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The only universally conserved sequence amongst all influenza A viral neuraminidase (NA) is located
between amino acids 222-230 and plays crucial roles in viral replication. However, it remained unclear
as to whether this universal epitope is exposed during the course of infection to allow binding and
inhibition by antibodies. Using a monoclonal antibody (MAD) targeting this specific epitope, we
demonstrated that all nine subtypes of NA were inhibited in vitro by the MAb. Moreover, the antibody
also provided heterosubtypic protection in mice challenged with lethal doses of mouse-adapted H1N1
and H3N2, which represent group I and II viruses, respectively. Furthermore, we report amino acid res-
idues 1222 and E227, located in close proximity to the active site, are indispensable for inhibition by this
antibody. This unique, highly-conserved linear sequence in viral NA could be an attractive immunological

Cross-protection

target for protection against diverse strains of influenza viruses.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Current seasonal influenza vaccines are designed to provide
strain-specific protection against two circulating subtypes of influ-
enza A virus (HIN1 and H3N2) and one influenza B virus. The main
target in these vaccines is the hemagglutinin (HA) for which there
are at least 16 subtypes. HA has been identified to primarily mediate
entry into host cells. Thus, neutralizing antibodies induced by vac-
cines can block viral entry by either preventing the attachment of
the virus to sialic acid receptors on host cells or by interfering with
HA-mediated viral fusion (Kida et al., 1983; Yoden et al., 1986).

Neuraminidase (NA) is another major glycoprotein on the
surface of the virus of which there are at least 9 known subtypes
(Baker et al., 1987; Webster and Bean, 1978). Recently, a highly
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divergent influenza A virus was isolated from little yellow shoul-
dered bats (designated as H17N10). However, the N10 is a NA-like
protein which does not possess sialidase activity (Tong et al.,
2012). NA exerts its primary functional role during viral exit from
the infected cells by cleaving the sialic acid receptors to facilitate
the release of viral particles (Skehel and Wiley, 2000; Air and Laver,
1989; Palese et al., 1974). This role is supported by reports that NA-
defective virus, or wild type viruses in the presence of NA inhibi-
tors, form aggregations of viruses on the apical surface of the cells
(Griffin et al., 1983; Liu et al., 1995; Hashem et al., 2009; Govorkova
and McCullers, 2013). NA may also promote the breakdown of
mucus in the respiratory tracts and the release of virus from sialic
acid containing inhibitors, thus facilitating viral diffusion and
access to the respiratory tract during infection (Matrosovich et al.,
2004) and contributing to the entry and fusion of the influenza virus
into host cells (Su et al., 2009). In contrast to HA, NA antibodies are
not known to neutralize viral infectivity, but they have been shown
to reduce viral yield by inhibiting NA enzymatic activity and thus to
contribute to protection against influenza infection (Johansson et al.,
1989; Qiu et al., 2006; Chen et al., 2000, 2005).

Both HA and NA proteins are highly variable being subject to
antigenic drift and shift (Johansson and Brett, 2007; Air, 2011;
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Hashem et al., 2011; Ilyushina et al., 2012). Therefore, heterosub-
typic protection against influenza A viruses is largely believed to
be mediated by cross-reactive cytotoxic T cells against the highly
conserved internal proteins rather than by antibodies against HA
or NA (Epstein et al.,, 2005; Takada et al., 2003; Rimmelzwaan
et al.,, 2007). However, recent reports have identified various
broadly neutralizing antibodies targeting conserved epitopes in
HA (Thosby et al., 2008; Thomson et al., 2012; Yoshida et al.,
2009; Ekiert et al., 2009, 2011). Moreover, Sandbulte et al. (2007)
and Marcelin et al. (2011) have shown that cross-reactive anti-
neuraminidase antibodies elicited by seasonal HIN1 infection
could not only contribute to protection against HIN1 but also pro-
vide cross-protection against H5N1 and H1N1pdmO9 viruses,
respectively. However, an antigenically conserved sequence afford-
ing heterosubtypic inhibition across all subtypes of NA has not
been reported (Marcelin et al., 2012; Johansson and Brett, 2007).

We recently identified a universally conserved peptide located
between amino acids (a.a.) 222-230 (N2 numbering). This epitope,
comprised of “ILRTQESEC”, constitutes part of the enzymatic active
site (Gravel et al., 2010; Varghese et al., 1983), and plays critical
roles in viral replication (Doyle et al., 2013). Using a monoclonal
antibody (MAD) generated against this peptide, we found that this
peptide epitope could be an attractive antiviral target.

2. Materials and methods
2.1. Antibodies against the universally conserved epitope in NA

A rabbit MAD against the highly conserved sequence was gener-
ated (Gravel et al., 2011, 2010; Chun et al.,, 2008). The MADb,
denoted as HCA-2 MADb, was used in all experiments reported here.

2.2. Viruses

Influenza A strains used to investigate the heterosubtypic
inhibitory effect of HCA-2 MAb were propagated at 37 °C in the
allantoic cavities of 10-day-old embryonated hen eggs for 24 h
(hrs). Allantoic fluid was clarified by centrifugation, aliquoted
and stored at —80 °C until used. Viruses were titrated in MDCK
cells as previously described (Hashem et al., 2009).

2.3. Mutagenesis and reverse genetics

The influenza A/Puerto Rico/8/34(H1N1) virus 8-plasmid re-
verse genetics system was kindly provided by Dr. Richard Webby
(St. Jude Children’s Research Hospital, Memphis, TN). The Strata-
gene Quick change Il mutagenesis kit (La Jolla) was used to gener-
ate substitution mutations by alanine within the NA plasmid,
which were sequenced to ensure the presence of each substitution.
Wild type (wt) and each mutant virus were generated and purified
as previously reported (Hoffmann et al., 2000). To ensure that no
additional mutations occurred in the NA during generation or pas-
saging, VRNA was extracted and sequenced.

2.4. NA enzyme linked lectin assay (ELLA)

ELLA was performed as described (Lambre et al., 1991). 96-well
flat plates were coated with 25 pg/ml of fetuin (Sigma) and stored
at 4 °C for 18 h before use. The titrated virus was incubated for 2 h
with serial dilutions of the purified MAb. The fetuin coated plates
were then washed in PBS with 0.5% Tween, followed by transfer-
ring the virus-antibody mixture to the wells and subsequent incu-
bation at 37 °C for 20 h. The plates were again incubated with
biotinylated-peanut lectin (sigma) for 2 h at RT in the dark. Avi-
din-peroxidase conjugate was added and incubated for 1 h in the

dark at RT. Finally, the substrate, o-phenylendiamine dihydrochlo-
ride (OPD) (Sigma) was used to develop colorimetric reaction.

2.5. Virus inhibition assay

Unless specified, MAb was serially diluted and mixed with
equal volume of virus at an MOI of 0.001 in a total volume of
60 pl and were incubated at 37 °C for 1 h. The antibody-virus mix-
ture was transferred to confluent MDCK cells in 96-well plates and
incubated at 37 °C for 20 h. Cell monolayers were washed twice
with PBS, fixed with ice-cold 80% acetone for 10 min and viral
nucleoprotein (NP) was quantified by indirect ELISA as described
in standard microneutralization assay (Hashem et al., 2009); the
NP ELISA was chosen over TCIDsy or plaque assays as the ELISA
was more accurate, faster and reading could be automated
(Hashem et al., 2009).

2.6. Animal study

Female, 19-21 g, Swiss-Webster (CD-1) mice were purchased
from Charles River Laboratories International (Wilmington, MA).
All in vivo research was performed in accordance with the guide-
lines of the Canadian Council on Animal Care. All efforts were made
to minimise suffering; mice were humanely euthanised upon
experimental endpoint (when infection resulted in greater than
25% body weight loss accompanied by respiratory distress). The
mice (n=5) were injected intraperitoneally with either 60 mg/kg
of the rabbit MAb or rabbit IgG control on days —2, —1 and O rela-
tive to infection. On day 0, mice were intranasally challenged with
lethal doses of ~5 x LDsq of influenza A/FM/1/47/MA (H1N1) or
influenza A/HK/1/68-MA20 (H3N2) as previously determined in
Swiss Webster CD-1 mice (Ping et al., 2011; Smeenk et al., 1996).
Mice were weighed daily and clinically monitored for signs of ill-
ness for 12-14 days.

3. Results
3.1. HCA-2 MADb inhibits diverse strains of influenza viruses

The MAb was determined for its inhibitory activities against all
9 NA subtypes of influenza viruses. As shown in Fig. 1, the MADb re-
sulted in a significant decrease in NA enzymatic activity of all NA
subtypes in ELLA assay. Specifically, HCA-2 MADb inhibited NA
activity in a dose response manner in which enzymatic activity
of all NA subtypes were reduced by 80-100% at the highest con-
centration of the MADb in comparison to the IgG control which
did not cause any reduction in NA activity. This effective inhibition
of NA enzyme activity prompted us to investigate whether the
MADb could inhibit viral replication in culture.

As shown in Fig. 2, the in vitro growth of viruses containing any
of the 9 NA subtypes was substantially inhibited by HCA-2 MAb
compared to normal IgG control. Specifically, coincubation of the
highest concentration of the MAb with the viruses on MDCK cells
resulted in 80-90% inhibition in viral replication. On the other
hand, a slightly lower percentage of inhibition (~70%) against N4
and N5 strains was detected. The reason for the slightly lower rate
of inhibition remains to be fully understood but is likely to be mul-
ti-factorial. For example, the balanced action between HA and NA,
which is known to affect viral replication, might vary between the
different strains used in this study (Wagner et al., 2002). Moreover,
amino acid substitutions within the HCA-2 region (i.e.: for L223M
in H8N4 and E229S in H6N5) as well as variation in sequences out-
side the universal epitopes could alter the susceptibility of NA to
inhibition (Table 1). Nonetheless, this substantial inhibition was
further reflected in the ICsq values of the HCA-2 MADb required to
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Fig. 1. HCA-2 MAD inhibits NA activity across all nine NA subtypes. MAb inhibitory effect on NA enzymatic activity was determined by ELLA assay. Fetuin coated plates were
incubated with HCA-2 MAD or normal rabbit IgG control and virus containing one of the nine NA subtypes. Data are presented as a percentage of inhibition compared to virus

control + s.e.m. from three independent experiments done in duplicates.

inhibit viral growth which ranged between 2.6 and 18.2 pug/ml
depending on the subtype (Table 2).

We next investigated whether this protection could be ex-
tended to a murine model. Two mouse-adapted viruses were used,
with HIN1 and H3N2 representing group I and group II NAs,
respectively. Upon passive transfer of the antibodies to naive mice,
we observed that the HCA-2 MAD treatment but not the normal IgG
control protected 60% and 40% of the mice after challenge with
H1N1 and H3N2 viruses, respectively (Fig. 3a). This protection
was also observed in animal weight loss, as protected animals
maintained their weight, in contrast the mice from the control
group lost more than 20% of their total body weight within 8 days,
suffered severe clinical symptoms and died between 8 and 10 days
after viral challenge (Fig. 3b). These data support the in vitro find-
ings that the universal MAb against NA can provide heterosubtypic
protection against virus infection. Notably, the HCA-2 MADb failed
to provide complete protection in vivo (40-60%) which might be
due to the fact that MAD is of rabbit origin. However, the level of
inhibition seen with this rabbit MAb is comparable to other reports
in which murine polyclonal antibodies are used to protect mice in
passive transfer studies (Marcelin et al., 2011; Sandbulte et al.,
2007). It is also of note that the murine polyclonal antisera in these

previous studies were obtained from mice which were immunized
with an antigen of the same virus subtype which was used in the
subsequent challenging. Thus these studies only examined the pro-
tection afforded by antibodies within the same subtype of NA
(Sandbulte et al., 2007; Marcelin et al., 2011; Wan et al., 2013).
Broadly inhibitory MAb against specific NA subtype was reported
recently, but the MAbs were targeting the N1 subtype (Wan
et al., 2013). In contrast, the present data clearly show that HCA-
2 MADb is protective against diverse influenza A virus subtypes
due to its highly conserved target peptide in the NA protein.

3.2. Identification of key a.a. in the NA epitope involved in HCA-2 MAb-
mediated viral inhibition

To determine the key amino acid residues within the HCA-2 re-
gion which contribute to the observed antibody inhibitory effects,
we tested the MAb against various mutant viruses which have a
single alanine substitution within, or a deletion of the HCA-2
region. We observed that viruses with deleted HCA-2 region or
alanine substitution at any of the following residues; L223, R224,
C230 were non-viable (viruses could not be rescued), indicating
the critical roles of these residues (Doyle et al., 2013). The
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Fig. 2. HCA-2 MADb shows broad inhibitory effect against all influenza NA subtypes. HCA-2 MAb or normal rabbit IgG control were tested for their inhibitory effect against
H1N1, H6N2, H7N3, H8N4, H6N5, H11N6, H7N7, H10N8 or H5N9 in virus inhibition assay as described in Section 2. Data are presented as percentage of inhibition compared
to virus control + s.e.m. from three independent experiments done in duplicates.

Table

1

The conservation rate of the HCA-2 epitope in each of the NA subtypes.

NA subtype  HCA-2 sequence conservation rate (%)* Note Total NA homology against PR8/HIN1 (%)  Consensus HCA-2 sequence®
N1 99.75 - ILRTQESEC
N2 98.5 44 ILRTQESEC
N3 99.7 53 ILRTQESEC
N4 100 All N4 sequences have L223M 49 IMRTQESEC
N5 100 All N5 sequences have S229 44 ILRTQESSC
N6 99.8 45 ILRTQESEC
N7 99.4 55 ILRTQESEC
N8 99 All N8 have S229 47 ILRTQESSC
N9 99.4 48 ILRTQESEC
N10 100 30 GLRLPNSEC

¢ Conservation rate of HCA-2 sequence for each subtype.
> NA homology was determined between the specific strain used in this work and the A/PR8/34(HIN1).

¢H

remainder of the mutants with alanine substitution at positions
1222, T225, Q226, E227, S228 and E229 were all successfully
rescued. Interestingly, HCA-2 MAD inhibited the in vitro growth

CA-2 consensus sequence in each NA subtypes.

of T225A, Q226A, S228A and E229A variants to levels that were
similar to the wt virus, however, this inhibitory effect of the MAb
was largely abolished against 1222A and E227A mutants (Fig. 4),
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ICsp of HCA-2 MAD in inhibiting influenza viral growth for each individual virus
strains, with statistical comparisons were made against A/PR8/34/H1NT1.

Virus ICs0 (pg/ml)
A/PR8/34[HIN1 5.30
A/Turkey/Mass/3740/65/H6N2 8.49
A/Turkey/Oregon/71/H7N3 2.56
A/Turkey/Ont/6118/68/H8N4 16.03
A/Shearwater/Australia/72/H6N5 18.2
A/DK/Czechoslovakia/56/H4N6 12.68"
A/EQ/Paraguay/1/56/H7N7 2.67
A/Quail/Italy/1117/65/H10N8 5.43
A[Turkey/Wisconsin/68/H5N9 10.16

" Represents a p-value <0.05.

suggesting the critical need for the two residues in antibody-med-
iated interaction. This was also reflected in the ICsq values of the
HCA-2 MADb against the different variants, which ranged from
0.95 to 2.17 pg/ml for the majority of the mutants but increased
to 181 pg/ml and 106 pg/ml for 1222A and E227A respectively
(Table 3).

4. Discussion

The importance of NA in inducing protective antibodies has
been well documented (Marcelin et al., 2012). Recent publications
suggest that polyclonal antibodies against NA can induce cross-
protection against diverse strains within the same subtype
(Marcelin et al., 2011; Sandbulte et al., 2007), but NA heterosub-
typic protection, i.e., antibody generated by immunization of one
NA subtype capable of protecting against a different NA subtypes,
has not yet been reported (Johansson and Cox, 2011). This lack of
NA specific heterosubtypic protection is mainly attributed to ge-
netic variation combined with immune pressure resulting in
marked structural variability (Colman, 1992; Colman et al,

a AIFM/1/47-MA (H1N1)
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AIFM/1/47-MA (H1N1)
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1983). It would be of significant interest to search for universally
conserved epitopes.

We recently identified a universally conserved NA peptide se-
quence (222-230: I-L-R-T-Q-E-S-E/S-C), in which all residues show
99.1-100% conservation rate, except for E229 which shows conser-
vation at 94.5%, across all NA sequences (Gravel et al., 2010;
Hashem et al.,, 2011). It should be noted that at a.a. position 229,
E constitutes 94.5 while S constitutes 5.5% and the S229 are pre-
sented in all N5 and N8 strains. Within N1, S229 exists in only
0.02% of the strains (Table 1). Furthermore, this sequence is only
partially conserved in the NA-like N10 subtype from little yellow
shouldered bats in which the only two available sequences in the
GenBank show the following substitutions 1222G, T225L, Q226P,
E227N with remaining residues being conserved (Table 1).

More recently, we found that this universal epitope plays cru-
cial roles during viral replication by stabilizing the enzyme struc-
ture and providing a favourable environment for maximal
enzymatic activity (Doyle et al., 2013). However, it remained un-
known as to whether this epitope could be subjected to attack by
inhibitory agents during the course of infection and whether the
MADb, generated using the peptide as the immunogen and bind
the NA proteins in ELISA, could inhibit virus replication. In this
communication, we show that all nine subtypes of viruses were
inhibited by this MADb, revealing that during the course of infection,
this universal epitope is exposed sufficiently in cultures to be at-
tacked by macromolecules such as an antibody.

It is noted that in vitro inhibitory rate of the MAb against most
viruses was around 90% and this was largely in agreement with the
magnitude of inhibition of NA enzymatic activity (Supplementary
information, Fig. S1). The slightly lower inhibition rates (~70%)
against N4 (H8N4) and N5 (H6N5) viruses compared to the others
remain to be fully understood, but is likely to be due to multiple
factors including the differences in a.a. sequences within the
HCA-2 region which could result in varied degrees of interaction
with the MAb. Moreover, it is not completely unexpected that less
potent protection against the virus infection in the mouse than that
observed in in vitro tissue cultures, given that the MAb is of rabbit
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Fig. 3. In vivo effect of HCA-2 MAb. MAb (60 mg/kg) were passively transferred to naive (n = 5) mice via intra-peritoneal injection on days —2, —1 and 0 relative to challenge.
On day 0, mice were intranasally challenged with lethal doses of ~5 x LDsg of influenza A/FM/1/47/MA (H1N1) or influenza A/HK/1/68-MA20 (H3N2). Mice were weighed and
monitored daily for signs of illness for 12-14 days. Panels depict survival curves post-challenge (a) and body weight (b) with both influenza viruses.
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control * s.e.m. from three independent experiments.

Table 3
ICs50 values of HCA-2 MAD against viral variants determined by the inhibition against
the NA enzymatic activity, with statistical comparisons were made against the WT.

Variant ICs0 (ng/ml)
WT 1.82
1222A 181.93
T225A 0.95
Q226A 1.60
E227A 106.26
S228A 2.27
E229A 1.87

" Represents a p-value <0.01.

origin. However, the in vivo efficacy of HCA-2 MAb could be
improved by combination therapy with NA inhibitors such as
oseltamivir or zanamivir, use of a higher dose of the Mab or intra-
nasal versus systemic intraperitoneal administration (Weltzin and
Monath, 1999; Seiler et al., 2000).

Interestingly, a similar in vivo protection rates (40-60%) of NA-
specific antibodies has been reported by others using polyclonal
subtype-specific antibodies (Sandbulte et al., 2007; Marcelin
et al,, 2011). However, these investigators used polyclonal antisera
obtained from animals vaccinated with whole NA proteins. Notice-
ably, such polyclonal antisera were reported to inhibit multiple
strains only within the same subtype while this report is the first
showing a MAD to afford heterosubypic protection against remark-
ably diverse strains of viruses across different subtypes.

It is of note that a.a. residues 1222 and E227 were found to be
indispensable for inhibition by the HCA-2 MADb. These two residues
were highly conserved. Specifically, based on sequences of circu-
lating strains deposited on GenBank/GISAID, only 0.18% (16/
8725) of N1 or N2 strains had mutations at residue 1222
(6 x 1222T, 6 x [222R, 2 x 222K and 2 x 1222X), while none of
the strains (n=8741) contained a mutation at E227. As the two
mutants 1222A and E227A, but not the others, were found to be
resistant to the MAb-mediated inhibition, it could be reasonably
envisaged that binding of the MAD to the two a.a. would disrupt
functional activity of the enzyme. Previously we have used alanine

scanning to demonstrate the contributing role of each a.a. within
the HCA-2 region to viral function as a whole. Indeed, we found
that the 1222A and E227A variants demonstrated a decreased rep-
lication capacity and a decrease in NA enzymatic activity. Thus,
these data suggest that these amino acids are important for opti-
mal enzyme function. While it would be interesting to explore
the potential of inducing HCA-2 escaping mutants with the MAb
in vitro, we are unable to isolate such escapee so far, which further
suggests that escape mutants are likely to be unfit and might not
have the ability to spread widely within the community. Further-
more, it not clear to us yet whether L223, R224, C230 have critical
roles in the interaction with the MAb since replacing these resi-
dues with alanine resulted in non-viable viruses (Doyle et al.,
2013).

While available anti-NA drugs exert their antiviral activities
through their direct binding to enzymatic active site (Kim et al.,
2013; McKimm-Breschkin, 2013) the exact mechanism by which
HCA-2 MAb inhibits influenza virus remains to be fully understood.
However, given the size differences between small molecule inhib-
itors and antibody, it can be envisaged that the insertion of the
complementarity determining regions (CDRs) of the antibody into
NA active site and/or their direct interaction could interfere with
NA function.

5. Conclusions

In conclusion, during the course of infection, this universal pep-
tide could be sufficiently exposed to allow access by macromole-
cules as large as an antibody, making it worthwhile being
considered for future antiviral intervention and vaccine develop-
ment. This notion could be substantiated by the recent findings
that the epitope is crucial for effective virus replication (Doyle
et al., 2013).
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