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ABSTRACT

Several adjuvants have been described and tested in humans. However, the aluminum-based adju-
vants remain the most widely used component in vaccines today. Emerging data suggest that alu-
minum phosphate and aluminum hydroxide adjuvants do not promote a strong commitment to the
helper T cell type 2 (Th2) pathway when they are coadministered with some Th1 adjuvants. In this
regard, subtle differences between both aluminum-based adjuvants have been demonstrated. We
have previously shown that subcutaneous immunization, in aluminum phosphate, of a mixture com-
prising the surface and core antigens of hepatitis B virus (HBV) and the multiepitopic protein CR3
of human immunodeficiency virus type 1 elicits a CR3-specific Th1 immune response. In these ex-
periments, the antigens were adjuvated at the same time. As the final selection of the best adjuvant
should be based on experimental evidence, we asked whether aluminum hydroxide allows a better
Th1 immune deviation than aluminum phosphate. We also studied several ways to mix the antigens
and the impact on CR3-specific interferon (IFN)-� secretion. Our findings indicate that aluminum
hydroxide allows better Th1 immunodeviation than aluminum phosphate adjuvant for the mixture
of HBV antigens and CR3. In addition, CR3-specific IFN-� secretion of the various formulations
tested was the same irrespective of the order in which the antigens were combined.
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INTRODUCTION

SELECTION OF THE RIGHT ADJUVANT is a key element in
any vaccine formulation. Aluminum-containing adju-

vants were first described by Glenny and coworkers in
the early years of the last century (13). Further improve-
ments of the former work arrived soon with the substi-
tution of the so-called protein aluminates by the use of
preformed aluminum hydroxide (AlOOH) (28) and alu-
minum phosphate (AlPO4) hydrated gels (11). Although
many experimental adjuvants have been described and
tested in animal models and humans, the aluminum-based

adjuvants remain the most widely used component of pro-
phylactic vaccines in use today (6).

It is known that antigen adsorption efficiency on 
aluminum adjuvants is dependent on ligand exchange
and electrostatic interactions (24,25). Because of the
chemical nature of the adjuvant, it is known that 
proteins with an acid isoelectric point adsorb better 
to aluminum hydroxide than those with a basic iso-
electric point; in the case of aluminum phosphate the
opposite is true (36). Thus, only with these two alu-
minum-based adjuvants is the adsorption of most pro-
teins possible.



The work of researchers has long focused on the ac-
tion mechanisms of adjuvants. In this regard, current
thinking indicates that adjuvants may exert their immune-
enhancing effect according to five immune-functional ac-
tivities (34): (1) enhanced translocation of antigens to the
lymph nodes; (2) physical protection and prolonged de-
livery of antigens; (3) interaction with PRRs (pathogen
recognition receptors) present on accessory cells; (4) ca-
pacity to cause local reactions at the injection site, in-
ducing danger signals; and (5) induction of inflammatory
cytokines at the injection site. For aluminum adjuvants,
their depot effect and immunostimulatory capacity are the
mechanisms generally cited to explain their adjuvant ef-
fect. Although the depot effect has been a matter of de-
bate (17) it has been demonstrated that adsorption allows
efficient antigen uptake by dendritic cells (29). The re-
sulting immunomodulation induced by aluminum adju-
vants is characterized by interleukin (IL)-4 production,
leading to a helper T cell type 2 (Th2) antibody response
dominated by murine IgG1 antibodies. Because of their
preferential Th2 immune response, aluminum adjuvants
are appropriate for vaccines against exotoxins and extra-
cellular infectious agents. On the other hand, they are
considered ineffective in the case of vaccines for intra-
cellular microorganism such as viruses, for which a Th1
immune response is desirable. The Th2 immunomodula-
tory effect of aluminum-based adjuvants is a direct con-
sequence of immune mechanisms elicited by themselves
(17,25). Nevertheless, experimental evidence suggests
that they do not promote a strong commitment of the im-
mune system to the Th2 pathway. For instance, adjuvant
formulations including CpG and cytokines are able to in-
duce a shift to a Th1 response (8,42). Moreover, it is
known that Algammulin, prepared by mixing aluminum
hydroxide with �-inulin, promotes an immune deviation
to a Th1 immune response (7). Consequently, there are
no reasons, in principle, to exclude aluminum-based ad-
juvants in vaccine formulations for eliciting Th1 immune
responses against intracellular pathogens such as human
immunodeficiency virus (HIV)-1 and hepatitis B virus
(HBV).

The core antigen (HBcAg) of HBV promotes Th1 im-
munomodulation of the immune response to coadminis-
tered antigens, including the surface antigen (HBsAg) of
HBV (27,31). Riedl and coworkers have related this ad-
juvant activity to the nucleic acid content in the particle,
which interacts with Toll-like receptor-3 (TLR3) (31,32).
However, there is evidence of a synergistic effect in the
enhancement of the immunogenicity for both antigens of
HBV, the surface and core antigens, in the combined for-
mulation after nasal administration, indicating that
HBcAg increases the anti-HBsAg response and, con-
versely, HBsAg increases the specific HBcAg response
(1,27). On the basis of that evidence we hypothesized that
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a mixture of HBsAg and HBcAg would act as a Th1 ad-
juvant formulation. We have shown that a simple mix-
ture containing the recombinant protein from HIV-1,
CR3, and the surface and core antigens from hepatitis B
virus adjuvated in aluminum phosphate elicited a Th1 re-
sponse against the recombinant antigen after subcuta-
neous immunization far better than the same formulation
without adjuvant and the combination of CR3 with each
HBV antigen separately (19). In this sense, the recombi-
nant antigens derived from HBV had a significant role in
the resulting Th1 immune modulation. In addition, fur-
ther immuno-enhancing activity provided by the alu-
minum phosphate adjuvant was evident when the same
multiantigenic formulation was inoculated in saline so-
lution by the subcutaneous route.

In the literature, it is generally assumed that all alu-
minum-based adjuvants behave the same way in every
experimental situation. However, unexpected differences
between the aluminum hydroxide and the aluminum
phosphate might arise in particular experimental settings
as demonstrated by Wang and coworkers, who used IL-
12 with the surface antigen of HBV (42). In addition, in
our previous work (19), the antigens CR3, HBsAg, and
HBcAg were mixed and adjuvated at the same time; how-
ever, a comparison of different ways to formulate the
three antigens in the mixture is an important issue. In
some cases, the antigens compete for adsorption to the
adjuvant (39); also, when working with several antigens
it is possible that interactions among them influence the
adsorption of the resulting aggregates to the adjuvant
and/or their presentation to the immune system.

In the present work, we studied the influence of alu-
minum-based adjuvants on the resulting immune re-
sponse to a mixture of CR3, HBsAg, and HBcAg pro-
teins as well as the effect of various ways of mixing the
antigens on the cellular anti-CR3 immune response. Al-
though our investigation was focused mainly on the de-
velopment of a vaccine candidate against HIV-1, we also
measured specific HBcAg and HBsAg responses to gain
some insight concerning antigen interactions in the mul-
tiantigenic formulation. In particular, the anti-HBsAg re-
sponse elicited by the former formulation was further
evaluated and is discussed because of its protective ef-
fect against hepatitis B.

MATERIALS AND METHODS

Antigens

The entire recombinant (r)HBcAg particle of 183
amino acids was expressed in Escherichia coli and puri-
fied for immunization experiments as already described
(26). Recombinant HBsAg was taken from the produc-
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tion process of the Cuban hepatitis B vaccine Heberbio-
vac HB (Centro de Ingeniería Genética y Biotecnología
[CIGB], Havana, Cuba). This protein was expressed in
the yeast Pichia pastoris and its purification procedure
has been published elsewhere (14).

The HIV-1 antigen CR3 is a multiepitopic protein com-
posed of cytotoxic T lymphocyte (CTL) and helper T cell
(Th) epitope-rich regions comprising T1 and T2 from
gp120, an epitope from gp41, another from Vpr, a frag-
ment of the p66/p51 (reverse transcriptase [RT]) protein
(positions 2663–3109, HIV-1 SF2 provirus), a part of Nef
(positions 8516–8818, HIV-1 LAI isolate), and a part of
Gag (positions 1451–1696, HIV-1 SF2) (18). It was pu-
rified from E. coli BL21-CodonPlus(DE3)-RIL (Strata-
gene, La Jolla, CA [Cat. No. 230245]) and the purification
process was as described previously (19). A pyrogen-free
product with more than 95% purity was achieved.

Determination of antigen binding 
to aluminum adjuvants

To estimate the degree of adsorption the protocol re-
ported by Berthold and coworkers was followed with few
variations (3). Several aliquots were tested: (1) antigens
without adjuvants (positive control), (2) AlPO4 without
antigens (negative control), (3) AlOOH without antigens
(negative control), (4) antigens adjuvated with AlPO4,
and (5) antigens adjuvated with AlOOH. After overnight
incubation at 4°C under agitation, aliquots were cen-
trifuged (centrifuge 5415C; Eppendorf, Hamburg, Ger-
many) at 1500 rpm (200 � g) for 3 min to pellet the alu-
minum gel. The supernatants were carefully removed and
concentrated at least twice by centrifugation, using Cen-
tricon-10 concentrators (Amicon, Beverly, MA). Protein
in the supernatants was measured with the bicinchoninic
acid (BCA) protein assay (Pierce Biotechnology, Rock-
ford, IL). The low-protein protocol (5–250 �g) for the
microtiter plate assay was followed. The degree of ad-
sorption was estimated on the basis of the calculated dif-
ference between the amount of protein in aliquot 1 and
the fraction recovered in the supernatants of aliquots 4
and 5. All aliquots were treated as for the immunizations.

Immunizations

Female BALB/c mice, 6–8 wk old, were purchased
from CENPALAB (Havana, Cuba). Antigens were ad-
ministered subcutaneously in a 100-�L volume, adju-
vated in AlPO4 or AlOOH (1 mg/mL) (Brenntag Bio-
sector, Frederikssund, Denmark). In all cases mixtures of
antigens were prepared 1 d ahead and stored at 4°C un-
til inoculation. Animals were anesthetized by intraperi-
toneal administration of 30 �L of ketamine (10 mg/mL).

In the first immunization schedule three groups of nine
mice were inoculated with the following: (1) HBsAg
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(AlOOH) (current hepatitis B vaccine), (2) HBcAg �
HBsAg � CR3 (AlPO4), and (3) HBcAg � HBsAg �
CR3 (AlOOH). Antigen administrations were carried out
on days 0, 14, and 35, and sera were collected 10 d af-
ter the last immunization. Doses of HBsAg, HBcAg, and
CR3 were 7, 9, and 20 �g/mouse, respectively.

A second immunization schedule was carried out with
6 groups of 12 mice each. They were inoculated with the
following: (1) phosphate-buffered saline (PBS; placebo),
(2) HBsAg � HBcAg, (3) HBcAg � HBsAg � CR3, (4)
(HBcAg � HBsAg) � CR3, (5) HBcAg � (HBsAg �
CR3), and (6) HBsAg � (HBcAg � CR3). As high-
lighted by parentheses for groups 4–6, two antigens were
mixed and incubated for 16 h, in PBS at 4°C, before ad-
dition of the last antigen and the adjuvant. In this sched-
ule, we administered three doses on days 0, 14, and 42
and sera were collected 10 d after the last immunization.
The dose for all antigens was 5 �g/mouse in AlOOH ad-
juvant. All experiments were conducted in accordance
with institutional guidelines.

Biological fluids

Blood was collected through the retrorbital plexus 10
d after the last immunization. It was centrifuged at 10,000
rpm for 10 min (centrifuge 5415C; Eppendorf) and the
serum was stored at –20°C until evaluation.

Serology

The specific IgG antibody responses in serum were
measured by enzyme-linked immunosorbent assay
(ELISA). High binding capacity 96-well plates (Corning
Life Sciences, Acton, MA) were coated with the antigen
at 5 �g/mL in 100 �L of coating buffer (11 mM Na2CO3

and 35 mM NaHCO3, pH 9.6) and incubated overnight
at 4°C. Plates were blocked with 2% skim milk in PBS
for 1 h at 37°C. Subsequently, they were incubated with
serum samples diluted in 1% skim milk, 5% calf serum,
and 0.5% Tween 20 in PBS for 2 h at 37°C. Rabbit anti-
mouse total IgG, IgG1, and IgG2a peroxidase conjugates
(MP Biomedicals, Aurora, OH) were incubated for 1 h
at 37°C at appropriate dilutions. The reactions were then
developed with substrate solution (52 mM Na2HPO4, 25
mM sodium citrate, o-phenylenediamine [OPD, 1
mg/mL] [Sigma-Aldrich, Milwaukee, WI], and 0.1%
H2O2) for 10 min at room temperature. The reaction was
stopped with 50 �L of 3 M H2SO4. Last, the plates were
read at 492 nm in a microplate reader (Sensident Scan
352, Labsystems, Finland). Washes (at least five) with
0.05% Tween 20 in distilled water were carried out be-
tween each step. Results were expressed as the log10 titer
calculated by interpolation of absorbance values at a fixed
serum dilution into a linear regression analysis plotting
dilution versus A492 of the standard curve of a known titer
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serum. The titer was defined as the log10 highest dilution
that gave twice the absorbance of negative control sera
diluted 1:100. Titers are given as the geometric mean �
SD from the individual sera.

Measurement of interferon-� and IL-4 cytokines
in culture supernatants

Mice were immunized as described above. Ten days
later, four animals per group were randomly selected and
killed and duplicate aliquots (2 � 105 cells) of spleno-
cytes were placed into 96-well microplates in complete
medium and stimulated separately with CR3 and HBsAg
(2.5 �g/mL). Cells were also cultured in medium alone
and with concanavalin A (5 �g/mL) as negative and pos-
itive controls, respectively. Aliquots of supernatant were
removed 50 h later and stored at �20°C. Interferon
(IFN)-� (Th1-type) and IL-4 (Th2-type) were assessed
by a sandwich ELISA according to the manufacturer’s
recommendations (Invitrogen Pharmingen, San Diego,
CA). Standard curves were obtained with recombinant
mouse IFN-� and IL-4 (Invitrogen Pharmingen).

Quantification of IFN-�-secreting cells

The number of IFN-�-secreting cells was detected in
an enzyme-linked immunospot (ELISPOT) assay. Ten
days after the last immunization, the spleens of four mice
per group, drawn randomly, were aseptically removed
and cell suspensions were prepared. Erythrocytes were
lysed after a 5-min incubation in 0.83% NH4Cl. The cells
were extensively washed with medium, diluted in com-
plete medium (RPMI 1640 [Invitrogen GIBCO, Paisley,
UK] supplemented with 10% fetal calf serum [FCS], 2
mM glutamine, 2 mM sodium pyruvate, 50 �M 2-mer-
captoethanol, and antibiotics), and counted. Nitrocellu-
lose-backed 96-well plates (MultiScreen-IP filter plates
[cat. no. MAIPN4550]; Millipore, Bedford, MA) were
coated with 100 �L of murine IFN-�-specific mAb R4-
6A2 (5 �g/mL; Invitrogen Pharmingen) overnight at 4°C,
washed three times with PBS, and blocked with complete
medium at 37°C for 1 h. Three dilutions (2 � 105, 1 �
105, and 0.5 � 105) of freshly isolated splenocytes were
incubated for 50 h at 37°C in 5% CO2 in complete
medium with sterile and nonpyrogenic CR3 and HBsAg
proteins at 2.5 �g/mL. Wells with splenocytes without
protein were incubated as negative controls and with con-
canavalin A (2.5 �g/mL) as positive controls. The plates
were washed three times with PBS and five times with
0.05% Tween 20 in PBS. Secondary biotin-conjugated
antibody XMG1.2 (0.5 �g/mL; Invitrogen Pharmingen)
was then added and incubated for 2 h at room tempera-
ture. The wells were washed five times with 0.05%
Tween 20 in PBS, and peroxidase-labeled streptavidin
(Sigma, St. Louis, MO) was added at a 1:1000 dilution
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for 1 h. The plates were then washed again with 0.05%
Tween 20 in PBS, and afterward with PBS, and the spots
were developed by adding 100 �L of 3-amino-9-ethyl-
carbazole (AEC; Sigma) solution (15). After 15 min, the
reaction was stopped with tap water. Plates were dried,
and spots were counted under a dissection microscope.
Results were expressed as the number of spot-forming-
cells (SFC) per 106 splenocytes after subtracting the spots
of negative wells. Values above the mean number of spots
in the placebo or negative group plus 3 standard devia-
tions were considered positive.

Statistical procedures

GraphPad Prism version 4.00 statistical software
(GraphPad Software, San Diego, CA) was used to carry
out analysis of variance (ANOVA), t tests, and
Mann–Whitney and Wilcoxon signed rank tests to deter-
mine the significance of differences between the means
of groups. The Tukey test was chosen for post-ANOVA
comparisons. All titers were transformed to log10 to ob-
tain a normal distribution of the values. For the nonse-
roconverting sera, an arbitrary titer of 1:50 was assigned
for statistical processing. p � 0.05 was considered sta-
tistically significant.

RESULTS

Adjuvant effect of AlPO4 versus AlOOH

First, we studied the adsorption of the mixture HB-
sAg � HBcAg � CR3 to both aluminum-based adju-
vants and no differences were observed. To study in vivo
the role of the adjuvants, mice were immunized with the
mixture HBsAg � HBcAg � CR3 in aluminum phos-
phate and aluminum hydroxide by the subcutaneous
route. In addition, a group of animals was immunized
with the current vaccine formulation based on HBsAg
absorbed in aluminum hydroxide for comparison. The
IgG1:IgG2a ratio, considered a useful parameter to dis-
criminate Th1 and Th2 profiles (30,37,38,41), was de-
termined against CR3 and HBsAg after the third dose in
animal sera. In this regard, considering the CR3-specific
response, better Th1 immunomodulation was obtained
with the aluminum hydroxide adjuvant (p � 0.0105; two-
tailed unpaired t test) (Fig. 1A). However, no difference
was observed when the HBsAg-specific response was
evaluated. In analyzing further, we noted that HBsAg-
specific IgG1:IgG2a ratios induced by the multiantigenic
formulation with aluminum hydroxide and aluminum
phosphate were significantly lower than with HBsAg
alone in aluminum hydroxide (the vaccine formulation)
(p � 0.0147; one-way ANOVA and Tukey multiple com-
parison test). Whole IgG responses specific for CR3, HB-
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sAg, and HBcAg antigens were not different between
both adjuvants (Fig. 1B).

On the other hand, four animals per group were ran-
domly selected and killed to evaluate IFN-� and IL-4 se-
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cretion in the supernatant of splenocytes stimulated with
CR3 and HBsAg antigens, and the frequency of IFN-�-
secreting cells in an ex vivo ELISPOT IFN-� assay. Af-
ter an overall analysis of the data, no differences were
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FIG. 1. Humoral immune response anti-HBsAg and anti-CR3. BALB/c mice were immunized three times with the follow-
ing: (1) HBsAg (S) (subcutaneous, AlOOH), a similar formulation to the current commercial vaccine; (2) HBcAg (C) � HB-
sAg � CR3 (subcutaneous, AlPO4); (3) HBcAg � HBsAg � CR3 (subcutaneous, AlOOH). Sera were collected 10 d after the
last dose and titers were calculated by ELISA. (A) IgG1:IgG2a ratios and (B) total IgG titers. Data represent means � SD of
nine mice per group. The dotted line in (A) represents the IgG1:IgG2a � 1 ratio.



found between groups of mice immunized with alu-
minum phosphate and aluminum hydroxide on consider-
ing the level of total IFN-� and IL-4 secreted in the su-
pernatants. However, intragroup analysis showed that
IFN-� levels were significantly higher than IL-4 levels
only in the group inoculated with aluminum hydroxide
adjuvant (p � 0.0391; Wilcoxon signed rank test) (Fig.
2). The median level of total IFN-� secretion increased
more than 4000 times compared with IL-4 secretion with
AlOOH (median, 158,219; [range, 0 to 430,396] vs. 37.73
[range, 0.36–60.57], respectively). In the AlPO4 group
the same coefficient increased only about 10 times (273.1
[range, 0–497,258] vs. 27.75 [range, 7.225–138.9], re-
spectively). To characterize further the Th1 response the
frequency of IFN-�-secreting cells was measured. In an-
alyzing the specific anti-HBsAg response, we noted a sig-
nificant increase in the median frequency of IFN-�-se-
creting cells of 313 SFC/106 cells (range, 295 to 1085
SFC/106 cells) in the aluminum hydroxide group com-
pared with 170 SFC/106 cells (range, 140 to 218 SFC/106

cells) in the aluminum phosphate group (p � 0.0286;
two-tailed Mann–Whitney test). A similar evaluation for
the anti-CR3-specific response was carried out. Unfortu-
nately, for this antigen an unexpectedly high frequency
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of IFN-�-secreting cells was scored in all animals (data
not shown). Because of that it was impossible to deter-
mine any difference between groups.

Immune responses elicited by several mixtures 
of HBsAg, HBcAg, and CR3

Considering the preceding results, aluminum hydrox-
ide allowed better Th1 immunomodulation for the mix-
ture of the recombinant protein CR3 from HIV-1 with
HBV antigens. Because of that, we decided to continue
the experiments with aluminum hydroxide instead of alu-
minum phosphate as adjuvant.

Three additional formulations, variations of the simple
mixture of antigens, were prepared for comparison. First,
the recombinant core and surface antigens of HBV were
incubated together for several hours before the addition
of CR3 and the adjuvant ([HBsAg � HBcAg] � CR3);
second and third, the CR3 protein was incubated with
HBsAg or HBcAg before addition of the other antigen
of HBV ([HBsAg � CR3] � HBcAg and [HBcAg �
CR3] � HBsAg, respectively). In addition, groups of
mice immunized with placebo and with HBsAg �
HBcAg were included for comparison. After three doses
the humoral response against the antigens as well as the
cellular immune response against CR3 were measured.

Whole IgG anti-HBsAg titers did not differ signifi-
cantly among the four formulations of CR3, HBsAg, and
HBcAg antigens tested (groups 3 to 6) or with the HB-
sAg � HBcAg group (Fig. 3). Regarding the anti-HBcAg
response, mice immunized with the simple mixture HB-
sAg � HBcAg � CR3 elicited the highest titers com-
pared with those inoculated with other mixtures of the
same antigens (groups 4 to 6) (p � 0.0001; one-way
analysis of variance and Tukey multiple comparison test).

As shown in Fig. 3, the highest anti-CR3 titers were
elicited with the formulations HBsAg � HBcAg � CR3
and (HBsAg � HBcAg) � CR3 and the lowest titers
with HBsAg � (HBcAg � CR3) (p � 0.0212; one-way
analysis of variance and Tukey multiple comparison test).
In mice immunized with HBcAg � (HBsAg � CR3) the
geometric mean of titers was between those of the other
groups and no statistically significant differences were
observed.

Finally, although the simple mixture of antigens pro-
moted the highest anti-CR3 frequency of IFN-�-secret-
ing cells in mouse spleen, significant differences from
animals immunized with the rest of the formulations un-
der study were not found (Fig. 4).

DISCUSSION

Data emerging from various therapeutic trials in hu-
mans suggest that multiple doses are required to increase
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FIG. 2. Splenic IFN-� and IL-4 responses after immu-
nization with aluminum phosphate and aluminum hydroxide
adjuvants. Mice were immunized on days 0, 14, and 35 with
the following: HBcAg � HBsAg � CR3 (subcutaneous,
AlPO4) or HBcAg � HBsAg � CR3 (subcutaneous, AlOOH).
Ten days after the end of the schedule animals were killed and
the splenocytes were purified, followed by HBsAg and CR3
stimulation in culture for 50 h. Culture supernatants were then
harvested and assayed by ELISA. Results were calculated by
subtracting the background of unstimulated control cultures
from the net values of antigen-pulsed cultures. Data represent
averages � SD of nine mice per group.



responses and the number of responding individuals (20).
Therefore, vaccine candidates formulated with adjuvants
having low toxicity would be advantageous. The only
widely use adjuvants for human immunizations are alu-
minum-based adjuvants. Both aluminum hydroxide and
aluminum phosphate are currently used in commercial
vaccines (2). They have shown a good safety profile for
many years, inducing only mild local reaction at the site
of injection in most cases (10). Hence, they should be
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considered in therapeutic formulations. Many efforts
have been made to elucidate the mechanisms of antigen
absorption and immune enhancement of aluminum-based
adjuvants. However, it is not fully understood how these
adjuvants actually work. Consequently, selection of the
specific aluminum-containing adjuvant must be based on
experimental evidence.

In a series of previous experiments we demonstrated
the capacity of the formulation HBsAg � HBcAg �
CR3 to promote a Th1 immune response to the CR3 re-
combinant protein from HIV-1. The mixture was effec-
tive through the subcutaneous route of inoculation (19).
In that case the aluminum phosphate adjuvant was se-
lected as recommended (24), based on the predicted 
basic isoelectric point for the CR3 protein. However,
emerging data suggest that the immune response is not
affected by the degree of adsorption of the antigens to
aluminum-containing adjuvants (3,5,22,42,43). Conse-
quently, we decided to test whether aluminum phosphate
could be considered the best adjuvant for our formula-
tion before future developments. Therefore, an experi-
mental comparison between both adjuvants was neces-
sary to rule out any possibility to induce a better Th1
immunomodulation after inoculation with the mixture
HBsAg � HBcAg � CR3.

In this study, several criteria were used to compare and
contrast differences between the aluminum phosphate
and hydroxide adjuvants. In mice, the associations
Th1/IFN-�-IgG2a and Th2/IL-4-IgG1 are well supported
by experimental evidences (30,37,38,41). However, IgG1
antibodies can be secreted under an ongoing Th1 immune
response (44). It is possible because the IgG1-coding se-
quence is upstream of the IgG2a-coding sequence, and
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FIG. 3. Total IgG anti-HBsAg, anti-HBcAg, and anti-CR3 immune response for various antigen formulations. Twelve
BALB/c mice per group were immunized subcutaneous on days 0, 14, and 42 with the following: (1) PBS (placebo), (2) HB-
sAg � HBcAg, (3) HBcAg � HBsAg � CR3, (4) (HBcAg � HBsAg) � CR3, (5) HBcAg � (HBsAg � CR3), or (6) HBsAg �
(HBcAg � CR3). Ten days after immunization, sera were collected and titers were determined by ELISA. Data represent means �
SD.

FIG. 4. CR3-specific response in the ELISPOT IFN-� as-
say. BALB/c (H-2d) mice were immunized subcutaneously 
on days 0, 14, and 42 with the following: (1) PBS (placebo),
(2) HBsAg � HBcAg, (3) HBcAg � HBsAg � CR3, (4)
(HBcAg � HBsAg) � CR3, (5) HBcAg � (HBsAg � CR3),
or (6) HBsAg � (HBcAg � CR3). Splenocytes were removed
10 d after the last immunization and the number of IFN-�-se-
creting cells, in response to stimulation with CR3 protein and
medium alone, was measured. Results are expressed as the av-
erage number � SD of IFN-�-secreting cells per million
splenocytes from four mice per group.



switching to IgG1 may also be induced by IL-2, which
is a Th1 interleukin (9,12). Consequently, sensu stric-
tisimo, only the presence or deficiency of IgG2a anti-
bodies may be considered a surrogate marker of helper
T cell immune status. In this regard, a high or low
IgG1:IgG2a ratio results in a Th2 or Th1 immune re-
sponse, respectively.

Our results indicate that BALB/c mice immunized with
a mixture of HBsAg � HBcAg � CR3 with aluminum
hydroxide adjuvant developed a better Th1-biased re-
sponse than with the aluminum phosphate, as indicated
by the increased level of CR3-specific IgG2a antibodies
(lower IgG1:IgG2a ratio). However, the HBsAg-specific
IgG1:IgG2a ratios were not different between the adju-
vants. These observations support the notion that a dif-
ferential Th1–Th2 commitment of the immune system
might arise to antigens in combined formulations (21). It
is important to note that whole IgG titers against CR3,
HBsAg, and HBcAg were of similar magnitude between
both groups of animals and it suggests the absence of a
differential immunoenhancing effect on the specific IgG
responses. In addition, the lower IgG1:IgG2a ratio ob-
served with both adjuvant formulations compared with
the vaccine formulation suggests the possible anti-HBV
therapeutic application of the mixture of antigens.

When considering the potential role of the aluminum
adjuvants (AlPO4 and AlOOH) on anti-CR3 and anti-HB-
sAg IFN-� and IL-4 secretions, as a whole, we did not
find significant differences. However, we did find better
Th1 polarization (IFN-� vs. IL-4 secretion) in the CR3 �
HBsAg � HBcAg group adjuvated with aluminum hy-
droxide. Consistent with this finding, a higher frequency
of specific anti-HBsAg IFN-�-secreting cells was also in-
duced. These results provide an explanation and confirm
the previous differences in the IgG1:IgG2a ratios.

Previous studies have shown differential induction of
helper T cell patterns between the aluminum phosphate
and hydroxide adjuvants. Wang et al. demonstrated that
IL-12 combined with aluminum phosphate induced a far
better Th1 response against HBsAg than did aluminum
hydroxide (42). Interestingly, the adjuvant effect of 
IL-12 bound to aluminum phosphate was not related to
differential adsorption to either adjuvant. In our investi-
gation, we demonstrated that the simple mixture of the
CR3, HBsAg, and HBcAg antigens is equally adsorbed
to aluminum phosphate and aluminum hydroxide
whereas the last adjuvant allowed a stronger commitment
of the immune system to the Th1 response. The fact that
the immunoenhancing activity of aluminum-based adju-
vants does not involve any TLR pathway in antigen-pre-
senting cells (35) might explain why Th1 immunomod-
ulating agents dominate in combining formulations.
Taken together, these observations suggest that there are
subtle differences in the effect of both aluminum-based
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adjuvants that modulate the resulting helper T cell pat-
tern, depending also on the nature and influence of the
antigens. Systematic comparisons of the adjuvant effect
addressing quantitative and/or quality aspects are needed.

In multiantigenic formulations the resulting immunity
will be a consequence of the individual characteristics of
the antigens as well as of new features that emerge as a
result of reciprocal influences among them. HBcAg in-
duces a strong Th1 response, allowing deviation of the
immune response elicited to coadministered antigens
(1,27,32). On the other hand, animals immunized with
CR3 and HBsAg elicit a Th2 response after inoculation
with alum-based adjuvants (19). Thus, we consider the
influence of HBcAg as the main cause of the specific
anti-CR3 and anti-HBsAg IFN-� secretion and IgG2a an-
tibody production in the mixture of CR3 � HBsAg �
HBcAg. However, it is worth noting the immunoen-
hancing effect contributed by HBsAg to the ongoing anti-
HBcAg Th1 response in combining formulations with
HBcAg (1,27) and to the ongoing anti-CR3 Th1 response
in combining formulations with the former antigen and
CR3 protein (19). In that sense, the proteoliposomal na-
ture of the surface antigen (33) might be related to this
effect. In addition, there is a spontaneous tendency of the
surface and core antigens to aggregate to form supramol-
ecular structures up to 200 nm in size (1). In our multi-
antigenic formulation, assuming the association with
CR3 protein (19), the size might increase further than 200
nm. Such structures will increase the phagocytic inter-
nalization of the antigens (4) and consequently their im-
munogenicity. Finally, bystander stimulation due to TLR
stimulation (23,40) and antigen-specific ongoing immune
responses elicited in the vicinity might also contribute to
the individual immunogenicity of the antigens.

A preliminary experiment was also carried out with
various formulations of the antigens. Previous studies
showed that CR3, HBsAg, and HBcAg aggregate in so-
lution (19). Thus, it could be argued that preferential in-
teractions between particular pairs of such antigens might
impact on the specific immune response elicited against
some of them. This hypothesis corresponds well with our
data showing that the antibody levels among groups of
animals differed with the anti-HBcAg and anti-CR3 hu-
moral responses. Nevertheless, anti-HBsAg levels did not
differ among the groups. These results are in line with
previous findings showing a stronger interaction between
CR3 and HBcAg than with CR3-HBsAg and it might ex-
plain the former results. Because the anti-HBcAg and
anti-CR3 antibodies might be of limited practical value,
we emphasize the protective value of the anti-HBsAg hu-
moral response (16). In this regard, the strong interaction
between CR3 and HBcAg could benefit the anti-HBsAg
humoral response. In addition, because we did not find
any difference in the frequency of anti-CR3 IFN-�-se-
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creting cells among the antigen formulations it could be
argued that no other formulation elicited a better immune
response than the simple mixture of HBsAg, HBcAg, and
CR3.

In summary, the results thus far revealed evidence that
aluminum hydroxide is a better choice than aluminum
phosphate for Th1 induction after immunization with the
mixture CR3 � HBcAg � HBsAg. In addition, in the ab-
sence of evidence against the former formulation of anti-
gens this work suggests the use of aluminum hydroxide
as a potential adjuvant in antigen formulations eliciting
cellular anti-HBV and anti-HIV-1 immunity in humans.
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