sanger sequencing in the viral samples from mice
treated with combination therapies (Table 1). No amino acid substitutions in the PB1 or PA genes were
detected by Sanger sequencing in viruses from animals receiving FA or BXM, alone or in combination
when compared to the parental virus. However, a ddRT-PCR assay designed for the detection of the
I38T PA substitution associated with BXM resistance revealed that viruses from one mouse treated
with BXM alone contained a higher proportion of I38T (13%) compared to the A/H3N2 WT (Table 1).
These results suggest that antiviral combination may prevent the emergence of drug-resistant variants.

Table 1. Phenotypic and genotypic analyses of drug resistance in lung viral samples of IS mice.

NAI Assay % Mut PA/I38T
by dd-PCR dSample No. a Treatment b Mean IC50 ± SD (nM) Fold NA Mutations

- c A/H3N2-WT 0.42 ± 0.05 - - 0

1

Non-treated

0.47 ± 0.07 1.1 -

NA e2 0.43 ± 0.11 1.0 -
3 0.9 ± 0.03 2.1 -
4 0.43 ± 0.10 1.0 -

1

OS

81 ± 0.01 192.9 E119V

NA
2 4.43 ± 0.55 10.6 -
3 4.3 ± 1.56 10.2 -
4 80.39 ± 0.12 191.4 E119V

1

OS + FA

2.78 ± 0.18 6.6 -

NA
2 1.13 ± 0.11 2.7 -
3 3.64 ± 1.46 8.7 -
4 4.37 ± 0.65 10.4 -

1

OS + BXM

3.51 ± 0.51 8.3 - 0
2 1.61 ± 0.54 3.8 - 0
3 0.95 ± 0.01 2.3 - 0
4 2.56 ± 1.41 6.1 - 0

1
OS + FA +

BXM

3.3 ± 0.27 7.9 - 0
2 1.03 ± 0.09 2.5 - 0
3 1.01 ± 0.91 2.4 - 0
4 0.68 ± 0.02 1.6 - 0

1

BXM NA

13
2 0
3 0
4 0

a samples were collected from the individual lungs of IS mice infected with A/H3N2 virus on day 15 post-infection.
b Treatment: OS (pseltamivir; 20 mg/kg/BID); FA (favipiravir; 100 mg/kg/BID); BXM (baloxavir marboxil;
40 mg/kg/once a day). c A/H3N2-WT: A/Switzerland/9715293/2013 (H3N2). d mutation (PA/I38T) frequency
obtained from Droplet digital PCR (ddRT-PCR) of the groups of mice treated with BXM monotherapy or in
combination with OS or FA. e NA: not applicable. NAI; neuraminidase inhibition assay, IC50; 50% inhibitory
concentration, Mut; mutation.

4. Discussion

To our knowledge, this study is the first to investigate the efficacy of OS in combination with viral
polymerase inhibitors (FA and BXM) for the treatment of influenza A/H3N2 virus infection in IS mice.
Antiviral treatments are widely used in high-risk patients to inhibit IV replication [35,36]. However,
existing therapeutic regimens are based on clinical trials conducted on healthy individuals [37,38].
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Pre-clinical studies using IS animals can provide additional information for optimizing antiviral
protocols for high-risk patients. Here, we used a pharmacologically IS-mouse model by treating
animals with CP to evaluate the efficacy of a NAI (Oseltamivir) and polymerase inhibitors (FA and BXM)
combinations against influenza A/H3N2 virus infection. Treatment with CP has been reported to induce
a reduction in NK cell activity, the inhibition of T and B cell proliferative responses, lessening the number
of T-helper and T-suppressor cells, and decreasing cytokine and interferon production [26–28]. CP is
well established drug is and routinely used to induce an immunosuppressive state in animals [39–42].
In addition, this mouse model is inexpensive and easy to maintain.

It has been reported that prolonged virus shedding and the emergence of NAI resistance are
two phenomena commonly observed in IS patients during single antiviral treatment [13,15,16,43,44].
Therefore, combination therapy is an attractive clinical approach aimed at improving the clinical
outcome and preventing the risk of drug resistance [45]. In our regimen, dosing at an OS at 20 mg/kg/day
was chosen as the oral bioavailability is reportedly similar to the recommended critically ill human
oral dose of 150 mg BID daily [46–49]. For FA, we selected the treatment regimens on the basis of our
previous in vivo protection study with A/H1N1pdm virus in IS mice (24). Our data demonstrate that
despite the significant delay in mortality induced by OS or FA monotherapies, all mice that received
such treatments eventually died with high LVTs suggesting that these drugs given as monotherapy
failed to achieve virus clearance and prevent death.

In comparison with either monotherapy, we observed a synergistic interaction between OS and FA
combination therapy; indeed, 80% of mice that received this treatment survived. OS/FA-treated mice
displayed a significantly lower body weight loss and viral load compared to those of the monotherapies.
These results are in line with previous experiments by our group [24] and others [25] on seasonal
A/H1N1pdm viruses. We previously reported that the combination therapy of OS (20 mg/kg) and FA
(50 mg/kg) for 10 days in IS mice infected with recombinant A/Québec/144147/09 (H1N1pdm) virus
significantly delayed mortality and reduced the LVTs compared to the treatment with a single drug
regimen [24]. In addition, Kiso et al. [25] also showed that the combination therapy of OS (25 mg/kg)
and FA (20 or 30 mg/kg) for 28 days started one hour p.i. increased survival time in nude mice infected
with mouse-adapted A/California/04/2009 (H1N1pdm) virus; however, this combination failed to
achieve virus clearance, resulting in mortality after the termination of treatment.

The highest concentration of FA applied in our regimens to treat IS mice infected with A/H3N2
virus (100 mg/kg) versus A/H1N1pdm viruses (30 or 50 mg/kg) in the previous studies might explain
the synergistic effect observed in our study, suggesting that ≥100 mg/kg of FA is required to increase
the efficacy of such therapy. Overall, our results suggest the use of FA in combination with a NAI, as a
rational choice for the treatment of severe seasonal influenza A/H1N1 and A/H3N2 virus infections.

It has been suggested that oral administration of 15 mg/kg of BXM BID for 5 days in
immunocompetent mice can mimic the target plasma concentration (6.85 ng/mL) of BXA in
humans [7,50,51]. Therefore, the efficacy of treatment with BXM alone or in combination was
evaluated at 40 mg/kg once daily for 10 days in our IS mouse model to predict clinical effectiveness.
In addition, Hirotsu and collaborators [52] also suggest that repeated BXM dosing may reduce the risk
of variant virus emergence.

Interestingly, we found that 40 mg/kg of BXM once a day for 10 days provided the full protection
of IS mice, significantly reduced the body weight loss and the viral load in comparison with the
untreated group, indicating that BXM might provide superior protection than OS or FA monotherapies
at the doses used in this experiment. In a recent study in IS mice treated with CP, Fukao et al. [53]
showed a strong efficacy of BXM treatment (15 or 50 mg/kg; BID for 5 days) against A/PR/8/34 (H1N1)
virus, with a significant reduction in LVTs and weight loss when the treatment was delayed by up
to 120 h p.i. In contrast, a recent study in nude mice has shown that 28 days of BXM monotherapy
(10 mg/kg once daily) against A(H1N1)pdm09 virus prolonged the median survival time to 49 days,
in comparison to 5 days in the untreated controls, but did not decrease LVTs with all mice dying after
the completion of treatment [54].
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The difference in protection efficacy between these studies probably lies in the extent of immune
suppression between the animals. Indeed, unlike nude mice, CP-administration leads to a less drastic
immune suppression, which potentially more closely mimics immunosuppression in most individuals.
Moreover, there was a difference between BXM doses and subtypes (10 mg/kg; A(H1N1)pdm09 versus
40 mg/kg; A/H3N2). In the present study, no difference in terms of weight loss, survival, and LVTs were
shown when BXM was used as monotherapy or combined with OS and/or FA. This could be explained
by the higher dose of BXM (40 mg/kg) used herein. Further work using different BXM regimens and
other animal models, such as IS ferrets is needed.

The emergence of drug-resistant variants is a major concern, particularly in high-risk populations.
In the current study, OS and BXM monotherapies induced the NA/E119V and PA/I38T substitutions that
are associated with OS and BXM resistance, respectively [21,33,55]. These mutations were not found
in mice that received combination treatments, suggesting that such an approach could successfully
suppress the emergence of antiviral resistance in our IS animal model infected with the A/H3N2 virus.
In contrast, the previous study by Kiso et al. [25] demonstrated that the combination therapy did not
prevent the emergence of NA inhibitor-resistant variants, which can be explained again by different
levels of immunosuppression and drug concentrations. Compared with our previous study [24],
we observed a significant decrease in LVTs with combination therapies, which could explain the
absence of drug-resistant variants in IS mice. We found no viruses with mutations in the PB1 gene
from mice treated with FA alone or in combination, supporting a high genetic barrier to resistance as
previously observed [24,25]. More surprising is the absence of resistance seen with BXM combinations,
which may be related to our drug regimen. However, we did not perform a deep sequencing of the
polymerase genes, which is a limitation of our study.

5. Conclusions

In summary, our results highlighted the efficacy of combination therapy with OS and polymerase
inhibitors (FA and BXM) to reduce the incidence of resistance during A/H3N2 infection in an IS mouse
model. These drug regimens should be validated in other animal models such as ferrets and guinea
pigs and eventually in clinical trials.
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Appendix A

Appendix A.1

Overall, the T, and B cells proliferative capacities were strongly decreased in CP-treated mice.
Following CP therapy, the percentage of proliferating T cells significantly decreased on day 4 p.i. from
92.2% to 63.1% in uninfected mice (p < 0.001) and from 93.8% to 72.6% in infected mice (p < 0.01).
CP therapy also led to an inhibition of B cells proliferative capacity. Indeed, CP injection significantly
reduced the frequency of proliferating B cells on day 4 post infection from 82.5% to 36.2% in uninfected
mice (p < 0.05), and from 94.7% to 40.7% in infected animals (p < 0.01). In contrast, no significant
decline in NK proliferative capacity was observed following CP administration. Similar decreases
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in T and B cells proliferation were also noted after CP therapy on day 10 p.i. while no effect on NK
proliferative function was observed on day 10 p.i.

Appendix A.2

Treatment with CP significantly reduced the numbers of T, B, and neutrophils cells in uninfected
animals on day 4 and 10 p.i. In infected mice receiving CP, splenic T cells frequency was only
significantly reduced on day 10 p.i. All CP-treated animals infected or not with A/H3N2 virus had
significantly reduced numbers of B cells on day 4 p.i. while on 10-day p.i, this depletion only reached
statistical significance in uninfected mice. Treatment with CP significantly reduced the number of
neutrophils in uninfected animals on days 4 and 10 p.i. However, in infected mice receiving CP,
neutrophils were significantly reduced only on day 10 p.i. Although, there was a trend toward lower
NK, dendritic, and monocyte cells in both infected and non-infected mice, such decrease was not
always statistically significant.
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