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ABSTRACT Clinical efficacy of the influenza antiviral baloxavir marboxil (baloxavir)
is compromised by treatment-emergent variants harboring a polymerase acidic
protein 138T (isoleucine-38-threonine) substitution. However, the fitness of 138T-
containing influenza B viruses (IBVs) remains inadequately defined. After the phar-
macokinetics of the compound were confirmed in ferrets, animals were injected
subcutaneously with 8 mg/kg of baloxavir acid (BXA) at 24 h postinoculation with
recombinant BXA-sensitive (BXA-Sen, 138) or BXA-resistant (BXA-Res, 138T) B/
Brisbane/60/2008 (Victoria lineage) virus. BXA treatment of donor ferrets reduced
virus replication and delayed transmission of the BXA-Sen but not the BXA-Res IBV.
The 138 genotype remained dominant in the BXA-Sen-infected animals, even with
BXA treatment. In competitive-mixture experiments, no transmission to aerosol
contacts was seen from BXA-treated donors coinfected with the BXA-Sen and BXA-
Res B/Brisbane/60/2008 viruses. However, in parallel mixed infections with the B/
Phuket/3073/2013 (Yamagata lineage) virus background, BXA treatment failed to
block airborne transmission of the BXA-Res virus, and the I38T genotype generally
predominated. Therefore, the relative fitness of BXA-Res IBVs is complex and de-
pendent on the virus backbone and within-host virus competition. BXA treatment
of single-virus-infected ferrets hampers aerosol transmission of the BXA-Sen virus
and does not readily generate BXA-Res variants, whereas mixed infections may
result in propagation of BXA-Res IBVs of the Yamagata lineage. Our findings con-
firm the antiviral potency of baloxavir against IBVs, while supporting optimization
of the dosing regimen to maximize clinical benefit.

KEYWORDS influenza B virus, baloxavir treatment, antiviral resistance, fitness, ferret
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nfluenza B viruses (IBVs) are important human respiratory pathogens, accounting for

approximately 21% of global influenza cases annually (1, 2). Cocirculating alongside
the A(HIN1)pdm09 and A(H3N2) subtypes of influenza A virus (IAV), IBVs exist as anti-
genically and genetically diverse Victoria and Yamagata lineages (3, 4). Because IBVs
generally cause only mild to moderate disease in healthy individuals and are not
known to cause pandemics, IBVs attract less clinical attention than do IAVs. However,
they can cause severe disease burden in children and young adults, often with compli-
cations, including encephalitis and myositis (3, 5, 6).

The neuraminidase inhibitors (NAls) oseltamivir, zanamivir, peramivir, and laninami-
vir (approved only in Japan) are the prevailing standard of care for treating influenza,
but they are less effective against IBVs than against IAVs (7-10). Moreover, the emer-
gence of NAl-resistant viruses is concerning because of the limited options for
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influenza treatment, as indicated by the global spread of NAl-resistant A(H1N1) viruses
in the 2008-2009 influenza season (11-13). The 2018 approval of baloxavir marboxil
(here, baloxavir) as a single-dose oral agent to treat uncomplicated influenza intro-
duced a promising new class of influenza antivirals (14). The active metabolite, baloxa-
vir acid (BXA), inhibits the cap-dependent endonuclease activity of the virus polymer-
ase acidic (PA) protein, impairing viral replication (15). In clinical trials, baloxavir was
superior to placebo and oseltamivir in reducing the time-to-alleviation of influenza
symptoms among otherwise healthy and high-risk patients by rapidly reducing the in-
fectious virus titer and the duration of virus shedding (14, 16). Recently, baloxavir was
demonstrated (17) and has been approved for postexposure prophylaxis of influenza
for individuals 12 years of age and older following contact with influenza patients (18,
19). However, as with NAls, BXA is less active against IBVs than against IAVs in vitro
(20-22). Accordingly, smaller reductions in virus titer were observed in baloxavir-
treated, IBV-infected patients (23), and the median time to sustained cessation of infec-
tious virus detection was delayed relative to that in IAV-infected patients (16).

Virus variants with reduced baloxavir susceptibility emerge frequently during
monotherapy. This reduced susceptibility is primarily defined by the isoleucine-38-
threonine (138T) substitution in the virus PA protein (14, 24). The frequencies of treat-
ment-emergent variants differ between virus types and subtypes (25). Compared to
the frequencies of such variants in patients infected with A(HTN1)pdm09 or A(H3N2)
virus (2.2% to 6% and 9% to 13.2%, respectively), variants were rarely detected in
IBV-infected patients, being found in <3% of cases (16, 24-26). In antiviral surveil-
lance, only two IBVs containing either the 138T or the 138V substitution were isolated
from non-baloxavir-exposed patients (27, 28). Therefore, there is a need to under-
stand the clinical relevance and impact of the PA I38T substitution on the fitness and
spread of IBVs.

Previous studies have suggested that orally administered baloxavir has unfavorable
pharmacokinetics (PK) in ferrets (29, 30), which constitute the principal animal model for
studying influenza pathogenesis, transmission, and antiviral efficacy (31). Subcutaneously
administered BXA demonstrated efficacy in IAV-infected ferrets (29, 30), but its efficacy
against IBVs is insufficiently explored. Here, in single-virus inoculation experiments, we
investigated the replication efficiency and transmissibility in ferrets of a BXA-sensitive
(BXA-Sen) IBV with wild-type PA 138 or BXA-resistant (BXA-Res) IBV with PA I138T. In com-
petitive-mixture experiments, we examined the interactions of BXA-Sen and BXA-Res
viruses within the host by using representative viruses from both the Victoria and
Yamagata lineages: B/Brisbane/60/2008 (BR/08) and B/Phuket/3073/2013 (PH/13), respec-
tively. Both experimental approaches were conducted in the presence or absence of BXA
treatment to evaluate the risks posed by treatment-emergent variants.

RESULTS

Pharmacokinetics of BXA in ferrets after subcutaneous administration. A single
BXA administration at 4 mg/kg yielded plasma concentrations sufficient to reduce
influenza A(H1N1)pdmO09 viral shedding and transmission in ferrets (30). Given that
IBVs are generally less susceptible than IAVs to BXA in vitro (20-22), a single dose of
BXA at 8 mg/kg was administered to ferrets in this study. Sampling began at 1 h post-
administration, with BXA plasma concentrations gradually increasing to a peak (C a0
21.1 = 4.4 ng/ml) at 24 h after administration (see Fig. S1 in the supplemental mate-
rial). Thereafter, the mean plasma concentration in all dosed ferrets was 9 ng/ml
through 120 h postdosing, which exceeds the 6.85 ng/ml estimated target mean for
baloxavir efficacy (32). The BXA plasma concentration in ferrets was higher than the
half-maximal effective concentration (ECs,) values of 2.9 = 1.1 nmol/liter (1.4 = 0.5 ng/
ml) to 3.4 = 0.8 nmol/liter (1.6 = 0.4 ng/ml) obtained in vitro for recombinant BXA-Sen
viruses, but it is 2- to 3-fold lower than the values obtained for their recombinant BXA-
Res counterparts (see Fig. S1). Therefore, the 8-mg/kg dose did not effectively elevate
BXA plasma concentration in ferrets relative to a previous report (30). However, since it
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resulted in a plasma concentration above the target efficacy level, we adopted this
BXA preparation for our subsequent in vivo experiments in ferrets.

Antiviral activity of BXA in ferrets inoculated with BXA-Sen BR/08 virus. To exam-
ine the efficacy of BXA against IBV infection, ferrets inoculated with the BXA-Sen BR/08-
138 virus (in a single-virus inoculation) were treated at 1 day postinoculation (dpi) with
either BXA or the suspension vehicle (0.5% methylcellulose) (Fig. 1). All inoculated do-
nor ferrets in the vehicle-treated and BXA-treated groups were similarly active, with
some animals displaying transient pyrexia (1 to 2°C above baseline) at 2 dpi (see Table
S1). Infrequent sneezing was observed, and the recorded weight loss was <10%.
Regardless of treatment, BR/08-138 was shed by donor ferrets at 2 to 6 dpi (Fig. 1A; see
also Table S1). The viral load in the upper respiratory tracts (URTs) of BXA-treated
donors was consistently lower than that in the URTs of vehicle-treated donors on all
sampling days: viral titer reductions were 1.7 (P = 0.03), 1.6 (P = 0.05), and 0.3
(P > 0.05) log,, 50% tissue culture infective dose(s) (TCIDs,)/ml at 2, 4, and 6 dpi,
respectively. The area under the curve (AUC) for viral shedding over the course of
infection was significantly lower for the BXA-treated group than for the vehicle-treated
group (16.3 £ 1.5 versus 23.3 = 1.5; P = 0.007) (Fig. 1B). Therefore, our PK-derived BXA
dosing significantly reduced the titers of the BR/08-138 virus in the ferret URT, particu-
larly at early times after dosing.

To determine the effect of BXA treatment on virus transmission, each donor ferret was
paired with naive ferrets immediately after BXA administration by cohousing a direct-con-
tact (DC) ferret in the same cage (to model the DC route of transmission) and placing an
aerosol-contact (AC) ferret in a cage adjacent to the donor-DC pair (to model the AC route
of transmission). In the vehicle-treated donor group, all three DC ferrets became positive
for virus detection at 3 days postcontact (dpc) whereas the three AC animals started shed-
ding virus at 3 to 5 dpc (Fig. 1A; see also Table S1). Virus transmission also occurred in the
BXA-treated donor group, but with a trend toward delayed transmission starting at 3 to 5
dpc for DC ferrets and at 7 to 11 dpc for AC animals. Moreover, BR/08-138 virus replication
in ferrets exposed to the BXA-treated donors was generally attenuated, particularly in AC
animals (P < 0.05) (Fig. 1B). All donors and contacts seroconverted by 21 dpi (see Table
S1). Therefore, BXA treatment of donors delayed both routes of virus transmission and
resulted in less-robust virus replication in contacts. However, there was no immediate
effect on the number of DC and AC ferrets that became infected.

Because variants with PA substitutions may arise during baloxavir treatment, all fer-
ret nasal washes that were virus positive were subjected to next-generation sequenc-
ing (NGS) analysis. One AC ferret in the vehicle-treated donor group shed I138T variants
(36% of the total) on its initial day of shedding only (Fig. 2). Two BXA-treated donors
and one DC ferret transiently shed the I138T variant at low abundance (=20% of the
total). Therefore, treatment-emergent 38T variants may arise late in infection, at which
time the antiviral drug concentration is waning.

Antiviral activity of BXA in ferrets inoculated with BXA-Res BR/08 virus and
within-host fitness. We previously evaluated IBVs harboring PA 138X substitutions in
ferrets, but only in the absence of antiviral treatment (20). Consistent to results
obtained in these studies, the BXA-Res BR/08 virus replicated in the URTs of donor fer-
rets until 6 dpi, and virus-induced morbidity remained mild (Fig. 3A; see also Table S1).
Virus replication in the URT did not differ significantly between vehicle-treated and
BXA-treated donors (Fig. 3B). Therefore, BXA treatment could not regulate virus replica-
tion in ferrets inoculated with BXA-Res virus, confirming that the I38T substitution con-
fers reduced BXA susceptibility of IBVs in vivo.

The between-host fitness of the BXA-Res virus was also determined by exposing DC
and AC ferrets to donors. In the vehicle-treated donor control group, all cohoused DC
ferrets shed virus from 3 to 5 dpc, whereas each of the paired AC animals was virus
positive at 7, 9, and 11 dpc (Fig. 3A). In the BXA-treated donor, antiviral treatment had
no noticeable effect on the dissemination of BR/08-138T to DC and AC ferrets. All naive
contact ferrets shed virus at frequencies comparable to those observed in ferrets
exposed to vehicle-treated donors. All donors and contacts seroconverted at 21 dpi.
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FIG 1 Effect of BXA treatment on the replication and transmission of BXA-Sen BR/08 virus in ferrets. (A) Donor ferrets
(n = 3) were inoculated with 10° TCID,/ferret of recombinant influenza BR/08-138 virus. At 1 dpi, donors were injected
subcutaneously with a single dose of BXA at 8 mg/kg or 0.5% methylcellulose, and naive DC and AC ferrets were
individually paired with each donor immediately after antiviral treatment. Virus titers (log,,TCIDs,/ml; limit of detection:
0.75 log,,TCID4,/ml, horizontal dotted lines) in individual ferrets were assayed using nasal washes collected at the
indicated time points after donor inoculation or contact exposure. The mean viral titers in vehicle-treated and BXA-
treated donors were compared at 2 dpi (#, P = 0.03) and 4 dpi (+, P = 0.05), using two-way ANOVA, followed by

(Continued on next page)
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Therefore, the single dose of BXA at 8 mg/kg did not inhibit the replication or transmis-
sion of the BXA-Res virus in ferrets.

When the virus replication kinetics were compared to those in ferrets inoculated
with BR/08-138, BR/08-138T was found to induce lower viral titers in the URTs of
untreated donors (P < 0.01), consistent with its attenuated replication in vivo (Fig. 3A;
see also Fig. S2A) (19). Similarly, less-robust replication was noted in the corresponding
DC (P = 0.6) and AC (P < 0.01) animals despite the successful transmission. Although
the results of single-virus inoculations indicated that the within-host replication fitness
of the BR/08-I38T virus was attenuated relative to that of the BR/08-138 virus, the trans-
mission fitness appeared to be similar for the two viruses and transmission was ineffi-
ciently blocked by the BXA treatment.

The stability of the I38T substitution was monitored in all virus-positive nasal washes,
and the results showed that the BXA-Res genotype was largely maintained in the vehicle-
treated group, with wild-type 138 revertant virus being detected in only two donors (at
6 dpi) and one DC ferret (at 9 dpc) (Fig. 4). In the BXA-treated group, only one of the three
AC ferrets initially contained a minor BR/08-138 virus subpopulation at 9 dpc, and this was
undetectable thereafter. No other variants with substitutions at 138 or at non-138 positions
associated with reduced BXA susceptibility were observed. Therefore, the 138T substitu-
tion is generally stable in the BR/08 genetic background.

Competitive fitness of BXA-Sen and BXA-Res BR/08 viruses in the presence or
absence of BXA. To understand the dynamics of virus-virus interactions in infected
individuals, we modeled the replication and transmission of the virus in ferrets coino-
culated with a 1:1 mixture of the BXA-Sen and BXA-Res BR/08 viruses (Fig. 5). As with
single-virus inoculations, clinical symptoms, including weight loss, temperature eleva-
tions, and lethargy, were typically mild in both vehicle-treated and BXA-treated donors
(see Table S2). In vehicle-treated donors, virus shedding was detected at 2 dpi and
lasted up to 6 dpi (Fig. 5A; see also Table S2). All three DC ferrets and all three AC ani-
mals shed virus from 3 to 7 dpc, with high titers being reached at 5 dpc in most ani-
mals. The AUC for virus shedding in contact ferrets was greater than that for shedding
in donors, particularly among DC animals (P < 0.05) (Fig. 5B).

The single-dose BXA regimen did not reduce virus titers in the nasal washes of BXA-
treated donors relative to those in nasal washes of vehicle-treated donors (Fig. 5). All
cohoused DC ferrets shed virus from 3 to 5 dpc, with shedding lasting up to 7 dpc regard-
less of treatment. Although BXA-treated donor and DC ferrets exhibited comparable virus
shedding overall, shedding was significantly lower (P = 0.05) compared to that in DC fer-
rets in the vehicle-treated donor group (Fig. 5B). In contrast to the DC ferrets, no AC ani-
mal exposed to the BXA-treated donors became virus positive during the experimental
period, and this was further confirmed by the lack of seroconversion against BR/08 at
21 dpi (Fig. 5; see also Table S2). The virus replication in ferrets inoculated with the BR/08
competitive-mixture appeared to mirror better that in the BXA-Sen-inoculated group than
that in the BXA-Res—inoculated group (see Fig. S2A). However, except in the AC ferrets, vi-
rus shedding did not differ significantly between these groups under BXA treatment (see
Fig. S2B). Together, these data indicate that BXA inefficiently reduced the viral load in
donors inoculated with the BR/08 virus-mixture but that it did dampen virus replication
in cohoused DC ferrets and restrict aerosol transmission.

Dynamics of viral subpopulations in ferrets inoculated with the BXA-Sen and
BXA-Res BR/08 mixture. Understanding the dynamics of viral subpopulations in fer-
rets actively shedding influenza virus is a valuable tool for examining the predomi-
nance of drug-sensitive or drug-resistant viruses within mixed-inoculation groups (33,
34). Therefore, we evaluated virus fitness based on how the ratio (expressed in percen-

FIG 1 Legend (Continued)

Sidak’s multiple-comparison post hoc test. (B) The AUCs for virus shedding from ferrets are presented as individual
animal shedding curve values, which were calculated in GraphPad Prism 8.0. P values were calculated by two-way
ANOVA with Sidak’s multiple-comparison post hoc test; the associated bars are color coded to indicate the groups
being compared. *, P < 0.05; **, P < 0.01.
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FIG 2 Proportions of BXA-Sen and BXA-Res virus subpopulations in the URTs of ferrets inoculated with the BR/08-138 virus. All virus-positive ferret nasal
washes were processed for amplification of the full-length PA gene by RT-PCR. The proportions of the respective PA 138 and I138T subpopulations were
determined by using the Illlumina sequencing platform to call variants in the nucleotides encoding the amino acid at position 38 in the PA protein. High-
quality reads were mapped to the consensus PA sequence of the BR/08 virus. The data shown are the virus proportions (expressed as the percentages of

the total reads) in individual ferrets.

tages) of the BR/08-138 and BR/08-I38T viruses in ferret nasal washes changed from the
first day to the last day of virus shedding. As determined by NGS, the ratio of BR/08-138
to BR/08-138T in the virus inoculum was 37% versus 63% (Fig. 6). Such a ratio does not
reflect the intended proportions of the viruses in the mixed-virus inoculum based on
the infectious virus titer; this may be attributed to the presence of nonreplicating viri-
ons (35). Moreover, given its lower infectivity in vitro (20), more BR/08-138T virus was
needed to match the infectivity of the BR/08-138 virus. Despite this, the virus with the
138 genotype had already outgrown the I38T virus in vehicle-treated donors at 2 dpi
(ratio = 64% to 36%). Mixed-virus populations persisted until the end of infection and
were dominated by 138 virus (constituting >50% of the total) at all time points.
Similarly, 138 maintained dominance over I138T in most contacts except in one of three
DC ferrets, in which the proportions mostly oscillated, but >50% of the virus subpopu-
lations harbored 138T on the first and last days of shedding (Fig. 6; see also Fig. S3).
These results indicate that most viruses that transmitted from vehicle-treated donors
to DC or AC ferrets possessed the 138 genotype, suggesting that it has both within-
host and between-host fitness advantages over I138T in the absence of BXA treatment.
However, this advantage might still be limited, because the I38T variants remained de-
tectable in at least two ferrets on the last day of virus shedding in each of the donor
and contact groups (Fig. 6; see also Fig. S3).

In the BXA-treated group, the virus subpopulations in infected donors did not differ
significantly from those in vehicle-treated donors suggesting that possession of 138T
PA did not provide apparent growth advantage in BXA-treated donor ferrets (Fig. 6;
see also Fig. S3). The 138 virus was initially more prevalent (constituting an average of
62% of the total) at 2 dpi in all donors (see Fig. S3). Mixed-virus subpopulations in pro-
portions almost identical to those expected were established at 4 dpi, but the average
proportion of I138T virus at 6 dpi was already 56%, suggesting that replication of this
variant was slightly better than that of the wild-type virus on the last day of shedding.
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FIG 3 Effect of BXA treatment on the replication and transmission of BXA-Res BR/08 virus in ferrets. (A) Donor
ferrets (n = 3) were inoculated with recombinant influenza BR/08-138T virus at 10° TCIDy/ferret. At 1 dpi,
donors were injected subcutaneously with a single dose of BXA at 8 mg/kg or 0.5% methylcellulose, and naive
DC ferrets (n = 3) and AC animals (n = 3) were individually paired with each donor immediately after antiviral
treatment. Virus titers (log,,TCIDs,/ml; limit of detection: 0.75 log,,TCID;,/ml, horizontal dotted lines) in
individual ferrets were assayed using nasal washes collected at the indicated time points after donor
inoculation or contact exposure. (B) The AUCs for virus shedding from ferrets are presented as individual
animal shedding curve values, which were calculated in GraphPad Prism 8.0. P values were calculated using
two-way ANOVA with Sidék’s multiple-comparison post hoc test; the associated bars are color coded to indicate
the groups being compared.

November 2021 Volume 65 Issue 11 e01137-21

Antimicrobial Agents and Chemotherapy

aac.asm.org 7


https://aac.asm.org

Pascua et al.

Antimicrobial Agents and Chemotherapy

Donor (Vehicle-treated) DC AC
100 17— ——r— — - — —— -
80 -
60 1 @138T
0 | mi38
=
E 20 =
(7]
: i
£ o
Y— Inoculum 2 4 6 3 5 7 9 11 9 11 13 15
% Day post inoculation Day post contact Day post contact
=
S Donor (BXA-treated) DC AC
o (100 — —— — = = — — —— —
o
80 -
60 - o138T
mi38
40 A
20 A
0
Inoculum 2 4 6 3 5 7 9 11 9 11 13 15
Day post inoculation Day post contact Day post contact
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quality reads were mapped to the consensus PA sequence of the BR/08 virus. The data shown are the virus proportions (expressed as the percentages of

the total reads) in individual ferrets.

PA 138 was detected in one of three DC ferrets, whereas the remaining two DC animals
contained higher proportions (>53%) of 138T virus throughout the period examined
(Fig. 6). Despite these results, neither the BR/08-138 virus nor the 138T variant was able
to transmit to any of the AC ferrets.

Competitive fitness of BXA-Sen and BXA-Res PH/13 viruses in the presence or
absence of BXA. We extended our competitive fitness experiments by coinoculating fer-
rets with BXA-Sen and BXA-Res PH/13 viruses (Yamagata lineage). In vehicle-treated
donors, infectious virus was shed from 2 dpi through 6 dpi, despite the ferrets exhibiting
mild morbidity (Fig. 7A; see also Table S2). The transmission frequency was comparable
with that of the BR/08 Victoria-lineage virus, with all three DC ferrets and all three AC ani-
mals being successfully infected. Whereas all DC ferrets efficiently shed infectious virus at
3 dpc, AC animals were not infected until 5 to 7 dpc, indicating delayed PH/13 virus dis-
semination through the aerosol route (Fig. 7A). The AUC for virus shedding in DC ferrets
was greater than those for shedding in the donor and AC ferrets (P < 0.01) (Fig. 7B). Such
shedding was also greater than that in the corresponding DC ferrets of the BR/08 mixture
group (P < 0.01) (see Fig. S4A). Notably, virus shedding in ferrets infected with the PH/13
virus-mixture was generally higher than that in animals infected with the BR/08 virus mix-
ture, particularly in donor (P < 0.05) and DC (P < 0.01) ferrets (see Fig. S4).

Infectious virus was recovered from nasal washes from BXA-treated donors at 2 to
6 dpi, with the titers being comparable to those in washes from the vehicle-treated do-
nor group (Fig. 7). Transmission was detected in all DC and AC ferrets, although virus
shedding was delayed in one of three DC ferrets (which became virus positive only on
9 dpc) and in two of three AC animals (which became virus positive starting at 11 and
13 dpc, respectively). The accumulated virus loads in the BXA-treated donors and the
corresponding contact animals did not differ significantly except in one DC ferret that
had a lower AUC for virus titers (Fig. 7B). However, the virus shedding in the URTs of
these contact ferrets was less than that in the corresponding contacts in the vehicle-
treated group. Therefore, as with BR/08, BXA treatment could not inhibit virus
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FIG 5 Replication and transmission of BXA-Sen BR/08-138 and BXA-Res BR/08-138T viruses in a
competitive fitness ferret model. (A) Donor ferrets (n = 3) were coinoculated with a mixture (at a 1:1
ratio) of the recombinant BXA-Sen BR/08-138 virus (5 x 10* TCID,,) and the BXA-Res BR/08-138T virus
(5 x 10* TCIDy,) in 0.5 ml of PBS. At 1 dpi, donors were injected subcutaneously with a single dose
of BXA at 8 mg/kg or 0.5% methylcellulose, and naive DC and AC ferrets were individually paired
with each donor immediately after antiviral treatment. Virus titers (log,,TCID,,/ml; limit of detection:
0.75 log,,TCIDs,/ml, horizontal dotted lines) in individual ferrets were assayed using nasal washes
collected at the indicated time points after donor inoculation or contact exposure. (B) The AUCs for
virus shedding from ferrets are presented as individual animal shedding curve values, which were
calculated in GraphPad Prism 8.0. P values were calculated using two-way ANOVA with Sidak's
multiple-comparison post hoc test; the associated bars are color coded to indicate the groups being
compared. *, P < 0.05.
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FIG 6 Proportions of BXA-Sen and BXA-Res virus subpopulations in nasal washes collected from individual ferrets inoculated with a BR/08 competitive
mixture. All virus-positive ferret nasal washes were processed for amplification of the full-length PA gene by RT-PCR. The proportions of the respective PA
138 and 138T subpopulations were determined by using the Illlumina sequencing platform to call variants in the nucleotides encoding the amino acid at
position 38 of the PA protein. High-quality reads were mapped to the consensus PA sequence of the BR/08 virus. The data shown are the virus proportions
(expressed as the percentages of the total reads) in individual ferrets.

replication in the URTs of ferrets inoculated with PH/13 virus in competitive-mixture
experiments. However, in contrast to the results with the BR/08 competitive mixture,
BXA treatment did not block dissemination of PH/13 to naive AC ferrets (see Fig. S4B).

Dynamics of viral subpopulations in ferrets inoculated with the BXA-Sen and
BXA-Res PH/13 virus-mixture. The PH/13 virus mixture inoculum also contained smaller
proportions of PH/13-I138 relative to PH/13-138T (24% versus 75%) (Fig. 8; see also Fig. S5).
Mixed-virus subpopulation in proportions (52% versus 48%) almost equivalent to that
expected was established in untreated donors at 2 dpi. Although the average proportion
of PH/13-138 gradually increased toward the end of virus shedding, approximately 36% of
shed virus still harbored the 38T genotype (see Fig. S5). Mixed-virus subpopulations were
detected at initial shedding in two of three DC ferrets and in one of three AC animals in
various proportions dominated by PH/13-138 (Fig. 8). Eventually, PH/13-138 outcompeted
PH/13-138T on the final day of shedding except in one DC ferret, demonstrating the
growth fitness advantage of the BXA-Sen virus over the BXA-Res variant.

In BXA-treated donors, the target mixed-virus proportion (50% versus 50%) was
established at 2 dpi (Fig. 8; see also Fig. S5). By 6 dpi, 57% of the mixed-virus subpopu-
lation contained 38T, indicating that the BXA-Res variant moderately outcompeted the
BXA-Sen virus by the end of infection under BXA treatment (Fig. 8; see also Fig. S5). In
the contacts, PH/13-138 was shed throughout infection in two DC ferrets, whereas the
remaining animal contained a mixed-virus subpopulation slightly dominated by PH/
13-138T on the last day of shedding (with a ratio of 45% versus 55%). In contrast, all AC
ferrets exclusively shed the BXA-Res virus throughout infection (Fig. 8). Therefore, the
moderate replicative advantage of PH/13-138T in BXA-treated donor ferrets may have
favored transmission of the BXA-Res variant to AC but not DC ferrets.

DISCUSSION

Baloxavir represents a novel strategy for managing influenza and adds significantly
to our arsenal of available antivirals. However, the emergence of variants with reduced
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FIG 7 Replication and transmission of BXA-Sen PH/13-138 and BXA-Res PH/13-138T viruses in a
competitive fitness ferret model. (A) Donor ferrets (n = 3) were coinoculated with a mixture (in a 1:1
ratio) of the recombinant BXA-Sen PH/13-I38 virus (5 x 10* TCID,,) and the BXA-Res PH/13-I38T virus
(5 x 10* TCID4,) in 0.5 ml of PBS. At 1 dpi, donors were injected subcutaneously with a single dose
of BXA at 8 mg/kg or 0.5% methylcellulose, and naive DC and AC ferrets were individually paired
with each donor immediately after antiviral treatment. Virus titers (log,,TCIDs,/ml; limit of detection:
0.75 10g,,TCIDso/ml, horizontal dotted lines) in individual ferrets were assayed using nasal washes
collected at the indicated time points after donor inoculation or contact exposure. (B) The AUCs for
virus shedding from ferrets are presented as individual animal shedding curve values, which were
calculated in GraphPad Prism 8.0. P values were calculated using two-way ANOVA with Sidak's
multiple-comparison post hoc test; the associated bars are color coded to indicate the groups being
compared. **, P < 0.01.
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FIG 8 Proportions of BXA-Sen and BXA-Res virus subpopulations in nasal washes collected from individual ferrets inoculated with a PH/13 competitive-
mixture. All virus-positive ferret nasal washes were processed for amplification of the full-length PA gene by RT-PCR. The proportions of the respective PA
138 and 138T subpopulations were determined by using the Illlumina sequencing platform to call variants in the nucleotides encoding the amino acid at
position 38 of the PA protein. High-quality reads were mapped to the consensus PA sequence of the PH/13 virus. The data shown are the virus
proportions (expressed as percentages of the total reads) in individual ferrets.

baloxavir susceptibility might undermine its clinical efficacy. Evaluating the likelihood
of emergence and spread of such variants is necessary to mitigate the associated risks
to public health. Compared to IAVs, IBVs have been under-represented in many pre-
clinical studies and detected at lower proportions in clinical studies (14, 23, 36-39).
Therefore, robust evidence of the clinical impact of baloxavir on IBV infections is
unavailable. Here, we have addressed the clinical relevance of the PA I38T substitution
in IBVs in the context of baloxavir treatment by applying two approaches in a ferret
model, assessing the outcomes with single-virus and virus mixture inoculations.

A randomized clinical phase 2 study reported dose-dependent increases in BXA
plasma concentrations among Japanese patients at 24 h after a single oral dose of 10,
20, or 40 mg of baloxavir (23). However, our PK profiling in ferrets indicates that a sin-
gle BXA 8-mg/kg dose did not induce BXA plasma concentrations higher than those
obtained in 4 mg/kg (30). This suggests that a dosing regimen of BXA higher than
8 mg/kg will be needed if elevated plasma concentrations in ferrets are desired. We
also noted that concentration levels in the present study tend to decrease faster within
48 h of administration. Potential cause for this variation in PK profile includes animal
host variability (e.g., heterogeneity of outbred ferrets, sex, and age of the ferrets used)
and differences in experimental setup. Accordingly, clinical trials also showed that the
PK profile of the standard single oral dose of baloxavir in humans differs between
Asian and non-Asian patients (32). Despite these, our dosing regimen still maintained
plasma concentrations above the target therapeutic level for 120 h prompting us to
assess whether such level would be effective against IBV infection as it is against IAV
infection (30).

With single-virus inoculations, the morbidity and disease manifestations in ferrets
inoculated with the BXA-Sen and BXA-Res IBVs were comparable. Therefore, the antivi-
ral efficacy was assessed by measuring the reduction in virus shedding in the URT and
the ability of BXA treatment to limit transmission via the DC and AC routes. In the
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present study, subcutaneous administration of BXA reduced the virus titers in the URTs
of ferrets inoculated with BXA-Sen virus at 24 h after treatment initiation, which corre-
sponds to the peak plasma concentration of BXA. With this route of BXA delivery in fer-
rets, the PK profile closely resembles that of orally administered baloxavir prodrug in
humans compared to that of oral dosing in ferrets, which leads to rapid clearance (29,
30). Although overall virus titers were generally lower, BXA did not shorten the dura-
tion of BR/08-138 shedding and, consequently, failed to block virus transmission to con-
tacts. Conversely, a single dose of BXA at 4 mg/kg efficiently inhibited shedding of the
A(HTN1)pdm09 virus in donor ferrets, which limited onward transmission (30). Note,
however, that the virus inoculum doses used in those studies were lower and that con-
tacts experienced shorter exposures, with DC ferrets still contracting the virus. We did
not observe apparent differences in the number of DC and AC ferrets that became
infected upon exposure to vehicle- or BXA-treated donors. Such results were not sur-
prising considering that the exposure between the donors and contact ferrets was
almost immediate after treatment, especially for DC animals. In A(H1N1)pdm09-
infected ferrets, the infection frequency of DC animals was also inconsistent when they
were exposed to donors immediately after BXA treatment (32). However, it was posited
that the rapid reduction of A(HIN1)pdmO09 virus transmission by the BXA treatment
remained significant compared to oseltamivir or placebo regardless of the timing of
cohousing. It will be interesting to see whether delaying or limiting the exposure pe-
riod of contact ferrets to donors would also improve the outcome of IBV transmission
under BXA treatment. The decrease in virus titers in our BXA-treated donors was less
evident than with the A(H1N1)pdmO9 virus, recapitulating in vitro data showing that
IBVs are less susceptible to BXA (20, 21). In clinical trials, reduced virus shedding after
BXA treatment is less pronounced with IBV infections compared to IAV infections (25),
suggesting further optimization of the BXA regimen for IBV may be required to maxi-
mize clinical benefit.

Some drug-resistant influenza viruses have decreased transmissibility and, there-
fore, reduced fitness compared to the corresponding wild-type viruses (40). However,
consistent with our previous findings, the PA 138T substitution did not compromise vi-
rus transmissibility in ferrets, although it did attenuate virus replication (20). BXA did
not inhibit shedding of the BR/08-I38T virus in single-virus inoculations, affirming the
BXA-Res phenotype. Together, these results indicate that IBVs that acquire resistance
to BXA as a consequence of the 138T substitution remain transmissible between ferrets
in the presence or absence of BXA treatment. 138T-bearing IAVs have been docu-
mented in untreated patients in day care and in household settings (41-43). Similarly,
I38T IAV variants could sustain a chain of three sequential generations of DC transmis-
sion in the ferret animal model (35). Sustained interhost transmission of drug-resistant
viruses in the absence of selection pressure can lead to widespread circulation, as has
happened with emergent I1AVs that are resistant to ion-channel inhibitors, thereby ren-
dering those drugs ineffective for influenza treatment (40).

The frequencies of PA 138X variants after baloxavir treatment are high in seasonal IAV-
infected populations, particularly in pediatric patients (16, 26). In contrast, the detection
rate of 138-substituted IBVs has been low to date. We found that treatment-emergent
IBVs carrying the 138T substitution may arise late in infection in response to BXA selection
pressure. However, their emergence was not associated with infectious virus rebound or
extended duration of shedding. The transient detection of these variants suggests that
their appearance is unsustainable. Any low-frequency resistance mutation that is initiated
by infection with a small subpopulation of virions could be lost because of certain popu-
lation bottlenecks as viruses transmit (44). Therefore, the incidence of BXA resistance asso-
ciated with the I38T substitution in IBVs is likely to remain at or near the de novo rate.
Results may also partially explain why IBVs harboring PA markers for reduced baloxavir
susceptibility are not frequently detected in drug-treated patients.

Compared to single-virus inoculations, competitive-mixture experiments facilitated
a better head-to-head fitness comparison between the BXA-Sen and BXA-Res viruses.
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In this model, one strain could outgrow the other over time because it replicates faster
before immune clearance (34). In addition, assessments of competitive fitness under
drug pressure may depict the virus-virus interactions within patients harboring virus
mixtures while undergoing baloxavir treatment. The replicative fitness advantage of
the BR/08-138 virus over the BR/08-I138T virus is apparently limited, since BXA-Res sub-
populations remained present up to the last day of virus shedding in donors and con-
tacts. This limited within-host replicative advantage of BXA-Sen virus over its BXA-Res
counterpart was also noted in an A(H3N2) virus (45). Although BXA-Res viruses in the
mixture might evolve from the BXA-Sen virus population (and vice versa), the results of
single-virus inoculations suggest that reversion to 138 or acquisition of the 138T substi-
tution is inefficient. With BXA treatment, the BXA-Res subpopulation gradually
increased over time, but the selection pressure was still insufficient for that subpopula-
tion to outgrow the BXA-Sen virus subpopulation. Instead, BXA treatment halted the
dissemination of both the BXA-Sen and BXA-Res viruses to AC ferrets in the competi-
tive-mixture setting. The precise mechanism by which BR/08 viruses and, particularly,
the BXA-Res variant were inhibited requires further investigation. It is plausible that
this result was due to the combined effects of virus-virus interaction within the ferret
host, BXA treatment (AC transmission was not interrupted in vehicle treatment) and
the relatively low replicative ability of the BR/08 virus background.

The impact of the I38T substitution on fitness can vary depending on the virus
background (35). In contrast to the results with BR/08 viruses, neither DC transmis-
sion nor AC transmission were inhibited by BXA treatment when the mixed-virus
inoculum had the Yamagata-lineage PH/13 virus background. PH/13 generally repli-
cates to higher titers compared to BR/08 in vitro and in mice (20, 46). Similarly, the
PH/13 virus mixture yielded higher titers in the URTs of ferrets than did the BR/08 vi-
rus mixture. Therefore, we hypothesize that the inherently superior replicative
capacity of PH/13 was a determining factor in the sustained aerosol transmission in
the competitive-mixture model under BXA treatment. The differential impact of key
NAI resistance-associated NA substitutions on virus fitness and drug susceptibilities
was also noted when identical markers were introduced into these IBVs representing
the two distinct lineages (46). We proposed that the overall genetic composition of
the viruses and the contributions of other gene segments may variably affect the
impact of drug resistance-conferring substitutions on viral fitness (33). Since replica-
tive competence might be an integral feature of the PH/13 virus, this must be consid-
ered when assessing the outcomes of IBV transmission experiments. Furthermore,
the uniform dissemination of the BXA-Res PH/13 virus to all AC animals implies that
the I138T variant may arise and be selected in drug-treated patients if it constitutes
>60% of the mixed-virus subpopulation. Although competitive-mixture experiments
provide a better insight into the relative fitness of two different strains compared to
the more traditional method of inoculating ferrets with pure populations of sensitive
or resistant viruses (34), these experiments also highlight the complexity of examin-
ing virus fitness (33). Given that only limited numbers of such competitive-mixture
animal studies under antiviral treatment are available (47, 48), experimental designs
that will accurately assess the impact of drug-resistant substitutions on virus fitness
to closely predict their potential to spread widely throughout the community are
needed.

Overall, we have demonstrated that a single-dose BXA treatment in ferrets has
the potential to reduce IBV replication and impede forward transmission via the aer-
osol route. However, such restrictions were not as robust compared to results
obtained against IAV infection in this animal model (32). These results, to some
extent, correlate with the lesser activity of BXA against IBVs than against IAVs in vitro
(20-22). Therefore, future studies should aim to assess and optimize current BXA
treatment strategy in managing IBV infections for improved antiviral efficacy and
maximum clinical benefit. We further conclude that IBVs harboring the PA 38T sub-
stitution are moderately less fit than their wild-type virus counterparts and that they

November 2021 Volume 65 Issue 11 e01137-21

Antimicrobial Agents and Chemotherapy

aac.asm.org

14


https://aac.asm.org

Fitness of Baloxavir-Resistant Influenza B Viruses

might not readily emerge among treated individuals. Accordingly, the clinical and
epidemiologic concerns regarding these variants are currently limited. However,
risks to public health remain because the variant viruses retain their transmissibility
if they do disseminate within a household or in other close-contact settings.
Therefore, the appropriate use of baloxavir, particularly in managing IBV infections,
and continued close monitoring for the emergence of variants with reduced drug
susceptibility are critically important.

MATERIALS AND METHODS

Ethics statement. Protocols and procedures were approved by the St. Jude Children’s Research
Hospital Institutional Animal Care and Use Committee (IACUC) in accordance with the Animal Welfare
Act and the National Research Council’s Guide for the Care and Use of Laboratory Animals. All animal
experiments were conducted at St. Jude Children’s Research Hospital in Memphis, TN, under applicable
laws and guidelines after approval from the IACUC.

Cells, antiviral compound, and viruses. Madin-Darby canine kidney (MVDCK) and human embryonic
kidney cells (ATCC, Manassas, VA) were maintained in fetal bovine serum-supplemented Eagle minimal
essential medium (MEM; Life Technologies, Grand Island, NY) and Opti-MEM (Gibco-Thermo Scientific,
Carlsbad, CA), respectively. BXA (MedChem Express, Monmouth, NJ) suspension was freshly prepared
and directly suspended in 0.5% (wt/vol) methylcellulose (Fujifilm, Osaka, Japan).

Recombinant IBVs (BR/08-138, BR/08-138T, PH/13-138, and PH/13-138T) were generated and rescued
as described previously (20). Sequence analysis of plasmid constructs and rg-WT viruses revealed that
they reflect viral sequences obtained from the Global Initiative on Sharing All Influenza Data (accession
numbers: BR/08 = EPI556423 to EPI556425, EPI163725, EPI309756 to EPI309757, EPI173276, and
EPI217339; PH/13 = EPI1529338 to EPI529445). Viruses were propagated in MDCK cells at 33°C for 72 h in
serum-free MEM containing 1.5 ug/ml of TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-treated
trypsin (Worthington Biochem, Lakewood, NJ). Full-length viral genome sequences for all virus stocks
were amplified and analyzed by Sanger sequencing. PA genes were further subjected to NGS analysis to
confirm the genotype at PA residue 38.

Ferret inoculation, antiviral treatment, and transmission experiments. Young male ferrets (4 to
5 months of age, weighing 750 to 1,000 g) were obtained from Triple F Farms (Sayre, PA) and verified
as being seronegative for currently circulating human IAVs and IBVs. Donor ferrets (n = 3/group)
were housed individually in a multilevel cage system. Under isoflurane anesthesia, donors were ino-
culated intranasally (0.250 ml/nostril) with 10° TCID, of infectious virus in sterile 1x phosphate-buf-
fered saline (PBS). The inoculum consisted of either a single virus or equal proportions (1:1) of BXA-
Sen (138) and BXA-Res (138T) viruses based on their infectivity (5.0 x 10* TCIDs,/virus). At 1 dpi, donors
were treated with a single dose of BXA (8 mg/kg in 0.5% methylcellulose) administered subcutane-
ously at four sites (0.5 ml/site) on the dorsal side of the ferret under isoflurane sedation (29). Control
virus-infected, vehicle-treated ferrets received 0.5% methylcellulose. Upon recovery from sedation, a
naive DC ferret was exposed to each donor, and they were cohoused together on the same day. To
examine transmission via the airborne route, an AC ferret was additionally placed in a cage adjacent
to that containing the donor-DC pair, separated by a double set of steel-bar dividers (7.6 cm apart).
This arrangement prevented physical contact but allowed the free flow of respiratory droplets (19).
The DC and AC ferrets remained exposed to the donors throughout the experiment. All animals were
observed daily to determine changes in their general health condition (including any signs of leth-
argy and respiratory events such as sneezing, nasal discharge, or congestion), weight, and tempera-
ture (measured with subcutaneous implantable temperature transponders [Bio Medic Data Systems,
Inc., Seaford, DE]) relative to baseline levels.

Nasal wash samples were collected at 2 dpi and every second day thereafter under ketamine anes-
thesia (25 mg/kg) administered intramuscularly. Sneezing was induced by intranasal instillation of 1 ml
of sterile PBS. The infectious titers (TCIDs,/ml) of viruses in nasal washes and stock viruses were deter-
mined in MDCK cells (49). At 21 dpi, sera were collected, and seroconversion to a homologous challenge
virus was determined by a hemagglutination inhibition assay with 0.5% turkey red blood cells. For each
animal in each experimental group, the AUC values were calculated from time points that were positive
for virus detection in nasal washes between 2 and 6 dpi for donor animals, 3 and 11 dpc for DC ferrets,
and 3 and 17 dpc for AC ferrets. Differences in the AUCs for virus shedding were calculated and com-
pared statistically to the comparator groups by two-way analysis of variance (ANOVA), followed by
Sidak’s multiple-comparison post hoc test (using GraphPad Prism 8.0).

Deep-sequencing analysis. Viral RNA was extracted from virus stocks and from ferret nasal washes
with a QIAamp RNeasy kit (Qiagen, Valencia, CA) and used as a template for amplifying the full PA gene
by single-step RT-PCR for NGS (50). Libraries of purified amplicons were prepared using a Nextera XT
DNA Library Preparation kit (Illumina, San Diego, CA). The libraries were then run on the MiSeq platform,
using a 2 x 250 kit for a total of approximately 500 cycles. Sequences were analyzed using CLC
Genomics Workbench (CLCbio v12), and variant analysis was conducted using the quality-based basic
variant detection algorithm. The variant significance threshold was set to 5% variant frequency if the
sequence coverage was more than 1,000 reads at the position where the variant was found and to 10%
if the coverage was between 100 and 1,000 reads.

BXA pharmacokinetic analysis in ferrets. Young male ferrets (n = 4) received a single injection of
BXA at four locations on the dorsal side (8 mg/kg in 2 ml of suspension, given at 0.5 ml/injection site/
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animal). Whole blood (~0.2 ml) was collected via the jugular vein at 1, 4, 8, 24, 48, 72, 96, and 120 h after
dosing in microcentrifuge tubes containing EDTA dipotassium salt dihydrate (K,EDTA-2H,0), and plasma
was obtained by centrifugation at 7,000 rpm for 2 min. The plasma concentration of BXA was deter-
mined by liquid chromatography with tandem mass spectrometry (LC-MS/MS), using an LC-20ADXR sys-
tem (Shimadzu Corporation, Kyoto, Japan) and a QTRAP 5500 system (Sciex, Framingham, MA). Plasma
samples were prepared by protein precipitation, and chromatographic separation was performed on a
Kinetex EVO C,; column (2.6-um particle size, 50 mm x 2.1 mm internal diameter) (Phenomenex,
Torrance, CA) at room temperature. Precursor/product transitions (m/z) of 484/247 and 468/339 were
monitored for BXA and an internal standard, L405930, respectively. The method qualification and bioa-
nalytical runs all passed acceptance criteria for non-GLP assay performance. A linear model (1/X? weight-
ing) fitted the BXA calibrators across the 1 to 100 ng/ml range, with a correlation coefficient (R) of
=0.9951. Sample dilution integrity was confirmed. The intrarun precision and accuracy for BXA were
=8.42% CV and 100 to 107%, respectively.
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