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ABSTRACT

Between November 2013 and February 2014, China reported three human cases of H10N8 influenza virus infection in the Jiangxi
province, two of which were fatal. Using hybridoma technology, we isolated a panel of H10- and N8-directed monoclonal anti-
bodies (MAbs) and further characterized the binding reactivity of these antibodies (via enzyme-linked immunosorbent assay) to
a range of purified virus and recombinant protein substrates. The H10-directed MAbs displayed functional hemagglutination
inhibition (HI) and neutralization activity, and the N8-directed antibodies displayed functional neuraminidase inhibition (NI)
activity against H10N8. Surprisingly, the HI-reactive H10 antibodies, as well as a previously generated, group 2 hemagglutinin
(HA) stalk-reactive antibody, demonstrated NI activity against H10N8 and an H10N7 strain; this phenomenon was absent when
virus was treated with detergent, suggesting the anti-HA antibodies inhibited neuraminidase enzymatic activity through steric
hindrance. We tested the prophylactic efficacy of one representative H10-reactive, N8-reactive, and group 2 HA stalk-reactive
antibody in vivo using a BALB/c challenge model. All three antibodies were protective at a high dose (5 mg/kg). At a low dose (0.5
mg/kg), only the anti-N8 antibody prevented weight loss. Together, these data suggest that antibody targets other than the glob-
ular head domain of the HA may be efficacious in preventing influenza virus-induced morbidity and mortality.

IMPORTANCE

Avian H10N8 and H10N7 viruses have recently crossed the species barrier, causing morbidity and mortality in humans and
other mammals. Although these reports are likely isolated incidents, it is possible that more cases may emerge in future winter
seasons, similar to H7N9. Furthermore, regular transmission of avian influenza viruses to humans increases the risk of adaptive
mutations and reassortment events, which may result in a novel virus with pandemic potential. Currently, no specific therapeu-
tics or vaccines are available against the H10N8 influenza virus subtype. We generated a panel of H10- and N8-reactive MAbs.
Although these antibodies may practically be developed into therapeutic agents, characterizing the protective potential of MAbs
that have targets other than the HA globular head domain will provide insight into novel antibody-mediated mechanisms of pro-
tection and help to better understand correlates of protection for influenza A virus infection.

Recently, avian influenza A viruses of the H10 subtype have
been reported to infect seals and humans and have generated

concern over their pandemic potential. Three human cases of
H10N8 virus have been reported in China so far, two of which
were fatal (1–3). Furthermore, an avian H10N7 strain was found
to be the etiological agent responsible for the massive die-off har-
bor seals in the Baltic Sea, an epidemic that killed more than 10%
of the local seal population (4–6). The receptor binding profile of
H10 viruses is currently debated (7–12), but the subtype has been
proven to cause productive infections in humans (13, 14). Cur-
rently, the only treatment option for patients infected with an H10
subtype influenza virus is the use of antiviral inhibitors that target
the viral neuraminidase (NA). Stalk-reactive monoclonal anti-
bodies (MAbs) are actively being explored as a possible therapeu-
tic approach to infections with avian viruses but remain in clinical
development. Several stalk-reactive antibodies recognize and neu-
tralize the H10 subtype (15–19), but no data regarding the protec-
tive efficacy of stalk MAbs against this subtype have been pub-
lished so far. We generated a panel of antibodies against H10N8,
including anti-H10 and anti-N8 antibodies. These antibodies
were then characterized in terms of breadth, functionality, and
mechanism of protection and were compared both in vitro and in

vivo to a stalk-reactive antibody that also recognizes H10 subtype
viruses.

MATERIALS AND METHODS
Cells, viruses, and proteins. Madin-Darby canine kidney (MDCK) cells
were grown in complete Dulbecco’s modified Eagle medium (DMEM;
Life Technologies) supplemented with antibiotics (100 U/ml penicillin-
100 �g/ml streptomycin [Pen-Strep]; Gibco), 10% fetal bovine serum
(FBS; HyClone), and 10 ml of 1 M HEPES (Life Technologies). Sf9 insect
cells were grown in TNM-FH insect medium (Gemini Bioproducts) sup-
plemented with antibiotics (Pen-Strep) and 10% FBS, and High Five cells
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(BTI-TN-5B1-4 subclone; Vienna Institute of Biotechnology) (20) were
grown in serum-free SFX-insect cell medium (HyClone). SP2/0 mouse
myeloma cells (originated from SP2/0-Ag14; ATCC CRL-1581) were pas-
saged and maintained in complete DMEM supplemented with antibiotics
(Pen-Step) prior to fusion with primary mouse splenocytes. Monoclonal,
immortalized B cells (obtained from the hybridoma fusion) were initially
grown in Clonacell-HY Medium E (Stemcell Technologies) and gradually
switched to less enriched, serum-free hybridoma medium (Hybridoma-
SFM; Life Technologies) for high-volume production.

The influenza viruses A/mallard/IA/10BM01929/10 (H10N7), A/North-
ern shoveler/Alaska/7MP1708/07 (H3N8), and JD13 (A/Puerto Rico/8/1934
[PR8, H1N1] internal genes and hemagglutinin [HA] and neuraminidase
[NA] from A/Jiangxi-Donghu/346/13 [H10N8]) (21) were grown in 8- to
10-day-old embryonated chicken eggs, and titers were determined on MDCK
cells in the presence of TPCK (tolylsulfonyl phenylalanyl chloromethyl ke-
tone)-treated trypsin. The latter JD13 reassortant virus was rescued and char-
acterized as previously described (21). To create purified virus preps, allantoic
fluid containing virus was harvested and subjected to low-speed centrifuga-
tion (at a relative centrifugal force of 3,000 for 30 min at 4°C) to remove
cellular debris. Viruses were pelleted through a 30% sucrose cushion (30%
sucrose in NTE buffer [100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA]; pH
7.4) by ultracentrifugation (Beckman L7-65 ultracentrifuge with SW-28 rotor
at 25,000 rpm for 2 h). Once all of the supernatant was aspirated, virus pellets
were resuspended in phosphate-buffered saline (PBS).

The recombinant proteins used—A/Jiangxi-Donghu/346/13 H10
and N8, A/harbor seal/Germany/1/14 H10, A/mallard/Interior Alaska/
10BM01929/10 H10, A/mallard/Sweden/50/02 N8, and A/chicken/Neth-
erlands/14015531/14 N8 —were expressed in High Five cells and purified
from cell culture supernatants as described previously (22, 23). In brief,
cultures were infected with recombinant baculoviruses at a multiplicity of
infection of 10. Supernatants were then harvested by low-speed centrifu-
gation at 72 h postinfection and purified by using Ni-nitrilotriacetic acid
resin (Qiagen) according to a published protocol (22).

Generation and screening of MAbs. Six- to eight-week-old female
BALB/c mice were intranasally infected with a sublethal dose (105 PFU) of
A/mallard/Interior Alaska/10BM01929/10 (H10N7), followed 6 weeks
later by an intranasal infection (105 PFU) with JD13 (H10N8) virus. Ap-
proximately 6 weeks after the second infection, one mouse was boosted
with a unilateral, intraperitoneal injection of 100 �g of formalin-inacti-
vated, purified JD13 (H10N8) virus adjuvanted with 10 �g of poly(I·C).
At 3 days postboost, the mouse was sacrificed, and its spleen was sterilely
removed. The spleen was flushed forcefully with serum-free DMEM (with
antibiotics [Pen-Strep]) using a 10-ml syringe with a 20-gauge needle,
followed by repeated pulverization with flat-ending forceps. Splenocytes
and SP2/0 myeloma cells (in log phase) were combined in a 5:1 ratio, and
cell fusion was mediated via slow, dropwise addition of 1 ml of polyeth-
ylene glycol (molecular weight, 4,000). The splenocyte/SP2 mixture was
resuspended in 25 ml of complete DMEM (supplemented with antibiotics
[Pen-Strep], FBS, and HEPES) and left to incubate for 24 h. After this
incubation, the cells were spun down, resuspended in 10 ml of complete
DMEM, mixed with a proprietary bottle of 90 ml of semisolid Clona-
cell-HY Medium D (Stemcell Technologies), and dispensed onto tissue
culture dishes (10 ml each) using a 10-ml syringe with a 15-gauge Luer
Stub adapter (Becton Dickinson). Individual colonies were picked 10 days
later and transferred into 96-well plates containing Clonacell-HY Me-
dium E. Five days after transfer to 96-well plates, hybridoma supernatants
were screened by ELISA for reactivity to purified, baculovirus-expressed
H10 or N8 from A/Jiangxi-Donghu/346/13 (full ELISA protocol de-
scribed below). Positive clones were isotyped using a Pierce rapid anti-
body isotyping kit (Life Technologies); only the MAbs isotyped to the IgG
heavy-chain subclasses were selected for further expansion and purifica-
tion. All animal procedures were performed in accordance with the Icahn
School of Medicine at Mount Sinai Institutional Animal Care and Use
Committee (IACUC).

Expansion and purification of MAbs. Hybridoma cultures were ini-
tially expanded in Clonacell-HY Medium E but gradually switched to
serum-free hybridoma medium until a final volume of 300 to 500 ml was
achieved. When cells appeared no longer viable (�10 days after the final
expansion step), the cultures were harvested by low-speed centrifugation
(30 min, 5,500 � g), and the supernatants were passed through 0.22-�m-
pore size sterile filtration units (Millipore). Filtered supernatants were
passed through a gravity flow column packed with protein G-Sepharose 4
Fast Flow beads (GE Healthcare). After washing with 3 column volumes
(450 ml) of sterile PBS (pH 7.4), antibody was eluted with 45 ml of 0.1 M
glycine-HCl buffer (pH 2.7), and the eluate was immediately neutralized
with 5 ml of 2 M Tris-HCl buffer (pH 10). The MAb was further concen-
trated and buffer exchanged against PBS (pH 7.4) using Amicon Ultra
centrifugal filter units (10 kDa cutoff; Millipore). The final protein con-
centration was determined using a NanoDrop device (Thermo Scientific)
and the A280 method.

ELISA. Ninety-six-well, flat-bottom, nonsterile Immulon 4 HBX
plates (Thermo Scientific) were coated overnight with either 2 �g/ml (50
�l/well) of purified protein or 5 �g/ml (50 �l/well) of purified virus in
coating buffer (carbonate-bicarbonate buffer; pH 9.4) at 4°C. The coating
buffer was discarded, and the plates were blocked with 3% milk in PBS
containing 0.1% Tween 20 (TPBS; 100 �l/well) for 1 h at room tempera-
ture. In the case of hybridoma screening, 50 �l of undiluted superna-
tant from each hybridoma clone was added directly to wells as the
primary antibody step. In the case of endpoint-titer enzyme-linked
immunosorbent assays (ELISAs), MAbs were added at a starting con-
centration of 30 �g/ml and serially diluted 1:3 in 1% milk TPBS so that
the final volume in each well was 100 �l. The plates were then incu-
bated for 1 h at room temperature. After three washes with TPBS (100
�l/well for each wash), the plates were incubated for another hour at
room temperature with secondary antibody solution (horseradish per-
oxidase [HRP]-labeled anti-mouse antibody [1:3,000; GE Healthcare]
in 1% milk TPBS, 100 �l/well) and developed using SigmaFast OPD
(o-phenylenediamine dihydrochloride; 100 �l per well [Sigma]) after
another round of three washes. The plates were developed for 10 min,
stopped with 3 M HCl (50 �l/well), and read at an optical density of
490 nm with a Synergy H1 hybrid multimode microplate reader
(BioTek). An endpoint titer was defined as the final concentration at
which the antibody signal remained greater than 3 standard deviations
above the average of the blank wells.

PRNAs. Plaque reduction neutralization assays (PRNAs) were per-
formed according to a protocol described by Tan et al. (24). Briefly,
MAbs at different dilutions were incubated with 100 PFU of JD13
(H10N8) virus for 1 h at room temperature. These dilutions were then
plaqued on MDCK cell monolayers in six-well plates. Cells were over-
laid with minimum essential medium (MEM) containing TPCK-
treated trypsin at 1 �g/ml, 0.64% agarose (Oxoid), and the corre-
sponding MAb dilutions. After 3 days of incubation, the cells were
fixed with 4% paraformaldehyde, and the plaques were stained using a
polyclonal anti-H10N8 mouse serum (1:1,000), an anti-mouse sec-
ondary antibody conjugated to HRP (Sigma) and Trueblue reagent
(KPL). The plaques were counted in each MAb dilution, and the per-
cent inhibition for each MAb and dilution was calculated based on a
no-antibody control. The data were analyzed by using Prism software
(GraphPad), and the concentration at which a MAb inhibited 50% of
plaques (IC50) was calculated using a nonlinear regression.

Since anti-NA antibodies do not typically decrease plaque number but
are known to restrict virus growth, we also assessed the decrease in plaque
size upon incubation with antibody. To analyze average plaque diameter,
10 plaques were randomly selected in each well, and the plaque diameter
was measured in three random directions for each plaque using the pro-
gram ImageJ. The average diameter of each plaque was calculated from
these values, and these 10 collective averages were used to calculate a single
average plaque diameter for each well. Data points were analyzed using
Prism software.
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FIG 1 Anti-H10 and anti-N8 antibodies display heterologous cross-reactivity. The minimal binding concentrations of anti-H10 (green) and anti-N8 (black)
MAbs and stalk-reactive MAb 9H10 (red) to either purified whole virus (coated at 5 �g/ml) or recombinant, baculovirus-expressed proteins (coated at 2 �g/ml)
as measured by ELISA are shown. All 18 MAbs showed high reactivity to purified JD13 (H10N8) virus (A), whereas only the HA-directed MAbs displayed
reactivity to an H10N7 virus (A/mallard/Interior Alaska/10BM01929/10) (B) and only the NA-directed MAbs displayed reactivity to an H3N8 virus (A/Northern
shoveler/Alaska/7MP1708/07) (C). These findings were confirmed by quantitative ELISAs to purified, recombinant H10 and N8 proteins from either the
matched JD13 (H10N8) virus or the divergent strains (D to I) from both the Eurasian and North American lineages.
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NA inhibition assay. NA inhibition (NI) assays were performed as
described in detail earlier (25). In brief, 96-well, flat-bottom, nonsterile
Immulon 4 HBX plates (Thermo Scientific) were coated with 150 �l of
fetuin (Sigma) at a concentration of 50 �g/�l and refrigerated at 4°C
overnight. Individual MAbs were serially diluted 1:2 in PBS from a start-
ing concentration of 300 �g/ml in separate 96-well, sterile, flat-bottom
tissue culture plates (final volume, 75 �l/well). Virus stocks were diluted
in PBS containing 1% BSA to 2� the 50% effective concentration (EC50;
based on an NA assay) and added to the MAb dilution plates (75 �l/well).
The plates were briefly tapped (for mixing) and incubated at room tem-
perature for 1 h 40 min. During this time, the coating buffer was discarded
from the fetuin-coated ELISA plates, and the wells were blocked for at
least 1 h at room temperature with 200 �l of blocking solution (PBS
containing 5% BSA). Immediately before the antibody-virus incubation
period of 1 h and 40 min expired, the blocked plates were washed six times
using TPBS, and 100-�l portions of the antibody-virus mixture were
transferred in parallel to each well of the fetuin-coated plates. After 2 h of
incubation at 37°C, the plates were washed six times using TPBS (225
�l/well), and a secondary solution of peanut agglutinin conjugated to
HRP (PNA-HRP; Sigma) at a concentration of 5 �g/ml in PBS was added
(100 �l/well). After incubation for 1 h and 45 min in the dark, the plates
were again washed six times using TBPS (225 �l/well) and developed with
100 �l of SigmaFast OPD. The developing process was stopped after 7 min
with 3 M HCl, and the reaction mixture was read at an absorbance of 490
nm with a Synergy H1 hybrid multimode microplate reader (BioTek).
Data points were analyzed using Prism software (GraphPad) and the EC50

was defined as concentration at which 50% of the NA activity was inhib-
ited compared to the negative control.

NI assay in the presence of detergent. To perform the NI assay in the
presence of detergent, all steps remained identical to those listed above,
except the following: a final concentration of ca. 2% of Triton X-100
(Fisher Bioreagents) was first added directly to virus stock aliquots once
thawed, and the virus preparations were allowed to shake gently at 37°C
for 1 h. During this time, antibodies were diluted in PBS with 2% Triton
X-100. Prior to incubation with MAbs, the virus preparation was diluted
to 2� the EC50 (the EC50 was recalculated in the presence of 2% Triton
X-100) in PBS containing 1% BSA and 2% Triton X-100. In addition,
antibodies were diluted using PBS with 2% Triton X-100 and the virus.
The NI assay was then performed as detailed above.

Evaluation of the prophylactic and therapeutic efficacy in mice. In
prophylactic studies, groups of five female BALB/c mice (The Jackson
Laboratory) aged 6 to 8 weeks received a 5-, 1-, or 0.5-mg/kg dose of
purified mouse monoclonal antibody intraperitoneally (anti-H10 head
MAb 1B10 [IgG2b], anti-stalk MAbs 9H10 [IgG2a], anti-N8 antibody
2E11 [IgG2b], and control MAb 8H9 [anti-H6]). At 2 h after treatment,
the mice were anesthetized using a ketamine-xylazine mixture and in-
fected with 5� the 50% lethal dose (LD50) of JD13 (H10N8) virus diluted
in PBS (pH 7.4). The LD50 of this virus in BALB/c mice has been previ-
ously determined and characterized in detail (21). In a therapeutic set-
ting, mice received a 5-mg/kg dose of each antibody intraperitoneally
48 h after infection. Mice that received a 1-mg/kg antibody dose pro-
phylactically were sacrificed either on day 3 or 6 postinfection for lung

FIG 2 H10N8 MAbs display cross-lineage, heterologous binding activity. Phylogenetic trees of representative H10 (A) and N8 (B) sequences from the
Eurasian and North American lineages are shown. Both H10 HA and N8 NA cluster into one Eurasian and one North American lineage. Scale bars
represent a 3% difference in amino acid identity. The anti-H10 antibodies generated, 1B10 and 2F10, displayed high cross-reactivity to viruses from both
lineages (tested strains are highlighted in green). The N8-directed MAbs also displayed remarkable cross-lineage binding reactivity as well (tested strains
are highlighted in green). Trees were generated in Clustal Omega and visualized in FigTree.
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titer analysis. At these time points, the lungs were harvested and ho-
mogenized using a BeadBlaster 24 (Benchmark) homogenizer, and
viral lung titers were measured by plaquing lung homogenate on
MDCK cells. In all other groups, mice were monitored daily for sur-

vival and weight loss until day 14 postinfection. Mice that lost more
than 25% of their initial body weights were euthanized. All animal
procedures were performed in accordance with the Icahn School of
Medicine at Mount Sinai IACUC.

FIG 3 Anti-HA head, anti-HA stalk, and anti-NA MAbs show NI activity. (A to C) All 18 MAbs generated (and 9H10) were tested in a classic neuraminidase
inhibition (NI) assay, in which fetuin-coated ELISA plates were used as the target substrate. (A) N8 antibodies were able to significantly inhibit the NA activity
of JD13 (H10N8) virus. (B) All anti-N8 antibodies were also able to significantly inhibit the NA activity of an H3N8 virus. Surprisingly, the anti-H10 antibodies
displayed NI activity against JD13 (A) and an H10N7 strain (A/mallard/Interior Alaska/10BM01929/10) (C), and the anti-HA stalk antibodies displayed
low— but significant—NI activity to both the H3N8 (A/Northern shoveler/Alaska/7MP1708/07) (B) and H10N7 (C) strains tested. To investigate this phenom-
enon, the NI data from one representative H10-reactive (1B10), N8-reactive (2E11), and the HA stalk-reactive antibody (9H10) were plotted and fit to nonlinear
regression curves (D to G). At this resolution, it is apparent that 9H10 displays NI activity to H10N8 as well; this inhibition displays sigmoidal kinetics, but
plateaus at only 15% maximal inhibition and so is not captured by the IC50 graph in panel A.

Stalk and NA MAbs Protect from Lethal H10N8 Challenge
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RESULTS
Anti-H10 and anti-N8 antibodies show high cross-reactivity
within their respective subtypes. Using traditional hybridoma
technology, we isolated a total of 17 MAbs with specific reactivity
to H10N8 virus strain JD13. In all further analyses, we decided to
include stalk-reactive MAb 9H10, an antibody which has recently
been reported to have activity against the H10 subtype, as an ad-
ditional control. All 18 antibodies tested showed high reactivity to
purified JD13 (H10N8) virus in a quantitative ELISA (Fig. 1A).
Two of the newly isolated MAbs (1B10 and 2F10) also showed
high reactivity to a purified H10N7 (A/mallard/IA/10BM01929/
10) preparation (Fig. 1B). Conversely, the remaining 15 MAbs we
generated strongly reacted to an H3N8 (A/Northern shoveler/
Alaska/7MP1708/07) preparation. These results indicate that only
two of the isolated MAbs, 1B10 and 2F10, are reactive to H10 HA,
whereas the remaining MAbs are reactive to the N8 NA (Fig. 1C).
MAb 9H10 reacted strongly with both preparations, which was
expected since it displays broad reactivity to the group 2 HA stalk
domain. To corroborate these findings, we also tested the reactiv-
ity of all 18 MAbs to recombinant H10 hemagglutinin and N8
neuraminidase from JD13 (H10N8) virus. The results confirmed
the findings from the purified, whole-virus ELISAs (Fig. 1D and
G). Furthermore, we tested all MAbs for binding to recombinant
H10 and N8 proteins from more divergent viruses to test cross-
reactivity (Fig. 1E, F, H, and I). We found strong cross-reactivity
for the anti-H10 antibodies 1B10 and 2F10 that spanned both the
North American and Eurasian lineages (Fig. 2A). However, nei-
ther 1B10 nor 2F10 reacted with the H3N8 virus (and do not
display HI activity [see Fig. 5]), suggesting that they are more
specifically directed to the HA globular head domain. Further-
more, we found strong N8 cross-reactivity within the North
American lineage (Fig. 1A, C, and G). In addition more than half
of the anti-N8 MAbs were also able to bind to the more distant
Eurasian N8 lineage (Fig. 1H and I and 2B), including the N8 from
the highly pathogenic Fujian H5 clade 2.3.4.4, which has recently
spread in Asia, Europe, and North America (Fig. 1H) (26–32).

Anti-HA head, anti-HA stalk, and anti-NA MAbs show NI
activity. Neuraminidase inhibition is mediated by antibodies that
bind to the NA and prevent its ability to enzymatically cleave sialic
acids via direct binding to the active site or by steric hindrance. We
tested the isolated MAbs (including 9H10) for their activity in a
fetuin-based neuraminidase inhibition assay (33). First, we tested
the antibodies against JD13 (H10N8) virus and found strong NI
activity for all tested NA-reactive antibodies (Fig. 3A). Interest-
ingly, the two H10-reactive antibodies showed strong NI activity
as well (Fig. 3A). To determine whether this NI activity was de-
pendent on the subtype of the HA, we tested all MAbs for NI
activity against H3N8 (Fig. 3B). All N8-reactive MAbs maintained
their activity against this virus, but the two H10-reactive MAbs
showed no NI (Fig. 3B). Surprisingly, stalk-reactive MAb 9H10
also showed low— but significant—NI activity against H3N8 (Fig.
3B). Finally, we wanted to test NI activity of the MAb panel against
an H10N7 virus. Only the two H10-reactive MAbs showed high
activity (Fig. 3C) in this assay. 9H10 showed good NI activity
against this subtype as well (Fig. 3C). To follow up on these findings
we selected three antibodies—an H10-reactive MAb (1B10), a stalk-
reactive MAb (9H10), and an N8-reactive MAb (2E11)—to further
examine. Upon reexamination of the NI data against JD13
(H10N8) we found that, of the three selected antibodies, MAb

FIG 4 Theoretical mechanism for anti-HA antibody mediated NI activity. (A)
Anti-NA antibodies are able to result in NI activity by directly binding to and
blocking the enzymatic active site of the NA. (B and C) However, it is conceiv-
able that antibodies against the HA head and stalk domain may, by steric
hindrance, shield the NA active site from the substrate. Because stalk-directed
MAbs bind lower on the HA glycoprotein, this steric hindrance effect may not
be as robust (C), possibly explaining the lower NI seen with 9H10 in Fig. 3. (D)
This scenario may be further complicated by the HA/NA ratio, extent of NA
clustering on the virus surface, differences in specific NA activity and differ-
ences in strengths and kinetics of individual MAb binding profiles. Detergent
treatment (Triton X-100) of the virus releases HA and NA from the viral
membrane and disassociates them from each other. Both HA head and stalk
MAbs lost all NI activity under these conditions, while the NA antibody re-
tained its activity.
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2E11 (N8) had the strongest NI activity, followed closely by MAb
1B10 (H10) (Fig. 3D). However, MAb 9H10 (stalk) also showed
activity with a plateau at ca. 15% maximum inhibition (Fig. 3D
and E); this indicates that the antibody has measurable NI activity
against the virus but that this value cannot be reported as an IC50,
since 50% maximum inhibition is never reached. MAb 2E11 also
strongly inhibited H3N8, followed by 9H10, whereas H10-reac-
tive MAb 1B10 displayed no NI activity against this strain (Fig.
3F). Finally, MAb 1B10 showed strong activity against H10N7,
followed by 9H10, whereas N8-reactive MAb 2E11 displayed no
activity against this virus (Fig. 3G). We postulate that the NI ac-
tivity of anti-H10 head and anti-HA stalk MAbs is most likely
mediated by steric hindrance (Fig. 4). To test this hypothesis, we
performed the NI assay in the presence of the detergent Triton
X-100, which historically has been used to disrupt the lipid bilayer
of virions for the further extraction of the viral glycoproteins dur-
ing the production of split influenza virus vaccines (34). Although
HA and NA are in close contact in the virion, the Triton X-100
treatment solubilizes these proteins, and they dissociate from each
other as long as the detergent is present. In support of our hypoth-
esis, the NI activity of HA-directed antibodies was no longer ob-
servable upon addition of Triton X-100, while the NI activity of
the NA-directed antibodies remained robust (Fig. 4D).

In vitro neutralizing activity of divergent anti-H10N8 anti-
bodies. As a first step, we assessed the hemagglutination inhibi-
tion (HI) activity of the three HA-reactive antibodies. The HI titer
is used as a correlate of protection and is usually measured to
assess influenza virus vaccine efficacy; furthermore, HI active an-
tibodies are usually potently neutralizing. The two H10 specific
MAbs 1B10 and 2F10 both showed high HI activity against H10N8
strain JD13 and against H10N7 strain A/mallard/IA/10BM01929/10
but expectedly lacked activity against an H3N8 strain (Fig. 5A to C).
The stalk-reactive antibody 9H10 completely lacked HI activity
against all three strains which is not surprising given that its mem-
brane-proximal footprint on the HA is far from the receptor bind-
ing site (15).

Next, we measured the in vitro neutralizing activity of MAbs
9H10 (anti-HA stalk), 1B10 (anti-HA head), and 2E11 (anti-NA)
in a plaque reduction neutralization assay. The traditional way to
read this assay is to assess the reduction in the number of plaques
per well caused by the antibody. Using this analysis, we found that
the anti-head MAb strongly neutralized the JD13 (H10N8) virus
(IC50 � 0.014 �g/ml) (Fig. 5D). Anti-stalk MAb 9H10 neutralized
as well but had an �320-fold higher IC50 (4.503 �g/ml). Anti-NA
MAb did not show neutralizing activity as assessed by plaque
count (Fig. 5D).

FIG 5 Activity of selected MAbs in HI and PRNAs. HA-reactive antibodies were tested in an HI assay against JD13 H10N8 (A), H10N7 virus (A/mallard/Interior
Alaska/10BM01929/10) (B), and an H3N8 virus (A/Northern shoveler/Alaska/7MP1708/07) (C). MAbs 1B10 and 2F10 showed HI activity against H10N8 and
H10N7 viruses but lacked reactivity to H3N8. Stalk-reactive MAb 9H10 showed no HI activity against the tested viruses. (D) A PRNA with anti-H10 head
antibodies 1B10 (anti-head), 2E11 (anti-NA) and 9H10 (anti-stalk) was performed. Both anti-head and anti-stalk antibodies were effective in reducing the
number of plaques, with the anti-head antibody 1B10 displaying 320 times greater potency than that of the anti-stalk MAb 9H10. Anti-NA antibody 2E11 was not
able to reduce plaque numbers at any tested concentration. (E) Reduction of plaque size (as measured by plaque diameter) by the three tested MAbs. Using this
readout, the anti-NA antibody 2E11 displays robust reactivity.
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However, we observed that the plaques in the presence of MAb
2E11 had a smaller plaque phenotype. We therefore chose to an-
alyze percent reduction in plaque diameter. Both HA head- and
stalk-reactive antibodies reduced plaque size at concentrations at
which they also reduced plaque numbers (Fig. 5E). The NA-reac-
tive MAb 2E11 also showed strong activity in this assay and was
able to reduce plaque size by ca. 75% at concentrations between
100 and 0.16 �g/ml. This activity began to drop only at the lowest
concentration of 2E11 tested (0.032 �g/ml) (Fig. 5E).

In vivo protective activity of anti-HA head, anti-HA stalk,
and anti-NA MAbs. Finally, we investigated the protective effect
of anti-H10 head, anti-N8, and anti-stalk MAbs in an in vivo chal-
lenge model. We used the same three representative MAbs se-
lected earlier (1B10, 2E11, and 9H10) in a passive-transfer chal-
lenge experiment with JD13 (H10N8) virus in mice. Mice received
MAb at 5 or 0.5 mg/kg 2 h prior to infection. Upon challenge,
weight loss and survival were monitored. Treatment of mice with
5 mg/kg completely protected mice from weight loss and mortal-
ity, whereas mice treated with an irrelevant anti-H6 specific MAb
lost weight rapidly and succumbed to infection by day 9 (Fig. 6A
and B). At 0.5 mg/kg, however, we observed marked differences
between MAbs. To our surprise, the anti-N8 MAb 2E11 was still
completely protective and inhibited weight loss and mortality
(Fig. 6C and D). Stalk-reactive MAb 9H10 protected from mor-
tality, but mice showed an intermediate weight loss phenotype
with a maximum weight loss of 10% on day 6 but fast recovery
after day 6. HI-active, neutralizing anti-head MAb 1B10 per-
formed less favorably. The MAb did not protect from weight loss
at 0.5 mg/kg, and a maximum average weight loss of ca. 20% was
reached on day 7 postinfection. In addition, the survival rate for
1B10 was only 80% compared to 100% for the other two MAbs. To
follow up on these findings, we repeated this prophylactic study
using a 1-mg/kg antibody dose and harvested lungs on days 3 and
day 6 postinfection to determine viral lung titers. Although all
MAbs were able to significantly reduce viral lung titers on both
days, the anti-N8 MAb 2E11 showed the greatest overall reduction
compared to the two HA-reactive MAbs, with two of three lung
isolates showing undetectable levels of virus on day 6 postinfec-
tion (Fig. 6E). Finally, we also wanted to examine the therapeutic
activity of the three MAbs. This time we infected mice and then
treated them with 5-mg/kg doses of the respective MAbs at 48 h
postinfection. All three antibodies showed therapeutic activity
with 100% survival for the anti-H10 head and the anti-stalk MAbs
and 80% survival for the anti-N8 MAb (Fig. 6F and G).

DISCUSSION

Recent fatal human cases of H10N8 virus infections have caused
increased interest in avian influenza viruses of the H10 subtype (1,
35). Here, we showed that the antibody response toward H10N8
induced protective antibodies against both the HA and the NA

surface glycoproteins. The isolated H10 antibodies displayed a
broad binding profile spanning both the North American and the
Eurasian lineages of H10. Of note, JD13 (H10N8), which caused
human fatalities in China in 2013, belongs to the North American
lineage (1), whereas the H10N7 strain that caused a deadly epi-
demic in Baltic harbor seals in 2014 belongs to the Eurasian lin-
eage (4–6). The two isolated MAbs would very likely be effective
against both strains. The anti-N8 antibodies generated by our fu-
sion also showed a very broad binding profile; over half of the
isolated MAbs exhibited binding to both the North American and
the Eurasian N8 lineages. Importantly, we found strong reactivity
to potential pandemic viruses like H3N8, which caused a severe
outbreak in harbor seals in New England in 2012, as well as against
the N8 NA of the newly emerging, highly pathogenic H5N8 vi-
ruses (26, 30, 31, 36, 37). The H3N8 subtype is also important,
since it was speculated to be the cause of a human pandemic in
1889 (38). This suggests that the isolated MAbs could be used as
therapeutics against emerging viruses of the H10 or N8 subtype
and that H10N8 vaccines could have broad efficacy against those
viruses as well.

Another interesting finding of this study is the fact that antibodies
directed against the HA can have NI activity. Although there is evi-
dence for this phenomenon in the literature for HA-head reactive
antibodies, we report this effect for broadly reactive anti-stalk anti-
bodies for the first time (33). We hypothesize that this activity is
mediated by steric hindrance. Antibody bound to HA might block
access of the NA to its substrate. The NA is slightly shorter than the
HA, and it is conceivable that the Fc part of MAbs bound to HA can
form a shield over the NA molecules. This effect seems to be stronger
for anti-head MAbs than for stalk MAbs. Anti-stalk MAbs bind closer
to the viral membrane, and thus the effect of steric hindrance may be
less pronounced. Furthermore, the NI activity of anti-HA MAbs
might be modulated by the HA/NA ratio on the virus surface and by
the specific activity of the NA. The World Health Organization rec-
ommends the use of viruses with mismatched HAs to measure
NI titers in serum (http://www.who.int/csr/resources/publications
/influenza/whocdscsrncs20025rev.pdf). However, anti-stalk MAbs
with broad binding activity might interfere with this assay since they
are able to bind to mismatched HAs as well. Anti-stalk MAbs might
therefore contribute to NI titers tested in polyclonal serum. A solu-
tion for this problem might be the use of recombinant NA in NI
assays.

In our study, we had the opportunity to test an anti-HA head, an
anti-HA stalk, and an anti-NA antibody side by side. It was expected
that the HA head-directed antibody, with its high in vitro neutraliza-
tion activity and HI activity, would be superior in protecting animals
from virus challenge. However, both anti-HA stalk and anti-NA an-
tibodies outperformed the anti-head antibody at low concentrations
in regard to protective efficacy. The in vitro neutralizing activities of
the three MAbs are strikingly different. In a plaque reduction neutral-

FIG 6 Anti-HA head, anti-HA stalk, and anti-NA antibodies are protective against H10N8 in vivo. To test prophylactic efficacy, female BALB/c mice (5 per
group) were administered either 5 or 0.5 mg/kg of a representative anti-H10 head (1B10), anti-H10 stalk (9H10), anti-N8 (2E11), or an irrelevant negative-
control antibody (8H9, an anti-H6 head antibody) 2 h prior to a 5� LD50 challenge with JD13 (H10N8) virus. All antibodies (excluding the negative control) were
protective against morbidity (A) and mortality (B) at the higher dose. At the lower dose, mice in the anti-N8 MAb group displayed the least weight loss (C), and
all groups (except that receiving the anti-H10 head antibody) demonstrated 100% survival (D). The experimental results shown in panels A to D were performed
in parallel and share the negative-control group. Prophylactic studies were repeated at a dose of 1 mg/kg, and mice were sacrificed at days 3 and 6 for lung titer
analysis. (E) In line with previous weight loss results, the anti-N8 MAb was most effective in reducing titers at both time points. To test therapeutic efficacy, mice
were administered 5 mg/kg of each antibody 48 h after a 5� LD50 challenge with JD13 (H10N8) virus. 1B10 and 9H10 were 100% protective, while 2E11 was 80%
protective (F to G).
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ization assay the anti-head MAb was �320-fold more active than the
anti-stalk MAbs. Although the anti-NA MAb did not affect plaque
number, the plaque size was markedly reduced; this is concordant
with the major enzymatic role of NA, which is to free emerging
influenza virus particles from the surfaces of infected cells. It is
possible that these results do not reflect polyclonal responses or
do not apply to other influenza virus subtypes. However, these
findings shine a new light on the HI assay, which is currently
used as a correlate of protection for seasonal and pandemic
influenza virus vaccines.
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