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PREFACE

Influenza virus is an RNA virus that circulates among humans, causing acute respiratory
infections. It is estimated that three to five million people are infected with influenza virus every year,
causing a serious health burden and economic impact due to reduced productivity (1). The young and
the elderly are particularly susceptible to severe disease (2). Therefore, influenza virus poses a constant
and serious public health threat.

Influenza viruses belong to the Orthomyxoviridae family and can be classified into four
distinct types: influenza A, influenza B, influenza C, and influenza D (3, 4). Although influenza A, B,
and C viruses commonly circulate and cause disease in humans, only influenza A virus has caused
serious disease outbreaks; in fact, influenza A virus has caused some of the most serious infectious
outbreaks in history (5). Influenza A viruses are further classified into subtypes based on the antigenic
properties of their two viral surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA); to
date 18 HA (H1-H18) and 10 NA (N1-N10) antigenic subtypes been identified (6, 7). The current
subtypes of influenza A viruses found in people are HIN1 and H3N2 viruses.

To counter the threat of influenza virus, antiviral therapy is one of the main protective
strategies. In particular, NA inhibitors are currently used to treat influenza virus infection (8). NAis a
tetrameric transmembrane protein with enzymatic activity that cleaves the interaction between viruses
and the host cell surface, allowing release of progeny viruses (9, 10). NA inhibitors bind to the active

site on NA molecules and inhibit virus release (8). These inhibitors have been employed successfully



for more than a decade. However, almost all HIN1 viruses isolated between 2007 and 2009 acquired

resistance to oseltamivir, which is the most commonly used NA inhibitor (11, 12). Although the current

dominant strains are susceptible to NA inhibitors, the emergence of resistant viruses is always a

concern. Therefore, several therapies that target highly conserved features of influenza virus, such as

antibodies to the HA conserved region, are being developed (13, 14).

The virus surface protein HA consists of a globular head and a stem region, and mediates

binding of the virus to host cells via interactions between its receptor binding site (RBS) and the

terminal sialic acids on host cell glycans (15, 16). During the past several years, antibodies targeting

conserved epitopes in the head or stem region of HA have been isolated (14, 17-20). Given their

potential, some of these antibodies are being evaluated in clinical trials (21-23). Antibodies targeting

the functionally conserved residues within the RBS of the HA head possess high protective efficacy

by directly blocking sialic acid receptor binding; such antibodies would be expected to be powerful

anti-influenza agents. However, it is not clear how readily mutant viruses can escape from anti-RBS

antibodies or whether such mutants are biologically fit to compete with wild-type viruses.

Another powerful tool to control influenza virus infection is vaccination, which can induce

protective antibody responses (24, 25). However, influenza viruses can evade virus-specific host

immunity through antigenic drift. Since influenza virus genomes do not have RNA proofreading

enzymes, point mutations accumulate in the antigenic site through successive rounds of replication

(26). Therefore, influenza vaccines must be reformulated frequently to antigenically match circulating



strains (14). For the development of a long-term effective vaccine, it is important to know the exact

antigenicity of the circulating strains and predict their future antigenic drift. However, the antigenicity

of NA is not as well understood as that of HA. And, although some studies have shown the importance

of anti-NA antibodies for protection, the current vaccine does not efficiently elicit antibodies against

NA (27-31).

In this study, I aimed to improve protection strategies through isolation and characterization

of human monoclonal antibodies induced by vaccination or infection. In chapter I, I predicted potential

antigenic variants that may emerge in nature by use of in vitro selection using human monoclonal

antibodies. In chapter II, I isolated and characterized human neutralizing monoclonal antibodies that

recognize the RBS of HA and investigated the ease with which resistant variants emerged. Finally, in

chapter III, I evaluated the antigenic properties of NA by characterizing human monoclonal antibodies

that recognize the lateral surface of the NA head.



CHAPTER 1

Diversity of antigenic mutants of influenza A(HIN1)pdm09

virus escaped from human monoclonal antibodies



Abstract

Since the 2017 Southern Hemisphere influenza season, the A(HIN1)pdm09-like virus

recommended for use in the vaccine was changed because human, but not ferret, sera distinguish

A(HINT)pdmO9 viruses isolated after 2013 from the previously circulating strains. An amino acid

substitution, lysine to glutamine, at position 166 (H3 numbering) in the major antigenic site of HA was

reported to be responsible for the antigenic drift. Here, I obtained two anti-A(HIN1)pdm(09 HA

monoclonal antibodies that failed to neutralize viruses isolated after 2013 from a vaccinated volunteer.

Escape mutations were identified at position 129, 165, or 166 in the major antigenic site of HA.

Competitive growth of the escape mutant viruses with the wild-type virus revealed that some escape

mutants possessing an amino acid substitution other than K166Q showed superior growth to that of

the wild-type virus. These results suggest that in addition to the K166Q mutation that occurred in

epidemic strains, other HA mutations can confer resistance to antibodies that recognize the K166 area,

leading to emergence of epidemic strains with such mutations.



Introduction

The first influenza pandemic of the 21st century began in 2009 with the emergence of the

A(HINT)pdmO9 virus, which replaced the previous seasonal HIN1 (sHINI1) virus (32, 33).

Surveillance of circulating A(HIN1)pdmO9 viruses has revealed some genetic variations in the viral

surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA) (34, 35). However, until recently,

the antigenicity of the circulating A(HIN1)pdmO9 viruses was similar to the vaccine strain

(A/California/7/2009) in assays with panels of antiserum obtained from infected ferrets (34). Therefore,

the World Health Organization (WHO) recommended using A/California/7/2009-like virus as a

vaccine seed virus until the 2016—2017 Northern hemisphere influenza season (34). However, human

sera distinguished the antigenicity of recent A(HINI)pdmO9 viruses from that of the

A/California/7/2009-like vaccine virus, whereas ferret antisera failed to detect this antigenic difference

(36, 37). Accordingly, since the 2017 Southern Hemisphere influenza season, the WHO has

recommended A/Michigan/45/2015-like virus be used as the vaccine seed virus (36, 37).

The HA protein is the major influenza viral antigen and the primary target of neutralizing

antibodies (38). A(HIN1)pdm09-HA has five major antigenic sites, which were identified by studies

using A/Puerto Rico/8/34 (HIN1) (39-42). Two immunodominant sites (Sa and Sb) are located

proximal to the receptor-binding pocket and elicit high potency neutralizing antibodies (39, 41). The

Ca sites (Cal and Ca2) are at the subunit interface, and the Cb site is close to the stalk region of HA

(39, 41). A(HIN1)pdmQ9 viruses isolated after the 2012-2013 influenza season, which are classified



into the genetic group 6B, possess a lysine-to-glutamine substitution at position 166 (K166Q, H3

numbering) within the Sa antigenic site (43). This mutation affects the antigenicity of recent

AHINT)pdmO9 viruses (44). In the 2016-2017 influenza season, A(HIN1)pdmO09 viruses classified

into genetic group 6B.1 circulated among humans (36). The 6B.1 viruses obtained a serine-to-

asparagine substitution at position 165 (S165N) in the Sa antigenic site that resulted in the generation

of an N-glycosylation site (35, 45).

Previous reports have described several human monoclonal antibodies that recognize an

epitope around position 166 of A(HIN1)pdm09-HA and neutralize A(HIN1)pdm09 and sHINI1

viruses. However, these antibodies failed to neutralize A(H1N1)pdm09 viruses isolated after the 2012—

2013 season, which possessed the K166Q mutation, or sHIN1 viruses isolated between 1986 and 2008,

which had a potential glycosylation site (129-NHT-131) masking the epitope around position 166 (46-

48). Middle-aged adults (i.e., born between 1965 and 1979) were reported to have a high antibody titer

against the epitope around position 166 of the HA of A(HIN1)pdmO9 viruses that were circulating

before 2012, since they had been exposed to sHIN1 viruses that were circulating before 1985 and

whose HA lacked the 129-NHT-131 glycosylation site. These middle-aged adults suffered from

AHIN)pdm09 virus infection with substantial morbidity and mortality during the 2013-2014

influenza season because of low neutralization antibody titers against the viruses possessing the

K166Q substitution (43). These reports demonstrate that the epitope around position 166 plays a role

in the antigenic drift recently detected in assays with human, but not ferret, sera. Another group
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confirmed this phenomenon by using a panel of human monoclonal antibodies from a middle-aged

adult (48). In vitro selection of escape mutants from these monoclonal antibodies revealed that a

mutation at position 166 of HA was responsible for the resistance to neutralization, suggesting that the

antigenic drift was caused by the selective pressure of the human antibodies recognizing the epitope

around position 166 (48).

Here, I established two human anti-A(HIN1)pdm09 HA monoclonal antibodies that

recognized the epitope around position 166. I then attempted to obtain escape mutants possessing an

amino acid substitution other than at position 166 and compared their growth ability with that of the

wild-type virus.
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Results

Establishment of human monoclonal antibodies recognizing A(HIN1)pdm09-HA. PBMCs

separated from a human volunteer vaccinated with the 2014-2015 seasonal influenza vaccine were

fused with fusion partner SPYMEG cells to generate hybridomas that expressed a human antibody

(17). After screening by ELISA using recombinant H1-HA, hybridomas positive for anti-HA antibody

production were biologically cloned. As a result of screening with 444 hybridoma clones, I obtained

two monoclonal antibodies (mAbs), 1429B72/2-7 and 1429C45/1-5, which recognized

A(HINT)pdmO9-HA but not H3, HS, H7, or type B-HAs. Nucleotide sequence analysis of the variable

regions of each antibody (Table 1) revealed that the two monoclonal antibodies used the same VH and

VL genes, suggesting that these two antibodies could be derived from the same B cell ancestor. The

VH regions of 1429B72/2-7 and 1429C45/1-5 had 94.9% and 95.6% identities, respectively, compared

with the germline sequence, IGHV3-7*01 (Fig. 1). Similar homologies were also observed for other

genes (D, JH, VL, and JL). These results indicate that 1429B72/2-7 accumulated somatic mutations

compared with 1429C45/1-5.

12



Table 1. Genetic features of human mAbs that recognize A(HIN1)pdm09-HA

Heavy chain Light chain
mADb

VH? CDR3" VL® CDR3
1429B72/2-7 IGHV3-7*01 ARAGSYGDYVPYYNWFDS IGKV3-15*01 QQYNNWPPWT
1429C45/1-5 IGHV3-701  ARAGSYGDYRPLYNWFDS IGKV3-15*01 QQYNNWPPWT

 Variable genes for the heavy chain
> Complementarity determining region 3

¢ Variable genes for the light chain.
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Figure 1. Sequence alignment of the variable regions of the heavy chains. The
VH regions of 1429B72/2-7 and 1429C45/1-5 were compared with the germline
sequence, IGHV3-7*01. Dashes indicate identities with respect to the germline

sequence. The amino acid numbering corresponds to the Kabat numbering scheme.



Human mAbs fail to recognize A(HIN1)pdmO09 viruses isolated after the 2013-2014 season. To

characterize the two mAbs I obtained, I performed a microneutralization assay against A(HIN1)pdm09

viruses isolated in different influenza seasons. 1429B72/2-7 and 1429C45/1-5 neutralized

AHINT)pdmO9 viruses isolated between the 2009 and 2013 seasons with 50% inhibitory

concentration (ICso) values of 0.08-0.12 and 0.24-0.39 pg/ml, respectively (Table 2). However, these

mAbs failed to neutralize A(HIN1)pdmO9 viruses isolated after the 2013-2014 season even at the

highest concentration (50 pg/ml) tested. CR9114, which recognizes the HA stalk (49), inhibited

replication of all A(HINT)pdmO9 viruses tested, yielding an ICso value of 0.92-9.92 pg/ml under the

same experimental conditions. These results indicate that a key amino acid in the epitope recognized

by the two mAbs changed after the 2013-2014 season. To identify this key amino acid substitution, |

compared the amino acid sequences of A(HIN1)pdm09 HA obtained from the Global Initiative on

Sharing All Influenza Data (GISAID). As previously reported (34, 36), this analysis revealed that

A(HIN1)pdmO9 viruses acquired the K166Q mutation in the major antigenic site Sa after 2013 (Table

3 and Fig. 2). The correlation between the loss of neutralization activity of the two mAbs and the

acquisition of the K166Q mutation suggested that these mAbs may recognize an epitope that includes

position 166.

In previous reports (46-48), some mAbs recognizing the epitope around position 166 of

A(HINT)pdmO9 HA failed to neutralize sHIN1 viruses isolated between 1986 and 2008, because these

viruses acquired an N-linked glycosylation at position 129, which likely covers the epitope that

15



includes position 166. To investigate whether 1429B72/2-7 and 1429C45/1-5 have identical

neutralization properties to previously reported 166-specific mAbs (46, 47), 1 tested the neutralization

activities of our mAbs in a microneutralization assay using four sHI1N1 viruses isolated in 1979, 1980,

1988, and 1992. As expected, our two monoclonal antibodies efficiently neutralized the sHIN1 viruses

isolated in 1979 and 1980 but failed to neutralize the SHI1N1 viruses isolated in 1988 and 1992, which

contained the additional glycosylation site created by the K129N substitution, which shielded the

epitope around position 166 (Table 4). CR9114 inhibited the replication of all of the sHIN1 viruses

tested at an ICso value of 12.50—-17.68 pg/ml. These results indicate that our two mAbs recognized the

epitope in a manner similar to that of previously reported mAbs (46-48).
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Table 2. Neutralization activity of mAbs against A(HIN1)pdmO9 viruses

ICso value (ng/ml) against A(HIN1)pdmO9 virus isolated in

mAb 2009  2010-2011°  2011-2012¢  2012-2013¢  2013-2014° 20142015  2015-20168
(Clade 5" (Clade 7) (Clade 6C) (Clade 6B) (Clade 6B) (Clade 6B.1)
1429B72/2-7 0.10 0.08 0.12 0.10 >50 >50 >50
1429C45/1-5 0.39 0.25 0.31 0.39 >50 >50 >50
CRI114 6.25 3.94 3.94 9.92 0.92 1.24 1.24

@ A/California/04/2009, ® A/Hiroshima/66/2011, ¢ A/Osaka/83/2011, ¢ A/Osaka/33/2013, ¢ A/Osaka/6/2014,
f A/Yokohama/50/2015 and & A/Yokohama/94/2015 were used in this experiment.

b Phylogenetic clades are listed for each isolate.



Table 3. Sequence variation of HIN1pdm09 HA at position 166.

Percentage of isolates possessing the indicated residue isolated in

Amino acid .
position Residue 2009—- 2010~ 2011- 2012 2013- 2014f 2015f 2016—
20104 2011¢ 2012f 2013# 2014" 2015 2016 2017¢k
K 99.1 96.4 97.7 72.4 4.6 0.5 0.3 0.5
166 Q 0 0.1 0.4 7.7 93.8 98.2 98.9 99.1
Others 0.9 3.5 1.9 19.9 1.6 1.3 0.8 0.4

4 H3 numbering.
®Northern Hemisphere influenza season (from October to May).

¢ The sequences were obtained from October, 2016 to January, 2017.
43616,°1022,7468, ¢ 1057, " 1632, 1 1139, 5838, and * 424 HA amino acid sequences were used.



Table 4. Neutralization titers of mAbs against sHIN1 viruses

ICso value (ng/ml) against sH1N1virus isolated in

mADb

1979% 1980° 1988°¢ 1992¢
1429B72/2-7 0.28 0.28 >50 >50
1429C45/1-5 0.25 0.14 >50 >50
CR9114 17.68 12.50 15.75 12.50

2 A/Kumamoto/37/79, ® A/Kamata/8/80, ¢ A/Tokyo/913/88, and d A/Minato/131/92 were used in this experiment.



165 Receptor-

Major binding
antigenic site
site (Sa)

(Side view) (Top view)

Figure 2. Positions 129, 165, and 166 on the HA molecule. Each HA monomer is
indicated in white, gray, and black. Cyan indicates the residues involved in receptor
binding; green indicates the Sa antigenic site. Amino acids at positions 129 (orange),

165 (magenta), and 166 (red) are shown on the HA of A/California/04/2009.



Escape mutants from 1429B72/2-7 and 1429C45/1-5. Recent A(HIN1)pdmO09 viruses possessing

the K166Q mutation do not react with antibodies that recognize the epitope that includes position 166

(36, 43, 48). In addition, an in vitro-selected mutant possessing K166E did not react with such

antibodies (48). To examine whether antigenic variants possessing mutations at positions other than

166 would be selected by antibodies recognizing the epitope that includes position 166, I attempted to

select escape mutant viruses in triplicate by passaging CAO4 virus with various concentrations of

1429B72/2-7 or 1429C45/1-5. After 3—15 passages, I identified escape mutants for each mAb. These

mutants possessed the N129D, S165C, S165N, K166E, or K166N mutation in their HA (Table 5). All

of these mutations are located in the major antigenic site Sa (Fig. 2). No amino acid mutations were

identified in the NA proteins. The results of selecting escape mutants indicate that an amino acid

substitution at position 129 or 165, in addition to 166, conferred resistance to A(HIN1)pdm09 virus

against human antibodies that recognized the epitope around position 166.
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Table 5. Amino acid substitutions in the HA of escape mutants.

Amino acid substitution in the HA of the escape

mADb mutant
Clone 17 Clone 2 Clone 3
1429B72/2-7 K166E° S165C N129D
1429C45/1-5 N129D S165N K166N

2Clones 1-3 were independently obtained.

®H3 numbering.



Growth kinetics of the escape mutant viruses in cultured cells. To examine the fitness of the viruses

possessing mutations that allowed them to escape from 1429B72/2-7 and 1429C45/1-5, I compared

the growth kinetics of the escape mutant viruses in cultured cells with those of the wild-type virus. I

infected A549 cells with the wild-type CA04 virus or a mutant virus possessing an escape mutation

(i.e., HA-N129D, -S165C, -S165N, -K166E or -K166N) or the naturally occurring HA-K166Q

substitution at a multiplicity of infection (MOI) of 0.0001. Virus titers at 12, 24, 48, and 72 hours post-

infection (hpi) were determined by use of plaque assays with MDCK cells (Fig. 3). The virus with the

N129D or K166E mutation replicated to higher titers than the wild-type virus (P < 0.01). The K166Q

or K166N mutant viruses replicated to slightly higher titers compared with the wild-type virus. The

S165C mutant virus replicated as efficiently as the wild-type virus, whereas the S165N mutant virus

showed slightly lower titers at 12, 24, and 72 hpi. These results demonstrate that the fitness of some

of the antigenic variant viruses in these human cells was increased by the escape mutation.
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Figure 3. Replication kinetics of the wild-type virus and escape
mutants. The growth kinetics of the wild-type CA04 virus and the
indicated mutant viruses in A549 cells were compared. Cell culture
supernatants of A549 cells infected at an MOI of 0.0001 were collected
at 12, 24, 48, and 72 hpi. Virus titers are presented as the mean + SD
(n=3). **P <0.01 (two-way ANOVA followed by Dunnett’ s tests).



Competitive growth of the escape mutant viruses with wild-type virus. To further examine the

fitness of the escape mutant viruses, I performed a competitive replication assay against the wild-type

virus (Fig. 4). Briefly, I co-infected A549 cells with a 1:1 ratio of the wild-type CA04 virus and a

mutant virus each possessing an escape mutation or the naturally occurring HA-K166Q. The

populations of wild-type and mutant viruses were then measured by using a droplet digital PCR

(ddPCR) system at 12, 24, 48, and 72 hpi. I found that the population of mutant viruses with HA-

N129D or -K166E became dominant at 72 hpi (~75%), whereas the mutant viruses with HA-S165C

or -S165N was detected at relatively low levels (~30%) at 72 hpi. The proportion of mutant viruses

with HA-K166N or -K166Q remained at the same level as that of the wild-type virus at even 72 hpi.

These results show that some escape mutant viruses are as competitive as the naturally occurring HA-

K166Q mutant with the wild-type virus. Next, I performed the competitive replication assay using the

HA-N129D or -K166E virus and the currently circulating HA-K166Q mutant virus (Fig. 5). Again, |

co-infected A549 cells with a 1:1 ratio of the K166Q mutant virus and the N129D or K166E virus, and

determined the populations of each mutant virus by using a ddPCR system at 12, 24, 48, and 72 hpi. [

found that the relative proportion of mutant viruses with N129D or K166E became dominant over the

K166Q mutant virus (70%—84%), suggesting that the N129D or K166E mutant virus has the potential

to overcome the currently circulating viruses as well as the pre-2013 isolates. Therefore, it remains

unclear why the virus with HA-K166Q, rather than HA-N129D, -S165C, -S165N, -K166E, or -K166N

25



became dominant in nature. Nevertheless, our results suggest that the escape mutants identified here

had the potential to be dominant strains in the world.
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Figure 4. Competitive growth of escape mutant viruses with wild-type virus in cultured cells. The relative
proportions of the indicated escape mutant virus and the wild-type virus are showed in the panels (grey bars
show the percentage of mutant virus; white bars show the proportion of wild-type virus). The wild-type virus
and the mutant viruses possessing each escape mutation were premixed at a 1:1 ratio based on their PFU titers.
A549 cells were infected with the mixed viruses at an MOI of 0.0001, and supernatants were harvested at 12,
24, 48, and 72 hpi. The relative proportions of wild-type and mutant viruses were determined by using a
QX200 droplet digital PCR system. The average values were measured in three technically independent

experiments, and the SDs are shown as error bars.
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Figure 5. Competitive growth of escape variants with the naturally occurring
K166Q mutant. The relative populations of the mutant viruses possessing
HA-N129D or -K166E and the K166Q mutant virus were examined by using the
competitive replication assay in A549 cells (MOI = 0.0001). The grey bars show the
percentage of the mutant viruses with N129D or K166E and the black bars show the
proportion of the K166Q mutant virus. The relative proportions of the indicated
viruses at 12, 24, 48, and 72 hpi were determined by using ddPCR systems. The
average values were measured in three technically independent experiments, and the

SDs are shown as error bars.



Discussion

Here, I established two human anti-A(HIN1)pdm09 HA monoclonal antibodies, 1429B72/2-

7 and 1429C45/1-5, which failed to neutralize A(HIN1)pdmO9 viruses isolated after 2013. By

passaging the CAO4 virus in the presence of these monoclonal antibodies, I obtained escape mutant

viruses that possessed an amino acid substitution at position 129, 165, or 166. Some escape mutants

showed better growth kinetics and became the dominant population in the competitive replication assay.

These findings indicate that antigenic variant viruses with a mutation at position 129 or 165 could be

selected by the immunological pressure of human antibodies that recognize the epitope around position

166 that are abundant in some individuals (43, 48), leading to the emergence of epidemic strains with

such mutations.

Although an antigenic variant with the HA-K166Q mutation was selected in nature and

became an epidemic strain in the 2012-2013 season, A(HIN1)pdm09 viruses possessing the N129D

or S165N mutation temporarily appeared in the 2010-2011 season (50, 51). The S165N substitution

did not affect the antigenicity of A(HIN1)pdmO9 viruses in assays with ferret anti-serum (52, 53) but

no information is available in this regard with human serum. The N129D substitution led to a

significant reduction in the hemagglutination inhibition (HI) titer with human sera obtained from

infected or vaccinated subjects (54). Although viruses with the N129D or S165N mutation were

obtained in vitro and those with N129D showed high replicative ability in the competitive replication

assay, the viruses with N129D did not spread in human populations. These findings suggest that the
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emergence of antigenic drift strains is a stochastic event in which an epidemic strain emerges randomly

from viruses with similar epidemic potential, or that factors other than HA antigenicity and replicative

ability in vitro (e.g., transmissibility) play roles in determining which antigenic variants become

epidemic strains. Nonetheless, the selection of antigenic variants in vitro provides useful information

for identifying future epidemic strains. Further studies are needed to understand exactly what

determines which antigenic mutants became dominant in the field.

1429B72/2-7 and 1429C45/1-5 did not neutralize A(H1N1)pdmO9 isolates from after 2013 or

sHINT isolates from after 1985 even at the highest concentration (50 pg/ml) tested. The neutralization

properties of these two mAbs were similar to those of K166-specific antibodies that were reported

previously (46-48). In these previous studies, the K166-specific antibodies were found in individuals

who were born before 1979, so they had been exposed to sHINT1 viruses that circulated prior to 1985

and lacked the glycosylation site at position 129 (43). 1429B72/2-7 and 1429C45/1-5 were obtained

from a volunteer who was born in 1976, which is consistent with this pattern. The age in humans at

which antigenic drift mutants are selected in nature is not known. However, our studies, together with

those of others, suggest that at least the K166Q mutants may have been selected in individuals who

had been exposed to sHIN1 that circulated prior to 1985, which lacked a glycosylation site near the

166 epitope (43, 55); namely, individuals who are over 30 years old.

Sequence analysis of variable heavy and light chain genes revealed that 1429B72/2-7 and

1429C45/1-5 share the VH3-7*01 gene, and somatic mutations are accumulated in 1429B72/2-7

30



compared with 1429C45/1-5. Together with the ICso values against A(HIN1)pdmO9 viruses, these data

suggest that 1429B72/2-7 may have acquired its higher neutralizing activity via these accumulated

somatic mutations. Nine human monoclonal antibodies, clones 4A10, 2010, 4K8, 6D9, 2Kl11,

SFV009-3F05, T2-9A, T2-6A, and T2-7D, which were reported to recognize the epitope around HA-

166K of A(HIN1)pdm09 and to neutralize sHIN1 viruses isolated between 1986 and 2008, utilize the

VH3-7*#01 gene in combination with various DH, JH, VL, and JL genes (46-48). Although the Sa

antigenic site could be recognized by human antibodies harboring various kinds of VH genes (56, 57),

the VH3-7*01 gene might play an important role in developing an antibody specific for the epitope

that includes position 166 of both sHIN1-HA that circulated between 1986 and 2008 and HIN1pdm09-

HAs that circulated before 2013.

In conclusion, amino acid substitutions other than at position 166 in major antigenic site Sa

can be selected by the immunological pressure of antibodies, such as 1429B72/2-7 and 1429C45/1-5,

that recognize an epitope including position 166. In combination with computational analyses and

other methods (58), in vitro selection of potential antigenic drift mutants may improve the selection of

vaccine seed viruses.
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CHAPTER 11

Isolation and characterization of human monoclonal antibodies
that recognize the influenza A(HIN1)pdm09 virus
hemagglutinin receptor-binding site and rarely yield escape

mutant viruses.
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Abstract

The influenza A virus rapidly mutates to escape from antibodies. Here, I isolated and
characterized three human monoclonal antibodies (mAbs) that neutralize A(HIN1)pdmO9 viruses.
Generation of escape mutant viruses suggested that these antibodies recognized conserved residues of
the receptor-binding site (RBS) of hemagglutinin (HA) and that mutant viruses that escaped from these
mAbs rarely appeared. Moreover, the escape mutant viruses grew significantly slower than wild-type
virus, indicating their reduced fitness. These results indicate that these three human mAbs against the
RBS of HA have the potential to be anti-influenza agents with a low propensity for the development

of resistant viruses.
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Introduction

The surface glycoprotein hemagglutinin (HA) of influenza virus mediates attachment to host

cells via binding to its receptor, sialyloligosaccharides (60, 61). Antibodies against the

immunodominant globular head of HA are generated after infection or vaccination (62). Previously, a

panel of murine monoclonal antibodies was used to identify five antigenic sites (Sa, Sb, Cal, Ca2, and

Cb) on the H1-HA head domain (39, 41, 63).

Recently, structural analysis of monoclonal antibodies (mAbs) bound to HAs showed that the

CDRH3 loop of the antibodies was inserted into the receptor-binding site (RBS), making a direct

interaction with the conserved amino acid residues in the RBS (18, 64-71). Among these anti-RBS

mAbs, C05, F045-092, and 2G1 interact with heterosubtypic HA (65, 72, 73). CO5, which neutralizes

pre2009H1, H2, H3, and H9 viruses in vitro, extends its CDRH3 loop to the RBS, resulting in direct

inhibition of receptor binding (65). The CDRH3 of F045-092 mimics sialic acid to fit in the RBS of

pre2009H1-, H2-, H3-, and H5-HA (73). 2G1 inhibits the hemagglutination activity of H2- and H3-

HA by binding to the RBS (72). In addition, subtype-specific anti-RBS mAbs have also been reported

(18-20, 69, 70, 72, 74-77). CH65, 1F1, and H2526 neutralize pre2009H]1 virus (18, 19, 69), whereas

5J8, CH67, and 641 1-9 neutralize both pre2009H1 and H1pdmO9 viruses (19, 20, 69). 8F8 and 8M2,

HS5.3, FLAS, FLD21, AVFlulgG03, and AVFlulgGO1, or HNIgGA6 and HNIgGBS5 specifically

recognize the RBS of H3-HA (72), H5-HA (70, 74-76), or H7-HA (77), respectively. Among these

RBS-binding antibodies, the frequency with generation of escape mutants (after five passages) has
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been reported only for HNIgGA6 and HNIgGBS (77).

Antiviral therapy can reduce the burden of seasonal influenza and provides the first line of

defense against pandemic influenza before vaccines are available. Because the emergence of NA

inhibitor-resistant viruses is always a concern, novel classes of anti-influenza agents are needed.

Antibodies that bind to the functionally conserved residues within the RBS could fulfill the need for

an anti-influenza agent with a low propensity for the development of resistant viruses. However, it is

not clear how readily mutant viruses can escape from anti-RBS mAbs or whether such mutants are

biologically fit to compete with wild-type viruses.

Here, I obtained three human mAbs that recognize the RBS of HlpdmO9-HA and

characterized their protective potential in vitro and in vivo. I also evaluated the ease with which escape

mutant viruses emerged and their growth capability in vitro.
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Results

Three human monoclonal antibodies recognizing Hlpdm09-HA. PBMCs were obtained from

human volunteers who were vaccinated with the 2014-2015 seasonal influenza vaccine (78) or with

the influenza H5N1 pre-pandemic vaccine (79). These cells were then fused with fusion partner

SPYMERQG cells to generate hybridomas that expressed a human antibody. After screening by ELISA

using recombinant H1pdm09-HA, positive hybridomas were biologically cloned. Eventually, I

obtained three monoclonal antibodies: 1428A33/1 and 1428B5/1from volunteers that received the

seasonal vaccine and F3A19 from a volunteer who received the HS5N1 vaccine. The nucleotide

sequences of the VH and VL regions of all three human mAbs were obtained, and the CDR3 sequences

were analyzed to determine the closest germline gene by using the IgBlast software in the NCBI

database (Table 6); 1428A33/1 used the IGHV2-70*01 germline gene and the IGLV3-9*01 germline

gene, whereas 1428B5/1 and F3A19 used the IGHV4-39*%01 and IGLV3-21*01 germline genes. The

VH region of 1428A33/1 differed from the IGHV2-70*01 germline sequence by 2.4% (Table 6 and

Fig. 6), whereas those of 1428B5/1 and F3A19 differed by 7.7% and 12.3% from the IGHV4-39*01

germline sequence, respectively.
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Table 6. Genetic features of human mAbs that recognize A(HIN1)pdm09-HA.

Heavy chain Light chain
mAb VH ? Mismatches ° CDR3 ¢ VL4 Mismatches CDR3
(mutation rate, %) (mutation rate, %)
1428A33/1 1GHV2-70*01 7/297 (2.4) ARYMYGDHVHYFDY IGLV3-9*01 7/283 (2.5) QVWDSNTEVV
1428B5/1  IGHV4-39*01 23/299 (7.7) ARHLRGDTVGGVIDY IGLV3-21*01  17/288 (5.9) QVWDSGSDHVI
F3A19 IGHV4-39*%01 34/300 (12.3) ARVNRGWLPDKADWEFDT IGLV3-21*01  24/288 (8.3) QVWDLSSDHVV

 Variable genes for the heavy chain.

®The sequences of the VH or VL regions of each mAb were compared with their germline sequence.
¢ Complementarity determining region 3.

4 Variable genes for the light chain.
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Figure 6. Sequence of the heavy chain variable regions. The VH regions of 1428A33/1 (A),

1428B5/1, and F3A19 (B) were compared with the indicated germline sequence. Dashes indicate no

changes for the residue.



Binding and neutralization capability of the three mAbs. To determine the specificity of the
binding activity of the three mAbs, I performed an ELISA using recombinant H1-, H3-, H5-, and H7-
HA proteins. I found that 1428 A33/1 and 1428B5/1 showed specific binding to H1pdm09-HA
(ODaos values = 1.52 and 1.49, respectively), whereas F3A19 bound to pre2009H1-HA derived from
a 2007 isolate, HS-HA, and H1pdm09-HA (ODa4os values = 1.21-1.32, Table 7). CR9114, which
recognizes the HA stem (49), bound to all HA proteins tested under the same experimental conditions
(ODaos values = 1.03—1.32). Furthermore, I determined the binding kinetics of 1428 A33/1,
1428B5/1, and F3A19 with HIpdm09-HA by using BLI and an Octet Red 96 instrument.

1428A33/1, 1428B5/1, F3A19, and CR9114 showed rapid binding to HIpdm09-HA with kon values
of 8.1 x 10°,7.9 x 10°, 4.7 x 10°, and 1.0 x 10° (1/Ms), respectively (Table 8). None of these mAbs
detached from HA, resulting in kofr values of < 1.0 x 1077 (1/s) (Table 8). Therefore, the Kp values of
these four mAbs to H1pdm09-HA was less than 1.0 x 10712 M, indicating that our mAbs exhibited
high binding affinities, comparable to that of CR9114.

Next, I investigated whether these mAbs had in vitro neutralizing potency by using a
microneutralization assay that included five H1N1pre2009 viruses, two A(HIN1)pdmO9 viruses, and
one H3N2 virus. Both 1428A33/1 and 1428B5/1 neutralized the two A(HIN1)pdmO9 viruses, which
were isolated in 2009 and 2015, respectively, with 50% inhibitory concentration (ICso) values of 0.06—
0.46 pg/ml (Table 9). Both mAbs failed to neutralize the HIN1pre2009 or H3N2 viruses even at the
highest concentration (50 pg/ml) tested. F3A19 neutralized both the A(HIN1)pdmO9 viruses and
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H1N1pre2009 viruses isolated after 1988, with ICso values of 0.14-0.62 pg/ml. CR9114 inhibited the

replication of all viruses tested, yielding an ICso value of 1.24-17.68 pg/ml under the same

experimental conditions. These results indicate that F3A19 shows broader neutralization activity than

1428A33/1 and 1428B5/1, which possess similar neutralization capability.

40



Table 7. Reactivity of mAbs with different subtypes of HA.

ODu4os values at 1 ug/ml of mAb

mAb H1pre2009
: H1pdm09© H3 ¢ HS5 ¢ H7

1918 ® 2007 ®
1428A33/1 0.03 ¢ 0.02 1.52 0.04 0.02 0.01
1428B5/1 0.03 0.02 1.49 0.01 0.03 0.05
F3A19 0.02 1.23 1.21 0.05 1.32 0.02
CR9114 1.23 1.25 1.05 1.32 1.15 1.03

HA proteins were derived from *A/Brevig Mission/1/18, b A/Brisbane/59/2007, ¢A/California/07/2009, 9A/Perth/16/2009,
°A/Egypt/N05056/2009, and ‘A/Netherland/219/2003.



Table 8. Binding kinetics of mAbs with recombinant H1pdm09-HA.

mAb Kon (1/Ms) Kofr (1/s) Kb (M)
1428 A33/1 8.1E+5 <1.0E -7 <l.0E-12
1428B5/1 7.9E +5 <l1.0E-7 <l.0E-12
F3A19 4.7E +5 <1.0E -7 <l.0E-12

CR9114 1.OE+6 <l1.0E-7 <l.0E-12




Table 9. Neutralization activity of mAbs against influenza A viruses.

ICso value (pg/ml) against

mAb HIN1pre2009 A(HIN1)pdm09 H3N2
1979 1980° 1988° 1992¢ 2007 ¢ 20091 2015¢ 2009"
1428 A33/1 >50 >50 >50 >50 >50 0.06 0.46 >50
1428B5/1 >50 >50 >50 >50 >50 0.08 0.10 >50
F3A19 >50 >50 0.39 0.62 0.46 0.16 0.14 >50
CRO114 17.68 12.50 15.75 12.50 11.81 6.25 1.24 6.25

aA/Kumamoto/37/79, °A/Kamata/8/80, °A/Tokyo/913/88, dA/Minato/131/92, °*A/Brisbane/59/2007, fA/California/04/2009, 2A/Yokohama/94/2015,
and "A/Perth/16/2009 were used in this experiment.



In vivo protection of mice by the three mAbs against lethal challenge. To evaluate the dose-

dependent protective efficacy of 1428A33/1, 1428B5/1, and F3A19, 1 examined whether these three

mAbs protected mice from lethal challenge with the A(HIN1)pdmO09 virus. Each of our mAbs, CR9114,

or anti-influenza B virus HA mAb 1430E3/9 at 15, 3, 0.6, or 0.12 mg/kg, or PBS was intraperitoneally

administrated to four mice per group 24 h before challenge with the mouse-adapted

A/California/04/2009 strain. 1428 A33/1, 1428B5/1, and F3A19 protected all of the mice from death

when dosed at 0.6 mg/kg or greater (Fig. 7A). At 0.12 mg/kg, 1428A33/1 partially protected mice,

1428B5/1 completely protected mice, and F3A19 failed to protect the mice. Most mice that received

the 0.6 mg/kg or greater dose of CR9114 survived the 14-day observation period. All mice that received

PBS or 1430E3/9 died within 10 days of the challenge. Furthermore, I assessed virus titers at 3 and 6

days post-infection in the nasal turbinates and lungs of infected mice that received each mAb at 3

mg/kg. On day 3 post-infection, virus titers in the lungs of infected mice that received 1428B5/1 or

F3A19 were significantly lower than those in the lungs of mice that received the negative control

1430E3/9 (Fig. 7B). On day 6 post-infection, mice that received 1428A33/1, 1428B5/1, or F3A19 had

significantly lower virus titers in the lungs than mice that received 1430E3/9 (Fig. 7B). In the nasal

turbinates, virus titers were not affected by administration of any mAb. These results demonstrate that

1428A33/1, 1428B5/1, and F3A19 directly suppress virus propagation following lethal infection with

A(HINT)pdmO9 virus.

Next, I examined the protective efficacy of F3A19 against HSN1 and HIN1pre2009 viruses,
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since F3A19 recognized H1pre2009-HA and H5-HA in our ELISA. F3A19, CR9114, or 1430E3/9 at
3 mg/kg was intraperitoneally administered to mice. One day later, the mice were intranasally infected
with 10 MLDso of the H5N1 virus or 10° PFU of the HIN1pre2009 virus. Body weights of four mice
per group were monitored daily for 14 days, and three mice per group were euthanized on days 3 and
6 post-infection for virus titrations of the nasal turbinates and lungs. F3A19 partially protected mice
from lethal infection with HSN1 virus, whereas all mice that received 1430E3/9 died within 10 days
of the challenge infection (Fig. 8A). F3A19 reduced virus titers of HSN1 virus in nasal turbinates on
day 6 post-infection (Fig. 8B). In addition, F3A19 significantly suppressed the body weight loss of
mice infected with HIN1pre2009 virus (Fig. 8A), and suppressed HIN1pre2009 virus propagation in
the lungs of mice on day 6 (Fig. 8C). Taken together, these results suggest that F3A19 broadly protects
mice from infection with group 1 viruses (e.g., A(HIN1)pdm09, HSN1, and HIN1pre2009 viruses)

albeit with less efficacy against HSN1 virus than the other viruses.
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Figure 7. In vivo protective activity of mAbs. (A) Four mice per group were intraperitoneally injected with PBS or the indicated antibodies at 15, 3, 0.6, or 0.12 mg/kg.
One day later, the mice were challenged with 10 MLD350 of MA-CAO04 virus. Body weight and survival were monitored daily for 14 days. CR9114 and 1430E3/9 were used
as a positive control and a negative control antibody, respectively. Mouse body weights are expressed as mean = SD. (B) Three mice per group were intraperitoneally
injected with the indicated antibodies at 3 mg/kg. One day later, the mice were challenged with 10 MLDS50 of MA-CA0Q4 virus. On days 3 and 6 post-infection, virus titers in

the nasal turbinates and lungs were examined. **P < 0.01 (one-way ANOVA followed by Dunnett’ s tests)
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Figure 8. In vivo protective efficacy of F3A19 against HSN1 and HIN1pre2009 viruses. (A) Four mice per group were intraperitoneally
injected with F3A19, 1430E3/9, or CR9114 at 3 mg/kg. One day later, the mice were intranasally challenged with 10 MLD50 of the H5SN1 virus
(A/Vietnam/1203/2004) or 106 PFU of the HINI1pre2009 virus (A/Brisbane/59/2007). Body weight was monitored daily for 14 days. CR9114
and 1430E3/9 were used as a positive control and a negative control, respectively. Mouse body weights are expressed as means £ SD. **
indicates P < 0.01 (two-way ANOVA followed by Dunnett’ s tests). (B and C) Three mice per group were intraperitoneally injected with the
indicated antibodies at 3 mg/kg. One day later, the mice were challenged with 10 MLD50 of the H5N1 virus (B) or 106 PFU of the
HIN1pre2009 virus (C). On days 3 and 6 post-infection, virus titers in the nasal turbinates and lungs were determined. **P < 0.01 (one-way

ANOVA followed by Dunnett’ s tests)



Mutations that permit escape from 1428A33/1, 1428B5/1, and F3A19. I attempted to select escape

mutant viruses in triplicate (I called them lines 1, 2 and 3) by passaging CA04 virus in the presence of

various mAb concentrations to identify the epitopes of 1428 A33/1, 1428B5/1, and F3A19. Although

mutant viruses that escaped from human mAbs against the Sa antigenic site were obtained previously

by 3—15 passages, as described elsewhere (78), at least one out of the three lines did not escape from

1428A33/1, 1428B5/1, or F3A19 even after 30 passages in the presence of each mAb (Table 10). When

escape mutants were obtained, 9-25 passages were required. Given that escape mutants were obtained

from the anti-RBS mAbs HNIgGA6 and HNIgGBS5 after five passages (77), I conclude that it is

relatively challenging for viruses to escape from our three mAbs.

To identify mutations that occurred during passages, I analyzed the nucleotide sequences of

the HA, NA, PB2, PB1, and PA proteins by direct sequencing (Table 10). I found that escape mutant

1428A33/1 line 1 possessed the K125E, D190V, and D348Y mutations in its HA and that 1428B5/1

line 3 possessed the G143E and K145E mutations in its HA (Table 10). F3A19 line 1 or line 2 possessed

the A137T, K145E, and D190V mutations, or the K125N, A137T, S165N, A189T, D190N, and S193N

mutations, respectively. In addition, 1428 A33/1 lines 1 and 2 had the K125N mutation, and the A189D

and E501K mutations in the HA, respectively. 1428B5/1 line 2 possessed the KI125N and D366E

mutations, whereas F3A 19 line 3 possessed the K125N and S193R mutations. 1428B5/1 line 1 had no

mutations in its HA even after 30 passages. In other segments, amino acid mutations were found in the

PB2, PB1, or PA proteins of seven virus lines and mutations in the NA protein were detected in five
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lines (Table 10).

To confirm that the passaged viruses indeed escaped from the mAbs, I generated mutant CA04

viruses possessing substitutions in HA that were found in each passaged virus and the seven remaining

wild-type segments by use of reverse genetics and performed the neutralization assay. Mutant viruses

possessing the substitutions K125E+D190V+D348Y (found in 1428A33/1 line 1), G143E+K145E

(1428B5/1 line 3), A137T+K145E+D190V (F3A19 line 1), or

KI125N+A137T+S165N+A189T+D190N+S193N (F3A19 line 2) in their HA grew well even in the

presence of the highest concentrations of mAbs (Table 11), indicating that these mutations were

important for escape from the mAbs. Of note, the mutant virus with the G143E+K145E substitutions

(1428B5/1 line 3) in HA escaped from 1428A33/1 and the mutant virus with the

A137T+K145E+D190V substitutions (F3A19 line 1) in HA was resistant to both 1428A33/1 and

1428B5/1. Other passaged viruses showed similar ICso values against the homologous mAbs to that of

the wild-type virus. These results suggest that some of the mutations found in the escape mutants may

be responsible for their resistance to the mAbs.

To determine which amino acid substitutions contributed to escape from each mAb, I prepared

mutant CA0O4 viruses possessing single amino acid substitutions and investigated their sensitivity to

each mAb. 1428A33/1 failed to neutralize mutant virus possessing the D190V or K145E substitution,

and 1428B5/1 failed to neutralize virus possessing the K145E substitution (Table 12). Although the

ICso values of F3A19 against the mutant viruses possessing A137T, D190V, or D190N were higher
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than against wild-type virus, these single amino acid substitution mutant viruses were neutralized by

the mAbs with IC50 values of less than 19.8 pg/ml. Therefore, I generated mutant viruses possessing

the double mutations of A137T and D190V or D190N and then tested the neutralization capability of

F3A19 against these double mutant viruses. F3A19 failed to neutralize the double mutant viruses even

at the highest concentration tested (Table 12). Similarly, the double mutant viruses were not neutralized

by either 1428A33/1 or 1428B5/1. These results demonstrate that amino acid mutations at positions

137, 145, and 190 play an important role in escape from 1428A33/1, 1428B5/1, and F3A19. To

visualize these positions, I mapped these residues on the HA molecule (Fig. 9). The amino acids at

positions 137 and 190 are located in the 130-loop and the 190-helix of the RBS (80, 81), respectively.

The amino acid at position 137 is also found near the RBS, suggesting that 1428 A33/1, 1428B5/1, and

F3A19 target the RBS of HA.
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Table 10. Amino acid substitutions in HA, NA, PB2, PB1, and PA of viruses passaged in the presence of mAbs.

Escaped Virus Passage Amino acid substitution(s) in
from line ® number HA?Y NAc¢ PB2 PB1 PA
1 104 K125E+D190V+D348Y - - - T32N
1428A33/1 2 30¢ K125N - D680N+D740N - -
3 30 A189D+ES01K G27E - - -
1 30 -t KI111IN T751N - -
1428B5/1 2 30 K125N+D366E - - N533S+V6401  T162S+I483L+1592V
3 15 G143E+K145E E119K - - -
1 9 A137T+K145E+D190V S1531 - - N222S
F3A19 2 25 KI2SN+AISTTHSI6N - - R220K 1554M
+A189T+D190N+S193N
3 30 K125N+S193R S341F - 1164V+M3391 -

# Lines 1-3 were independently obtained.

®H3 numbering.

¢N2 numbering.

4 The passage number at which escape mutants were obtained.

¢ The passage was aborted when escape mutants did not emerge by 30 passages.

f<_* indicates that no mutation occurred.



Table 11. Neutralization activity against mutant viruses possessing amino acid substitutions in HA.

ICso value (ng/ml) against mutant viruses possessing amino acid substitutions found after passaging viruses in the presence of

1428A33/1 1428B5/1 F3A19

" KI125E+D190V K125N A189D K125N G143E A137T+K145E  KI125N+A137T+S165N+ K125N “(I;E;ZE)G
+D348Y +E501K +D366E  +K145E +D190V A189T+D190N+S193N +S193R
1428A33/1 >50 0.10 0.14 0.10 >50 >50 14.7 0.28 0.06
1428B5/1 0.39 0.11 0.55 0.14 >50 >50 0.55 0.06 0.08
F3A19 19.3 0.14 0.11 0.62 25 >50 >50 0.16 0.16
CR9114 4.96 9.92 7.87 4.96 1.83 1.56 6.25 1.83 6.25

#1Cso values against the parental virus are from Table 9.



Table 12. Neutralization activity of mAbs against variant viruses with each escape mutation.

ICsy value (png/ml) against variant viruses each possessing amino acid substitutions of escape mutants obtained from:

1428A33/1 1428B5/1 F3A19
mAb
Al137T+ Al137T+
K125E D190V* D348Y GI143E  KI145E? A137T KI125N S165N  Al189T DI9ON SI193N

D190V D190N

1428A33/1 0.11 >50 0.12 0.16 >50 0.14 0.28 0.14 0.16 17.7 0.28 >50 >50

1428B5/1 0.25 0.39 0.14 0.11 >50 0.28 0.11 0.10 0.14 0.49 0.10 >50 >50

F3A19 0.29 10.6 0.14 0.06 0.14 1.39 0.49 0.16 0.14 19.8 0.11 >50 >50

CR9114 7.87 9.92 2.48 2.48 3.94 3.94 1.24 1.24 1.97 2.48 6.25 0.98 4.42

? Escape mutants obtained from F3A19 also possessed the indicated mutation.



Blue: Residues known to interact with

a sialyloligosaccharide receptor
Figure 9. Positions of escape mutations on the HA molecule. Blue
indicates the residues involved in receptor binding. Red indicates the
amino acid positions involved in escape from 1428A33/1, 1428B5/1, and
F3A19. These amino acids are shown on the HA of A/California/04/2009.

Each HA monomer is indicated in white, gray, and black.



Growth Kinetics of the escape mutant viruses in vitro. To examine the fitness of the viruses

possessing mutations that allowed them to escape from 1428 A33/1, 1428B5/1, and F3A19, I compared

the growth kinetics of mutant viruses possessing the escape mutations (i.e., HA-D190V, -K145E, -

A137T+DI190V, or -A137T+D190N) in A549 and MDCK cells with those of the wild-type virus. All

mutant viruses tested replicated to significantly lower titers than the wild-type virus at 24—72 hpi (Fig.

10). These results demonstrate that the fitness of the escape mutants was decreased.
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Figure 10. Growth kinetics of wild-type and escape mutant viruses. The growth kinetics of the wild-type CA04
virus and the indicated mutant viruses in A549 cells and MDCK cells were compared. Cell culture supernatants of
A549 and MDCK cells infected at an MOI of 0.0001 were collected at 12, 24, 48, and 72 hpi. Virus titers are
presented as the mean + SD (n=3). **P < (.01 (two-way ANOVA followed by Dunnett’ s tests).



Serum neutralization titers of vaccinated individuals against escape mutant viruses. To examine

the proportion of antibodies that recognize epitopes similar to those recognized by the mAbs

characterized in this study (i.e., 1428A33/1, 1428B5/1, and F3A19) in the individuals from whom I

generated the mAbs (SeaV-28 and H5V-3, Table 13), I examined the neutralization titers against escape

mutant viruses of sera from the two individuals. The virus neutralization assay revealed that the

neutralizing activity of these sera against escape mutant viruses was similar to that against the wild-

type virus (Table 13). These results suggest that antibodies that target epitopes similar to those

recognized by mAbs 1428 A33/1, 1428B5/1, and F3A19 are not predominant in these individuals.
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Table 13. Virus neutralization titers of sera from the two individuals from whom mAbs were isolated.

Neutralization titer against the CA04 virus possessing HA of

Volunteer ID? -
Wild-type D190V K145E A137T+D190V  A137T+D190N
SeaV-28 1024 512 512 1024 512
H5V-3 256 128 128 128 128

#Serum samples were taken 30 day after vaccination.



Discussion

Here, I obtained three human mAbs that recognize the RBS of HA: 1428 A33/1 and 1428B5/1

were specific to Hlpdm09-HA, whereas F3A19 recognized both H1pdm09- and H5-HA. I passaged

viruses 9-25 times to obtain escape mutants and in some instances failed to obtain such mutants even

after 30 passages. Although information about the frequency with which mutant viruses escape from

anti-RBS mAbs is limited, one report indicated that such viruses escaped from HNIgGA6 and

HNIgGBS after only five passages (77). Therefore, compared with HNIgGA6 and HNIgGBS, our

results suggest that it is more difficult for viruses resistant to our three mAbs to emerge. Furthermore,

the escape mutant viruses showed significantly less efficient replication in vitro, indicating that mutant

viruses that are able to escape from these three anti-RBS mAbs would be unlikely to dominate the

parental viruses. Given that the potential emergence of escape mutant viruses is one of the main

disadvantages of mAbs as antiviral treatments, mAbs such as ours that rarely produce escape mutant

viruses should be useful as protective antibodies.

The human mAb 5J8, which recognizes the RBS of Hlpdm09-HA, shares the epitope at

positions 137, 145, and 190 with our anti-RBS mAbs (20, 70). Since 5J8 neutralizes a broad array of

HINTI viruses isolated between 1918 and 2009, the exact binding mode of our mAbs should be

compared to that of 5J8 by co-crystal structure analysis. Such an analysis may reveal structural reasons

why the breadth of reactivity of these mAbs differs.

The amino acids at positions 145 and 190 are located in the Ca and Sb antigenic sites,
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respectively (39-42), which are the major targets of neutralizing antibodies, suggesting that these

amino acids are exposed to the selective pressure of human neutralizing antibodies. Nevertheless,

lysine at position 145 (99.5%) and aspartic acid at position 190 (99.7%) are highly conserved among

the 18,308 A(HIN1)pdm09 viruses whose HA sequences are available in the GISAID database,

suggesting functional and/or structural restrictions at positions 145 and 190. Among field isolates,

viruses possessing mutations at position 145 or 190 have occasionally been reported but such viruses

have not spread extensively most likely due to reduced fitness in humans. These data further support

the usefulness of our three mAbs as protective antibodies.

F3A19 was isolated from a healthy donor who received the pre-pandemic H5N1 vaccine. In

a previous study that analyzed antibodies obtained from individuals vaccinated with the H5 vaccine,

human mAbs that were specific to H5 had fewer mutations (an average of 12.3 amino acid substitutions

in the heavy variable domain) than mAbs recognizing heterosubtypic HA (an average of 21.6 amino

acid substitutions in the heavy variable domain) (71). Other studies have shown that broadly reactive

mAbs likely arise through stimulation of memory B cells since these mAbs possess significantly more

mutations (82, 83). In the heavy variable region of F3A19, which recognized both H1- and H5-HA, 20

amino acid changes from the germline sequence were observed, suggesting that this mAb was

stimulated by memory B cells and not newly induced by HS vaccination.

The epitopes of anti-RBS human mAbs have been studied by using various methods. The

epitopes of 13 anti-RBS mAbs (C05, F045-092, 2G1, CH65, 1F1, H2526, 5J8, CH67, 641 1-9, 8F8,
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8M2, H5.3, and HNIgGA®6) were identified by structural analysis (18, 64-71), and those of other mAbs

(FLAS, FLD21, AVFIulgG03, AVFIulgGO1, and HNIgGBS5) were investigated by using whole-

genome—fragment phage display libraries or evaluating reactivity to mutated HA proteins (74, 76, 77).

Among them, mutant viruses that escaped from six anti-RBS mAbs (5J8, 8F8, 8M2, 2G1, HNIgGA®6,

and HNIgGBS5) were isolated and characterized previously (20, 72, 77). The escape mutants selected

from these mAbs possessed one or two substitutions in their HA, whereas escape mutants selected

from our mAbs possessed two to six substitutions in HA. Among the mutations found in the passaged

viruses, only one or two mutations were responsible for escape from our mAbs. Since the mutant

viruses possessing escape mutations replicated to significantly lower titers than the wild-type virus,

additional mutations in HA might contribute to emergence of mutant virus escaped from our mAbs.

The replication of escape mutant viruses in MDCK cells was similar, whereas that in A549

cells differed (Fig. 10). An escape mutation at position 137, 145, or 190 of HA affects the binding

properties of the HIN1 virus to the cellular receptor (84, 85). Therefore, the growth of escape mutant

viruses might be affected by the amount and balance of a2,3-linked and 0.2,6-linked sialic acids on the

cells; the expression of 02,3-linked and 02,6-linked sialic acids on MDCK cells differs from that on

A549 cells (86, 87).

Co-crystal structure analysis revealed that some mAbs that recognize the RBS utilize an

aspartic acid residue of HCDR3 to insert a carboxylate in the RBS that would be occupied by the

carboxylate of the sialic acid of the alpha-2,6 sialoglycan receptor (66, 70, 71, 88, 89). Clone 5J8
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inserts a proline of HCDR3 into a universally conserved hydrophobic pocket in the RBS. 1428 A33/1,

1428B5/1, and F3A19 possess aspartic acid in each HCDR3, and F3A19 possesses proline in HCDR3,

suggesting that the mAbs in our study may bind to the RBS by the mode of receptor mimicry that has

been observed with previously reported anti-RBS mAbs (18, 66, 70, 90).

In conclusion, mutant viruses that could escape from 1428A33/1, 1428B5/1, or F3A19 were

difficult to obtain in vitro. Moreover, the escape mutants that did emerge showed significantly less

efficient replication than their wild-type counterparts. These findings show the potential of the three

mAbs obtained in this study as antiviral agents and provided information for the design of a universal

vaccine.
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CHAPTER III

Antigenic drift originating from changes to the lateral surface of

the neuraminidase head of influenza A virus.
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Abstract

Influenza viruses possess two surface glycoproteins, hemagglutinin (HA) and neuraminidase

(NA). Although HA plays a major role as a protective antigen, immunity to NA also contributes to

protection. The NA protein consists of a stalk and a head portion, the latter of which possesses

enzymatic NA (or sialidase) activity. Like HA, NA is under immune pressure, which leads to amino

acid alterations and antigenic drift. The amino acid changes accumulate around the enzymatic active

site, which is located at the top of the NA head. However, amino acid alterations also accumulate at

the lateral surface of the NA head. The reason for this accumulation remains unknown. Here, I isolated

seven anti-NA monoclonal antibodies (mAbs) from individuals infected with A(HIN1)pdmO9 virus. I

found that amino acid mutations on the lateral surface of the NA head abolished the binding of all of

these mAbs. All seven mAbs activated Fcy receptor (FcyR)-mediated signaling pathways in effector

cells, and five of the mAbs possessed neuraminidase inhibition (NI) activity, but the other two did not;

yet all seven protected mice from lethal challenge infection via their NI activity or FcyR-mediated

antiviral activity or both. Serological analysis of individuals who were infected with A(HIN1)pdm09

virus revealed that some possessed or acquired the anti-NA lateral surface antibodies upon infection. I

also found antigenic drift on the lateral surface of the NA head between 2009 isolates and 2015 isolates.

Our results demonstrate that anti-lateral surface mAbs without NI activity can provide protection by

activating FcyR-mediated antiviral activity and can drive antigenic drift at the lateral surface of the NA

head. These findings have implications for NA antigenic characterization in that they demonstrate that
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traditional neuraminidase inhibition assays are inadequate to fully characterize NA antigenicity.
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Introduction

Influenza A virus harbors two major glycoproteins on its envelope: hemagglutinin (HA) and

neuraminidase (NA). HA and NA play pivotal roles in both the early and late stages of the virus

replication cycle. HA binds to cellular receptors (sialic acid) on the cell surface to initiate entry (60,

61), while the enzymatic activity of NA cleaves off the sialic acid, allowing release of progeny viruses

from the cell surface (9, 10). The enzymatic activity of NA also contributes to virus entry by removing

receptor decoys that present in the airways (92).

Antibodies against HA and NA are elicited upon influenza virus infection in infected

individuals (31, 93-95). Antibodies against the head region of HA inhibit virus attachment to the

receptor primarily by preventing receptor binding (62) and those against the stem region of HA inhibit

viral fusion or egress (79, 80, 96). Although antibodies to HA are typically considered the mediators

of protection from influenza virus infection, some studies have indicated the importance of anti-NA

antibodies for protection (27-31). Among the NA-specific monoclonal antibodies (mAbs), some

restrict virus spread by interfering with virus NA activity, resulting in aggregation of progeny virions

on the cell surface. Such neuraminidase-inhibiting (NI) antibodies are known to reduce viral load and

symptoms in infected mice, ferrets, and humans (27, 28, 97-100). Although the major antiviral ability

of anti-NA antibodies seems to be its NI activity, one study reported that, for in vivo protection, a

broadly reactive NI mAb required Fc-FcyR interactions (between an Fc region of IgG and Fcy receptors

(FcyRs)) to activate effector cells such as natural killer (NK) cells, macrophages, and neutrophils (101).
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NK cells express FcyRIlIIa (102) and macrophages and neutrophils expressed FcyRIIa (103, 104). The

activated NK cells, macrophages, and neutrophils suppress virus propagation via antibody-dependent

cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and antibody-

dependent neutrophil-mediated phagocytosis (ADNP), respectively (105, 106). This study suggested

the possibility that anti-NA mAbs could trigger FcyRs-mediated effecter cell activation to promote in

vivo protection. These functions have been studied by analyzing anti-NA mAbs that possess NI activity

and recognize epitopes around the enzymatic center of the NA head. However, the contribution of anti-

NA antibodies that recognize regions other than those near the enzymatic center remains unknown.

To evade neutralizing antibodies, influenza viruses with amino acid changes in the epitopes

of the major surface proteins (HA and NA) emerge (antigenic drift) (107-109). Similar to the antigenic

drift of HA, the antigenicity of NA changes as a result of amino acid mutations in the NA head that

allow escape from anti-NA antibodies (110, 111). Several amino acid changes that allow viruses to

escape from NI antibodies have been mapped around the enzymatic center of the NA head (112).

However, amino acid substitutions also accumulate at the lateral surface of the NA head, which is far

from the enzymatic center, (112); the reason why mutations accumulate in this region remains

unknown.

Here, I obtained seven mAbs that recognize the lateral surface of the NA head from two

individuals naturally infected with A(HIN1)pdmO09 virus during the 2015-2016 influenza season, and

characterized these mAbs to understand their properties, particularly their roles in in vivo protection
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and antigenic drift.
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Results

Isolation of human monoclonal antibodies that recognize A(HIN1)pdm09 virus. Peripheral blood

mononuclear cells (PBMCs) were obtained from two human volunteers who were infected with

A(HIN1)pdmO9 virus during the 2015-2016 influenza season. The PBMCs were fused with SPYMEG

cells to generate hybridomas that express a human antibody. After several rounds of screening by

ELISA using purified A/California/04/2009 (CA/04/09) virus and A/Yokohama/94/2015 (YO/94/15)

virus, which were isolated during the first wave of the 2009 pandemic and in the 2015-2016 season,

respectively, and classified into the genetic clades 1 and 6B.1 based on their respective HA sequences,

hybridomas expressing antibodies bound to YO/94/15 virus but not to CA/04/09 virus were

biologically cloned. Of 701 hybridomas screened, I obtained seven clones (DA05C23, HP02C70,

DAO05B02, HP02B69, HPO2E74, HPO2E63, and HP02B24) that expressed a monoclonal antibody

(mAb) specific to YO/94/15 virus. Nucleotide sequence analysis of their variable regions revealed that

all seven mAbs used the same VH gene (IGHV3-15*01), although the CDR3 sequence of each heavy

chain varied (Table 14). Five mAbs used IGLV3-1*01, whereas HP02B24 and HPO2E63 used IGLV3-

21*01 and IGLV6-57*01, respectively.
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Table 14. Genetic features of human mAbs that recognize A(HIN1)pdm09-NA

Heavy chain Light chain
mAb

VH?* CDR3° VL*¢ CDR3
DAO05C23 IGHV3-15%01 TTDSYDLLTGFHRPGLFAS IGLV3-1*01 QAWDSSTVV
HP02C70 IGHV3-15%*01 TNDDFNWKYGVAY IGLV3-1*01 QAWDTSTGV
DAO5B02 IGHV3-15%01 TTDSFNWNYGMDV IGLV3-1*01 QAWDTNIVV
HP02B69 IGHV3-15%01 TTAGQWLYYDHMDV IGLV3-1*01 QAWDSSTVV
HPO2E74 IGHV3-15%01 TTGPYWTHNDY IGLV3-1*01 QAWDSSIVV
HPO2E63 IGHV3-15%01 TTDPPPYCGHDCYSSY IGLV6-57*01 QSYDTSNHLI
HP02B24 IGHV3-15*%01 TTEILRGVNDAFNM IGLV3-21*01 QVWDSITDHYV

 Variable genes for the heavy chain
® Complementarity determining region 3

¢ Variable genes for the light chain.



The seven human mAbs mainly recognize the NA of A(HIN1)pdmO09 virus isolated in the 2015-

16 influenza season. To determine the breadth of recognition of the seven mAbs I obtained, I

performed an ELISA using A(HIN1)pre2009, A(H3N2), and YO/94/15 viruses. None of the mAbs

recognized A(HINT)pre2009 or A(H3N2) virus (Fig. 11A). A broadly reactive human anti-N1-NA

mAb clone 1000-3C05 (95, 101) bound to A(HIN1)pre2009 and YO/94/15 viruses, whereas the

broadly reactive human anti-HA stem mAb clone CR9114 (49) recognized all three viruses tested (Fig.

11A). A negative control, anti-B HA 1430E3/9, did not bind to any of these viruses. These results

indicate that the seven mAbs isolated here are specific to A(HIN1)pdm09 virus. Next, I performed an

ELISA using A(HIN1)pdm09 viruses isolated during different influenza seasons. HP02C70,

DAO05B02, HPO2E74, HPO2E63, and HP02B24 showed specific binding to YO/94/15 virus, whereas

HP02B69 and DA05C23 bound preferentially to YO/94/15 virus and weakly to A/Osaka/6/2014 virus

(Fig. 11B). EM-3C02, which was reported to be a strain-specific human anti-N1-NA mAb (95, 101),

bound to CA/04/09 and A/Hiroshima/66/2011 viruses, whereas the broadly reactive mAb 1000-3C05

recognized all viruses tested. The anti-influenza B HA mAb clone 1430E3/9 failed to recognize any of

the viruses tested. These results indicate that the seven mAbs obtained are not broadly reactive but

mainly recognize YO/94/15 virus.

To determine which viral protein was recognized by these mAbs, I performed an ELISA using

purified reassortant viruses possessing HA and NA derived from YO/94/15 or CA/04/09 virus. All

seven mAbs bound to viruses possessing NA derived from YO/94/15 virus, whereas EM-3C02

71



recognized a virus possessing NA derived from CA/04/09, but not YO/94/15, virus (Fig. 11C). 1000-

3CO05 detected all of the viruses tested. These results demonstrate that these seven human mAbs are

against the NA of A(HIN1)pdmO9 virus.

I next determined the binding affinity of the seven mAbs to NA derived from YO/94/15 virus

by use of a Scatchard analysis (Fig. 12). DAO5SC23 and HP02C70 possessed high binding affinities

(Kp=0.86 and 0.73 nM, respectively), which were comparable to that of 1000-3C05 (Kp = 0.82 nM).

However, DA05B02, HP02B69, HP02E74, HPO2E63, and HP02B24 showed relatively lower binding

affinities than that of 1000-3C05 (Kp =2.57, 3.24, 4.18, 3.22, and 3.62 nM, respectively).
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Figure 11. Breadth of reactivity of seven isolated mAbs. (A) The breadth of mAb recognition was examined in an
ELISA using purified YO/94/15, A(HIN1)pre2009, and A(H3N2) viruses. Binding is shown as the OD450 value.
1000-3C05 broadly binds to N1-NA. CR9114, which targets the HA stem, and 1430E3/9, which recognizes the HA
of influenza B virus, were used as positive and negative controls, respectively. (B) The reactivity of mAbs against six
A(HINT)pdmO09 viruses [CA/04/09 (clade 1), A/Hiroshima/66/2011 (clade 5), A/Osaka/83/2011 (clade 7),
A/Osaka/33/2013 (clade 6C), A/Osaka/6/2014 (clade 6B), and YO/94/15 (clade 6B.1) viruses] isolated in different
influenza seasons was evaluated by ELISA. Binding is shown as the OD450 value. EM-3C02 specifically binds to the
NA of A(HIN1)pdmO09 virus. (C) The viral protein targeted by the isolated mAbs was determined by use of an
ELISA using purified reassortant viruses, harboring HA and NA segments derived from Y0/94/15 or CA/04/09 virus.
Binding is shown as the OD450 value. All ELISAs were performed twice independently and yielded similar results.
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Figure 12. Binding affinity of anti-NA mAbs. K values were determined from Scatchard plots of ELISA data.
VP40-induced VLPs presenting YO/94/15-NA were used as the antigen. Based on the average OD450 values in three
technically independent experiments, the concentrations of antibody bound to antigen and of free antibody were calculated.
When the ratio of bound to free antibody concentration was plotted against the bound antibody concentration, the negative

inverse of the resulting slope was determined as the K .



The seven mAbs recognize the lateral surface of the NA head. To determine the amino acids that

are important for the binding of the seven anti-NA mAbs, I compared the amino acid sequences of the

NA protein from the six viruses used in Fig. 11B and identified six unique amino acids in the NA of

YO/94/15 virus (Fig. 13A, 131, 441, 2631, 268K, 314M, and 390K; N2 numbering). I then generated

mutant YO/94/15 viruses possessing single amino acid substitutions (I13V, 144L, 1263V, K268N,

M314l1, or K390N) in their NA and examined the binding of the seven mAbs in an ELISA. HP02C70,

DAO05B02, HPO2E74, HPO2E63, and HP02B24 did not bind to virus possessing the K390N

substitution in its NA but did bind to viruses possessing the 113V, 144L, 1263V, K268N, or M3141

substitution (Fig. 13B). DA05C23 and HP02B69 recognized all of the NA mutant viruses that

possessed single amino acid substitutions, but showed decreased reactivity against the K390N mutant

virus. Since these two clones weakly bound to A/Osaka/6/2014 virus (see Fig. 11B), I selected three

amino acids shared only by the A/Osaka/6/2014 and YO/94/15 viruses (i.e., 38V, 321V, and 432E) for

additional mutant generation. I generated mutant viruses possessing two substitutions (V38I and

K390N, V3211 and K390N, or E432K and K390N) in their NA and tested mAb binding. DA05C23

and HP02B69 did not bind to the virus possessing the K390N and E432K mutations in NA but still

bound to the viruses possessing V381 and K390N or V3211 and K390N (Fig. 13B). These results

suggest that the amino acid at position 390 and the amino acids at positions 390 and 432 are important

for the recognition of five and two of the monoclonal antibodies, respectively. Therefore, I mapped

positions 390 (orange) and 432 (blue) together with the neuraminidase catalytic residues (cyan) on the
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NA head molecule (Fig. 13C). Position 390 is located at the lateral face of the NA head, whereas
position 432 is located at the edge of the enzymatic center on the upper surface of NA (Fig. 13C). The
distance between positions 390 and 432 based on the crystal structure of the NA head molecule is
approximately 3 nm. Since an antibody footprint is typically 4-10 nm? (38, 113), both amino acids are
likely to be covered by one mAb. Therefore, I suggest that the five anti-NA mAbs that recognize an
epitope around position 390, mainly recognize the lateral surface of NA and that the other two anti-
NA mAbs, which lose binding to NA with mutations at positions 390 and 432, recognize an epitope

that spans the upper and lateral surfaces.
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Figure 13. Epitope analysis of isolated anti-NA mAbs. (A) The NA amino acid sequences of
A/Hiroshima/66/2011, A/Osaka/83/2011, A/Osaka/33/2013, A/Osaka/6/2014, and YO/94/15 viruses were
compared with that of CA/04/09 virus. Bullets indicate an identical residue to the CA/04/09 sequence. (B) Binding
of mAbs to mutant viruses possessing the indicated mutations in YO/94/15-NA was examined by means of an
ELISA. Binding is shown as the OD450 value. These experiments were performed twice independently and
yielded similar results. (C) Positions of amino acids that are important for mAbs binding are shown on the NA
structure of CA/04/09 virus. Each NA monomer is indicated in white, grey, or black. Cyan indicates the catalytic

residues; orange and blue indicate the amino acids that are important for mAb binding.



The seven anti-NA mAbs differ in their NI activity. To further characterize the seven anti-NA mAbs,

I assessed their ability to inhibit viral sialidase activity in an enzyme-linked lectin assay (ELLA).

DAO05C23, HP02C70, and DAO5SB02 strongly inhibited NA activity with 50% inhibition concentration

(ICs0) values of 0.38, 0.60, and 0.73 nM, respectively (Fig. 14A). HP02B69 weakly inhibited NA

activity with an 1Cso value of 7.52 nM, which was similar to that of 1000-3C05 (ICso = 12.05 nM).

HPO2E74 slightly inhibited NA activity at high concentrations (ICso = >26.67 nM), whereas HP02B24

and HPO2E63 possessed no NI activity at all. To further confirm the NI activity in vitro, I performed a

plaque size reduction assay. In this assay, DA05C23, HP02C70, and DAO5SBO02 decreased viral plaque

size by 50% or more at the highest concentration (Fig. 14B). The plaques that formed in the presence

of HP02B69 and HPO2E74 were about 30% smaller than those that formed in the absence of a mAD.

In contrast, the plaque size reduction induced by HP02B24, HP02E63, and 1000-3C0O5 was

approximately 10% at any concentration tested. Taken together, these results indicate that DA05C23,

HP02C70, and DAO5SB02 possess relatively high NI activity, HP02B69 and HP02E74 possess

relatively low NI activity, and HP02B24 and HPO2E63 fail to inhibit NA activity.

The seven anti-NA mAbs activate the FcyR-mediated signaling pathway in effector cells. I next

asked whether these anti-NA mAbs elicit antibody-dependent cellular cytotoxicity (ADCC) or

antibody dependent cellular phagocytosis (ADCP) by using ADCC and ADCP reporter bioassays. By

using these reporter bioassays, I found that the three mAbs that possess high NI activity, HP02C70,
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DAO05C23, and DA0O5BO02, efficiently activated the ADCC and ADCP signaling pathways in effector

cells co-cultured with both virus-infected and NA-expressing cells, except for the ADCC reporter assay

with DAO5C23 and NA-expressing cells, which was moderately activated (Fig. 14C). HP02B69 and

HPO2E74, which possessed low NI activity, moderately activated the ADCC signaling pathway and

efficiently activated the ADCP signaling pathway in the effector cells co-cultured with infected and

NA-expressing cells. HP02B24 and HPO2E63, which had no NI activity, induced low or similar ADCC

and ADCP signaling activation to that induced by the other five mAbs. 1000-3C05, which protected

mice from lethal infection by activating FcyR-mediated effector cells (101), triggered ADCC and

ADCEP signal activation via both virus-infected and NA-expressing cells. All of the mAbs that

possessed the N297Q mutation, which abolishes the interaction with FcyRs, and 1430E3/9 caused

little-to-no activation in both reporter assays. These results indicate that our seven anti-NA mAbs have

the potential to activate ADCC and ADCP.
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Figure 14. In vitro characterization of the isolated anti-NA mAbs. (A) mAb inhibition of NA activity was examined in an ELLA. This assay uses fetuin
as a substrate and the purified YO/94/15 virus as the antigen/enzyme. NA cleaves terminal sialic acids from fetuin and the exposed galactose is detected by
horseradish peroxidase-conjugated peanut agglutinin (PNA). NA activities in the presence of each mAbs were normalized to those in the absence of
antibodies, and are expressed as relative NA inhibition activities. Data are shown as the mean + standard deviations (SDs) of three technically independent
experiments. (B) The inhibition of plaque formation was calculated by comparing the average plaque size in the presence of each mAb with that in the
absence of mAb. Average plaque size was measured in three technically independent experiments, and SDs are shown as error bars. (C) Activation of the
ADCC and ADCP signaling pathways. FcyR-mediated signaling activation in effector cells expressing human FeyRIlla (ADCC) or FeyRIla (ADCP) was
induced by co-culture with A549 cells that were infected with YO/94/15 virus, or 2937 cells transfected with an NA-expressing plasmid. Signaling activation
was measured in three technically independent experiments and error bars reflect SDs. The N297Q mutant mAbs did not interact with FcyRs. 1430E3/9,
which is an anti-influenza B HA mAb, was used as a negative control.




The anti-NA mAbs protect mice from lethal infection via their NI and FcyR-mediated antiviral

activities. Since our mAbs possessed various levels of NI activity and activated FcyRIIla- and

FcyRIla-mediated signaling pathways to various extents, I examined their in vivo protective efficacy

against lethal influenza virus infection. For these in vivo tests, I monitored the body weight loss and

survival of mice infected with 10 MLDso (50% mouse lethal dose) of a challenge virus after

administration of the wild-type or mutant N297Q mAb at 30 mg/kg (results of administration at 5 or 1

mg/kg are shown in Fig. 15). 1000-3C05, which requires FcyR-mediated effector cell activation to

provide in vivo protection (101), or 1430E3/9, which is an anti-influenza B HA antibody, served as

positive and negative controls, respectively. All of the wild-type anti-NA mAbs, except for DA0OSB02,

protected all of the mice from lethal challenge infection, with the mice experiencing transient weight

loss (Fig. 16). Of the mutant N297Q mAb-administrated groups, 75% of the mice that received

HP02C70 or DAO5SBO02, which possessed high NI activity, survived (Fig. 16). In particular, the N297Q

mutant mAb DAO5SBO02 showed similar in vivo protective potency to that of its wild-type counterpart.

The N297Q mutants of DA05C23, HP02B69, and HPO2E74, which possessed NI activity, protected

25% of the mice that experienced severe weight loss. The N297Q mutants of HPO2E63 and HP02B24,

which showed no NI activity, failed to protect any mice. Wild-type 1000-3C05 showed protection with

transient weight loss, whereas no mice that received the N297Q mutant of 1000-3C05 survived. Mice

that received 1430E3/9 experienced similar weight loss to that experienced by mice that received PBS.

These results suggest that both the NI activity and FcyR-mediated antiviral activity of the anti-NA
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mAbs contribute to protection against influenza virus infection. Moreover, FcyR-mediated antiviral

activity played central roles in the in vivo protection provided by the anti-NA mAbs that lacked NI

activity.
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Figure 15. In vivo protective efficacy of anti-NA mAbs. Four mice per group were intraperitoneally injected with
PBS or the indicated mAbs at 30 mg/kg. One day later, the mice were challenged with 10 MLD50 of the challenge
virus. Body weight changes and survival were monitored daily for 14 days. Solid lines or dashed lines indicate the
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used as negative controls. Body weight changes are shown as the mean + SDs. * indicates P < 0.01. A two-way
ANOVA followed by Dunnett’ s tests and the two-sided log-rank test were used to obtain the body weight curves
and the Kaplan-Meier survival curves, respectively.
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Antibodies recognizing the lateral surface of the NA head of A(HIN1)pdm09 virus in patient sera.

To evaluate whether individuals who were infected with the A(HIN1)pdmO9 virus possessed

antibodies targeting the lateral surface of the NA head on the day they visited the hospital or 1 month

after infection, I performed a competitive binding ELISA using a protective mAb without NI activity,

HPO2E63 or HP02B24, or a cocktail of our seven anti-NA mAbs (Fig. 17A). The Fc region of these

mAbs was replaced with that of mouse IgG2a so as not to be recognized by the HRP-conjugated

antibody. In the presence of the mAb cocktail or each mAb, I assessed antibody binding in the serum

samples of patients infected with A(HIN1)pdmO9 virus during the 2015-2016 influenza season to

VLPs displaying YO/94/15-NA; the NA-displaying VLPs were produced by expressing Ebola virus

VP40 and NA since humans do not have antibodies to VP40. All of the patients were found to possess

antibodies that competed with the anti-NA mAb cocktail 30 days after infection (Fig. 17B). Serum

samples from patients HP0OO1, HP002, HPO14, and HP0O21 or from HP0O2 and HP021 collected 30

days after infection contained significant amounts of antibodies that competed with antibodies

HPO2E63 or HP02B24, respectively (Fig. 17C and 17D). On the day that each patient visited the

hospital, HPOO1 and HP021 had antibodies that competed with the anti-NA mAbs cocktail, HPO2E63,

and/or HP02B24 (Fig. 17). These results demonstrate that substantial amounts of antibodies targeting

epitopes on the lateral surface of the NA head were induced upon virus infection.

85



A Schematic diagram of the competitive binding assay

NA

d human serum sam

2

Add anti-NA mAb with mouse Fc domain

Antibody competitive
with our mAbs

” Antibody not competitive
% with mAbs

—

EE—

B The cocktail of seven anti-NA mAbs

1.6 1.6
2beamgre et o 12 T )]
Q 0.8 * % ox %, 08 0.8
0.4 0.4 o ox 04
0 0 0
12, . HPC14 1.6 20 HP023
e 1.2 1.6
80.8 >
o 0.8 ’
© 04 0.8
: 04
0.4
OQ D o D Do OO O DD Dm0 O OQ D DD DA D
AN AN ANV A SV b VO
N N N
mAb concentration (ug/ml) mAb concentration (pg/ml) mAb concentration (ug/ml)
C HPO2EB3
16 16, . HPEOZ_ 16 HP013
= RS SEIT TITr S _
1.2 1.2 1.2
o 0.8 0.8 0.8
ok ok g
0.4 0.4 04
0 0 0
20 20 HP023
1.6 1.6 = o
D@ 1.2 1.2
O 0.8 0.8
0.4 0.4
0‘0‘0@%6%%OQ%‘:@%@QQ%"O"O%%%QQ
R A G U S I A S

HP0O01 16

Add HRP-conjugated anti-human IgG mAb

Substrate *

O]
=
©
i
=
7]
o
>
w
3
<

mAb concentration (ug/ml)

mAb concentration (ug/ml)

mAb concentration (pg/ml)

-e- Day 0
—e— Day 30

-o- Day 0
—e— Day 30




(continued)

D HP02B24

1) HP0O1 16, ,  HPOO2 16) HPO13

12t ey 12 " 12—y
o 0.8 0.8 HE . 08

L

0.4 0.4 0.4

16 HPO14 20 HPO021 20 HP023 _ Day 30

1.2 — e 16 kR 16 SR

B ' —— 1.2 B i 1.2

T 0.8 L *
S 0.8 Y

04 0.4 0.4

1 L 0+
QD N0 m 0 D AR e R L S B e R A D DA 0D D
N N N

mAb concentration (ng/ml) mAb concentration {pg/ml}) mAb concentration (ug/ml}

Figure 17. Competitive binding between antibodies in the sera of infected individuals and mAhbs
targeting the lateral surface of the NA head. (A) Schematic diagram of the competitive binding assay.
For the competitive ELISA assay, ELISA plates were coated with VP40-induced VLPs presenting
YO/94/15-NA. The antigen-coated plates were then incubated with the anti-NA mAbs of interest that
possessed the mouse Fc region (shown as a white antibody). The plates were then washed and six serum
samples were added. Antibodies in the serum that did not compete with our mAbs (shown as a black
antibody) bound to the antigen, whereas antibodies that did compete with our mAbs (shown as a vellow
antibody) failed to bind to the antigen. The bound antibodies were detected by using the HRP-conjugated
anti-human F¢ antibody and then visualized by using the substrate TMB, (B-D) VP40-induced VLPs
presenting Y(O/94/15-NA were used as the antigen. A cocktail of seven anti-NA mAbs (B) or mAb
HPO2E63 (C) or HP02B24 (D), whose Fc region was exchanged with the Fc region of mouse 1g(G2a, was
incubated with antigen-coated plates to block their epitope before incubation with the serum. Serum
samples used here were collected from patients who were infected with A(HIN1)pdm09 virus in the
2015-2016 influenza season. Dashed lines or solid lines indicate sera collected on day 0 or 30
post-infection, respectively, Wells treated with PBS instead of monoclonal antibody were used as control
wells; the grey dashed line indicates the OD450 values of the control wells for the Day (b serum samples.
The average OD450 values were measured in three technically independent experiments, and the 8Ds are
shown as error bars. * indicates P < 0.01 (one-way ANOVA followed by Dunnett’ s test).



NA antigenicity differs between 2009 and 2015 isolates of A(HIN1)pdm09 virus. Influenza viruses

constantly evade suppressive antibodies by acquiring mutations in the epitopes of not only HA, but

also NA. Therefore, I investigated the antigenicity of CA/04/09-NA and YO/94/15-NA in an ELISA

using 22 serum samples that were collected during the 2009-2010 influenza season from volunteers

who had neutralization antibodies against A(HIN1)pdmO09 virus (114). I found that end-point titers to

YO/94/15-NA were significantly lower than those to CA/04/09-NA (Fig. 18A). These results indicate

that YO/94/15-NA differed antigenically from CA/04/09-NA.

To determine which amino acid mutations are responsible for the antigenic change in NA, I

compared the amino acid sequences of CA/04/09-NA and YO/94/15-NA and found 6, 4, and 3 amino

acid differences around the enzymatic center of the NA head (blue; positions 199, 240, 247, 321, 372,

and 432), on the lateral surface of the NA head (orange; positions 263, 268, 314, and 390), and in the

stalk region (not shown in the structure; position 38, 44, and 48), respectively (Figs. 13A and 18B).

Then, I performed a cell-based ELISA by using the 22 A(HIN1)pdm2009-positive sera and cells

transiently expressing wild-type CA/04/09-NA or its mutants that possessed amino acid changes found

in YO/94/15-NA. If the end-point titer of each serum against the mutant NA was at least 4 times lower

than that against wild-type NA, I concluded that that mutation affected the antigenicity of NA. Half of

the sera (11/22, blue dots) showed reduced reactivity to NA possessing mutations around the enzymatic

center (Fig. 18C, left). Two of these sera (2/11) also showed decreased binding to the stalk region

mutant (Fig. 18C, right). Two serum samples (2/22) mainly targeted the lateral surface of the NA head
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(red or orange dot in Fig. 18C, middle) and reacted with the NA mutants of the enzymatic center and

stalk region with similar titers. These results indicate that the antigenic drift of NA involves mutations

on the lateral surface of the NA head and that the antibodies of some individuals mainly recognize the

lateral surface of the NA head.

Furthermore, I investigated whether a single mutation at position 390, which is the key residue

for the binding of our mAbs, contributes to the antigenic drift on the lateral surface of the NA head by

using a cell-based ELISA. Cells transiently expressing CA/04/09-NA with the N390K mutation as the

antigen were incubated with the 22 A(HIN1)pdm2009-positive human sera used in Fig. 18C. I found

that one sample (red dot) also showed decreased binding to the N390K mutant (Fig. 18D). These results

suggest that the single N390K mutation is partially involved in the NA antigenic drift.
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Discussion

Antibodies that inhibit virus sialidase activity are produced in infected individuals and are

important for protection against seasonal influenza virus infection (99, 100, 115). To evade such NI

antibodies, amino acid mutations are accumulated around the enzymatic center of NA (112, 116).

Although many amino acid changes accumulate on the lateral surface of the NA head over time, which

is far away from the enzymatic center, the role of these mutations remained unknown (112). Here, |

isolated human mAbs that recognize the lateral surface of the NA head of A(HIN1)pdmO9 virus

isolated during the 2015-2016 influenza season. These anti-NA lateral surface mAbs protected mice

from lethal virus infection via their NI activity and/or FcyR-mediated antiviral activity. I also found

that some individuals acquire anti-NA lateral surface antibodies after infection and that the antigenicity

of the lateral surface of the NA head has changed during A(HIN1)pdmO9 virus replication in humans

since 2009. Taken together, the findings of this study suggest that anti-NA antibodies similar to our

anti-NA antibodies are likely to be involved in the antigenic drift on the lateral surface of the NA head.

To reveal whether amino acids are changed frequently at the lateral surface of the NA head, I compared

the NA sequences derived from A(HINT)pdm2009, A(HIN1)pre2009, and A(H3N2) viruses, which

were obtained from the Global Initiative on Sharing All Influenza Data (GISAID) database, and then

calculated the Shannon entropy to determine the sequence variability. The calculated Shannon entropy

was then mapped onto the NA structure (Fig. 19). This analysis revealed that amino acid mutations at

the lateral surface of the NA head occur in all subtypes of human virus NA at a frequency equal to or
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higher than that around the enzymatic center. Although further epitope analysis is required to fully

understand this phenomenon, the selective pressure of anti-NA lateral surface mAbs due to FcyR-

mediated antiviral activity as well as NI activity likely contribute to the antigenic drift at the lateral

surface.

Recent studies report that, in vaccinated humans, the levels of anti-NA antibodies correlate

with a reduced disease severity score, decreased symptoms, and even a reduction in the duration of

virus shedding (99, 117), indicating that anti-NA antibodies are an important mediators of protection

against influenza virus infection. Therefore, attention has been paid to the importance of NA in

influenza vaccines (29-31). In this context, antigenic characterization of NA is essential to select

appropriate vaccine strains, as has been done with HA. Traditionally, the antigenic properties of NA

are evaluated by using the NI assay, which detect mainly antigenic changes caused by amino acid

changes around the enzymatic active center and may not detect some changes in the lateral surface of

NA. Our results demonstrate that anti-lateral surface mAbs without NI activity are potentially involved

in the antigenic drift of NA, suggesting that the traditional NI assays are not sufficient to fully

characterize NA antigenicity. To this end, it is vital that I develop a new assay to properly characterize

NA antigenicity.

Studying human anti-NA antibodies, DiLillo ef al. (101) reported that the broadly reactive

mAb clone 1000-3C05, which possesses low NI activity, requires FcyR-mediated effector cell

activation to provide in vivo protection, whereas the strain-specific mAb EM-3C02, which possesses
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high NI activity, does not. Taken together with our results, these findings suggest that human anti-NA

antibodies suppress virus pathogenicity by at least two distinct mechanisms: NI activity and FcyR-

mediated effector cell activation. An anti-NA mAb with high NI activity could reduce virus spread in

vivo mainly via its NI activity, whereas an anti-NA mAb without NI activity could suppress virus

replication mainly through FcyR-mediated effector cell activation (e.g., ADCC, ADCP, and/or ADNP).

For anti-NA mAbs with low NI activity, both NI activity and FcyR-mediated effector cell activation

are required to reduce virus growth in vivo. Thus, the sum of the NI activity and the FcyR-mediated

effector cell activation determines the potency of an anti-NA antibody in vivo.

Of the seven anti-NA mAbs isolated, binding to the NA protein of five clones (HP02C70,

DAO05B02, HPO2E74, HPO2E63, and HP02B24) was abolished by an amino acid substitution at

position 390, located on the lateral surface, and that of two clones (DAO5SC23 and HP02B69) was

eliminated by two amino acid mutations at positions 390 and 432, located on the upper and lateral

surfaces. The amino acid at position 390 was essential for recognition. Of the former five mAbs, three

(HP0O2C70, DA05B02, and HPO2E74) showed NI activity, whereas the other two (HPO2E63 and

HP02B24) did not. The mouse mAb clone CD6, which recognizes an epitope located on the lateral

surface of NA, possesses potent NI activity (118, 119). Co-crystallization revealed that CD6 could

hinder NA activity by either preventing sialic acid substrates from accessing the enzymatic center (due

to its size) or by cross-linking adjacent NA tetramers (118). I hypothesize that our anti-NA mAbs

(HP02C70, DA0O5BO02, and HPO2E74) may inhibit NA activity through a similar mechanism. However,
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I cannot explain why HPO2E63 and HP02B24 do not possess NI activity even though they share the

key amino acid for binding. Co-crystallization of NA with these mAbs would help us to understand

the lack of NI activity of such mAbs that recognize an epitope on the lateral surface of NA.

In summary, I found that anti-NA mAbs with low or no NI activity can contribute to protection

from influenza virus infection. Furthermore, these mAbs are potentially involved in the antigenic drift

of NA via FcyR-mediated antiviral activity. These findings suggest that the assessment of antigenic

drift by using the NI assay alone is insufficient and that methods that allow us to consider antigenic

changes that cannot be detected using NI assays need to be developed for better selection of vaccine

candidate strains.
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Figure 19. Mapping of amino acid variability onto the NA structure. The variability of the NA sequence
was computed as the Shannon entropy for each position, based on the NA sequences of 19,034 A
(HIN1)pdm09, 4,626 A(HIN1)pre2009, and 40,516 A(H3N2) isolates. Residues are colored based on the
computed entropy values, on a scale of white (complete conservation; 0) to red (variable; 1.5).



MATERIAL AND METHODS

Ethics. Human blood was collected from two volunteers by following a protocol approved by the
Research Ethics Review Committee of the Institute of Medical Science, the University of Tokyo.
Written informed consent was obtained from each participant. All experiments with mice were
performed in accordance with the University of Tokyo's Regulations for Animal Care and Use and
were approved by the Animal Experiment Committee of the Institute of Medical Science, the

University of Tokyo.

Cells. Madin-Darby canine kidney (MDCK) cells were maintained in Eagle’s minimal essential
medium (MEM) containing 5% newborn calf serum (NCS). Human lung carcinoma A549 cells were
maintained in Ham's F-12K medium containing 10% fetal calf serum (FCS). Human embryonic kidney
293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FCS.
SPYMEG cells (MBL), which are a fusion partner cell line for human hybridoma, were generated by
the fusion of the mouse myeloma cell line SP2/0 with the human leukemia cell line MEG-01 and were
maintained in DMEM containing 15% FCS (17). These cells were incubated at 37°C under 5% COa.
Expi293F cells (Thermo Fisher Scientific) were maintained in Expi293 Expression Medium (Thermo

Fisher Scientific) at 37°C under 8% CO:o.
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Viruses. I used the following seven A(HIN1)pdmO9 viruses: A/California/04/2009 (CA/04/09 or

CAO04; clade 1), A/Hiroshima/66/2011 (clade 5), A/Osaka/83/2011 (clade 7), A/Osaka/33/2013 (clade

6C), A/Osaka/6/2014 (clade 6B), A/Yokohama/50/2015 (clade 6B), and A/Yokohama/94/2015

(YO/94/15; clade 6B.1); five HINI1pre2009 viruses (A/Kumamoto/37/79, A/Kamata/8/80,

A/Tokyo/913/88, A/Minato/131/92, and A/Brisbane/59/2007); two H3N2 viruses (A/Perth/16/2009

and A/Hong Kong/4801/2014); and an H5N1 virus (A/Vietnam/1203/2004). All of these viruses were

propagated in MDCK cells. Mutant CA04 viruses were generated by use of reverse genetics (59) as

described below.

Plasmid-based reverse genetics. The reassortant viruses, the NA mutant viruses, and the challenge

virus were generated by plasmid-based reverse genetics, as described previously (59). For the HA

mutant viruses, plasmids encoding mutated CAO4-HA were generated by a standard PCR technique

based on pPol I encoding CA0O4-HA. The pPol I encoding CA04-HA and the remaining 7 pPol I

plasmids were cotransfected into 293T cells. For reassortant viruses, two pPol I plasmids encoding the

HA and NA segments derived from the YO/94/15 or CA/04/09 viruses and six pPol I plasmids

encoding the remaining segments of CA/04/09 virus were used for the plasmid transfection. For

preparation of the NA mutant viruses, pPol I plasmids encoding HA and wild-type or mutated NA

derived from YO/94/15 virus and six pPol I plasmids encoding the remaining segments of CA/04/09

virus were used. For preparation of the challenge virus, I used pPol I plasmids encoding the HA and
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NA segments of YO/94/15 virus and six pPol I plasmids encoding the remaining segments of mouse-

adapted CA/04/09 (120). These 8 pPol I plasmids along with protein expression plasmids for PB2,

PBI1, PA, and NP derived from A/Puerto Rico/8/34 were transfected into 293T cells by use of TransIT

293 (Mirus) according to the manufacturer’s instructions. At 48 h post-transfection, the supernatants

were harvested and inoculated into MDCK cells. The rescued viruses were sequenced to ensure the

absence of unwanted mutations. Primer sequences are available upon request.

Hybridoma generation. Peripheral blood mononuclear cells (PBMCs) were isolated from volunteers,

who were vaccinated with the 2014-2015 seasonal influenza vaccine (78) or the H5-HA vaccine (79),

or were infected with influenza viruses during 2015-2016 influenza season, by using Ficoll Paque Plus

(GE Healthcare). An inactivated, adjuvanted whole-virus vaccine to A/Egypt/N03072/2010 (H5N1,

clade 2.2.1) was used as the H5-HA vaccine. To obtain hybridomas, the isolated PBMCs were fused

with SPYMEG cells (MBL), which are fusion partner cells. The hybridomas were cultured in DMEM

supplemented with 15% FCS in 96-well culture plates for 1014 days in the presence of hypoxanthine-

aminopterin-thymidine. The first screening for antibody characterization was performed by using an

enzyme-linked immunosorbent assay (ELISA), as described below. Antibody-positive wells were

cloned by several rounds of dilution.
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ELISA. ELISA plates (96-well) were coated with 2 pg/mL of recombinant HA derived from
A/California/07/2009 (HIN1pdm09), A/Perth/16/2009 (H3N2), A/Egypt/N05056/2009 (HS5N1),
A/Netherland/219/2003 (H7N7), B/Florida/4/2006 (Yamagata-lineage), and B/Malaysia/2506/2004
(Victoria-lineage), or 2 pg/mL of purified viruses. All recombinant HAs were purchased from Sino
Biological. After being blocked with 5 times-diluted Blocking One (Nakarai), these plates were
incubated with the culture medium of the hybridomas or 1 pg/mL of purified mAb. A horseradish
peroxidase (HRP)-conjugated goat anti-human IgG, Fcy Fragment-specific antibody (Jackson
Immuno-Research) was used as the secondary antibody, and the signal was developed using 3, 3', 5,
5'-tetramethylbenzidine (TMB) (Thermo Fisher Scientific) as the substrate. The reaction was stopped
with 2N sulfuric acid, and ODu4s0 values were then measured. OD4s0 values of 0.1 or more were

considered to indicate binding.

Purification of a human monoclonal IgG from hybridoma cells. Adaptation of hybridoma cells to
serum-free medium, Hybridoma-SFM (GIBCO), was performed by passaging. The human antibody in
the serum-free medium was purified by using a HiTrap rProtein A FF column (GE Healthcare) and the

automated chromatography system AKTA pure 25 (GE Healthcare).

Construction and expression of monoclonal human IgG. Human mAbs were expressed and purified
as described previously (79). Briefly, the VH and VL genes of the antibodies were cloned into the
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expression vector Mammalian PowerExpress System (TOYOBO), together with the constant gamma
heavy (IgG1), kappa light, or lambda light coding sequence. Antibodies were transiently expressed by
Expi293F cells and were purified by using a HiTrap rProtein A FF column (GE Healthcare) and the

automated chromatography system AKTA pure 25 (GE Healthcare).

Nucleotide sequence determinations. cDNA encoding the Fab region of a human antibody was PCR-
amplified and directly sequenced. Determined nucleotide sequences of a heavy chain and a light chain

were analyzed by using the IgBlast software (http://www.ncbi.nlm.nih.gov/igblast/).

Kp determination. Kp was determined by bio-layer interferometry (BLI) using an Octet Red 96
instrument (ForteBio). Recombinant HA derived from A/California/07/2009 (HIN1pdm09) was used
for the measurements. HA (10 pg/ml) in kinetics buffer (1x PBS, pH7.4, 1% BSA, and 0.002% Tween
20) was loaded onto Ni-NTA biosensors (ForteBio) and incubated with various concentrations of
1428A33/1, 1428B5/1, F3A19, or CR9114. All binding data were collected at 30°C. The experiments
comprised 4 steps: (1) HA loading onto the biosensor until the shift reached 0.35 nm; (2) baseline
acquisition (300 s); (3) association of 1428 A33/1, 1428B5/1, F3A19, or CR9114 for the measurement
of kon (300 s); and (4) dissociation of each mAb for the measurement of ko (1200 s). Four

concentrations (33.3, 11.1, 3.7, and 1.23 nM) of 1428 A33/1, 1428B5/1, F3A19, or CR9114 were used.
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Baseline and dissociation steps were carried out in buffer only. The ratio of kon to kot determined the

Kbp.

In vitro microneutralization assay. To assess the neutralization capability of the monoclonal

antibodies, 100 TCIDso (Median tissue culture infectious dose) of each indicated virus in MEM

containing 0.3% bovine serum albumin (BSA-MEM) was incubated with two-fold diluted antibodies

(50-0.012 pg/mL) at 37°C for 30 min. MDCK cells were washed with BSA-MEM and then incubated

with the antibody-virus mixture in quadruplicate at 37°C for 1 h. After the cells were washed twice

with BSA-MEM, the cells were incubated with BSA-MEM containing 1 pg/ml L-(tosylamido-2-

phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin for 3 days at 37°C before the cytopathic

effect (CPE) was examined. Antibody titers required to reduce virus replication by 50% (ICso) were

calculated by using the Reed and Muench method.

To assess the neutralization capability of human sera, serum samples were treated with

Receptor-Destroying Enzyme (Denka Seiken Co., Ltd.) in accordance with the manufacturer’s

instructions. The sera were then serially diluted two-fold in PBS before being incubated with 100

TCIDso of virus at 37°C for 30 min. The serum-virus mixture was added to pre-washed MDCK

monolayers, which were then incubated at 37°C for 1 h. After the cells were washed once with BSA-

MEM, they were incubated with BSA-MEM containing 1 pg/ml TPCK-treated trypsin at 37°C. The

cells were observed for CPE at 3 days post-infection; neutralization titers were defined as the lowest
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dilution at which a CPE did not appear.

Selection of escape mutants. Escape mutants were selected by passaging CA0O4 virus in the presence

of indicated mAbs. Each two-fold diluted antibody was incubated with 10- or 100-fold diluted virus

for 30 min at 37 °C. MDCK cells were washed and then incubated with the antibody-virus mixture at

37 °C for 1 h. After the inoculum was removed, the cells were incubated with BSA-MEM containing

1 pg/ml TPCK-treated trypsin for 3 days at 37 °C. Virus-containing supernatant was harvested from

the CPE-positive well that contained the highest antibody concentration and was used for the next

passage. I regarded a virus to be an escape mutant when it replicated well in the presence of mAbs at

50 pg/ml.

Viral growth Kinetics. Triplicate wells of confluent A549 cells or MDCK cells were infected with

virus at a multiplicity of infection (MOI) of 0.0001 and incubated with Ham's F-12K medium

containing 0.3% BSA and 1 pg/ml TPCK-treated trypsin or BSA-MEM containing 1 pg/ml TPCK-

treated trypsin, respectively, at 37°C. Supernatants were harvested at 12, 24, 48, and 72 hours post-

infection (hpi). Virus titers were determined by use of plaque assays with MDCK cells.

Competitive replication assay with droplet digital PCR system. The mutant CAO04 viruses

possessing each indicated mutation and the wild-type virus or the K166Q mutant virus were premixed
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at 1:1 ratio based on their PFU (plaque forming unit) titers. Triplicate wells of confluent A549 cells

were infected with the virus mixtures at an estimated MOI of 0.0001, and incubated with Ham's F-12K

medium containing 0.3% BSA and 1 pg/ml TPCK-treated trypsin at 37 °C. Supernatants were

harvested at 12, 24, 48, and 72 hpi. The viral RNA was isolated from each supernatant using ISOGEN

LS (Nippon gene). The relative proportions of wild-type and mutant viruses in each sample were

determined by using a QX200 droplet digital PCR (ddPCR) system (Bio-Rad, Pleasanton, CA). FAM-

and HEX-labeled primer/probe mixes were designed by the Bio-Rad online service. The ddPCR

reaction mixture, consisting of ddPCR Supermix (Bio-Rad), the primer/probe mix, and the template

cDNA, was loaded into a cartridge with droplet generation oil (Bio-Rad), and the cartridge was placed

into the droplet generator (Bio-Rad). PCR amplification was carried out using the following thermal

profile: 95°C for 10 min, followed by 40 cycles of 94°C for 30 s and 56°C for 1 min, 1 cycle of 98°C

for 10 min, and ending at 4°C. After amplification, the droplets from each well of the plate were read

by the droplet reader (Bio-Rad) to count the number of positive and negative droplets. ddPCR data

were analyzed with QuantaSoft analysis software (Bio-Rad), and the threshold was set manually at the

highest point of the negative droplet cluster. The concentration of each target gene is determined by

applying a Poisson distribution calculation across all droplets, and is presented as the number of copies

per ul of PCR mixture. The percentage of virus populations shows the ratio of the copy number of

mutant viruses and wild-type viruses.
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ELLA. The inhibition of NA activity was measured by using an enzyme-linked lectin assay (ELLA),

as described previously (122). Briefly, two-fold diluted antibodies (4000-7.8 ng/mL) were mixed with

a predetermined amount of purified YO/94/15 virus diluted in PBS containing 1% BSA and 0.05%

Tween 20 (PBS-T). The mixture was transferred to 96-well plates coated with fetuin (Sigma) and then

incubated for 16 h at 37°C. The plates were washed with PBS-T and then peroxidase-conjugated peanut

agglutinin (PNA; Sigma) was added to detect galactose exposed by removal of the sialic acids on fetuin.

The plates were incubated at room temperature for 2 h in the dark and then washed with PBS-T before

the addition of o-phenylenediamine dihydrochloride (OPD) substrate (Sigma). The reaction was

stopped by the addition of 1N sulfuric acid and ODa9o values were read. The relative NA inhibition

(NI) activity was calculated by dividing the ODago value of the test well by the ODago value of the

“virus only” well and multiplying by 100. The 50% inhibitory concentration (ICs0) was determined by

use of nonlinear regression analysis (GraphPad Prism software) assuming that the molecular weight

of the antibody was 150 kDa.

Plaque size reduction assay. MDCK cells were infected with 100 plaque-forming units (pfu) of

YO/94/15 virus for 1 h at 37°C. After removal of the inoculum, the cells were washed with MEM

containing 0.3% bovine serum albumin (BSA-MEM) and overlaid with agar containing the indicated

amount of the indicated mAb and 1 pg/ml L-(tosylamido-2-phenyl) ethyl chloromethyl ketone
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(TPCK)-treated trypsin. The cells were incubated at 37°C under 5% CO: for 2 days and then stained

with crystal violet solution to visualize the plaques. The plaque images were obtained by scanning

assay plates with a photo scanner (GT-X900, EPSON). The total plaque size of each well was measured

using a script written in MATLAB (Mathworks), and the average plaque size was calculated by

dividing by the number of plaques. Infected cells overlaid with agar that lacked mAb served as a

control. The reduction in plaque size was calculated by dividing the average plaque size in the presence

of each mAbD by the control plaque size.

ADCC and ADCP reporter assays. ADCC and ADCP reporter assays were performed by using

ADCC and ADCP Reporter Bioassay Kits (Promega), according to the manufacturer's instructions.

ADCC and ADCP signaling activations in effector cells were measured by using two kinds of target

cells: A549 cells infected with YO/94/15 virus and 293T cells expressing NA derived from YO/94/15

virus. Briefly, A549 cells were plated at a density of 10,000 cells/well in a flat-bottom white 96-well

plate. After 24 h, the cells were infected with YO/94/15 virus at a multiplicity of infection (MOI) of

10. At 12 h post-infection, the cells were used as target cells. For the second kind of target cell, two

days before the reporter assays were performed, 293T cells in a 6-well plate were transfected with a

plasmid encoding YO/94/15-NA by using Trans-IT 293. The next day, the transfected cells were

harvested and seeded at 20,000 cells/well into a white 96-well plate. Twenty-four hours later, the cells

were used as target cells. In the ADCC or ADCP reporter assays, the medium of the target cells was
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replaced with five-fold diluted mAb (10-0.016 pg/ml) in the assay buffer (Promega). ADCC or ADCP

Bioassay effector cells (a Jurkat cell line stably expressing human FcyRIIIa or FcyRIla, human CD3y,

and an NFAT-response element driving expression of a firefly luciferase) were added to the antibody-

treated target cells and incubated for 6 h at 37°C. The firefly luciferase activity was then measured

using luciferase assay regents (Promega).

In vivo protection test. Four six-week-old female BALB/c mice (Japan SLC) per group were

intraperitoneally injected with PBS or each indicated antibody at 30, 15, 3, 0.6, or 0.12 mg/kg in 250

ul of PBS. After 24 h, the mice were anesthetized with isoflurane and intranasally challenged with 10

MLDso (50% mouse lethal dose) of the challenge virus in 50 pl of PBS. Weight was monitored daily

for 14 days and mice that lost 25% or more of their initial body weight were scored as dead and

euthanized according to institutional guidelines.

Competitive binding assay. For antigen preparation, 293T cells were transfected with pCAGGS

plasmids encoding ebolavirus matrix protein VP40 and each indicated NA by using TransIT 293. After

2 days, the supernatant of the transfected cells was harvested and centrifuged at 28,000 rpm with a

20% sucrose cushion. The pellet containing VP40-induced VLPs presenting NA was resuspended in

PBS. ELISA plates were coated overnight at 4°C with 5 pg/ml of the VLPs. After being blocked with

5 times-diluted Blocking One, these plates were incubated with a two-fold diluted cocktail of the seven

106



anti-NA mAbs (DA05C23, HP02C70, DA05B02, HP02B69, HP02E74, HPO2E63, and HP02B24) or

with individual monoclonal antibodies (HPO2E63 or HP02B24), which possessed the Fc region of

mouse IgG2a, or with PBS for 1 h. The plates were then washed with PBS-T, followed by the addition

of diluted serum samples. The serum samples used in this assay were collected from patients infected

with A(HINT)pdmO9 virus during the 2015-2016 influenza season. After 1 h, an HRP-conjugated goat

anti-human IgG, Fcy Fragment-specific antibody was added as the secondary antibody. The plates were

incubated for 1 h, and then washed with PBS-T before the addition of the TMB substrate. The reaction

was stopped with 2N sulfuric acid, and ODa4so values were then measured. The wells to which PBS

was added instead of monoclonal antibody served as control wells for each serum sample.

Entropy. For each amino acid position of the aligned isolate sequences, an entropy value was

computed by using the formula —XPi x In(Pi), as described by Chen et al. (123). This formula follows

the definition of Shannon entropy (124) that has been used to evaluate diversity. In this study, entropy

was used to measure the variability of amino acids at a given position, where i = 1 to 20 represents the

20 different amino acid residues, and Pi represents the probability density of the respective residue.

Entropy values range from O (only 1 residue present at that position) to 2.996 (all 20 residues are

equally represented). The calculation was based on the NA sequences of 19,034 A(HIN1)pdm09

isolates, 4,626 A(H1N1)pre2009 isolates, and 40,516 A(H3N2) isolates obtained from the GISAID

database.
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Cell-based ELISA. 293T cells were transfected with FLAG-tagged wild-type or mutant NA-

expression plasmids or an empty plasmid as a control using TransIT 293. At 48 h after the transfection,

the cells were fixed with 4% paraformaldehyde phosphate buffer solution for 30 min at room

temperature. The cells were then washed with PBS-T, and blocked with 5 times-diluted Blocking One

for 1 h. The cells were then incubated for 1 h with two-fold diluted serum samples, which were

collected from volunteer schoolchildren and their parents who were seropositive for A(HIN1)pdm09

virus between November 2009 and March 2010 (114), followed by incubation for 1 h with an HRP-

conjugated goat anti-human IgG, Fcy Fragment-specific antibody. The signal was developed using

TMB as the substrate and stopped with 2N sulfuric acid. ODa4so values were then measured. Expression

of NA was normalized with an anti-FLAG tag antibody (Wako). The mean ODaso at each dilution was

obtained by subtracting the ODa4s0 value for the control well (empty plasmid transfected cells). The

end-point titers of serum samples were determined as the reciprocal of the highest dilution providing

an ODuso value of greater than 0.1.

Kp determination. Kp values were determined from Scatchard plots using ELISA data (125). In the

ELISA, VP40-induced VLPs presenting YO/94/15-NA were used as the antigen. After being blocked

with 5-times-diluted Blocking One, antigen-coated plates were incubated with the two-fold diluted

anti-NA mAb (10-0.005 pg/ml). The HRP-conjugated goat anti-human IgG, Fcy Fragment-specific
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antibody was used as the secondary antibody, and the signal was developed using TMB as the substrate.

The reaction was stopped with 2N sulfuric acid, and ODa4s0 values were then measured. Based on the

ODu4so0 values, the concentrations of antibody bound to antigen and of free antibody were calculated

(assuming that the molecular weight of the antibody was 150 kDa). When the ratio of bound to free

antibody concentration was plotted against the bound antibody concentration, the negative inverse of

the resulting slope was determined as the Kb.

Structural analysis. Amino acid positions were plotted on the crystal structure of the NA protein of

CA/04/09, A/Brevig Mission/1/1918 (H1N1pre2009), or A/Memphis/31/1998 (H3N2) (PDB

accession code, 4B7R, 3B7E, or 4HS53, respectively) by using the PyMOL molecular graphics system.

Statistical analysis. Two-way analysis of variance (ANOVA) followed by Dunnett’s test, one-way

ANOVA followed by Dunnett’s test, the log-rank test, and Wilcoxon signed rank test were performed

using GraphPad Prism software. P values < 0.01 were considered significantly different. No samples

were excluded from the analysis.

Data availability. All data analyzed during this study are included in this article. The datasets

generated and analyzed during the current study are available from the corresponding author on

reasonable request.
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CONCLUDING REMARKS

Influenza is an important infectious disease, because it can cause considerable morbidity and
mortality worldwide. To prevent influenza virus infection, researchers have undertaken a variety of
approaches, such as surveillance studies, elucidation of the virus replication cycle, functional and
structural characterization of antiviral antibodies, and the development of protective vaccines and
antiviral reagents. Although numerous vaccines and antiviral reagents have been developed, we cannot
claim to have influenza under control. There remains an urgent need to establish novel approaches to
vaccine development and treatment options for the control of influenza virus infections.

In chapter I, I selected potential antigenic drift mutants by means of in vitro selection with
human monoclonal antibodies. In combination with computational analyses and other methods, in vitro
selection of future antigenic variants may improve the selection of vaccine seed viruses. In chapter II,
I isolated and characterized human neutralizing monoclonal antibodies that recognize functionally
conserved epitopes in or around the receptor-binding site of HA, and revealed that antibodies against
the receptor-binding site have the potential to be anti-influenza agents with a low propensity for the
development of resistant viruses. In chapter III, I found that anti-NA lateral surface antibodies with
low or no NI activity can contribute to protection from influenza virus infection, and that these mAbs
may be involved in the antigenic drift of NA via Fcy receptor-mediated antiviral activity. These
findings suggest that the assessment of antigenic drift by using the NI assay alone is insufficient and
that methods that allow us to consider antigenic changes that cannot be detected using NI assays need
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to be developed for better selection of vaccine candidate strains.

Despite the development of antiviral drugs and vaccines against influenza virus, we still need

to overcome many obstacles to control influenza virus infection. My working hypothesis for my

doctoral research was that characterization of human monoclonal antibodies induced by vaccination

or infection would lead to more effective therapeutic strategies. Through my studies, I made several

important findings regarding protection; however, more information is still needed to achieve influenza

virus control (especially for the prediction of pandemics and epidemics). I hope my findings will be

useful for future research on the prevention and treatment of influenza virus infection.
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