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Cross-Reactive Antibody Responses to Novel

H5Nx Influenza Viruses Following Homologous

and Heterologous Prime-Boost Vaccination with a
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Recently, novel highly pathogenic avian influenza H5Nx viruses (clade 2.3.4.4) caused outbreaks in US poultry. We evaluated
the potential of a stockpiled A(H5N1) A/Anhui/1/2005 (clade 2.3.4) vaccine to elicit cross-reactive antibody responses to these
emerging viruses. Sera from subjects who received 2 doses of MF59-adjuvanted A/Anhui/1/2005, or 1 dose of MF59-adjuvanted A/
Anhui/1/2005 following priming with a clade 1 vaccine were characterized by microneutralization assays and modified hemagglu-
tination inhibition (HI) assays. Only heterologous prime-boost vaccination induced modest cross-reactive HI antibody responses
to H5Nx viruses. Heterologous prime-boost may provide a more effective vaccination strategy to broaden the antibody responses to

emerging viruses.
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Despite increased efforts in surveillance for influenza viruses in
wild birds and domestic poultry, human infections of A(H5N1)
highly pathogenic avian influenza (HPAI) viruses continue to
occur sporadically. More than 800 cases were reported by the
World Health Organization from 2003 to 2015, with a fatality
rate of >50% [1]. The majority of these infections were associ-
ated with direct or close contact with infected poultry. A(H5N1)
viruses are increasingly genetically and antigenically diverse; to
date, 40 phylogenetically distinct HA clades of the A(H5NI1)
virus have been identified [2]. Preexisting population immunity
in humans to these viruses is very low [3], underscoring the
broad human susceptibility and pandemic potential of HPAI
A(H5N1) viruses. Vaccination is an effective prophylactic pub-
lic health measure to mitigate pandemic-related morbidity and
mortality. However, in the event of a pandemic, timely develop-
ment and production of vaccines that match the novel pandemic
strain could be challenging [4]. Thus, several prepandemic
vaccine antigens and adjuvants have been included in the US
national stockpile [5, 6]. Given the rapid evolution of A(H5N1)
viruses, a potential pandemic strain could still be antigenically
distinct from the stockpiled vaccines. Development of effective
vaccination strategies utilizing stockpiled vaccines to protect
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against novel emerging virus infection is crucial for influenza
pandemic preparedness.

Since December 2014, novel HPAI A(H5N2) and A(H5NS)
viruses have caused multiple outbreaks in US poultry [7]. This
is the first appearance of HPAI H5 viruses in the United States
since 2004 [8] and, importantly, the first incursion of the A/
goose/Guangdong/1/96 Eurasian lineage viruses into the
United States. The novel HPAI A(H5N1) viruses spread along
3 of the 4 US wild bird migratory flyways, caused significant
mortality in domestic poultry, and posed a potential risk to
public health [9]. Three subtypes of H5 viruses have been iden-
tified in infected birds: A(H5N8), A(H5N2), and A(H5N1).
These viruses bear similar hemagglutinin (HA), but different
neuraminidases acquired through genetic reassortment with
North American low pathogenic avian influenza viruses, and
are therefore referred to as H5Nx viruses. Hemagglutinins of
these viruses belong to Eurasian lineage clade 2.3.4.4 [2, 9].
Although no human cases associated with the North American
H5Nx poultry outbreaks were identified, human diseases with
clade 2.3.4.4 H5 avian influenza viruses have occurred in
China [10].

Among current US national stockpiled prepandemic
A(H5N1) vaccines, A/Anhui/1/2005 (A/Anhuil), a clade 2.3.4
antigen, is genetically most closely related to the novel H5Nx
viruses that circulated in US domestic poultry. In this study,
we investigated the potential of stockpiled MF59-adjuvanted
A/Anhuil vaccine to elicit cross-reactive antibody responses
to H5Nx viruses following either homologous or heterologous
prime-boost vaccination.
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MATERIALS AND METHODS

Sera and Viruses

Stored sera from healthy adults (age range, 18-49 years)
enrolled in a previous randomized A(H5N1) vaccine trial
(ClinicalTrials.gov identifier NCT00912496) [11] were used in
this study. For homologous prime-boost vaccination, sera were
collected from 39 subjects who received 2 doses of 7.5 ug of A/
Anhuil vaccine adjuvanted with MF59, 28 days apart. Paired
sera were collected before administration of the first dose, and
28 days after the second dose.

For heterologous prime-boost vaccination, sera were collected
from 35 subjects who were primed with either 1 dose (n=17) or
2 doses (separated by 1 month, n = 18) of nonadjuvanted 90 ug
A/Vietnam/1203/2004 (A/VN1203) vaccine [12], and then
boosted with 1 dose of MF59-adjuvanted 3.75 ug of A/Anhuil
vaccine 19-25 months (mean, 21.7 months) later. Sera were col-
lected before the A/Anhuil boost (day 0) and 28 days postboost.

All subjects from the original study groups that gave consent
for testing of stored sera were included in the current study.
The use of the sera was approved by the Centers for Disease
Control and Prevention, National Centers for Inmunology and
Respiratory Diseases Human Research Determination Review.

Wild-type HPAI viruses A/Anhuil (H5N1), A/Vietnam/
1194/2004 (A/VN1194, H5N1), A/gyrfalcon/Washington/
41088-6/2014 (A/Gyr41088-6, H5N8), and A/northern pintail/
Washington/40964/2014 (A/NP40964, H5N2) were propagated
in the allantoic cavity of embryonated hen’s eggs at 37°C for 24
hours. All research with HPAI viruses was conducted in bio-
safety level 3 containment facilities, including enhancement
required by the US Department of Agriculture and Select Agent
Program [13].

Hemagglutination Inhibition Assays Using Horse Erythrocytes

A modified hemagglutination inhibition (HI) assay using
horse erythrocytes was performed. Sera were heat inactivated,
tested for nonspecific agglutinins, and adsorbed with packed
horse erythrocytes as needed. To eliminate potential nonspe-
cific inhibitors introduced from hemadsorption, sera were then
treated with receptor-destroying enzyme at 37°C for 18-20
hours, followed by heat inactivation prior to HI assays.

Sera were serially diluted 2-fold and incubated with 4 hemag-
glutination units per 25 uL of virus for 30 minutes. Horse eryth-
rocytes (1% v/v in phosphate-buffered saline + 0.5% bovine
serum albumin) were added to the wells. Hemagglutination was
read after 60 minutes. HI titer was defined as the reciprocal of
the last dilution of serum that completely inhibited hemagglu-
tination. Unless otherwise specified, initial sera dilutions were
1:10. Antibody titers <10 were reported as 5.

Microneutralization Assays
Microneutralization (MN) assays were performed as previ-
ously described [14]. In brief, human sera were heat inactivated

at 56°C for 30 minutes. Two-fold serial dilutions of sera were
incubated with one hundred 50% tissue culture infection dose
(TCID,,) of influenza viruses and incubated at 37°C 5% CO,
for 1 hour. The virus-sera mixture was used to infect 1.5 x 10/
well Madin-Darby canine kidney cells, and incubated for 18-20
hours at 37°C in a 5% CO, humidified incubator. After cold
acetone fixation, the presence of viral protein was quantified by
enzyme-linked immunosorbent assay using monoclonal anti-
bodies specific to the nucleoproteins of the influenza A viruses.
Microneutralization titers were defined as the reciprocal of the
highest dilution of serum that gave 50% neutralization. Unless
specified otherwise, initial sera dilutions were 1:10. Antibody
titers <10 were reported as 5 for calculation purposes.

Statistical Analysis

Geometric mean antibody titers (GMTs) and 95% confidence
intervals (CIs) were determined. Exact CIs were also calculated
for all proportional end points. Seroconversion was defined as
a 4-fold rise with a postvaccination titer of 240. Three pairs of
sera from the heterologous prime-boost group were excluded
from A(H5N2) HI analysis, and 1 pair of sera from homologous
prime-boost group were excluded from A(H5N8) HI analysis,
due to high baseline titers of samples. Statistical comparison
was performed using paired ¢ test. Statistical analysis was per-
formed using SAS version 9.3 and GraphPad Prism 5 software
programs.

RESULTS

Antibody rise to vaccine virus A/Anhuil was readily detected in
sera collected 28 days after 2 doses of 7.5-ug MF59-adjuvanted
A/Anhuil vaccination (HI GMT, 47.8; MN GMT, 53.1); >70%
of participants seroconverted as detected by both HI and MN
assays. Participants who had previously received unadjuvanted
high-dose A/VN1203, and were then boosted with 1 dose of
3.75-pg MF59-adjuvanted A/Anhuil 19-25 months later, also
mounted comparable antibody responses (P > .05) to A/Anhuil
28 days postboost (HI GMT, 42; MN GMT, 48.2) (Table 1).
Consistent with a previous report [11], 2 doses of A/VN1203
prime did not provide a stronger boost to A/Anhuil antibody
response than 1 dose of A/VN1203 prime.

Although phylogenetic analysis of HA sequences categorized
A/Gyr1088-6 (H5N8) and A/NP40964 (H5N2) (clade 2.3.4.4)
in the same clade as A/Anhuil (clade 2.3.4) [2], they are anti-
genically distant from both A/Anhuil and A/VN1194 (clade
1) vaccine viruses as characterized by ferret antisera in MN and
HI assays; ferret antisera to A/Anhuil reacts with A(H5N8) and
A(H5N2) viruses at titers that are >16-fold lower than the titers
against homologous virus. Conversely, ferret antisera raised
against either HSN8 or H5N2 viruses are >32-fold lower against
A/Anhuil compared with titers against the respective homol-
ogous virus (Supplementary Tables 1 and 2). In humans, even
with MF59 adjuvants, homologous prime-boost vaccination
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boost. Scatterplot of Hl and MN antibody responses to A/Anhui1 (H5N1), and A/Gyr1088-6 (HSN8) 28 days post—A/Anhuil boost. Error bars indicate 95% confidence interval.
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with 2 doses of A/Anhuil adjuvanted with M59 induced min-
imal to no cross-reactive HI and MN antibody responses to
A(H5NBS) virus. In contrast, when primed with an antigenically
distant clade 1 A(H5N1) antigen, boosting with a single dose of
A/Anhuil induced modest levels of cross-reactive HI antibody
responses to both A(H5N8) and A(H5N2) viruses. Twenty-
three percent to 25% of participants seroconverted to A(H5N8)
and A(H5N2) viruses by HI post-heterologous A/Anhuil boost
(Table 1). The difference in cross-reactive HI antibody GMTs
to A(H5N8) between homologous vs heterologous A/Anhuil
vaccination was statistically significant (P < .05) (Figure 1). In
contrast, neutralizing antibody titers to A(H5N8) were only
detectable in a small proportion of subjects who received het-
erologous prime-boost, and none achieved seroconversion
(Figure 1).

DISCUSSION

Several clade-specific A(H5N1) vaccine antigens have been
included in the prepandemic national stockpiles in the United
States. However, the rapid evolution of avian influenza viruses
pose challenges for such preparedness strategies based on anti-
genic match. This is exemplified by the emergence of a novel
cluster of H5Nx viruses that caused recent outbreaks in poultry
across multiple states in the United States. These clade 2.3.4.4
viruses are antigenically distant from the current stockpiled
vaccines. In this study, we demonstrated that despite great
antigenic distance, heterologous prime-boost vaccination with
clade 1 and adjuvanted clade 2.3.4 stockpiled A(H5N1) vac-
cines was able to induce cross-reactive antibody responses to
A(H5N8) and A(H5N2) viruses. Heterologous prime-boost
vaccination utilizing stockpiled vaccines may provide a strat-
egy to broaden the cross-reactive antibody responses to novel
emerging A(H5N1) viruses.

Inactivated A(H5N1) vaccination typically requires at least
2 doses and the use of adjuvants to achieve sufficient serologic

responses in a majority of recipients [15, 16]. Few studies
have evaluated the effects of heterologous prime-boost using
prepandemic stockpiled A(H5N1) antigens. Most have only
been focused on antibody responses to the heterologous H5N1
vaccine components [11, 16-18]. Data on cross-reactive anti-
body responses to novel emerging viruses such as H5Nx are
lacking. Our study suggested that priming with an unadju-
vanted clade 1 vaccine induced immune memory that could be
boosted with a single low dose (3.75 pg) of adjuvanted clade
2.3.4 A/Anhuil vaccine, generating diverse antibody responses
that are cross-reactive to antigenically distant H5Nx viruses.
This broader boosting effect was not achieved by homologous
prime-boost, even with higher antigen doses (7.5 ug/dose).
Our study is limited by the small numbers of subjects in each
group. In addition, we only evaluated 1 antigen concentration
(7.5 pg) from the homologous prime-boost vaccination that rep-
resent the optimum vaccine dose with MF59 [11]. It also is note-
worthy that the levels of cross-reactive responses to A(H5N8)
and A(H5N2) viruses observed in the study are quite modest.
Seroconversion was detected by a modified HI assay using horse
erythrocytes. Cross-reactive neutralizing antibodies to H5Nx
were only observed at around the detection threshold of the
MN assays. Higher levels of cross-reactive antibodies may be
required to achieve sufficient protection. Several studies sug-
gested that the use of oil-in-water adjuvants such as stockpiled
MF59 and ASO3 could broaden the diversity of antibody popu-
lations [17, 19]. Thus, an inclusion of an adjuvant in the priming
vaccine could potentially enhance the cross-reactive responses.
Many factors can influence the effectiveness of the vaccine
boost, including antigen doses, adjuvants, interval between prime
and boost, and importantly, the antigenic relatedness between the
prime-boost antigens and with the circulating viruses. Some stud-
ies have demonstrated an advantage of longer intervals between
the priming and boosting dose, suggesting that allowing B cells
to mature may enhance the effect of priming for heterologous
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antibody responses [12, 18]. In this study, it appeared that the
memory B cells induced with A/VN1203 priming persisted for
as long as 25 months (mean, 21.7 months) and could be readily
recalled upon A/Anhuil boost to produce cross-reactive anti-
bodies to antigenically distant H5Nx viruses. This provides new
evidence to support vaccination strategies using prepandemic
stockpiled antigens. In one scenario, at-risk populations could be
primed with prepandemic stockpiled antigens in advance, then
boosted with antigenically matched pandemic vaccines when it
becomes available [20]. However, challenges still reside with the
rapid antigenic drift and continued divergence of the A(H5N1)
viruses and the limited numbers of antigens that can be stock-
piled. The selection of effective priming antigens and the com-
bination of prime-boost vaccine antigens that can provide broad
coverage to novel pandemic viruses remained to be explored.
Further understanding of the underlying immune mechanisms
of prime-boost will help to design better vaccination strategies
utilizing stockpiled antigens for pandemic preparedness.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online.Consisting of data provided by the authors to benefit the reader, the
posted materials are not copyedited and are the sole responsibility of the
authors, so questions or comments should be addressed to the correspond-
ing author.
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