
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=khvi20

Human Vaccines

ISSN: 1554-8600 (Print) 1554-8619 (Online) Journal homepage: https://www.tandfonline.com/loi/khvi19

Effect of Alternative Aluminum Adjuvants on the
Absorption and Immunogenicity of HPV16 L1 VLPs
in Mice

Michael J. Caulfield, Li Shi, Su Wang, Bei Wang, Timothy W. Tobery, Henryck
Mach, Patrick L. Ahl, Jayme L. Cannon, James C. Cook, Jon H. Heinrichs &
Robert D. Sitrin

To cite this article: Michael J. Caulfield, Li Shi, Su Wang, Bei Wang, Timothy W. Tobery, Henryck
Mach, Patrick L. Ahl, Jayme L. Cannon, James C. Cook, Jon H. Heinrichs & Robert D. Sitrin (2007)
Effect of Alternative Aluminum Adjuvants on the Absorption and Immunogenicity of HPV16 L1 VLPs
in Mice, Human Vaccines, 3:4, 139-145, DOI: 10.4161/hv.3.4.4309

To link to this article:  https://doi.org/10.4161/hv.3.4.4309

Copyright © 2007 Landes Bioscience

Published online: 01 Jul 2007.

Submit your article to this journal 

Article views: 3640

View related articles 

Citing articles: 9 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=khvi20
https://www.tandfonline.com/loi/khvi19
https://www.tandfonline.com/action/showCitFormats?doi=10.4161/hv.3.4.4309
https://doi.org/10.4161/hv.3.4.4309
https://www.tandfonline.com/action/authorSubmission?journalCode=khvi20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=khvi20&show=instructions
https://www.tandfonline.com/doi/mlt/10.4161/hv.3.4.4309
https://www.tandfonline.com/doi/mlt/10.4161/hv.3.4.4309
https://www.tandfonline.com/doi/citedby/10.4161/hv.3.4.4309#tabModule
https://www.tandfonline.com/doi/citedby/10.4161/hv.3.4.4309#tabModule


©2
007

 LA
ND
ES 
BIO

SCI
EN
CE.
 DO

 NO
T D
IST
RIB
UT
E.

[Human Vaccines 3:4, 139-146, July/August 2007]; ©2007 Landes Bioscience

Michael J. Caulfield1,*
Li Shi2 
Su Wang1

Bei Wang2

Timothy W. Tobery1,†

Henryck Mach2

Patrick L. Ahl2

Jayme L. Cannon2

James C. Cook1

Jon H. Heinrichs1

Robert D. Sitrin3

1Vaccine & Biologics Research; 2Vaccine Pharmaceutical Research; 3Bioprocess & 
Bioanalytical Research; Merck Research Laboratories; West Point, Pennsylvania

†Current address: Clinical Research and Biometrics; The Procter & Gamble 
Company; Cincinnati, Ohio USA

*Correspondence to: Michael J. Caulfield; Vaccine & Biologics Research; 
Merck Research Laboratories; 770 Sumneytown Pike; West Point, PA 19486;  
Tel.: 215.652.3402; Fax: 215.652.2142; Email: michael_caulfield@merck.com

Original manuscript submitted: 02/16/07
Manuscript accepted: 04/05/07

Previously published online as a Human Vaccines E-publication:
http://www.landesbioscience.com/journals/vaccines/abstract.php?id=4309

Key words

HPV, vaccine, aluminum adjuvant

Acknowledgements

The authors thank Dr. Stanley Hem for kindly 
providing assistance with TEM measurement 
and for valuable discussions and Joseph 
Antonello for statistical analyses. We also  
thank Janine Bryan, Marian Wentworth, 
Richard Haupt, Marie-Liesse Le Corfec and 
Eliav Barr for critical review of the manuscript 
and Jean Luo, David S. Thiriot, L Kareen 
Porter, for help with the characterization 
experiments.

Research Paper  

Effect of Alternative Aluminum Adjuvants on the Absorption  
and Immunogenicity of HPV16 L1 VLPs in Mice

Abstract
Aluminum adjuvants are commonly used in prophylactic vaccines to enhance antigen 

immunogenicity through induction of high‑titer antibody responses. Three major forms 
of aluminum adjuvants with substantially different physical and chemical properties 
have been described: aluminum phosphate (AlPO4), aluminum hydroxide (AlOH) and 
amorphous aluminum hydroxyphosphate sulfate (AAHS). Here we describe the effect of 
these different aluminum adjuvants on the formulation and subsequent immunogenicity 
in mice of virus‑like particles (VLPs) consisting of the L1 protein of Human Papillomavirus 
(HPV) Type 16. Electron microscopy demonstrated that the physical appearance of the 
phosphate‑containing aluminum adjuvants was markedly different from that of aluminum 
hydroxide. All three aluminum adjuvants were found to display unique surface charge 
profiles over a range of pH, while AAHS demonstrated the greatest inherent capacity for 
adsorption of L1 VLPs. These differences were associated with differences in immunoge‑
nicity: anti‑HPV L1 VLP responses from mice immunized with AAHS‑formulated HPV16 
vaccine were substantially greater than those produced by mice immunized with the 
same antigen formulated with aluminum hydroxide. In addition, HPV L1 VLPs formulated 
on AAHS also induced a substantial interferon‑gamma secreting T cell response to L1 
peptides indicating the potential for an enhanced memory response to this antigen. These 
results indicate that the chemical composition of aluminum adjuvants can have a profound 
influence on the magnitude and quality of the immune response to HPV VLP vaccines.

Introduction
Cervical cancer is among the most common carcinomas in women worldwide,1 causing 

approximately 274,000 deaths annually.2 Human papillomavirus (HPV) infection causes 
virtually all cases of cervical cancer. HPV infection also causes earlier dysplastic lesions of 
the cervix, vagina and vulva, as well as, in women and men, genital warts.1,3,4 Of the 40 
genital HPV types, four cause the majority of HPV‑related disease: HPV 16 and HPV 18 
cause 70% of cervical cancer and its immediate precancerous precursors, cervical intraepi-
thelial neoplasia grade 3 (CIN 3) and adenocarcinoma in situ (AIS), as well as a similar 
proportion of HPV‑related vulvar and vaginal cancers; HPV 6 and HPV 11 cause 90% 
of genital warts cases. Altogether, HPV6/11/16/18 cause 35–50% of early cervical lesions 
(CIN1) that often lead to abnormal pap smears and subsequent follow‑up.

Universal prophylactic vaccination represents the most efficient way to eradicate 
infectious diseases. For HPV, an effective prophylactic vaccine that targets the four most 
important HPV types (HPV 6, 11, 16 and 18) will substantially reduce cervical cancer 
rates and the general disease burden associated with HPV infection.

Preventing HPV related disease is therefore a major public health objective and research 
on vaccines has been very active over the past 15 years. Experiments using species‑specific 
papillomaviruses demonstrated that neutralizing serum antibodies against the L1 major 
capsid protein protect animals from infection.5,6 These data suggested that vaccines  
that induce potent anti‑HPV L1 antibody responses may protect humans against HPV 
infection and disease.

Vaccines consisting of virus like particles (VLPs) that are composed of the L1 major 
capsid protein of individual HPV types have been developed. Prophylactic administra-
tion of a quadrivalent HPV (Types 6, 11, 16, 18) L1 VLP vaccine (GARDASIL®, Merck 
& Co., Inc., Whitehouse Station, NJ, USA) has been shown to induce type‑specific  
immunity7,8 and to protect young women from development of cervical cancer, CIN 2/3, 
AIS, and genital warts caused by vaccine HPV types.9 This vaccine has been licensed in 
several countries.
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Because the risk for HPV infection peaks in the late teens or 
early twenties and remains as long as individuals are sexually active, 
prophylactic HPV vaccines must preferably be administered in early 
adolescence and confer long‑term protection. To date, the protective 
efficacy of the HPV L1 VLP vaccines has been shown to persist for 
at least five years. The longer term duration of protection generated 
by these vaccines has not been defined. While the protective effi-
cacy of HPV L1 VLP vaccines is associated with the development 
of potent neutralizing anti‑HPV responses, the high efficacy of the 
vaccines has precluded definition of the minimum anti‑HPV levels 
that confer protection from infection and disease caused by vaccine 
HPV types. Nevertheless, it has been hypothesized that high levels 
of anti‑HPV antibody in serum may translate into prolonged persis-
tence of protection.

Antibody responses to HPV antigens can be enhanced using 
adjuvants. More than 100 compounds or formulations exhibiting 
adjuvant properties have been described;10 however, all adjuvants in 
widespread use in humans are mineral‑based compounds containing 
aluminum. A key element of the mechanism by which aluminum 
adjuvants enhance immune responses is their ability to provide 
a depot effect to concentrate antigens for slow release to antigen 
presenting cells.11 Aluminum adjuvants have also been used to 
deliver costimulatory molecules such as interleukin‑12.12,13 Three 
major forms of aluminum adjuvants with substantially different 
physical and chemical properties are in clinical use. The first type, 
aluminum hydroxide (AlOH) carries a net positive charge at neutral 
pH.14 The second, aluminum phosphate (AlPO4) has a net negative 
charge at neutral pH,15,16 and the third type, which is proprietary to 
Merck, is amorphous aluminum hydroxyphosphate sulfate (AAHS) 
and carries approximately zero charge at neutral pH.

Here we examine immune responses to HPV L1 VLP type 16 
when adsorbed onto three different aluminum‑containing adjuvants, 
AAHS, AlOH and AlPO4. We demonstrate that AAHS has unique 
properties that result in a higher capacity for adsorption of HPV L1 
VLPs under physiological formulation conditions. In addition, mice 
immunized with HPV 16 L1 VLPs adsorbed onto AAHS generated 
significantly higher antibody titers than mice immunized with VLPs 
adsorbed to aluminum hydroxide. Furthermore, AAHS‑formulated 
HPV vaccine induced a substantial cellular response as measured by 
IFNg secreting T cells reactive with L1 peptides.

Materials and Methods
Adjuvants. Aluminum hydroxide (Alhydrogel) and aluminum 

phosphate (Adju‑Phos®) were purchased from Benntag Biosector A/S 
(Frederikssund, Denmark). The aluminum hydroxide and aluminum 
phosphate for EM studies were obtained from E.M. Sergeant Co. 
(Clifton, NJ). Amorphous aluminum hydroxyphosphate sulfate adju-
vant (AAHS) was obtained from the Merck Manufacturing Division, 
West Point, PA. It is prepared by precipitation of alum with sodium 
hydroxide. Adjuvant concentration was calculated on the basis of 
aluminum (Al3+) content. The aluminum concentration in each of 
the vaccine formulations was 450 mg/ml. The final aluminum dose 
per injection in animal studies was 22.5 mg in a volume of 50 ml.

Electron microscopy of aluminum adjuvants. Aluminum adju-
vants were diluted using double‑distilled water and then sprayed on 
a grid surface for freeze drying prior to electron microscopy (EM). 
Each sample was prepared in duplicate and a broad area of each grid 
was scanned. Photomicrographs were obtained from representative 
microscopic fields and the microstructures of the different aluminum 

adjuvants were evaluated visually. Duplicate samples displayed 
similar microscopic features, therefore, only one photomicrograph 
for each sample is shown.

Aluminum adjuvant surface charge analysis. Surface charge of 
the aluminum adjuvants were determined by measuring the voltage 
values of the particle‑surface‑zeta potential using a Malvern Zetasizer 
3000 instrument (Malvern Instruments, Inc., Southborough, MA). 
The adjuvant samples were diluted with buffers of fixed salt concen-
tration or ionic strength with pH ranging from pH 4 to pH 9 
adjusted by a combination of acetic acid and Tris buffer or Tris buffer 
alone. Each profile reported is a representative curve of multiple 
measurements at different times using separate batches of aluminum 
adjuvants. Each zeta potential value reported is the average of five 
replicates.

HPV16 L1 VLPs. The major capsid protein, L1, of HPV type 16 
was expressed intracellularly at high levels as a recombinant protein 
in a galactose‑inducible Saccharomyces cerevisiae expression system, as 
described previously.17 The purified product (greater than 97% L1 
protein purity), was subjected to a disassembly/reassembly processes 
to generate uniform VLPs with improved antigenicity and storage 
stability.18 HPV16 L1 VLPs, 4 mg/ml, were formulated with each of 
the three aluminum adjuvants at 450 mg/ml in 0.3 M NaCl, 10 mM 
histidine (pH ~6.5), 0.015% polysorbate 80.

Adsorption capacity of aluminum adjuvants for HPV L1 VLPs. 
HPV L1 VLPs were adsorbed on aluminum adjuvants by mixing 
the antigen with aluminum adjuvants at a desired mass ratio in  
0.5 M NaCl, 20 mM histidine (pH ~6.5), and 0.02% Polysorbate 80.  
The aluminum adjuvanted VLPs were allowed to completely settle 
at 4˚C. The resulting supernatant was analyzed using UV absorp-
tion against a control VLP sample without aluminum adjuvant to 
determine unbound protein content. UV absorbance spectra were 
measured at ambient temperature using an HP 8452A diode array 
spectrophotometer and a cuvette with a pathlength of 1 cm. The 
protein concentration was calculated using a multi‑component anal-
ysis of second derivative near‑UV spectra as reported previously.19

Animals. Mice were purchased from Charles River Laboratories 
(Raleigh, NC) and housed in Microisolator cages in the animal 
facility at Merck Research Laboratories (MRL), West Point, PA. 
Mice were generally 6–8 weeks of age at the start of experiments. 
Mice, under anesthesia, were immunized intramuscularly into the 
anterior tibialis muscle with 50 ml volumes of formulated vaccine 
containing 22.5 mg of aluminum and either 2 or 0.2 mg of protein 
per dose on days 0 and 21. Serum samples were collected on days 28 
and 42 for analysis of anti‑HPV16 L1 VLP antibody (ELISA) and 
spleen cells were collected from a subset of mice for ELISPOT assays. 
All studies were approved by the Institutional Animal Care and Use 
Committee.

DNA vaccine construction. The gene for the major capsid 
protein L1 of HPV type 16 was subcloned into the V1Jns expression 
vector as previously described.20 Plasmid DNA used for immuniza-
tion was purified from E. coli DH5a cells by a modified alkaline lysis 
procedure, and DNA was further purified by ultracentrifugation on 
two sequential CsCl2 gradients.

Anti‑HPV16 L1 ELISA (total and isotype‑specific antibodies). 
Ninety‑six well MaxiSorp™ plates (Nunc, Rochester, NY) were 
coated with 50 ml/well of the yeast cell derived HPV16 L1 VLPs in 
phosphate‑buffered saline (PBS, pH 7.5) overnight at 4°C. Plates were 
washed 3x with PBS containing 0.05% Tween‑20 (Sigma, St. Louis, 
MO) and then blocked with 200 ml/well of 1% BSA (Sigma) in 
PBS (blocking buffer) for 2 h at room temperature. Five‑fold serial 
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dilutions were made for each serum sample (in duplicate) in eight 
consecutive wells of the plate and these were then incubated overnight 
at 4˚C. After three wash cycles with PBS (using a TiterTech plate 
washer), horseradish peroxidase (HRP)‑conjugated goat anti‑mouse 
immunoglobulin reagents specific for total mouse IgG, or for mouse 
IgG1 or IgG2a (Southern Biotechnology Associates, Birmingham, 
AL) were diluted in blocking buffer and added to the plate (50 ml/
well). Following incubation at room temperature for 2 h, the plates 
were washed 6 times and then 60 ml/well of TMB substrate (Pierce, 
Rockford, IL) was added to each well for color development. After 
30 min incubation at room temperature, the reaction was stopped 
by the addition of 60 ml/well of 2N H2SO4. Optical densities were 
read at 450 nm using a Molecular Devices microplate reader. Data 
were analyzed using the Softmax computer program (version 2.32) 
(Molecular Devices, Menlo Park, CA). Endpoint antibody titers 
were calculated as described previously.13 The three aluminum 
adjuvants were statistically compared with regard to their ability to 
elicit anti‑HPV 16 L1 IgG responses in mice. An ANOVA model 
was applied to the log transformed anti‑HPV 16 L1 IgG titers. The 
log transformation was applied to better satisfy the normality and 
homogeneity of variance assumptions. Pairwise comparisons among 
the adjuvants were performed using Tukey’s studentized range test.

Peptides. Peptides consisting of 20 amino acid residues in length 
(20‑mers), that overlapped the adjacent peptide sequences by  
10 amino acids, and represented the entire amino acid sequence of 
the HPV16 L1 protein were purchased from Chiron Technologies 
(Raleigh, NC). A nine amino acid peptide (YYHAGTSLR) repre-
senting a recently identified CD8 epitope21 was purchased from 
SynPep (Dublin, CA). Each peptide was solubilized in 100% DMSO 
at 20 mg/ml. Stocks of individual peptides or peptide pools were 
made in 100% DMSO at a final concentration of 400 mg/ml for each 
peptide. Peptides and peptide pools were used at a final concentra-
tion of 2 mg/ml for each peptide in the ELISPOT assay.

ELISPOT assay for IFNg production. Spleen cells from immu-
nized mice were assayed for their ability to secrete IFNg during 
in vitro restimulation with antigenic peptides using a modified 
ELISPOT assay.22 Briefly, 96‑well polyvinylidine difluoride (PVDF)‑ 
backed plates (MAIP NOB 10; Millipore, Bedford, MA) were 
coated with antibody to IFNg, (clone R4‑6A2; Pharmingen), washed 
three times with PBS, and then blocked with RPMI‑1640 medium 

containing 10% heat‑inactivated FBS. Cells were cultured at 5 x 105 

per well in 0.1 ml of medium for restimulation with the newly 
identified 9‑mer CD8 peptide, or with a pool of overlapping 20mer 
peptides covering the entire amino acid sequence of HPV16 L1 as 
described previously.21 As a control, an identical concentration of 
DMSO was added to medium not containing stimulatory peptides. 
After 18–24 hr incubation at 37°C, the plates were washed 6x with 
PBS containing 0.005% Tween 20. Plates were then incubated 
with biotinylated anti‑mouse IFNg (clone XMG1.2; Pharmingen). 
The plates were washed six additional times before the addition of 
Streptavidin‑AP conjugate (Pharmingen). After three washes with 
PBS‑Tween and three washes with PBS, spots were developed with 
a one‑step NBT/BCIP reagent (Pierce). Spots were counted using a 
stereomicroscope.

Results
Physical properties of three types of aluminum adjuvants. 

Preparations of aluminum hydroxide (AlOH), amorphous aluminum 
hydroxyphosphate sulfate (AAHS), and aluminum phosphate 
(AlPO4) were analyzed by electron microscopy to evaluate differences 
in the micro‑structural appearance that may affect adjuvant perfor-
mance in vaccine formulations. Transmission electron micrographs  
(Fig. 1) demonstrate a profound structural and morphological differ-
ence between aluminum hydroxide, which is crystalline in nature 
and forms linear strands, and the remaining two adjuvants (AAHS 
and AlPO4), which form an amorphous mesh. The unique crystal-
line morphology of aluminum hydroxide is seen with different source 
materials, including Alhydrogel® and Rehydrogel®.15,16

The three aluminum formulations were also evaluated for surface 
charge properties across a wide range of pHs as shown in Figure 2.  
All three aluminum adjuvants differ significantly in the point of zero 
charge (PZC) with values of approximately 5, 7 and 10 (AlPO4, 
AAHS and AlOH, respectively). As a result of the inherent PZC 
differences, the surface charge of these adjuvant particles are also 
dramatically different when prepared in a neutral (pH 7) solution; 
aluminum phosphate bears a negative charge and aluminum  
hydroxide a positive charge (approximately ‑20 and +30 mVolts, 
respectively) while AAHS has essentially no charge under these 
conditions.

Figure 1. Electron micrographs of aluminum adjuvants AlOH, AAHS and AlPO4. Bar indicates 50 nm scale.
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To determine the potential impact of adjuvant‑property differ-
ences on antigen‑binding capacity, adsorption titrations were carried 
out for all three aluminum adjuvants using L1 VLPs from HPV16 as 
the test antigen. The results (Fig. 3) revealed that they differ substan-
tially in their capacity for adsorption of HPV16 L1 VLPs at neutral 
pH (typically used in vaccine formulations) with AAHS exhibiting 
a substantially higher binding capacity than the other two alumi-
num‑containing adjuvants. All three adjuvants bound 100% of the 
VLP protein at lower HPV/aluminum ratios. However, as the HPV/
aluminum ratio increased, an apparent separation between AAHS 
and the other two adjuvants was observed. The AlOH and AlPO4 
preparations were rapidly saturated with protein at HPV/aluminum 
ratios of approximately 2 and 2.5, respectively, whereas the AAHS 
adjuvant did not approach saturation until approximately twice this 
level was achieved. Presumably, these differences are due to surface 
charge dissimilarities. These results demonstrate a clear advantage in 
the binding capacity of AAHS for HPV16 L1 VLPs when compared 
to both AlOH and AlPO4 formulations.

Aluminum adjuvant effect on total anti‑HPV16 L1 VLP 
responses. HPV16 L1 VLP vaccines formulated with AAHS, AlPO4 
or AlOH were then evaluated for their ability to induce potent 
antibody responses in mice. Three weeks after the second dose of 
vaccine, geometric mean antibody titers (GMT) to L1 were found to 
be 3.2‑fold higher in serum from mice immunized with L1 formu-
lated with AAHS, and 2.2‑fold higher in mice immunized with L1 
formulated with AlPO4, compared with mice that had received the 
same VLPs formulated with AlOH (Fig. 4; p < 0.01 and p = 0.06, 
respectively). The serum antibody responses induced by immuniza-
tion of mice with AAHS or AlPO4 formulated antigen were not 
significantly different.

We next examined the relative titers of IgG1 and IgG2a in sera 
from mice immunized with AAHS‑adjuvanted HPV16 L1 vaccine, 
as the ratio of these antibody isotypes reflects the induction of a 
TH2 versus a TH1 immune response. As shown in Table 1, a dose 

dependent response was observed with approximately a 2.6‑fold 
higher total IgG geometric mean antibody titer in the 2 mg group 
compared to the 0.2 mg group. This effect was independent of  
adjuvant concentration as the aluminum adjuvant dose was consistent 

Figure 2. Surface charge profiles of different aluminum adjuvants. Aluminum 
adjuvant particles were diluted to 15 mg/ml and then analyzed by measur‑
ing the voltage values of the particle surface zeta potential under conditions 
of fixed total salt concentration. The pH of each sample was pre-adjusted 
with a buffer of the desired pH with an identical salt concentration.

Figure 3. Binding capacity of different aluminum adjuvant to HPV16 VLPs. 
HPV16 VLPs were slowly added to aluminum adjuvant solutions with the 
desired VLPs/aluminum (w/w) ratio as indicated. All final formulations for 
each data point were prepared under a single solution condition with 0.5 M 
NaCl, 20 mM histidine, and 0.02% Polysorbate 80 at pH ~6.5.

Figure 4. Antibody response to HPV16 L1 formulated on different aluminum 
adjuvants. BALB/c mice were injected intramuscularly on days 0 and 21 
with 0.2 mg of HPV16 L1 VLPs formulated with aluminum hydroxyphos‑
phate sulfate (AAHS), aluminum phosphate (AlPO4) or aluminum hydroxide 
(AlOH). Sera collected from 10 mice per group at day 42 (three weeks post 
dose two) were tested by ELISA for IgG antibody titers to HPV16 L1 VLPs. 
Individual titers are indicated by the open circles. Geometric mean titers for 
each adjuvant are indicated by the cross bars. The intervals encompassing 
the GMTs correspond to Tukey’s studentized range test in that non-overlap‑
ping intervals between adjuvants indicate statistically significant differences 
between adjuvants at the 0.05 significance level. Compared to the AlOH 
group, titers were statistically significantly higher for the AAHS group  
(p < 0.01) and nearly statistically significantly higher for the AlPO4 group 
(p = 0.06).
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for both groups. At the high antigen dose, the responses to HPV16 
L1 formulated with AAHS predominantly consisted of antibodies of 
the IgG1 isotype, indicative of a TH2 response.

Induction of IFNg T cell responses to HPV VLPs. The ability 
of AAHS‑formulated HPV 16 L1 VLP vaccine to induce a cellular 
response was evaluated by measuring stimulation of IFNg secreting  
T cells in an ELISPOT assay. As a positive control, we also immu-
nized mice with a DNA construct encoding the L1 gene. DNA 
immunization is known to be a potent inducer of cellular immunity, 
although it only weakly stimulates antibody responses. The results 
shown in Table 2 demonstrate that HPV16 L1 VLPs formulated on 
AAHS were able to induce a substantial CD4 T cell response to L1 
peptides as measured using the IFNg ELISPOT assay. This result 
was somewhat unexpected since previous reports have indicated that 
induction of IFNg T cell responses to VLPs occurred only in the 
absence of AlOH.23 Only a modest ELISPOT response to the CD8 
epitope was seen in mice immunized with VLPs whereas a strong 
response to this peptide was observed in the positive control group 
immunized with the HPV16 L1 DNA vaccine.

Discussion
Despite over 70 years of use as vaccine adjuvants, the physico-

chemical properties underlying the immune‑stimulating effects 
of aluminum‑containing adjuvants have not been fully defined. 
Nevertheless, aluminum adjuvants remain the predominant immune 
modulators in use in approved vaccines. It is believed that immune 
stimulation caused by aluminum‑containing adjuvants is predomi-
nantly due to their direct stimulation of antigen presenting cells, 
as well as their ability to form an antigen depot at the site of  
injection.24 Recently however, the concept that antigen persists 
for long periods of time at injection sites has been challenged.11 
Regardless of the mechanism of adjuvanticity, it has long been 
recognized that aluminum adjuvants are strong inducers of TH2, 
antibody‑mediated, immune responses, but only poorly stimulate 
cell‑mediated immunity.25

The ability of an antigen to induce a potent, long‑lasting immune 
response is dependent on the form of aluminum adjuvant used for the 
selected antigen, probably due both to the adjuvant’s relative ability 
to adsorb and slowly release the antigen, as well as its immunostimu-
latory properties with the selected formulation. Merck Aluminum 
Adjuvant (AAHS) is a proprietary aluminum hydroxyphosphate 
sulfate formulation that is both physically and functionally distinct 
from traditional aluminum phosphate and aluminum hydroxide 
adjuvants. At a macromolecular level, AAHS is structurally related to 
aluminum phosphate as it forms an amorphous mesh‑like structure. 

In contrast, aluminum hydroxide adjuvants form highly crystalline 
structures. These structural differences might potentially impact the 
ability of an adjuvant to form an antigen depot as well as its intrinsic 
capacity to stimulate antigen presenting cells.

Adsorption of proteins to aluminum adjuvants has been described 
as involving at least two separate processes. One of these is a 
ligand‑exchange interaction, primarily occurring between phosphate 
groups on protein antigens and the aluminum atom on the adjuvant. 
A second mechanism is an electrostatic interaction between proteins 
and charged groups on the adjuvants.25 However, antigen adsorption 
on aluminum adjuvants is a highly complex process. Overall,  
hydrophobic interactions, hydrogen bonding, ionic charge, and van 
der Waals forces can all influence antigen binding to aluminum 
adjuvants. AAHS bears a nearly zero charge at neutral pH, whereas 
both aluminum phosphate and aluminum hydroxide are strongly 
charged at neutral pH. The net charge of these two adjuvants likely 
impacts both their ability to bind antigen as well as the release of 
that antigen following injection into the host and exposure to serum 
fluids which are likely to approximate a neutral pH. These adjuvants 
also differ in their rate of dissolution in interstitial fluid in vitro 
and in vivo.26 Aluminum phosphate has been shown to dissolve  
relatively quickly whereas aluminum hydroxide is difficult to dissolve 
in vitro27 and can persist for long periods of time in vivo.28 Regardless 
of the mechanism of binding of antigen, it is clear that AAHS has 
an increased capacity for adsorption of L1 VLPs with essentially 
100% of protein bound as formulated in these studies. In this study 
however, the HPV VLPs were completely bound to all three forms of 
adjuvant. Therefore, the differences observed in the immunogenicity 
of these three formulations is likely due to the inherent properties 
of these adjuvants rather than simply a function of their binding  
capacities. Nevertheless, the enhanced binding capacity displayed 
by AAHS would allow for higher concentrations of VLP proteins or 
additional serotypes of HPV to be included in a vaccine formulation 
without the delivery of additional aluminum. In addition, HPV 
VLPs have been shown to be highly stable following disassembly 
and reassembly when formulated with AAHS with essentially no loss 
in potency observed for HPV16 VLPs following three months of  
incubation at 37˚C.29

Table 2	 Effect of HPV16 L1 VLP dose on the T cell 		
	 response (IFNg ELISPOT) to HPV L1 peptidesa

	 IFNg SFCs / 106 spleen cells
	 Immunogen	 Adjuvant	 Anti‑HPV16 	 CD8 peptide	 L1 Peptide  
			   L1 (antibody		  pool  
			G   MT)		  (20 mers)
	 HPV16 L1 VLP
	 0.2 mg	 AAHS	 106,779	 2	 13
	 2.0 mg	 AAHS	 251,220	 12	 100
	 HPV16 L1  
	 DNA
	 100 mg	 none	 4,092	 302	 310

aSpleen cells from BALB/c mice injected intramuscularly on days 0 and 21 with the indicated dose of HPV16 
L1 VLPs or with a plasmid DNA vaccine encoding HPV16 L1 were harvested at day 28 (1 week post‑dose 2) 
for evaluation in the IFNg ELISPOT assay. Responses were elicited by stimulation with either a known CD8 
peptide (L1 aa 34‑42) or with 2 mg per ml of a pool of 20 mer HPV16 L1 peptides. ELISPOT results are 
expressed as the geometric mean responses from four mice per group tested individually whereas antibody 
titers (total IgG) are geometric‑mean titers (GMTs) for sera collected from 10 mice per group at day 28. 
Spleen cells from mice immunized with the DNA vaccine serve as a positive control for the ELISPOT assay.

Table 1	 Effect of HPV16 L1 VLP dose on the isotype 
	 distribution of the IgG antibody response  
	 to HPV16 L1 VLPsa

			   Anti‑HPV16 L1 Antibody (GMT)
	HPV16 L1	 Adjuvant	 Total IgG	 IgG1	 IgG2a	 Ratio  
	 VLP					     IgG2a/IgG1
	 0.2 mg	 AAHS	 1,322,275	 20,492	 54,707	 2.7
	 2.0 mg	 AAHS	 3,494,667	 907,102	 5,028	 0.01

aBALB/c mice were injected intramuscularly on days 0 and 21 with the indicated dose of HPV16 L1 VLPs 
formulated with AAHS (22.5 mg per dose). Antibody titers were measured by ELISA from sera collected at 
week 6 (three weeks post‑dose 2) to detect total IgG or isotype‑specific responses (IgG1 or IgG2a). 
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A second HPV vaccine is currently in development 
(GlaxoSmithKline, Rixensart, Belgium) which contains just two 
HPV types rather than the four types in GARDASIL®. This vaccine 
is formulated with a modified aluminum based adjuvant, ASO4. 
This adjuvant is a combination of aluminum hydroxide (AlOH) and 
a detoxified salmonella endotoxin, monophosphoryl lipid A (MPL). 
A recent publication by Giannini et al.19 compared the immune 
response to L1 VLPs from types 16 and 18 formulated with ASO4 
versus VLPs formulated on aluminum hydroxide alone. The results 
of the study showed differences in immune response to L1 VLPs 
when MPL was added to aluminum hydroxide, but did not address 
the question as to whether a different aluminum adjuvant might 
elicit different (i.e., better) responses to HPV L1 VLPs than VLPs 
formulated with AlOH.

In this study we show that immunization of mice with 
AAHS‑formulated HPV 16 L1 VLP vaccine induced a 3.2 fold 
increase in the anti‑L1 antibody titers (measured three weeks post 
dose two) compared to the same antigen formulated with AlOH. 
In both groups of animals, 22.5 mg of aluminum adjuvant was used 
along with 0.2 mg of L1 VLPs. Similarly, Giannini et al.30 compared 
the adjuvant effects of AlOH and ASO4, an AlOH adjuvant also 
containing MPL, on VLP immunogenicity. In their murine study,  
2 mg each of HPV16 and HPV18 VLPs were formulated with either 
50 mg of AlOH or 50 mg of AlOH plus 5 mg MPL. They reported 
that on days 14 and 37 post dose two, the ASO4 adjuvant induced 
an increased anti‑VLP response (5.1–2.8 fold increase and 8.5–3.5 
fold increase [HPV16 and HPV18, respectively]) relative to the 
AlOH group. Although these two studies differed in both the times 
at which immunogenicity was assessed and the quantity of vaccine 
components (HPV VLPs and aluminum adjuvant) used, the relative 
differences observed between AlOH and either ASO4 or AAHS 
were similar in both experiments. Study design differences aside,  
it is clear from both studies that AlOH is not the optimum adjuvant 
for generating high‑titer antibody responses to HPV VLPs. The 
inclusion of either an alternative aluminum adjuvant with unique 
physico-chemical properties, such as AAHS, or the addition of a 
second immune‑stimulating molecule such as MPL, can significantly 
increase antibody titers to HPV L1 VLPs.

Over seventy years of experience with aluminum adjuvants in 
vaccine formulations have established their safety and efficacy in 
human use.11 In addition, the durability of the immune response for 
AAHS‑formulated HPV VLPs has been demonstrated both in rhesus 
macaques,31 and in humans, where geometric mean titers through five 
years of follow up remained at or above those following natural infec-
tion.32 This sustained immune response correlated with prolonged 
efficacy in human clinical trials, as this vaccine was demonstrated to 
be 100% effective in preventing precancerous cervical dysplasia and 
genital warts throughout the five year study period.32

Prevention of HPV‑induced cervical carcinoma is likely to be 
primarily antibody mediated, however a sustained memory response 
requires T‑cell involvement. Therefore, we examined the ability of 
AAHS to stimulate a TH2 (antibody mediated) rather than a TH1 
(cell mediated) response through evaluation of antibody isotype 
profiles and IFNg production by T cells following immunization 
of mice. Not surprisingly, our data indicate that the major immune 
response induced by AAHS was an IgG1‑predominant, TH2 
response, although, surprisingly, a substantial IFNg producing T 
cell stimulation was obtained at the 2 mg dose of protein. We have 
previously shown that the addition of IL‑12 to AAHS allows for 
the selective targeting of TH1 responses to hepatitis B antigen.13  

Similar studies performed with HPV L1 VLPs (data not shown) indi-
cate that a similar shift in immune responses, from a predominantly 
TH2 response to a more balanced TH1/TH2 response, can also be 
induced by including IL‑12 with AAHS.

An optimal immune response is achieved when the chemical and 
physical properties of both the antigen and the aluminum adju-
vant are considered. Based on the study reported here, aluminum 
hydroxide (AlOH) was the least, and amorphous aluminum hydroxy-
phosphate sulfate (AAHS) the most, effective aluminum adjuvant 
tested with HPV 16 L1 VLP antigen. The increased capacity of 
AAHS to bind L1 VLPs may contribute to the ability of this adjuvant 
to induce an enhanced antibody response following immunization 
of mice. The chemical, physical and immunogenicity data presented 
and discussed here demonstrate the utility of AAHS as an optimal 
and safe adjuvant for HPV L1 VLP vaccines and indicate that AAHS 
is the best choice among available aluminum adjuvants for generating 
immune responses to HPV VLPs.
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