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ABSTRACT

The antibody response to proteins may be modulated by the presence of preexisting antigen-specific antibodies and the forma-
tion of immune complexes (ICs). Effects such as a general increase or decrease of the response as well as epitope-specific phe-
nomena have been described. In this study, we investigated influences of IC immunization on the fine specificity of antibody re-
sponses in a structurally well-defined system, using the envelope (E) protein of tick-borne encephalitis (TBE) virus as an
immunogen. TBE virus occurs in Europe and Asia and—together with the yellow fever, dengue, West Nile, and Japanese enceph-
alitis viruses—represents one of the major human-pathogenic flaviviruses. Mice were immunized with a dimeric soluble form of
E (sE) alone or in complex with monoclonal antibodies specific for each of the three domains of E, and the antibody response
induced by these ICs was compared to that seen after immunization with sE alone. Inmunoassays using recombinant domains
and domain combinations of TBE virus sE as well as the distantly related West Nile virus sE allowed the dissection and quantifi-
cation of antibody subsets present in postimmunization sera, thus generating fine-specificity patterns of the polyclonal re-
sponses. There were substantially different responses with two of the ICs, and the differences could be mechanistically related to
(i) epitope shielding and (ii) antibody-mediated structural changes leading to dissociation of the sE dimer. The phenomena de-
scribed may also be relevant for polyclonal responses upon secondary infections and/or booster immunizations and may affect
antibody responses in an individual-specific way.

IMPORTANCE

Infections with flaviviruses such as yellow fever, dengue, Japanese encephalitis, West Nile, and tick-borne encephalitis (TBE)
viruses pose substantial public health problems in different parts of the world. Antibodies to viral envelope protein E induced by
natural infection or vaccination were shown to confer protection from disease. Such antibodies can target different epitopes in E
protein, and the fine specificities of polyclonal responses can differ between individuals. We conducted a mouse immunization
study with TBE E protein alone or complexed to monoclonal antibodies specific for each of the three protein domains. We dem-
onstrated that phenomena such as epitope shielding and antibody-induced structural changes can profoundly influence the fine
specificity of antibody responses to the same immunogen. The study thus provided important new information on the potential
immunomodulatory role of preexisting antibodies in a flavivirus system that can be relevant for understanding individual-spe-
cific factors influencing antibody responses in sequential flavivirus infections and/or immunizations.

S everal mosquito- and tick-transmitted flaviviruses are impor-
tant human pathogens and have a substantial public health
impact in countries of endemicity (1). These include the yellow
fever (YF), dengue (DEN), West Nile (WN), Japanese encephalitis
(JE), and tick-borne encephalitis (TBE) viruses, all of which also
carry the potential to emerge in new, previously unaffected areas
(2-6). Flaviviruses have an envelope (E) protein that is oriented
parallel to the viral membrane and which forms a herringbone-
like icosahedral shell at the surface of mature virions. As revealed
by X-ray crystallography of soluble forms of E (sE) and cryo-
electron microscopy (cryo-EM) of whole virions, the basic build-
ing block of the icosahedral viral envelope protein lattice is an
antiparallel E dimer, with each monomer consisting of three dis-
tinct structural domains (DI, DII, and DIII; Fig. 1). Because of its
essential functions in virus entry (7-9), E is the main target of the
virus-neutralizing antibodies (Abs) that are responsible for con-
ferring long-lasting immunity after infection or vaccination (10).
As revealed by many studies performed with monoclonal antibod-
ies (MAbs) and polyclonal antibodies, each of the three E domains
can induce neutralizing antibodies (reviewed in reference 1), but
the dominance of antibodies to different domains in anti-E re-
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sponses appears to be strongly affected by species-specific as well
as virus-specific factors. Antibodies to DIII contribute strongly to
the neutralizing response in mice but not in humans, and these
observations were made for both mosquito-borne and tick-borne
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FIG 1 Ribbon diagram of the soluble E protein dimer of TBE virus (Protein
Data Bank [PDB] code 1SVB; top view) with the location of epitopes of MAbs
used in this study. Structural domains of sE are colored in red (DI), yellow
(DII), and blue (DIII) and the fusion peptide (FP) in orange. Gray spheres
indicate Ca atoms of residues involved in the binding of MAbs IC3, A3, and
B4, as determined by the use of virus escape mutants (76, 77) and engineered
recombinant E mutants (52).

flaviviruses (reviewed in references 11 and 12). In addition to such
species-dependent phenomena, differences in immunodomi-
nance between different flaviviruses were also observed. In human
dengue virus infections, for instance, cross-reactive antibodies di-
rected to the conserved fusion peptide (FP) (Fig. 1) make up a
substantial portion of the total antibody response (13, 14),
whereas this site is not comparably dominant in the response to
TBE virus infection or to TBE and YF virus vaccination (15, 16).
Differences in the stability of E complexes at the virion surface, the
extent of proteolytic maturation cleavage of the second envelope
glycoprotein (prM) present in immature virions (reviewed in ref-
erence 17), and the dynamics of epitope exposure by viral “breath-
ing” phenomena (18-23) may be responsible for such effects.

Because E is the target of potently neutralizing antibodies, sol-
uble or particulate immunogens of this protein have been evalu-
ated as experimental flavivirus vaccines (reviewed in references 24
and 25). The use of antibody-antigen immune complexes (ICs)
has been proposed as a means for improving the immune re-
sponses to immunogens from a variety of resources (26-35), but
no such studies have yet been performed with flavivirus antigens.
We have therefore conducted a model immunization study in
mice and investigated the outcome of antibody responses to the
TBE virus E protein in complex with monoclonal antibodies
(MAbs) specific for each of the three domains of E. Potentially, the
presence of preexisting antigen-specific antibodies and the forma-
tion of ICs can have a variety of indirect, non-antigen-specific
effects, primarily mediated by the interaction of the Fc parts with
Fc receptors that are present on innate and adaptive immune cells
(reviewed in references 36 and 37). Such interactions may lead to
an enhancement or a decrease of the overall antibody responses,
depending on the specific situation of infection or immuniza-
tion, the nature of the antigen, and the characteristics of the
antibodies in the ICs (27, 29, 38—41). The potential beneficial
nature of such general antibody-mediated effects may be a
means for designing more-effective immunization protocols,
e.g., to overcome impaired germinal center responses in the
elderly (42), or for developing therapeutic vaccines (43). In
addition, however, antibodies in ICs can also exert epitope-
specific effects and modulate the specificity of the antibodies
induced. Mechanisms such as epitope shielding or antibody-
mediated conformational changes have been proposed to ex-
plain the phenomena observed (28, 38, 44, 45).

The immunomodulatory effect of ICs on the specificity of an-

August 2015 Volume 89 Number 15

Journal of Virology

Immune Complexes Modulate Antibody Responses

tibody responses is difficult to measure because of the large com-
posite of antibody populations present in postimmunization sera.
In our mouse immunization study, we therefore combined
knowledge of the atomic structure of the TBE virus sE protein and
of the binding sites of MAbs to obtain information on epitope-
specific effects in the induction of antibodies upon IC immuniza-
tion in a structurally defined system. For dissecting the specifici-
ties of antibody populations induced, we exploited previously
established immunoassays using recombinant domains and do-
main combinations of E protein as well as a heterologous flavivi-
rus E protein that allowed us to quantify distinct antibody subsets
in polyclonal sera (15, 46). Using ICs with MAbs specific for each
of the three E domains, we found neither an enhancing nor a
decreasing effect on the overall response but demonstrated a spe-
cific modulation of the fine specificity of antibodies induced by
two of the ICs. The mechanisms underlying these effects were
different and were identified as epitope shielding in the case of the
DIII-specific antibody and as antibody-mediated dissociation of
the E dimer in the case of the DII-specific antibody.

MATERIALS AND METHODS

Production and purification of TBE virus. Production of highly purified
infectious virus was carried out essentially as described in reference 47. In
brief, primary chicken embryo cells were infected with TBE virus strain
Neudorfl (GenBank accession no. U27495). The cell supernatant was har-
vested 48 h postinfection and concentrated by ultracentrifugation, and the
virus was purified by rate-zonal centrifugation followed by equilibrium
sucrose density gradient centrifugation.

Expression and purification of recombinant proteins. (i) TBE virus
sE, DI, and DIDII and WN virus sE. Recombinant TBE virus sE (amino
acid [aa] 1 to 400), DI (aa 1 to 52 plus 8-Gly linker plus aa 137 to 192
plus 8-Gly linker plus aa 285 to 302), and DIDII (aa 1 to 302) proteins
were derived from TBE virus strain Neudoerfland WN virus sE (aa 1 to
400) protein from strain New York 99 (GenBank accession number
AF196835). All antigens were expressed in Schneider 2 (S2) cells with
an enterokinase cleavage site and a double Strep (Trp-Ser-His-Pro-
Gln-Phe-Glu-Lys) tag, using the pT389 vector (kindly provided by T.
Krey and F. Rey, Institut Pasteur, France), as described previously (15,
16, 46). All Strep-tagged proteins were affinity purified using Strep-
Tactin columns (IBA), according to the manufacturer’s protocol.

SE for immunization was produced without a tag by introducing a
stop codon after aa 400 of the sE sequence and purified by immunoaffinity
chromatography using TBE virus-specific MAb B4.

(ii) DIII-TR fusion proteins: wt and lateral-ridge mut. For the ex-
pression of DIII (aa 302 to 398) from TBE virus strain Neudoerfl, Esche-
richia coli strain BL21 and the pET 32a Xa/LIC vector (Novagen) were
used. DIIIs (wild type [wt] and mutant [mut]) were produced as fusion
proteins with thioredoxin (TR) carrying a C-terminal His tag and purified
via Ni*" affinity chromatography as described previously (48). The
DIII-TR lateral-ridge mutant (amino acid substitutions S309A and
K333E) was constructed in analogy to the WN virus DIII-lateral-ridge
mutant (49) and has already been described in detail in reference 46.

(iii) The isolated DIII (containing a His tag) was produced by proteo-
lytic cleavage performed with factor Xa of the TR fusion partner from
DIII-TR as described previously for WN virus DIII (48).

Production and purification of MAbs and Fab fragments. Mabs IC3
(IgG2b), A3 (IgG1), and B4 (IgG1) (50, 51) have specific TBE virus-neu-
tralizing activities of 3.5 wg/ml, 23.3 pg/ml, and 70.9 pg/ml (the concen-
trations of each MADb at which 50% neutralization is achieved [NT]),
respectively (52). They were purified from serum-free hybridoma cell
culture supernatants using protein A or G Sepharose High Performance
columns (GE Healthcare Life Sciences), according to the manufacturer’s
instructions. Fab fragments were generated from purified MAbs by pa-
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FIG 2 Immunization schedule, antibody response induced by sE alone (ref-
erence group), and detection of passively administered MAbs (control
groups). (A) Immunization schedule. C57BL/6 mice (five mice per group)
were immunized three times (arrows above time line) intraperitoneally (i.p.)
with sE alone, with sE in complex with MAb IC3, A3, or B4, or with MAbs
alone. Blood samples were taken at different time points (arrows below time
line). (B) Results of ELISAs (using sE as an antigen) of serum pools from the
sE-immunized reference group (solid line) and from control groups with pas-
sively administered MADbs (dashed lines) at different time points after immu-
nization.

pain cleavage as described previously (53) and were purified by ion-ex-
change chromatography followed by gel filtration.

Quality control of immunogens and recombinant proteins. The pu-
rity of recombinant proteins and MAbs was controlled by Agilent 2100
bioanalyzer electrophoresis and/or 15% SDS-PAGE. The oligomeric
structures of recombinant sE proteins of TBE and WN virus have been
determined by cross-linking and sedimentation analyses in previous stud-
ies (15, 48), confirming TBE virus sE to be a dimer and WN virus sE to be
a monomer. The correct folding of recombinant proteins has been dem-
onstrated in previous studies (15, 46).

Preparation of ICs for immunization. ICs were prepared by mixing
the TBE virus sE protein and MADb IC3, A3, or B4 in a molar ratio of 1:5 in
phosphate-buffered saline (pH 7.4) and incubating for 1 hat 37°C. One IC
vaccination dose contained 5 g sE and 37.5 g of the respective MAb.

Mouse immunization. Mouse experiments were performed in strict
accordance with the guidelines of the Federation of European Laboratory
Animal Science Associations (FELASA) and Austrian federal law. The
study was approved by the ethics committee of the Medical University of
Vienna and the Austrian Federal Ministry of Science and Research (per-
mit number BMWEF-66.009/0237-11/3b/2011).

Groups of five C57BL/6 mice (Charles River Laboratories, Sulzfeld,
Germany) were immunized intraperitoneally with 100 pl/dose/mouse of
the IC twice with an interval of 14 days between immunizations and re-
ceived a booster immunization 8 weeks after the last vaccination (Fig. 2A).
The reference group was immunized with the sE protein alone, whereas
control groups received only the respective MAD in the same amount and
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concentration as used in the IC immunization. Blood samples were taken
from the tail vein at different time points.

IgG-enzyme-linked immunosorbent assay (ELISA) for serum anal-
ysis. (i) sE, DI, DIDII, and virion ELISA. Recombinant proteins (sE, DI,
and DIDII) (50 ng/well) and 25 ng/well of purified whole TBE virus in
carbonate buffer (pH 9.6) were coated overnight at 4°C onto Maxisorp
96-well plates (Nunc) and untreated 96-well microtiter plates (Nunc),
respectively. Threefold serial dilutions of the mouse sera, starting at a
dilution of 1:100, were added, and the reaction mixture was incubated for
1 h at 37°C. Bound antibodies were then detected using peroxidase-la-
beled sheep anti-mouse IgG conjugate or peroxidase-labeled rabbit anti-
mouse IgG conjugate as described in reference 54. Absorbance values were
determined at 490 nm. As negative controls, eight sera from naive mice
were included in all tests to determine cutoff values. These were defined as
the mean absorbance values for negative controls plus 3 standard devia-
tions, as recommended in reference 55. This cutoff was used for titer
calculations by curve fitting using a four-parameter logistic regression
with GraphPad Prism 5 software (GraphPad Software Inc., San Diego,
CA). Reactivities of sera with absorbance values below the cutoff were
assigned a titer value of 50 (50% of the serum starting dilution). At least
three independent experiments were performed for each serum to calcu-
late geometric mean titers.

(ii) DIII ELISA (48). A rabbit anti-His tag antibody (50 ng/well; QED
Biosciences) in carbonate buffer (pH 9.6) was coated onto 96-well Max-
isorp microtiter plates (Nunc) overnight at 4°C. Then, 50 ng/well of the
isolated DIII was added to the plates and the reaction mixture was incu-
bated for 1 h at 37°C. Serial dilutions of mouse sera were applied as de-
scribed above, and bound antibodies were detected using a peroxidase-
labeled goat anti-mouse IgG conjugate (Pierce). Titer calculations were
performed as described above.

(iii) DIII-TR (wt and mut) ELISA. DIII-TR (wt or mut; each 50 ng/
well) in carbonate buffer (pH 9.6) was coated onto Maxisorp 96-well
plates (Nunc) overnight at 4°C. Serial dilutions of the mouse sera were
added as described above, and bound antibodies were detected using per-
oxidase-labeled sheep anti-mouse IgG conjugate. Titer calculation was
performed as described above. For the determination of the percentage of
DIII-lateral-ridge-specific antibodies of the total DIII antibody response,
the following formula was used: 100 — [(titer DIII-TR mut/titer DIII-TR
wt) X 100]. Statistical analyses were performed using unpaired t tests, and
differences were considered significant when the P values were less than
0.05.

Chemical cross-linking. SE, MAbs, Fab fragments, and ICs were pre-
pared in TAN buffer (50 mM triethanolamine [TEA], 100 mM NaCl; pH
8.0) and incubated for 1 h at 37°C. Chemical cross-linking was performed
essentially as described previously (56), using 10 mM dimethyl suberimi-
date (DMS; Pierce). Cross-linking was stopped by the addition of etha-
nolamine to reach a final concentration of 10 mM. Proteins were precip-
itated with trichloroacetic acid (TCA), subjected to SDS-PAGE using 5%
polyacrylamide gels under nonreducing conditions as described in refer-
ence 57, and stained with Coomassie blue R-250.

Statistical analyses of ELISA ratios. Ratios of titers obtained with each
of the different ELISA antigens were calculated relative to those deter-
mined with TBE virus sE. Log ELISA titers were analyzed by the use of a
general linear model with log sE titers used as the offset values. Differences
from the reference group values were tested by linear contrasts with Bon-
ferroni correction and were considered significant at P values below 0.05.

RESULTS

Mouse immunization. To study the effect of defined antibodies in
ICs on the specificity of antibody responses to the antigen, we
immunized mice (C57BL/6) with the purified dimeric TBE virus E
protein either alone or as a preformed complex with each of three
purified E-specific neutralizing MAbs. These recognize epitopes in
DI (MADb IC3), DII (MAb A3), and DIII (MADb B4) of E (Fig. 1) in
the context of the virus particle and react also with the dimeric
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FIG 3 sE-specific antibody response. ELISA titers (using sE as an antigen) of
serum samples of each mouse immunized with sE, sE-IC3, sE-A3, and sE-B4
were determined. The horizontal lines show the mean titers, and the error bars
represent the standard errors of the means.

form of sE, as well as with the isolated DI (MADb IC3), the isolated
DIII (MAb B4), and the isolated monomeric domain combination
of DI plus DI (DIDIT) (MAb A3) (15).

With each of these immunogens, groups of five mice were im-
munized twice with an interval of 2 weeks between immunizations
followed by a booster immunization 8 weeks after the second im-
munization (Fig. 2A). In addition—to assess the persistence of
passively transferred antibodies in the blood, which could have
interfered with the analysis of immunization-induced antibod-
ies—we used control groups of mice administered each of the
MADbs without antigen at the same amount and concentration as
in the ICs. Blood samples were taken at several time points as
indicated in Fig. 2A, and the ELISA results (using sE as an antigen)
obtained with the sE-immunized reference group and the MAb
control groups are shown in Fig. 2B. The antibody response in-
duced by sE peaked at week 12 (2 weeks after the booster) and then
declined. The passively administered antibodies, however, be-
came undetectable only at week 22, and we therefore performed
all further analyses with samples of sE- and IC-immunized mice
obtained at this later time point.

Immunization with ICs does not change the extent of the
overall antibody response. Single serum samples from all indi-
vidual mice immunized with sE alone, as well as with the ICs
sE-IC3, sE-A3, and sE-B4, taken at week 22 postimmunization,
were tested for specifically induced antibodies in ELISA using sE as
an antigen. The titers obtained for each single serum as well as
their means are displayed in Fig. 3. Despite substantial differences
in the results determined among the individual mice, no signifi-
cant differences in the mean serum titers were observed.

Effect on the fine specificities of antibody responses. To find
out possible differences in the specificities of antibody popula-
tions in the polyclonal postimmunization sera, we performed
ELISAs with TBE virus sE and substructures thereof (DI, DIDII,
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and DIII) and with purified whole TBE virus as well as with the
heterologous sE of WN virus for determining the extent of cross-
reactive antibodies. For all sera, we calculated the ratios of titers
obtained in the different ELISAs to the titers obtained in the TBE
virus sE ELISA. The mean values of these ratios obtained for the
reference group (mice immunized with sE only) were set to a value
of 1 (Fig. 4A), and all results are displayed as fold differences
relative to the mean values (Fig. 4).

No significant differences in the fine specificities of the anti-
body responses were found after immunization with the IC sE-
IC3 (Fig. 4B), in contrast to the results determined for the other
two groups, which displayed substantial deviations from the pat-
tern of the reference group (Fig. 4C and D). In the case of the
sE-B4-immunized group, the ratio of virion reactivity to sE reac-
tivity was significantly lower than in the sE-immunized (refer-
ence) group. For the other parameters, no significant differences
were found (Fig. 4D). After immunization with the IC sE-A3,
however, all fine-specificity parameters differed significantly and
were either increased or decreased in comparison to the reference
group parameters (Fig. 4C).

Evidence for epitope shielding by MAb B4. We hypothesized
that the reduced serum reactivity with virion relative to sE found
with sera of IC sE-B4-immunized mice (Fig. 4D) could have been
the result of epitope shielding by MAD B4. In the context of the
virion, this epitope is part of the most exposed region of DIII (the
DIII lateral ridge) (49, 58, 59), whereas other parts of DIII are at
least partially buried at the virion surface. In contrast, in the sol-
uble form of E and the ICs thereof used for immunization, such
surfaces are accessible and can measurably induce antibodies in
ELISAs using sE or DIII as the antigen. A selective reduction of B4
epitope-specific antibodies due to epitope shielding could there-
fore potentially be revealed by a lower virion/sE ELISA titer ratio,
without affecting the DIII/sE ELISA titer ratio, as shown (Fig. 4D).

To test our hypothesis, we analyzed the sera of the IC sE-B4-
immunized group as well as the sera of the sE-immunized refer-
ence group in an ELISA using wild-type DIII and a mutant DIII
(Fig. 5A) as antigens. The latter contains two amino acid substi-
tutions at the lateral ridge of DIII that completely abolish binding
of MAD B4 (46). The titers obtained with the mutant and the wt
DIII were used to calculate the percentage of DIII-lateral-ridge
antibodies, as described in Materials and Methods, and the results
are shown in Fig. 5B. Consistent with the presumed epitope
shielding by MAD B4, the proportion of DIII-lateral-ridge anti-
bodies was significantly lower in the sE-B4-immunized mice than
in the reference group.

Evidence for antibody-mediated conformational changes by
MAD A3. The differences in the ELISA reactivity patterns obtained
with sera from IC sE-A3-immunized mice and sera from the ref-
erence group patterns were quite dramatic, and all parameters
tested differed significantly (Fig. 4C). Antibody responses to all
three domains of E were affected (increase of the ELISA titer ratios
for DI/sE and DIDII/sE and decrease of that for DIII/sE), substan-
tially more cross-reactive antibodies were induced (WN sE/TBE
sE ELISA titer ratio), and a lower virion/sE ELISA titer ratio of the
response was observed. These data argued against a simple shield-
ing effect as described for MAb B4 but suggested a possible anti-
body-mediated structural change in the immunogen. We there-
fore analyzed the oligomeric structure of sE in the absence and
presence of different concentrations of MAb A3, using chemical
cross-linking and SDS-PAGE. The results are shown in Fig. 6A.
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FIG 4 Fine-specificity patterns of the antibody responses induced by sE and different ICs. Titer ratios of single sera (i.e., titers in ELISAs with different antigens
relative to the titers in sE-ELISA), displayed as fold increase or decrease relative to the mean ratios of the reference group, were determined. (A) sE-immunized
reference group. (B) IC sE-IC3-immunized group. (C) IC sE-A3-immunized group. (D) IC sE-B4-immunized group. Error bars indicate the standard errors of
the means. Black stars indicate statistically significant differences from the reference group values (general linear model with Bonferroni-corrected P values; *,

P < 0.05;**, P < 0.01; ***, P < 0.001).

Corresponding to its dimeric structure and previous work (60,
61), cross-linking of sE yielded bands of E monomers (~50 kDa)
and dimers (~100 kDa) (Fig. 6A, lane 2). In the presence of MAb
A3, however, a concentration-dependent disappearance of the E
dimer band was observed, consistent with the dissociation of the E
dimer. The appearance of a band of ~200 kDa indicated cross-
linking of sE monomers with the MAb (Fig. 6A, lanes 3 to 5).
Control experiments with MAbs B4 and IC3 (Fig. 6B) did not
provide evidence for such an antibody-induced dissociation of the
sE dimer. The patterns obtained with these MAbs (Fig. 6B, lanes 4
and 5) differed substantially from that obtained with MAb A3
(Fig. 6B, lane 3). Specifically, sE dimer bands were present as well
as an additional band at ~250 kDa, corresponding in molecular
mass to a cross-linked complex of the sE dimer and the MAb.
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To test whether the dissociation effect mediated by MAb A3
required bivalent binding to sE, we conducted a similar experi-
ment with the A3 Fab fragment and—as a control—the Fab frag-
ment of the nondissociating MAb B4 (Fig. 6C). The bands ob-
served with Fab fragment B4 (Fig. 6C, lane 1) corresponded in
molecular masses to (i) SE monomers and the Fab fragment (both
~50kDa), (ii) sE dimers (~100 kDa), (iii) a complex of sE dimers
with one B4 Fab fragment (~150 kDa), and (iv) a complex of sE
dimers with two B4 Fab fragment molecules (~200 kDa). A dif-
ferent cross-linking pattern was obtained with the Fab fragment of
the dissociating MADb A3 (Fig. 6C, lane 2). Except for a band cor-
responding in molecular mass to an sE monomer-Fab fragment
complex (~100 kDa), none of the higher-molecular-mass com-
plexes were found after exposure of sE to Fab fragment A3. This
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FIG 5 (A) Ribbon diagram of DIII (PDB code 1SVB) in top and side views.
The DIII mutant contains amino acid substitutions at positions 309 and 333,
indicated as orange spheres. (B) Antibody response to the DIII-lateral-ridge
epitope. Percentages of DIII-lateral-ridge ELISA antibodies in sera of mice
immunized with sE or the IC sE-B4. The black star indicates a statistically
significant difference between the values for the two groups (unpaired ¢ test; *,
P <0.05).

pattern is consistent with an A3 Fab fragment-mediated dissocia-
tion of sE dimers, similar to that shown with the whole antibody.
DISCUSSION

In this immunization study, we demonstrated epitope-specific ef-
fects in the modulation of the fine specificity of polyclonal anti-

Immune Complexes Modulate Antibody Responses

body responses to the TBE virus E protein, when applied as ICs
with two specific MAbs which have the same IgG subclass (IgG1).
The most dramatic alteration of this response was observed after
immunization with an IC containing a MAb directed against DII
(MADb A3; Fig. 4C). The change in a physical property of the im-
munogen, i.e., the dissociation of the E dimer by this MAb (Fig. 6),
provides a logical explanation for the altered specificity patterns
observed. Since the same dissociating effect was also shown with
the corresponding Fab fragment, possible influences of bivalent
binding or Fc-mediated interactions can be excluded in this case.
The MAD A3 epitope is located on the finger-like structure of DII,
involving residues of the b B-sheet and the bc-loop next to the
fusion peptide (FP) (60). The specificity pattern observed is fully
compatible with the antibody-mediated exposure of the FP which
is highly conserved and largely buried in the context of the E dimer
by interactions with a groove provided by DI and DIII (Fig. 1). By
the dissociation of the dimer, increased interactions of the FP with
B cell receptors become possible, consistent with higher propor-
tions of antibodies recognizing DII that are broadly flavivirus
cross-reactive (Fig. 4C). Similar epitope-specific antibody-medi-
ated structural changes have also been described for other viruses
(62—64). In the case of HIV, they were implicated in the enhanced
antigenicity of neutralizing antigenic sites involving the V3 loop of
gp 120 after immunization with ICs containing the HIV gp 120
(28, 65).

The demonstration of TBE E dimer dissociation by MAb A3

A 4 5 6 7 8

-+ + o+ 4+ - - + DMS
— IC (sE monomer + mab)
— mab
— sE dimer
— sE monomer

1 2 3 4 5 1 2

R + o+ o+ 4+ DMS + DMS

— IC (sE dimer + mab)
— IC (sE monomer + mab)

— mab

— sE dimer

— sE monomer

sE dimer + 2 fabs —
sE dimer + 1 fab —

sE dimer —
— sE monomer + 1 fab

sE monomer/fab — — sE monomer/fab

FIG 6 Chemical cross-linking (DMS) and SDS-PAGE of sE and ICs. Protein bands corresponding to MAbs and monomeric and dimeric forms of sE as well as
complexes formed between the monomeric or the dimeric form of sE and MAbs/Fab fragments are labeled. (A) Cross-linking of sE in the presence of different
concentrations of MAb A3. Lane 1, sE—not cross-linked; lane 2, sSE—cross-linked; lanes 3 to 5, sE cross-linked in the presence of increasing concentrations of
MAD A3 (molar ratios of MAD to sE, 1:1, 3:1, and 5:1); lanes 6 to 8, controls with MAb A3 (lane 6, sE plus A3—not cross-linked; lane 7, A3—not cross-linked;
lane 8, A3—cross-linked). (B) Cross-linking of sE in the presence of MAbs A3, IC3, and B4. Lane 1, sE—not cross-linked; lane 2, sE—cross-linked; lane 3, sE
cross-linked in the presence of MAb A3; lane 4, sE cross-linked in the presence of MADb IC3; lane 5, sE cross-linked in the presence of MAb B4. The molar ratio
of MAD to sE was 3:1 in all cases. (C) Cross-linking of sE in the presence of Fab fragments B4 and A3. Lane 1, sE cross-linked in the presence of Fab fragment B4;
lane 2, sE cross-linked in the presence of Fab fragment A3. The molar ratio of Fab fragment to sE was 5:1 in both cases.

jviasm.org 7975

August 2015 Volume 89 Number 15 Journal of Virology


http://www.ncbi.nlm.nih.gov/nuccore?term=1SVB
http://jvi.asm.org

Tsouchnikas et al.

also provides a late explanation for enhancement phenomena ob-
served in competitive MAb binding studies used for epitope map-
ping (53). In the case of TBE virus, these analyses were conducted
with both whole antibodies and Fab fragments and had shown
that MAD A3 not only strongly increased the affinity of a broadly
flavivirus cross-reactive antibody (MAb A1) but—as revealed by
Scatchard analyses—also increased the number of binding sites,
fully compatible with a MAb A3 antibody-mediated dissociation
of E and concomitant exposure of the FP containing the MAb A1l
epitope. Since the latter analyses were performed with purified
virions and not with isolated sEs, it can be concluded that MAb A3
dissociates E dimers also in the context of whole virions.

The phenomena observed with flavivirus E-antibody com-
plexes, such as the enhancement of antibody binding or the mod-
ulation of the specificity of antibody responses after IC immuni-
zation, have to be seen in the context of the dynamic nature of
proteins and protein complexes and their oscillation between dif-
ferent conformational states that can be stabilized by new interac-
tion partners. The flavivirus E protein may be especially prone to
such dynamic changes because of the flexibility of junctions be-
tween its domains (66) allowing adoption of a variety of confor-
mations that enable the structural changes and oligomeric rear-
rangements occurring during virus maturation, egress, and entry.

Antibody-mediated reorganizations of the oligomeric struc-
ture of E have been structurally defined by cryo-EM analyses of
whole dengue viruses in complex with Fab fragments (21). This
study showed that the binding of antibodies can shift the equilib-
rium structure of E at the virion surface to ensembles that are
strikingly different from those observed in the absence of antibod-
ies. The exposure of seemingly cryptic antigenic sites by breathing
phenomena can also have strong implications for the mechanisms
of antibody-mediated virus neutralization (18, 20, 67-69), and
antibody-induced disruption of dimer contacts between the FP in
one monomer and its accommodating pocket in the second
monomer by a dengue E DIII-specific antibody has been proposed
as an explanation for its neutralizing activity (19). It is presently
unknown whether the dissociating effect of MAb A3 is due to
antibody-mediated conformational changes that weaken E-dimer
interactions or due to the fixation of a monomeric state present in
a dimer-monomer equilibrium.

The immunomodulatory effects observed with MAb B4 are
most likely due to epitope shielding. Compared to those of MAb
A3, these effects were comparably subtle and reached statistical
significance only with a single parameter, the ratio of virion-reac-
tive antibodies to sE-reactive antibodies (Fig. 4D). Together with
the lacking capacity of MADb B4 to dissociate the E dimer, these
data argue against dramatic antibody-mediated structural
changes in the immunogen. Analyses with mutants of the exposed
lateral-ridge epitope in DIII (the binding site of MAb B4; Fig. 5)
rather suggest that the shift of antibody specificity is due to the
shielding of the epitope in the immunogen, thus restricting acces-
sibility for the B cell receptor to this specific site without impairing
the induction of antibodies to other accessible antigenic sites in
DIII. Such interactions can explain the relative reduction of levels
of virion-reactive antibodies compared to sE-reactive antibod-
ies in sera after IC sE-B4 vaccination, because—in contrast to
epitopes at the lateral ridge of DIII—substantial parts of DIII
are largely buried in the context of the closed virion shell but
are accessible in the sE dimer. The masking of B cell epitopes
has been proposed as a mechanism by which maternal antibod-
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ies influence infant vaccine responses (70) and exert determi-
nant-specific modulatory effects on the specificity of antibody
responses (71-74).

It is possible that mechanisms like antibody-induced confor-
mational changes and epitope shielding also play a biological
role in a polyclonal situation by changing viral surface struc-
tures and the accessibility of certain epitopes. Such effects could
influence the antibody response in sequential flavivirus infections
or immunizations and—as a consequence—virus neutralization
or antibody-dependent enhancement of infection. Specifically, an
increase in the levels of cross-reactive, weakly neutralizing anti-
bodies could impair antibody-mediated protection and favor
pathological consequences of IC formation, similarly to those de-
scribed by Watanabe et al. (75) in a mouse model. In this context,
it is important that the compositions of antibody populations in
sera from different individuals and the immune dominances of
certain antibody populations can differ substantially (15, 16), and
epitope-specific effects may therefore differ from individual to
individual. Such aspects can be addressed in future studies to clar-
ify their relevance in the complex and diverse settings of antibody
populations in polyclonal sera.
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