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The Onchocerca volvulus activation-associated secreted protein-1 (Ov-ASP-1) has good adjuvanticity for
a variety of antigens and vaccines, probably due to its ability activate antigen-processing cells (APCs).
However, the functional domain of Ov-ASP-1 as an adjuvant is not clearly defined. Based on the structural
prediction of this protein family, we constructed a 16-kDa recombinant protein of Ov-ASP-1 that contains
only the core pathogenesis-related-1 (PR-1) domain (residues 10-153), designated ASPPR. We found that

ASPPR exhibits adjuvanticity similar to that of the full-length Ov-ASP-1 (residues 10-220) for various
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antigens, including ovalbumin (OVA), HBsAg protein antigen, and the HIV peptide 5 (Pep5) antigen, but
it is more suitable for vaccine design in ASPPR-antigen fusion proteins, and more stable in PBS than Ov-
ASP-1 stored at —70°C. These results suggest that ASPPR might be the functional region of Ov-ASP-1 as
an adjuvant, and therefore could be developed as an adjuvant for human use.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Vaccination has been the most effective and economical strat-
egy to prevent or treat a variety of infections [1]. In recent years,
the development of protein- or peptide-based subunit vaccines has
become of great interest due to their improved safety; however,
they typically elicit a weak or modest antibody response with lit-
tle, or no, T cell response on their own [2-4]. Thus, adjuvants have
to be added to their formulations to improve the efficacy of these
new generation subunit vaccines [1].

Adjuvants currently licensed for human vaccines in the U.S.
and/or Europe include aluminum (alum) salts, oil-in-water emul-
sion (MF59,AS03 and AF03), virosomes and AS04 (monophosphoryl
lipid A (MPL) with alum salt) [5]. As a widely used adjuvant, alum

Abbreviations: Ov-ASP-1, Onchocerca volvulus activation-associated secreted
protein-1; ASPPR, PR-1 domain of Ov-ASP-1; CAP, CRISPS, Ag 5 and PR-1; CRISPS,
cysteine-rich secretory protein; Ag 5, antigen 5; PR-1, pathogenesis-related 1; OVA,
ovalbumin; HBsAg, Hepatitis B virus surface antigen; FBS, fetal bovine serum.
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can induce good Th2-associated antibody response, but it has lit-
tle capacity to stimulate strong cellular immune responses, and it
is not effective for peptide antigens [5,6]. Oil-in-water emulsion
adjuvants, such as MF59, ASO3 and AF03 as well as AS04 are used
in vaccine formulations against influenza virus or HPV and HBYV,
respectively. They are able to permit dose reduction and induce
longer duration of antibody responses, and could not enhance
the immunogenicity of peptide antigens [7-9]. The ASO3 adju-
vant has recently undergone an increased scrutiny because of the
adverse reactions, including increased risk of narcolepsy, induced
in children, adolescents and young people [10]. Accordingly, new
generations of adjuvants, which are capable of safely inducing both
humoral and cellular immune response with proper magnitude,
breadth and potency are needed for the vaccine development of
future subunit vaccines [1].

Immunostimulatory adjuvants are direct activators of innate
immune receptors such as toll-like receptors (TLRs), NOD-like
receptors (NLRs), C-type lectin receptors (CLRs), RIG-I-like recep-
tors (RLRs) [1], and the cytosolic DNA sensor of the endoplasmic
reticulum (ER)-resident transmembrane protein stimulator of IFN
genes (STING) [11]. The innate adjuvants include the TLR4 ligand
MPL [12], the TLR3 ligand poly (I:C) [13], the TLR5 ligand Flagellin
[14,15],the TLR7/8 ligand Imiquimod and R848, and the TLR9 ligand
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CpG ODN [16]. Apart from these immunostimulatory molecules,
several helminth-proteins were reported to have adjuvant effects
when used with different vaccine models; however, most of them
induced Th2-type immune responses [17-19]. Our previous stud-
ies have shown that a 22-kDa protein named activation-associated
secreted protein-1 (Ov-ASP-1) from Onchocerca volvulus is a potent
adjuvant for various vaccine antigens, including synthetic peptide-
based antigens [20-23]. Importantly, Ov-ASP-1 can be formulated
with a vaccine antigen either in aqueous admixtures or as a
fusion protein. The attributes of Ov-ASP-1 adjuvant include: (i)
easy formulation; (ii) enables reduction in dosage of the vaccine
antigen; (iii) has the capacity to accelerate and enhance antibody
responses against the target vaccine antigens; (iv) able to elicit
mixed Th1/Th2 with Th1-biased antibody responses and cellular
immune responses against some antigens; (v) elicits a balanced
immune responses against various vaccines; and (vi) augments
recall responses to the vaccine antigens [22-27]. Ov-ASP-1 was
shown to bind specifically to human antigen presenting cells (APCs)
and to trigger Th1-biased proinflammatory cytokine production in
naive PBMCs, most likely through its ability to activate monocyte-
derived dendritic cells, TLR2 and TLR4 [28].

However, the functional region of Ov-ASP-1 as an adjuvant was
not yet defined. In this study, we found that a truncated fragment
of Ov-ASP-1 (residues 10-153, 16 kDa), which contains the core
pathogenesis-related-1 (PR-1) domain of Ov-ASP-1, designated
ASPPR, exhibited adjuvanticity similar to that of the full-length
Ov-ASP-1 (residues 10-220).

2. Material and methods
2.1. Mice

Female 6- to 8-week-old BALB/c mice (Beijing Experimental Ani-
mal Center, Beijing, China) were used for all mouse experiments.
The experimental protocols were approved by The Laboratory Ani-
mal Center, State Key Laboratory of Pathogen and Biosecurity,
Beijing Institute of Microbiology and Epidemiology IACUCs (Permit
number, BIME 2012-11).

2.2. Design, expression and identification of ASPPR

By analyzing the structure of the pathogenesis-related 1 (PR-1)
family of proteins, in particular the crystal structure of Na-ASP-2, a
homologues protein derived from the parasitic nematode Necator
americanus [29] using the SWISS-MODEL Workspace program [30],
the predicted PR-1 domain of Ov-ASP-1 was identified. Accord-
ingly, the truncated fragment, ASPPR, containing residues 10-153
of Ov-ASP-1 was designed; its E. coli codon-optimized cDNA was
synthesized and inserted into the pQE30 expression vector. The
PQE-ASPPR recombinant construct was expressed in E. coli as previ-
ously described [24]. ASPPR expression was analyzed by SDS-PAGE,
and confirmed by Western blot, using an Ov-ASP-1-specific mono-
clonal antibody (mAb) prepared in our laboratory.

ASPPR was purified by Ni-NTA chromatography as previously
described [24] with few modifications. The major difference is the
conditions of its purification: the recombinant protein was dialyzed
at the end with PBS, whereas, previously the protein was stopped
in the Laemmli buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH
8-3). Briefly, inclusion bodies containing the target recombinant
protein were dissolved in 8 M urea overnight at 4°C; the soluble
denatured protein was then purified by Ni-EF (GenScript) using
denatured condition and subsequently refolded by gradient dialysis
in 8, 6, and 4 M urea in Tris-glycine buffer followed by Laemmli
buffer and PBS, for 12 h at each step. The purified protein was passed
through the lipopolysaccharide (LPS)-removing gel (Detoxigel™,

Pierce Biotechnology, Rockford, IL) to remove any contaminating
LPS and analyzed by SDS-PAGE. Full-length Ov-ASP-1 was prepared
by using the same protocol. The final recombinant ASPPR and Ov-
ASP-1 proteins used in the following experiments were negative
for bacterial endotoxin, as determined by the Limulus amebocyte
lysate (LAL) assay [28].

2.3. Stability analysis of ASPPR protein

The purified ASPPR and Ov-ASP-1 control in endotoxin-free PBS
were aliquoted in sterile tubes, and stored at —70°C in freezer.
The protein concentration in the samples taken out at 0, 1, and
3 months, respectively, after frozen were measured by Bradford
assay, and calculated according to the standard curve.

2.4. Flow cytometry-based binding assay

Splenocytes from 6- to 8-week-old female BALB/c mice were iso-
lated and counted. 1 x 10 cells were incubated with purified ASPPR
or Ov-ASP-1 (final concentration 10 pg/ml) at room temperature
for 30 min, followed by incubation with antibody cocktails of APC-
anti-CD3, PE-Cy5-anti-CD45R/B220, PE-anti-CD14 (BD Bioscience)
and FITC-anti-His (1:200 diluted, Miltenyi Biotec, Inc.) antibody for
another 30 min. The stained cells were collected by flow cytometry
(BD FACSCalibur™ BD Biosciences), and analyzed using Flow]o 7.6.

2.5. Mouse immunization and sample collection

Adjuvanticity of ASPPR was evaluated in BALB/c mice using two
proteins (OVA and HBsAg) and one peptide (HIV-1 Pep5, an iden-
tified Th-epitope rich region which is located on HIV-1 gp120,
gp120,06_234 PKVSFEPIPIHYCAPAGFAILKCNNKTEN,) as the model
vaccine antigens. Six female BALB/c mice per group were intra-
muscularly administrated with OVA (1 pg), HBsAg (1 pg) or HIV-1
Pep5 (20 p.g) in endotoxin-free PBS (GIBCO) and formulated with
ASPPR or Ov-ASP-1 (25 pg), or with Alum (InvivoGen; ratio of Alum
to antigen is 1:9) and boosted once with the same antigens and
adjuvants 3-week later. Either antigen alone or endotoxin-free PBS
(GIBCO) was used as the control. Mouse sera were collected before
immunization and 3 weeks after final immunization to detect spe-
cific antibodies. Splenocytes were isolated at the third week after
boost to evaluate cellular immune responses.

2.6. Measurement of serum antibody by ELISA

ELISA was used to measure serum IgG, IgG1 and IgG2a antibod-
ies against each antigen in the mice vaccinated with three tested
antigens; ovalbumin (OVA), HBsAg, or HIV-1 Pep5, plus respec-
tive adjuvants, as described above, using a protocol similar to that
described previously [31]. OVA, HBsAg, HIV Pep5, ASPPR or Ov-ASP-
1 atafinal concentration of 1 wg/ml was used as the capture antigen
for ELISA.

2.7. IFN-y and IL-4 ELISPOT

Specific IFN-y- and IL-4-producing splenocytes from the vac-
cinated mice were measured by mouse IFN-y or IL-4 ELISPOT
according to the manufacturer’s recommendations (BD Bio-
sciences). Briefly, splenocytes (5 x 10° cells/well) were incubated
for 48h with or without peptide antigens HBsAg (Szg_39,
IPQSLDSWWTSL [32]) or HIV-1 (PKVSFEPIPIHYCAPAGF) at a final
concentration of 10 g/ml. The spots were counted by ELISPOT
Reader (CTL) and expressed as the number of spot-forming cells
(SFC)/106 cells.
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Fig. 1. Expression of ASPPR and Ov-ASP-1. (A) SDS-PAGE analysis of the purified
Ov-ASP-1 protein and ASPPR truncated fragment after renaturing. (B) Western blot
analysis of ASPPR using anti-Ov-ASP-1 mAb.

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism ver-
sion 5.0 (GraphPad Software, San Diego, CA, USA). One-way analysis
of variance (AVOVA) was used for comparison of mean or geomet-
ric mean from multiple groups. A P-value of less than 0.05 was
considered statistically significant.

3. Results
3.1. ASPPR was efficiently expressed in E. coli

ASPPR, a 144-aa fragment (residues 10-153) containing the core
PR-1 domain of Ov-ASP-1, was expressed in E. coli. Similar to Ov-
ASP-1, ASPPR was expressed mainly in the form of inclusion bodies.
Recombinant ASPPR in the native form was obtained after purifi-
cation and refolding by gradient dialysis to PBS (Fig. 1A). It was
recognized by anti-Ov-ASP-1 mAb, as detected by Western blot
(Fig. 1B), indicating that ASPPR was successfully expressed in E.
coli. We noticed that ASPPR in PBS stored at —70 °C for 3 months is
more stable than Ov-ASP-1 that was kept under the same condition
(Fig. S1).

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.vaccine.
2015.02.053.

3.2. ASPPR has bioactivity similar to that of Ov-ASP-1

To determine whether the truncated ASPPR fragment would
function in a manner similar to Ov-ASP-1, we first compared the
binding profile of ASPPR and Ov-ASP-1 to splenocytes of healthy
BALB/c mice using FITC-labeled anti-His antibody, which recog-
nized the His-tag at the N-terminus of ASPPR and Ov-ASP-1. While
Ov-ASP-1 and ASPPR shared similar binding profiles, ASPPR demon-
strated a higher binding ability to T, B, and NK cells, as well as the
macrophages within the splenocytes (Fig. 2), suggesting that ASPPR
might be the functional core of Ov-ASP-1.

3.3. ASPPR retains the adjuvanticity of Ov-ASP-1 for the model
antigen OVA

We first compared the adjuvanticity of ASPPR with Ov-ASP-1
and alum using OVA, a model antigen frequently used to evaluate
adjuvanticity. Similar to Ov-ASP-1 and alum, our results showed
that ASPPR significantly augmented IgG antibody responses to
OVA vs. OVA alone (P<0.001) (Fig. 3A). Further comparison of IgG

subtypes revealed that the IgG1 antibody was similarly augmented
in the presence of ASPPR, Ov-ASP-1 and alum (Fig. 3B), but that the
IgG2a antibody response was elicited only in the ASPPR and Ov-
ASP-1 vaccination groups (P<0.05) (Fig. 3 C). These results indicate
that both ASPPR and Ov-ASP-1 are able to elicit a mixed Th1 and
Th2 responses, which is different from the skewed Th2 response
induced by alum, suggesting that ASPPR has the ability to maintain
the balanced adjuvanticity elicited by Ov-ASP-1.

3.4. ASPPR augments specific anti-HBsAg humoral and cellular
immune responses

To observe the adjuvant effect of ASPPR with a recombinant
vaccine protein, we used the recombinant protein HBsAg (the pro-
tective antigen of hepatitis B virus), in the presence of ASPPR
to immunize mice. ASPPR not only augmented the IgG antibody
responses (Fig. 4A), but also increased both Th2-associated IgG1
(Fig. 4B) and Th1-associated IgG2a (Fig. 4 C) antibody responses,
which reflects a bioactivity profile much different from that of
alum. Of note, ASPPR induced significantly higher antibody IgG2a
responses than Ov-ASP-1 (P<0.05) with similar levels of antibody
IgG and IgG1. ELISPOT assay revealed that ASPPR as well as Ov-
ASP-1 elicited higher production of HBsAg peptide-specific [FN-y
(Fig. 4D), but ASPPR also induced higher IL-4 (Fig. 4E) responses;
whereas, alum stimulated only significantly higher IL-4. Taken
together, these results indicated that ASPPR not only augmented
protein antigen-induced antibody response, but also enhanced spe-
cific cellular immune responses, suggesting that ASPPR retains the
adjuvanticity of Ov-ASP-1 for recombinant protein antigen such as
HBsAg.

3.5. ASPPR assists HIV-1 peptide to elicit both humoral and
cellular immune response

We then tested whether ASPPR would act as an effective adju-
vant for a synthetic peptide using a 29-aa HIV-1 gp160 peptide,
Pep5, as the model vaccine peptide. ELISA results revealed that
ASPPR augmented humoral and cellular immune responses similar
to those of Ov-ASP-1, and both stimulated significantly higher IgG
(Fig. 5A),1gG1 (Fig. 5B) and IgG2a (Fig. 5 C) antibody responses than
alum did. ELISPOT results showed that both ASPPR and Ov-ASP-
1 augmented IFN-y production (Fig. 5D), but only alum induced
significant IL-4 (Fig. 5E) response in the immunized mice. These
findings demonstrated that ASPPR, similar to Ov-ASP-1, is an effec-
tive adjuvant also for the selected peptide antigen, peptide 5.

4. Discussion

Adjuvants have been proven to be very important components
in vaccines, making it essential to explore and identify novel adju-
vants that are suitable for various types of vaccine antigens [1,33].
In particular, safe and nontoxic adjuvants able to stimulate both
humoral and cellular immune responses for different types of anti-
gens are sought. Our previous studies have shown that Ov-ASP-1
in aqueous formulation with bystander antigens is an efficient
adjuvant for several vaccine antigens, including recombinant pro-
teins, synthetic peptides and commercially inactivated vaccines
[24]. Moreover, Ov-ASP-1 induced a mixed Th1/Th2 response with
a Th1-biased antibody profile against many antigens. However, its
functional region is still unknown. In this study, we show the ASPPR
might be the functional fragment of Ov-ASP-1, as it retains the
potent adjuvanticity demonstrated for the full length Ov-ASP-1, but
ASPPR is more stable than Ov-ASP-1 in PBS.

The genealogical tree analysis of OV-ASP-1 sequence revealed
that OV-ASP-1 belongs to the CAP superfamily [34], which also
includes Na-ASP-2. Alignment of Ov-ASP-1 and Na-ASP-2 amino
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Fig. 2. Bioactivity of the truncated fragment ASPPR in vitro. Splenocytes from healthy BALB/c mice were isolated to analyze the bioactivity of ASSPR. Purified ASPPR or Ov-
ASP-1 (final concentration 10 pwg/ml) was added to 1 x 10° of naive mouse splenocytes in 5 ml round bottom tubes and incubated at room temperature for 30 min, followed
by incubation with antibody cocktails of APC-anti-CD3, PE-Cy5-anti-CD45R/B220, PE-anti-CD14 and FITC-anti-His antibody (1/200 dilution) for another 30 min. The stained
cells were analyzed by flow cytometry, and the overlay analysis was done by Flow]o 7.6. Gray shade stands for blank control, blue line is His-FITC control, and red line is
ASPPR (or Ov-ASP-1)+His-FITC. The presented data were representative results from three mice (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article).

acid sequences showed that Ov-ASP-1 has a major conserved
domain that forms a similar tertiary structure as that published for
Na-ASP-2 [29]. Using the crystal structure of Na-ASP-2 as a model,
we designed a potential functional fragment, ASPPR, that corre-
sponds to the PR-1 structurally conserved domain and which was
successfully expressed in an E. coli system. Further investigation
revealed that ASPPR retained the cell binding profile of Ov-ASP-1,
but has a higher binding capacity, as demonstrated by its ability to
bind to mouse T, B, and NK cells, as well as macrophages. Previ-
ously it was shown that Ov-ASP-1 binds mostly to human B cells
and monocytes [28].

We have previously shown that full-length Ov-ASP-1 can
enhance both humoral and cellular immune responses against pro-
tein antigens [22,24]. Our results proved that ASPPR retains the
adjuvanticity of Ov-ASP-1 for the common used model antigen
OVA. Then, we tested the adjuvanticity of ASPPR using HBsAg, an
important protective antigen of HBV and the key component of
the HBV vaccine. Immunization with HBsAg using alum induced
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only Th2-biased antibody response [35], which is not beneficial for
HBV clearance. As expected, ASPPR effectively augmented both bal-
anced Th1/Th2-associated humoral and cellular immune responses
against HBV, indicating that ASPPR retains the adjuvanticity of Ov-
ASP-1 as an adjuvant for recombinant proteins.

Peptide-based subunit vaccines have the advantage of ease of
design, modification and production. However, because of their
relatively low immunogenicity, they have to be formulated with
adjuvants to enhance their immunogenicity. Thus far, licensed
adjuvants for human use, such as alum, do not effectively enhance
peptide-induced immune responses. Some new adjuvants, such as
poly (I:C), an agonist of TLR3, have been proven to be effective for
peptide antigens, but induced adverse effects, which may limit their
application [13]. In our previous studies, we showed that Ov-ASP-
1 is an efficient adjuvant also for SARS and HIV peptide antigens
in aqueous [24], or for influenza H5N1 peptide in a recombinant
fusion protein form by linking influenza M2e to Ov-ASP-1 [23]. In
the present study, we have demonstrated that the truncated ASPPR
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Fig. 3. Anti-OVA antibody in BALB/c mice immunized with ASPPR and OVA. Six-week-old female BALB/c mice were immunized intramuscularly with 10 g of endotoxin-free
OVA and 25 g of recombinant ASPPR and boosted once 3 week later; mice were immunized with OVA with Ov-ASP-1, OVA with Alum, OVA alone and PBS as control. Serum
was collected on the third week after the final immunization, and anti-OVA- specific antibodies, including IgG (A), IgG1 (B) and IgG2a (C), were measured by ELISA. The data

are presented as geometric mean = SD.
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protein maintains the adjuvanticity of the full-length Ov-ASP-1 also
when used with the HIV-1 peptide Pep5.

Since both ASPPR and Ov-ASP-1 are proteins, they can induce
anti-self antibodies in the vaccinated mice, thus raising the
question of whether preexisting antibodies against these pro-
tein adjuvants may suppress their adjuvanticity when they
are used in subsequent vaccine formulations. Our previous
study have shown that the antibodies induced against Ov-ASP-
1 (1:256,000-1:512,000) had no impact on its ability to induce
immune responses against bystander antigens (e.g., the RBD of
SARS-CoV spike protein and a commercial influenza virus HA
vaccine) when used as an adjuvant in a sequential vaccine. More-
over, we have shown that the anti-Ov-ASP-1 anti-self-antibodies
elicited during three immunization of non-human primate are
much reduced, thus pointing to the possibility that the level of
anti-self-antibodies could be species dependent and presently less
of an issue with moving forward to the development of Ov-ASP-
1 as an adjuvant [27]. Notably, another protein adjuvant, flagellin,
has been used in clinics or clinical trials [36-38]. To the best of
our knowledge, there has been no report to show that the anti-
flagellin antibodies have significant impact on its adjuvanticity. As
a protein-based adjuvant, Ov-ASP-1 can be fused with a protein
antigen as a subunit vaccine consisting of both immunogen and
adjuvant. Since ASPPR has much shorter sequence than Ov-ASP-1,
we believe that ASPPR is more suitable than the full-length of Ov-
ASP-1 for construction and expression of the fusion protein-based
subunit vaccine.

In summary, we demonstrated that the truncated fragment of
Ov-ASP-1, ASPPR containing only the PR-1 domain, maintains the
same adjuvanticity as the full-length Ov-ASP-1, suggesting that
ASPPR can be developed as an adjuvant for human use.
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