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Original Article
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Targeting multiple viral proteins is pivotal for sustained sup-
pression of highly mutable viruses. In recent years, broadly
neutralizing antibodies that target the influenza virus hemag-
glutinin and neuraminidase glycoproteins have been devel-
oped, and antibody monotherapy has been tested in preclinical
and clinical studies to treat or prevent influenza virus infection.
However, the impact of dual neutralization of the hemaggluti-
nin and neuraminidase on the course of infection, as well as its
therapeutic potential, has not been thoroughly tested. For this
purpose, we generated a bispecific antibody that neutralizes
both the hemagglutinin and the neuraminidase of influenza vi-
ruses.We demonstrated that this bispecific antibody has a dual-
antiviral activity as it blocks infection and prevents the release
of progeny viruses from the infected cells. We show that dual
neutralization of the hemagglutinin and the neuraminidase
by a bispecific antibody is advantageous over monoclonal anti-
body combination as it resulted an improved neutralization ca-
pacity and augmented the antibody effector functions. Notably,
the bispecific antibody showed enhanced antiviral activity in
influenza virus-infected mice, reduced mice mortality, and
limited the virus mutation profile upon antibody administra-
tion. Thus, dual neutralization of the hemagglutinin and neur-
aminidase could be effective in controlling influenza virus
infection.
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INTRODUCTION
Most human viral vaccines prevent infection because of their ability
to elicit neutralizing antibodies that block virus entry.1 However,
highly mutable viruses such as influenza virus and HIV-1 pose a great
challenge for vaccine development, as attempts to design a vaccine
that will elicit neutralizing antibodies against all the circulating vari-
ants have yet to be successful.2 As an alternative, broadly neutralizing
antibodies (bNAbs) that are able to recognize and neutralize a large
portion of the circulating viruses were developed, and passive immu-
nization with bNAbs was shown to suppress influenza virus and
Mole
Published by Elsevie

This is an open access article under the CC BY-NC
HIV-1 replication in preclinical and human studies.3–8 Nevertheless,
since highly mutable viruses have shown the capacity to develop resis-
tance to bNAbs during the course of antibody therapy,6–8 passive im-
munization with a combination of bNAbs directed against different
viral epitopes is currently being tested for its ability to better control
these viruses.9 This was also a leading therapeutic strategy during the
COVID-19 pandemic.10 Moreover, combination therapy has become
a cornerstone of cancer treatment.11

Most of the bNAbs against influenza virus target the influenza virus
surface glycoprotein hemagglutinin (HA),12,13 which is responsible
for binding of the virus to cells and for initiating the infection.14

The HA possesses two domains: the head, which comprises the recep-
tor-binding site (RBS) that binds sialic acids on the surface of the
target cells, and the stem, which is responsible for fusion of the viral
membrane and the cellular membrane.15 BNAbs against the HA can
both target the HA head and inhibit the attachment of the virus to the
target cell or the HA stem and interfere with the viral fusion machin-
ery.12,13,16 Despite the unique breadth of these broadly neutralizing
anti-HA antibodies, several viral mutations have been reported to
impair the antibody binding and function. For example, the HA mu-
tation A388V was shown to impair the binding of bNAbs that bind
the HA stem, and head mutations that can make the virus completely
resistant to strain-specific antibodies can also enable the virus to
escape bNAbs that target the same region.17,18 The other major sur-
face glycoprotein of influenza virus, the neuraminidase (NA), has
been recently suggested as a promising target for bNAbs.19 NA is
an enzyme that cleaves the sialoside receptor from the cell surface
and enables the progeny virus to be released from the infected cell
during viral budding.20 As the NA exhibits a slower antigenic drift
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Figure 1. Binding of the BiAb to the HA and NA glycoproteins

(A) Schematic representation of the BiAb and SDS-PAGE analysis of the purified BiAb under reducing and non-reducing conditions. Re, reducing conditions; Non-Re, non-

reducing; HC, heavy chain; LC, light chain. (B) FACS staining of infected cells and influenza virus-coated cells. The right histogram shows the binding of the BiAb to virion-

coated EL4 cells, and the left histogram shows the BiAb binding to influenza virus-infected cells (H1N1 A/PR/8/34). Gray histograms depict the binding of the BiAb to

uninfected or uncoated cells. The figure shows a representative staining. Four independent experiments were performed. (C–E) Analysis of the BiAb binding in ELISA. ELISA

plates were coated with 0.5 mg of HA glycoproteins, 0.5 mg of NA glycoprotein, or 0.5 mg of a combination of HA + NA (0.25 mg each) and stained with the BiAb, CR6261, or

1G01. HA and NA were derived from different influenza virus strains (indicated in the x axis). The y axis depicts the fold changes in OD levels in comparison with the

backgroundOD values that weremeasured for each antibody or for the control wells. The black asterisks represent the statistically significant differences between the control

and the antibodies (BiAb, CR6261, and 1G01) in (C) and (D) (*p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001, unpaired Student’s t test) and between BiAb binding to both

HA and NA or to a single glycoprotein in (E) (**p < 0.01, ****p < 0.0001, one-way ANOVAwith Tukey’s multiple comparison test). Data are represented asmean ± SEM (n = 3).

The figure shows a representative staining out of three independent experiments that were performed. (F) Amolecular dynamic stimulation. A model of full H1N1 virion bound

(legend continued on next page)
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than the HA, bNAbs against this glycoprotein usually show broader
cross-reactivity.19

Of note, the effect of dual-antibody targeting, in which both the HA
and the NA are neutralized, has not been thoroughly tested. This is of
special interest since it has been shown that a functional balance be-
tween HA and NA is required for efficient viral replication.21–23 For
example, reverse genetics studies showed that reduced fitness of influ-
enza virus that resulted from an increased HA affinity could be
restored by an increased NA activity.21–23 Moreover, it was shown
that mutations in the HA protein can lead to secondary mutations
in the NA protein, and it has been suggested that the balance between
the HA and NA activity has a great impact on viral growth and viral
fitness.21–23 Finally, it was recently shown that neutralization by anti-
HA stem antibodies can also block the NA activity.24 This was attrib-
uted to steric inhibition of the viral NA by the Fc region of anti-HA
stem antibodies and provided another example for the close prox-
imity of the viral NA and HA.24

The unique interplay of the HA and NA glycoproteins and our pre-
vious findings, in which we demonstrated the use of dual-antibody
therapy for sustained viral suppression of highly mutable viruses,9

prompted us to perform in-depth analysis of dual-antibody-medi-
ated neutralization of the influenza virus HA and NA, especially
as a combination of bNAbs was recently shown to be effective in
both protecting and treating various viral infections, including influ-
enza virus,25 hepatitis B virus,26 HIV-1,3–6 and severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2)10 in both preclinical
studies and in the clinic. The fact that antibody combination ther-
apy was safe and tolerable, and in some cases was able to limit
the emergence of the antibody-resistant viruses, has generated inter-
est in applying this approach for controlling influenza infection, for
which current therapeutics have shown limited success.13 Here we
generate a bispecific antibody (BiAb) that inhibits the HA and
NA of various influenza virus strains and characterize its improved
biological activity compared to a monoclonal antibodies (mAbs)
combination.

RESULTS
Generation of a BiAb against the HA and NA and its binding to

various influenza virus strains

To analyze the virological and immunological outcomes of the dual
neutralization of HA and NA, we designed and generated a BiAb
that inhibits both glycoproteins. The BiAb consists of the Fab re-
gions of the stem-specific anti-HA bNAb CR626127 and the recently
isolated anti-NA bNAb 1G01.19 These antibodies were selected
by the BiAb (left). viral membrane (gray), HA (blue), NA (green), and computationally predic

tetramer is shown on the right. (G) Measurement of the BiAb affinity. BLI was used to m

loaded together with a constant concentration of HA and an increasing NA protein con

followed by incubation in buffer for 120 s at the disassociation step as shown on the x

antibody-antigen binding are shown by the y axis. The association-dissociation pattern

1:1 binding model. Octet Analysis Studio was used to analyze the data. Graphs are col

protein concentration is depicted in the figure.
based on their exceptional breadth and potency.19,28 The Fab re-
gions were cloned into plasmids encoding the light chains and
heavy chains with engineered Fc domains that promote heterodime-
rization.29 The N399K and E356K mutations were introduced into
the Fc domain of the CR6261 heavy chain, and the K409D and
K392D were introduced into the Fc domain of the 1G01 heavy
chain.29

Plasmids were used to transfect ExpiCHO cells; the BiAb was puri-
fied from the cell supernatant using protein A column, and antibody
purity was evaluated by size exclusion-high-performance liquid
chromatography (Figure S1A). The purified BiAb was also analyzed
by SDS-PAGE (Figure 1A). ExpiCHO cells were also used to
generate the monoclonal CR6261 and 1G01 antibodies (Figure S1B).
Following BiAb purification, we infected Madin-Darby canine kid-
ney (MDCK) cells with influenza virus A/Puerto Rico/8/1934
(H1N1) (PR8) and stained uninfected cells and influenza virus-in-
fected cells 48 h following the infection. A significant increase in
the BiAb staining was seen in the infected MDCK cells in compar-
ison with uninfected cells (Figure 1B left). Next, we tested whether
the BiAb can bind to influenza virus virions by coating EL4 cells
with influenza virus A/Puerto Rico/8/1934 (H1N1). These cells
cannot be infected by PR8 but allow viral attachment.30 Influenza
virus-coated cells were detected by the BiAb (Figure 1B right). Using
ELISA, we demonstrated that the BiAb also binds isolated HA and
NA from A/Puerto Rico/8/1934 (H1N1), A/California/04/2009
(H1N1), A/Vietnam/1194/2004 (H5N1), and A/Hubei/1/2010
(H5N1) (Figures 1C and 1D). Moreover, when the BiAb was incu-
bated with both HA and NA, the levels of binding significantly
increased (Figure 1E).

To test all possible antibody interaction sites with the H1N1 virion,
we superimposed the HA-Fab complex and the NA-Fab on all the
HA andNAmolecules on the virionmodel from amolecular dynamic
stimulation.31,32 Next, pairs of Fabs (one bound to HA and the other
to NA) that could be connected via the Fc domain into a complete
immunoglobulin (Ig) G structure were identified (Figure 1F). This
analysis suggests that a single BiAb can potentially engage both the
HA and the NA. Moreover, we applied a biolayer interferometry
(BLI) technology to first measure the affinity of the BiAb to both
the HA (KD = 4.397E�09) and the NA (KD = 2.442E�08) and the
affinity of the mAbs to the same antigens (Figures S1C–S1F). We
further verified that the BiAb affinity increased under constant con-
centrations of the HA and increasing concentrations of the NA (Fig-
ure 1G), indicating that the NA-Fab of the BiAb can be engaged while
the HA-Fab is bound by the HA antigen.
ted bound BiAb (coral). A zoomed image of a single BiAb bound to HA trimer and NA

easure the binding affinity (KD) of BiAb to HA and NA proteins. The biosensors were

centration and incubated with the BiAb (100 nM) for 300 s at the association step

axis. The changes of thickness at the tip of biosensors (response, nM) caused by

and the binding constants are calculated from the resulting fitting curves based on a

or coded based on the NA concentration that was used. Calculated KD (M) for each
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Figure 2. The dual-antiviral activity of the BiAb

(A and B) Neutralizing activity of the antibodies CR6261, 1G01, BiAb, or a combination of CR6261 and 1G01 against A/Puerto Rico/8/34 (H1N1) was assessed by a mi-

croneutralization assay. The virus was incubated with the antibodies CR6261, 1G01, BiAb, or a combination of CR6261 and 1G01. MDCK infection was evaluated by

analyzing the expression of the influenza virus NP in the infected cells. To calculate the% infection, the results were compared to cells that were infected with influenza virus in

the absence of antibodies. Antibody concentrations are indicated in the x axis. A summary of three independent experiments is shown and data were fitted using non-linear

regression analysis (four parameter). Statistically significant differences between BiAb and CR6261(*p < 0.05, **<0.005, one-way ANOVA), BiAb and 1G01, (#p < 0.05,

##p < 0.005, one-way ANOVA), and BiAb and antibody combination (**p < 0.005, unpaired Student’s t test) are shown. The IC50 values that are indicated in the figure were

calculated based on the pooled data from all three experiments. Values were calculated using AAT Bioquest IC50 calculator (https://www.aatbio.com/tools/ic50-calculator).

(legend continued on next page)
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Improved antiviral activity of the BiAb

We designed the BiAb with a “block and lock” antiviral activity based
on the notion that blockade of the HA by the BiAb will prevent both
viral entry into target cells and egress from infected cells. To test the
BiAb neutralization, we incubated PR8 with serial dilutions of the
BiAb, CR6261, or 1G01 and preformed a microneutralization assay
using MDCK cells.33 The BiAb demonstrated 5-fold lower half
maximal inhibitory concentration (IC50) (IC50 = 0.3 mg/mL)
compared to either CR6261 (IC50 = 1.51 mg/mL) or 1G01 (IC50 =
1.9 mg/mL) (Figure 2A). Strikingly, BiAb neutralization was superior
to a combination of CR6261 and 1G01 (IC50 = 0.92 mg/mL; Figure 2B).
To determine whether BiAb inhibited virus release, we first confirmed
the ability of the BiAb to neutralize the PR8 NA glycoprotein. A sig-
nificant reduction was seen in the enzymatic activity of NA upon in-
cubation with either the BiAb or 1G01 (Figure S2A). Furthermore, in-
hibition of the NA with 10 mg/mL oseltamivir (Tamiflu), a clinically
used inhibitor of the NA, has led to a greater reduction in NA activity,
which was not augmented by a combination with BiAb, 1G01, or
CR6261 (Figure S2A). This is in accordance with previous publica-
tions that demonstrated that both 1G01 and oseltamivir target the
same region (the active site) of the NA.34,35 We next treated infected
cells with the BiAb, 1G01, or CR6261 24 h after infection was estab-
lished. Cells were washed, unbound antibodies were removed, and vi-
ruses from the cell supernatant were collected from the antibody-
treated cells and untreated cells 48 h following infection. The collected
viruses were then used to infect fresh MDCK cells, and the level of
infection was evaluated after 48 h. Viruses that were collected from
infected untreated MDCK cells resulted in a robust infection of the
freshly thawed MDCK cells, while minimal or no infection was
seen when viruses were collected from BiAb-treated infected cells
(Figure 2C) or from 1G01-treated infected cells but not from
CR6261-treated cells (Figure S2B). We concluded that the BiAb
shows high neutralization capacity and is also capable of preventing
the budding of newly formed viruses from infected cells. We postu-
lated that improved neutralization of the BiAb compared to a combi-
nation of the CR6261 and 1G01 antibodies (Figure 2B) could be due
to steric inhibition caused by anti-stem HA antibodies that block ac-
cess to the influenza NA glycoprotein as shown by Kosik et al.24 and
others.36 To validate this hypothesis, PR8-infected MDCK cells were
preincubated with CR6261 or left untreated and were then stained
with the 1G01 antibody. Preincubation of the infected cells with
CR6261 significantly reduced the binding of 1G01 to the surface of
(C) Plots that depict the percentage of infected cells (HA-positive cells) inMDCK cells that

supernatant from infected cells that were treated with the BiAb (right panel). The numbe

representative experiment is shown out of three performed. (D and E) Percentage of neu

cells with BiAb, CR6261, 1G01, or a combination of CR6261 + 1G01. The antibody con

by analyzing CD62L shedding and CD11b upregulation after subtraction of the value

Statistically significant difference between BiAb and CR6261 (*p < 0.05, **<0.005), B

^^p < 0.005) are shown; one-way ANOVA with Tukey’s multiple comparison test. Sho

Jurkat cells (dark gray histogram) and Jurkat NFAT FcgRIIIa cells (empty histogram) with a

experiments that were preformed. (G) Luminescence values following incubation of Jurk

luminescence values and the luminescence values seen for each antibody when used in

representative experiment out of three performed. Each dot depicts a tested well. Dat

**p < 0.005, ***p < 0.001, one-way ANOVA with Tukey’s multiple comparison test).
infected cells, and this was dependent on the concentration of 1G01
that was used for the staining (Figure S2C).

We next compared the ability of the BiAb, CR6261, and 1G01 to
engage the human Fc receptor CD32a.35 We co-cultured mouse neu-
trophils isolated from the bonemarrow of mice lacking all endogenous
FcgRs and transgenic for human CD32a with PR8-infected MDCK
cells incubated with serial dilutions of the BiAb, CR6261, 1G01, or a
combination of CR6261 and 1G01. Activated neutrophils were identi-
fied by flow cytometry as Ly6G-positive cells that had shed CD62L and
upregulated CD11b.37 Although no neutrophil activation was observed
upon incubation with antibodies and uninfected MDCK cells, incuba-
tion with infected cells in the presence of any HA- or NA-targeting
antibody triggered neutrophil activation at antibody concentration of
1 mg/mL (Figures 2D and 2E). Importantly, incubation with the
BiAb led to a significantly higher percentage of activated neutrophils
in comparison with CR6261, 1G01, or their combination across
different antibody concentrations, with the differences being the
most pronounced at low antibody concentrations (Figure 2D).

Additionally, since natural killer (NK) cells express the Fc receptor
CD16 (FcgRIIIa) and because they play a major role in the antiviral
response against influenza virus,38 we further tested the ability of the
BiAb to engage the human Fc receptor FcgRIIIa. Uninfected and influ-
enza virus-infected cells were incubated with CR6261, 1G01, their
combination, or the BiAb and cultured with Jurkat NFAT CD16 re-
porter cells stably expressing the human FcgRIIIa (Figure 2F). Despite
the relatively low affinity of mouse IgG1 to human FcgRIIIa,39 all the
tested antibodies were able to activate the human FcgRIIIa to some
extent (Figure 2G). Importantly, the BiAb was able to elicit a signifi-
cantly stronger activation of human FcgRIIIa in comparison with
CR6261, 1G01, or their combination across different concentrations
of the antibodies (Figure 2G). These data show that the BiAb has a
stronger potential to trigger Fc-dependent cell activation at low anti-
body concentrations and demonstrate that it can better engage human
CD32a or human FcgRIIIa to induce neutrophil or NK cell activation
in comparison with a combination of the mAbs.

Dual neutralization of the HA and NA alters the mutation

landscape of influenza virus

Antigenic drift in both HA and NA plays a dominant role in the short
duration of immunity to influenza virus.40 To examine how a
were incubatedwith supernatant from infected cells (middle panel) or incubated with

r in each Q2 quadrant depicts the percentage of influenza virus-infected cells. One

trophil activation following incubation of H1N1-infected (D) and uninfected (E) MDCK

centration is depicted in the x axis. Relative neutrophile activation (%) was measured

s that were observed with no target cells but with the addition of the antibodies.

iAb and 1G01 (#p < 0.05. ##p < 0.005), and BiAb and combination (^p < 0.05,

wn is one representative experiment out of three preformed. (F) Staining of parental

nti-humanCD16 Ab. Shown are representative histograms out of three independent

at NFAT CD16 cells with PR8-infected MDCK cells. Shown are fold changes of the

uninfected MDCK cells was used as control and set as 1 (dashed line). Shown is one

a represent mean ± SEM. Statistically significant differences are shown (*p < 0.05,
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Figure 3. Mutation profile of the HA and NA proteins

(A) Schematic presentation of serial passage of A/Puerto

Rico/8/34 (H1N1) with CR6261 or BiAb; HPI-hours post

infection. (B–E) Logo plots and pie charts of SGS derived

from viruses following serial passage with CR6261 (B),

1G01 (D), or BiAb (C and E). The frequency of viruses

carrying a specific mutation in the HA or NA is shown by

the height of the letter colored in red. The numbers in the

x axis depict the amino acid location in the A/Puerto Rico/

8/34 HA and NA glycoproteins. The figures were made

using the web logo (https://weblogo.berkeley.edu/logo.

cgi). The y axis height specifies the number of bits,

which indicates the information content of a sequence

position. By default, the height of the y axis is the

maximum entropy for the given sequence type (log2 20 =

4.3 bits for protein). The pie charts show the percentage

of viruses that carry the indicated mutations in the HA (B

and C) or NA (D and E). The number in the middle of the

pie chart depicts the total number of viruses that were

analyzed by SGS in each analysis. The white pie slice

represents unmutated HA or NA sequences. The colored

pie slices represent the acquired mutations of HA or NA

as indicated in the figure. Locations of amino acid sub-

stitutions (red) on the HA trimer and the NA tetramer

structure were identified using UCSFChimeraX. The SGS

was done once for the HA analysis and once for the NA

analysis.
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bifunctional antibody alters the HA escape repertoire, we passaged
PR8 10 times in the presence of increasing amounts of CR6261 or
BiAb and performed single-genome sequencing (SGS) of the HA
gene (Figure 3A).41 We isolated 43 viruses following exposure to
CR6261, from which 16 carried an F227L mutation in the HA and
eight carried A241T mutation in the HA (Figure 3B). Altogether,
24 viruses carried a single mutation in the viral HA and no virus
was shown to express the two mutations simultaneously (Figure 3B).
In contrast, exposure of the virus to the BiAb has resulted in variants
that carry a dual-HA mutation V47F and T228I (Figure 3C). Addi-
tionally, by analyzing the antibody neutralization activity, we demon-
strated that both the mutations that emerged following exposure to
CR6261 or the BiAb led to reduced sensitivity of the virus to antibody
neutralization (Figures S3A–S3C). Thus, we conclude that, although
the influenza virus can develop resistance mutation against the
BiAb, the selective pressure that is mediated by dual neutralization
of the HA and the NA alters the HA mutation landscape of the virus
6 Molecular Therapy Vol. 32 No 10 October 2024
compared to mutations seen following single
neutralization of the HA.

The sharp difference in the HA mutation pro-
file following exposure of PR8 to CR6261 or
to the BiAb has led us to further investigate
the nature of the HA mutations that were
captured by our SGS analysis. The HA RBS is
formed by three structural elements at the tip
of the HA molecule, an a helix composed by
residues 190–198 (the 190 helix) and two loop structures formed by
residues 133–138 (the 130 loop) and 220–229 (the 220 loop).42,43

Interestingly, while exposure to both the CR6261 and the BiAb has
led to mutations in the HA RBS (F227L and T228I), exposure to
the BiAb has resulted in variants that carry an additional mutation
in the HA stalk region (V47F), which is a relatively conserved region
of the HA (Figures 3B and 3C). Interestingly, none of these mutations
was identified in circulating influenza virus H1 strains that are docu-
mented in GISAID (during 2013–2023), suggesting that such muta-
tions might impair the viral fitness and transmissibility. Furthermore,
the fact that all BiAb-escape mutants carried a dual mutation in the
HA glycoprotein is consistent with the idea that HA escape from
the BiAb requires additional structural changes compared to individ-
ual anti-stem Abs. To investigate the effects of these escape mutations
on the influenza virus, we cloned the mutated HA proteins that we
identified and fused these mutated HAs with the human IgG1 Fc
domain. These constructs were used to transfect ExpiCHO cells,
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and purified fusion proteins were evaluated by SDS-PAGE (Fig-
ure S4A). We then compared the binding of wild-type (WT) HA-Ig
and the mutated HA-Ig proteins (F227L-Ig, A241T-Ig, and V47F +
T228I-Ig) to MDCK cells. A significant reduction in HA binding to
MDCK cells was seen in all three mutants in comparison with the
binding of WT HA-Ig, indicating that viral escape from the
CR6261 and the BiAb antibodies resulted in altered binding capacity
of the mutated HAs to sialic acid residues that are expressed on the
membrane of the MDCK target cells (Figures S4B and S4C).

Next, we performed SGS analysis to identify possible changes in NA
mutations following exposure to 1G01 or to the BiAb by using the
rolling culture described above. Following incubation with 1G01, a
large portion of the isolated viruses (25 viruses out of 61 viruses
that were analyzed) developed a G47E substitution in the NA hyper-
variable stalk region (Figure 3D). Strikingly, despite analyzing a large
number ofNA genes from single virions (n= 68), no specific accumu-
lation of NA mutants was recorded following exposure to the
BiAb and only sparse mutations were seen (Figure 3E). This
further indicates that the dual neutralization of the HA and the
NA can alter and limit the mutation landscape of the HA and NA
glycoproteins compared to single neutralization of one of these
glycoproteins.

BiAb exhibit improved protective and therapeutic activity in

influenza virus-infected mice

Based on the enhanced viral neutralization activity of BiAb, its
enhanced neutralization capacity, and its augmented Fc-mediated
functions (Figure 2), we next evaluated the protective capacity of
BiAb in lethally PR8-infected C57BL/6 mice. Administration of
CR6261 at 15 mg/kg was previously shown to prevent weight
loss and significantly improve survival of influenza virus-infected
mice.44 In preliminary experiments, 6 mg/kg of CR6261 given
intraperitoneally (i.p.) to mice 4 h after infection effectively pre-
vented weight loss with 85% survival (Figures S5A and S5B), while
2 mg/kg CR6261 failed to prevent weight loss with 30% survival
(Figures S5A and S5B). Thus, we chose the 2 mg/kg mAb dose
to compare the antiviral activities of CR6261, 1G01, and BiAb.
Initially, we verified the safety of administrating the BiAb at
2 mg/kg i.p. by following any side effects during a span of 2 weeks
following antibody administration. No side effects were recorded,
and the BiAb-treated mice gradually gained weight (Figure 4A).
We also evaluated the BiAb pharmacokinetics in mice and demon-
strated that the BiAb has a half-life (t1/2) of 6.1 days (Figure 4B).
Furthermore, the neutralization activity of the BiAb was also eval-
uated in vivo by administrating the BiAb (2 mg/kg), by infected
the mice 4 h after antibody administration, and by testing the
levels of influenza virus-infected lung epithelial cells at early time
points after the infection. A significant increase in influenza vi-
rus-infected lung epithelial cells was observed in the infected
mice at day 3 and day 4 of infection (Figures S6A–S6D). However,
this increase was significantly lower in the lungs of mice that were
administered the BiAb compared to the untreated infected mice
(Figures S6B–S6D).
Consistent with our in vitro findings (Figures 1 and 2), the BiAb
demonstrated increased protection compared to CR626, 1G01, or a
combination of CR6261 and 1G01 (n = 21 per group) with a
decreased weight loss and significantly reduced pulmonary viral loads
(Figures 4C–4E and S7). Moreover, mice that were administered the
BiAb 4 h prior to infection showed improved survival compared to
mice administered CR6261 or 1G01. A significantly improved sur-
vival was also recorded in these mice in comparison with the combi-
nation of CR6261 and 1G01, albeit to a lesser extent (Figure 4F).

Since antibodies are usually administered following infection and not
as a preventive measure,10,12,45 we next evaluated the antibodies in a
therapy model. Mice were infected with three different strains of
influenza virus that were previously shown to effectively infect
mice: A/Puerto Rico/8/1934 (H1N1), A/FortMonmouth/1/1947
(H1N1), and A/Wilson-Smith/1933 (H1N1). The ability of the
BiAb to recognize and neutralize the different influenza strain was
first verified in vitro (Figures S8A and S8B). Mice were then admin-
istered CR6261, 1G01, BiAb, or a combination of CR6261 and
1G01 (n = 20 per group) 2 days following the infection. Following
infection with all of the tested strains, antibody therapy with the
BiAb led to a more moderate weight loss in comparison with mice
treated with a combination of CR6261 and 1G01 (Figure 5) and
this was evident mostly in the mice that were infected with A/Puerto
Rico/8/1934 (H1N1). Importantly, in mice infected with A/Puerto
Rico/8/1934 (H1N1) or A/Wilson-Smith/1933 (H1N1), only the
BiAb treatment led to significant increase in mice survival
(Figures 5B and 5F). All other antibody-treated groups as well as
the antibody combination-treated group failed to significantly
improve the mouse survival compared to the untreated mice
(Figures 5B and 5F). Moreover, in A/FortMonmouth/1/1947
(H1N1)-infected mice, increase in mouse survival was seen in mice
treated with the BiAb, 1G01, and a combination of CR6261 and
1G01 compared to untreated mice (Figure 5D). Nevertheless, BiAb
treatment led to the most pronounced increase in the survival rate
(BiAb = 75%, 1G01 = 47.05%, CR6261 and 1G01combination =
42.1%), which was also significantly higher than the survival rate of
mice treated with a combination of CR6261 and 1G01 (Figure 5D,
p = 0.02). We concluded that dual neutralization of the HA and
NA by the BiAb can improve antibody-based control of various influ-
enza viruses.

To further investigate the increased efficacy that was observed with
BiAb therapy, we also analyzed cellular immune response in the lungs
of mice that were infected with A/Puerto Rico/8/1934 (H1N1) and
were treated with 2 mg/kg of BiAb 2 days after the infection. Mouse
lungs were harvested at various time points after the infection to pro-
file the lung CD3+CD4+ cells and the lung CD3+CD8+ cells by flow
cytometry (Figure S9). Analysis of the lung T cells revealed that
administration of the BiAb during infection has no significant effects
on the percentage of the lung CD3+CD4+ cells and the lung
CD3+CD8+ in all of the tested time points (Figure S9A). However,
the levels of activated CD69+CD4+ T cells in the lungs were signifi-
cantly increased in the BiAb-treated mice at day 5 and day 7.
Molecular Therapy Vol. 32 No 10 October 2024 7

http://www.moleculartherapy.org


A B

C D

E F

Figure 4. Assessment of the prophylactic efficacy of

the BiAb in comparison with CR6261, 1G01, and

antibody combination

(A) Mouse weight following BiAb administration. Mouse

weights were evaluated following administration of the

BiAb at 2 mg/kg i.p. (n = 8). The mouse weights at day

0 were set as 1. Gray graphs depict the weight fold

change of individual mice, and the red graph depicts

the average mouse weight fold change. (B) BiAb

plasma half-life measurements. The y axis depicts the

percentage of the BiAb in mouse plasma out of the initial

antibody dose. Dots and error bars depict the average

measurements in three mice. The red dashed graph

depicts the calculated non-linear regression. The black

dashed line depicts 50% of the initial antibody dose. The

calculated antibody half-life is shown in the figure (t1/2).

(C–E) Mouse weight loss and lung viral titers following

infection. Mouse weight loss (C) and viral titers (at day 7)

in the lungs (D) were evaluated following infection with

the 4.6 � 103 PFU/mL of A/Puerto Rico/8/34 (H1N1)

influenza virus 4 h after the administration of 2 mg/kg of

the BiAb, CR6261, 1G01, or a combination of CR6261

and 1G01. Weight loss of the BiAb-treated mice was

compared to untreated mice using unpaired Student’s t

test (**p < 0.005, ***p < 0.001) and viral loads were

compared by one-way ANOVA (Tukey’s multiple

comparison test; *p < 0.05, **p < 0.005, ***p < 0.001). In

(D), each data point depicts an individual mouse, and

mice with no detectable viral load or mice that were

found dead at day 7 were excluded from the analysis. (E

and F) Maximal mouse weight loss (E) and % survival

(F) following infection with the 4.6 � 103 PFU/mL

of A/Puerto Rico/8/34 (H1N1) influenza virus and

administration of 2 mg/kg of the BiAb, CR6261, 1G01, a

combination of CR6261 and 1G01, or in untreated mice.

Antibodies were administered 4 h before infection by i.p.

injection. The data are a summary of three independent

experiments, and at least 21 mice were infected in each

group. In (E), maximal weight loss was calculated by

dividing the minimal weight of each mouse with the weight of each mouse at day 0. Each data point depicts an individual mouse. Data shown are means ± SEM

(**p < 0.005, unpaired Student’s t test). (F) Kaplan-Meier survival plots. In the survival curve, the average number of mice in each group is n = 21, and mice losing 25%

of their initial weight were sacrificed. Statistically significant differences between antibody-treated groups and the untreated group are indicated in the figure (p values)

and were calculated by the log rank test. The statistical differences between BiAb-treated mice and a combination of CR6261 and 1G01 were determined by Gehan-

Breslow-Wilcoxon test.
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Similarly, the BiAb-treated mice showed augmented levels of acti-
vated CD69+CD8+ T cells in the lungs at day 5 (Figures S9B–S9E).
This implies a possible effect of BiAb administration on the activation
state of lung T cells during the course of influenza virus infection.

DISCUSSION
Unlike other enveloped RNA viruses that are circulating in the hu-
man population, such as HIV-1 and SARS-CoV-2, that contain
only one dominant surface protein, the influenza virus has two highly
immunogenic surface proteins that can be targeted by antibodies.46,47

In this work, we uncovered several advantages of dual-antibody
neutralization of the influenza virus HA andNA. First, as the HA viral
glycoprotein is responsible for viral entry to the target cells and the
NA facilitates the budding of the newly formed viruses from the in-
8 Molecular Therapy Vol. 32 No 10 October 2024
fected cells,48 we show that the BiAb can inhibit the viral entry to
the target cells and the release of new virions from the infected cells.
Second, we demonstrated that dual neutralization of the HA and NA
results in improved viral neutralization compared to neutralization of
only the HA glycoprotein, which is considered the dominant viral
protein that facilitates viral infection. We postulate that the enhanced
neutralization activity of the BiAb is due to the multifunctional role of
the NA in the influenza virus life cycle.49 As the role of the NA in
releasing progeny viruses from the infected epithelial cells is well
documented and described, additional studies have suggested that
NA may play other roles in the viral attachment and entry to the
target cells.20,24,46,49,50 In agreement with this, we and others demon-
strated that neutralizing antibodies against the NA can also impair
viral infection. Finally, we reveal that the influenza virus has the
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Figure 5. Testing the therapeutic efficacy of the BiAb in comparison with CR6261, 1G01, and antibody combination

(A, C, and E) Mouse weight loss following infection with 4.6 � 103 PFU/mL of various influenza virus strains and following administration of antibodies (2 mg/kg) 2 days

following the infection. The virus strain and the antibodies that were used are indicated in the figure. Weight loss was calculated by dividing the weight of each mouse by the

weight of the individual mouse at day 0. Shown are the mean weight loss values ±SEM. The x axis depicts the days post infection (DPI). BiAb-treated mouse weight loss was

compared to the combination-treated mice using unpaired Student’s t test (*p < 0.05, **p < 0.005, ***p < 0.0005). (B, D, and F) Kaplan-Meier survival plots depicting mouse

survival (%) following infection with 4.6� 103 PFU/mL of the influenza virus strain and following administration of antibodies (2 mg/kg) 2 days following the infection. The virus

(legend continued on next page)
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ability to escape the BiAb, even though the mutation landscape that
resulted from exposure to the BiAb differs from single neutralization
of the HA or the NA. This was most evident when analyzing the NA
mutations, in which accumulation of G47E NA mutants was seen
following exposure to 1G01 and was not seen after incubation with
the BiAb. Notably, this mutation is far removed from the antibody-
binding site and is located in the NA stalk region, which was previ-
ously shown to affect the NA tetramer stability.47,51 Thus, we specu-
late that such a mutation may alter the tetrameric conformations of
the NA and affect 1G01 accessibility to its NA binding site.

Additional work is required to uncover the mechanism by which the
HAmutations that we identified result in antibody resistance in order
to design an antibody combination that will better limit the emer-
gence of resistant viral strains. In this regard, the sequencing of the
viruses from the BiAb-treatedmice could provide additional informa-
tion about the varied responses that were seen in the weight loss of the
infected mice following treatment. Moreover, such de novo mutation
analysis could provide amore precise prediction of key resistance mu-
tations, given that mutations that were observed in our in vitro system
can be skewed by cell-line-specific viral mutations and by the lack of
immune selection pressure. It will also be important to investigate
whether HA mutants with reduced ability to bind their target cells
that were identified in our in vitro assay are also developed in vivo.
Given the unique interplay of the HA and NA,23 it is also essential
to identify combinations of HA and NA antibodies with synergetic
activity in which escape mutations that arise in one glycoprotein
can render the other protein more susceptible to antibody neutraliza-
tion or impair its activity. In this regard, the BiAb also provides a
unique research tool to study the importance of the competitive coop-
eration between HA and NA during viral entry and during the release
of progeny viruses.

Finally, our observation in which we demonstrate that the BiAb-
treated mice show increased lung T cell activation raises several
important questions. Previous seminal studies have demonstrated
that passive immunization with antibodies in chronic infections or
conditions can result in a vaccinal effect in which the antibody en-
hances the cellular T cell activity.4,52–54 Whether the vaccinal effect
is responsible for the increased T cell activation that we observed dur-
ing acute infection, as well as the importance of the targeted antigens
and the lung viral loads in this process, remains to be tested.

One clear advantage of using a bispecific for neutralizing the HA and
NA over a combination of two mAbs is that the generation of a BiAb
is more economical.55 Nevertheless, this work highlights functional
differences in the activity of BiAb that target the HA and NA
compared to antibody combination. In particular, we observed
that the BiAb has an improved neutralization activity and an
strain, the antibodies that were used, and the number of mice in each group (n = 20) a

treated groups and the untreated group are indicated in the figure (p values) and were c

and a combination of CR6261 and 1G01 were also determined by a log rank test and a

Rico/8/1934 (H1N1); the middle panel depicts infection with A/FortMonmouth/1/1947
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augmented ability to engage Fc receptors in comparison with a com-
bination of the CR6261 and 1G01 antibodies. The reasons for these
differences are not clear. Since the CR6261 antibody is directed
against the stem of the HA, and because the Fc portion (50 kDa)
of the anti-stem antibodies was shown to sterically inhibit the
NA,24,36 we hypothesize that a possible explanation for the
improved activity of the BiAb over CR6261 and 1G01 is the steric
inhibition of the NA by CR6261, which hinders the binding of
1G01 to the NA. Alternatively, these differences could also be attrib-
uted to a more synchronized neutralization of the HA and NA by the
BiAb in comparison with a combination of CR6261 and 1G01; how-
ever, we did not address this possibility and it should be further eval-
uated in additional experiments. Namely, BLI data, ELISA experi-
ments, and the structural modeling we performed suggest that the
BiAb can engage both the HA and the NA simultaneously. However,
additional experiments with cryogenic electron microscopy or crys-
tallography are essential for a definite demonstration of such dual
binding. Such structural mapping is of special importance given
that the ELISA and BLI data provided indicate that engagement of
the two BiAb Fab regions can occur simultaneously. Moreover,
the structural modeling, in which we mapped all possible BiAb
interaction sites with the H1N1 virion, further supports this claim.
However, all of these experiments do not provide an experimental
evidence for such BiAb binding on virions or on the surface of in-
fected cells.

Antibody combination therapy has been extensively studied
against HIV-1, hepatitis B virus (HBV), and SARS-CoV-2.9,56,57

However, a thorough evolution of a dual-antibody neutralization
of the HA and NA during influenza virus infection has not been
performed despite the initial finding by Marathe et al. that a com-
bination of anti-HA and anti-NA antibodies improves the survival
of immunosuppressed mice following lethal infection with influ-
enza B virus.25 The recent isolation of neutralizing NA antibodies
with their exceptional breadth to multiple different influenza A
and B viruses from an H3N2-infected donor has paved the way
for effective neutralization of the NA and for a combination ther-
apy in which both the HA and the NA are neutralized.19 Addi-
tional recent studies have highlighted the NA as an emerging
target for influenza therapy and vaccines.47 Out of the different
NA antibodies that were isolated, the 1G01 antibody has the high-
est number of somatic hypermutations exhibiting the broadest
binding,19 which prompts us to combine this antibody with the
CR6261 that binds the HA of most group-1 influenza viruses.
Alternatively, dual inhibition of the HA and NA can also be
achieved by antiviral drugs, as anti-NA inhibitors are commonly
used in the clinic for treating influenza virus infection.58–60 Our
data in which we demonstrated no synergistic effect on NA inhi-
bition by the BiAb and oseltamivir stress the need to identify
re indicated in the figure. Statistically significant differences between the antibody-

alculated by the log rank test. The statistical differences between BiAb-treated mice

re indicated in the figure (p values). The upper panel depicts infection with A/Puerto

(H1N1); the lower panel depicts infection with A/Wilson-Smith/1933 (H1N1).
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the HA and NA epitopes that can be targeted by a BiAb for an
optimal combination with current antiviral therapeutics.

MATERIALS AND METHODS
Study design

The aim of this study was to evaluate the effects of dual neutralization
of influenza virus HA and NA glycoprotein on the course of influenza
virus infection and on the host antiviral immune responses. A BiAb
that neutralizes the HA and NA of various influenza virus strains
was generated, and its antiviral activities were characterized by a vari-
ety of methods, including microneutralization assay, ELISA, flow cy-
tometry, biolayer interferometry, and structural modeling. In addition,
the therapeutic potential of the BiAb was thoroughly tested in influ-
enza virus-infected mice by following the mouse weight loss, mouse
survival, and virus titers in the lungs. The protective and therapeutic
capacity of the BiAb at 2 mg/kg (i.p. injection) was compared to anti-
body monotherapy and to dual-antibody therapy using a similar
dosage of 2 mg/kg. Mice that were not infected due to technical issues
were not included in the analysis. Mice were randomly assigned to
treatments, and investigators performing the immunological analyses
were not blinded. Sample sizes were chosen on the basis of previous
experiments in which influenza virus infection in mice was used. All
animal experiments were approved by the Technion Animal Care
and Use Committee.

Cell lines

The cell lines used in this study were the human alveolar basal epithe-
lial cells (A549, ATCC # CRM-CCL-185), MDCK cells (ATCC #
CCL-34), T lymphoblasts (EL4, ATCC # TIB-39), primary mouse
neutrophils that were engineered to stably express the human
CD32a,61 Jurkat NFAT CD16 reporter cells (InvivoGen, catalog no.
jktl-nfat-cd16), and ExpiCHO-S cells (Thermo Fisher, catalog no.
A29133). Cells were maintained in culture at 37�C, 5% CO2 in
DMEM or RPMI 1640 medium supplemented with 4,500 mg/L
D-glucose, 4 mM L-glutamine, 110 mg/L sodium pyruvate, 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin, and 1% nonessen-
tial amino acids (NEAAs). ExpiCHO-S cells were cultured in
ExpiCHO-S cell expression medium (Thermo Fisher, A2910001)
and maintained in an 8% CO2 incubator at 37�C and 120 rpm.

Viral strains and recombinant proteins

Influenza viruses used in this study were A/Puerto Rico/8/1934 (PR8;
H1N1), A/WS/33 H1N1 (ATCC, VR-219), and A/FM/1/47 H1N1
(ATCC, VR-97). The viruses were grown in eggs as previously
described30,62 and were further propagated in MDCK cells for 3–
4 days at 37�C. The viral titer was then determined by plaque assay
using MDCK cells.63 Recombinant HA and NA glycoproteins used
for ELISAs were purchased from Sino Biological. The HA proteins
were from influenza A H1N1 (A/California/04/2009) (catalog no.
11055-V08B1), influenza A H1N1 (A/Puerto Rico/8/1934) (catalog
no. 11684-V08H), influenza A H5N1 (A/Vietnam/1194/2004) (cata-
log no. 11062-V08H1), and NA proteins from influenza A H1N1 (A/
California/04/2009) (catalog no. 11058-V08B) and influenza A H5N1
(A/Hubei/1/2010) (catalog no. 40018-V07H).
mAb and fusion protein generation

The NCBI IgBlast tool was used to determine the VDJ sequences of
the heavy and light chains of CR6261 and 1G01. The variable heavy-
and light-chain sequences of CR6261 and 1G01 were ordered as
gBlocks (IDT) and subcloned into mammalian expression vectors64

with mouse IgG1 heavy chain and mouse k light chains, respectively.
The sequences of the cloned plasmids were verified by restriction
enzyme analysis and Sanger sequencing. Recombinant IgG antibodies
were generated by transfecting the heavy-chain and light-chain con-
structs into an ExpiCHO cells Expression System (Thermo Fisher,
catalog no. A29133) following the manufacture’s Max Titer protocol.
The supernatants were collected after 5–7 days of transfection and pu-
rified by affinity purification using protein G agarose beads (Pierce,
catalog no. 89927). Purified proteins were dialyzed overnight in 1�
PBS, filter sterilized (0.22 mm), and purity was assessed by SDS-
PAGE followed by staining using InstantBlue Coomassie protein
stain (Abcam, catalog no. ab119211). HA-Ig fusion proteins were
generated by cloning the extracellular domain of PR8 HA or mutated
HAs into a mammalian expression vector containing a mutation in
the human IgG1 Fc domain.65 Fusion proteins were then produced
by using the ExpiCHO cells Expression System described above.
The purity of the fusion proteins was assessed by SDS-PAGE
before use.

BiAb design and production

Plasmids containing the heavy and light chain of the mAbs CR6261
and 1G01 were prepared as described above. The variable regions
of CR6261 and 1G01 were codon optimized, synthesized, and cloned
into an expression vector construct, pcDNA3.4, which has mouse
IgG1 Fc. Four plasmids corresponding to the heavy and light chains
of the mAbs were transiently co-transfected in Chinese hamster ovary
(CHO) cells in a ratio of 1:2 heavy (HC1 andHC2) and light (LC1 and
LC2) chains. Charge pair mutations were introduced in the Fc do-
mains: N399K and E356K mutations in the CR6261 heavy-chain Fc
domain and K409D and K392D in the 1G01 heavy-chain Fc
domain.29 Seven days following transfection, the supernatant was
collected and filtered through a 0.22-mm filter, and the BiAb was pu-
rified using protein A affinity column and ultrafiltration. The anti-
body was also subjected to 0.2-mm sterile filtration and endotoxin
removal (<5 EU/mg). Purified proteins were dialyzed in PBS �1 for
overnight and were analyzed by size-exclusion high-performance
liquid chromatography (SEC-HPLC) and SDS-PAGE.

Influenza virus infection and flow cytometry

For influenza virus infection, MDCK cells were seeded at 70%–80%
confluency and infected with A/Puerto Rico/8/34 (H1N1), A/WS/
33 H1N1 (ATCC, VR-219), or A/FM/1/47 H1N1 (ATCC, VR-97)
in serum-free DMEM supplemented with trypsin type IX (Sigma,
T-0303). The cells were incubated with the virus for 1 h at 37�C,
washed with PBS�1, and incubated for 48 h in complete DMEM sup-
plemented with 4,500 mg/L D-glucose, 4 mM L-glutamine, 110 mg/L
sodium pyruvate, 10% FBS, 1% penicillin-streptomycin, and 1%
NEAAs. For coating of EL4 cells with A/Puerto Rico/8/34 (H1N1),
cells were incubated with the virus for 4 h at 37�C. After the
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incubation, staining was performed by harvesting and washing the
cells with FACS medium (PBS�1 supplied with 1% bovine serum al-
bumin). Influenza virus-infected cells were incubated for 1 h at 4�C
with primary antibodies CR6261, 1G01, or the BiAb diluted in
FACS medium. The cells were then washed with FACS medium
and further incubated for 45 min with secondary antibody Alexa
Fluor 488-conjugated goat anti-mouse IgG (Jackson, catalog no.
715-545-151, 1:200) and viability dye (Thermo Fisher Scientific, cat-
alog no. 65-0865-14). In experiments where the steric inhibition
mediated by CR6261 was tested, 105 infected MDCK cells were left
untreated or incubated with 1 mg/well of CR6261 for 45 min. The cells
were then washed with PBS�1 and were stained with either 1 mg/well
or 5 mg/well of fluorescein isothiocyanate (FITC)-labeled 1G01
(Thermo Fisher Scientific, catalog no. 53027). Staining was evaluated
using the BD Biosciences LSRFortessa flow cytometer. Viability dye
was used in order to gate on live cells only, and further analysis of
the staining results was done using FlowJo software v10.7. For
neutralization of A/WS/33 H1N1 or A/FM/1/47 H1N1 in MDCK
cells, 1 mg of BiAb was incubated with the virus for 1 h prior to infec-
tion. Staining was evaluated 48 h after infection. Staining of unin-
fected cells with the HA-Ig fusion was done for 1 h at 4�C, followed
by staining with anti-human IgG antibody (Jackson, catalog no.
709-136-149) for 30 min at 4�C. The concentrations of the HA-Ig
that were used are indicated in the figure. For analyzing lung
T cells, lungs were harvested from the infected mice at the indicated
time points and were homogenized to a single-cell suspension. The
cell suspensions were treated using ammonium chloride (ACK, cata-
log no. A10492-01) buffer to lyse the red blood cells (RBCs) and fol-
lowed by repeated washing with complete RPMI1640 medium. The
cells were then stained for 45min at 4�Cwithmixture of the following
antibodies: CD45 (BioLegend, catalog no. 103112), CD3 (BioLegend,
catalog no. 100206), CD4 (BioLegend, catalog no. 100567), CD8 (Bio
Legend, catalog no. 100725), and CD69 (BioLegend, catalog no.
104505).

For analyzing influenza virus-infected lung epithelial cells in mice, the
lungs were harvested from the infected mice at the indicated time
points, homogenized to a single-cell suspension, and RBCs were lysed
using ammonium chloride (ACK, catalog no. A10492-01) buffer. The
cells were then stained primarily with the mixture of the following an-
tibodies for 45min at 4�C: viability dye (Thermo Fisher Scientific, cat-
alog no. 65-0865-14), CD45 (BioLegend, catalog no. 103112), EpCam
(BioLegend, catalog no. 118225), and CR6261 (anti-HA). The cells
were then washed with FACS medium and further incubated for
30 min with secondary antibody Alexa Fluor 488-conjugated goat
anti-mouse IgG (Jackson, catalog no. 715-545-151, 1:200). Data
acquisition for analysis was performed using the BD Biosciences
LSRFortessa flow cytometer. Analysis was performed using FlowJo
software v10.7.

ELISA

High-protein-binding 96-well plates (Thermo scientific, catalog no.
44-2404-21) were coated with 10 mg/mL of HA or NA glycoproteins
or HA and NA together (5 mg/mL) in phosphate-buffered saline
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(PBS) and kept overnight at 4�C. The next day, the plates were washed
twice with washing buffer and blocked for 2 h at room temperature
(RT) with a blocking buffer containing PBS �1 and 2% dry milk.
The plates were then incubated with the appropriate primary anti-
body (CR6261, 1G01, or BiAb) at the concentration of 1 mg/mL for
1.5 h at RT. Next, the plates were washed with wash buffer five or
six times and then incubated for 1 h at RT with secondary antibody
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG
diluted 1:10,000 (Jackson ImmunoResearch). Finally, the plates
were developed by adding 100 mL of HRP substrate TMB Single So-
lution (Life Technologies, 02049211-7) and the absorbance was
measured at 650 nm using a microplate reader (Infinite M200
PRO). The fold change in the optical density (OD) (650 nm) was
calculated by dividing each data point with the background OD levels
that were measured for each antibody or for the control wells.

Modeling virion-bound antibodies

Several input structures were used in modeling. The virion model,
including the membrane, HA, NA, and glycans was obtained from
the last frame of all-atom, whole-virion MD simulation of influenza
A/45/Michigan/2015 (H1N1).31,32 Structures of antibodies (Fab frag-
ments) with HA and NA were obtained from the Protein Data Bank
(PDB: 4FQV 66 and 6Q1Z 19). To model the complete IgG, we relied
on the IgG structure (PDB: 1IGT).67 To map all possible antibody
interaction sites with the virion, we superimposed the HA-Fab com-
plex on all the HAs of the virion. Similarly, all possible N interaction
sites were mapped. Next, we searched for pairs of Fabs (one bound to
HA and the other to N) that could be connected via the Fc domain
into a complete IgG structure. Due to the flexibility of IgG, especially
of the linkers between the Fabs and the Fc domain, we generated 1,000
different conformations of the complete IgG by sampling the linkers
between Fabs and Fc.68 Each antibody conformation was then aligned
on each pair of HA and N Fabs in close proximity on the virion sur-
face. We considered the aligned IgG position on top of the virion as
valid if the root-mean-square deviation (RMSD) of aligned Fabs
was below 10 Å. When multiple IgG conformations could be fitted
to the same HA and NA pair, a single one was selected with the lowest
RMSD. As a result, 11 IgGs could be placed on top of the virion frame.
Furthermore, we replaced the Fabs in each positioned IgG with the
experimental structure of the respective HA/NA Fab. All visualiza-
tions were done using ChimeraX.69

BLI

The BLI assay was performed using an OctetR4 instrument to study
the binding affinities between the HA andNA antigens with the BiAb.
The assay was initiated by hydrating with the Octet Anti-Penta-HIS
(HIS1K) biosensors (Sartorius, catalog no. 18-5120) for 10 min. After
hydration, BLI was performed over five steps: initial baseline (60 s),
antigen immobilization (300 s), second baseline (120 s), antibody
binding (300 s), and dissociation (600 s). Baseline and dissociation
steps were performed using the Octet Kinetics Buffer (Sartorius, cat-
alog no. 18–1105). First, HIS1K biosensor surface was loaded for an-
tigen immobilization with the polyhistidine-tagged recombinant HA
or NA antigens or HA and NA antigen in combination. This was
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followed by the removal of the residual antigen in the second baseline
step and loading of the CR6261, 1G01, or BiAb (100 ng) to evaluate
the specific interaction between the antigens and antibodies. The an-
tigens were loaded in final (HA + NA) different concentrations as
indicated in the figures to examine the effect of the antigen concentra-
tion on the association-dissociation pattern. Based on the 1:1 binding
model, the binding constants were calculated from the resulting asso-
ciation-dissociation curves. The data were analyzed using the Octet
Analysis Studio.

Microneutralization assay

The neutralizing activity of CR6261, 1G01, the BiAb, or a combina-
tion of CR6261 and 1G01 were evaluated by microneutralization as-
says, using a previously described protocol.33 1.8 � 103 plaque-form-
ing units (PFU)/mL A/Puerto Rico/8/1934 (H1N1) was incubated
with the indicated antibody at various concentrations, starting from
100 mg/mL followed by 1:3 serial dilutions. The mixture was prepared
in serum-free DMEM with 1 mg/mL TPCK-treated trypsin (Sigma)
and incubated for 1 h at 37�C. The virus was then incubated with
MDCK cells seeded in 96-well plates (at 70%–80% confluency) for
1 h at 37�C. Following the incubation, the supernatant was aspirated
and replenished with complete DMEM containing the same antibody
concentration described above and incubated for 18–22 h at 37�C.
The next day, cells were fixed with 100 mL of 80% acetone for 1 h
at �20�C, washed, and blocked with blocking buffer (5% non-fat
milk diluted in 1� PBS) for 1.5 h at 37�C. The cells were then
incubated with 100 mL of biotinylated anti-influenza A nucleoprotein
(NP) primary antibody (EMD Millipore) diluted 1:2,000 in
blocking buffer. The plates were washed five or six times with wash
buffer and incubated with HRP-conjugated streptavidin (Jackson
ImmunoResearch) diluted in blocking buffer. Finally, the plates
were developed by the addition of the HRP substrate, TMB (Life tech-
nologies, catalog no. 002023). The absorbance was immediately
measured at 650 nm with an ELISA microplate reader (Infinite
M200 PRO). Data were analyzed using GraphPad Prism v8.4 software
(GraphPad).

NA inhibition assay

Neutralization of the influenza virus NA by the BiAb was evaluated
by the capacity of the BiAb to block the release of progeny viruses
from infected MDCK cells. Then 6 � 105 MDCK cells per well were
infected with 2.3 � 102 PFU/mL of PR8 and incubated at 37�C for
24 h. The infected cells were then washed with 1� PBS and treated
with BiAb or 1G01 or CR6261 antibodies at a concentration of
7.5 mg/mL after being diluted in serum-free DMEM supplemented
with 1 mg/mL TPCK-treated trypsin (Sigma). After 1-h incubation
at 37�C, the infected cells were washed and incubated with complete
DMEM for 48 h at 37�C. The cell supernatants from each well were
collected separately and used to infect freshly seeded MDCK cells at
a density of 6 � 105 per well. Supernatant from infected cells that
were not treated with the antibody was used as a control. Infection
was evaluated 48 h later by staining to the HA expression on the
surface of infected cells using the CR6261 antibody and calculating
the percentage of the live HA+ cells. Viability dye (Thermo Fisher
Scientific, catalog no. 65-0865-14) was used in order to gate on
live cells only. Staining was evaluated using the BD LSRFortessa
flow cytometer and further analysis was done using FlowJo software
v10.7.

MUNANA-based NA inhibition assay

The activity of NA was measured by a fluorescence-based assay using
the fluorogenic substrate 4-methylumbelliferyl-N-acetylneuraminic
acid (MUNANA) (Santa Cruz, sc-251885). MDCK cells were seeded
in 96-well plates, infected with 4.6 � 103 PFU/mL of PR8, and were
incubated at 37�C. After 24 h, the infected cells were treated with
1 mg/mL of the indicated antibodies, with 10 mg/mL oseltamivir (Ta-
miflu) or a combination of 1 mg/mL of the indicated antibody
(1 mg/mL) and 10 mg/mL oseltamivir. The cells were incubated at
RT for 45 min. The MUNANA substrate was diluted to a final con-
centration of 20 mM in enzyme buffer (32.5 mM 2-(N-morpholino)
ethanesulfonic acid [MES)], 4 mM calcium chloride, pH 6.5), which
was added to all wells (50 mL/wells) and kept for 1-h incubation at
37�C. After the incubation, the plates were spun down at 1,500 rpm
for 3 min. The supernatant was transferred to flat-bottom 96-well
black polystyrene plates (Thermo, 7805) and the fluorescence inten-
sity was read immediately by microtiter plate reader (Infinite M200
PRO, Tecan) with excitation and emission filters of 355 and
460 nm, respectively.

CD32a-driven neutrophil activation test

For this, 1.25 � 104 MDCK cells were plated in 96-well flat-bottom
plates and infected the next day with influenza PR8 at a multiplicity
of infection (MOI) of 0.01. Cells were then incubated for 2 days in
DMEM to allow viral spread. Mock-treated uninfected cells were
used as control. The day of the assay, MDCK cells were detached
by trypsin, transferred into U-bottom 96-well plates, and incubated
with the antibodies at indicated concentrations. After 15 min,
2.5 � 104 neutrophils, purified from the bone marrow of hCD32atg

mice lacking all endogenous FcgRs61 (referred to as hCD32a herein)
using the Neutrophil Isolation Kit (Miltenyi Biotec), were added.
Plates were spun for 1 min at 300 � g to promote cell contacts and
incubated at 37�C for 45 min. Cells were then stained for Ly6G
(1A8, BioLegend), CD45 (Rea737, Miltenyi Biotec), CD62L (MEL-
14, BD Pharmingen), and CD11b (M1/70 BD Pharmingen) for
30 min at 4�C and fixed with 4% PFA. Data were acquired on an At-
tune flow cytometer equipped with a Cytkick Max plate reader
(Thermo Fisher) and analyzed using FlowJo software. The fre-
quencies of CD62L�CD11bhigh cells among Ly6G+CD45+ cells were
determined. The values obtained in the control conditions (neutro-
phils with antibody but without MDCK cells) were subtracted to
calculate antibody-mediated neutrophil activation. Negative values
were set to zero.

Jurkat NFAT CD16 reporter assay

CD16 (FcgRIIIa) engagement by the various antibodies was evaluated
by using the Jurkat NFATCD16 reporter cells (InvivoGen, catalog no.
jktl-nfat-cd16). First, the expression of CD16 was confirmed by FACS
staining using anti-CD16 antibody (BioLegend, catalog no. 980104).
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Then, 1 � 105 uninfected and PR8-infected MDCK cells (48 h
following infection) were incubated with the CR6261, 1G01, BiAb,
or a combination of CR6261 and1G01 for 1 h at 37�C, 5% CO2.
The concentrations of the antibodies are depicted in the figure. The
cells were then washed and incubated with 2 � 105 Jurkat NFAT
CD16 reporter cells for 6 h at 37�C, 5% CO2. Next, 25 mL of superna-
tant was drawn from each well and transferred to an opaque, black,
96-well plate to which 50 mL of QuantiLuc substrate was added,
and luminescence was immediately read on a microplate reader (In-
finite M200 PRO). The reported values of luminescence that was seen
in cells incubated with the infected MDCK cells were normalized to
the luminescence in cells that were cultured with uninfected
MDCK cells that were incubated with identical concentrations of
the antibodies.

Generation of escape mutants against neutralizing antibodies

Escape mutants were generated by serial passage of the virus in
increasing amounts of CR6261, 1G01, or BiAb by following a previ-
ously described protocol70 with several modifications. First,
2.3 � 102 PFU/mL of PR8 was incubated with 0.001 mg/mL of
CR6261 or 0.002 mg/mL of 1G01 or 0.002 mg/mL of BiAb in serum-
free DMEM with 1 mg/mL TPCK-treated trypsin (Sigma) and for
30 min at 37 �C. The viruses were then separately incubated with
MDCK cells seeded on a six-well plate after washing with 1� PBS.
The plate was kept for 1-h incubation at 37�C with repeated shaking
of the plate every 10–15 min. After the incubation, the wells were
washed and supplemented with complete DMEM and kept for 48-h
incubation at 37�C, 5% CO2. Then, 48 h following the infection, the
infected cells were checked for cytopathic effect (CPE) and the super-
natants were collected for further passages in MDCK cells. In the next
passage, if the infected cells showed gross 70%–90% CPEs, the anti-
body concentration was increased 2-fold. However, if CPE was mod-
erate to mild, the antibody concentration was maintained as the pre-
vious passage. Moreover, the rate of infections was also evaluated by
flow cytometry every 48 h by evaluating the percentage of HA-posi-
tive cells. After 10 rounds of passages and similar antibody concentra-
tions between the different groups, supernatants were collected, and
viruses were sequenced by SGS for escape mutants.

SGS of viral HA and NA genes

Single-genome amplification and sequencing of influenza AH1N1 vi-
rus HA and NA genes was performed for supernatants of infected
cells as described previously.41,71 Viral RNA was isolated from the su-
pernatants using a QIAamp Viral RNA mini kit (Qiagen, catalog
no. 52906). cDNA was synthesized using HA-30-Out primer
and SuperScript III Reverse Transcriptase (Invitrogen, catalog
no.18080–044). The reaction was performed at 50�C for 1 h followed
by an additional 1 h at 55�C and terminated by heat inactivation at
70�C for 15 min and finally treated with RNaseH (Invitrogen, catalog
no. EN0201) for 20 min at 37�C. The cDNA was serially diluted and
was subjected to two rounds of nested PCR using the out- and in-
primer sets of the HA gene. A first round of PCR amplification was
performed using out forward ATGAAGGCAAACCTACTGGT and
reverse TCAGATGCATATTCTGCACT primers for HA gene, and
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forward ATGAATCCAAATCAGAAAATAATAA and reverse
CTACTTGTCAATGGTGAATGG primers for NA gene. The PCR
product from the first round was used as a template for the
second round of PCR amplification using in-primer set forward
TGTGCACTTGCAGCTG and reverse AACACATCCAGAAACTG
ATT for HA gene, and forward AATCTGTCTGGTAGTCGGACT
and reverse CTGGCCAAGACCAATCTACAGT primers for NA
gene. All PCR reactions were performed using DreamTaq (Thermo
Scientific, catalog no. K1082) and were analyzed in 1% agarose gel
electrophoresis for the right amplicons. Following the Poisson distri-
bution, the cDNA dilution that yields PCR products in no more than
30% of wells were considered for the generation of libraries. The DNA
libraries were prepared by using Illumina Nextera DNA Sample Prep-
aration Kit as previously described.9,41 Sequencing was performed us-
ing the Illumina MiSeq Nano 300 cycle kits and gene alignments
were generated using Geneious 9.1.8 (Biomatters). Influenza A virus
(A/Puerto Rico/8/1934(H1N1)) (NCBI: 956529) complete genome
was used as reference genome. Logo plots were generated using the
longitudinal antigenic sequences and sites from intra-host evolution
(LASSIE) tool.54

Mice infection and antibody administration

Female C57BL/6 mice or BALB/c (6–8 weeks old) were used in all of
the in vivo experiments, and 4.6� 103 PFU of PR8 was diluted in PBS
�1 and mice were infected intranasally in a volume of 25 mL. For pro-
phylactic efficacy, first 2 mg/kg or 6 mg/kg of CR6261 antibody were
administered i.p. 4 h after infection in order to delineate the dose
required for minimal prevention of mouse infection. Accordingly,
2 mg/kg of CR6261, 1G01, a combination of CR6261 + 1G01, or
the BiAb antibodies were administered i.p. with 50 mL in each dose.
Antibodies were diluted in 1� PBS and were analyzed on SDS-
PAGE before injection. Antibodies were injected 4 h before infection.
Successful antibody administration was verified by bleeding the mice
3 days following antibody administration and analyzing the antibody
levels in ELISA. The mouse weights were monitored daily and re-
corded for 14 days. For the therapy model, mice were infected with
4.6 � 103 PFU of the indicated H1N1 virus and antibodies were
administered i.p. 2 days following the infection (2 mg/kg). Mice
that lost more than 25% of their initial weight were scarified. Student’s
t test and log rank test (for the survival experiments) were used to
determine statistically significant differences.

For viral-load measurement, the mouse lungs were harvested 3 or
7 days following infection and the amount of the virus was evaluated
by real-time PCR as previously described.72 Whole-lung tissue was
isolated, the weight of the lung samples was measured to ensure an
equal sample size, and the lungs were kept at�80�C until further pro-
cessing. Lungs were homogenized, and 140 mL of the lung sample was
used for RNA isolation. Viral RNA was extracted from the lung using
a QIAamp RNA extraction kit (Qiagen). The RNA was immediately
used for the one-step RT-PCR and qPCR TaqMan reaction using
primers for the matrix protein of influenza virus A described by
Van Elden et al.73 For the qPCR, a TaqMan universal PCR master
mix containing ROX as a passive reference was used (PE Applied
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Biosystems) including 900 nM influenza virus A primers. The qPCR
analysis was performed with ABI Prism 7700 sequence detection sys-
tem. Antibody-treated mice in which no detectable viral loads were
seen were excluded from the analysis. In order to generate a standard
curve for evaluation of the reaction efficiency and sensitivity, serial di-
lutions of standard A/Puerto Rico/8/34 (H1N1) RNA were generated
(ATCC, VR-95DQ). The resulting Cq values for each RNA concen-
tration were then plotted against the known copies used in each
dilution.

To measure the half-life of the BiAb, antibody-treated mice were bled
daily after antibody administration. Plasma was then collected and
diluted 10-fold in PBS �1. The levels of the BiAb in the plasma was
evaluated by coating an ELISA plate with 0.5 mg of H1N1 HA and
H1N1 NA followed by incubation with the diluted plasma samples.
Wells were washed and incubated for 1 h at RT with secondary anti-
body HRP-conjugated goat anti-mouse IgG diluted 1:10,000 (Jackson
ImmunoResearch). Plasma from untreated mice was used to calculate
the background staining. The levels of the BiAb 3 h after the antibody
administration were used to calculate the initial antibody dose in the
mice plasma. The antibody t1/2 was evaluated by a non-linear regres-
sion model using GraphPad Prism v.8.4 software (GraphPad).

Statistical analysis

Statistical significance was calculated by Student’s t test and by one- or
two-way ANOVA. Statistical differences between survival rates were
analyzed by comparing Kaplan-Meier curves using the log rank test.
Sample sizes (n) for in vivo experiments are indicated in the corre-
sponding figures, and the number of biological repeats for experi-
ments and specific tests for statistical significance used are indicated
in the corresponding figure legends. Statistical tests that were used to
control for multiple comparisons are indicated in the figure legends.
Results are presented as mean ± SEM. Data were analyzed using
GraphPad Prism v.8.4 software (GraphPad).
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