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Aluminum hydroxide is the most widely used adjuvant in human vaccines and serves as a potent enhancer of antibody produc-
tion. Its stimulatory effect strongly depends on the adsorption of the antigen to the adjuvant, which may influence antigen pre-
sentation and, as a consequence, the fine specificity of antibody responses. Such variations can have functional consequences and
can modulate the effectiveness of humoral immunity. Therefore, we investigated the influence of aluminum hydroxide on the
fine specificity of antibody responses in a model study in mice using an inactivated purified virus particle, the flavivirus tick-
borne encephalitis (TBE) virus, as an immunogen. To dissect and quantify the specificities of polyclonal antibodies in postim-
munization sera, we established a platform of immunoassays using recombinant forms of the major target of neutralizing anti-
bodies (protein E) as well as individual domains of E (DIII and the combination of DI and DII [DI�DII]). Our analyses revealed
a higher proportion of neutralizing than virion binding (as detected by enzyme-linked immunosorbent assay) antibodies after
immunization with aluminum hydroxide. Furthermore, the induction of antibodies to DIII, a known target of potently neutral-
izing antibodies, as well as their contributions to virus neutralization were significantly greater in mice immunized with adju-
vant and correlated with a higher avidity of these antibodies. Thus, our data provide evidence that aluminum hydroxide can lead
to functionally relevant modulations of antibody fine specificities in addition to its known overall immune enhancement effect.

Vaccines containing recombinant subunit antigens, protein
toxins, or inactivated viruses are frequently supplied with ad-

juvants to increase their immunogenicity (1). Aluminum hydrox-
ide, which is a potent enhancer of the serum antibody response via
the stimulation of a strong CD4� T helper cell response (2, 3), is
the most widely used adjuvant in human vaccines and is included,
for example, in hepatitis A/B, Japanese encephalitis, tick-borne
encephalitis, Haemophilus influenzae B, and tetanus toxoid vac-
cines (1). In general, aluminum salts are known to create a local
inflammatory environment at the injection site, activating and
attracting innate immune cells such as monocytes or dendritic
cells, which enhance the activation of antigen-specific naive CD4�

T helper cells in the lymph node (3, 4). Although the activation of
the NLRP3 inflammasome has been proposed to play a key role in
the initiation of the inflammatory response upon aluminum hy-
droxide administration (5–7), some controversy exists regarding
whether the inflammasome is indeed required for the adjuvant
effect in vivo (8–11). Recently, the aluminum hydroxide-induced
release of host DNA has been shown to provide an immunostimu-
latory signal (12) and to increase the interaction between CD4� T
cells and antigen-presenting cells (13).

In addition to these inflammatory stimuli, adsorption of the
antigen to aluminum hydroxide is generally accepted as being
crucial for its adjuvant effect (3, 4, 14). In the case of protein
antigens, this interaction can lead to changes in the secondary or
tertiary structure and can affect protein stability (15–18). Since
adsorption-induced effects on protein structure can potentially
modulate the fine specificities and, consequently, the functional
activities of antibodies elicited by immunization, such changes
can affect the effectiveness of vaccination. Therefore, the main
objective of our model study was to investigate to what extent
aluminum hydroxide can influence antibody fine specificity and
functional activity. For this purpose, we conducted a mouse im-

munization study using formalin-inactivated tick-borne enceph-
alitis (TBE) virus as an immunogen, either alone or after adsorp-
tion to aluminum hydroxide (�Alu and �Alu groups). This
adjuvant is also used in the commercially available TBE vaccines
in Europe and Russia (1).

TBE virus is a member of the genus Flavivirus (family Flaviviri-
dae), which comprises other important human-pathogenic vi-
ruses, such as dengue, West Nile (WN), yellow fever, and Japanese
encephalitis viruses (19). These small isometric viruses are com-
posed of a structurally ill-defined nucleocapsid containing the
positive-stranded RNA genome and a lipid envelope carrying 180
copies of glycoprotein E and the small membrane-associated pro-
tein M (20) (Fig. 1A). For several flaviviruses, the structure of E
has been determined using X-ray crystallography (Fig. 1B) (21–
25), and cryo-electron microscopy of viral particles revealed a spe-
cific icosahedral arrangement of E at the viral surface (26–30). The
M protein is located beneath the E protein dimer (28). The exter-
nal part of E (sE), lacking the hydrophobic C-terminal double
membrane-spanning anchor and the membrane-proximal region
(called the stem), is composed of three distinct structural domains
(DI, DII, and DIII) (Fig. 1B) (21–25). Because of its essential func-
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tions in receptor binding and entry (20), E is the major target of
virus neutralizing antibodies, and their induction correlates with
protection against flavivirus-induced disease, including TBE (31–
33). Studies using monoclonal antibodies (MAbs) demonstrated
that binding to each of the three domains of E can lead to virus
neutralization, and highly potent antibodies were shown to be
directed at a surface-exposed epitope within DIII, the so-called
DIII lateral ridge (DIII-lr) epitope (34). In mice (35, 36), in con-
trast to humans (36–40) or horses (41), DIII-specific antibodies
comprise a significant fraction of the polyclonal antibody re-
sponse following flavivirus infection and vaccination.

In this study, we present a detailed analysis of the influence of
aluminum hydroxide on the antibody response and its fine spec-
ificity in a mouse immunization study with inactivated TBE virus.
Using a set of recombinant antigens, we were able to quantify the
extent and functionality of antibody responses to individual do-
mains (DIII and the combination of DI and DII [DI�DII]) of E.
We demonstrate that the proportion of neutralizing antibodies
relative to virion binding antibodies (as determined by enzyme-
linked immunosorbent assay [ELISA]), as well as the contribution
of DIII-reactive antibodies to virus neutralization, were signifi-
cantly higher in the �Alu than the �Alu group. We also found
that aluminum hydroxide affected the relative proportion of an-
tibodies to a specific antigenic site in DIII, corresponding to the
DIII-lr epitope in West Nile virus (42). Taken together, our results
strongly indicate that aluminum hydroxide not only leads to an
overall enhancement of antibody responses but also can modulate
its fine specificity, i.e., the extent of responses to distinct sites
within a protein antigen. Such variations can have implications for
the quality of vaccine-induced immunity.

MATERIALS AND METHODS
Production of purified formalin-inactivated TBE virus. Virus produc-
tion and purification was performed as described previously (43). In brief,

primary chicken embryo cells were infected with the TBE virus strain
Neudoerfl (GenBank accession no. U27495). The supernatant was har-
vested 24 h postinfection, clarified by low-speed centrifugation, and
treated with 37% formalin, at a final dilution of 1:2,000, for 24 h at 37°C.
The inactivated virus was pelleted by ultracentrifugation and purified by
rate zonal centrifugation, followed by equilibrium sucrose density gradi-
ent centrifugation. The absence of infectious virus in this preparation was
confirmed by the most sensitive indicator of TBE virus infectivity, i.e.,
intracerebral inoculation of Swiss albino suckling mice (strain OF-1),
which were monitored for 14 days postinoculation. Mouse experiments
were approved by the ethics committee of the Medical University of Vi-
enna and the Austrian Federal Ministry of Science (permit number BM-
BWK-66.009/0249-BrGT/2005). Sample analysis by SDS-PAGE (5%
phosphate gels according to Maizel [44]) and Coomassie staining (Fig.
2A), as well as Western blotting (Fig. 2B), revealed the structural proteins
E, C, and M together with oligomeric bands of E and C as a result of
protein cross-linking by formalin.

Preparation of immunogens and mouse immunization experi-
ments. Mouse experiments were performed in strict accordance with the
guidelines of the Federation of European Laboratory Animal Science As-
sociations (FELASA) and Austrian federal law. The protocol was ap-
proved by the ethics committee of the Medical University of Vienna and
the Austrian Federal Ministry of Science and Research (permit number
BMBWK-66.009/0057-BrGT/2006).

For the immunization of mice, formalin-inactivated and purified TBE
virus was used at a protein concentration of 10 �g/ml in a buffer contain-
ing 0.05 M triethanolamine and 0.1 M NaCl, pH 8.0 (TAN buffer), either
without or with 0.2% aluminum hydroxide adjuvant (aluminum hydrox-
ide gel; Sigma-Aldrich, St. Louis, MO). The adjuvanted immunogen was
prepared by dropwise addition of inactivated TBE virus to aluminum
hydroxide under constant mixing on an orbital shaker (500 rpm; 25°C)
and further incubation for 30 min. Adsorption of the inactivated virion to
aluminum hydroxide was controlled by pelleting the adjuvant from the
slurry (20,000 � g for 10 min) and analyzing the clear supernatant for the
presence of residual viral antigen by ELISA (45). This analysis revealed
quantitative virus adsorption under the conditions used.

FIG 1 Structure of flaviviruses and recombinant antigens used for serological analyses. (A) Schematic model of the flavivirus virion. The capsid, which is
surrounded by a lipid membrane, contains the viral RNA genome and multiple copies of the capsid protein C. Proteins E and M are anchored in the viral
membrane and form an icosahedral lattice. A soluble form of an E protein (sE) dimer lacking the stem and anchor regions is indicated. (B) Ribbon diagram of
the soluble E protein monomer of TBE virus (Protein Data Bank [PDB] code 1SVB; side view) (22). In DIII, the positions of amino acid replacements used to
generate the so-called DIII lateral ridge mutant are indicated and highlighted in green. (C) Schematic representations of recombinant proteins used for
serological analyses. Color code (A to C): protein M, pink; protein E, DI, red; DII; yellow; DIII, blue; anchor, gray; stem, purple; capsid protein, gray; RNA, dark
gray; lipid membrane, yellow; His tag, black; Strep tag, orange; TR (thioredoxin), brown; and DIII-lr mutations, green.
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Groups of 10 C57BL/6N mice (Charles River Laboratories, Sulzfeld,
Germany) were immunized subcutaneously three times with 100 �l/
mouse of either the nonadjuvanted or the adjuvanted immunogen (cor-
responding to 1 �g inactivated TBE virus per dose), with intervals of 14
days between the vaccinations. Two weeks after the third immunization,
blood samples were taken from the tail vein using microvette 200 capil-
laries (Sarstedt), and equal aliquots of sera from individual mice were
pooled for further analyses.

Expression and purification of recombinant proteins. (i) Recombi-
nant TBE, WN sE, and TBE DI�DII proteins. DNA cassettes encoding
the soluble forms of recombinant TBE sE and WN sE, both C-terminally
truncated after amino acid 400, were cloned into the pMT/Bip/V5-His
expression vector (Life Technologies), which contains the Drosophila ex-
port signal sequence (BiP) and a C-terminal His tag as described in refer-
ence 35. Recombinant TBE DI�DII (C-terminally truncated after amino
acid 302) was cloned using the pT389 expression vector (kindly provided
by Thomas Krey and Felix Rey, Institut Pasteur, France) containing the
Drosophila BiP signal sequence, an enterokinase cleavage site, and a dou-
ble Strep tag. The sE or DI�DII expression vector was cotransfected into
Drosophila Schneider 2 (S2) cells together with a plasmid carrying a blas-
ticidin resistance gene according to the manufacturer’s protocol (Invitro-
gen), allowing for the selection of stably transfected cells. Protein expres-
sion was induced by the addition of 500 �M CuSO4 to the cell culture
medium, and the supernatants were harvested 7 to 11 days postinduction.
His-tagged TBE and WN virus sE proteins were purified by immunoaf-
finity chromatography using the monoclonal antibody (MAb) 4G2 as
described previously (35). The bound sE proteins were eluted from the
column by 20 mM glycine, pH 2.7, and immediately back neutralized to
pH 8.0. The Strep-tagged TBE DI�DII protein was purified using Strep-
Tactin columns (IBA) according to the manufacturer’s protocol.

(ii) Recombinant DIII proteins. (a) Wild-type (wt) DIII-TR-His.
DIII proteins of TBE virus strain Neudörfl (amino acids 302 to 398 of E
protein) were expressed in Escherichia coli strain BL21 as a fusion protein
with thioredoxin (TR) carrying a C-terminal His tag using the pET 32a
Xa/LIC vector (Novagen) as described previously (35). After clarification
of E. coli cell lysates, the DIII-TR-His protein was purified by Ni2� affinity
chromatography (GE-Healthcare Life Sciences).

(b) lr mut DIII-TR-His. The TBE DIII-TR-His-lr loss-of-function
mutant (mut) was constructed in analogy to the WN DIII-lr mutant de-
scribed previously (36). The corresponding residues in TBE DIII were
identified by sequence and structural alignments based on the previously
published crystal structures of the TBE and WN sE proteins (21, 22).
Mutations at amino acid residues 309 (S replaced by A) and 333 (K re-
placed by E) were introduced into the TBE DIII-TR-His wt DNA clone by
site-directed mutagenesis according to the manufacturer’s protocol (In-
vitrogen). The protein was expressed and purified as described above for
the wt protein.

(c) DIII-His. The isolated recombinant DIII-His was obtained by pro-
teolytic cleavage of the TBE DIII-TR-His fusion protein with factor Xa
essentially as described previously for WN DIII-His (35).

(iii) Quality control of recombinant proteins. The recombinant pro-
teins (schematically depicted in Fig. 1C) were checked for purity by 15%
SDS-PAGE (Fig. 2C). The oligomeric structure of the sE proteins was
confirmed to be a dimer in the case of TBE virus sE and a monomer in the
case of WN virus sE by cross-linking and sedimentation analyses as de-
scribed previously (35) (data not shown).

Proper folding of the recombinant proteins was verified with confor-
mation-dependent neutralizing MAbs specific for DI (IC3), DII (A3), and
DIII (B4) in a blocking ELISA (46) by comparison to sE isolated from
purified live TBE virus (22). In brief, serial dilutions of the recombinant
antigens and virion-derived sE were preincubated with a fixed dilution of
the respective MAbs before transfer to the wells of microtiter plates coated
with purified inactivated TBE virus. Antibodies bound to the viral antigen
on the solid phase (i.e., not blocked by the antigens in solution) were
detected by peroxidase-labeled rabbit anti-mouse IgG as described below
for the 3-layer ELISAs. The results were expressed as percent absorbance
in the absence of the blocking antigen (percent reactivity of MAb) (Fig. 2D
to F).

Three-layer ELISAs. Untreated 96-well microtiter plates (Nunc) were
coated overnight with 25 ng/well of formalin-inactivated TBE virus, and
Nunc Maxisorp 96-well plates were coated with 50 ng/well of recombi-
nant TBE DI�DII and DIII-TR-His wt and mut in carbonate buffer, pH
9.6, at 4°C. Three-fold serial dilutions of the mouse serum pools, starting
at a dilution of 1:100, were added to the coated plates and incubated for 1

FIG 2 Quality controls of antigens used in the study. (A) Coomassie-stained SDS-PAGE (5% phosphate gel) (44) and Western blotting (B) with a polyclonal
mouse serum specific for C and E proteins (lanes 1, purified live virus; lanes 2, formalin-inactivated virus used for immunization). Monomeric and formalin
cross-linked oligomeric bands of C and E proteins are labeled. (C) Coomassie-stained SDS-PAGE (15% Laemmli gel) of recombinant proteins used in ELISA and
depletion assays. Molecular mass standards (Std) are indicated on the left. (D to F) Blocking ELISAs with MAbs specific for DI (IC3), DII (A3), and DIII (B4) and
recombinant antigens (sE, orange; DI�II, green; DIII, blue) compared to sE isolated from purified live virions (v-sE, gray) (22).
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h at 37°C. As negative controls, sera from naive mice were included. The
bound antibodies were detected using peroxidase-labeled rabbit anti-
mouse IgG as previously described (47). Absorbance values were deter-
mined at 490 nm. For quantifying the results, a panel of eight negative sera
was included in all assays and used for determining cutoff values. These
were set at the mean absorbance of the negative controls plus three stan-
dard deviations, as previously described (48). Reactivities above the cutoff
were considered positive and were used for titer calculation by curve fit-
ting using a four-parameter logistic regression with GraphPad Prism 5
software (GraphPad Software Inc., San Diego, CA). Each serum pool was
tested in at least three independent experiments.

Comparison of relative avidities in 3-layer ELISAs. To measure rel-
ative avidities of specific antibodies in the postimmunization sera, we have
established urea-ELISAs which are used for the differentiation of low- and
high-avidity polyclonal sera (49–51). For this purpose, sera were analyzed
in 3-layer ELISAs as described above, except that an additional washing
step with 4 M urea was included after incubation of the serum dilutions
with antigens, essentially as previously described (52). Serum antibody
titers were determined at an absorbance cutoff of 1.0 after curve fitting
with a four-parameter logistic regression using GraphPad Prism 5
(GraphPad Software Inc., San Diego, CA). Relative avidities were ex-
pressed as the percentage of titers obtained with and without urea.

Four-layer ELISAs. ELISA analyses using His-tagged recombinant
proteins (TBE and WN virus sE- and DIII-His) were performed as previ-
ously described (35). In brief, Nunc 96-well Maxisorp microtiter plates
were coated with 50 ng/well of a rabbit anti-His tag antibody (QED Bio-
sciences) overnight at 4°C in carbonate buffer, pH 9.6. Twenty-five ng/
well of recombinant His-tagged sE and 50 ng/well of DIII proteins were
added to the plates and incubated for 1 h at 37°C. Three-fold serial dilu-
tions of mouse sera, starting at a dilution of 1:100, were added and incu-
bated for 1 h at 37°C. The bound antibodies were detected using a perox-
idase-labeled goat anti-mouse IgG conjugate (Pierce). The establishment
of titration curves and calculations of ELISA titers were performed as
described previously for the 3-layer ELISAs.

Antibody depletion assays using recombinant TBE virus DIII-His.
Depletion of DIII-specific antibodies was performed as previously de-
scribed (35). In brief, 1 �g of recombinant isolated DIII-His was bound to
1 mg of paramagnetic Co2�-coated Dynabeads (His tag isolation and
pulldown; Life Technologies) for 30 min on an orbital shaker (1,000 rpm)
at room temperature. After pelleting by magnetic force and washing with
pull-down buffer, the beads were incubated with postimmunization se-
rum pools (prediluted 1:5 in phosphate-buffered saline [PBS]) for 1 h at
37°C. The beads were subsequently pelleted again by magnetic force and
the depleted serum was collected. To achieve quantitative removal of
DIII-reactive antibodies, the depletion procedure was performed three
times. Unloaded beads were used as a control to confirm the absence of
nonspecific binding of serum antibodies to the beads.

TBE virus neutralization assay. TBE virus neutralizing activity of
pooled mouse sera was determined in a 96-well plate format with baby
hamster kidney cells (ATCC BHK-21) using an assay that uses a constant
dilution of serum (1:100) and varying amounts of virus. This assay format
was chosen because it required less than half of the serum volume required
for other formats; therefore, it allowed the conducting of necessary repe-
titions of pre- and postdepletion NTs with the small amounts of mouse
sera available. For these analyses, we used TBE virus strain HYPR (Gen-
Bank accession no. U39292), which yielded highly reproducible growth
curves optimal for curve fitting by nonlinear regression.

Heat-inactivated (56°C for 30 min) mouse sera at a fixed dilution of
1:100 were mixed with 10-fold serial virus dilutions (starting with 106.2

50% tissue culture infectious doses) and incubated for 1 h at 37°C. Virus
mixed with medium only served as the virus control, and negative mouse
sera and TBE virus-specific monoclonal antibodies were used as negative
and positive controls, respectively. BHK-21 cells were then added to the
virus-antibody mixture and incubated overnight at 37°C. The culture su-
pernatants were replaced by fresh medium 16 to 20 h postinfection, and

incubation was continued for 24 h at 37°C. The culture supernatant was
then harvested and the virus was detected using 4-layer ELISA as de-
scribed previously (53).

Virus titration curves were established by curve fitting using a four-
parameter logistic regression with GraphPad Prism 5 software (GraphPad
Software Inc., San Diego, CA). The virus titer of each curve was read at the
half absorbance saturation point of the titration curves, and neutralizing
activity was defined as the fold reduction of virus titers obtained after
addition of test sera compared to titers after addition of negative sera. The
assays were performed three times with all samples tested in duplicate, and
the results are expressed as the means of these three repetitions.

Statistical analyses. Data were analyzed using GraphPad Prism soft-
ware, version 5 (Graph Pad Software Inc., San Diego, CA). Two-tailed t
tests were used to compare antibody titers, ratios of antibody titers, ELISA
avidities, and neutralizing activities. Differences were considered signifi-
cant when the P value was less than 0.05.

RESULTS
Mouse immunization and overall antibody response. To inves-
tigate the influence of aluminum hydroxide on the antibody re-
sponse to TBE virus, two groups of 10 mice were immunized with
inactivated TBE virus either without (�Alu) or with (�Alu) alu-
minum hydroxide as described in Materials and Methods. Pools
of postimmunization sera were used for all further analyses. First,
the overall virion-specific antibody response was determined by
virion ELISA and virus neutralization (NT) assays. The original
ELISA data (mean absorbance values of all dilutions of postimmu-
nization sera and the 1:100 dilutions of negative sera used for
cutoff calculation; see Materials and Methods) are provided as
Data Set S1 in the supplemental material. As shown in Fig. 3, the
specific antibodies in the �Alu pool were substantially higher in
both the virion ELISA (Fig. 3A) and the neutralization assay (Fig.
3B), consistent with the well-known adjuvant effect of aluminum
hydroxide. However, the difference in titers was significantly
more prominent in NT than in the virion ELISA, indicating a
disproportionally higher neutralizing potency of the antibodies
induced in the presence of the adjuvant (Fig. 3C). Because alumi-
num hydroxide has been previously shown to increase the avidity
of antibody responses (54–56), we analyzed the relative avidities of
the postimmunization sera in virion ELISA employing a urea wash
step as described in Materials and Methods. Although there was a
tendency to higher avidity in the �Alu group, this difference was
not significant (Fig. 3D).

Fine specificity of the antibody response to E. To dissect the
antibody response and to quantify the contribution of antibody
subsets to virus neutralization, we established immunoassays with
a set of recombinant antigens, which are schematically displayed
in Fig. 1C. These included the following TBE virus proteins: sE,
DI�DII, and DIII. Additionally, we included sE of the related WN
virus for determining broadly flavivirus cross-reactive antibodies.
The results obtained in ELISAs with these antigens are shown in
Fig. 4. It has to be emphasized that these ELISAs have different
formats and sensitivities and do not allow direct quantitative com-
parisons between the assays. However, they do allow comparisons
between the �Alu and �Alu group with respect to the relative
amounts of antibodies reacting in the different ELISAs. The orig-
inal ELISA data (mean absorbance values of all dilutions of
postimmunization sera and the 1:100 dilutions of negative sera
used for cutoff calculation; see Materials and Methods) are pro-
vided as a supplemental data set. As expected, the antibody re-
sponse against all antigens was higher in the �Alu group (Fig. 4A).
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However, the DIII antibody titers were disproportionally in-
creased compared to the virion titers in the �Alu serum pool, and
this difference was significant (Fig. 4B). No comparable effect was
found with the other antigens (Fig. 4B). These results indicate the
induction of a higher proportion of DIII-specific antibodies after
immunization with aluminum hydroxide.

Previous studies with MAbs or mouse postinfection sera of
dengue (57) and WN (36, 42, 58) viruses highlighted the signifi-
cance of a surface-exposed antigenic region, the so-called DIII
lateral ridge (DIII-lr), as an important target of potently neutral-
izing antibodies. As a further measure of possible modulations of
antibody fine specificities, we assessed the antibody response to
the corresponding region on the lr of the TBE virus DIII with an lr
mutant DIII (Fig. 1B and C) using 3-layer ELISA (see Materials
and Methods).

In control experiments, we ensured that both wt and mut DIII-
TR-His fusion proteins were coated equally well to microtiter
plates by the use of an anti-His tag MAb (Fig. 5B), thereby allow-
ing quantitative comparisons to be made. We also demonstrated
that the mutations had selectively destroyed the epitopes of the
DIII-specific MAbs B1 and B4 but not those of B2 and B3 (59, 60)
(Fig. 5C to F). The results obtained with the serum pools from the
�Alu and �Alu groups in ELISAs with wt and lr mutant DIII are
shown in Fig. 6A and B. The reactivity with the mutant was re-
duced by 35% for the �Alu serum pool but only by 14% for the
�Alu serum pool (Fig. 6A). Since there was no significant differ-

ence in avidity for the mutant DIII protein (Fig. 6B), this result
suggests that the proportional amount of DIII-lr antibodies was
approximately two times higher in the �Alu serum pool.

Contribution of DIII-specific antibodies to virus neutraliza-
tion. Because of the differences in fine specificity observed be-
tween the �Alu and �Alu groups and the importance of DIII
antibodies to virus neutralization (35, 36), we determined the
contribution of DIII-specific antibodies to virus neutralization
using antibody depletion with recombinant DIII (see Materials
and Methods). The removal of DIII-specific antibodies was con-
firmed in the DIII ELISA, which showed quantitative depletion of
DIII-specific antibodies in both serum pools (Fig. 7A). In the vi-
rion ELISA, this depletion resulted in the removal of similar
amounts of virion-specific reactivity, 25 and 28% in the �Alu and
�Alu serum pools, respectively (Fig. 7B). However, a significant
difference was observed with respect to the effect of DIII antibody
depletion on virus neutralization. Whereas 68% of NT activity was
removed from the �Alu group, virtually no effect was observed in
the �Alu group (Fig. 7C). The original neutralization curves used
for these calculations are displayed in Fig. 7E and F. These results
show that the DIII-specific antibodies, although contributing to
the same extent to virion ELISA reactivity in both groups, differ
strongly with respect to their contribution to neutralizing activity.
DIII avidity ELISAs (Fig. 7D) revealed a significantly higher avid-
ity in the �Alu group, which can, at least partially, explain the
differences in the NT depletion analyses.

FIG 3 TBE virion-specific antibody response after immunization without and with aluminum hydroxide (�Alu and �Alu, respectively). Virion ELISA
(A), NT (B), and fold difference of titers (C) obtained with the �Alu serum pool compared to the �Alu serum pool in virion ELISA and NT. (D) Virion
ELISA avidities. The data represent the means from at least three independent experiments, and error bars indicate the standard errors of the means. n.s.,
not significant.

FIG 4 ELISA reactivities with virion and recombinant antigens of �Alu and �Alu serum pools. (A) ELISA titers against virion, soluble recombinant E (sE),
DI�DII, and DIII of TBE virus and recombinant WN virus sE. (B) Fold difference of titers obtained with the �Alu serum pool compared to the �Alu serum pool
in virion and recombinant protein ELISAs. The data represent the means from at least three independent experiments, and error bars indicate the standard errors
of the means.
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DISCUSSION

The capacity of aluminum salts to increase antibody responses is
extensively documented and forms the basis for their widespread
use as adjuvants in human and veterinary vaccines (61, 62). How-
ever, it is largely unknown whether the addition of such adjuvants
to protein antigens can also modulate the fine specificity of anti-
body responses and affect the relative proportions of antibody
populations, directed to different antigenic sites in the same pro-
tein, in postvaccination sera. Because such effects can also influ-
ence the functionality of immune responses, we have addressed
this specific question in our study using a relatively simple virus
particle, the flavivirus TBE virus (Fig. 1A), as an immunogen. The
key finding of our work was that the use of aluminum hydroxide
during immunization can exert a substantial influence on the
composition and characteristics of antibodies induced, specifi-
cally on their reactivities with single protein domains, which also
impact the functional activities of these antibodies. This principal
conclusion is based on several lines of experimental evidence ob-

tained through the comparative analysis of sera from mice immu-
nized with inactivated TBE virus alone (�Alu group) or in the
presence of aluminum hydroxide (�Alu group). This evidence
included the following. (i) The increase of antibody titers by the
addition of aluminum hydroxide was significantly higher in NT
than in virion ELISA (Fig. 3C), suggesting a stronger focusing of
the antibody response to epitopes most critical for virus neutral-
ization. (ii) In studies with the related dengue and West Nile vi-
ruses, antibodies to domain III of E (57, 58, 63, 64) were shown to
dominate in murine West Nile virus postinfection and postvacci-
nation responses (35, 36). Consistent with the importance of such
antibodies for virus neutralization and the higher specific neutral-
izing activity of sera from the �Alu group, we observed that these
contained a significantly higher proportion of DIII-specific anti-
bodies than the �Alu group (Fig. 4). (iii) In addition to this quan-
titative difference, we identified an important difference with re-
spect to the functional activities of DIII-specific antibodies
contained in the two serum pools. Approximately 68% of the total
neutralizing antibody activity could be removed from the �Alu
pool by recombinant DIII (Fig. 7C and F). This figure is in com-
plete concordance with a recent mouse immunization study with
the related West Nile virus (35) (which also used C57BL/6 mice
and aluminum hydroxide as an adjuvant) and demonstrated that
approximately 65% of the total neutralizing activity was due to
DIII-specific antibodies. Thus, the data corroborated the func-
tional dominance of these antibodies, at least after immunization
of C57BL/6 mice, in the presence of aluminum hydroxide. How-
ever, a substantially different pattern was observed in the �Alu
serum pool, in which the DIII-specific antibodies, although pres-
ent, did not contribute to the neutralizing activity of the serum to
any measureable extent (Fig. 7C and E).

Two additional sets of experimental data were suggestive of an
adjuvant-induced modulation of antibody fine specificity. First,
we demonstrated that the overall avidity of DIII antibodies was
significantly higher in the �Alu than in the �Alu group (Fig. 7D),
and although not statistically significant, there was also a tendency
for a higher avidity against the whole virus (Fig. 3D). An increase
of overall avidity through the use of aluminum salts as adjuvants
has previously been described in immunization studies in mice
and humans (54, 55, 65). Second, through the use of a mutant DIII
with modifications at the so-called lateral ridge epitope originally

FIG 5 (A) Ribbon diagram of DIII (side view) with amino acid positions
affecting the binding of DIII-specific MAbs (B1 to B4) highlighted by colored
spheres: red, B1 and B4 (59, 72); yellow, B2 (46); orange, B3 (unpublished
data). The newly generated DIII-lr mutant contains replacements at amino
acid positions 309 and 333 (highlighted in green). (B to F) Titration curves of
His tag-specific and TBE DIII-specific MAbs. MAb anti-His tag (B), MAb B1
(C), MAb B2 (D), MAb B3 (E), and MAb B4 (F) were used in ELISA using
wild-type (wt; orange line) and DIII-lr mutant (mut; blue line) TBE-DIII-TR-
His as antigens. The data represent the means from three independent exper-
iments, and the error bars indicate the standard errors of the means.

FIG 6 Antibody response to the TBE DIII-lr epitope. (A) Reduced reactivity of
�Alu and �Alu serum pools with the DIII-lr mutant, expressed as a percent-
age of the DIII wt ELISA reactivity. (B) Relative avidities of �Alu and �Alu
postimmunization sera for the DIII-lr mutant. The data represent the means
from at least three independent experiments, and error bars indicate the stan-
dard errors of the means.
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described in the West Nile virus system (36), we found that the
�Alu group had a higher proportion of antibodies against this
specific epitope than the �Alu group. Although the biological
significance of such subtle differences presently is not clear, these
data further corroborate the conclusion that aluminum hydroxide
can modulate the fine specificities of antibody responses.

There is an obvious discrepancy between the proportion of
DIII-specific antibodies determined directly by DIII ELISA (Fig.
4B) and DIII depletion (Fig. 7B). The data shown in Fig. 4B indi-
cate that the �Alu serum pool contains a higher proportion of
DIII antibodies than the �Alu pool, whereas no such difference
was found in the depletion experiment, in which the apparent
content of DIII antibodies was approximately 25% of the total
virion-reactive antibodies in both instances. These seemingly dis-
crepant results may be due to the weaker avidity of DIII-reactive

antibodies induced in the absence of aluminum hydroxide, which
have an increased likelihood to remain undetected by ELISA, be-
cause this assay favors high-avidity binders due to the many wash-
ing steps in the presence of detergent (66). Depletion analysis, on
the other hand, involves the use of a large excess of antigen and
three consecutive rounds of depletion (see Materials and Meth-
ods); thus, it is favorable for detecting low-avidity antibodies.

Mechanistically, the influences on antibody fine specificity ob-
served in our study are likely a consequence of antigen adsorption
to aluminum hydroxide, which has been shown to be crucial for its
adjuvant effect (3, 4, 14). Indeed, in our experiments the antigen
was completely adsorbed immediately after mixing with the adju-
vant (data not shown). Previous studies have revealed that the
interaction with aluminum hydroxide, which strongly depends on
the properties of the antigen, buffer composition, pH, and physi-
cochemical properties of the aluminum preparation used, can
affect the structure of protein immunogens (15–18). Flavivirus
particles are probably especially prone to adsorption-related
structural effects, since the organization of their E proteins in the
viral membrane is subject to dynamic changes (29, 30, 67), can be
fixed in different configurations (e.g., by the interaction with spe-
cific antibodies [67]), and can undergo extensive temperature-
dependent rearrangements (29, 30, 67). Interactions of aluminum
hydroxide with the viral envelope and possible structural changes
or the fixation of the flexible E protein subunits in a certain con-
figuration may be one explanation for the higher proportion of
DIII antibodies in ELISA (Fig. 4) and their increased contribution
to virus neutralization (Fig. 7C). Some of the observations may
also be due to effects of elution from the adjuvant in the interstitial
fluid (68–70). Since aluminum hydroxide was found in secondary
lymphoid organs up to 28 days after immunization (71), it is pos-
sible that antigen desorption is incomplete under physiological
conditions, and certain epitopes may still be masked by the adju-
vant to various extents when encountering B cells.

In conclusion, the data presented here reveal additional com-
plexities of the immunological activity of aluminum hydroxide
that can impact its efficacy as an adjuvant. Although we assume
that the overall conclusions of our work can be generalized, the
specific effects are likely to be dependent on the unique structural
property of each immunogen and are largely unpredictable. Fu-
ture studies should address questions of structure-specific factors
(e.g., protein stability and small versus complex antigens), host-
specific effects (e.g., mice versus humans), and the contribution of
individual-specific variations of the phenomena observed.
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