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ABSTRACT

The emergence of avian H7N9 viruses in humans in China has renewed concerns about influenza pandemics emerging from
Asia. Vaccines are still the best countermeasure against emerging influenza virus infections, but the process from the identifica-
tion of vaccine seed strains to the distribution of the final product can take several months. In the case of the 2009 HIN1 pan-
demic, a vaccine was not available before the first pandemic wave hit and therefore came too late to reduce influenza morbidity.
H7 vaccines based on divergent isolates of the Eurasian and North American lineages have been tested in clinical trials, and seed
strains and reagents are already available and can potentially be used initially to curtail influenza-induced disease until a more
appropriately matched H7N9 vaccine is ready. In a challenge experiment in the mouse model, we assessed the efficacy of both
inactivated virus and recombinant hemagglutinin vaccines made from seed strains that are divergent from H7N9 from each of
the two major H7 lineages. Furthermore, we analyzed the cross-reactive responses of sera from human subjects vaccinated with
heterologous North American and Eurasian lineage H7 vaccines to H7N9. Vaccinations with inactivated virus and recombinant
hemagglutinin protein preparations from both lineages raised hemagglutination-inhibiting antibodies against H7N9 viruses
and protected mice from stringent viral challenges. Similar cross-reactivity was observed in sera of human subjects from a clini-
cal trial with a divergent H7 vaccine. Existing H7 vaccine candidates based on divergent strains could be used as a first line of
defense against an H7N9 pandemic. In addition, this also suggests that H7N9 vaccines that are currently under development
might be stockpiled and used for divergent avian H7 strains that emerge in the future.

IMPORTANCE

Sporadic human infections with H7N9 viruses started being reported in China in the early spring of 2013. Despite a significant
drop in the number of infections during the summer months of 2013, an increased number of cases has already been reported for
the 2013-2014 winter season. The high case fatality rate, the ability to bind to receptors in the human upper respiratory tract in
combination with several family clusters, and the emergence of neuraminidase inhibitor-resistant variants that show no loss of
pathogenicity and the ability to transmit in animal models have raised concerns about a potential pandemic and have spurred
efforts to produce vaccine candidates. Here we show that antigen preparations from divergent H7 strains are able to induce pro-
tective immunity against H7N9 infection.

vaccines (ClinicalTrials.gov registration numbers NCT00853255

I n the early spring of 2013, China reported the first human cases
and NCT00546585) (12, 13). These seed strains include H7 viruses

of avian H7N9 infections (1, 2) causing morbidity and high case

fatality rates (3). Due to the emergence of resistant mutants, treat-
ment with antivirals proved to be ineffective in a number of cases
(4). Importantly, the mutations that confer resistance do not im-
pact viral pathogenicity in the mouse model or the ability of the
virus to transmit in the guinea pig model (5). Although no sus-
tained human-to-human transmission has been detected so far
(6), the ability of the hemagglutinin (HA) of this novel strain to
bind weakly to alpha-2,6-linked sialic acid (7-11) suggests that
H7N9 viruses could potentially become transmissible among
humans. Subtype H7 viruses do not currently circulate in hu-
mans, and thus, any H7 virus that acquires the ability to spread
from human to human could, if introduced into a naive popu-
lation, cause a pandemic. For this reason, previous sporadic
human infections with past H7 virus strains spurred the pre-
clinical and early clinical development of prepandemic candidate
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of North American and Eurasian lineages (Fig. 1), with H7N9
being a member of the latter phylogenetic lineage. As it can take
months to develop and evaluate novel matched vaccines based on
H7NO9, these preexisting vaccines, which might share conserved
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FIG 1 Phylogenetic and antigenic relationship among H3 and H7 strains. (A) Phylogenetic tree based on HA sequences of North American (blue) and Eurasian
(red) lineage H7 strains used in this study or in human clinical trials. H7N9 prototype strains are indicated. Drift in closely related H3N2 strains (95.4% amino
acid identity between 2003 and 2009 isolates) mediates escape from HI-active antibodies quickly. HI cross-reactivity between distantly related H7 strains (e.g.,
mallAlb01 and Shanghail3 share only 84.8% amino acid identity) is probably mediated by conserved antigenic sites. The tree was built by using Clustal W and was
visualized by using FigTree software. (B and C) Front view (B) and top view (C) of the HA trimer of A/Shanghai/2/13 (PDB accession number 4N5] [11]). Regions
conserved among the vaccine strains tested in this study (Eurasian and North American lineages) are shown in dark gray, while nonconserved regions are shown
in red. The completely conserved antigenic site A is indicated by black arrows.
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antigenic sites with recent H7N9 strains, could be used as a first
line of defense against H7N9 viruses if these become pandemic
before a matched vaccine is available.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK) cells (ATCC
CCL-34) and human embryonic kidney 293T cells (ATCC CRL-11268)
were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) and
minimal essential medium (Gibco), respectively. Both medium prepara-
tions were supplemented with 100 units/ml of 100 pg/ml penicillin and
streptomycin (Pen/Strep; Gibco) and 10% fetal bovine serum (FBS; Hy-
Clone). The following wild-type and recombinant viruses were used in
this study: A/rhea/North Carolina/39482/93 (H7N1) (rheaNC93); a 6:2
reassortant containing HA and NA of A/Shanghai/1/13 (H7N9) and the
other genes from A/PR/8/34 (Shanghail3); a 6:2 reassortant containing
HA and NA of A/Anhui/1/13 (H7N9) and other genes from A/PR/8/34
(Anhuil3); a 7:1 reassortant containing HA of A/chicken/Jalisco/
12283/12 (H7N3) lacking the polybasic cleavage site (low pathogenicity)
and other genes from A/PR/8/34 (chickJal12);a 7:1 reassortant containing
a chimeric HA with the globular head domain of A/mallard/Alberta/24/01
(H7N3) HA and the stalk domain from A/Perth/16/09 (H3N2) HA and
other genes from A/PR/8/34 (mallAlbO1); and a 7:1 reassortant con-
taining HA of A/mallard/Netherlands/12/00 (H7N3) in combination
with other genes from A/PR/8/34 (malINLO00), A/Victoria/361/11 (H3N2),
and A/glaucous-winged gull/Southeastern Alaska/10JR01856R0/2010 (H11N9).
Recombinant viruses were rescued as described previously (14); all viruses
were grown in 10-day-old embryonated chicken eggs.

Vaccine preparation. Viruses were grown in 10-day-old specific-
pathogen-free embryonated eggs (Charles River), allantoic fluid was har-
vested and cleared by low-speed centrifugation (relative centrifugal force
[RCF] of 2,000 for 10 min), and the virus was pelleted through a 30%
sucrose cushion by ultracentrifugation (25,000 rpm for 2 h using a Beck-
man SW28 rotor). Virus pellets were resuspended in phosphate-buffered
saline (PBS), inactivated with 0.03% formalin for 7 days at 4°C, and then
dialyzed against PBS.

Recombinant proteins were produced in High Five insect cells by us-
ing the baculovirus expression system. All proteins used for vaccination
contained a T4 trimerization domain to ensure correct folding and trimer
formation of the proteins and a hexahistidine tag for purification (15, 16).
The protein concentration of inactivated virus preparations and recom-
binant proteins was measured by using Bradford reagent (Bio-Rad).

Vaccination and challenge. Animal protocols were reviewed and ap-
proved by the Mount Sinai Institutional Animal Care and Use Commit-
tee. Six- to eight-week-old BALB/c mice were vaccinated once or twice
intramuscularly in the right hind leg with inactivated virus formulated in
PBS (2 pg total protein per mouse), recombinant proteins [10 pg protein
plus 10 pg poly(I-C) in PBS], or a commercially available trivalent inac-
tivated vaccine (TIV) (Fluarix, 2010-2011 formulation, with 2 pg of HA
from each strain for a total of 6 g of HA, diluted in PBS). All vaccines
were injected by using a 500-l insulin syringe (BD). Another set of ani-
mals was intranasally infected with either 10° PFU of H3N2, H11N9,
mallAIbO1, or rheaNC93 or 0.1 50% lethal dose (LD5,) of Shanghail3 in
volumes of 50 pl. At 4 weeks postvaccination, animals were anesthetized,
bled (submandibular), and challenged with 100 mouse LD5,s (mLD5s) (1
mLDy, is equivalent to 530 PFU) of Shanghail3 virus. Weight was mon-
itored daily for a period of 14 days; mice that lost 25% or more of their
initial body weight were scored dead and euthanized. On days 3 and 6
postinfection, a subset of mice (1 = 2 to 3 per group) was sacrificed, lungs
were homogenized by using a FastPrep-24 instrument (MP Biomedicals),
and lung titers were measured by a plaque assay on MDCK cells.

Human sera. Human sera were obtained from a recent clinical trial
with H7 vaccines at the University of Rochester (ClinicalTrials.gov regis-
tration number NCT01534468). In this trial, subjects received two doses
of live attenuated A/Netherlands/219/2003 X A/Ann Arbor/6/60 (H7N7)
cold-adapted vaccine (Medimmune) at a dose of 107> 50% tissue culture
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infective doses (TCID5,) administered by nasal spray 28 days apart. Ap-
proximately 18 months later, the subjects received a single dose of 45 g of
unadjuvanted subvirion H7N7 vaccine expressing HA of mallNL0O
(Sanofi-Pasteur) intramuscularly (13). The tested sera were obtained
prior to the inactivated booster dose and 14 days after the dose.

Enzyme-linked immunosorbent assay. Enzyme-linked immunosor-
bentassay (ELISA) plates (Immunolon 4 HBX) were coated for 16 hat4°C
with purified protein (2 pg/ml) diluted in carbonate-bicarbonate coating
buffer (pH 9.4). Plates were then blocked for 60 min at room temperature
(RT) with PBS containing 0.1% Tween 20 (TPBS) and 3% nonfat dry milk
powder (MTPBS). Serum was prediluted 1:50 and then serially diluted in
1:3 steps in MTPBS and incubated on the plates for 60 min at RT. Plates
were then washed three times with 100 .l of TPBS per well and incubated
for 60 min at RT with an anti-mouse IgG horseradish peroxidase (HRP)-
conjugated secondary antibody (Santa Cruz) diluted in MTPBS. Plates
were then washed again with TPBS and developed by using the substrate
o-phenylenediamine dihydrochloride (OPD) (SigmaFast; Sigma). Reac-
tions were stopped by using 3 M HCI, and plates were read at an optical
density of 490 nm. To prevent biased results when comparing sera from
animals vaccinated with inactivated vaccines and recombinant proteins,
we used recombinant Shanghail3 HA for ELISAs, which contained a
different trimerization domain (GCN4pll) and tag (Strep-tag II) than
those used for vaccination.

Hemagglutination inhibition assay. Hemagglutination inhibition
(HI) assays were conducted essentially as described previously (17, 18). HI
titers for Shanghail3 and Anhuil3 were determined with 0.5% turkey red
blood cells, and HI titers for malNLO0O, rheaNC93, mallAlb01, and chick-
Jal12 were determined by using 0.5% chicken red blood cells. HI titers are
the reciprocal of the highest 2-fold dilution of the serum able to inhibit
hemagglutination.

Enzyme-linked lectin assay allowing measurement of neuramini-
dase-inhibitory activity. The neuraminidase activity of H7N9 was ini-
tially assessed by using a fetuin assay. Briefly, egg-grown virus was serially
diluted with PBS-bovine serum albumin (BSA) in a final volume of 100 .l
in a 96-well Maxisorp ELISA plate, and the assay was completed as de-
scribed below. The dilution corresponding to the 50% effective dose
(ECs,) was determined by generating a nonlinear curve using Graphpad
Prism 4. The EC,, dilution of virus (1:200) was then used to determine the
amount of neuraminidase inhibition (NI) activity (described below). For
the enzyme-linked lectin assay (ELLA), 96-well Maxisorp ELISA plates
(Thermo-Scientific, Inc.) were coated with 150 wl (50 wg/ml) of fetuin
(Sigma-Aldrich, Inc.) diluted in 0.1 M carbonate-bicarbonate buffer (pH
9.6) overnight at 4°C. The next day, plates were washed three times with
1X PBS and then blocked with 200 p.l of 5% BSA-1X PBS for 1 h at RT.
While plates were being blocked, 50 wl of diluted virus was coincubated
with 50 pl of inactivated sera (serially diluted 2-fold) at RT for 1 h. After
blocking, plates were washed three times with 0.5% Tween—1X PBS
(TPBS), and 100 p.l of the serum-virus mixture was then transferred to the
fetuin-coated plates and incubated at 37°C for 2 h. The serum-virus mix-
ture was then discarded, and plates were washed six times with 0.5%
TPBS. One hundred microliters of peroxidase-conjugated peanut agglu-
tinin (PNA; Sigma-Aldrich, Inc.) at 5 pg/ml was then added to the plates
and incubated at RT for 2 h in the dark. Plates were again washed six times
with 0.5% TPBS, and 100 pl of a peroxidase substrate, trimethylbenzidine
(TMB), was added to each well of the plate. The reaction was stopped by
using 50 pl of 3 M phosphoric acid, and the absorbance was read at 450
nm. The serum dilution corresponding to the 50% inhibitory concentra-
tion (IC5,) was determined by generating a nonlinear curve using Graph-
Pad Prism 6.

Statistical analysis, phylogenetic analysis, and visualization of mo-
lecular structures. For statistical analysis of lung titers, a parametric un-
paired t test was performed by using Prism 6 (GraphPad). Sequence align-
ments and trees were generated by using ClustalW, and trees were
visualized with FigTree version 1.4.0. The molecular structures were visu-
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alized and modeled by using the Research Collaboratory for Structural
Bioinformatics Protein Workshop.

RESULTS

Divergent H7 vaccines protect mice from H7N9 challenge. We
evaluated whether vaccines based on phylogenetically different
Eurasian or North American lineage H7 strains (Fig. 1) induce
cross-protective antibodies against H7N9 in the mouse model.
Previous bioinformatics analyses predicted that the H7N9 strain
might exhibit low immunogenicity and could act as a “stealth”
virus due to its low content of T-cell epitopes (19). Therefore, we
also evaluated the immunogenicity and protective efficacy of an
inactivated H7N9 virus preparation in mice. Some degree of
cross-reactivity between the distant North American and Eurasian
lineage H7 strains has been reported previously and might be ex-
plained by shared, conserved antigenic sites (e.g., antigenic site A
is 100% conserved between all H7 strains shown in Fig. 1) (20, 21).

Animals vaccinated once with 2 pg (total protein) of inacti-
vated virus preparations of North American H7 strains A/rhea/
North Carolina/39482/93 (rheaNC93) and A/mallard/Alberta/
24/01 (mallAlb01) lost approximately 15% of their body weight
upon stringent challenge with 100 50% lethal doses (LDs,) of
A/Shanghai/1/13 (H7N9) (Shanghail3) virus and were com-
pletely (mallAIbO1) or 83% (rheaNC93) protected from mortality,
despite having very low to nondetectable HI titers against the chal-
lenge virus (Table 1 and Fig. 2A). Vaccination with inactivated
Shanghail3 virus induced higher HI and ELISA titers against the
challenge strain and against A/Anhui/1/13 (H7N9) (Anhuil3) but
did not significantly improve protection over levels seen with the
heterologous vaccine preparations (Table 1 and Fig. 2A). A second
vaccine dose boosted HI titers against Shanghail3 and Anhuil3
viruses, boosted the reactivity to Shanghail3 HA in ELISAs, and
alleviated weight loss compared to animals that received the vac-
cine just once (Fig. 2B and 3A and B). The group vaccinated with
homologous Shanghail3 virus lost less weight on days 3 to 6, but
differences were not statistically significant. Survival was 100% in
all H7 prime-boost groups (Fig. 2B).

We also determined lung titers on days 3 and 6 after challeng-
ing the mice that had been vaccinated once or twice with an inac-
tivated virus vaccine and detected no or low viral titers compared
to those of naive animals, which exhibited titers of about 10°
PFU/ml (Fig. 4C and D). No statistically significant difference was
observed in lung virus titers measured in mice vaccinated with
inactivated rheaNC93 or mallAlbO1 virus compared to those in
mice vaccinated with Shanghail3 virus in either of the two vacci-
nation regimens or two time points. The only exception was de-
tected for the prime-boost regimen, where rheaNC93-vaccinated
animals showed significantly lower titers on day 6 than did Shang-
hail3-vaccinated animals (P = 0.0025). Due to the small number
of animals per condition (n = 2) in the prime-only mallAlb01 day
3 and the prime-only rheaNC93 day 6 groups, we could not per-
form a statistical analysis for significance of the differences be-
tween these groups and the prime-only Shanghail3 animals.

Mice vaccinated once or twice with a commercial trivalent in-
activated vaccine (TIV) containing H1, H3, and influenza B virus
components were not protected from infection, suggesting that
regular influenza virus vaccines lack efficacy against the novel Chi-
nese H7NO virus. However, animals that received the TIV twice
showed slightly delayed weight loss kinetics and did not show
signs of enhanced pathogenicity (Fig. 2A and B). It is of note that
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TABLE 1 Hemagglutination inhibition titers of mice vaccinated against
two prototype H7NO strains

HI titer®
Shanghail3, Anhuil3,
Eurasian Eurasian
Vaccine regimen Vaccine lineage lineage” lineage”
Shanghail3 inactivated Eurasian 17.4 20
virus prime
Shanghail3 inactivated Eurasian 34.8 40
virus prime-boost
mallAlb01 inactivated North American 5.4 <10
virus prime
mallAlb01 inactivated North American 17.4 40
virus prime-boost
rheaNC93 inactivated North American 11.5 10
virus prime
rheaNC93 inactivated North American 17.4 40
virus prime-boost
TIV prime None <10 <10
TIV prime-boost None <10 <10
Shanghail3 HA protein Eurasian <10 <10
prime
Shanghail3 HA protein Eurasian 11.5 40
prime-boost
Anhuil3 HA protein Eurasian <10 <10
prime
Anhuil3 HA protein Eurasian 13.2 40
prime-boost
malINLOO HA protein Eurasian 5.7 <10
prime
malINLOO HA protein Eurasian 7.6 10
prime-boost
Shanghail3 Eurasian 105.6 160
preinfection
mallAlb01 preinfection North American 60.6 160
rheaNC93 preinfection North American 139.3 160
H3N2 preinfection None <10 <10
H11N9 preinfection None <10 <10

@ Sera were tested individually for reactivity against Shanghail 3, negative sera (titer of
<10) were assigned a value of 5, and geometric mean titers were calculated.

b pooled sera (n = 5 to 10) were tested.

€ <10 indicates that no HI activity was detected.

the amount of internal proteins that can induce T-cell-mediated
cross-protection is probably smaller in the commercial TIV than
in the inactivated whole-virus vaccine preparations used in this
study. However, TTV-vaccinated mice received higher doses of HA
(2 pg/mouse) than animals that received whole-virus inactivated
vaccines (2 pg of total protein).

Recombinant HA (rHA)-based influenza virus vaccines were
recently licensed for use in humans (22) and can potentially en-
hance pandemic preparedness by shortening the time between
vaccine strain selection and production. It is therefore important
to evaluate if such a vaccine approach can be used for H7N9.
Protein for this evaluation was produced in an insect cell expres-
sion system capable of performing posttranslational modifica-
tions, and the structural integrity of the recombinant proteins was
tested by using monoclonal antibody CR9114 (16, 23), which
binds to a conformational epitope in the stalk domain of HA (Fig.
5B). Animals vaccinated once with an adjuvanted dose of homol-
ogous Shanghail3 or Anhuil3 or heterologous A/mallard/Neth-
erlands/12/00 (malINLOO) (Eurasian H7 lineage) rHA protein
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FIG 2 Exposure to divergent H7 antigens protects mice against H7N9 challenge. (A) Weight loss of animals vaccinated once with inactivated H7 viruses derived
from the North American (mallAlb01 and rheaNC93) or Eurasian (Shanghail3, homologous) lineage (1 = 5 to 6 for vaccine groups; n = 17 for naive animals).
(B) Weight loss of animals vaccinated twice with inactivated H7 viruses derived from the North American (mallAIbO1 and rheaNC93) or Eurasian (Shanghail3,
homologous) lineage (n = 5 for vaccine groups; #n = 17 for naive animals, which are the same as those shown in panel A). (C) Weight loss of animals vaccinated
once with recombinant H7 HA protein (malINL0O, Shanghail3, and Anhuil3) (n = 5 for vaccine groups; n = 17 for naive animals, which are identical to the
animals shown in panel A). (D) Weight loss of animals vaccinated twice with recombinant H7 HA protein (malINL0O, Shanghail3, and Anhuil3) (n = 5 for
vaccine groups; n = 17 for naive animals, which are the same as those shown in panel A). (E) Weight loss of animals preinfected with divergent H7 subtype viruses
of the North American (rheaNC93 and mallAlb01) or Eurasian (Shanghail3) lineage, an H11N9 virus, or an H3N2 virus (n = 5 to 7 for preinfection groups; n =

17 for naive animals, which are identical to the animals shown in panel A). Survival rates are indicated in the keys as percentages.

(Fig. 5) did not mount HI titers against Shanghail3 and showed
only partial protection against viral challenge, although all groups
seroconverted, as measured by ELISA (Table 1 and Fig. 2C and
3C). Animals vaccinated with a second dose of recombinant vac-
cine had aboost in HI and ELISA titers and were fully (Shanghail3
and Anhuil3) or partially (malINL0O) (80%) protected from
mortality and morbidity (Table 1 and Fig. 2D). Similar to the
results from the inactivated vaccines, we did not detect significant
differences between lung titers of animals vaccinated with heter-
ologous protein and those of animals that received homologous
Shanghail3 protein. The malINLOO protein, however, seemed to
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provide less protection than the Shanghail3 and Anhuil3 pro-
teins in the prime-boost regimen on day 3 (Fig. 4E).

Humans mount cross-reactive HI responses to H7N9 virus
upon vaccination with a divergent H7 vaccine. To validate the
results from the mouse model, we obtained six available sera from
ahuman clinical trial with H7 vaccines. Samples were tested for HI
reactivity to Shanghail3 and Anhuil3 H7N9 viruses as well as a
panel of other H7 viruses of both lineages. Similar to observations
in the mouse model, individuals who seroconverted to the vaccine
strain (Table 2) also showed high cross-reactivity to H7N9 viruses.
Individuals who showed no titer against the vaccine strain (pa-
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FIG 3 ELISA reactivity of vaccinated or infected animals to recombinant H7 hemagglutinin. Shown is ELISA reactivity of sera from animals vaccinated once (A)
or twice (B) with inactivated vaccines or vaccinated once (C) or twice (D) with recombinant HA antigen or of sera from animals preinfected with divergent

influenza viruses (E). Recombinant H7 HA derived from Shanghail3 was used

as the substrate. To rule out a biased readout, the substrate was expressed with a

different trimerization domain and purification tag (GCN4plI trimerization domain and Strep-tag II) than the recombinant HA used for vaccination (T4 fibritin

trimerization domain and hexahistidine tag). OD, optical density.

tients 42 and 43) (Table 2) also showed no reactivity to H7NO9,
whereas individuals who showed high titers against the vaccine
strain (patients 44, 45, and 46) showed similarly high titers against
H7NO viruses and divergent viruses of the North American lin-
eage. This suggests that the observed cross-reactivity is not mouse
specific and that the human immune system targets H7 epitopes
similarly to the mouse immune system. In contrast, recent data
from the ferret model showed a very narrow HI response to spe-
cific H7 strains, a phenomenon which has also been observed for
HINI strains (24, 25).

Preexposure to divergent H7 and H11N9 but not H3N2 vi-
ruses protects mice from H7N9 challenge. As H3 and H7 HAs
both belong to the same phylogenetic group and H3N2 viruses
circulate in the human population, we investigated whether pre-
existing immunity induced by exposure to the H3 subtype had a
positive or negative impact on the pathogenicity of the H7N9
virus following challenge. We preinfected animals with an H3N2
strain and several H7 strains, including Shanghail3 for compari-
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son. A group of mice preinfected with an H11N9 strain (serocon-
verted to N9 NA) (Fig. 4A and B) of North American avian origin
was selected to determine if an immune response against NA
would be sufficient to protect mice from challenge (94% amino
acid similarity to N9 NA of Shanghail3). Animals that experi-
enced H7 preinfection mounted high HI titers against Shanghail3
and Anhuil3 and high ELISA reactivity to Shanghail3 protein and
were completely protected from weight loss and mortality (Table
1 and Fig. 2E and 4E). H11N9-preinfected animals lost approxi-
mately 15% of their initial body weight and were protected from
mortality (86% survived) while showing no reactivity to H7 HA
(Fig. 4E). H3N2-preinfected animals (animals seroconverted to
H3 HA) (data not shown) showed no enhanced protection com-
pared to naive mice in terms of weight loss or mortality but had
reduced lung titers (approximately 10° PFU, compared to 10°
PFU in naive mice) (Fig. 4C). Thus, preexisting immunity does
not induce enhanced pathogenicity in this model, which corre-
lates with TIV data (Fig. 2A and B). The reduced lung titers in
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FIG 4 Neuraminidase inhibition activity and viral lung titers in mice. (A) ELISA reactivity of selected groups to N9 NA. (B) N9 NI titers of groups shown in panel
C. NI was measured by using A/Shanghai/1/13 virus; values are expressed as the reciprocal serum dilution that was able to inhibit NA activity by 50%. (C to E)
Lung titers of mice vaccinated with different vaccination regimens on day 3 (black) and day 6 (red) postinfection. Samples with no detectible virus titer were

scored as 10. The naive day 3 and day 6 groups were included in all three panels to facilitate comparison with the vaccine groups. ND, not determined.

H3N2-preinfected mice are most likely caused by cross-reactive
T-cell responses to conserved internal influenza virus proteins.
With the exception of one animal from the mallAlbO1 group,
infectious challenge viruses could not be detected in lungs of
any of the H7-preinfected mice (Fig. 4C); H11N9-preinfected
animals showed no reduction in lung virus titers on day 3, but
only low titers of residual virus were found on day 6 postchal-
lenge (Fig. 4C).

Vaccine-induced anti-N9 antibodies efficiently inhibit H7N9
neuraminidase. Since H1 IN9-preinfected animals were protected
from challenge, we also assessed the levels of humoral immunity
against N9 NA induced by preinfection and vaccination. Preinfec-
tion of animals with Shanghail3 virus induced high titers of an-
ti-N9 antibodies, as measured by ELISA, and also showed a high
neuraminidase inhibition (NI) titer of 1:6,239 (Fig. 4A and B).
Inactivated Shanghail3 virus administered once or twice, as well

g
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FIG 5 Characterization of recombinant H7 hemagglutinin proteins. (A) Coomassie staining of an SDS-PAGE gel with the three different H7 HAs used in the
vaccination study. (B) ELISA with stalk-reactive antibody CR9114. This monoclonal antibody binds to a conformational epitope in the HA stalk and was used

to assess the structural integrity of the proteins used.
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TABLE 2 HI titers of six vaccinees against heterologous H7 viruses, including two prototype H7N9 strains and the homologous vaccine virus strain

HI titer pre-2nd boost/HI titer post-2nd boost*

Shanghail3, Anhuil3, malINLO0O, Eurasian

Eurasian Eurasian lineage (vaccine mallAlbO1, North chickJal12, North rheaNC93, North
Patient lineage lineage strain) American lineage American lineage American lineage
Rochester 41 <10/<10 <10/10 <10/10 <10/40 <10/20 <10/<10
Rochester 42 <10/<10 <10/<10 <10/<10 <10/<10 <10/<10 <10/<10
Rochester 43 <10/<10 <10/<10 <10/<10 <10/<10 <10/<10 <10/<10
Rochester 44 <10/640 <10/1,280 40/1,280 40/2,560 40/640 10/640
Rochester 45 <10/1,280 <10/1,280 <10/1,280 <10/2,560 <10/640 <10/320
Rochester 46 <10/160 <10/360 <10/160 <10/320 <10/40 <10/80

“ Vaccinees received a cold-adapted, attenuated vaccine expressing HA of A/Netherlands/219/03 twice (28 days apart) and were then boosted approximately 18 months later with an
A/mallard/NL/12/00 (malINLO00) inactivated vaccine containing 45 g of HA. The tested sera were obtained prior to the inactivated booster dose (pre-2nd dose, the first value
presented in each cell) and 14 days after the dose (post-2nd dose, the second value presented in each cell).

as preinfection with HI1N9, also induced anti-N9 reactivity and
good NI activity (Fig. 4A and B). It is of note that the anti-N9
ELISA titer, as well as the NI titer, was not boosted by a second
vaccination.

DISCUSSION

Subtype H7 influenza viruses have sporadically caused disease in
humans (26-30). In general, these infections are associated with
mild symptoms, including conjunctivitis, but can also lead to
more serious outcomes, including death (27). H7 vaccine candi-
dates based on North American and Eurasian lineage virus strains
(Fig. 1A) have been developed and tested preclinically and clini-
cally. Recently, severe human cases of avian H7N9 infections with
high case fatality rates in China raised concerns that this virus
could become pandemic. Sequence analysis and biochemical
studies revealed the presence of mutations in the HA gene that
enable the virus to bind slightly to alpha-2,6-linked sialic acid (7,
11), a prerequisite for efficient spread among human individuals.
Furthermore, several isolates showed resistance to antiviral drugs
due to the presence of the R294K mutation in the viral NA (4), a
mutation that was not associated with an attenuated viral pheno-
type in the H7N9 background (5, 8).The development of a
prepandemic vaccine against this novel H7N9 strain is therefore of
the highest priority.

We tested a matched vaccine based on an inactivated A/Shanghai/
1/13 virus reassortant, which proved to be as immunogenic as
H1N1-inactivated vaccines in mice (31), suggesting that inacti-
vated H7N9 vaccines could also be immunogenic in humans. In-
activated mismatched H7 vaccines from the two distinct H7 lin-
eages also conferred good protection. Recombinant HA vaccines
have recently been licensed for use in humans and can be pro-
duced more rapidly than classical inactivated virus vaccines (22).
We tested several recombinant H7 HAs for their ability to protect
animals from challenge and found that in most cases, a single
vaccination was insufficient to protect from viral infection, even
when the antigen was matched. However, robust protection was
observed after animals received a recombinant HA boost. It has
been speculated that preexisting immunity induced by influenza
virus vaccination or infection might increase the pathogenicity of
H7NO9 in the elderly (32). We found no evidence of increased
morbidity or mortality due to preexisting immunity to human
seasonal strains in the mouse model. Although TIV-vaccinated or
H3N2-infected mice were not protected from mortality, they
showed slightly delayed weight loss kinetics and, in some cases,
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slightly reduced lung titers compared to naive mice, an effect that
is most likely caused by cross-reactive cytotoxic T cells (33). An-
tibodies against N9 NA, which are usually nonneutralizing, pro-
vided notable levels of NI activity and were able to partially protect
animals from challenge with H7N9 virus. This also indicates that
an ideal vaccine should include an N9 component to maximize
protection.

As happened during the 2009 HIN1 pandemic response, the
development of a vaccine based on a novel strain usually takes
several months and might come too late if the virus acquires sus-
tained human-to-human transmission. Our results suggest that
there is high cross-reactivity between divergent H7 strains of both
lineages, which enables robust protection from H7N9 challenge in
mice, even after only one vaccine dose and with low serum HI
titers. This is an important finding since H7 vaccines in humans
proved to be of low immunogenicity when HI titers were used as a
readout and also suggests that other types of antibodies, such as
non-HI-active/nonneutralizing antibodies or neutralizing anti-
stalk antibodies, might contribute to protection (34). There are
multiple H7 vaccine strains, such as A/Netherlands/219/03
(H7N7), A/chicken/British Columbia/2004 (H7N3), A/mallard/
Netherlands/24/00 (H7N3), A/chicken/Italy/13474/99 (H7N1),
and others, that have already been tested in humans (ClinicalTrials
.gov registration numbers NCT00853255 and NCT00546585) (12, 13,
35). Sera from individuals from one of these trials were tested for
HI reactivity to heterologous strains, including two representative
H7NO9 viruses, and strong cross-reactivity in seroconverted indi-
viduals was confirmed.

Our data therefore suggest that existing H7 vaccine candi-
dates based on divergent strains could be employed in case of
an H7N9 pandemic. These results and recent reports from
other groups show that there is substantial cross-reactivity be-
tween H7 strains in mice and humans (20, 36-39) but to a
much lesser extent in ferrets (24). This cross-reactivity is most
likely induced by antibodies against antigenic site A, which is
highly conserved in avian H7 isolates. Various adjuvanted and
nonadjuvanted H7N9 vaccines that are now in phase I
(ClinicalTrials.gov registration numbers NCT01934127,
NCT01995695, and NCT01928472) (40) and phase II (Clini-
calTrials.gov registration number NCT01942265) clinical trials
could therefore also be stockpiled and likely be used against
divergent avian H7 strains that emerge in the human popula-
tion in the future.
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