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Purpose. The characterization of recombinant MN gp120/alum vac-
cine requires the study of the gpl120-alum interaction for the suc-
cessful formulation of an alum-based HIV-1 vaccine.

Methods. Several observations suggest that the gp120-alum interac-
tion is weak, wherein buffer counterions such as phosphate, sulfate,
bicarbonate may cause the desorption of gp120 from alum. Compar-
ison of gp120 with other proteins using particle mobility measure-
ments shows that the weak binding of gp120 to alum is not an anom-
aly. Serum and plasma also cause desorption of gpl120 from alum
with a half-life of only a few minutes, wherein this haif-life may be
faster than the in-vivo recruitment of antigen presenting cells to the
site of immunization.

Results. Immunization of guinea pigs, rabbits and baboons with
gp120 formulated in alum or saline demonstrated that alum provides
adjuvant activity for gpl120, particularly after early immunizations,
but the adjuvant effect is attenuated after several boosts.
Conclusions. These observations indicate that both the antigen and
the adjuvant require optimization together.

KEY WORDS: gpl20; AIDS-HIV-1 vaccine; alum adjuvant; alumi-
num hydroxide.

INTRODUCTION

The design of an effective HIV-1 vaccine for the pre-
vention of HIV-1 infection or the immunotherapeutic treat-
ment of AIDS requires an appropriate antigen from a rele-
vant serotype (1) presented in a functionally relevant con-
formation (2). The HIV-1 surface glycoprotein gp120 is an
excellent candidate for vaccine design because either a hu-
moral or cell-mediated immune response to this protein may
neutralize HIV-1. Many of the HIV-1 subunit vaccines cur-
rently in clinical trials use alum as adjuvant because alum is
the only adjuvant in vaccines currently approved in the US.
Because the adjuvant is crucial in determining the magni-
tude, breadth and duration of the immune response to the
administered antigen, we sought to characterize our alum-
containing gp120 formulations in order to ensure their chem-
ical and physical formulation stability. This study is partic-
ularly germane because a complex particulate formulation
such as an alum-based vaccine needs to consider several
factors including: kinetic and equilibrium factors affecting
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the binding of the protein to the alum, the effect of alum-
aging wherein recrystallization of the alum occurs over time,
and the in-vivo desorption of the protein from alum. ‘Alum’
has several different forms, including aluminum hydroxide
and oxyhydroxides, aluminum phosphate gels (3,4,5) and
precipitated alum [KA1(SO,), - 12H,0]. We focused our
studies on the commercially available aluminum hydroxide
products Resorptar, Rehydragel HPA and Alhydrogel with
the goal of determining excipient effects on the physical na-
ture of the formulation, as well as determining if different
alum types affect the immunogenicity of gp120.

MATERIALS AND METHODS

Materials

Unless otherwise stated, all chemicals used were ACS
grade or better, and were used without further purification.
All solutions were prepared using deionized water that was
further purified with a Millipore Milli-Q water purification
system. Gp120 was obtained from a CHO cell fermentation
process, and was purified until it was endotoxin-free. Sev-
eral proteins were studied for comparison to gp120 (see Fig-
ure 4), and were obtained from Genentech or Sigma. Protein
stock solutions were prepared in MES buffer [2-10 mg/mL
protein, 20 mM 2-(N-morpholino)ethanesulfonic acid (MES)
(U.S. Biochemical Corporation) adjusted to pH 6.00 with
sodium hydroxide (Sigma)]. Alum was obtained as a 2% sus-
pension (Alhydrogel, E. M. Sergeant Chemical Co., Clifton,
New Jersey, Rehsorptar or Rehydragel HPA, Reheis, Berke-
ley Heights, New York) and a 3 mg/mL working alum stock
suspension was prepared with MES buffer for further use.
Alhydrogel is crystalline aluminum oxyhydroxide (A10OOH,
known mineralogically as boehmite), and consists of corru-
gated sheets of aluminum-containing octahedra. It is ob-
tained by precipitation of aluminum hydroxide under alka-
line conditions. Rehsorptar and Rehydragel HPA are struc-
turally similar, and are synthetic oxyhydroxides of aluminum
(aluminum hydroxide) prepared by acid-base precipitation.
Rehydragel HPA, because of its crystalline morphology, has
a higher surface area/volume ratio than the other forms of
‘alum’, and so usually demonstrates higher protein loading.

Measurement of Adsorbed and Desorbed Protein
from Alum

Adsorption experiments were carried out by adding a
known volume of alum suspension to a stock solution of
gp120 in tris buffer (20 mM tris, 120 mM NaCl, pH 7.4) with
gentle stirring. Aliquots were withdrawn at known times af-
ter mixing, and immediately centrifuged at 10,000g for 2 min-
utes. The supernatants were removed and assayed for total
protein content by using either the Bio-Rad protein micro
assay (Bio-Rad Laboratories, Richmond, California), or the
bicinchoninic (BCA) protein assay (Pierce, Rockford, Illi-
nois). The amount of protein bound to alum was usually
obtained by subtraction from the amount found in the super-
natant.

[PrOtein]alum-adsorbed = [PrOtein]initial - [PrOtein]supernatant
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Control experiments were often carried out to ensure protein
mass balance; that is, 100% recovery of the protein in the
supernatant and bound to alum. Desorption experiments
were carried out in a similar manner and the time course was
initiated with the addition of the desorbing counterion stock
solution to human serum or plasma. In the serum desorption
experiments, the serum was diluted 1:1 making a 50% final
serum concentration. Radiolabeled '2’I-MN gp120 used in
these desorption experiments was prepared by the standard
Enzymobead (BioRad) method, and purified over a desalting
column. The radiogel identification of the product was done
using Tris-Glycine Novex gels (Novex, San Diego, Califor-
nia) under denaturing conditions, with radio gel analysis.

Electrophoretic Mobility Determination

Mobility measurements were made by using Doppler
electrophoretic laser light scattering as measured by a
Coulter DELSA 440 analyzer (Coulter Scientific Instru-
ments, Hialeah, Florida). The protein solutions were pre-
pared in 5 mL volumes by combining sufficient protein so-
lution with MES buffer, filtering with 4 mm Milex GV sy-
ringe filters (Millipore), and adjusting the final volume with
sufficient alum stock suspension to make the final alum con-
centration 50 pg/mL. The suspensions were capped, vor-
texed 5 sec, and allowed to stand at room temperature until
measured (0-2 h). Immediately before measurement each
sample was sonicated in a Branson Bransonic 220 sonicator
bath for 15 sec to disperse the alum. Measurements using the
DELSA were normally made in triplicate in rapid succes-
sion. The measurement conditions were as follows: 25 °C
sample cell temperature, 0.7-1.3 mA current, 36 sec total
run time, 2 sec current on and 0.5 sec current off intervals
with the maximum frequency set to 500 Hz. All measure-
ments were made at the upper stationary layer of the cell.
The light scattering at 17° was used for all quantitative de-
terminations.

Adjuvant Preparation

Recombinant MN gp120 was mixed with alum in tris
buffer to make a suspension of known concentration in both
alum and MN rgp120. Control experiments were carried out
to ensure that the MN rgp120 was bound to the alum before
injection. The alum formulation was resuspended by swirling
immediately before injection. The gp120 formulations con-
taining alum were tested for stability of gp120 by reversed
phase-HPLC, size exclusion HPLC, CD4 binding and MN
gp120 ELISA before use (6). For these stability experiments,
gp120 was desorbed from alum with 0.1 M phosphate at 45
°C for 1 hour. Control experiments, including circular di-
chroism, CD4 binding, V3 ELISA and HPLC, demonstrated
that this process did not affect the conformational integrity
of gp120.

Desorption of gpl120 from Alum in vivo

A study was performed in eleven male New Zealand
white rabbits (3.0-3.5 kg) (Grimaud Farms, Linden, Califor-
nia) to determine the desorption rate of gpl120 from alum
(Kpesorp)» the intramuscular (i.m.) absorption rate constant
(kabs), the elimination rate constants (ky), and the systemic
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availability (F) of MN rgp120 following a single i.m. or in-
travenous (i.v.) injection. Two rabbits received 300 ng MN
rgpl120 as an i.v. bolus into an indwelling lateral ear vein
catheter; the remaining six rabbits (n = 3/group) received
300 p.g MN rgp120 in saline or 300 wg MN rgp120 with 600 pg
Rehydragel® alum as an i.m. dose into the dorsal lumbar
region (volume = 1 mL). Blood samples were collected for
48 h (i.v.) or 192 h (i.m.). Plasma (3.8% sodium citrate) was
recovered by centrifugation and assayed for immunoreactive
MN rgp120 by ELISA (assay range 0.39 to 40 ng/mL). Data
from all studies were analyzed simultaneously with the ex-
pert model discrimination system GENES which incorpo-
rates ADAPT II for pharmacokinetic modeling (7).

Humoral Immune Response

The humoral response to gpl120 was evaluated by im-
munization of guinea pigs (5/group, s.c., 200 wL), rabbits
(2/group, i.m., 1 mL) or baboons (5/group, i.m., 1 mL) with
MN gp120 in saline or alum. The MN rgp120 and alum doses,
and the schedules, were varied as shown in the figures. Anal-
ysis of either individual or pooled sera was done at several
time points in order to determine the maximum titers found.
Sera were analyzed using an anti-gp120 antibody ELISA.
The ELISA data were calculated as endpoint titers, where a
cutoff of two-fold over background of preimmune sera at a
1:50 dilution was used. The data were calculated as geomet-
ric mean titers (GMT) and GMT standard deviations.

RESULTS AND DISCUSSION

The adsorption characteristics of antigen to alum are
integral to designing an optimal alum-based adjuvant formu-
lation. In this paper we describe the binding kinetics of gp120
to alum, as well as the desorption of gp120 from alum by a
number of different catalysts, some of which are commonly
used formulation buffers. We have further characterized the
binding of gp120 to alum by comparing the binding potential
using particle surface charge determination with different
proteins with varying pl values. We find that the adsorption
of gp120 to alum behaves as it should based on its pl. The
binding capacity is the amount of protein bound to a given
amount of alum, and this was determined for several alum
types. The desorption of gp120 from alum was also catalyzed
by serum and plasma, both in-vitro and in-vivo, with un-
known immunological consequences.

Adsorption of gp120 to Alum

The adsorption of gp120 to alum in tris buffer at neutral
pH is quite rapid. For example, more than 70% of the gp120
adsorbed to alum after 1 min, and 95% by 20 min at room
temperature (Figure 1). Both types of gp120 (MN and IIIB)
showed rapid binding, regardless of the type of alum used
(Rehydragel, Rehsorptar and Alhydrogel). Rapid binding of
gpl120 to alum was also verified by alum particle mobility
experiments. When gp120 was mixed with alum and the par-
ticle mobility measured as rapidly as possible (~90 seconds
after mixing), the mobilities were different from the initial
mobility observed without added protein, and then were
static over the next 30 minutes. This rapid change in particle



Characterization of the MN gp120 HIV-1 Vaccine

100
)

S g .- hd
< 801
e
®
2 60
o
S
< 40}
(=}
N
2 20!}
R

0‘ 1 1 ] 1

0 40 80 120 160 200

Time (min)
Fig. 1. Adsorption of ITIb gp120 (initial concentration = 300 pug/mL)
to 600 pg/mL Resorptar alum in 20 mM Tris buffer (pH 7.4) and 120
mM NaCl at room temperature. The half-life was 3.4 = 0.4 minutes
based on a pseudo first-order fit.

mobility (in the oscillating electric field of the DELSA) was
due to a change in the overall particle charge after protein
binding and is indicative of rapid protein binding to alum.
This result indicated that gp120 reached equilibrium binding
with the alum in less than the mixing and measurement time
(<90 sec, data not shown). In general, as more protein was
added the charge on the alum particle was more effectively
shielded until the relative mobility (the mobility with added
gp120 relative to the mobility of alum alone) decreased to
zero. (Figure 2). In this experiment, MN gp120 was slightly
less effective in reducing the alum charge (and thus its mo-
bility) than was IIIB gp120. The maximum amount of gp120
bound to alum was dependent on the type of alum used,
where Rehydragel showed the highest gp120 loading capac-
ity, and Rehsorptar showed the lowest (Figure 3). In general,
the loading capacity of alum for gp120 was approximately
0.5-1 mg protein/mg alum; at higher loading levels only a
fraction of the added gpl120 was bound to the alum. The
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Fig. 2. Effect of gpl120 concentration on the relative mobility of
alum particles (alum 50 pg/mL) in pH 6 buffer. These measurements
are referenced to alum alone. A decrease in the relative mobility
below zero occurs when the particle charge changes sign (from net
positive to net negative). The inset shows the effect of pH on the
zeta potential of three alum types: Rehydragel, Rehsorptar and Al-
hydrogel. The estimated ZPC of these alum formulations is 9-10.
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Fig. 3. Comparison of the gp120-binding capacities of different alum
types. The alum concentration used throughout was 0.6 mg/mL. The
reaction was carried out to equilibrium (several hours) in 20 mM tris
buffer (pH 7.4) and 120 mM NaCl at room temperature. The 100%
binding curve is shown as a line of unit slope, and represents the
maximum binding possible.

different alum types showed only slightly different gp120
binding ability, presumably due to their similarity in surface
charge. The surface charge potential (zeta potential) ob-
tained from the particle mobility measurements of the three
alum types is the same, regardless of the buffer pH (inset,
Figure 2). These results indicated that gp120 interacts with
alum in tris buffer at neutral pH—a proposed requirement of
alum as an adjuvant for gp120.

Comparison of MN and IIIB gpl20 with Other Proteins

In order to put into perspective the alum adsorption and
desorption of gp120 with other proteins, a study of several
other proteins was made using protein loading and particle
mobility measurements. Proteins with a wide range in pl
were selected. Unfortunately, few proteins with pls greater
than that of alum (pI or ZPC ~9-10) interacted with the
alum sufficiently well to provide either particle charge neu-
tralization (zero point particle charge) or observable protein
binding to the alum, even at high protein concentrations.
There is a reasonable correlation between the pl of a protein
and the amount of protein required to effect complete charge
neutralization of the alum particle upon binding (Figure 4).
Proteins with a low pl (such as pepsin, alpha-1 acid glyco-
proteinand gp120) have a high negative charge density at pH
6 and so only a small amount of protein (<100 g/50 pg of
alum) is required to effect neutralization of the positively
charged alum particle. In contrast, proteins with higher pl
(such as lysosyme, trypsinogen and IGF-1) are positively
charged at pH 6 and interact weakly with the positively
charged alum particles. An elegant set of experiments show-
ing the importance of electrostatic interactions on the bind-
ing of proteins to alum has been reported previously, and
these results are in general agreement with the binding of
other proteins to alum (8). The results herein show that
gp120 behaves similarly (at least in terms of particle mobil-
ity) to other proteins of comparable pl. Slightly more MN
gp120 is required to effect charge neutralization than IIIB
gp120, but this difference is probably not of mechanistic sig-
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Fig. 4. Correlation of protein pI and the amount of protein required
to effect alum particle charge neutralization (zero point charge) as
measured by particle mobility measurements. Recombinant MN
gp120 (1), recombinant IIIb gpl20 (2), recombinant human deoxy-
ribonuclease I (rDNase I) (3), recombinant insulin-like growth fac-
tor-1 (IGF-1) (8), recombinant CD4-I1gG (/3) and recombinant hu-
man gamma interferon-y (/4) were produced by Genentech, Inc.
Porcine stomach pepsin (4), bovine pancreatic trypsinogen (5),
chicken egg lysozyme (6), soybean trypsin inhibitor (7), A. niger
amyloglucosidase (9), fetal calf fetuin (70), bovine serum alpha-1
acid glycoprotein (I1), bovine serum albumin (/2) and bovine cy-
tochrome C were obtained from Sigma. In this experiment, 50 pg/
mL Rehydragel alum in pH 6 imidazole buffer was used. It is inter-
esting to note that several proteins of high pI (such as cytochrome c,
IGF-1, CD4-IgG and IFN) were unable to effect charge neutraliza-
tion (and so are not shown on the plot). The binding capacity (g
protein/50 wg alum) shown in the inset was independent of protein
pl. In this plot, error bars are shown for each determination.

nificance. These data suggest that MN and IIIB gp120 be-
have as predicted (based on their pls) to interact with alum
particles.

The binding capacity of alum for several different pro-
teins was also tested as a probe for protein-alum interaction
(inset, Figure 4). In this case, there was little correlation
between the binding capacity of alum and the pl of the pro-
tein, except that several proteins of high pI did not show
detectable alum binding (and so these points are not shown
in the semi-log plot). The binding of gp120 to alum was not
unusually low (or high) compared with other proteins of sim-
ilar pI and, therefore, these results may be directly applica-
ble to other antigens with similar charge properties.

Desorption of gp120 from Alum by Phosphate and
Other Ions

It has been reported in the literature (8) that phosphate
and other polyvalent anions bind alum, with concomitant
displacement of bound proteins. We have also observed this
effect for gp120 bound to alum using sodium phosphate (Fig-
ure 5). The addition of phosphate to the gp120/alum formu-
lation resulted in a rapid desorption of gp120 from alum. By
using low phosphate concentrations (<0.2 M) at room tem-
perature, approximately 80% of the gpl20 was displaced
from the alum particles. Desorption was also caused by
other anions including sulfate and bicarbonate (Figure 6).
The extent of desorption was also increased by added so-
dium chloride (see inset, Figure 6). We also investigated the
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Fig. 5. Effect of phosphate buffer on the desorption of 300 pg/mL
I11IB gp120 from Rehsorptar alum (600 pg/mL) at room temperature.
Even small amounts of phosphate cause rapid desorption of gp120
from alum. No mechanistic information should be drawn from the
curves through the data.

role of pH on the desorption of gp120 from alum in the pres-
ence of 20 mM phosphate or imidazole (Figure 7). When
phosphate was used as the buffer, there was less adsorption
of gp120 at a higher pH when compared with imidazole as
the buffer. These results are consistent with the observations
of Callahan et al, where they showed the importance of sur-
face charge in adjuvant-antigen interactions (8). At pH 6 and
in the absence of phosphate, negatively charged gp120 (pI
~3.5) binds to the positively charged alum (pI ~9.6). Addi-
tion of phosphate causes a masking of the positive charges
on alum, with a concomitant decrease in the amount of gp120
bound to alum. As the pH is increased, monobasic phos-
phate ion, HPO,, is the major phosphate ion, and this ion
interacts with the positively charged aluminum sites on the
alum surface.

Desorption of gp120 from Alum and ‘Aging’

We found that the phosphate-catalyzed desorption of
gp120 from alum decreased with the age of the alum prepa-
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Fig. 6. Effect of phosphate, sulfate and carbonate on the desorption
of IIIb rgp120 (300 pg/mL) from Resorptar alum (600 pg/mL). The
inset shows that the desorption of gp120 from alum is further exac-
erbated by added sodium chioride.
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Fig. 7. Effect of pH on the release of MN and IIIB rgp120 (300
pg/mL) from Resorptar alum (600 pg/mL) in 20 mM sodium phos-
phate or imidazole, 140 mM NaCl.

ration. For example, ~80% of the alum-adsorbed gp120 was
desorbed by 20 mM phosphate when the sample was pre-
pared the same day, but only 40% was desorbed when the
sample was a year old (Figure 8). This difference was less
apparent at higher phosphate concentrations, indicative that
the aging effect is a subtle one, and depends on the condi-
tions used to measure ‘aging’. The aging of alum is not a new
phenomenon and has been well studied by Hem and col-
leagues (9,10,11). After freshly preparing aluminum hydrox-
ide from aluminum chloride and ammonium hydroxide, Hem
found that the pH and acid-consuming capacity of the gels
changed markedly over time, and in some instances changes
were observed more than 150 days later. These changes were
attributed to alum particle growth by a deprotonation-
dehydration mechanism, leading eventually to the formation
of gibbsite. The aging of alum-protein mixtures is less well
described, but the basis for this may be similar to alum aging.
Alum particle growth may result in the slower phosphate-
catalyzed desorption of gp120 from alum. First, macroscopic
particle growth may physically entrap gpl20 within the
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Fig. 8. Effect of formulation age on the phosphate-catalyzed desorp-
tion of MN and IIIB rgp120 (300 pg/mL) from Resorptar aium (600
pg/mL). In this experiment, the ‘new’ formulations were prepared
the same day the desorption experiments were done; the aged for-
mulations were approximately one year old.
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growing particle matrix, thus giving slower gpl120 desorp-
tion. Second, the altered crystal morphology of the ‘aged’
alum may adsorb gp120 more tightly. (This is probably not
likely because the alum samples were aged for at least a year
before adding gpl120). Third, conformational changes of
gp120 may occur over time, where alum-denatured conform-
ers of gp120 may bind alum particles more tightly. To date,
we have not found evidence for denaturation of gpl120 by
alum after desorption by phosphate, but we have not studied
the conformation of gp120 while bound to alum.

Plasma-Catalyzed Desorption of gpl120 from Alum: in vitro
and in Vivo

Blood and interstitial fluid contain numerous anions and
proteins that may desorb gp120 from alum (12). Interstitial
fluid contains organic acids (acetoacetic, citric, a-ketoglu-
taric, lactic, maleic, pyruvic and succinic acid) in sufficiently
high concentrations (~6.3 mEq/L) to effect alum solubiliza-
tion with a concomitant loss of alum-bound antigen. Further,
other ions including phosphate (2—-5 mEg/L) and bicarbonate
(24-28 mEq/L), and serum proteins (15-20 mEq/L) also
cause desorption of gpl120 from alum. The in vitro rate of
gp120 desorption from alum by serum or heparinized plasma
was measured to determine if desorption is sufficiently fast
to compete with the recruitment of antigen presenting cells
to the site of immunization. If plasma-catalyzed desorption
is very rapid (within a few hours), then there would be little
depot effect of alum. Adding 300 pg/mL radiolabeled gp120
in pH 7.4 tris buffer to 600 pg/mL alum resulted in 100%
protein binding to alum, as observed for unlabeled gp120.
Addition of this formulation to human plasma (1:1 dilution)
resulted in rapid desorption of gp120 from the alum, with an
initial half-life of approximately 5 minutes at 37 °C (Figure 9).
The desorption Kinetics were similar for serum (data not
shown). The desorption kinetics were also independent of
the type of alum used, indicating that the different alum
types may not offer different adjuvant action, at least as it
pertains to alum acting by a depot effect.

It was also demonstrated that the observed desorption
kinetics using radiolabeled gp120 were not due to the loss of
the '*°I label from the protein, as verified by the radiogel
identification of labeled gp120 (inset, Figure 9). In all exper-
iments, the '*° label remained bound to the protein, and the
radioactivity desorbed from the alum over time was found in
the plasma as radiolabeled protein of ~120 kD. These in
vitro experiments strongly suggest that desorption of gp120
from alum may be sufficiently fast such that alum does not
provide a significant depot effect for gp120. Further, it is
difficult to estimate the fluid volume (over time) surrounding
the site of injection, and this dilution may affect the desorp-
tion rate. To overcome these shortcomings, the in vivo re-
lease of gp120 from alum was determined after intramuscular
(i.m.) administration of gp120/alum in rabbits.

Rabbits received 300 pg gp120 in saline (i.v. or i.m.) or
with 600 pg alum (i.m.). The gp120 plasma concentrations
were determined to assess the absorption of free gp120 from
the site of injection (Figure 10). The pharmacokinetic model
is shown in Scheme 1. This model describes a standard three
compartment model (defined by K1 and K2) with additional
compartments to describe the amount of gpl20 at the injec-
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Fig. 9. In vitro desorption of 1'?5-gp120 from alum in human serum
at 37°C. The rate of serum-catalyzed desorption is independent of
the alum type used. The half-life (calculated for the first half-life
during the rapid initial phase) for desorption was found to be ap-
proximately 5 minutes. The radiolabel was stable in serum at 37°C
over the duration of the experiment as shown by the radiogel of the
1'%5_gp120 in the serum after desorption.

tion site, either bound to alum or as soluble gp120. The rate
constants are defined as: Kp..opp (the rate of desorption of
gp120 from alum at the injection site, Kgeum) (the elimina-
tion rate of alum-bound gp120 from the injection site), K,
(the rate of absorption of gp120 from the injection site), Kg-
(sotuble) (the elimination rate of soluble gp120 from the injec-
tion site), Kgmiooqy (the systemic elimination of gp120 from
the blood). The simultaneous fitting of the i.v. and the i.m.
data was carried out using the GENES program (7,13). The
following pharmacokinetic parameter estimates were ob-
tained: Kpegorp = 0.131 £ 0.001 h™ ', k5, = 0.0187 + 0.0004
h™"', and E(Kggapum, soluble, blooay = 0-189 = 0.012 h~* for this
rabbit population (13). The k., Tate constant corresponds
to half-life of ~5 hours. This is significantly longer than ob-
served in vitro, and may be due to the slow rate of gp120
diffusion away from the alum depot, allowing for possible
readsorption of gp120 to the alum. This is in agreement with
the slow rate of gp120 absorption (K 4.).

These data and the time profiles of Figure 10 show that
there is a slight depot effect using alum, but that this depot
effect does not last much more than a few hours, in agree-
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Fig. 10. Effect of alum adjuvant on blood concentration of MN
rgp120 after i.v. (n = 2) and i.m. (n = 3) administration to rabbits,
the curves shown are the means for all animals per group. The
plasma levels of gpl20 were determined by MN rpgl20 ELISA.
Doses were 300 ug MN rgp120 with or without 600 p.g/mL alum.

ment with the in vitro data. Systemic availability of gp120
was also determined from the individual pharmacokinetic
parameters. Systemic availability of gp120 in saline (defined
as Kap/[Kabs + Kesotbiey]) Was ~35%; from the alum for-
mulation it was ~29%. This model oversimplifies the ‘true’
pharmacokinetics from the injection site, in that it does not
compensate for readsorption of gpl120 to alum, nor does it
account for possible elimination from the other systemic
compartments, but serves to show that gp120 desorbs from
alum in vivo somewhat slower than in vitro. The depot effect
may also depend on the site of injection. Because subcuta-
neous tissue would be expected to have a lower interstitial
fluid volume than muscle tissue, it is predicted that gp120
would reside longer at the site of injection if given s.c. rather
than i.m. This longer residence time may result in an in-
creased immune response for a s.c. administered gp120
alum-based vaccine. These results indicate that the immune
system is presented with soluble (desorbed) gp120 shortly
after immunization, rather than alum-adsorbed antigen.
Thus, it is predicted that alum-based gp120 formulations can-
not be optimized by using different alum types if the binding
of gp120 to alum is important for adjuvant action.
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Scheme 1. Pharmacokinetic model for the in vivo desorption of gp120 from alum.
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Adjuvant Action of Alum with gpl120

It is generally believed that the adjuvant action of alum
is due to several factors. Mild irritation by alum at the site of
injection causes recruitment of antigen presenting cells and
concomitant cytokine up-regulation. Irritation at the site of
injection, however, is not likely the major adjuvant mecha-
nism of alum since it is one of the least irritating adjuvants
known. Alum potentiates the immune response even though
there is negligible local irritation by microscopic histopath-
ological examination. It is thought that the predominant
mechanism of adjuvant action by alum may be due to a depot
effect caused by antigen adsorption to alum (14). It is pos-
sible that this depot effect allows sufficient time for phago-
cytosis of the alum particles by antigen presenting cells. Un-
fortunately, depoting may not operate for all proteins, as
certain proteins are desorbed from alum in the presence of
anionic counterions (15). We found that human serum rap-
idly displaced gp120 from alum in vitro. This also occurred in
vivo, where the presence of alum provided only a slight delay
in the peak blood levels of rgpl20, compared with gp120
given in its soluble form without alum. In order to determine
if these physical effects alter the immunogenicity of gp120,
the adjuvant effect of alum with gp120 was tested by immu-
nizing several species with gp120, either with or without
alum.

In general, the titers observed for animals immunized
with alum were slightly higher than for soluble antigen alone,
especially after early immunizations. After repeated boost-
ing (usually three immunizations), the anti-gp120 antibody
titers were very similar for gp120 given either with or without
alum. Figure 11 shows a comparison of antibody responses
in guinea pigs, rabbits and baboons after immunization with
gp120, with and without alum. These data show that alum
provides an adjuvant effect for gp120 during the boosting
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Fig. 11. Effect of alum as adjuvant for MN rgp120 in different spe-
cies. Guinea pigs (G Pig) were immunized with 120 pg MN rgpl120
(with or without 600 pg alum) att = 0, 4 and 8 weeks (bled at t =
6 and 10 weeks). Rabbits (Rab) were immunized with 300 pg MN
rgpl120 (with or without 600 g alum) at t = 0, 3 and 6 weeks (bled
att = 4 and 8 weeks). Baboons (Bab) were immunized with 100 pg
MN rgpl20 (with or without 200 g alum) at t = 0, 4 and 24 weeks
(bled at t = 6 and 26 weeks). After two immunizations, rabbits and
baboons showed a modest adjuvant effect by alum; after three im-
munizations, there was little difference between saline and alum
formulations.
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Fig. 12. Effect of different alum types (60 pg/dose) on the immuno-
genicity of MN gp120 (30 p.g/dose) in guinea pigs using a 0, 4, 8 week
immunization schedule. Bleeds were taken 2 weeks after each im-
munization.

phase, but eventually (after three immunizations), the im-
mune response of gpl20 alone is similar to that with alum
and gpl20. The antigen doses used in these studies were
fairly large (120 pg/shot in guinea pigs; 300 pg/shot in rab-
bits; 100 pg/shot in baboons), and likely contribute to the
leveling off of the immune response after three immuniza-
tions; it is well known that larger doses of antigen often
‘push’ the immune response to the top of the antigen dose
response curve, even without adjuvant. Finally, we deter-
mined that the anti-gp120 immune response could not be
optimized by using different types of alum, even when these
different type exhibited differing propensities to bind gp120.
As shown in Figure 12, the anti-gp120 antibody titers elicited
in guinea pigs by the three different alum types (that vary in
their protein binding capacity, but not in their plasma-
catalyzed desorption rates) were the same. Based on these
data, it is likely the different alum types gave a similar im-
mune response because gpl20 was desorbed from alum
shortly after injection.

These immunogenicity results provide compelling evi-
dence that optimization of alum as adjuvant is not straight-
forward, possibly because of the desorption of gp120 from
alum shortly after injection, and must take into account sev-
eral factors including protein loading, the kinetics of adsorp-
tion and desorption, and site of delivery. Modification of the
alum crystal state to physically incorporate, rather than’ad-
sorb, gp120 may result in a slower release of antigen in vivo,
with a concomitant greater antibody response. Experiments
to test this hypothesis are underway. Alternatively, another
strategy may be to combine gpl20 and/or alum with other
adjuvants that operate by an alternate mechanism than the
depot effect.
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