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ABSTRACT

Immunization is the best way to prevent seasonal epidemics and pandemics of influenza. There are two
kinds of influenza vaccines available in the United States: an inactivated vaccine (TIV) and an attenuated
vaccine; however, only TIV is approved for immunization of the elderly population. While the aged
population has the highest rate of influenza vaccination, the protective efficacy is low as evidenced by
elderly individuals having the highest mortality associated with influenza. Recently, we reported that an
adjuvant derived from the helminth parasite Onchocerca volvulus, named O. volvulus activation-associated
secreted protein-1 (Ov-ASP-1), can significantly enhance the protective efficacy of an inactivated vaccine
(TIV) in young adult mice. In the current study, we examined whether this recombinant Ov-ASP-1 (rOv-
ASP-1) can enhance the efficacy of TIV in aged mice as well. While primary immunization with TIV alone
produced only a low level of influenza-specific antibodies (total IgG, IgG1, and IgG2c¢) in aged mice, the
antibody levels were significantly increased after immunization with TIV + rOv-ASP-1. More importantly,
the level of the total IgG in aged mice administered TIV + rOv-ASP-1 was comparable to that of young
adult mice immunized with TIV alone. Co-administration of rOv-ASP-1 induced a low level of cross-
reactive antibody and enhanced the protective efficacy of TIV in aged mice, reflected by significantly
increased survival after challenge with a heterologous influenza virus. rOv-ASP-1 was also superior to
the conventional adjuvant alum in inducing specific IgG after TIV immunization in aged mice, and in
conferring protection after challenge. These results demonstrate that rOv-ASP-1 may serve as a potential
adjuvant for influenza vaccine to improve the efficacy of protection in the elderly.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

mortality rate [1,2]. A strong, primary immune response is impor-
tant for protection against influenza viruses, since changes in

Influenza virus is capable of causing serious disease result-
ing in hospitalization and death, especially in elderly individuals
(>65 years of age). The influenza pandemic of 1918 killed nearly
50 million people worldwide, with the elderly having the highest
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associated secreted protein-1; TIV, trivalent inactivated influenza vaccine; HAU,
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the antigenic epitopes of the viruses occur rapidly. The immune
response alters and diminishes with aging [3,4], leaving the elderly
more susceptible to infectious diseases. CDC estimates that from
the 1976-1977 season to the 2006-2007 flu season, flu-associated
deaths ranged from 3,000 to 49,000 people (CDC, 2010), and 90% of
these deaths are among the elderly [5].

Immunization is the best way to prevent seasonal epidemics and
pandemics of influenza [6]. Two different vaccines are presently
used in the United States: a killed vaccine (trivalent inactivated
influenza vaccine, TIV) that has been utilized since 1945 [7], and
a live, attenuated vaccine that was approved by the FDA in 2003
for people between the ages of 2-49 [8,9]. While both vaccines
are effective in young adults, a diminished efficacy of TIV is con-
sistently found in elderly recipients [10,11]. The live, attenuated
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influenza vaccine is not approved for use in individuals with weak-
ened immune systems or in the elderly [8,9]. A high dose TIV
vaccine has been reported to increase antibody response and to
reduce the development of influenza by 22% in the elderly com-
pared to the traditional dose of TIV [12-14]. However, neither dose
totally prevents the disease.

In addition to increasing the antigen dose, the use of adjuvants is
a proven approach to enhance the immunogenicity and protective
efficacy of vaccines. Adjuvants have also been shown to enhance
cross-reactive responses [15]. However, at present, there are very
few adjuvants commercially available for use in humans [16]. Alu-
minum salt (Alum) is the first and only adjuvant approved in the
United States for general use in vaccines [17,18]. During the 1960s
and 1970s, many influenza vaccines commercially available in both
the United States and Europe were alum-adsorbed. However, alum
was removed from influenza vaccine formulations in the early
1980s because large clinical data showed that it only marginally
enhanced the antibody response, while inducing increased adverse
effects [19-21].

A protein with adjuvant potential in mice has been discovered
recently from the helminth parasite Onchocerca volvulus, O. volvu-
lus activation-associated secreted protein-1 (Ov-ASP-1) [22-27].
It is a member of a family of proteins found in both free-living
and parasitic nematodes [28]. The recombinant Ov-ASP-1 (rOv-
ASP-1) has a predicted molecular weight of 24.9kD [28]. The
adjuvanticity of rOv-ASP-1 has been studied using ovalbumin,
HIV-1polypeptide, SARS-CoV peptide antigens, and several com-
mercially available vaccines [23,24,26,29]. rOv-ASP-1 functions as
an adjuvant that enhances not only Th2, but also strong Th1
immune responses [23], the latter of which is critical for stimu-
lating antiviral immune responses. We previously reported that
rOv-ASP-1, when co-administrated with TIV using an aqueous for-
mulation, significantly improves the influenza-specific antibody
response and protection against lethal infection in young mice
[25]. In the current study, we found rOv-ASP-1 similarly enhances
influenza-specific response to TIV in aged mice.

2. Materials and methods
2.1. Mice

Two-month- and 22-month-old C57BL/6 (B6) mice were
obtained from the NIA at Harlan Sprague Dawley (Indianapolis, IN).
All mice were maintained in AAALAC-approved barrier facilities at
Drexel University (Philadelphia, PA). Mice were allowed to accli-
mate for at least one week in the animal facilities prior to use. All
experiments involving mice were conducted with the approval of
the Institutional Animal Care and Use Committee (IACUC) at Drexel
University. Mice exhibiting enlarged spleens or tumors were elim-
inated from this study.

2.2. Immunization

The influenza vaccine used in this study was a commercially
available TIV which contains 15 pg of influenza virus hemagglu-
tinin (HA) from each of the following 3 viruses: A/California/7/
2009 NYMC X-181 (H1N1); A/Victoria/210/2009 NYMC X-187
(H3N2); and B/Brisbane/60/2008 (2010-2011 Formula, FLUARIX,
GlaxoSmithKline) in a 0.5 ml volume. Mice were immunized intra-
muscularly (i.m.) with 0.6 g of TIV or TIV mixed with purified
rOv-ASP-1 derived from a recombinant Escherichia coli [24,29,30]
(20 pg/mouse) in saline. As an adjuvant comparison control, mice
were immunized with TIV mixed with Imject Alum (Thermo Scien-
tific, 0.4 mg/mouse) at a 1:3 ratio (Alum:antigen volume). All mice

were bled from their tails weekly for 3 weeks post-immunization.
Plasma was utilized for all assays.

2.3. Influenza virus and infection

Influenza A/Puerto Rico/8/34 (PR8; H1N1) virus strain was prop-
agated in specific pathogen-free fertile chicken eggs, as previously
described [3,31]. Groups of 7 mice were challenged intranasally
(i.n.) on day 21 post primary immunization. Mice were anes-
thetized intraperitoneally with ketamine/xylazine (2 mg ketamine
and 0.15mg xylazine) before i.n. infection with 30 ul of sterile
saline containing 2xLD50 of PR8 (20 HAU/mouse). The protective
efficacy of immunization was measured by survival up to 13 days,
and mice that lost >25% of their initial body weight were sacrificed
according to institutional guidelines.

2.4. ELISA for total influenza-specific IgG, IgG1, and IgG2c

The influenza-specific antibody response was measured by
ELISA as previously described [23,27]. Briefly, 96 well ELISA plates
were coated with TIV (0.6 g/ml for each HA) or a UV-inactivated
PR8 strain of influenza virus (140 HAU/ml). Bound antibody in
plasma was detected with goat anti-mouse IgG, IgG1 or IgG2c
antibody (Molecular Probes-Invitrogen). The titer of antibody was
defined as the reciprocal of the highest dilution of plasma giving
an optical density (OD) greater than 2 times that of a naive mouse
sample. The limit of detection (LOD) of IgG titer is indicated for each
experiment in its respective figure.

2.5. Statistical analysis

The unpaired, two-tailed Student’s t-test was used to deter-
mine if the difference in immune responses between groups of
mice was significant. Survival rates were analyzed by the log-rank
(Mantel-Cox) test. Antibody titers are expressed as mean 4 SEM.
Since antibody in plasma was quantitated using 1:2 serial dilu-
tions in the ELISA, we compared the difference in the level of
antibody between different groups with log,-converted antibody
titers. Results were considered statistically significant when the p
value was less than 0.05.

3. Results

3.1. rOv-ASP-1 enhances influenza-specific IgG response to TIV in
aged mice

To examine if rOv-ASP-1 can enhance the specific IgG response
to TIV in aged mice, aged B6 mice were immunized i.m. with TIV
with or without rOv-ASP-1. Three weeks after immunization, the
influenza-specific IgG antibody in plasma was determined by ELISA.
As shown in Fig. 1, when immunized with TIV alone, specific IgG
was observed in young adult mice as previously reported [25],
while the level of the antibody in aged mice was below the LOD.
However, after immunization with TIV + rOv-ASP-1, the IgG levels
were significantly increased in both young adult and aged mice (TIV
vs TIV+rOv-ASP-1: Young: p=0.0014; Aged: p=0.0066). The IgG
titer increased 9.3 times in aged mice and 8.7 times in young adult
mice. Importantly, the level of IgG in aged mice after immunization
with TIV +rOv-ASP-1 was comparable to that of young adult mice
immunized with TIV alone (p=0.74). These data demonstrate that
rOv-ASP-1 can significantly enhance the specific antibody response
to TIV in both young adult and aged mice.

To compare the adjuvant effect of rOv-ASP-1 to the conventional
adjuvant alum, we immunized aged B6 mice i.m. with 0.6 g of
TIV alone, or with 20 wg rOv-ASP-1, or 0.4 mg Alum (Fig. 1). Mice
immunized with a 5-fold higher dose of TIV alone (3 jng/mouse)
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Fig. 1. rOv-ASP-1 enhances antibody response to TIV in aged mice. Aged B6 mice
were immunized i.m. with TIV alone (0.6 pg or 3 pg/mouse), or 0.6 pg or 3 pg TIV
admixed with rOv-ASP-1 (TIV +ASP), or 0.6 pg TIV with alum (0.4 mg/mouse). As
controls, young adult B6 mice were immunized i.m. with 3 ug TIV alone (3 pg TIV), or
3 g TIV admixed with rOv-ASP-1 (3 g TIV + ASP). Three weeks after immunization,
influenza-specific IgG levels were determined in plasma using ELISA. Pooled data
represent 9-13 mice in each group from 2 to 3 experiments. * p <0.05.

was included to investigate if rOv-ASP-1 can provide antigen spar-
ing. Three weeks after vaccination, the influenza-specific IgG in
plasma was determined by ELISA. As shown in Fig. 1, addition of
either rOv-ASP-1 or alum significantly enhanced influenza-specific
IgG response compared to TIV alone (TIV vs TIV+rOv-ASP-1:
p=0.0007; TIV vs TIV+alum: p=0.0015). However, the titer of
IgG was significantly higher using rOv-ASP-1 compared to alum
(p=0.003). Interestingly, no significant difference in IgG levels
was observed between the low and high dose of TIV given alone
(p=0.12) indicating that the antibody response to TIV cannot
be improved in aged mice by simply increasing the dose of the
vaccine.

3.2. rOv-ASP-1 enhances both Th1- and Th2-associated
influenza-specific antibody response in aged mice

The Th1 antibody response induced by influenza vaccine plays
an important role in protection against influenza infection [32].
Therefore, we investigated the ability of rOv-ASP-1 to enhance
Th1 (IgG2a) and Th2 (IgG1) antibody responses in aged mice.
It has been reported that unlike BALB/c mice, B6 mice do not
have an IgG2a gene, but express a different Th1 antibody, IgG2c,
which cross-reacts with IgG2a [33-35]. We, therefore, determined
influenza-specific IgG2c titers. Three weeks after i.m. immunization
with TIV or TIV + rOv-ASP-1, titers of IgG1 and IgG2c in plasma were
determined by ELISA. As shown in Fig. 2, TIV alone induced an IgG1
response, and rOv-ASP-1 significantly enhanced IgG1 levels com-
pared to TIV alone (p=0.045). TIV alone, however, did not induce
detectable IgG2c, while co-administration of rOv-ASP-1 induced
high levels of IgG2c compared to TIV alone (p=0.028), which was
also comparable to levels of IgG1. These results demonstrate that
primary immunization of aged mice with rOv-ASP-1+TIV induces
an increase in both IgG1 and IgG2c responses, and, importantly,
elicits a significant influenza-specific IgG2c response that does not
occur with TIV alone.

3.3. rOv-ASP-1 induction of a cross-reactive antibody response

Induction of cross-reactive antibodies is particularly important
for influenza vaccines since the frequent change of HA requires
yearly immunization and, in some years, leads to loss of vaccine
efficacy due to the mismatch of vaccine components and the circu-
lating viruses. PR8 virus is a mouse-adapted H1N1 influenza virus
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Fig. 2. rOv-ASP-1 enhances both Th1- and Th2-associated influenza-specific anti-
body response in aged mice. Twenty-two month old B6 mice were immunized
i.m. with TIV alone (0.6 pg/mouse) or admixed with rOv-ASP-1 (TIV + ASP). Three
weeks after immunization, influenza-specific IgG1 and IgG2c levels were examined
in plasma using ELISA. Pooled experimental data represent 12 mice in each group
in two experiments. * p <0.05.

that was isolated in 1934. This virus differs substantially from the
recently isolated A/California/7/2009 NYMC X-181 (H1NT1) strain
that is a component of TIV. We reported that rOv-ASP-1 enhanced
across-reactive IgG response in young adult mice and provided pro-
tection against an infection induced by the antigenically different
PR8 strain|[25]. To test if rOv-ASP-1 could enhance a cross-reactive
antibody response in aged mice as well, mice were immunized i.m.
with TIV or TIV +rOv-ASP-1. The cross-reactive responses at weeks
1 through 3 post primary immunization were determined by ELISA
in which the plates were coated with inactivated PR8 virus. No
cross-reactive antibodies were detectable at week 1 with either
immunization (data not shown). At weeks 2 and 3, cross-reactive
antibody levels were detected in mice immunized with TIV +rOv-
ASP-1, while no cross-reactive antibody was detected in TIV alone
group at week 2, and only a marginal level was detected at week
3 (Fig. 3). These data demonstrate that TIV + rOv-ASP-1 can induce
a cross-reactive antibody response, however, at a lower level than
we previously observed in young adult mice [25].

3.4. rOv-ASP-1 induces protection by TIV in aged mice after
primary immunization

The ability of rOv-ASP-1 to enhance the efficacy of TIV against
an influenza virus challenge was examined in aged mice. Aged B6
mice were immunized i.m. with TIV alone, or with rOv-ASP-1 or
alum, and were challenged i.n. three weeks later with influenza
virus PR8. As shown in Fig. 4, while TIV alone afforded no protection
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Fig. 3. rOv-ASP-1induce alow level of cross-reactive antibody response after immu-
nization with TIV. Aged B6 mice were immunized i.m. with 0.6 ug of TIV alone
or combined with rOv-ASP-1 (TIV +ASP). Plasma was collected at weeks 2 and 3
after each immunization and influenza-specific IgG was determined by ELISA using
inactivated PR8 virus. Similar experiments were performed 3 times with similar
results (3-4 mice/group).
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Fig. 4. Protection of TIV-immunized mice following influenza virus challenge. Aged
B6 mice were immunized i.m. with TIV alone or with rOv-ASP-1 (TIV + ASP) or alum
(TIV + Alum). Three weeks after immunization, mice were infected i.n. with a lethal
dose of PR8 (20 HAU/mouse). Mice were monitored daily for 13 days. Death was
defined as >25% weight loss. Data represent 7-8 mice in each group. * p <0.05.

against PR8 virus infection (28.5% survival vs 25% survival in con-
trols), 86% of the TIV + rOv-ASP-1 group and 83% of the TIV + Alum
group survived. Importantly, 100% of the TIV immunized group and
72% of TIV + Alum immunized mice demonstrated influenza disease
based on >5% loss of body weight, while only 43% of TIV + rOv-ASP-1
showed weight loss. Further, the average weight loss on Day 7 of
the TIV + Alum group was 10.0%, while of the TIV +rOv-ASP-1 was
only 1.7% (p <0.05). These results indicate that rOv-ASP-1 has the
potential to enhance with survival and disease protection in aged
mice, even against an antigenically distinct virus.

4. Discussion

Annual vaccination against influenza is a key strategy employed
to combat this illness, and it is very effective in healthy, young
adults [6]. However, it is much less successful in the elderly [36-39].
The dysregulated immune response seen with aging contributes to
the diminished ability of the vaccine to provide protection. While
it has been reported that increasing the dose of antigen fourfold
can effectively increase this diminished response of the elderly
[12-14], we found that the level of influenza-specific IgG in the
plasma of aged mice was not significantly enhanced by adminis-
tration of a 5 fold higher dose of TIV (Fig. 1). We, therefore, suggest
that additional alternatives need to be explored.

One potential strategy to improve vaccine efficacy is the inclu-
sion of adjuvants in vaccine formulations. Adjuvants have been
shown to improve antibody production [40], enable antigen dose-
sparing [25,41], and potentially increase cross-reactivity [15,42].
These benefits are important in combating both seasonal influenza
and pandemic influenza, as the effectiveness of current seasonal
vaccine depends on closely matching the circulating virus, and pan-
demic vaccines need to be quickly produced.

There are very few adjuvants approved for commercial use
in humans in the United States [16]. The adjuvanticity of rOv-
ASP-1 discovered from the helminth parasite O. volvulus has been
studied using ovalbumin, HIV-1 polypeptide, SARS-CoV peptide
and subunit antigens, and several commercially available vac-
cines [23,24,26,29]. We demonstrated in young adult mice that
rOv-ASP-1 is an effective adjuvant that: accelerates and enhances
the influenza-specific antibody response induced by TIV; allows
antigen sparing; and augments a Th1-biased and cross-reactive
antibody response that confers heterologous protection [25]. In
the current study, we confirmed previous studies that immuniza-
tion with an inactivated influenza vaccine induces significantly
lower levels of IgG in aged vs young mice (Fig. 1) [43,44]. However,
when co-administered with rOv-ASP-1, influenza-specific IgG was

significantly increased in aged mice, was higher than immunization
with a 5x higher dose of TIV alone, and importantly, was compara-
ble to that of young adult mice receiving TIV alone (Fig. 1). Further,
TIV +rOv-ASP-1 increased both Th1 and Th2 antibody responses
(Fig. 2). Interestingly, Bungener et al. [32] demonstrated that mice
immunized with influenza vaccine plus alum only showed an
enhanced Th2 response but suffered more severe weight loss and
had significantly higher virus loads in their lungs than those receiv-
ing vaccine alone.

Since alum is the first and only adjuvant approved in the United
States for general use in vaccines [17,18], although it is not present
in any of the currently available commercial influenza vaccines,
we compared the efficacy of rOv-ASP-1 to that of alum for inducing
influenza-specific IgG response to TIV. We observed that rOv-ASP-1
is superior to alum in enhancing an influenza-specific IgG response
(Fig. 1). And although the survival rate is similar to that of alum
(Fig. 4), rOv-ASP-1 was more effective in decreasing the signs of
disease based on weight loss.

An ideal influenza vaccine would be able to offer broad cross-
reactive immunity against different strains of influenza virus. It has
been reported that both attenuated and inactivated influenza vac-
cines may induce cross-protective immunity against antigenically
distinct virus strains in mice [42]. The cross-reactive antibody usu-
ally targets the HA stem region, since it is the conserved part of
HA [45]. However, such antibodies are rarely seen in humans after
infection or vaccination with seasonal influenza virus strains [46].
Our previous study in young adult mice demonstrated that rOv-
ASP-1 could enhance the production of cross-reactive antibodies
and confer protection against infection caused by a heterolo-
gous strain of influenza [25]. In the present study, we found that
TIV +1rOv-ASP-1 induced a low level of cross-reactive antibody to
whole PR8 virus in aged mice 2 weeks after primary immuniza-
tion while TIV alone did not (Fig. 3). These findings in aged mice
are different from that observed in young adult mice where cross-
reactive IgG antibody to HA of PR8 was detected in plasma after
secondary, although not primary, immunization with TIV +rOv-
ASP-1 [25]. Interestingly, however, after primary immunization
of both young adult [25] and aged mice (Fig. 4), protection was
observed after challenge with the antigenically different strain of
influenza virus, PR8. The protection provided by TIV +rOv-ASP-1
may be associated with the low level of a cross-reactive IgG anti-
body in aged mice. This is similar to what has been observed in the
aged population immunized with TIV: they have significantly lower
levels of antibody responses to the circulating influenza virus and
show influenza symptoms when infected with influenza virus, but
demonstrate decreased hospitalization for pneumonia or influenza
and also reduce the risk of death from all causes [47-50].

The TIV used in this study was an inactivated flu vaccine that
cannot induce CD8 T cell response. It is still unclear if rOv-ASP-
1 can induce or enhance the T cell response which is important
since specific CD8 T cell response is critical for elimination of virus
infection. Further evaluation of rOv-ASP-1 as an effective adjuvant
to prevent other infectious diseases should focus on the primary
defense mechanism associated with the agent, including CD8 T cell
responses and CD4 T cell induced cytokines.

In summary, we found that rOv-ASP-1 can significantly enhance
the influenza-specific IgG response after immunization with
TIV +1rOv-ASP-1 in aged mice. Importantly, the level of IgG in
aged mice administered TIV +rOv-ASP-1 was comparable to that of
young adult mice immunized with TIV alone. rOv-ASP-1 was supe-
rior to alum in inducing a high level of the specific IgG after TIV
immunization in aged mice. Both TIV +rOv-ASP-1 and TIV + Alum,
but not TIV alone, induced protective immunity in aged mice to
an antigenically different strain of influenza virus, reflected by
increased survival. While both decreased weight loss after chal-
lenge, rOv-ASP-1 was superior to alum in preventing disease as
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indicated by weight loss. These results suggest that rOv-ASP-1 may
serve as a potential adjuvant to enhance the protective efficacy
of influenza vaccine in the elderly which has important implica-
tions for decreasing the morbidity and mortality of influenza in
this population.
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