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Current inactivated influenza vaccines are strain-specific and poorly effective against
variant or mismatched viruses. They are standardized based on their hemagglutinin (HA)
or ability to induce strain-specific hemagglutination inhibition (HAI) antibodies. The HA is
known to undergo major conformational changes when exposed to the low pH environ-
ment of endosomes (pH 5.0 and 37°C), which are required for membrane fusion during
virus cell entry. In an effort to improve these vaccines, influenza antigens treated under
various low pH conditions were evaluated for increased cross-reactive antibody response
and cross protection. It was found that a full range of structural and antigenic changes
in HA could be induced by varying low pH treatment conditions from the mild (low pH
at <25°C) to the strong (low pH at >37°C) as determined by analysis of potency, HA
morphology, protease sensitivity, and reactivity with an anti-HA2 domain (CD) antibody.
Inactivated antigens of both H1N1 and H3N2 strains treated at mild low pH conditions
(0-25°C) exhibited only moderate HA structural and antigenic changes and markedly
increased antibody response against HA2, the highly conserved part of HA, and cross
protection against heterologous challenge in mice by up to 30% in survival. By contrast,
antigen treated with low pH at 37°C showed more extensive structural and antigenic
changes, and induced much less of an increase in antibody response against HA2, but
a greater increase with response against HA1, and did not provide any increased cross
protection. These results suggest that the increased response against HA2 obtained
with the mild low pH treatment is associated with the increased cross protection. These
antigens treated at the mild low pH conditions remained capable of inducing a high level
of strain-specific HAl antibodies. Thus, they could readily be formulated as an inactivated
influenza vaccine which not only provides the same strain-specific protection but also
an increased cross protection against heterologous viruses. Such a vaccine could be
particularly beneficial in cases of vaccine mismatch.

Keywords: influenza, inactivated vaccine, HA2, low pH, cross protection

INTRODUCTION

Current inactivated influenza vaccines, either trivalent or quadrivalent (TIV or QIV; HIN1, H3N2,
and one or two B strains), are strain-specific and poorly effective against variant or mismatched
viruses. They are only moderately effective against seasonal influenza with an efficacy of 59% in
adults aged 18-65 as shown by meta-analysis of clinical studies over several influenza seasons (1).
Their effectiveness can decrease significantly with mismatched viruses and be as low as 19% as
recently occurred in the 2014-2015 season (2, 3). Such vaccine mismatch still occurs frequently
despite an annual vaccine strain exchange intended to match the circulating viruses. It also occurred
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in the current influenza season (2017-2018) with an interim esti-
mated vaccine effectiveness of 36% (3). This underscores the fact
that influenza viruses undergo constant genetic and antigenic
changes and highlights the urgent need to develop better vac-
cines with a broader spectrum of protection (4, 5). Toward this
goal, a strategic plan for developing a universal influenza vaccine
was recently published by NIAID of NIH (6).

The hemagglutinin (HA) is the protective antigen in inac-
tivated influenza vaccines (7). These vaccines are standardized
based on specific amount of HA protein or potency as measured
by the single radial diffusion (SRD) assay (8). They induce strain-
specific antibody responses as measured by hemagglutination
inhibition (HAI) and neutralization. A HAI titer of 1:40 is
considered protective in humans. The HA is a trimeric protein
made of three identical subunits. Each subunit consists of two
parts, HA1 and HA2. The HA1 constitutes the globular head of
HA and is the major target of immune responses. It contains the
cell receptor binding site and is therefore the basis for hemag-
glutination activity and HAI assay. It is highly variable, which
is the primary cause of vaccine mismatch. On the other hand,
HA?2 makes up the bulk of HA stem and is less immunogenic, but
highly conserved within subtype or closely related subtypes (9).
It consists of several distinct domains including fusion peptide
and C and D helixes or the long alpha helix (LAH) (10). During
cell entry, the virus is taken up into endosomes following receptor
binding where the HA is exposed to the low pH environment
within the endosome (~pH 5 at 37°C). Under this low pH condi-
tion, HA undergoes drastic conformational changes including
dissociation of the HA1 globular head and refolding and rising
of the HA2 (11, 12). These conformational changes facilitate the
membrane fusion and subsequent delivery of the viral genome
into the cell cytoplasm.

The HA2, being highly conserved, has been a major target for
the development of a broad-spectrum or universal influenza vac-
cine. It forms the central part of HA stem. The current inactivated
vaccines induce only a minimal level of anti-HA2 or HA stem
antibodies (13). This is consistent with HA stem being masked by
the HA1 globular head. However, antibodies induced against the
HA stem, either neutralizing or non-neutralizing, can be broadly
protective (13-16). The non-neutralizing antibodies against
conserved domains have been increasingly recognized to play a
significant role in cross protection via the antibody-dependent
cytotoxicity (ADCC) (15-17). Various approaches are being
evaluated to enhance immune responses against HA2 or HA
stem, including chimeric HA (18), HA stem constructs (19-21),
and selected HA2 domains including the CD or LAH (22, 23).
Based on exposure of the HA2 at low pH, inactivated antigens
treated at pH 5.0 and 37°C have also been evaluated, but found
to be incapable of inducing any increased cross-reactive antibody
responses or increased cross protection (24).

To further evaluate the potential of low pH-treated antigens
for increased cross-reactive immune response and cross protec-
tion, we treated the antigens in a wide range of low pH conditions,
characterizes them based on different antigenic and structural
parameters (antigenicity, morphology, protease sensitivity and
reactivity with an anti-CD antibody), and evaluated the antigens
generated under different low pH conditions for immunogenicity

and protection in mice. It was found that it was the antigens
treated under the mild low pH conditions (at <25°C), but not that
treated at the strong low pH condition (37°C) that could induce
increased antibody response against HA2 and cross protection.
These antigens exhibited only moderate structural changes in HA
as compared to the one generated at the strong low pH condition
(37°C). These results together potentially form the basis for an
improved inactivated influenza vaccine with increased cross
protection.

MATERIALS AND METHODS

Antigens

The influenza antigens used in present studies included
(1) inactivated whole virus (IWV) antigens of A/New Caledonia/
20/99 (H1H1 NC), A/Puerto Rico/8/34 (HIN1 PR8), A/Victoria/
361/2011 (H3N2 Vic), and A/Hong Kong/1/1968 (H3N2 HK),
(2) inactivated influenza vaccines: TIV 2011-2012 [Flulaval;
containing A/California/7/09 (HIN1), A/Victoria/210/2009
(H3N2), and B/Brisbane/60/2008], monovalent HIN1 CA (A/
California/07/2009) and monovalent H5N1 VN (A/Vietnam/
1203/04) vaccine, and (3) recombinant HAs of HIN1 NC, HIN1
PR8, HIN1 CA, H3N2 Vic, H3N2 HK, H2N2 SG (A/Singapore/
1/57), and H5N1 VN (BEI resources, NIAID, NIH and Sino
Biologicals, Inc.). The IWV antigens were prepared by purification
from infected MDCK cells and inactivation with formaldehyde
as described previously (25, 26). Inactivation was performed by
keeping virus preparations in 0.01% formaldehyde at 4°C for at
least 3 days. Viruses were then pelleted to remove formaldehyde,
re-suspended in phosphate-buffered saline (PBS; 20 mM phos-
phate, 150 mM NaCl, pH 7.4) and stored at 4°C prior to use. The
antigen protein concentrations were determined by bicinchoninic
acid (BCA) assay (Thermofisher Scientific).

Low pH Treatment

For low pH treatment, the pH of antigen solutions in PBS was
adjusted to different levels (4.8-6.2 in 0.2 increments) with low
pH citric-phosphate (Na,HPO,) buffers (pH 4.4-5.4 in 0.2 incre-
ments; 0.2 M) or dilute HCI (0.1 M). The use of the same low pH
buffers with incremental difference in pH was to ensure the con-
sistent buffer concentration in treated antigen preparation and
the better control of different pHs over the wide range used. The
antigens were then incubated at 0°C (on ice), 4°C, 25°C [room
temperature (RT)], or 37°C for 15 min before the pH was adjusted
to ~7.0 with 1 M pH 8.0 citric-phosphate buffer. Trial runs were
performed before each experiment to ensure the correct pH was
reached following the pH adjustment. The treated antigens were
stored at 4°C prior to use. In the case of purified live viruses,
formaldehyde was added to inactivate the viruses as described
above immediately after low pH treatment. The viruses were then
pelleted and suspended in PBS and stored at 4°C prior to use.

Potency

The potency of inactivated antigens or the amount of HA protein
was measured by the SRD test as described previously (8) using
the anti-HA reference sera and reference antigens (HIN1 NC
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and H3N2 Vic) obtained from Center of Biologics Evaluation
and Research of the FDA. The test and reference antigens were
used at appropriate concentrations according to the reagent use
instructions. Each dilution of the test and reference antigens was
tested in duplicate and the diameter of the precipitation ring was
measured at both horizontal and vertical directions to generate
the mean diameter. The HA concentration (pg/ml) in the test
antigens was calculated based on the mean precipitation ring
sizes (diameters) by linear regression with the reference antigens
as the standards.

Transmission Electron Microscopy (TEM)
Transmission electron microscopy was performed using the
sodium phosphotungstate negative stain to examine morphology
of virus particles at the Imaging Center of College of Veterinary
Medicine and Biomedical Sciences, Texas A&M University.

Immunization and Challenge

All animal studies were conducted with the approval of the
Institutional Animal Use and Care Committee at Texas A&M
University. 6- to 8-week-old female Balb/c mice (n = 5-7) were
immunized with the treated or untreated IWV or vaccine anti-
gens in 50 pl by intramuscular injection twice, 4 weeks apart. The
antigen dose was 5 pg total protein or 1 pg HA/mouse. Serum
samples were collected every 2 weeks until 2 weeks after the
second immunization. Challenge was performed at week 3 after
the second immunization by intranasal delivery of a lethal dose
of HIN1 PRS (1 X 10° TCIDs) or H3N2 HK (1 X 10° TCIDs) in
50 pl. During challenge, mice were briefly sedated with isoflurane.
After challenge, body weight and survival were monitored daily
for 14 days.

ELISA

Indirect ELISA was used to measure serum-specific antibod-
ies. The 96-well Maxisorp plates (NUNC, Inc., Naperville, IL,
USA) were coated overnight at 4°C with IWV (5 pg/ml) or
recombinant HA (1 pg/ml) in 50 mM carbonate buffer (pH 9.6)
(100 pl/well). Plates were washed three times with PBS-T buffer
(PBS with 0.025% Tween 20 and 0.02% NaN;) and then blocked
for 2 h with PBS-T containing 3% BSA (Sigma Chemical Co.).
Serum samples were serially diluted in the same buffer with
3% BSA and incubated at RT for 2 h at RT. Following washing
as described above, affinity-purified alkaline phosphatase-
conjugated anti-mouse IgG whole molecule (Sigma Chemical
Co.) were added at 1:5,000 dilution (100 pl/well) and incubated
at RT for 1 h. After wash, each well received 100 pl of substrate
p-nitrophenylphosphate prepared according to the instructions
from the manufacturer (Pierce, Rockford, IL, USA). The reaction
was stopped after a 30-min incubation by addition of 50 pl of
2 M NaOH. Optical density at 405 nm was then measured.

For measurement of low pH-induced structural changes in
HA, an ELISA (anti-CD ELISA) was performed with a mouse
anti-CD polyclonal antibody (serum) which was generated with
the CD domain of H1 subtype consensus sequence fused to a
nanoparticle carrier (EcDps, DNA-binding protein from starved
cells of bacteria from E. coli) (23). Untreated and low pH-treated
antigens were coated onto plates as described above. Alternatively,

untreated antigens were coated onto plates followed by on-plate
treatment at various pH with 20 mM citric-phosphate buffer
in saline. The rest of ELISA steps were performed as described
above. The anti-CD antibody was used at a dilution of 1:2,000
or higher.

Hemagglutination Inhibition

Hemagglutination inhibition was performed using chicken red
blood cells as described in the WHO manual on animal influenza
diagnosis and surveillance (27). Briefly, pooled serum samples
were treated with receptor destroying enzyme at 37°C overnight
and then inactivated at 56°C for 30 min before being used in HAI
test with fresh chicken red blood cells. The HAI titer was the high-
est dilution with complete inhibition of agglutination (streaming
down of RBC dots when the plate was tilted).

Neutralization Test (NT)

Neutralization test was performed with MDCK cells in 96-well
plates. Pooled serum samples from each group were inactivated
at 56°C for 30 min and serially diluted twofold before mixing
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FIGURE 1 | Analysis of influenza inactivated whole virus antigen (H1N1 NC)
by single radial diffusion (SRD) following low pH treatment. The low pH
treatment and SRD were performed as described in Section “Materials and
Methods.” (A) SRD plate. (B) Percent of precipitation ring sizes as compared
to the untreated control.
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TABLE 1 | Potency and immunogenicity of HIN1 NC inactivated whole virus antigens treated at pH 5.2 and different temperatures.

Groups Potency [hemagglutinin ELISA Hemagglutination inhibition Neutralization test
pg/ml (% reduction)]
H1N1 NC H1N1 PR8 H1N1 NC H1N1 PR8 H1N1 NC H1N1 PR8
Control 133.4 (0%) 128,000 8,000 320 <10 2,560 <20
0°C 116.7 (12.5%) 128,000 16,000 320 <10 2,560 <20
25°C 72.74 (45.5%) 256,000 32,000 160 10 2,560 20
37°C 13.3 (90.0%) 256,000 32,000 160 <10 1,280 <20
with 100 TCIDs, virus in duplicate. After incubation at 37°C for . .
1 h, the mixtures were transferred to MDCK cells and incubated A (-) Trypsin (+) Trypsin
at 37°C for 1 h. The plates were then washed twice with PBS after 2 B
removing the mixtures, and fresh serum-free media containing o 3
1 ug/ml trypsin was added. The plates were incubated at 37°C § 9 § g g 9 § g
for 72 h and then fixed in formalin and stained by crystal violet. o7 8 -
The neutralization titer was considered the highest dilution with 667 I o e man S S o Lo < HAT
an intact cell monolayer. 45 5% <DP1
5 —~—
Immunoblot Prevcew e . -l
Antigen proteins were separated by SDS-PAGE and blotted onto 21 .
Immobilon P polyvinylidene difluoride membranes (Millipore).
Blotted membranes were first blocked at RT in PBS-T buffer B
containing 3% BSA for 2 h. They were then probed at RT for ® 15000 - BHAT
Q
2 h with the pooled serum sample diluted at 1:2,000 or higher S.12000 4
in the same buffer with BSA. After wash with PBS-T, they were 9
incubated at RT for 1 h with the alkaline phosphatase-conjugated 3 9000 1
anti-mouse IgG Fc (Sigma Chemical Co., St. Louis, MO, USA). S 6000 -
Membranes were developed with substrate BCIP (5-bromo- 2
i ; X S 3000 -
4-chloro-3-indolylphosphate)-NBT  (nitroblue tetrazolium) ]
(Sigma Chemical Co.) for 30 min. Densitometry was performed > 0 - - -
using NIH Image]J (http://rsbweb.nih.gov/ij/) for comparing the < £
optical densities of positive bands on the same blot. For each blot, % %
the density measurement was performed twice with the mean = >
value presented. (-) Trypsin (+) Trypsin

Statistics

Each serum sample was tested in duplicate with mean value
presented. Each immunoblot test was repeated at least once. The
densitometry measurement for each immunoblot was performed
twice with the mean value presented. The mean body weight was
determined for each animal group. Linear regression was used
to calculate protein and antigen concentrations for BCA and
SRD assays. Means were compared using the Student’s ¢-test.
The increased survival by low pH-treated antigen was analyzed
against the untreated antigen by Chi-square goodness of fit test.
A p value <0.05 is considered significant.

RESULTS

Induction of Antigenic and Structural
Changes in HA in Correlation With Low
pH Treatment Conditions

Inactivated influenza antigens, vaccines, or purified live viruses
were treated at low pH under various conditions and then

FIGURE 2 | Analysis of influenza inactivated whole virus antigen (H1N1 NC)
by protease digestion following low pH treatment. The antigen was treated
at pH 5.2 and different temperatures (0, 25, and 37°C) and then subjected
to digestion with trypsin. (A) SDS-PAGE gel stained with Coomassie blue.
(B) Densitometry analysis of protein bands in the SDS-PAGE gel. The density
measurement was performed twice and mean values are presented. The
closed arrowhead indicates the HA1, open arrowhead indicates the HA1
digestion product (DP1), the bracket indicates the HA2/M1, and closed
arrow indicates the trypsin.

evaluated for antigenic changes by potency and for structural
changes by electron microscopy (EM), protease sensitivity, and
reactivity with a polyclonal antibody specific to the CD domain
of HA2. In the case of live viruses, viruses were subjected to
inactivation immediately after the low pH treatment as described
in Section “Materials and Methods”

Antigenic Changes
The antigenic changes of the treated antigens were measured
by the SRD assay which was conducted using reference
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polyclonal anti-HA antibodies for individual vaccine strains.
It was found that the potency of inactivated antigens decreased
in direct correlation with an increase in the stringency of the low
pH treatment conditions. The reduction in potency was shown
by reduction in the size of the precipitation ring on the SRD
plate (Figures 1A,B). Higher temperatures and lower pH led to
a greater loss of potency (Figures 1A,B). Increasing temperature
drastically enhanced the effect of low pH (Figures 1A,B). The
results from one experiment with HIN1 NC IWV antigens
treated at pH 5.2 and different temperatures are shown in
Table 1. A full range of potency loss (10-90%) could be gener-
ated by varying the temperature from 0 to 37°C at the low pH
used (Table 1).

Structural Changes

Protease Sensitivity

It is known that structural changes of HA induced at the low pH
render it sensitive to the protease digestion (11, 12). Thus, IWV
antigens (HIN1 NC) treated at different low pH conditions were
analyzed for protease (trypsin) sensitivity. The results showed
that HA1 in the treated antigens was gradually digested along
with increase in the stringency of low pH treatment conditions
(pH 5.2 and 0-37°C) (Figures 2A,B). The HA1 in the antigen
treated at 37°C disappeared almost completely, whereas most of
the HA1 in the antigen treated at 0°C remained intact. The grad-
ual digestion of HA1 and associated structural changes therefore
correlated with the treatment conditions (Figures 2A,B). The
effect on the HA2 could not be observed as it co-migrated with
the M1 protein.

Electron Microscopy

The same treated IWV antigens (HIN1 NC) were then examined
for morphological changes by EM. The HA spike in the antigen
treated at pH 5.2 and 0°C exhibited no apparent change as com-
pared to the untreated control (Figures 3A,B). However, antigen
treated at pH 5.2 and 25°C appeared to be less well defined, but
retained the overall spike appearance (Figure 3C). The HA spike
structure was totally lost in antigens treated at pH 5.2 and 37°C
with the HA spikes collapsing into an amorphous mass on the
surface of virus particles (Figure 3D). These results showed that
the change in HA spike morphology also increased in association
with increase in the stringency of low pH treatment conditions
(from 0 to 37°C).

Reaction With Anti-CD Domain Antibody
The CD or LAH (aa 76-130) of HA2 forms the central part of
HA stem. It is partially hidden in the normal HA conformation,
but refolded and fully exposed when exposed to the low pH
environment within endosomes (~pH 5.0 and 37°C) (11, 12).
To further characterize low pH-induced HA structural changes,
an anti-CD polyclonal antibody was used to react with treated
influenza antigens. This specific antibody was generated in mice
using the CD domain (H1 consensus) fused to a nanoparticle
carrier protein (23). It has been shown to be protective against
lethal challenge (23), thus confirming its ability in recognizing
corresponding domains in native antigens.

Analysis by ELISA showed that antigens treated at different
low pH conditions as listed in Table 1 exhibited an increasing
level of reaction with this antibody along with increase in the

FIGURE 3 | Electron microscopy of influenza inactivated whole virus antigen (H1N1 NC) treated at pH 5.2 and different temperatures. (A) Untreated control.

(B) Treated at 0°C. (C) Treated at 25°C. (D) Treated at 37°C.
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stringency of low pH treatment conditions (from 0 to 37°C)
(Figure 4A), indicating the increased exposure of HA2 after low
pH treatment. The antibody was used at a high dilution (>2,000)
to limit the reaction level with the control or untreated antigens.
A ~2-fold increase in the reaction was observed with the antigen
treated at 0°C as compared to the untreated antigen, while the
highest level of reaction was obtained with antigen treated at 37°C
(>4-fold) (Figure 4A).

Further analysis showed that a full range of the reaction with
this anti-CD antibody could be obtained by gradually decreasing
the pH at 37°C till the maximum level of reaction (<pH 5.0)
was reached. The maximum level of reaction likely represented
the full CD exposure or HA structural changes (11, 12). Thus,
extent of the structural changes at various different conditions
can be assessed against this maximum level of reaction for a given
antigen (% maximum reaction). These results were obtained with
both HIN1 NC IWV (Figure 4B) and a TIV (2011-2012) which
contains the 2009 HIN1 strain (Figure 4C). In addition, this
analysis could be performed with antigens coated on the plate
and on-plate low pH treatment (Figures 4B,C), suggesting that
this anti-CD ELISA could be a simple assay for evaluation of the
low pH sensitivity of influenza antigens in a quick manner.

Together, these results showed that antigenic and structural
changes in HA as measured by different parameters correlate well
with each other under different low pH treatment conditions and
a full range of such changes in HA can be induced in direct cor-
relation with low pH treatment conditions.

Induction of Increased Cross-Reactive
Antibody Responses by Low pH-Treated

Inactivated Antigens

The low pH-treated antigens generated in Table 1 were used
to immunize mice for analysis of antibody responses as described
in Section “Materials and Methods.”

HAIl and NT Antibodies

The pooled serum samples were tested by HAI and NT using
both homologous and heterologous viruses. The treated antigens
induced lower HAI and NT titers against the homologous virus
(HIN1 NC) which correlated with reduction in their potency
(Table 1). However, antigens treated at mild conditions (0-25°C)
with a partial potency loss (12-45%) could still induce high levels
of HAI and NT antibodies that were either the same or only
twofold lower as compared to the untreated antigen (Table 1).
Neither untreated nor treated antigens induced any detectable
HAI or NT antibodies against the heterologous HIN1 PR8 virus
(A/Puerto Rico/8/34), except for one treated at 25°C at the lowest
dilution (1:10 or 1:20) (Table 1).

Increased Cross-Reactive Antibody Responses as
Measured by ELISA

The pooled serum from each group of mice was tested against
homologous and heterologous rHA antigens by ELISA. Both
untreated and treated antigens induced high levels of specific anti-
bodies against the homologous antigen (HIN1 NC) (Figure 5A).
The antigens treated at 25 and 37°C induced titers twice that
induced by the untreated antigen or that treated at 0°C (Table 1;
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FIGURE 4 | Analysis of inactivated influenza antigens by anti-CD ELISA
following low pH treatment. (A) Inactivated whole virus (IWV) antigens (H1N1
NC) treated at pH 5.2 and different temperatures (0, 25, and 37°C) were
used to coat the plate for ELISA. (B) Untreated IWV antigen (H1N1 NC) was
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was coated onto plate as antigen followed by on-plate treatment at different
pHs and 37°C before wash and the blocking step for ELISA. The anti-CD
antibody was used at a dilution of >1:2,000.

Figure 5A). This indicates that the treated antigens remained
highly immunogenic. When tested against heterologous antigen
(HIN1 PRS), the overall reaction levels were much lower than
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at week 2 after the second immunization and tested for cross-reactive antibody response. Mice were challenged with a highly lethal dose of heterologous H1N1
PR8 virus at week 3 after the second immunization. (A) ELISA with the homologous rHA antigen (H1IN1 NC), (B) ELISA with the heterologous rHA antigen (H1N1
PR8). (C) Immunoblot with the homologous (H1N1 NC) and heterologous (H1N1 PR8) IWV antigens. (D) Densitometry analysis of positive HA1 and HA2 bands

in immunoblot. The density measurement was performed twice for each blot and mean values are presented. (E) Survival following challenge. (F) Body weight
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those with the homologous antigen (Table 1; Figure 5B). However,
all three treated antigens induced increased cross reactivity
with the heterologous antigen with a larger increase (fourfold)
shown by antigens treated at 25 and 37°C (Table 1; Figure 5B).

Increased Cross-Reaction With HA2 as Measured

by Immunoblot

The pooled sera were tested by immunoblot using both homo-
logous (HIN1 NC) and heterologous (HIN1 PR8) IWV
antigens (Figure 5C). It was found that all treated antigens
induced greater antibody response against HA2 as compared
to the untreated antigens. Antigens treated at 25°C demon-
strated the largest increase in reaction with HA2 (Figure 5C).
This was >2-fold higher as compared to the untreated antigen
as determined by densitometry analysis (Figure 5D). On
the other hand, antigen treated at 37°C generated the larg-
est increase in reaction with HA1 (>4-fold) although it also
induced an increased reaction with HA2 (Figures 5C,D).
This suggests that the antigenic or structural changes are
not only quantitative but also qualitative under different low
pH treatment conditions. Importantly, the increased reac-
tion with HA2 also occurred with the heterologous antigen
(HIN1 PRS8) (Figure 5C). Together, these results suggested
that antigens treated at low pH can induce increased antibody
responses against HA2 of both homologous and heterologous
strains, but a greater level of such antibody response could
be obtained with those treated at mild low pH conditions
(0 and 25°C) as compared to the strong low pH condition
(37°C) (Figures 5C,D; Table 1). As shown above by antigenic
and structural analysis, antigens treated at the mild conditions
exhibited only limited or moderate structural changes in HA,
whereas those treated at the strong condition exhibited the
maximum level of such changes (Figures 1-4). This suggests
that the extent of structural changes in HA is important in
inducing increased response against HA2.

Increased Cross Protection Against
Heterologous Challenge by Inactivated
Antigens Treated Under the Mild Low
pH Conditions

Mice immunized with antigens listed in Table 1 were chal-
lenged with the heterologous HIN1 PR8 virus at a highly
lethal dose (1 x 10° TCIDs). The challenge virus (HIN1
PR8) represented a mismatched virus to the antigen (HIN1
NC) as it exhibited no detectable HAI or NT titer with the
latter (Table 1). Antigens treated at the mild conditions (0 and
25°C) exhibited a significantly higher cross protection based
on survival (43%) as compared to the untreated antigen
(14%) (p < 0.05) (Figures 5E,F). By contrast, no detectable
increased protection was obtained with the antigen treated
at 37°C (Figures 5E,F). Antigen treated at 25°C provided
the greatest cross protection as mice in this group survived
longer or recovered body weight faster, reaching >90% of
the original body weight by the end of the 2-week observa-
tion period (Figure 5F). As this antigen induced the greatest
reaction with HA2, the observed increased cross protection is

apparently associated with moderate structural changes in HA
and increased cross reactivity with HA2 obtained at the mild
low pH conditions.

Increased Cross Protection by Mild Low

pH Treatment With H3N2 Antigen

We then generated and evaluated H3N2 IWV (A/Victoria/
361/2011) treated at mild low pH conditions for increased cross
protection. The low pH treatment was performed at two different
pHs (5.2 and 5.6) and at 0°C with purified live viruses followed
immediately by inactivation with formaldehyde as described in
Section “Materials and Methods.” The antigen treated at pH 5.2 lost
potency by 55.3% whereas antigen treated at pH 5.6 experienced
no apparent loss of potency. It was generally difficult to discern
differences within 5% by SRD under the conditions used.

Both treated antigens induced the same HAI titers as the
untreated control against the homologous virus (H3N2 Vic)
(Table 2), again indicating that antigens treated at mild condi-
tions remain capable of inducing a high level of HAI antibodies.
None of the antigens induced a detectable HAI titer against
the heterologous virus (H3N2 HK) as expected (Table 2).
As measured by ELISA, the treated antigens induced a twofold
higher antibody response than the untreated control against the
homologous IWV antigen (H3N2 Vic) (Table 2; Figure 6A),
again suggesting that they remain highly immunogenic.
Importantly, they induced a much larger increase (fourfold) in
response against the heterologous IWV antigen (H3N2 HK)
although their overall response levels against the heterologous
antigen (H3N2 HK) were much lower than to the homologous
antigen (H3N2 Vic) (Table 2; Figure 6B). By immunoblot, the
treated antigens also induced increased reaction with HA2. The
highest reaction was obtained with the antigen treated at pH 5.2
(Figure 6C) which was nearly twofold higher as compared to
the untreated antigen as determined by densitometry analysis
(Figure 6D).

Mice were challenged with the heterologous H3N2 HK virus
which represented a mismatched virus to the antigen (H3N2 Vic)
as it exhibited no detectable HAI titer with the latter (Table 2).
All immunized mice survived while 60% of the unimmunized
control mice died (Figure 6E). However, mice immunized with
treated antigens experienced much less loss and faster recovery
of body weight as compared to those receiving the untreated
antigen (Figure 6F). The antigen treated at pH 5.2 generated
least weight loss and fastest recovery with significant difference
observed at day 8 as compared to mice receiving the untreated

TABLE 2 | Potency and immunogenicity of H3N2 Vic inactivated whole virus
antigens treated under different low pH conditions.

Groups Potency ELISA Hemagglutination
[hemagglutinin inhibition
pg/ml
(% reduction)] H3N2 Vic H3N2 H3N2Vic  H3N2
HK HK
Untreated 23.57 (0%) 51,200 3,200 160 <20
pH 5.2 13.09 (55.6%) 102,400 12,800 160 <20
pH 5.6 24.80 (+5%) 102,400 12,800 160 <20
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FIGURE 6 | Induction of cross-reactive antibody response and cross protection by low pH-treated inactivated whole virus (IWV) antigens (H3N2 Vic). Mice (n = 5)
were immunized twice, 4 weeks apart, with inactivated WV antigen (H3N2 Vic) treated at pH 5.2 or 5.6 and at 0°C. Pooled serum samples were obtained at week 2
after the second immunization and tested for cross-reactive antibody response. Mice were challenged with the heterologous H3N2 HK virus at week 3 after the
second immunization. (A) ELISA with the homologous IWV antigen (H3N2 Vic). (B) ELISA with the heterologous IWV antigen (H3N2 HK). (C) Immunoblot with the
homologous (H3N2 Vic) and heterologous (H3N2 HK) IWV antigens. (D) Densitometry analysis of positive HA2 bands in immunoblot. The density measurement was
performed twice for each blot and mean values are presented. (E) survival following challenge. (F) Body weight following challenge. Brackets indicate HA2. Symbol *
indicates significant differences (p < 0.05).
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antigen (p < 0.05, Student’s t-test) (Figure 6F). These results again
showed that antigens treated at mild low pH conditions with a
moderate potency loss can induce increased antibody response
against HA2 and cross protection.

Further Evaluation of Cross-Reaction
With HA2 Induced by Antigens Treated

at the Mild Low pH Conditions

HA2 is highly conserved within a subtype and closely related
subtypes based on previous studies (9) which are supported by
our own sequence alignment analysis (data not shown). Thus,
additional antigens of different subtypes were analyzed by immu-
noblot to further evaluate the cross-reaction with HA2 induced
by antigens treated at the mild low pH conditions. The antibod-
ies against the treated antigen were similarly generated with a
HINI1 NC IWYV treated at pH 5.1 and 0°C with a 21.1% potency
reduction in mice (n = 5) as described in Section “Materials and
Methods,” but without challenge and used as a pooled serum
sample. Inactivated antigens used included HIN1 CA and H5N1
VN monovalent inactivated vaccines.

The results showed that the antibodies induced by the treated
antigen exhibited a much higher reaction (>2-fold) with HA2
not only from HIN1 NC IWV and HIN1 CA vaccine but also
from H5N1 VN vaccine as compared to those by the untreated
antigen (Figures 7A,B). These results were further confirmed
with recombinant HA antigens. The recombinant HAs were first
treated with trypsin to generate HA2 (28) before the immunoblot
analysis. The results showed that the treated antigen also increased
the antibody reaction with HA2 of all three recombinant HAs
tested (HIN1 CA, H2N2 SG, and H5N1 VN) as compared to the
untreated antigen (Figures 7C,D). This is consistent with the fact
that H1, H2, and H5 subtypes are all in the same phylogenetic
clade. These results together suggest that the enhanced antibody
response against HA2 induced by antigens treated at mild low
pH conditions might possibly be cross-protective against viruses
from closely related subtypes.

DISCUSSION

Currently available inactivated influenza vaccines are poorly
effective against variant or mismatched viruses. The studies
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FIGURE 7 | Further evaluation of cross-reaction with HA2 induced by antigens treated at the mild low pH conditions. The antibodies against the antigen treated at
the mild low pH condition were similarly generated with a HIN1 NC inactivated whole virus (IWV) treated at pH 5.1 and 0°C with a 21.1% potency reduction in mice
(n = 5) as described in Section “Materials and Methods,” but without challenge and used as a pooled serum sample. (A) Immunoblot with HIN1 NC IWV and
monovalent HIN1 CA and H5N1 VN vaccines. (B) Densitometry analysis of positive HA2 bands in immunoblot (A). (C) Immunoblot with HIN1 NC IWV and
recombinant HAs of HIN1 CA, H2N2 SG, and H5N1 VN. The recombinant HAs were first treated with trypsin to generate HA2. (D) Densitometry analysis of positive
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described here suggest a potential highly practical approach
to improve these vaccines by increasing their ability to cross
protect against mismatched viruses. This approach is based on
the finding that antigens treated at mild low pH conditions can
induce a higher level of antibody response against the more
conserved HA2 and enhance cross protection against challenge
by heterologous or mismatched viruses.

The HA is one of the best studied viral membrane proteins.
Exposure to the low pH environment within endosomes
(~pH 5.0, 37°C) causes drastic conformational changes in the
HA which are required for membrane fusion during viral cell
entry (10, 12, 29). These changes include the disassociation of
HA1 and refolding and rising of HA2, such that it bears little
conformational resemblance to its native or original structure.
Thus, antibodies generated against such changed antigens are
likely not or less protective against virus bearing native HA as
it is only the immune response against the native structure that
could be highly protective. This is consistent with the observa-
tion that antigens treated at such strong condition (~pH 5.0 and
37°C) are incapable of generating any enhanced cross protec-
tion (ECP) even though the refolded HA2 is fully exposed as
shown in the present studies as well as by others (24). By con-
trast, treatment at mild low pH conditions (low pH and <25°C)
likely caused only moderate structural changes which include
increased exposure of HA2, but in its more native conformation
without refolding. This is supported by moderately increased
reaction with anti-CD antibody and EM showing that the HA
spike, although less well defined, remained upright. Thus, the
resulting enhanced antibody response against HA2 could be
reactive with native antigens and therefore protective. This sug-
gested mechanism for the ECP by antigens treated at mild low
pH conditions is schematically presented in Figure 8.

The enhanced antibody response against HA2 by antigens
treated at mild low pH conditions was clearly demonstrated
by immunoblot in the present studies. This suggests that the
linear epitopes on HA2 are likely involved. Antibodies specific
to linear epitopes on HA can be highly protective as shown
with monoclonal antibodies (30). Cross reactivity based on
such epitope is likely more closely associated with amino acid
sequence homology. On the other hand, no major increase
in cross neutralization was induced by these antigens. Thus,
these anti-HA2 antibodies are likely not strongly neutralizing
and could mainly confer the ECP through ADCC. This is con-
sistent with previous studies showing that non-neutralizing
antibodies against HA stem are capable of protection against
influenza via ADCC (15-17). In addition, inhibition of virus
release could be another mechanism of protection by such
antibodies (31).

It appears that enhanced cross-reaction and protection
could be obtained at most mild low pH conditions including
those causing no apparent loss of potency. However, the largest
increase in cross protection was obtained under the conditions
yielding a potency loss of ~50%. This was observed with both
HINI and H3N2 antigens. The treated antigens with a ~50%
potency loss remained capable of generating a high HAI titer
with no or <2-fold reduction as compared to the untreated
antigens. The specific condition (pH and temperature) used

Increased HA2
exposure; with ECP

Original conformation

Re-folded HA2;

without ECP

FIGURE 8 | Schematic representation of HA structural changes following
treatment at the mild low pH condition (<25°C) and strong low pH condition
(>37°C). Abbreviations: ECP, enhanced cross protection; HA, hemagglutinin.

to obtain the optimal antigenic and structural changes can be
readily identified for a given virus strain by a simple screening of
the treatment conditions. This can be facilitated by the anti-CD
ELISA which yields results in direct correlation with SRD and
is simpler and quicker to perform. It could also be performed
using on-plate low pH treatment of coated antigens. As the
CD or HA2 is well conserved within a subtype, the polyclonal
antibody specific to CD domain of subtype consensus sequence
can cross-react well with individual strains within the subtype as
shown in the present study, making it more advantageous than
a monoclonal antibody for such analysis. This anti-CD ELISA
could potentially also lend itself for evaluation of inactivated
vaccines and individual viruses for HA structural integrity and
acid sensitivity.

The antigens treated under the mild low pH conditions could
therefore be used in an improved influenza vaccine with ECP.
They could readily be formulated as the final vaccine to meet
the potency standard with incorporation of additional treated
or untreated antigens as necessary. The use of any additional
antigens is likely well within the safety margin as there are
already licensed high-dose inactivated influenza vaccines which
contain four times the amount of the antigen used in the regular
vaccines. It could also be formulated with an adjuvant without
need for any additional antigen. For current inactivated vaccines,
their potency (>15 pg HA for each strain) as measured by SRD
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is correlated with the strain-specific HAI antibody titer and pro-
tection. A HAI titer of 1:40 is considered protective in humans.
Thus, the improved vaccine with antigens treated at mild low pH
conditions may not only provide strain-specific protection (the
original vaccine indication) but also ECP. This improvement of
the vaccine effectiveness could translate into significant reduction
in influenza disease burden which could amount up to 35 million
cases annually in the US alone (32, 33). This could be particularly
true in light of that the effectiveness of current inactivated vac-
cines could be very poor or as low as 19% in recent years due
largely to appearance of mismatched viruses (3). Incorporation
of a low pH treatment step into vaccine manufacturing involves
only use of simple acid and base for pH adjustment which does
not introduce any impurities and can be performed without any
major change of the manufacturing process.

It is known that the HA1, where the receptor binding site
is located, is primarily responsible for inducing strain-specific
HALI antibodies. It is highly variable as compared to the more
conserved HA2. Thus, the improved vaccine with antigens
treated at mild low pH conditions takes advantage of a more
balanced use of HA1 and HA2 by combining the strain-specific
immune responses mediated by HA1 with cross-reactive immune
responses provided by HA2. It is particularly well suited as a TIV
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