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ABSTRACT Influenza remains a global health risk and challenge. Currently, neur-
aminidase (NA) inhibitors are extensively used to treat influenza, but their efficacy is
compromised by the emergence of drug-resistant variants. Neutralizing antibodies
targeting influenza A virus surface glycoproteins are critical components of influenza
therapeutic agents and may provide alternative strategies to the existing counter-
measures. However, the major hurdle for the extensive application of antibody ther-
apies lies in the difficulty of generating nonimmunogenic antibodies in large quanti-
ties rapidly. Here, we report that one human monoclonal antibody (MAb), 53C10,
isolated from transchromosomic (Tc) cattle exhibits potent neutralization and hem-
agglutination inhibition titers against different clades of HIN1 subtype influenza A
viruses. In vitro selection of antibody escape mutants revealed that 53C10 recognizes
a novel noncontinuous epitope in the hemagglutinin (HA) head domain involving
three amino acid residues, glycine (G), serine (S), and glutamic acid (E) at positions
172, 207, and 212, respectively. The results of our experiments supported a critical
role for substitution of arginine at position 207 (S207R) in mediating resistance to
53C10, while substitutions at either G172E or E212A did not alter antibody recogni-
tion and neutralization. The E212A mutation may provide structural stability for the
epitope, while the substitution G172E probably compensates for loss of fitness intro-
duced by S207R. Our results offer novel insights into the mechanism of action of
MAb 53C10 and indicate its potential role in therapeutic treatment of H1 influenza
virus infection in humans.

IMPORTANCE Respiratory diseases caused by influenza viruses still pose a serious
concern to global health, and neutralizing antibodies constitute a promising area of
antiviral therapeutics. However, the potential application of antibodies is often ham-
pered by the challenge in generating nonimmunogenic antibodies in large scale. In
the present study, transchromosomic (Tc) cattle were used for the generation of
nonimmunogenic monoclonal antibodies (MAbs), and characterization of such MAbs
revealed one monoclonal antibody, 53C10, exhibiting a potent neutralization activity
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against HINT influenza viruses. Further characterization of the neutralization escape
mutant generated using this MAb showed that three amino acid substitutions in the
HA head domain contributed to the resistance. These findings emphasize the impor-
tance of Tc cattle in the production of nonimmunogenic MAbs and highlight the
potential of MAb 53C10 in the therapeutic application against H1 influenza virus in-
fection in humans.

KEYWORDS epitope, influenza, monoclonal antibodies, neutralizing antibodies

espiratory diseases caused by influenza viruses still pose a serious concern to global

health. Considerable morbidity and mortality are caused by influenza virus; it is
estimated that 290,000 to 650,000 deaths are associated with influenza every year
worldwide (1). Vaccines against influenza viruses are available and have been in use
since the 1940s (2). However, these vaccines vary in effectiveness, often due to
differences between the circulating virus and the isolate chosen for inclusion in the
vaccine (3).

Influenza viruses, belonging to the Orthomyxoviridae family, are divided into four
genera: A, B, C, and D viruses (4, 5). Influenza A viruses are further divided into distinct
subtypes based on the antigenic variation of two surface glycoproteins on the viral
membrane: hemagglutinin (HA) and neuraminidase (NA). Eighteen HA and 11 NA
subtypes have been detected in nature (6), and HIN1 influenza A viruses were the most
prevalent strains circulating in humans in the United States during the 2019-2020
influenza season (7). Swine influenza virus may transmit to humans by direct contact.
The HIN1 viruses circulating in the U.S. swine population are classified into several
distinct clades according to antigenic differences in HA, including the alpha, beta,
gamma, deltal, delta2, and pdm09 clades (8). This virus diversity may compromise
vaccine efficacy, underscoring the critical role of broad neutralizing antibodies in
combating influenza virus infections of humans.

Monoclonal antibody (MAb) therapy is a novel and promising technique against
multiple pathogens, including influenza viruses (9-11), Ebola virus (12, 13), respiratory
syncytial virus (14), and human immunodeficiency virus (15, 16). A major hurdle for
extensive application of MAb therapies lies in the difficulty of generating nonimmu-
nogenic antibodies in large quantities rapidly. MAbs are usually generated from animals
or prepared from the plasma of human donors. However, MAb from a human source
is hampered by supply shortages, and animal-derived MAbs suffer from severe side
effects since they are often immunogenic in humans (17). Until now, multiple strategies
have been employed to humanize animal-derived MAbs aiming to minimize foreign
immunogenicity, such as complementarity-determining region (CDR) grafting and
antibody resurfacing (18). It has been demonstrated that CDR grafting can lead to a
substantial decrease in antibody affinity in many cases, whereas the comprehensive
evaluation of resurfaced antibody immunogenicity is not currently available (19, 20).

To overcome these obstacles, a transchromosomic (Tc) cattle platform capable of
expressing fully human, antigen-specific MAbs was developed (21). In these genetically
engineered cattle, the immunoglobulin genes were knocked out and then replaced by
the entire germ line loci of human immunoglobulin heavy chain, lambda chain, and
kappa chain (21). Not only can this procedure produce human polyclonal antibodies in
large quantities in a time-efficient manner, but also Tc cattle can be used to produce
MADbs that recognize specific antigens of interest from a variety of viruses. This expands
the potential application in passive immune therapies, allowing for both broad, poly-
clonal approaches and specific, monoclonal approaches to therapeutic treatment. Until
now, Tc cattle have been employed to generate antibodies with high therapeutic
efficacy in vivo against diverse viruses, such as Middle East respiratory syndrome
coronavirus (MERS-CoV) (22), Ebola virus (23), hantavirus (24), Venezuelan equine
encephalitis virus (25), and Zika virus (26). Therefore, the Tc cattle platform provides a
feasible way to produce large amounts of fully human monoclonal antibodies rapidly
and hence a valuable therapeutic tool to combat emerging virus outbreaks.
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Here, we report a novel fully human monoclonal antibody (53C10) generated from
Tc cattle that is capable of neutralizing multiple clades of HIN1 influenza A viruses in
vitro. The results of our study collectively show that 53C10 binds with high affinity to
a conformational epitope in the HA globular head domain that blocks virus entry. The
characterization of this novel antibody presented here further suggests its role as a
potential therapeutic agent to treat H1 influenza virus infections in humans.

RESULTS

Monoclonal antibody 53C10 binds to recombinant HA proteins from different
clades of H1 viruses in ELISA. To determine whether the 53C10 antibody interacted
with the HA proteins from different clades of H1, enzyme-linked immunosorbent assay
(ELISA) was performed using different clades of recombinant HA proteins produced by
the baculovirus expression system. In ELISA, the antibody was diluted using 2-fold serial
dilutions and the recombinant HA protein from influenza B virus (B/Florida/4/2006-
Yamagata lineage) was used as a negative control. As shown in Fig. 1A, MAb 53C10 was
able to recognize the representative HA proteins from the alpha and pdm09 clades with
high affinity. Remarkably, antibody binding still could be detected when the antibody
was diluted at 1:10°. The HA proteins from only two H1 clades were tested in ELISA. We
were unable to test reactivity against HA from other H1 clades due to the unavailability
of representative recombinant HA proteins.

Monoclonal antibody 53C10 neutralizes different clades of H1 viruses in vitro.
To assess whether MAb 53C10 can neutralize various clades of H1 viruses, including
alpha, beta, gamma, deltal, delta2 and pdm09, virus-neutralizing and hemagglutina-
tion inhibition (HI) assays were performed in vitro. The online swine H1 clade
classification tool (https://www.fludb.org) was used to classify the virus strains (27). As
summarized in Fig. 1B, 53C10 exhibited potent neutralizing capability against the
representative strains from the pdm09, alpha, beta and gamma clades, with neutraliz-
ing titers up to 1:1,067, 1:533, 1:853, and 1:67 (average titers of three independent
assays), respectively. In contrast, 53C10 failed to neutralize the representative viruses
from the deltal and delta2 clades. This may be due to the fact that the cluster involving
the deltal and delta2 clades is well separated phylogenetically and more divergent
from the clusters involving the pdm09, alpha, beta, and gamma clades (Fig. 1Q).

Next, the HI assay using different clades of H1 viruses was performed to characterize
the cross-clade reactivity of 53C10. The HI assay showed results consistent with those
of the virus neutralization assay. As shown in Fig. 1B, 53C10 displayed HI titers against
representative viruses from the pdm09, alpha, beta, and gamma clades, at 1:640, 1:160,
1:320, and 1:20, respectively. Consistent with the neutralization assay results, 53C10
showed no detectable HI titer against the deltal and delta2 clades. Together, our
results suggest that the MAb 53C10 can bind to HA protein and as a result interfere
with receptor binding and neutralize multiple clades of the H1 subtype.

Monoclonal antibody 53C10 recognizes a conformational epitope on the HA
molecule. The neutralization and HI assays suggest that the epitope of MAb 53C10 may
overlap the receptor-binding site. To further investigate whether the epitope is com-
prised of continuous or noncontinuous amino acid residues, Western blotting using
MAb 53C10 was performed using the baculovirus-expressed HA protein. Prior to
Western blotting, recombinant HA (rHA) of A/California/04/2009 (CA/04, HIN1) was
denatured at 95°C for 10 min. As shown in Fig. 2A, 53C10 antibody failed to react with
CA/04 rHA at concentrations of 1, 4, 16, 64, 256, and 1,024 ng, whereas a linear
epitope-targeted antibody, 63C7 (data not shown), was found to bind to the HA at a
concentrations of 64, 256, and 1,024 ng (Fig. 2B), indicating that 53C10 likely recognizes
a conformational epitope on the HA protein. It is worth noting that a fluorescence-
activated cell sorting (FACS) assay performed using 53C10 and 63C7 antibodies on
CA/04-infected Madin-Darby canine kidney (MDCK) cells demonstrated slightly higher
percentages of HA-positive cells (77.6% and 86.9%, respectively) than the commercial
nucleoprotein (NP) antibody (74.3%), which suggests comparable binding efficiencies
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FIG 1 53C10 neutralizes multiple H1 clades of influenza A virus. (A) Monoclonal antibody 53C10 recognizes HAs from the alpha clade and pdm09 clade. The
baculovirus-expressed HAs of A/California/04/2009 and A/lowa/15/1930 were subjected to ELISA with monoclonal antibody 53C10. 53C10 was 2-fold serially
diluted. The baculovirus-expressed HA of strain B/Florida/4/2006 was used as negative control. (B) Neutralization activity of 53C10 against representative strains
from different clades of H1 viruses. The online swine H1 clade classification tool (https://www.fludb.org) was employed to classify the virus strains. (C)
Phylogenetic analysis of the H1 representative stains by maximum likelihood method in MEGA X. The phylogenetic tree with the highest log likelihood
(—9917.90) was generated in the Jones-Taylor-Thornton (JTT) model with a bootstrapping of 1,000 replicates using the global swine H1 clade classification
reference sequences (27). In the phylogenetic tree, strain name, isolated species and country, subtype, and H1 clade are shown. The H1 clades are labeled as
alpha, beta, deltal, delta2, delta like, gamma, gamma2, alpha beta gamma2 like, gamma2 beta like, other, pdm09 (npdm), NA (not applicable), and ND (not
determined) (www.fludb.org).
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FIG 2 Monoclonal antibody 53C10 recognizes a conformational epitope on the HA molecule. The
recognition of baculovirus-expressed CA/04 HA by antibody 53C10 (A) and antibody 63C7 (B) were
evaluated by Western blotting (WB) as described in Materials and Methods. Below each lane is the
amount of HA loaded. Molecular sizes are labeled on the left. Prior to WB, HA was denatured at 95°C for
10 min. (C) The binding of HA to 53C10 and 63C7 was determined in flow cytometry. MDCK cells were
infected with CA/04. At 24 h postinfection, MDCK cells were evenly split into four tubes which were
stained individually using either no antibody control, the antibody targeting NP protein (NP-Ab FR-667),
53C10 antibody, or 63C7 antibody. The percentage of cells bound by each antibody is shown.

of these antibodies (Fig. 2C). This finding further supports our position that 53C10
interacts with a nonlinear epitope.

In vitro selection and characterization of antibody escape mutants. As 53C10
has a strong neutralization activity in both HI and virus neutralization assays, it may
inhibit viral replication probably through blocking HA-mediated entry function. To
further map the 53C10 epitope and to elucidate the critical amino acid residues
mediating 53C10’s recognition, we selected antibody escape mutants using CA/04 in
the presence of increasing concentrations of 53C10 antibody during the serial passage
of the virus in MDCK cells. Specifically, the CA/04 wild type (WT) was propagated in the
presence of 53C10 antibody. Antibody concentration was increased 2-fold in the
subsequent propagations and the virus sent for MiSeq to determine the full-genome
sequence after 10 passages for the identification of potential resistance-conferring
mutations in all eight virus gene segments. Sequence analysis revealed that the escape
mutant possessed three mutations in the HA segment after passage in the presence of
the 53C10 antibody. Surprisingly, our next-generation sequencing (NGS) analyses
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FIG 3 Escape mutant harboring three substitutions completely escapes 53C10 recognition. (A) Alignment
of the HA sequences of CA/04 and the survived antibody escape mutant. Three substitutions (G172,
S207R, and E212A) identified from the in vitro antibody selection assay are highlighted using boxes. (B)
The structural locations of these three substitutions in the context of CA/04 HA (PDB accession number
3LZG) are shown. G172E, S207R, and E212A are in the antigenic site Sa, receptor-binding site (RBS), and
antigenic site Sb, respectively. The influenza virus HA binding sialic acid is shown as sticks. This figure was
generated using PyMOL.

detected no mutations in other segments compared to the respective control virus
cultures propagated in the absence of 53C10 antibody. The three HA segment muta-
tions observed in the escape mutant derived from passage 10 were G172E, S207R, and
E212A (Fig. 3A), which were located in the antigenic site Sa, receptor-binding site (RBS),
and antigenic site Sb, respectively (Fig. 3B) (28-31). The H1 residue numbering was
initiated from the first methionine, as described previously (32, 33). Then, passages 1 to
9 were screened to identify the emergence of triple substitutions. The sequencing
results revealed that the virus harbored triple substitutions since passage 3. To gener-
ate a pure population of the mutant harboring these three mutations, we introduced
these mutations into our reverse genetic system (RGS)-HA plasmid for virus rescue. The
escape mutant was successfully rescued and used for further characterization.

We performed immunofluorescence assay (IFA), flow cytometry, and virus neutral-
ization assay to confirm antibody evasion using the RGS-rescued escape mutant. In IFA,
escape mutant HA completely lost its binding to 53C10, as no immunofluorescent
signals were detected (Fig. 4A). Notably, similar levels of MDCK cells were infected with
the CA/04 WT and escape mutant as determined using anti-NP antibody (Fig. 4B). The
remarkable reduction of 53C10’s recognition and neutralization for the mutant was also
observed using flow cytometry, neutralization assay, and HI assay. As shown in Fig. 5A
to C, the escape mutant showed a complete loss of reactivity with 53C10 antibody
compared to the CA/04 WT in flow cytometry (Fig. 5A and B). Since no mutations in NP
segment were observed in the escape mutant virus, the percentage of virus-infected
MDCK cells could still be determined using anti-NP MAb (Fig. 5A and C). The propor-
tions of CA/04 WT- and escape mutant-infected MDCK cells detected by NP-specific Ab
were 82.89% and 94.22%, respectively, whereas the proportions of MDCK cells recog-
nized by 53C10 were 91% and 1.1% (background level), respectively, suggesting that
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(A) 53C10 Ab

FIG 4 Binding comparison of the antibody 53C10 to CA/04 HA and escape mutant HA in IFA. The
chamber slide-cultured MDCK cells were infected by the CA/04 WT and escape mutant. At 24 h
postinfection, the cells were fixed with 80% acetone, followed by staining with the primary antibody
53C10 (upper images) and the antibody targeting NP protein (FR-667; lower images). Virus-infected cells
were detected by staining with NP-specific monoclonal antibody. DAPI was used to stain the nucleus
blue. Scale bar: 20 wm.

the escape mutant bearing these three mutations could completely escape 53C10
recognition. In addition, 53C10 exhibited no detectable neutralization or HI titers
against the escape mutant (Fig. 5D). Together, these results show that these three
substitutions in CA/04 HA abrogated the ability of 53C10 antibody to recognize and
neutralize CA/04 WT virus.

To determine the impact of these three mutations on virus replication fitness, MDCK
cells were inoculated with the escape mutant and CA/04 WT viruses at a multiplicity of
infection (MOI) of 0.01. Supernatants (100 ul) were collected at 12, 24, 36, 48, and 60 h
postinfection (h.p.i.) to determine viral infectivity. The replication kinetics show that the
RGS-derived escape mutant replicated more efficiently than the CA/04 WT virus in
MDCK cells (Fig. 5E).

Role of individual substitutions in 53C10 neutralization and virus replication
fitness. To assess the contribution of individual amino acid substitutions to 53C10
antibody evasion, we attempted to rescue viruses bearing each individual amino acid
substitution and double amino acid substitutions in the context of the CA/04 HA
backbone (Fig. 6A). We were unable to rescue mutants containing the S207R mutations
after 6 independent attempts (Table 1). However, we successfully rescued three mu-
tants that did not express the S207R substitution. Thus, it appears that position 207
plays a critical role in mediating receptor binding steps that initiate the infection cycle.
Some substitutions at this position may disrupt receptor binding and as a result
significantly impair virus replication fitness.
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FIG 5 Characterization of RGS-rescued escape mutant. (A) Quantitative comparison of the binding of
antibody 53C10 to CA/04 HA and escape mutant HA using flow cytometry. Representative data of three
independent experiments are presented. (B) MDCK cells were infected with the CA/04 WT and escape
mutant and then stained by 53C10 to determine antibody binding. (C) Virus-infected cells were detected
by staining with NP-specific monoclonal antibody FR-667. (D) Neutralization activity of 53C10 against the
escape mutant and CA/04 WT. HI and neutralization titers against the Escape mutant were undetectable
in the HI assay and virus neutralization assay. (E) Replication kinetics of the escape mutant and CA/04 WT
in MDCK cells. MDCK cells were inoculated with respective viruses at an MOI of 0.01 and maintained at
37°C for 60 h. Supernatant samples were collected at 12, 24, 36, 48, and 60 h postinfection and titrated
on MDCK cells by TCID,, infectivity assay.

To further analyze the interaction of 53C10 Ab with the three rescued mutants, we
performed flow cytometry, neutralization, and HI assays. The mutant viruses expressing
G172E, E212A, and G172E/E212A reacted with 53C10 at a level similar to that of CA/04
WT virus, suggesting that residues 172G and 212E have no impact on 53C10 antibody
recognition (Fig. 6B and C). Similarly, a neutralization assay showed that these mutants
were neutralized by 53C10 similarly to the CA/04 WT, indicating that substitutions at
positions 172 and 212 had no effect on 53C10 antibody recognition and neutralization.
In addition, the G172E, E212A, and G172E/E212A mutants showed the same HI titer as
the WT (Fig. 6D). Collectively, substitutions at positions 172 and 212 are not critical for
antibody binding affinity and neutralization, underscoring the crucial role of position
207 in mediating 53C10 antibody recognition and neutralization of influenza A virus.

We next determined the replication fitness of these rescued mutants in MDCK cells.
As shown in Fig. 6E, two mutants (the G172E and G172E/E212A mutants) displayed
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FIG 6 Characterization of mutants with individual antibody-resistant mutations. (A) To study the con-
tributions of individual mutations to 53C10 evasion, six mutants were designed. Single mutation and
double mutations highlighted were designed to be introduced into the CA/04 WT virus. Dots indicate the
identical residues observed when comparing mutant sequences with the CA/04 WT virus. (B and C)
Quantitative comparison of the binding of antibody 53C10 to CA/04 HA and mutant HAs using flow
cytometry. MDCK cells were infected with virus and then stained by 53C10 to determine antibody
binding and NP-specific FR-667 antibody to quantify virus-infected cells. (D) Neutralization and HlI titers
against CA/04 WT and the RGS-rescued mutants with individual antibody-resistant mutations. (E)
Replication comparison of CA/04 WT and the RGS-rescued mutants in MDCK cells. MDCK cells were
inoculated with virus at an MOI of 0.01, and supernatant samples were collected at 12, 24, 36, 48, and
60 h postinfection followed by titration in MDCK cells by TCID,, assay.

significant, 10-fold-higher titers than the CA/04 WT and E212A mutant (P = 0.029 at
36 h postinfection), suggesting that substitution at position 172 improves virus growth
rate and, as a result, may compensate for the loss of fitness introduced by S207R. In
contrast, the E212A substitution did not affect the viral growth rate, since the E212A
mutant displayed growth kinetics similar to those of the CA/04 WT virus in MDCK cells.

Sequence conservation of 53C10 antibody recognition residues. We analyzed
sequence variations by retrieving the H1 sequences from the Influenza Research
Database (IRD; https://www.fludb.org). Sequence logos (https://weblogo.berkeley.edu/)
(34, 35)) were generated to visualize the conservation of 53C10 antibody recognition
residues in each H1N1 clade (Fig. 7). In sequence logos, the proportion of each residue
is indicated by the height of the amino acid symbol. The antibody-binding residues are
highly conserved in all H1 clades except for deltal and delta2 clades, which show a
good correlation with our neutralization data. 53C10-resistant deltal and delta2 strains
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TABLE 1 Mutant rescue frequency from reverse genetic system

Mutant Rescue frequency?
CA/04 6/6
Escape 6/6
G172E 5/6
S207R 0/6
E212A 3/6
G172E S207R 0/6
G172E E212A 3/6
S207R E212A 0/6

9Rescue frequency is shown as number of successful mutant rescues out of total attempts.

differ significantly in these three residues from other 53C10-sensitive H1 clades, which
may explain why the deltal and delta2 clades cannot be recognized and neutralized by
53C10. For position 207, delta2 strains have an alanine (A), while other clades have a
serine (S) or threonine (T) at this position. Based on our observations, substitution at
T207 has no substantial effects on the recognition of HA by monoclonal antibody
53C10, which can be expected considering the similarity in side chains in the structures
of serine and threonine amino acid residues. Interestingly, the HA from some delta1
strains harboring T207 could not be recognized by 53C10 in this study, which indicates

a context-dependent recognition mechanism by the 53C10 antibod

y that is primarily

Sequence Logos of H1 clades (HA amino acid 170-212)
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FIG 7 Conservative analysis of three identified antibody resistant-related residues among different clades of H1
viruses. Sequence logos were employed to demonstrate the conservation of three antibody resistant-related
residues (highlighted by arrows) in influenza virus strains from H1 clades. The proportion of individual residues in
each clade is indicated by the height of the amino acid symbol. For conservative analysis, HA sequences from each
clade were retrieved from the Influenza Research Database (IRD) and aligned for generating sequence logos

(www.fludb.org).
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driven by the three critical amino acid residues identified here. For position 172,
glutamic acid (E) rather than glycine (G) was found in the alpha, beta, and gamma
clades, which are sensitive to 53C10 antibody-mediated neutralization. As stated above,
this substitution has no obvious impact on 53C10 activity. Conservation analysis also
revealed that strains from deltal and delta2 contain E, while the remaining clades
maintain an alanine at position 212. Since A was observed in the escape mutant at
position 212, and alpha, beta, gamma, and pdm09 clades harboring alanine were all
recognized by 53C10, confirming that position 212 was not critical for 53C10 binding.

DISCUSSION

Respiratory diseases caused by influenza viruses still raise serious concern to global
health and lead to significant economic burden every year. NA inhibitors are extensively
used to treat influenza, but their efficacy is compromised by the emergence of
drug-resistant variants. Antibody-based treatment and prevention measures are grad-
ually emerging as an attractive direction that can complement well the current influ-
enza therapeutics. However, the clinical application of antibodies is hampered by their
high immunogenicity in humans. In this study, we demonstrated that fully human
monoclonal antibody 53C10 generated from Tc cattle recognizes a novel conforma-
tional epitope in the HA head and exhibits an impressive cross-clade (H1) neutralizing
activity. Our results also revealed that a mutant carrying three amino acid substitutions
in the HA head domain was capable of mediating total escape from 53C10 antibody
recognition. Furthermore, results from our study indicated that only residue S207 is
critical for 53C10 binding and neutralization activity, whereas G172E seems to com-
pensate for the fitness cost introduced by the S207R mutation. While the role of E212A
is inconclusive, our findings suggest that this mutation may hold a potential benefit to
the overall viral fitness in combination with 172E and/or 207R. To our knowledge, the
combination of these three mutations has not been previously documented for their
contribution to antibody evasion.

The discontinuous epitope we identified in this study overlaps with one known
epitope reported previously (36). In that study, the epitope-targeting antibodies could
neutralize A/WSN RG/33 (H1), A/Aichi/2/68 (H3), and A/gull/Maryland/704/77 (H13),
which are not neutralized by 53C10 antibody. This functional discrepancy supports our
position that while these epitopes overlap, the epitope of 53C10 identified in our study
is different from the one defined previously. We further demonstrate that G172E, S207R,
and E212A substitutions are capable of mediating complete 53C10 antibody evasion. It
was reported that residue 207 (also described as position 193, using numbering
without inclusion of the signal peptide) is located in the 190 helix, which is one
conserved region that mediates receptor binding (30, 31, 37). Antibody binding to this
region inhibits viral replication by interfering with receptor binding and ultimately
blocks virus entry. Therefore, S207 plays a critical role in virus replication, and direct
binding to this residue can significantly block receptor binding. Substitutions in HA
position 207 may reduce receptor binding avidity to escape from antibody recognition
at the significant cost of viral fitness (38). The fact that we failed to rescue some viruses
containing the S207R mutation highlights a critical role for this residue in virus entry
and replication.

We demonstrated that two substitutions, G172E and E212A, had no substantial
impact on 53C10 antibody recognition and neutralization but may compensate for the
fitness costs of the S207R substitution. Mutant virus rescued from RGS harboring these
two substitutions showed a higher growth rate than the wild-type virus in our repli-
cation kinetics experiment. Notably, the mutant carrying mutation E212A only showed
replication kinetics similar to those of the CA/04 WT virus in MDCK cells. We speculate
that this mutation may provide structural stability to the epitope recognized by 53C10.
In sharp contrast to the E212A substitution, mutants carrying the G172E substitution
alone displayed 10-fold-increased titers, suggesting that residue 172 is critical to
compensate for the reduced fitness of the S207R substitution. Consistent with previous
reports, the introduction of the G172E substitution (G155E in their study) can lead to a
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higher growth rate of A/New Jersey/76 in eggs (33). It was also reported that A/Cali-
fornia/07/2009 containing the G172E mutation in HA replicated much better in eggs
(39). Here, we demonstrated that the introduction of G172E substitution can increase
CA/04 growth rate 10-fold in MDCK cells based on viral replication kinetics, and this
10-fold increase may restore the virus fitness that was reduced by the S207R mutation.
Taken together, the results of our experiments pinpoint a critical role for HA position
172 in virus replication.

The selection of antibody escape mutants in vitro is commonly employed to identify
conformational epitopes recognized by neutralizing antibody, and the amino acid
mutations identified in escape mutants are considered to be residues constituting
conformational epitopes. However, our findings suggest that some HA mutations may
not engage directly in antibody binding but may rather be related to viral fitness or
required to maintain the structural integrity critical for display of a functional epitope.
Since HA globular head-binding, neutralizing antibody inhibits viral entry by binding to
the RBS, substitutions in the RBS may enable the virus to evade neutralizing antibody
pressure while also leading to reduced virus fitness or even a replication-incompetent
nature. In this regard, it can be envisioned that an antibody escape mutant can acquire
compensatory mutations to recover virus fitness at the cost of major resistance
mutations (40-42). In this study, we confirmed that the compensatory mutations play no
essential role in antibody recognition and neutralization; hence, these are more likely
nonepitope mutations. Nonepitope mutations may emerge because these residues are
highly tolerant to mutation and may also have an impact on proper presentation of
conformational epitope structures. Therefore, future characterization of conformational
epitopes by selection of escape mutants needs to distinguish compensatory mutations
from the residues constituting the conformational epitope.

It would be important and interesting to investigate the mechanistic details of how
these compensatory mutations restore virus fitness. Kosik et al. demonstrated that
glycosylation might play a critical role in compensating for fitness loss of major
antibody resistance mutations (38). Glycosylation may be responsible for the increased
viral growth rate in this study, and residue 170 was reported to be involved in binding
with glycans (43). Negatively charged glutamate at residues 170, 171, and 172 may
present a better way to communicate with glycans, which as a result facilitates viral
growth in MDCK cells (39).

Neutralizing antibody may facilitate the emergence of antibody-resistant mutants,
as has been observed for multiple pathogens, such as influenza virus, Zika virus (44),
HIV (45, 46), respiratory syncytial virus (47), hepatitis C virus (48, 49), and porcine
reproductive and respiratory syndrome virus (50). Influenza virus HAs have high plas-
ticity and undergo frequent antigenic drifts to evade humoral immunity (51). The high
antigenic drift rate in influenza viruses may be due to the selective pressure exerted by
neutralizing antibodies. In fact, selection by neutralizing antibodies is proposed as one
primary force that drives the evolution of human influenza virus HA (52). Most influenza
virus-specific neutralization antibodies target the HA globular head and block viral
entry. Influenza virus can evade antibody pressure by acquiring one or several muta-
tions that can either eliminate or significantly reduce antibody binding affinity (53). Due
to the presence of highly conserved epitopes on the HA stem, HA stem-targeting
antibodies are commonly shown to have broader binding efficiency than HA head-
targeting antibodies. However, resistance mutations could also occur to escape HA
stem-targeting antibody by disrupting antibody binding or enhancing membrane
fusion (53). The accumulation of these mutations leads to antigenic drift, or antigenic
variation, which may substantially reduce a vaccine’s effectiveness (54, 55). The anti-
genic drift/variation poses a major health concern and makes influenza prevention and
control more challenging. It is worth noting that the combination of multiple antibod-
ies or the mixture of antibody and influenza drugs may serve as an effective way to
prevent the emergence of escape mutants. Prabakaran et al. reported that the combi-
nation of two antibodies recognizing different epitopes can prevent the formation of
escape mutants in mice and enhance therapeutic efficacy against H5N1 infection (56).
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Shen et al. also demonstrated that the combination of antibody C7G6-IgM and osel-
tamivir could confer protective efficacy better than that of either agent administered
alone (57). Although there is no evidence to show that oseltamivir can inhibit the
replication of antibody-resistant mutants, it is tempting to speculate that variants
resistant to one treatment may still be inhibited by the other treatment since these
treatments inhibit viral replication through distinct mechanisms.

There are several limitations to our study. First, the characterization of 53C10
antibody’s protective efficacy in vivo is necessary for future studies. Second, it is
worthwhile to select for and characterize antibody-resistant mutants in an animal
model, as use of an animal model or cell lines may result in distinct mutation profiles.
Third, the conformational epitope recognized by 53C10 still needs to be mapped
precisely. Selection of antibody escape mutants only shows one critical residue medi-
ating 53C10 binding; the molecular nature and composition of this novel conforma-
tional epitope remain unclear. Further characterization of the conformational epitope
may provide insights with the rational design of effective antibodies to combat
influenza epidemics.

In summary, we report here that a human monoclonal antibody (53C10) generated
from Tc cattle is broadly active against diverse clades of viruses within the H1 subtype.
By in vitro selection of antibody escape mutants, we identified a novel discontinuous
epitope that overlaps with the RBS of HA protein. Further characterization demon-
strated that two escape substitutions do not affect antibody binding; rather, they
compensate for the loss of fitness introduced by the escape mutation that is critical for
antibody evasion. In this regard, our observations broaden our understanding of
antibody escape mechanisms in their description that some mutations are critical for
disruption of antibody binding sites, while other mutations are essential either for
compensating the loss of fitness or for maintaining structural integrity of an epitope.
Further characterization of 53C10 antibody’s mechanism of action and its antiviral
activity in animal models may offer useful information for the development of future
antibody-based therapeutic agents against influenza A virus infections in humans.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK) cells and human embryonic kidney cells
(293T) were ordered from the ATCC. These cells were passaged and grown in Dulbecco’s modified Eagle’s
medium (DMEM; HyClone) with the addition of 100 U/ml of penicillin-streptomycin (Gibco) and 10% fetal
bovine serum (FBS; HyClone) at 37°C with 5% CO,. A/California/04/2009 (CA/04) was acquired from BEI
Resources. Swine influenza A viruses A/swine/Nebraska/A01399492/2013 (NE9492; GenBank accession num-
ber KF712462), A/swine/Oklahoma/A01134903/2011 (OK4903; GenBank accession number CY114784),
A/swine/Minnesota/A01349281/2013 (MN9281; GenBank accession number KC844197), and A/swine/
Illinois/A01047079/2010 (IL7079; GenBank accession number CY114631) were ordered from the U.S.
Department of Agriculture (USDA). A/Swine/Minnesota/02053/2008 (MN02053; GenBank accession num-
ber CY082650) was isolated by Ben Hause. Viruses were grown in virus growth medium (VGM) contain-
ing1 wg/ml of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Thermo Fisher Scientific)
and 0.3% bovine serum albumin (BSA; Sigma-Aldrich).

Recombinant H1 proteins. The baculovirus-expressed recombinant H1 proteins of A/California/04/
2009 (NR-15749) and B/Florida/4/2006 (NR-15748) were obtained from BEI Resources. The recombinant
H1 protein of A/swine/lowa/15/1930 (FR-699) was provided by International Reagent Resources (IRR).

Vaccination of Tc cattle. Tc cattle were produced as previously described (21). Briefly, Tc cattle are
homozygous for triple knockouts in the endogenous bovine immunoglobulin genes (IGHM—/~
IGHML1-/~ IGL~/~) and carry a human artificial chromosome (HAC) vector with an IgG1 production bias,
labeled as isKcHACD.

One of the Tc cattle was immunized with a licensed 2012-2013 trivalent seasonal influenza vaccine
(Fluzone TIV; Sanofi-Pasteur) at a total of 1 mg of HA/dose formulated with SAB's proprietary adjuvant
formulation (SAB-adj-2) for the first vaccination (V1) to the fourth vaccination (V4) and then boosted with
recombinant HAT (H1N1) and HA1 (H3N2) at 2mg of HA1 each formulated with SAB's proprietary
adjuvant formulation (SAB-adj-1) for the fifth vaccination (V5) and the sixth vaccination (V6). The
vaccinations were done at 3- to 4-week intervals.

Generation of fully human monoclonal antibodies from the Tc cattle. Superficial cervical lymph
node was surgically retrieved from the immunized Tc cattle on day 3 post-V6 booster. The lymphocytes
isolated from superficial cervical lymph node were then be used for cell fusion with mouse myeloma cell
line SP 2/0 for hybridoma generation. On day 10 after cell fusion, hybridoma screening with HA1 (H1N1)-
and HA1 (H3N2)-specific human IgG ELISAs were performed.

Due to the very low efficiency of conventional cell-based subcloning, a molecular cloning approach
to obtain antigen-specific clones was applied. HAT (H1NT1) high-positivity clones from hybridoma
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screening were subjected to RNA isolation followed by molecular cloning of VDJ/VJ sequences into the
expression vector. The antigen specificity of recombinant human IgG from each positive clone was
verified using cell culture supernatant of 293F cells transfected with the expression vectors. Recombinant
human IgG MAbs, purified from a larger-scale cell culture containing the verified expression vectors, were
used for in vitro characterization.

Twenty-seven monoclonal antibodies isolated from Tc cattle were screened using the standard virus
neutralization assay to determine the broadly neutralizing antibodies. The selection criterion is based on
the breadth of antibody’s neutralizing activity. Among these antibodies, 53C10 MAb was found to be
capable of neutralizing multiple clades of H1 influenza viruses. Some monoclonal antibodies were clade
specific, while other antibodies possessed insignificant neutralizing activity. The concentration of each
antibody used for in vitro characterization was 1 mg/ml.

Selection of in vitro escape mutants against monoclonal antibody 53C10. The 53C10-resistant
mutant was selected by propagating CA/04 virus in the presence of an increasing concentration of 53C10
antibody. In brief, MDCK cells were infected with CA/04 virus and incubated for 1 h at 37°C with 5% CO.,.
Then the medium was replaced with the virus growth medium (VGM) with 53C10 and plates were
incubated at 37°C until cytopathic effect (CPE) was apparent. The virus cultural supernatants were then
collected for the next passage. The concentration of 53C10 was doubled after each passage, and the
selection process ended after 10 passages. Virus was propagated in the absence of 53C10 antibody in
parallel to detect any passage-related mutations. All viruses from passage 10 were deep sequenced to
identify the amino acid mutations in all segments.

Viral whole-genome sequencing. The whole genomes of passage 10 viruses were sequenced by
the lllumina MiSeq instrument as reported previously (5). Briefly, viral RNA was extracted using TRAzol
and then amplified by a universal influenza A virus amplification kit (Life Technologies). The Nextera XT
DNA library preparation kit and MiSeq reagent nano kit v2 (lllumina) were used for library preparation.
DNA libraries were loaded into a MiSeq reagent cartridge for sequencing.

ELISA. ELISA was performed as previously described (58). Briefly, high-binding and flat-bottom
96-well plates (Thermo Fisher Scientific) were coated with recombinant HA protein for 18 h at 4°C. After
being washed with PBST (phosphate-buffered saline [PBS] with 0.05% Tween 20; Sigma-Aldrich) six times,
the plates were blocked with 300 ul/well of blocking buffer (PBST with 0.2% bovine skin gelatin;
Sigma-Aldrich) for 2 h at 37°C. After six washes, the plates were incubated with antibody 53C10 (2-fold
serially diluted in PBST with 0.01% gelatin) for 1 h, followed by an additional six washes. A total of 100 ul
of horseradish peroxidase (HRP)-conjugated goat anti-human IgG (Bethyl) at a 1:100,000 dilution was
added to the plates and incubated for 30 min at 37°C. A total of 100 ul/well of tetramethylbenzidine
(TMB; SeraCare) was added as the substrate, and the plates were incubated in the dark for 10 min
followed by the addition of 4 M sulfuric acid to stop the reaction. The signal was detected using an ELISA
microplate reader (BioTek) at 450 nm.

RGS. Eight bidirectional reverse genetic system (RGS) plasmids of A/New York/1682/2009 were used
to rescue the virus as described previously (59). The HA segment of CA/04 virus was amplified by reverse
transcription-PCR (RT-PCR) and then cloned into the pHW2000 vector to generate HA plasmid for “7 + 1"
virus rescue. A single point mutation or double mutations in the HA gene were introduced using specific
primers. The mutated plasmids were sequenced before virus rescue. The RGS-rescued viruses were
sequenced to confirm the absence of undesired mutations.

Indirect immunofluorescence assay (IFA). MDCK cells cultured in a chamber slide (Lab-Tek) were
infected with the virus. At 24 h postinfection (h.p.i.), cells were fixed with 80% acetone for 20 min at room
temperature and blocked with blocking buffer (PBST with 1% BSA) for an additional 1 h at 37°C. The first
antibody, 53C10, was added at a 1:400 dilution to each of the wells, and then the slides were incubated
at 37°C for 1 h. Following three washes with PBS, goat anti-human fluorescein-conjugated secondary
antibody (Bethyl) was added at a 1:1,000 dilution, followed by incubation at 37°C for 45 min. After the
chamber was washed three times, 4',6-diamidino-2-phenylindole (DAPI; Invitrogen) was added and
incubated for 20 min at room temperature before data collection and analysis.

Fluorescence-activated cell sorting (FACS). MDCK cells were infected with the virus. At 24 h.p.i,, the
supernatant was discarded and MDCK cells were collected, followed by washing with PBS. Permeable
buffer (BD Biosciences) was added to the cells and incubated for 1 h at 4°C. Cells were collected by
centrifugation at 2,000 rpm for 5 min and evenly split into two tubes before immunostaining. The anti-NP
antibody (FR-667; International Reagent Resource) generated from mouse was diluted at 1:250 and
added to one tube to detect the percentage of virus-infected cells, while 53C10 antibody was diluted at
1:500 and added to the other tube. After a 1-h incubation at room temperature, the first antibody was
removed, followed by three washes with PBS. Bound antibodies were detected with goat anti-mouse
fluorescein isothiocyanate (FITC; Thermo Fisher Scientific) and goat anti-human FITC (Bethyl) at 37°C for
45 min. Following washes with PBS, the cells were suspended and fixed in 1% paraformaldehyde (PFA;
Polysciences). Flow cytometry was carried out on a FACSCalibur (BD Biosciences) and analyzed by Cell
Quest software (BD Biosciences). A total of 20,000 events were analyzed in each sample.

Western blotting. Recombinant HA proteins expressed from baculovirus were heated at 95°C for 10
min and then subjected to 12% SDS-PAGE. The gel was transferred to a nitrocellulose membrane
(Thermo Fisher Scientific) at 100 V, followed by 2 h of blocking with 5% nonfat milk at room temperature.
The membrane was incubated with primary antibody overnight at 4°C, followed by incubation with goat
anti-human secondary antibody (Li-Cor) for 1 h at room temperature. The membrane was washed three
times with PBST (PBS and 0.1% Tween 20) after each incubation. Following the final washes with PBST,
antibody binding was detected using the Odyssey infrared gel imaging system (Li-Cor).
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Virus neutralization assay. Virus neutralization assays were performed as previously described (58,
60, 61), with slight modifications. In brief, the 50% tissue culture infectious dose (TCID,,) of viruses used
in this assay was determined using MDCK cells, followed by the dilution of viruses to 100 TCID5,5/100 ul
with VGM. MAb 53C10 was treated with receptor-destroying enzyme (RDE; Denka Seiken) at 37°C for
18 h, heat inactivated at 56°C, and 2-fold serially diluted in PBS in a U-bottom 96-well plate (Thermo
Fisher Scientific). Then 60 ul of virus at 100 TCID,s/100 ul was added to each 53C10 dilution (60 wl),
followed by a 1-h incubation at 37°C in 5% CO,. After the incubation, 100 ul of virus-53C10 mixture was
transferred to PBS-washed MDCK cells, followed by additional incubation for 4 days. Viral neutralization
was evaluated with HA assay involving 1% turkey erythrocytes (Lampire Biological Products). Back
titrations, cell-only control, and negative antibody control were performed to confirm assay reliability.

HI assay. Hemagglutination inhibition (HI) assay was carried out in V-bottom 96-well plates as
previously described (62). Briefly, RDE-treated 53C10 was 2-fold serially diluted and incubated with an
equal volume of 4 HA units of H1 virus for 30 min at room temperature, and then 1% turkey erythrocytes
were added. The HI titer was determined as the highest antibody dilution that exhibits complete
inhibition of hemagglutination.

Virus replication kinetics. Monolayer MDCK cells were infected with influenza virus at an MOI of
0.01. At 1 h postinfection, cells were washed three times with PBS to remove unbound virus before the
addition of VGM. At 6, 12, 18, and 24 h.p.i., 100 ul of supernatant was collected and kept at —-80°C before
titration on MDCK cells.

Structural locations of the identified mutations in CA/04 HA. The 3D location of three mutant
residues was generated by PyMOL software in the context of the crystal structure of CA/04 hemagglu-
tinin (PDB accession number 3LZG).

Statistics analysis. Data are shown as means = standard errors. Statistical significance evaluation
was assessed by Student’s t test and is indicated in figures as follows: *, P < 0.05; **, P < 0.01; and ***,
P < 0.001.
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