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Investigation of the human antibody response to the 1957 pandemic H2N2 influenza A virus has been largely limited to serologic
studies. We generated five influenza virus hemagglutinin (HA)-reactive human monoclonal antibodies (MAbs) by hybridoma
technology from the peripheral blood of healthy donors who were born between 1950 and 1968. Two MAbs reacted with the pan-
demic H2N2 virus, two recognized the pandemic H3N2 virus, and remarkably, one reacted with both the pandemic H2N2 and
H3N2 viruses. Each of these five naturally occurring MAbs displayed hemagglutination inhibition activity, suggesting specificity
for the globular head domain of influenza virus HA. When incubated with virus, MAbs 8F8, 8M2, and 2G1 each elicited H2N2
escape mutations immediately adjacent to the receptor-binding domain on the HA globular head in embryonated chicken eggs.
All H2N2-specific MAbs were able to inhibit a 2006 swine H2N3 influenza virus. MAbs 8M2 and 2G1 shared the V;1-69 germ
line gene, but these antibodies were otherwise not genetically related. Each antibody was able to protect mice in a lethal H2N2
virus challenge. Thus, even 43 years after circulation of H2N2 viruses, these subjects possessed peripheral blood B cells encoding
potent inhibiting antibodies specific for a conserved region on the globular head of the pandemic H2 HA.

Inﬂuenza pandemics occurred in 1918 (HIN1), 1957 (H2N2),
and 1968 (H3N2), and again in 2009 (H1N1) (34). H3N2 viruses
have circulated in humans for over 4 decades since the onset of the
1968 pandemic, but H2N2 viruses circulated for only 11 years,
from 1957 to 1968. Subjects born after 1968 typically do not pos-
sess neutralizing titers against H2N2 viruses because of lack of
exposure (20, 27). As herd immunity wanes in the human popu-
lation, the pandemic potential of this subtype virus increases sig-
nificantly (12, 40). Virulent pandemic H2N2 virus is still being
maintained in countless laboratory freezers across the globe (34).
Also, antigenically conserved counterparts of the pandemic strain
of 1957 continue to circulate in avian (13, 18, 28) and swine (18)
reservoirs. The occurrence of the 2009 HIN1 influenza pandemic
showed that an antigenically conserved pandemic influenza virus
can reemerge in the human population from an animal reservoir
(8), even in the face of widespread immunity to H1 viruses after
vaccination or infection with circulating drifted HINT viruses.
With this in mind, some experts have recommended vaccina-
tion against H2N2 viruses, which could cause the next pan-
demic (20, 32).

There is great interest in understanding the humoral response
to the hemagglutinin (HA) of influenza viruses, as the presence of
HA-neutralizing antibodies has been correlated with protection
from infection and/or disease. Many mouse monoclonal antibod-
ies (MADs) against H3 influenza viruses were derived for the pur-
poses of mapping murine H3 HA B cell epitopes (36, 37, 41, 42).
One MAD, designated S139/1, was reported to neutralize not only
H3 viruses but also H1, H2, and H13 viruses through binding of
antigenic site B (52). Human H3 MAbs have been created using
phage display (23, 24, 29), plasmablast single cell cloning (46), or
hybridoma technology (50, 53). Murine MAbs against 1957 H2
also have been made (21, 35, 39) and used for antigenic mapping
(28, 35, 49), including an antibody directed to an HA stem region
epitope that is preserved across influenza virus phylogenetic
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group 1 HAs (25). A human antibody to H3 subtype virus HA
globular head with limited cross-reactivity to other influenza virus
subtypes, including H2, was described recently (22).

It has been speculated that the H2 HA glycoprotein might be
less tolerant of mutations (including the inability to acquire gly-
cosylation sites by genetic point mutations), explaining the short
reign of the H2 virus in humans (28, 35). An alternative explana-
tion is the presence of two potentially immunogenic stem epitopes
on H2 HA that may have induced immunity on a population level
from which the virus could not escape (25, 35, 48). Here, we report
on the cloning and characterization of human MAbs, cloned from
the peripheral blood of healthy immune donors, against pan-
demic H2 or H3 HA, including one MAD that exhibits the ability
to inhibit both H2 and H3 viruses.

MATERIALS AND METHODS

Ethics statement. All clinical investigation was conducted according to
Declaration of Helsinki principles. Acquisition of human blood samples
was approved by the Vanderbilt University Institutional Review Board,
and written informed consent was received from participants prior to
inclusion in the study. The animal studies were carried out in strict accor-
dance with recommendations in the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health (NIH) (21a). All mouse
procedures were approved by Institutional Animal Care and Use Com-
mittee (IACUC) of the Centers for Disease Control and Prevention and
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were conducted in an Association for Assessment and Accreditation of
Laboratory Animal Care International-accredited facility. Animal studies
were performed in accordance with the IACUC guidelines under protocol
2198TUMMOUC-A7, “Studies on the Pathogenesis of and Immunity to
Influenza Viruses in Mice.”

Generation and purification of recombinant soluble HA molecules.
A cDNA encoding the full-length A/Japan/305+/1957 virus HA protein
(GenBank accession number AAA64362) was sequence optimized for ex-
pression in human cells and synthesized (GenScript). The extracellular
domain was amplified using PCR and cloned into a vector containing a
thrombin site, a fibritin trimerization domain, and a 6 X histidine tag (31).
A 1968 H3 HA construct was sequence optimized for expression in hu-
man cells and synthesized (GeneArt), based on the extracellular domain
of the HA gene from A/Aichi/2/1968, a GCN4 trimerization domain, a
tobacco etch virus (TEV) protease recognition site, and a 6 X histidine tag.
Both constructs were expressed in a pcDNA3.1(+) vector (Invitrogen) in
293F cells (Invitrogen), purified over nickel columns using an AKTA
chromatography instrument (GE), and concentrated with Amicon filters
as described above.

Enzyme-linked immunosorbent assay (ELISA) for screening hy-
bridoma supernatant. Clear plates (Nunc; 384 wells, catalog no. 242757)
were coated with HA at 1 wg/ml in Dulbecco’s phosphate-buffered saline
(D-PBS) overnight and blocked with 0.5% cow’s milk, 0.2% goat serum,
and 0.05% Tween 20 (Sigmaj; catalog no. P7949) in D-PBS. Five microli-
ters of hybridoma supernatant per well was transferred to 25 .l of block-
ing solution with a multichannel pipettor. Secondary alkaline phospha-
tase (AP)-conjugated goat anti-human IgG antibodies (Meridian Life
Science; catalog no. W99008A) were diluted 1:8,000 in blocking solution
and added after four automated washing steps. After another wash, phos-
phatase substrate (Sigma; catalog no. S0942) was dissolved in substrate
buffer per the instructions of the manufacturer and dispensed onto the
plates. The optical density of solution in plates was read at 405 nm on a
PowerWave HT (BioTek).

Hybridoma generation and recombinant antibody expression. Pe-
ripheral blood mononuclear cells (PBMCs) were isolated, Epstein Barr
virus (EBV) transformed in 384-well plates (Nunc) in the presence of 2.5
pg/ml CpG ODN 2006 (InvivoGen), 10 pM Chk2 inhibitor II (Sigma;
catalog no. C3742), and 1 pg/ml cyclosporine (Sigma), essentially as pre-
viously described (15, 16, 53, 54). The antibodies described can be ob-
tained for research purposes under a materials transfer agreement.

Purification of antibodies from hybridoma cell line supernatants.
The hybridoma cell lines were grown in medium E (Stemcell Technolo-
gies) until resuspension of the cells in Hybridoma-SFM medium (Invit-
rogen). Supernatant was harvested after 1 week, fast-performance liquid
chromatography (FPLC) purified with protein G (for hybridoma-derived
2G1) or MabSelect SuRe affinity columns (for all other antibodies; both
from GE), and concentrated with Amicon Ultra centrifugal filters with a
30-kDa molecular mass cutoff (Millipore).

VLP expression and HAI assays. Expression plasmids encoding HA
or neuraminidase proteins were coexpressed in 293T cells to produce
virus-like particles (VLPs) (4, 54). Two days posttransfection, superna-
tants were collected. Hemagglutination inhibition (HAI) assays were per-
formed as described previously (44) using VLPs or live virus, as indicated
in the tables. We used the numbering scheme from Xu et al. for H2 HA
(Protein Data Bank [PDB] identifiers: 3KU3/3KU5/3KU6) (48).

Microneutralization assay. Different dilutions of antibody were in-
cubated with 5 log;, 50% tissue culture infective doses (TCIDs,) of each
virus for 1 h. The mixture was used to infect Madin-Darby canine kidney
(MDCK) cells in triplicate for an hour at 37°C. The plate was harvested 3
days later and read in an HA assay. The endpoint was the lowest concen-
tration that gave no HA activity.

Isolation and characterization of antibody escape mutant viruses.
We selected new antibody escape mutant viruses by incubating virus with
neutralizing antibodies followed by inoculation of the mixture in 10-day-
old embryonated chicken eggs, essentially as described previously (3, 51).
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RNA was extracted from virus-infected allantoic fluid, and then cDNA
was generated by reverse transcriptase PCR (RT-PCR), cloned molecu-
larly, and sequenced.

In vivo antiviral effect of H2N2-specific MAbs. Female 8-week-old
BALB/c mice were inoculated intranasally with 5 times the 50% lethal
dose (LDs,) in a 50-pul volume of the virulent A/Albany/6/1958 H2N2
influenza virus (26, 38). At 24 h after inoculation, mice were each admin-
istered 200, 20, or 2 g (approximately 10, 1, or 0.1 mg/kg of body weight)
of Ab 8F8, 8M2, or 2G1 or an equal volume of 10 mg/kg of polyclonal
human IgG (Sigma) by the intraperitoneal (i.p.) route in groups of 10
mice. Mice were observed for weight loss for 14 days. Subsets of four
animals treated with Abs were euthanized on day 4 after inoculation, and
whole lungs were homogenized in 1 ml of sterile PBS. Virus titers in lung
tissue homogenates were determined by plaque titration in Madin-Darby
canine kidney cell monolayer cultures and expressed as log,, PFU/ml.
Statistics were performed with GNU R 2.13.1 (R Foundation for Statistical
Computing). The log rank test was used to compare the survival distribu-
tions. The Wilcoxon rank sum test was used to compare the lung virus
titers.

Review of H2N2 sequences. We queried the Influenza Research Data-
base (IRD; www.fludb.org) (30) on 29 April 2011 for all naturally occur-
ring, nonredundant human H2N2 HA sequences between 1957 and
1968 to identify the variability of key residues. After an alignment with
ClustalW (17), complete sequences were pruned to residues 59 to 252
(encoding the globular head) of the HAI subunit using MacVector 12
software. Redundant sequences were eliminated with a redundancy
threshold of 100 in Jalview 2.6.1. A phylogram was generated with
MacVector 12 using neighbor joining, best tree, symmetric tie breaking,
uncorrected (“p”) distance settings and rooted to A/Japan/305/1957
(CY014976).

Nucleotide sequence accession numbers. Antibody nucleotide se-
quences have been deposited in GenBank under accession numbers
JN130388 to JN130397.

RESULTS

Hybridoma generation and molecular cloning. We screened pe-
ripheral blood cells from a total of 26 healthy donors born be-
tween 1957 and 1968 and from three donors who participated in
an NIH-sponsored clinical trial of an experimental monovalent
subvirion H5N1 influenza vaccine (1) by testing the supernatants
of EBV-transformed B cells for antibodies binding to recombinant
A/Japan/305+/1957 H2N2 HA or A/Aichi/2/1968 H3 HA by
ELISA. Lymphoblastoid cell lines from wells with supernatants
containing HA-reactive antibodies were fused with HMMA?2.5
myeloma cells to generate hybridomas. Five antibodies were
cloned from different donors. MAbs 8F8 and 8M2 reacted with
the pandemic H2N2 HA, MAbs 7A13 and 11J19 recognized the
pandemic H3N2 HA, and remarkably, MAb 2G1 reacted with
both the pandemic H2N2 and H3N2 HA (Table 1). The data gen-
erally agreed well with those from the microneutralization assay,
except that MAb 2G1 did not neutralize the 1968 virus at the
highest concentration tested (Table 2). Molecular cloning of the
antibodies and recombinant expression confirmed that the anti-
body gene sequences coded for HA-reactive antibody proteins.
Nucleotide sequence analysis of variable gene sequences (Table 3)
using the international ImMunoGeneTics (IMGT) information
system (2) revealed that the H2 MAbs 8M2 and 2Gl1 shared the
Vi1-69 germ line gene segment with recently published human
globular head antibodies derived of one clone (22).

Reactivity of H2 antibodies. We tested the three H2 HA-reac-
tive antibodies in hemagglutination inhibition (HAI) assays
against a panel of representative influenza virus strains. MAbs
8F8, 8M2, and 2G1 each inhibited several H2 strains, suggesting
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TABLE 1 Specific HAI activities of antibodies against influenza viruses

HAI activity” against MAD (.g/ml)

H3N2

H2N3A/swine/
Missouri/

A/Albany/ A/Netherlands/ A/Ann Arbor/ 2124514/

H2N2

H5N1A/

HINIA/

A/Alabama/ A/Philippines/ A/New York/ California/ Vietnam/

1/1981

A/Hong
Kong/

A/Rockville

A/Japan/ A/Ann Arbor/ Illinois/

A/Singapore/
1/1957
(VLP)

0.05

04/2009 1203/2004

1279/2008

2/1982 x PR8

1/1968

2006 (VLP)

7/1967

65/1963

0.1

6/1958
0.32
1.25
0.32

NT

5/1957
0.4
0.2
0.2

305/1957 23/1957

MAD

8F8

1.3
2.5

0.1

0.4

10

0.7

0.7

8M2 0.2
2G1

1.3

0.05

0.025

0.7

0.1

0.7

7A13 >

2.5

NT

“ The highest titer that still showed HAI activity is shown. NT, not tested. >, activity was not detected at 20 pg/ml.

1119 >

TABLE 2 Microneutralization data of H2/H3-specific human MAbs

Neutralization activity” (pg/ml)

A/Singapore/1/ A/Japan/305/ A/Hong Kong/1/
MAD 1957 H2 1957 H2 1968 H3
8F8 Fab <0.2 <0.2 >
8M2 Fab 0.7 > >
2G1 Fab 1.3 <0.2 >
7A13 Fab > > <0.8
11J19 Fab > > 6.3

“ The highest titer that still showed neutralization activity is shown. >, activity was not
detected at the highest concentration tested, 20 pg/ml. =>, activity was not detected at
the highest concentration tested, 100 wg/ml.

that they targeted the HA globular head. This specificity of 8M2
and 2G1 was surprising given the previously reported strong as-
sociation of HA stem specificity with the use of the V;1-69 germ
line gene segment in antibodies to influenza (7, 9, 33, 45). MAb
8F8 and MAb 2G1 both potently inhibited all H2 strains tested
except for a virus circulating in 1967 (Table 1). MAb 8M2 inhib-
ited all strains tested, including the virus from 1967, but did not
react with the Japan/305/57 strain (GenBank accession number
CY044325). Interestingly, MAbs 8F8, 8M2, and 2G1 each inhib-
ited a swine H2N3 influenza virus strain from 2006 (Table 1).

Epitope mapping of H2N2 antibodies. Next, we sought to un-
derstand why MADb 8M2 did not neutralize the Japan/305/57
strain. The sequence of the Japan/305+/57 virus differs from that
of Japan/305/57 mainly in a serine residue at position 228 instead
of a glycine (Fig. 1), but four slightly different sequences of Japan/
305/57 have been published (see Fig. S1 in the supplemental ma-
terial). This S228G change results in a switch from avian receptor
specificity to human receptor specificity (5, 6, 49). To test whether
a residue that mediated this receptor specificity also mediated es-
cape from 8M2 inhibition, we made H2N2 virus-like particles
(VLPs) using the cDNA from the HA of Japan/305+/57 virus. As
expected, MAb 8M2 inhibited the HA activity of these VLPs (Ta-
ble 4). When we reverted this serine back to a glycine in the Japan/
305+/57 HA and used the cDNA to make VLPs, inhibition of
those VLPs by MAb 8M2 was reduced markedly (Table 4).

To more fully define the antibody epitopes, we generated es-
cape mutant viruses, using the rationale that sequence polymor-
phisms in escape mutants will reflect the epitopes recognized by
the MAb. MAb 8M2 selected for a G135D mutation in the Singa-
pore/57 virus background, a residue located on the edge of the
receptor-binding domain (RBD) opposite of residue 228 impli-
cated above (Fig. 1). MAD 8F8 selected for a T193K mutation in
the Singapore/57 background and an R137Q mutation in the Ja-
pan/305/57 background. Finally, MAb 2Gl elicited a K156E mu-
tation in the Singapore/57 background. These residues at posi-
tions 137 and 156/193 also are located at the edge of the RBD on
opposite sides of the structure, but at an approximate 90° rotation
compared to the axis of the 135/228 residues (Fig. 1). We built
those mutations back into VLPs to validate them as escape muta-
tions. Indeed, the G135D mutation in the Japan/305+ HA protein
context eliminated inhibition by MAb 8M2, and the T193K mu-
tation reduced inhibition (Table 4). The T193K mutation elimi-
nated inhibition by MAb 8F8, and R137Q markedly reduced in-
hibition for this antibody only. The K156E mutation conferred
escape only for 2GI.

Sequence analysis of H2N2 HA. We next sought to under-
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TABLE 3 Genetic and binding kinetic features of H2/H3 influenza-specific human MAbs”

Heavy chain Light chain Mutation

Birth N P Kinetics
MAb  Subject yr Vy D Ju Vi /Vg Tk Nk Vg insertions insertions D Jy Vi Jo (K, [M])
8F8 9 1958 3-33*01 5-12*01 6*02 1-44*01 2*01 or 3*01 A 21(22) 10 0 0o 1 18 1 27x10°8
8M2 16 1956  1-69*01 3-16*02 4*02 3-15*01 1*01 K 30(32) 13 0 4 2 12 0 1.3x10°7
2Gl 92 1950 1-69*01 1-26*01 5*02 1-33*0lor  5*01 K 23 (24) 8 0 0 1 10(13) 0 1.8x10°°

1D-33*01

7A13 7 1960 4-4*02  2-21*02 1*01 4-69*01 3*02 A 28(29) 19 0 4 2 13 0 25x10°%
11J19 13 1965 4-39*01 3-10*01 4*02 1-9*01 4*01 18(19) 1 0 1 2 14(17) 0 43X107°

“ 8F8, 8M2, and 2Gl1 reacted with H2 HA; 2G1, 7A13, and 11J19 reacted with H3 HA. The genetic features were determined using the international InMunoGeneTics (IMGT)
information system (2). Binding kinetics were determined with an Octet Red instrument and anti-PentaHIS tips as described previously (15). Recombinant soluble A/Japan/305+/
1957 H2 HA protein was used as a binding partner for 8F8, 8M2, and 2G1; recombinant soluble A/Hong Kong/1/1968 H3 HA protein was used for 7A13 and 11J19.

stand the influence of naturally occurring H2N2 HA antigenic
drift mutations on the activity of our antibodies using previously
isolated field strains of H2 viruses. A phylogram of the amino acid
sequence of all naturally occurring, nonredundant human H2N2
HAs revealed two distinct populations of early (1957 to 1960) and
late (1963 to 1968) H2N2 influenza virus strains (see Fig. S2 in the
supplemental material). We performed a multiple sequence align-
ment of those strains in the order of the phylogram to document
the sequence variability, particularly in the key residues of the
escape mutations (see Fig. S1 in the supplemental material). Res-
idue G135 was well conserved except for aspartic acid in A/Ku-
mamoto/1/1965 and serine in A/Moscow/1019/1965 (Fig. S1); itis
questionable whether the latter is truly a 1965 strain, as it is very
similar to the 1957 to 1961 strains. The arginine in position 137 of
H2 HA has mutated to a glutamine in two early H2 strains (so the

FIG 1 Space-filling model of 1957 influenza HA (PDB: 3KU3) (48). This is a
view onto the RBD of the membrane-distal globular head of a single monomer.
Residues that mediate escape from MAbs when mutated are colored: red for
8F8 escape mutations, green for 8M2 escape mutations, and blue for the 2G1
escape mutation. Other residues that are part of the RBD but have not been
implicated as escape mutations of 8F8 or 8M2 are colored in dark gray.
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above R137Q escape mutant is present in naturally occurring
H2N2 viruses), to a methionine in six late H2 strains, and to a
lysine in most other late H2N2 strains (Fig. S1). A T193A muta-
tion is found in almost all late H2N?2 strains, although two H2 HAs
display a glutamic acid in this position. A K156E mutation is
found in occasional early or late H2 strains; glutamine or threo-
nine also was found in this position, but the original lysine pre-
dominated overall. Interestingly, the lysine residue at position 156
on HA that is critical for recognition by the heterosubtypic 2G1
antibody is present in the HA of every pandemic virus isolated to
date (1918 H1, 1957 H2, 1968 H3, 2009 H1) and even the HA of
the H5N1 A/VietNam/1203/2004 strain, which is highly virulent
in humans.

Residue 228 is split between the serine typical of human recep-
tor specificity and the glycine of avian receptor specificity, al-
though only a serine is found in this position in later strains. It
should be noted that human H2N2 viruses have been passaged
many times in eggs and that the passage history for some of the
strains is unknown; whether viruses with avian receptor specificity
truly cocirculated in 1957 or whether those isolates are drift vari-
ants from subsequent egg passage is controversial (6, 19, 26). We
introduced some of these mutations into the A/Japan/305+/1957
background to test the specificity of our H2N2 antibodies in HAI
assays against VLPs. MADb 8F8 was very sensitive to changes in
position 137, with an R137M mutation leading to loss of inhibi-
tion and an R137K mutation to a marked reduction of inhibition
(Table 4). This finding might explain why MAb 8F8 does not
inhibit late H2N2 strains, although changes at other residues not
identified by escape mutations might contribute.

In vivo therapeutic efficacy of H2 antibodies. We next tested
the H2-reactive MAbs in a therapeutic mouse model of H2N2
influenza virus infection (Fig. 2; Table 5). MAbs 8F8, 8M2, and
2G1 each protected all animals at the highest dose of 200 pg; only
MADb 2Gl also protected all animals at the intermediate dose and a
single animal at the lowest dose (Fig. 2A). This trend was reflected
in the animal weight curves, with animals in the high-dose groups
gaining weight by day 14 compared to baseline (Fig. 2B). At the
highest dose, the antibodies were able to reduce H2N2 lung titers
between 2.6 log,, PFU/ml (for 2G1) and 2.2 log,, PFU/ml (for
8M2) compared to the IgG control (Table 5).

Reactivity of H3N2 antibodies. Surprisingly, the H2-reactive
MAD 2G1 also inhibited the pandemic 1968 H3 virus, but not the
later H3 viruses that were tested (Table 1). The H3-specific anti-
bodies 7A13 and 11J19 also inhibited A/Hong Kong/1/1968
H3N2, but they did not inhibit later H3 strains (Table 1), suggest-
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TABLE 4 Specific HAI activities of human H2N2 antibodies against wild-type or mutated VLPs

HAT activity” (ng/ml) against MAb H2N2 VLPs

MADb WT G135D G135S R137Q R137M R137K K156E T193K T193A 5228G
8F8 <0.2 0.7 <0.2 10 > 10 0.1 > <0.2 0.7
8M2 0.7 > 1.3 0.7 1.3 0.7 0.4 10 0.7 2.5
2G1 <0.2 0.7 <0.2 <0.2 <0.2 <0.2 > 1.3 <0.2 0.4

“ The highest titer that still showed HAI activity is shown. >, activity was not detected at the highest concentration tested, 20 wg/ml. VLPs are based on the HA of A/Japan/305+/

1957 except for the K156 mutant, which is based on A/Singapore/1/1957. WT, wild type.

ing that these antibodies do not display significant cross-reactivity
within this influenza virus subtype.

DISCUSSION

B cells specifying MAbs to 20th-century pandemic influenza vi-
ruses can still be detected in the peripheral blood of humans.
The persistence of virus-specific memory B cells in the circulation
is remarkable. We previously showed that H1-specific human
MAbs to the 1918 HIN1 pandemic virus can be cloned from the
peripheral blood of survivors of the pandemic many decades after
circulation of that virus (54). Here, we used a similar approach
(53) to clone neutralizing human MAbs against 1957 H2N2 or
1968 H3N2 pandemic viruses. Influenza antibodies also can be
cloned from plasmablasts of recent vaccinees or those convalesc-
ing from disease (46), but this technology is not suitable for a
pathogen that is no longer in circulation and for which a routine
vaccine is unavailable. In contrast, human hybridoma technology
can be used to generate MAbs against an antigen that has not been

A
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©
=
e
>
(7]
T 50
(0]
o
(0]
o Treatment
—— 8F8 200 ug
0 T T T T A v == 20 ug
0 2 4 6 8 10 12 14 | 219
Days after inoculation D
+— 8M2 200 ug
B & 20 ug
Q
£ 1107 s 2H9
% —— 2G1 200 g
f -8 20 ug
< 100 e 2yg
.g) —
© —+— Hulg 200 ug
2
>
g 904
Kol
c
3 =
E 80— —— —

10
Days after inoculation

14

FIG 2 Therapeutic efficacy of MAbs against disease caused by the A/Albany/
6/1958 H2N2 virus in mice. Mice were inoculated on day 0 and treated on day
1 with the indicated antibody (8F8, 8M2, 2G1, or a human IgG control) and
dose. In each group, six mice were monitored for survival (A) and weight (B).
At the 8F8 200-pg dose (P < 0.01), the 8F8 20-g dose (P < 0.05), the 8M2
200-pg dose (P < 0.01), the 2G1 200-pg dose (P < 0.01), and the 2G1 20-.g
dose (P < 0.01), treatment conferred a survival advantage by log rank test.
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in human circulation for at least 43 years, such as H2N2 influenza.
In summary, we have shown for all three influenza pandemics of
the 20th century (1918, 1957, and 1968) that B cells specific for the
pandemic virus can still be found in the peripheral blood of hu-
man beings in the 21st century.

Antibodies targeting the H2 RBD may have been present ona
population level. The first major epitope mapping of H2N2 HA
was performed almost 30 years ago using murine MAbs (49). In-
terestingly, half of these antibodies—like MAb 8M2—did not in-
hibit virus with avian receptor specificity; the influence of avian
receptor specificity was even highlighted by Yamada et al. in the
title of their article (49). Receptor specificity can influence anti-
body inhibition when the epitope includes residues that mediate
that receptor specificity (i.e., that are part of the RBD). Unlike
HINTI HA in early epitope mapping studies (3), H2N2 was found
not to have discrete murine epitopes but to have overlapping
epitopes on its globular head, as the antibodies isolated competed
with each other for binding to HA over the RBD (49). These find-
ings are consistent in principle with the epitope mapping of hu-
man MADs in our study that elicited escape mutations immedi-
ately adjacent to the RBD. The number of human antibodies in
our study is limited but, taken together with the prior work by
Yamada et al., suggests that most of the circulating B cells specific
for H2N2 influenza are targeted to the RBD. Why both the human
and the murine immune responses to H2 are so focused on the
relatively conserved RBD is unclear. This may have contributed to
the limited circulation of H2 viruses. Understanding this phe-

TABLE 5 Therapeutic efficacies of H2N2-reactive MAbs against virus
replication in mice inoculated with A/Albany/6/1958 H2N2 virus®

Dose Lung virus titer (log,, PFU/ml),
Antibody (pg/mouse) mean = SD
8F8 200 44*0.1*
20 58 *0.1%
2 6.5*0.2*
8SM2 200 47+03%
20 6.3 *02*
2 6.8 £ 0.1
2G1 200 43*03*
20 50*05*
2 63 *04*
IgG control 200 6.9+ 0.1

“ Four mice were inoculated intranasally with 5 times the LD5, and administered MAb
8F8, 8M2, 2G1, or human IgG i.p. 24 h later. Mice were euthanized on day 4 after
inoculation for the determination of lung titers. *, at the o = 0.025 level controlling the
overall type I error at 7.5%, the lung homogenates differ from the IgG control group by
the Wilcoxon rank sum test (P < 0.05).
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nomenon better might help to improve current influenza vac-
cines. Antibodies that contact amino acid residues that are com-
ponents of the RBD have been described previously (11, 14, 15,
43). Although our H2N2 antibodies likely make contact within the
RBD pocket (the heterosubtypic activity of 2G1 would be difficult
to explain otherwise), such contact residues are difficult to iden-
tify by the escape mutation method we used since such viruses
likely would be reduced in replicative capacity. X-ray crystallog-
raphy structures of antibody-H2 HA complexes would be helpful
to elucidate these interactions on the atomic level.

2G1-like antibodies may have provided relative protection
from H3 virus. Neither the H2-specific MAbs 8M2 and 8F8 nor
the H3-specific MAbs 7A13 and 11J19 neutralized the other sub-
type. However, the human H2 antibody 2G1 did inhibit the 1968
H3 influenza virus, which is a very unusual phenotype that has not
been described previously, though MAb 2G1 did not neutralize in
amicroneutralization assay. It is likely that H2 virus was the incit-
ing event for MAb 2G1, since infection with pandemic viruses is
substantial and H2 virus circulated before H3, and since this an-
tibody exhibits more potent inhibition of H2 virus. The relative
conservation of the critical residue 156 may have been the struc-
tural basis for this cross-reactivity, though other residues likely
contributed. Heterosubtypic HA globular head domain-specific
antibodies are probably rare because of the variability in the dom-
inant antigenic loops, but the presence of 2G1-like antibodies
might have contributed to the diminished severity of the 1968
H3N2 pandemic as opposed to the 1957 H2N2 pandemic. This
phenomenon has previously been attributed to cross-reactive N2
neuraminidase antibodies (47), but human cross-reactive N2-
specific MAbs have not been described so far.

H2 MAbs might be useful for diagnostic or therapeutic pur-
poses. Experimental H2N2 vaccine candidates exist but may not
be protective after a single dose (10). Therefore, passive transfer of
antibodies such as MAb 8F8, 8M2, or 2G1 could be used in case of
a 1957-like virus pandemic to protect high-risk individuals. Also,
these antibodies could be useful as diagnostic reagents or to dif-
ferentiate H2N2 viruses with human or avian receptor specificity.
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