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Abstract
Identification of optimal antigen(s) and adjuvant combination(s) to elicit potent, protective, and
long-lasting immunity has been a major challenge for the development of effective vaccines
against chronic viral pathogens, such as HIV-1, for which there are not yet any licensed vaccines.
Here we describe the use of a novel adjuvant approach employing Carbopol 971P® NF (hereafter
referred to as Carbopol971P), a cross-linked polyanionic carbomer, in combination with the
Novartis proprietary oil-in-water adjuvant, MF59, as a potentially safe and effective adjuvant to
augment humoral immune responses to the HIV-1 envelope glycoprotein (Env). Intramuscular
immunization of small animals with recombinant Env glycoprotein (gp140) formulated in
Carbopol971P plus MF59 gave significantly higher titers of binding and virus neutralizing
antibodies as compared to immunization using gp140 with either MF59 or Carbopol971P alone. In
addition, the antibodies generated were of higher avidity. Importantly, the use of Carbopol971P
plus MF59 did not cause any serious adverse reactions or any obvious health problems in animals
upon intramuscular administration. Hence, the Carbopol971P plus MF59 adjuvant formulation
may provide a benefit for future vaccine applications.
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INTRODUCTION
The viral envelope (Env) glycoprotein of the Human Immunodeficiency Virus type 1
(HIV-1) is the major target for antibody-based vaccine approaches in the quest for a
successful vaccine against the virus. Env glycoproteins formulated in various adjuvants have
been tested in animals and humans with modest success [1–6]. Although, identification of an
optimally immunogenic form of the Env glycoprotein is likely to be important in eliciting
broadly protective humoral responses, this is, in itself, unlikely to be sufficient without the
identification of optimally immunogenic and safe vaccine adjuvant(s) and regimen(s). The
recent demonstration of vaccine efficacy in the RV144 Phase 3 HIV-1 vaccine trial in
Thailand [7] using a viral vector prime-boost regimen, as compared to the lack of efficacy
observed in the Vax003/004 Phase 3 trials [5, 8] with similar Env glycoproteins in relatively
weakly immunogenic alum formulations, highlights the potential impact of vaccine regimen
on vaccine efficacy.

In recent years, the field of adjuvants has seen some new regulatory approvals following
clinical success of a few novel adjuvants [9]. How these adjuvants interact with and affect
the innate and adaptive arms of the immune response is actively under investigation in
several laboratories. It is interesting to note that the in vivo mechanisms of action of alum,
the oldest licensed adjuvant, and MF59, an adjuvant that has been licensed for 13 years in
Novartis’ FLUAD® influenza vaccine, are just now being elucidated [10–15].

MF59, an oil-in-water emulsion, is a safe and potent vaccine adjuvant [16–21]. Currently,
the only approved MF59-adjuvanted vaccine is Fluad® influenza vaccine, which is indicated
for use in the elderly. More recently, MF59 has been shown to be safe in a seasonal
influenza vaccine in infants and children and increased vaccine efficacy from 43 to 89% [17,
22, 23]. During the 2009 H1N1 influenza pandemic, two MF59-adjuvanted vaccines
(Focetria® and Celtura®, Novartis) were licensed and used safely in all age groups (down to
children 6 months of age) including pregnant women. MF59 significantly improved the
immunogenicity of pandemic influenza vaccines with relatively low antigen content and
with fewer doses [24–27]. Moreover, the addition of MF59 to the vaccine has been shown to
generate greater cross-reactivity against viral strains, even those not included in the vaccine
[25, 28, 29]. Besides influenza, MF59 has also been used as adjuvant in various clinical
vaccine trials including HIV [3, 30], HCV [31] and CMV [32]. Extensive pre-clinical
experience using MF59 exists, and MF59 has been shown to be a potent vaccine adjuvant in
a range of species, in combination with a broad range of vaccines, including recombinant
proteins, viral membrane antigens, bacterial toxoids, protein–polysaccharide conjugates,
peptides and virus-like particles [16, 18, 21].

For conformationally labile antigens, such as the HIV-1 Env, selection of adjuvant
formulations that can best preserve critical neutralizing epitopes while improving immune
responses is critical. Moreover, since some adjuvants cause localized tissue damage at the
site of injection by various mechanisms, including recruitment of key immune cells, and
may have systemic effects, it is important during the selection of adjuvants that tolerability
considerations are not ignored.

Carbopols, hydrophilic polyanionic carbomers, are polymers of acrylic acid cross-linked
with polyalkenyl ethers or divinyl glycol. Carbopols have found use in a diverse range of
pharmaceutical applications ranging from controlled release solid dosage formulations to
bioadhesive and topical applications [33, 34]. Particularly in vaccines, Carbopol-based
adjuvant suspensions have been evaluated in veterinary vaccines since the 1970's against
several pathogens, including equine influenza virus [35], porcine parvovirus [36],
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Staphylococcus aureus mastitis (in sheep) [37], etc. They have been shown to be well
tolerated and effective when used in several mammals.

Although, carbopol compounds, such Carbopol® 934P NF, were designed for the
pharmaceutical industry in the 1960’s, their regulatory acceptance has been limited because
the residual solvent is benzene. Therefore, the next generation of carbopol compounds, e.g.,
Carbopol 71G® NF, 974P® NF, and 971P® NF were made with ethyl acetate, an acceptable
solvent from a regulatory perspective, as the residual solvent.

The goal of the present study was to exploit the polyanionic and cross-linked nature of next
generation Carbopols for a “controlled release” of the HIV-1 Env glycoprotein antigen,
while also taking advantage of the potential adjuvant properties of Carbopols that have also
been described [38, 39]. Carbopol 971P® NF (hereafter referred to as Carbopol971P)
homopolymer type A was selected because of its lower degree of cross-linking and resultant
lower viscosity. We also wished to determine if, upon combination with MF59,
Carbopol971P might elicit improved antibody responses in comparison to responses
generated using either Carbopol971P or MF59 alone. To do so, trimeric gp140 protein from
the HIV-1 subtype B SF162 strain was formulated in either Carbopol971P alone, in MF59
alone, or in Carbopol971P plus MF59. Gp140 protein, when formulated in Carbopol971P
plus MF59, elicited higher titers of binding and neutralizing antibodies, and higher avidity
antibodies, compared to gp140 protein adjuvanted with either MF59 or Carbopol971P alone.

MATERIALS & METHODS
Proteins, adjuvants, and monoclonal antibodies

Recombinant envelope glycoprotein (Env), gp140, was derived from the subtype B CCR5-
tropic strain HIV-1 SF162. The oligomeric gp140 protein contained a 30 amino acid
deletion in the V2 loop region, as described previously [40], and was produced in stable
CHO cell lines [40]. The gp140 protein was purified using a three-step purification process
involving Galanthus Nivalis-Agarose (GNA) affinity column, cation-exchange DEAE
column and a final ceramic hydroxyapatite (CHAP) column as described by Srivastava et al.
[41]. Purified gp140 glycoprotein was then analyzed by SDS-PAGE (for level of purity) and
immunoblots for specific reactivity (to anti-SF162 gp140 polyclonal rabbit sera). The
purified gp140 protein was homogeneous with purity of >98%. Endotoxin levels in gp140
protein was measured using Endosafe® cartridges and an Endosafe®-PTSTM

spectrophotometer (Charles River Laboratories International, Inc., Wilmington, MA), and
found to be ≤0.05 EU/immunization dose. Using Surface Plasmon Resonance (SPR;
BIAcore 3000), the binding of the gp140 protein to mAbs (b12, 2G12 and 2F5) and soluble
CD4 (sCD4) were analyzed for antigenic correctness (data not shown) as previously
described [42].

Carbopol® 971P NF (referred to as Carbopol 971P in this study) was purchased from
Lubrizol as powder and was then resuspended in 0.1 µm filtered water (Sigma) under sterile
conditions to generate a 0.5% homogenous, low viscosity suspension. The suspension was
stored at 4°C until further use. A 1:1 (v/v) mix of gp140 protein and 0.5% (w/v)
Carbopol971P (pH ≥3.0) was made for all in vitro evaluations. For administration in
animals, a 1:1 (v/v) mix of gp140 and 0.5% (w/v) Carbopol971P was first made and the
gp140 protein-Carbopol971P complex incubated for 30 minutes before addition of an equal
volume of MF59, thereby keeping the final concentration of Carbopol971P suspension
administered at 0.125% (w/v). For all Carbopol971P suspension for in vivo studies,
endotoxin levels were measured using Endosafe® cartridges and an Endosafe®-PTSTM

spectrophotometer (Charles River Laboratories International, Inc., Wilmington, MA).
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Monoclonal antibodies (mAbs) b12 [43], 2G12 [44] and 2F5 [45, 46] were purchased from
Polymun Scientific (Vienna, Austria). Soluble CD4 (sCD4) and CD4IgG2 (PRO 542) [47]
was purchased from Progenics Pharmaceuticals (Tarrytown, NY). The mAb 17b [48] was
provided by Dr. James Robinson. The mAb F425-B4e8 [49] was provided by Dr. Lisa
Cavacini.

Dynamic Light Scattering
To determine the size of Carbopol971P polymers in 0.25% (w/v) suspension, 20 µl of 0.25%
(w/v) suspension were added onto a 384-well plate and then analyzed by Dynamic Light
Scattering (DLS) using the automated DynaPro™ Plate Reader™. (Wyatt Technology
Corp., Santa Barbara, CA). For analyzing the interaction of gp140 protein with
Carbopol971P, a 1:1 (v/v) of 0.5% (w/v) Carbopol971P with 1mg/ml gp140 protein was
made and 20 µl of the gp140 protein-Carbopol971P complex (final Carbopol971P
concentration 0.25%, w/v; final gp140 protein concentration 0.5mg/ml) was added onto a
384-well plate and then analyzed by DLS as described above.

Surface Plasmon Resonance
The binding of gp140 to ~0.1% (w/v) Carbopol971P suspension (pH ~ 3–4), was measured
using surface plasmon resonance by a protocol that was described previously [50].
Responses were measured in resonance units (RU). 5000 RU of gp140 was immobilized on
a CM5 sensor chip using amine coupling. HBS-EP (pH 7.2) was used as running buffer. 30
µl of 0.1% (w/v) Carbopol971P suspension (in water) was injected at 10 µl/min. Following
injection, the dissociation was observed for 30 min before regeneration of the surface. The
data was analyzed using BIAevaluation software 4.1 and specific binding of Carbopol971P
to gp140 was determined by subtracting the mock-treated reference (control) surface from
the experimental response.

In vitro stability studies
To determine the stability of gp140 proteins upon incubation with 0.5% (w/v) Carbopol971P
suspension, we analyzed protein stability by PAGE/Western blot and ligand binding by
ELISA. 1 µg of purified gp140 protein was added to 0.5% (w/v) Carbopol971P suspension
(to make a 1:1 mixture, v/v) and incubated for 1, 2, 3 and 4 h at room temperature.
Following incubation, the samples were diluted in SDS-PAGE loading buffer and analyzed
via SDS-PAGE followed by Western blotting using anti-SF162 gp140 polyclonal rabbit
sera.

For measurements of ligand-binding using ELISA, CD4IgG2 was used as a surrogate for
CD4 receptor, mAb b12 for determining the stability of the CD4-binding site, mAb 17b for
determining CD4-induced conformational changes and mAb F425- B4e8 for determining
binding to V3 variable loop. Upon incubation of 10 µg gp140 protein with 0.5%
Carbopol971P suspension (1:1, v/v) for 3 hours at room temperature, we analyzed the
binding of the proteins to CD4IgG2, mAbs b12, 17b and F425-B4e8 using Ab D3724-based
capture ELISA, as described previously [51–53]. For testing CD4-induced 17b mAb
binding, a three-time molar excess of soluble CD4 (sCD4) was added to gp140 protein prior
to their addition to the Ab D3724-coated plates.

Rabbit immunizations
Immunization studies were conducted at Josman LLC (Napa, CA), a research facility that is
licensed through the USDA (No. 93-R-0260) and has a Public Health Service (PHS)
Assurance from the NIH (No. A3404-01). Three groups of New Zealand White rabbits (5
young adult females per group) were used in the study. Rabbits were immunized with SF162
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gp140 protein adjuvanted with either MF59 alone, Carbopol971P alone, or with
Carbopol971P plus MF59. Four immunizations were administered intramuscularly, in the
gluteus muscle (2 sites per immunization), at weeks 0, 4, 12, and 24. The protein dosage at
each immunization was 50 µg. Serum samples were prepared from blood collected prior to
the first immunization (pre-bleed) and at various time-points post each immunization (2wp2,
2wp3, 2wp4, 4wp4 and 15wp4) and analyzed for binding and neutralization.

For assessment of local reactogenicity associated with injection of 0.125% (w/v)
Carbopol971P, visual observations of skin for edema and erythema at injection sites were
performed pre-dose, immediately after immunization, and 24 h and 48 h after immunization.
General observations for any obvious clinical signs were performed immediately after
immunization, and 24 and 48 h post-immunization. Body-weights were also recorded before
the beginning of the study, before each immunization, and 24 and 48 h following each
immunization.

The study was fully approved by the Institutional Animal Care and Use Committee at
Novartis (approval no. 09 NVD 044.3.3.09) in accordance with the requirements for the
humane care and use of animals as set forth in the Animal Welfare Act, the ILAR Guide for
the care and Use of Laboratory Animals, and all applicable local, state and federal laws and
regulations.

Envelope-specific antibody ELISA and avidity measurements
Envelope-specific total antibody titers in sera from animals immunized with gp140 protein
adjuvanted with MF59, gp140 protein adjuvanted with Carbopol971P, or gp140 protein
adjuvanted with Carbopol971P plus MF59 were quantified by a standard ELISA assay using
SF162 gp140 protein, as previously described [41]. Antibody avidity index determination
was performed using an ammonium thiocyanate (NH4SCN) displacement ELISA as
described elsewhere [41].

HIV-1 neutralization assays
Virus neutralization titers were measured using a well-standardized assay employing
pseudoviruses and a luciferase reporter gene assay in TZM-bl cells [Dr. John C. Kappes, Dr.
Xiaoyun Wu and Tranzyme, Inc. (Durham, NC)] as described previously [54, 55]. Briefly, a
total of 200 TCID50 pseudoviruses/well were added to diluted serum samples and incubated
at 37°C for 1 h. Following incubation, 10,000 cells/well in DEAE-dextran-containing media
were added and incubated for 48 h at 37°C. The final concentration of DEAE-dextran was
10 µg/ml. After a 48 h incubation, 100 µl of cells was transferred to a 96-well black solid
plates (Costar) for measurements of luminescence using Bright-Glo substrate solution as
described by the supplier (Promega). Neutralization titers are the dilution at which relative
luminescence units (RLU) were reduced by 50% compared to virus control wells after
subtraction of background RLUs. HIV-1 Env pseudoviruses were prepared by co-
transfection of 293T cells with expression plasmids containing full-length molecularly
cloned gp160 env genes from a panel of HIV-1 isolates combined with an env-deficient
HIV-1 backbone vector (pSG3Δenv) using FuGENE-6 HD (Roche Applied Sciences,
Indianapolis, IN), as previously reported [55]. After 48 h, the cell culture supernatants
containing the pseudoviruses were filtered through a 0.45 µm filters and stored at −80°C
until use.

Statistical analysis
The Mann Whitney test was used to test for differences in ELISA titers and avidity indexes
between immunization groups. For all comparisons, a two-sided P value of < 0.05 was
considered statistically significant. For analysis of the ligand binding using ELISA, five
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parameter nonlinear least squares fit analysis was used, which is the asymmetric version of
the standard sigmoidal curve. The statistical differences in EC50, if any, were determined
using a paired t test. A paired t test was also used to analyze the differences in body weight
drops before and after each immunization amongst animals immunized with gp140 protein
with Carbopol971P plus MF59. Statistical analyses were performed using the analysis
software within the GraphPad Prism package 5.01.

RESULTS
Carbopol971P suspension, at low pH, directly interacts with HIV-1 SF162 gp140 protein

Intensified efforts are now underway to screen and identify new HIV-1 Envelope (Env)
glycoprotein antigens for improved elicitation of functional and neutralizing antibody
responses [1, 56–64]. These efforts undoubtedly will benefit from the testing, in parallel, of
novel adjuvant systems for their abilities to contribute to enhanced antigen-specific immune
responses. Polyanions such as Carbopols have been shown previously to improve antibody
responses and cause general immune activation [38, 39, 65, 66]. Hence, we chose to
investigate the potential usefulness of a specific Carbopol, Carbopol971P, for use as an
adjuvant for the HIV Env glycoprotein. We selected Carbopol971P, in particular, as opposed
to other more commonly used Carbopols, due to its low specific viscosity and lower cross-
linking capacity.

To generate a 0.25% (w/v) or 0.5% (w/v) Carbopol971P suspension for in vitro and in vivo
studies, Carbopol971P granular powder was added to sterile water and a homogenous
suspension prepared. Endotoxin levels and pH for all Carbopol971P suspensions generated
for in vivo studies were measured. The endotoxin content was ≤0.1EU/ml (≤0.05 EU/
immunization dose) and the pH of the suspension was ≥ 3.0. Because the Carbopol971P
suspension had an acidic pH, it was predicted that HIV-1 SF162 gp140 polypeptide, having
a pI of approximately 8.8, would be positively charged upon mixing with the Carbopol971P
and thus, the protein would directly interact or be adsorbed on the anionic surface of the
carbomer via electrostatic interactions. To determine whether it was the case, Dynamic
Light Scattering (DLS) was used to measure the size of the particles in the 0.25% (w/v)
Carbopol971P suspension and gp140 protein-Carbopol971P complex. We observed that
particles within the 0.25% (w/v) Carbopol971P suspension had a hydrodynamic diameter of
approximately 68nm. When the gp140 protein was incubated with Carbopol971P (final
concentration 0.25%, w/v), we observed particles with a significantly larger average
diameter, of approximately 86nm (Figure 1A). Surface Plasmon Resonance (SPR) analysis
was performed to demonstrate direct binding between gp140 (immobilized on CM5 sensor
chip) and low pH 0.1% (w/v) Carbopol971P (Figure 1B). We observed that under low pH
conditions, Carbopol971P directly bound gp140 with considerable fast on-rate (association).
We also saw that following the bulk drop-off after completion of the injection, the
dissociation (off-rate) of the polymer from gp140 was slow and took greater than 1.5–2 h
under physiological pH (pH 7.4 as in HBS-EP running buffer) for full-dissociation. These
results confirmed that under the acidic pH condition of Carbopol971P suspension,
positively-charged gp140 protein directly bound to the negatively-charged polyanionic
surface of the Carbopol971P matrix and form the basis of direct interaction. Importantly, we
also show that the protein was not buried inside the polymer matrix and was still available
for ligand binding as confirmed using SPR (data not shown) and ELISA (Figure 2B,
described below).

When the Carbopol971P suspension was brought to neutral pH 7, using potassium
hydroxide (KOH), and then added to HIV-1 gp140 protein to generate a gp140 protein-
Carbopol971P complex and analyzed by DLS, the average diameters of the Carbopol971P
alone (final concentration 0.25%, w/v) and gp140 protein-Carbopol971P (final concentration
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0.25%, w/v) complex were comparable (data not shown). This indicated that once the
Carbopol971P suspension was neutralized, gp140 protein did not directly interact with the
polymer matrix, an observation also previously reported by G Krashias et al. [38]. Since
direct interaction of the Env glycoprotein with the polyanionic matrix, that occurred at the
lower pH, was desired with the hope that it might facilitate antigen delivery and
immunogenicity, the previously described approach [38] was not studied here.

HIV-1 SF162 gp140 protein is stable in vitro in presence of Carbopol971P
Because the Carbopol971P suspension had low pH (≥3.0), it was important to test the
stability of the Env glycoprotein antigen under such conditions. To do so, gp140 protein was
added to the Carbopol971P suspension (final concentration 0.25%, w/v) and incubated at
room temperature and evaluated at various time-points. Following incubation, the Env
glycoprotein was analyzed by SDS-PAGE and then subjected to immunoblot analysis
(described in Materials and Methods). It appeared that the gp140 protein was stable in the
presence of Carbopol971P at pH ~3.0 for at least 4 h (Figure 2A), the longest time-point
tested here.

The integrity and stability of the Carbopol971P-adsorbed gp140 protein was further
evaluated by analyzing the ability of the protein to bind conformation-dependent anti-gp120
ligands such as sCD4 or CD4IgG2 and mAbs b12 (all binding to CD4-binding site,
CD4BS), 17b (binding to the co-receptor or CD4-induced, CD4i, binding site with enhanced
binding observed after Env binding to CD4 receptor) and F425-B4e8 (binding to V3
variable loop). For this analysis, SPR (data not shown) and ELISA methods were used
(Figure 2B). Gp140 protein was analyzed following 3 hours incubation with Carbopol971P
at room temperature. In comparison to gp140 protein alone, the gp140 protein incubated
with Carbopol971P did not show any difference in binding to CD4IgG2 or mAb b12 (Figure
2B, top panels). Moreover, the gp140 protein that was incubated with Carbopol971P also
maintained its conformational flexibility showing a CD4-dependent conformational
upregulation of binding to the CD4i-mAb, 17b, similar to the binding observed using the
control gp140 protein in presence of sCD4 (Figure 2B, bottom panel, left). The EC50s for
17b binding to gp140 (0.15 µg/ml) and gp140-Carbopol971P (0.22 µg/ml) in presence of
sCD4 varied, but were not statistically different (p>0.05). Taken together, these data
indicated that the gp140 protein was stable in the presence of Carbopol971P preserving
critical conserved epitopes involved in receptor and co-receptor binding. However, when we
analyzed the binding of anti-V3 mAb F425-B4e8 to gp140 protein alone or the gp140
protein incubated with Carbopol971P, we observed significant differences (p=0.0002) in
their EC50s (Figure 2B, bottom panel, right). While the gp140 protein bound to mAb F425-
B4e8 with EC50 of 0.14 µg/ml, the protein incubated with Carbopol971P bound the mAb
with >4-fold higher EC50 (0.6µg/ml). It is possible that the polyanionic carbomer interacted
with the protonated side chains of basic amino acids in the V3-loop region of gp140 protein
and partially masked the epitope from mAb-binding. This remains to be formally
demonstrated by further studies.

HIV-1 SF162 gp140 protein adjuvanted with Carbopol971P plus MF59 elicited higher levels
of both binding and neutralizing antibodies

Rabbit immunogenicity studies were performed to evaluate and compare the potency of
neutralizing antibody and longevity of binding antibody responses to the HIV-1 SF162
gp140 protein adjuvanted with Carbopol971P or Carbopol971P plus MF59 in comparison to
the MF59 adjuvant. Groups of 5 rabbits were immunized with 50 µg of gp140 protein in
either MF59 (group 1), Carbopol971P (group 2) or Carbopol971P plus MF59 (group 3)
adjuvants, at weeks 0, 4, 12 and 24 (Table 1). Sera were collected pre-immunization (pre-
bleed), 2-weeks post 2nd-immunization (2wp2), 2 weeks post 3rd-immunization (2wp3), 2
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weeks post 4th-immunization (2wp4), 4 weeks post 4th-immunization (4wp4), 15 weeks post
4th-immunization (15wp4) and the final bleed-out time-point for analysis.

The gp140 protein administered with MF59 adjuvant alone showed mean titers of total
binding Abs as measured by ELISA of ≦106, whereas gp140 protein with Carbopol971P
alone produced titers of half a log higher than MF59, at 2wp2 (p = 0.0317), 2wp3 (p =
0.0317) and 2wp4 (p = 0.0317) time-points (Figure 3). Even at later time-points when the
sera were evaluated, significantly higher titers of binding antibodies were observed in the
group adjuvanted with Carbopol971P than one with MF59 [4wp4 (p = 0.0317); 15wp4 (p =
0.0159)] (Figure 3). When gp140 protein was combined with the Carbopol971P plus MF59
formulation, even higher levels of binding antibodies were seen (Figure 3); half a log higher
titer in comparison to gp140 adjuvanted with Carbopol971P alone that was statistically
significant at all time-points evaluated, 2wp2 (p = 0.0317), 2wp3 (p = 0.0079), 2wp4 (p =
0.0317), and 15wp4 (p = 0.0159), except for the 4wp4 (p = 0.4206) time-point (Figure 3).
The gp140 protein adjuvanted with Carbopol971P plus MF59 formulation also generated a
log-fold higher anti-gp140 titer in comparison to gp140 protein adjuvanted with MF59
[2wp2 (p = 0.0079), 2wp3 (p = 0.0079), 2wp4 (p = 0.0079), 4wp4 (p = 0.0079) and 15wp4
(p = 0.0079)] (Figure 3). Taken together, adjuvantation using Carbopol971P plus MF59 led
to significantly increased gp140-specific binding antibody titers in comparison to
Carbopol971P or MF59 alone.

When sera were analyzed to measure the overall strength of binding of the polyclonal
antibodies to various antigenic sites on gp140 protein, i.e., avidity, the gp140 protein
adjuvanted either with MF59 or Carbopol971P alone elicited antibodies with similar
avidities (Figure 4), except at 2wp2 and 15wp4 where gp140 protein adjuvanted with
Carbopol971P alone generated higher avidity antibodies [2wp2 (p = 0.0119), 2wp3 (p =
0.2492), 2wp4 (p = 0.3443), 4wp4 (p = 0.9161) and 15wp4 (p = 0.0157)] (Figure 4).
However, when gp140 protein was delivered with Carbopol971P plus MF59, the antibodies
elicited had significantly higher avidities at almost all time-points in comparison to those
from the gp140 protein delivered with MF59 [2wp2 (p = 0.0119), 2wp3 (p = 0.0159), 2wp4
(p = 0.0119), 4wp4 (p = 0.0079) and 15wp4 (p = 0.0119)] (Figure 4) and gp140 protein
delivered with Carbopol971P groups [2wp2 (p = 0.6752, non-significant), 2wp3 (p =
0.0459), 2wp4 (p = 0.0079), 4wp4 (p = 0.0079) and 15wp4 (p = 0.0362)] (Figure 4). In all,
significantly higher avidity antibodies were generated when gp140 protein was delivered
with Carbopol971P plus MF59.

To test the ability of the gp140-specific antibodies to neutralize HIV-1 strains, the standard
luciferase-based TZM-bl assay described previously [54, 55], was used with the standard
tiered panels [54] of pseudoviruses (Figure 5). When the neutralization of Tier 1A
pseudoviruses (Figure 5A) was evaluated, in general, the 2wp4 (p4) sera showed higher
titers of virus neutralization than those seen at 2wp3 (p3), suggesting a positive impact of
the repeated boosting on virus neutralization titers in this study. Particularly, in the case of
neutralization of the “homologous” SF162. LS pseudovirus with an envelope matching the
HIV-1 SF162 subtype B vaccine strain, sera from animals vaccinated with gp140 protein
adjuvanted with Carbopol971P had ID50 titers higher [(at p3, p = 0.2222) (at p4, p =
0.0079)] than those given gp140 protein with MF59. In addition, animals vaccinated with
gp140 protein adjuvanted with Carbopol971P plus MF59 generated higher titers of
neutralizing antibodies than those vaccinated with gp140 protein with MF59 alone [(at p3, p
= 0.0079) (at p4, p = 0.0079)] or gp140 protein with Carbopol971P alone [(at p3, p =
0.0079) (at p4, p = 0.0079)] (Figure 6). For neutralization of the Tier 1A MW965.26
pseudovirus from a subtype C HIV-1 strain, at 2wp3 (p3), gp140 protein in Carbopol971P
plus MF59 generated higher titers of neutralizing antibodies than those vaccinated with
gp140 protein with MF59 alone [(at p3, p = 0.0317)] or gp140 protein with Carbopol971P

Dey et al. Page 8

Vaccine. Author manuscript; available in PMC 2013 April 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



alone [(at p3, p = 0.0317)] (Figure 6). However, the significant difference seems to be lost at
the 2wp4 (p4) time-point despite higher ID50 titers (Figure 6). For neutralization of Tier 1B
pseudovirus from the subtype B strain, Bal.26, a similar pattern was observed except that the
difference between Carbopol971P and Carbopol971P plus MF59 groups, particularly at
2wp4 was non-significant (p > 0.05) (Figure 5B, 6). For the subtype B Tier 1B pseudovirus,
SS1196.1, some low neutralizing activity was seen, primarily at 2wp4, with immune sera
from animals given gp140 protein adjuvanted with Carbopol971P alone and Carbopol971P
plus MF59. No significant neutralizing activity was measured against Tier 2 viruses using
any of the immune sera tested here in the TZM-bl assay (Figure 5C). As a negative control,
MLV was employed (Figure 5D), and it was found that none of the 2wp3 or 2wp4 sera from
the three groups neutralized MLV in a nonspecific manner validating the specificity of Env-
mediated viral neutralization in this assay.

Overall, although neutralizing antibody responses against Tier 2 viruses were not elicited by
any of the three formulations, Carbopol971P plus MF59 adjuvant generated higher
‘homologous’ and cross-subtype ‘heterologous’ neutralizing antibodies against Tier 1A
viruses. Considering the total binding and neutralizing antibody responses, it was clear that
gp140 protein adjuvanted with Carbopol971P plus MF59 elicited better humoral response
than either of the adjuvant used alone.

Carbopol 971P plus MF59 formulation was well tolerated without any adverse reaction
Different Carbopols have been used as excipient in a diverse range of pharmaceutical
products for humans as well as in veterinary vaccines, but has not yet been used in vaccines
for humans. In contrast, MF59 is a well-established, safe and effective adjuvant [19–21, 27,
67–69]. Having observed enhanced humoral responses against HIV-1 gp140 protein by
combining Carbopol971P and MF59, it was important to also assess tolerability in animals
of the Carbopol971P plus MF59 formulation. To do so, the local reactogenicity of the
vaccines was monitored at the sites of injection for signs of edema or erythema and animals
were observed for any obvious health problems following vaccination. Although mild forms
of edema and erythema were detected in a subset of rabbits at 1–2 h after and 24 h post-
vaccination, these signs disappeared at later time-points. In addition, no obvious health
problems were reported post-administration of the vaccine containing Carbopol971P and
MF59.

Body weights of the animals were also monitored as part of the evaluation. While a transient
and modest 2–4% drop in body weight was measured during the first 1–3 days following
vaccination, all animals recovered to their pre-vaccination weight and exhibited subsequent
normal increase in body mass (Figure 7A and B). In Figure 7B, we specifically looked into
differences in body weight before (measured on the day of the immunization) and after (2
and 4 days after immunization) in each animal (#11–15); we found no significant differences
(p≥0.05) in body weights before and after immunization. This observation suggested that
Carbopol971P and MF59, when administered in combination with HIV-1 gp140 protein, did
not cause any serious adverse reactions and therefore appeared to be a well-tolerated
adjuvant for vaccine evaluation in small animals such as rabbits. We also performed a
similar evaluation post-administration of the vaccine adjuvanted with Carbopol971P alone
or MF59 alone, and saw no obvious health problems or any notable effects on body weights
post-administration of the vaccines in either group (data not shown).

DISCUSSION
The relatively low immunogenicity of soluble recombinant HIV-1 envelope glycoproteins
can be attributed to multiple factors including, but not limited to, extensive glycosylation,
the variability and flexibility of accessible variable-loop regions, and conformational
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masking of key neutralizing epitopes.[70, 71]. Therefore, to surmount some of the
challenges surrounding the elicitation of a potent and protective immune response to the
HIV-1 Env via vaccination, the use of safe and effective adjuvant formulations will be
required. Here, the ability of a specific Carbopol, Carbopol971P, to adjuvant gp140 proteins
when administered either alone or with Novartis’ proprietary adjuvant, MF59, was
evaluated.

While other Carbopols have been used in veterinary vaccines such as the killed PCV
(Porcine Circovirus) 1–2 chimeric vaccine (Suvaxyn® PCV2 One Dose™), and more
recently, in pre-clinical studies using influenza HA and HIV-1 gp140 proteins [38, 39],
Carbopol971P was chosen due to its low specific viscosity and lower amount of cross-
linking. These properties might allow use at a lower percentage in suspension (0.1–0.2%, w/
v) and this particular Carbopol might be more amenable to parenteral administration. The
Carbopol971P suspension was formulated in a very specific manner, generating a low
percentage suspension and maintaining the inherent low pH, to allow surface adsorption of
antigen to potentially aid antigen adsorption and delivery. This appears to be the first
example of using Carbopol971P as an adjuvant with a viral antigen, in this case HIV-1
gp140 protein, in a vaccine setting. It is also the first study showing improvement of anti-
HIV antibody responses when Carbopol971P and MF59 are used in combination, as
adjuvants.

Overall, gp140 protein-Carbopol971P complexes were generated in a manner that was
designed to potentiate antigen delivery and adjuvanticity. In vitro, the gp140 protein was
shown to physically interact with the Carbopol971P, most likely by surface adsorption
mediated by electrostatic interactions; moreover, gp140 protein was stable in low pH
conditions in the presence of Carbopol971 as analyzed by Western blot analysis and ELISA
(Figure 2). In the Western blot (Figure 2A), we observed a relative decrease in intensity of
gp140-bands detected over time i.e., gp140 incubated with Carbopol971P for less time
(0,1h) showed higher intensity bands than those incubated for greater length of time with
Carbopol971P (>2hrs). It is possible that over time, (increased) interaction of polyanionic
carbomer with basic amino acids in the V3-loop region perturbed binding of a subset of V3-
specific antibodies in the polyclonal sera (that is predominantly V3-specific) and thus
effected full detection. This hypothesis was directly supported by decreased binding of
gp140 incubated with Carbopol971P to anti-V3 mAb F425-B4e8 in comparison to gp140
alone (Figure 2B). In addition, we did not observe any degradation or cleaved fragments in
those gp140s with lower-intensity bands (Figure 2A) and the ligand-binding analysis of
gp140 protein after 3 h incubation in Carbopol971P (Figure 2B) clearly showed that the
antigen was stable. Therefore, taken together, we believe that this was not a reflection of
instability of the protein in Carbopol.

With regard to ligand-binding, we observed no difference in binding of gp140 protein, either
alone or following incubation with Carbopol971P, to ligands directed to CD4-binding site
(CD4IgG2 and mAb b12) (Figure 2B). However, we did observe differences in binding of
the gp140 protein (alone or with Carbopol971P) to CD4i-site specific mAb 17b in presence
of sCD4 and to anti-V3 F425-B4e8. Upon non-linear regression analysis and assessment for
significant differences in their EC50s, we found that while the EC50s for 17b binding in
presence of sCD4 to gp140 (0.15 µg/ml) and gp140-Carbopol971P (0.22 µg/ml) differed,
the difference was not statistically significant (p>0.05). On the contrary, the gp140 protein
bound the mAb F425-B4e8 with statistically significant (p = 0.0002) >4-fold lower EC50
(0.14 µg/ml) than gp140-Carbopol971P (0.6 µg/ml).

Upon vaccination of rabbits, gp140 proteins adjuvanted with Carbopol971P plus MF59
generated higher antibody responses in comparison to proteins adjuvanted with
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Carbopol971P or MF59 alone. The improved humoral responses observed upon exploratory
use of Carbopol971P, particularly in the manner described, warrants further investigation
and exploration in future studies. Most licensed vaccines and adjuvant formulations in
current use have been developed empirically. But recent advances in our understanding of
innate immune receptors, target cells, and signaling pathways is now providing opportunities
for the rational design of novel adjuvants. Until 2009, before Food and Drug Administration
(FDA)’s approval of GlaxoSmithKline’s HPV-16/18 vaccine, Cervarix® that contains AS04
[72, 73], alum was the only adjuvant in licensed vaccines in the United States. However in
Europe, besides alum, several adjuvants have been part of licensed vaccines - MF59, as a
component of influenza vaccine, FLUAD®, approved in 1997 for the elderly [74–76];
AS04, as a component of HBV vaccine, Fendrix® [77] and HPV vaccine, Cervarix® [78];
and AS03, as a component of pandemic influenza vaccines, Prepandrix® and Pandemrix®
[79, 80]. Although it is not entirely clear how these adjuvants work, their abilities in
effectively stimulating innate immune responses is undeniable. Several recent studies have
identified ways in which alum may stimulate the innate immune response by activation of
inflammasome [14] or independent of the activation of inflammasome [81, 82]. Similarly,
studies involving MF59 have shown that it can serve as an antigen delivery system [10, 83]
and also as an immuno-stimulator by increasing recruitment of immune cells into the
injection site, enhancing monocyte differentiation into dendritic cells (DCs), augmenting
antigen uptake and facilitating migration of DCs into tissue-draining lymph nodes to prime
adaptive immune responses [10, 84]. As for Carbopol971P or Carbopol971P plus MF59
formulations, the mechanism of immune activation has not yet been studied. In general,
polyanions of different chemical compositions have been shown to potentiate humoral or
cellular immunity [85–89]. Specifically, reports on linear polyanions such as dextran sulfate
indicate that they can stimulate B-cells towards antibody production by substituting for the
absence of T-cell help i.e., removing the need for cellular interaction for B-cell activation
[90–92]. We observed a significant increase in antibody avidity following immunization
with gp140 in Carbopol971P plus MF59 (Figure 4). We speculate that the improved
antibody avidity may be the result of a combined effect of direct B-cell activation and
antigen delivery by the anionic polymer coupled with MF59’s ability to enhance antibody
responsiveness [93] by improved antigen presentation and increased recruitment and
activation of antigen presenting cells [11, 84]. Besides improved antibody production,
Carbopols have also been associated with T-cell responses typified by high levels of both
Th1 and Th2 cytokines [38]. Overall, this indicates that Carbopols have immuno-stimulatory
effects in addition to direct B-cell activation, possibly serving as an antigen delivery system.
Recently, this hypothesis has been supported by studies of inactivated influenza antigens in
which the use of Carbopol974P as a carrier resulted in improved kinetics and levels of IgG
titers in a dose-dependent manner [94].

Because safety is a major concern when considering new adjuvant formulations for vaccine
applications, the local reactogenicity and tolerability of Carbopol971P in vaccinated rabbits
was assessed in this study. Except for a very modest and transient weight loss in some
animals, and short-lived edema or erythema that resolved within 24 h, no serious
reactogenicity or obvious health problems were seen following intramuscular administration
of Carbopol971P formulations in rabbits. In addition, since Carbopols have been shown to
be effective toward improving immune responses in various animal species [38, 39, 65, 95,
96], it provides a useful tool for pre-clinical studies leading to clinical applications.
Therefore, Carbopol971P, in combination with MF59, as vaccine adjuvant warrants further
investigation to evaluate its full potential.
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HIGHLIGHTS

• First report of use of Carbopol (here Carbopol971P) plus MF59 as vaccine
adjuvant.

• First report of use of Carbopol971P as vaccine adjuvant to HIV gp140.

• Novel formulation of Carbopol971P to aid HIV gp140 adsorption for antigen
delivery.

• Improved antibody-responses to HIV gp140 using Carbopol971P plus MF59 as
adjuvant.
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Figure 1.
Analysis of interaction between SF162 gp140 protein and Carbopol971P. (A) Measurement
of particle size of 0.25% (w/v) Carbopol971P suspension and SF162 gp140 protein-
Carbopol971P (final concentration 0.25%, w/v) complex using Dynamic Light Scattering
(DLS). The increased size of the gp140 protein-Carbopol971P complex (average ~86nm) in
comparison to Carbopol971P alone (average ~68nm) indicates the adsorption of the
positively-charged protein at pH ≥3 on negatively-charged Carbopol. (B) Direct binding of
Carbopol971P suspension to SF162 gp140 protein immobilized on CM5 sensor chip.
5000RU of SF162 gp140 protein was covalently immobilized on sensor chip via amine
coupling and 30 µl of 0.1% Carbopol971P suspension was injected at 10 µl/min. The
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increase in RU (Resonance Unit) (see association phase) indicates binding of polyanionic
Carbopol971P at pH ≥3 to immobilized-gp140 (red line). Following injection, as pH alters
to 7.4 (running buffer HBS-EP), a bulk-drop in RU occurs (at time = 180s) followed by very
slow dissociation of the polymer from the gp140-coated surface (see dissociation phase).
The dotted grey line shows the (non-) binding of Carbopol971P suspension to mock-treated
control surface. The spikes at the beginning (time = 0s) and end (time = 180s) of injection/
association is due to differences in pH and nature of the solvent media.
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Figure 2.
Stability of SF162 gp140 protein. (A) SDS-PAGE of SF162 gp140 protein upon incubation
with 0.5% (w/v) Carbopol971P for 0 h (lane 1, control), 1 h (lane 2), 2 h (lane 3), 3 h (lane
4) and 4 h (lane 5), indicating that the protein is stable in low pH conditions in the presence
of Carbopol971P. (B) Binding of CD4IgG2 (surrogate for CD4 receptor) and anti-gp120
mAbs, b12 (CD4BS, conformational), 17b (CD4-induced, CD4i) in the presence or absence
of soluble CD4 (sCD4) and F425-B4e8 (V3 variable loop), to SF162 gp140 protein (control)
or gp140 protein upon 3 h incubation with 0.5% (w/v) Carbopol971P. A capture ELISA
using Ab D3724 was used to analyze the binding of the gp140 protein to CD4IgG2, mAbs
b12, 17b (-/+ sCD4) and F425-B4e8 (see Methods section for details). For testing CD4-
induced 17b mAb binding, a three-time molar excess of soluble CD4 (sCD4) was added to
gp140 protein prior to their addition to the Ab D3724-coated plates.

Dey et al. Page 21

Vaccine. Author manuscript; available in PMC 2013 April 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Total binding gp140 protein-specific antibodies as determined by ELISA following
immunization with gp140 protein adjuvanted with MF59, Carbopol971P or MF59 plus
Carbopol971P. ELISA mean titers ± SD of SF162 gp140 protein-specific antibodies from
animals at various time-points following immunization (2wp2, 2wp3, 2wp4, 4wp4 and
15wp4) to determine the durability of the response upon immunization of gp140 protein
adjuvanted with MF59, or Carbopol971P or Carbopol971P plus MF59. The p values for the
differences between groups at various time points are indicated.
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Figure 4.
Avidity of gp140 protein-specific antibodies as determined by ELISA following
immunization with gp140 protein adjuvanted with MF59, Carbopol971P or MF59 plus
Carbopol971P. Avidity indexes (mean ± SD) of SF162 gp140 protein-specific antibodies
from animals at various time-points following immunization (2wp2, 2wp3, 2wp4, 4wp4 and
15wp4) to determine the durability of the response upon immunization of gp140 protein
adjuvanted with MF59, or Carbopol971P or Carbopol971P plus MF59. The p values for the
differences between groups are indicated.
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Figure 5.
(A–D): Analysis of breadth by neutralization of HIV-1 pseudoviruses in TZM-bl cells by
2wp3 (p3) and 2wp4 (p4) sera from animals immunized with gp140 protein adjuvanted with
MF59, Carbopol971P or Carbopol971P plus MF59. ID50 neutralization titers are shown for
the following viral isolates: (A) SF162.LS, MW965.26, (B) Bal.26, .SS1196.1, (C) 6535.3,
QH0692.42 and RHPA45259.7. The subtypes of the viruses are highlighted in parenthesis.
Neutralization of (D) MLV is shown here as a control.
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Figure 6.
ID50 titers of sera from animals immunized with gp140 protein adjuvanted with MF59,
Carbopol971P, or Carbopol971P plus MF59. ID50 neutralization titers in TZM-bl cells, are
indicated against the two Tier 1A (SF162.LS and MW965.26) and one Tier 1B (Bal.26)
viruses. The subtypes are indicated in parenthesis. P values for the differences between
groups, at 2wp3 (p3) and 2wp4 (p4), in MF59, Carbopol971P or Carbopol971P plus MF59
are listed in the table below.
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Figure 7.
Body weights of animals following immunization. (A) Changes in percentage (%) body
weight of animals immunized with gp140 protein adjuvanted with Carbopol971P plus MF59
to highlight no adverse reactivity or no obvious health problems (NOHP) upon use of
Carbopol971P plus MF59 during vaccination. The grey arrows highlight the four
immunization time-points. Data for the other two groups, using MF59 only or Carbopol971P
only, are similar and show no adverse reactivity and NOHP (not shown). (B) Changes in
body weight (in kg) in five animals (#11, 12, 13, 14, 15) monitored before (indicated by
black arrow) immunization with gp140 protein adjuvanted with Carbopol971P plus MF59
and two time-points after the immunization. Although subtle drops in body weights were
observed, particularly after 3rd immunization, the differences were not statistically
significant (p≥0.05).
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Table 1

Evaluation of HIV-1 SF162 gp140 protein-adjuvant combinations in rabbits Group 1 immunized with gp140
protein adjuvanted with MF59, group 2 immunized with gp140 protein adjuvanted with Carbopol971P and
group 3 immunized with gp140 protein adjuvanted with Carbopol971P plus MF59.

Group
(n=5)

Immunogen Dose
(µg)

Adjuvant Time
(weeks)

1 Gp140 protein 50 MF59 0, 4, 12, 24

2 Gp140 protein 50 Carbopol971P 0, 4, 12, 24

3 Gp140 protein 50 Carbopol 971P + MF59 0, 4, 12, 24
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