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Synthetic peptide immunogens that mimic the conformation
of a target epitope of pathological relevance offer the possibility
to precisely control the immune response specificity. Here, we
performed conformational analyses using a panel of peptides in
order to investigate the key parameters controlling their confor-
mation upon integration into liposomal bilayers. These revealed
that the peptide lipidation pattern, the lipid anchor chain
length, and the liposome surface charge all significantly alter
peptide conformation. Peptide aggregation could also be mod-
ulated post-liposome assembly by the addition of distinct small
molecule 3-sheet breakers. Immunization of both mice and
monkeys with a model liposomal vaccine containing 3-sheet
aggregated lipopeptide (Palm1-15) induced polyclonal IgG
antibodies that specifically recognized f-sheet multimers
over monomer or non-pathological native protein. The ratio-
nal design of liposome-bound peptide immunogens with
defined conformation opens up the possibility to generate
vaccines against a range of protein misfolding diseases, such
as Alzheimer disease.

The role of immunogen conformation in the specificity and
efficacy of the humoral immune response has been recognized
in a number of recent therapeutic and prophylactic vaccines
(1-4). Conformation-specific antibodies generated by immu-
nization with conformationally restricted immunogens are also
important tools for disease diagnosis as biochemical probes for
establishing protein structure-function relationships (5, 6) and
in affinity purification (7, 8). Development of such peptide
immunogens, however, has thus far been hindered by the lack
of general design strategies to control the conformation of a
given peptide sequence. In addition, most naked peptides have
low inherent immunogenicity. Although design of peptide tem-
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plates for the generation of antibodies that selectively recognize
protein epitopes with an «-helical conformation has been
reported (2, 4, 9, 10), general strategies to design short peptide
fragments as immunogens for targeting other protein confor-
mations are lacking.

Protein aggregation resulting from aberrant folding is char-
acterized by the formation of proteinaceous deposits called
amyloid, which exhibit B-sheet structure (11). Misfolding
is now associated with over 20 human diseases, including
Creutzfeldt-Jakob disease, Alzheimer disease (AD),”> Hunting-
ton disease, and Type II diabetes mellitus (12). Vaccines that
can elicit antibodies against only the pathological B-sheet mul-
timers of these targets would thus be considered advantageous
from an efficacy perspective but also particularly from a safety
perspective, where the non-folded protein has physiological
relevance. In AD, B-amyloid peptides (AB) AB(1-40) and
AB(1-42) have been associated with disease progression over
several decades of research, and the B-sheet aggregates of A3
are one of the major pathological hallmarks of AD (13).
Although the molecular pathology of AD has not yet been elu-
cidated, a large variety of soluble and insoluble B-sheet AB(1-
40/42) oligomers with different degrees of polymerization have
been identified in vitro or in AD brain as synaptotoxic and likely
causal agents of cognitive impairment (14 —18).

The discovery that active vaccination of transgenic mice
overexpressing human amyloid precursor protein (APP) with
AB-derived peptides could be an effective means to modify dis-
ease progression has opened up new vistas in AD therapy (19—
21). The importance of immunogen aggregation state upon
immune response specificity has been demonstrated by the
generation of antibodies with binding specificities for fibrillar
(22, 23) as well as a range of soluble forms of AB(1-40/42)
(24 -26). Control of peptide aggregation state is, however, pre-
carious due to the stability issues associated with oligomers

2 The abbreviations used are: AD, Alzheimer disease; AB, B-amyloid protein;
APP, amyloid precursor protein; DMPC, 1, 2-dimyristoyl-sn-glycero-3-
phosphocholine; DMPG, 1,2-dimyristoyl-sn-glycero-3-(phospho-rac-(1-
glycerol)); DMTAP, 1, 2-dimyristoyl-3-trimethylammonium-propane; MAS,
magic angle spinning; MPLA, monophosphoryl lipid A; ThT, thioflavin T;
SEC, size exclusion chromatography.
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held together by non-covalent bonds. As aresult of this, peptide
immunogens are frequently used as heterogeneous mixtures of
different secondary and quaternary conformations. On the
other hand, vaccines that make use of covalently stabilized pep-
tide multimers have hitherto been designed using de novo strat-
egies that are not readily adaptable to target different oligo-
meric species.

We have previously reported that the tetrapalmitoylated
B-amyloid 1-15 peptide (Palm1-15) embedded into liposomes
along with monophosphoryl lipid A (MPLA), to generate lipo-
somal vaccine ACI-24, could elicit an immune response that
restored the cognitive impairment of APP transgenic mice (27).
This truncated AP peptide sequence was chosen because it
retains the immunodominant B-cell epitope of AB(1-42) but
lacks the T-cell epitope (27). This T-cell epitope was associated
with meningoencephalitis in a phase Ila study by ELAN Phar-
maceuticals (22, 28). Surprisingly, we found that liposomal
Palm1-15 (ACI-24) adopted a predominant 3-sheet conforma-
tion although the N-terminal region of AB(1-40/42) is thought
to be unstructured in vitro (29). Moreover, introduction of a
PEG spacer between peptide and lipid anchor removed the pep-
tide from the liposome surface and gave rise to a liposomal
peptide with a random coil conformation. When tested in APP
transgenic mice, only ACI-24 restored the cognitive deficit,
suggesting a link between peptide immunogen conformation
and in vivo efficacy (27).

In this study, we describe experiments aimed at understand-
ing better the B-sheet conformation and establishing a struc-
ture-conformation relationship for liposomal Palm1-15 (ACI-
24). In addition, we investigated whether the formation of a
defined conformation is dependent upon the amino acid
sequence. To this end, various peptides were lipidated and inte-
grated into liposomes. To evaluate the utility of such constructs
to generate conformation-specific antibodies in vivo, mice and
monkeys were immunized with ACI-24, and the resulting anti-
bodies were analyzed for conformation-specific binding to dis-
tinct conformations of AB(1-42) peptide as well as native
protein.

EXPERIMENTAL PROCEDURES

CD Spectroscopy—CD spectra were acquired on a Jasco-815
spectropolarimeter (Japan) with a 0.1 cm path length quartz
cuvette at 23 °C. Measurements were made with a 1.0 nm band-
width and 0.5 nm resolution. A scan speed of 50 nm/min was
employed with response time of 1 s. Solvent control spectra
(four scans) were averaged and subtracted from the average of
eight scans of each sample spectra. All spectra ([6],., degrees)
were smoothed after being converted to mean residue molar
ellipticity ([0], degrees cm? dmol ') with the equation, [6] =
[0],bs X (MRW/10lc), where MRW is the mean residue molec-
ular weight (molecular weight/number of residues), / is the
optical path length (cm), and c is the concentration (g/cm?®). For
analysis, liposomal suspensions were diluted 6-fold in PBS to
give final peptide concentrations between 10 and 40 um. Spec-
tra of the corresponding empty liposomes lacking peptide were
subtracted.

Thioflavin T (ThT) Fluorescence—Fluorescence emission
spectra were measured at 25 °C on a Tecan M200 spectrofluo-
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rimeter with an excitation of 440 nm. Liposomes were diluted
8-fold in PBS to give a final peptide concentration of 15 uMm, and
then ThT was added at different concentrations. Data were
fitted using non-linear regression analysis (SigmaPlot version
10.0) assuming single-site binding saturation in order to calcu-
late apparent K, and maximal binding B,,,, .. For disaggregation
experiments, see the supplemental “Results.”

Magic Angle Spinning (MAS)-NMR Spectroscopy—Experi-
ments were conducted using a 3.2-mm triple-resonance (*H,
13C, '>N) MAS probe (Bruker Biospin) at a static magnetic field
of 16.4 T, corresponding to 700-MHz proton resonance fre-
quency. For analysis, the amino acids Ala-2, Ser-8, and Gly-9 of
Palm1-15 were uniformly labeled with '*C and '>N. This pep-
tide Palm1-15(ASG) was then incorporated into liposomes
composed of phospholipids (1,2-dimyristoyl-su-glycero-3-
phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-(phos-
phor-rac-(1-glycerol)) (DMPG), or 1,2-dimyristoyl-3-trimeth-
ylammonium-propane (DMTAP)), cholesterol, and MPLA,
giving a final peptide concentration of 121 um. Spectra were
acquired and processed as described under supplemental
“Methods.”

Vaccine Preparation for Immunization—ACI-24 was pre-
pared using the lipids DMPC, DMPG, cholesterol, and MPLA
(all from Avanti Polar Lipids) at a molar ratio of 9:1:7:0.06
respectively. Palm1-15 was added to give a peptide/phospho-
lipid ratio of 1:100 and at a final concentration of 121 uM (see
supplemental “Methods” for details). Vaccine was character-
ized by cryo-EM and HPLC for peptide, MPLA, and lipid con-
tent (data not shown).

Animal Care and Treatment—All treatments were carried
out in accordance to local regulations. C57BL/6 adult mice (10
females/group) received subcutaneous injections of ACI-24 on
three occasions with a 2-week interval between each immuni-
zation (at days 0, 14, and 28). Blood samples were collected, and
plasma prepared at day 35. Cynomolgus monkeys were immu-
nized four times at 3-week intervals. 8.5 months after the last
immunization, monkeys were reimmunized subcutaneously in
the leg area with two doses of ACI-24 at days 2 and 24.

Size Exclusion Chromatography (SEC) AB(1-42) Monomer
and Oligomer Preparations—APB(1-42) used for SEC-HPLC
fractionation was synthesized and purified by Dr. James I.
Elliott (Yale University (New Haven, CT). AB(1-42) powder (1
mg) was equilibrated to room temperature for 6 min and dis-
solved in 50 ul of DMSO, followed by 800 ul of doubly distilled
H,O and 10 ul of 2 m Tris-HCl, pH 7.4, and mixed by vortex.
The AP preparation was incubated for 3—4 min at room tem-
perature and centrifuged for 10 min at 6,000 X gat 4 °C. After
centrifugation, the supernatant was immediately injected onto
the HPLC and run over two columns, TSK-GEL G4000PW XL
(Tosoh Bioscience) and Superose 6 10/300 GL (GE Healthcare),
with a flow rate of 0.3 ml/min. Thirty fractions of 1 ml were
collected and stored at 4 °C until use immediately after the frac-
tionation was completed. The concentrations of A3 monomer-
and oligomer-enriched SEC-HPLC fractions were measured by
absorbance at 280 nm in a glass cuvette.

Conformational Specificity of IgG Antibodies—ELISA plates
were coated for 2 h at 4 °C with SEC Monomer and Oligomer
AB(1-42) preparations diluted in PBS to obtain 10 ug/ml con-
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TABLE 1
Different peptide sequences synthesized bearing N- and C-terminal palmitoyl or acetyl chains

Name Peptide Linker
Palm1-15 H-K(X)-K(X)-DAEFRHDSGYEVHHQ-K(X)-K(X)-OH X = Palmitoyl
Acetyll-15 X = Acetyl
Palm15-1 H-K(X)-K(X)-QHHVEYGSDHRFEAD-K(X)-K(X)-OH X = Palmitoyl
Acetyl15-1 X = Acetyl
scPalm15 H-K(X)-K(X)-GHEAYHSVERFDDQH-K(X)-K(X)-OH X = Palmitoyl
scAcetyll5 X = Acetyl
Palm1-9 H-K(X)-K(X)-DAEFRHDSG-K(X)-K(X)-OH X = Palmitoyl
Acetyl1-9 X = Acetyl
Palml-5 H-K(X)-K(X)-DAEFR-K(X)-K(X)-OH X = Palmitoyl
Acetyll-5 X = Acetyl
Palm1-15(D7K) H-K(X)-K(X)-DAEFRHKSGYEVHHQ-K(X)-K(X)-OH X = Palmitoyl
Acetyll-15(D7K) X = Acetyl
Palm1-15(E3A,D7K) H-K(X)-K(X)-DAAFRHKSGYEVHHQ-K(X)-K(X)-OH X = Palmitoyl
Acetyl1-15(E3A,D7K) X = Acetyl
Palm1-15(E3K,D7K) H-K(X)-K(X)-DAKFRHKSGYEVHHQ-K(X)-K(X)-OH X = Palmitoyl
Acetyl1-15(E3K,D7K) X = Acetyl
Palm1-15(E3K,D7K,E11K) H-K(X)-K(X)-DAKFRHKSGYKVHHQ-K(X)-K(X)-OH X = Palmitoyl
Acetyll-15(E3K,D7K,E11K) X = Acetyl

centrations. After coating, washing with PBS, 0.05% Tween 20
was performed, followed by blocking with 1% BSA for 1 h at
37 °C. Serial dilutions of sera were added to the plates and incu-
bated at 37 °C for 2 h. After washing, plates were incubated with
alkaline phosphatase (AP)-conjugated anti-mouse IgG anti-
body (Jackson Immunoresearch) for 2 h at 37 °C. After final
washing, plates were incubated with AP substrate para-nitro-
phenylphosphate for 2.5 h at room temperature and read at 405
nm using an ELISA plate reader. Results are expressed by ref-
erence to serial dilutions of monoclonal antibody 6E10
(Covance).

Human Post-mortem Tissues—Prepared cryosections of
human Alzheimer brain (cortex) tissue were used as a positive
control tissue, whereas normal human brain (cortex) tissue was
used as a negative control. The panel of human tissues was
obtained from Tissue Solutions Ltd., and analyses were per-
formed by Covance Laboratories Ltd. (Harrogate, UK).

Serum and Antibodies—Mouse monoclonal antibody against
B-amyloid (anti-human B-amyloid, M0872, Dako) was used as a
positive control antibody. Monkey serum was used at 1:2000
dilution. Serum of one animal immunized with PBS was used as
anegative control. A goat anti-monkey IgG (1:100 dilution) and
a biotinylated rabbit anti-goat IgG were used to detect primary
non-primate antibody.

Immunohistochemistry—~5-um-thick cryostat sections
were prepared and fixed in acetone followed by 10% neutral
buffered formalin. After washing, sections were incubated with
Dako REAL serum blocking solution, Avidin solution, and Bio-
tin solutions. Cryosections were incubated overnight with
diluted sera and incubated with goat anti-monkey IgG, fol-
lowed by biotinylated rabbit anti-goat. VECTASTAIN ABC/
HRP and 3,3'-diaminobenzidine tetrahydrochloride were used
to detect antibody complexes. After staining, sections were
washed and incubated with 0.5% copper sulfate solution, coun-
terstained in hematoxylin, and mounted. All reagents were
diluted in antibody diluents, and all incubation steps were pre-
ceded by washing in PBS and were performed at room
temperature.

Statistical Evaluation—The data were analyzed using the
non-parametric Wilcoxon matched pair ranks. A value of p <
0.05 was considered to be statistically significant.
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RESULTS

In order to investigate the structure-conformation relation-
ship of liposomal tetrapalmitoylated peptides, a range of pep-
tides were synthesized (Table 1), which differ in peptide
sequence, length, and charge. The biophysical properties of
these peptides either alone as “native” tetra-acetylated peptides
or as tetrapalmitoylated peptides embedded into liposome
bilayers were analyzed by various techniques.

Palmi-15 Forms B-Sheet Aggregates Similar to AB—Previ-
ously, we reported that Palm1-15 (Table 1) adopts a B-sheet
conformation within the lipid bilayer of ACI-24 (27). To
explore if this conformation induces aggregation, we measured
fluorescence of ThT upon the addition to ACI-24. ThT is a
small benzothiazole dye that exhibits a strong red shift in its
emission spectrum upon binding to aggregated (-sheet pep-
tides (30, 31). As such, it has been widely used to detect and
characterize the aggregation of B-amyloid peptides into both
oligomers (32) and fibers (33). The addition of ThT to ACI-24
gave rise to a strong fluorescence emission at 485 nm, charac-
teristic of the emission spectra for B-sheet aggregated amyloid
(Fig. 1A4). No emission above background was observed over the
same range in the presence of liposomes lacking peptide
(“empty” liposomes), confirming that the liposome matrix did
not cause interference. Because Palm1-15 peptide is highly
insoluble in PBS, an acetylated and PBS-soluble version,
“Acetyl1-15” peptide was synthesized and analyzed; however,
this showed no emission at 485 nm in the presence of ThT (Fig.
1A). For Palm1-15 in liposomes, the fluorescence response
value at saturation B, ,, and the apparent K, value of 2.4 um
were estimated by fitting the fluorescence emission at 485 nm
upon the addition of ThT at different concentrations to
Palm1-15 (ACI-24) (Fig. 1B). This apparent K, value is consis-
tent with that reported for the interaction of ThT with AB(1-
40) (11 pm) (34). ThT data were in agreement with the CD
spectra, which show that the liposomal Palm1-15 adopts a
B-sheet secondary structure, whereas “native” Acetyl1-15 pep-
tide alone is unstructured in PBS solution (Fig. 1C). Thus,
within the liposomal formulation of ACI-24, Palm1-15 forms
B-sheet aggregates that are tinctorially similar to B-amyloid.
Based upon liposomes of 100-nm diameter with 5-nm thick
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FIGURE 1. Conformational analyses and metal binding properties of lipo-
somal Palm1-15 peptide ACI-24 composed of Palm1-15 (121 um), DMPC
(10.9 mm), DMPG (1.21 mm), cholesterol (8.51 mm), and MPLA (77 um).
A, fluorescence emission of liposomal formulation of Palm1-15 peptide (ACI-
24) ((J) and upon the addition of ThT to ACI-24 (H), ACI-24-Empty (A), and
Acetyl1-15 peptide (X). Samples were analyzed in PBS at a peptide concen-
tration of 15 um with excitation at 440 nm. B, ThT binding isotherm for lipo-
somal peptide Palm1-15 (ACI-24). C, CD spectra of lipidated peptide Palm1-15
embedded in liposomes (solid line) and of acetylated “native” peptide Acetyl1-15
(dotted line) in PBS. Spectra were recorded after 7-fold dilution for liposomal
Palm1-15 in PBS with subtraction of a spectrum of the corresponding empty
liposomes lacking peptide. D, fluorescence emission of ThT in the presence of
liposomal vaccine ACI-24 upon the addition of different metal ions. ThT was
added to ACI-24 alone or to ACI-24 (final concentration 15 um) preincu-
bated with different metals (final concentration 20 um) prior to the
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bilayers and standard lipid headgroup areas, we calculate that,
on average, each liposome contains ~335 peptides, assuming a
random distribution of peptide between liposomes covering a
minor portion of the surface.

In order to further examine the similarities between
Palm1-15 and AB(1-42) aggregates and to better understand
the mechanism of (3-sheet assembly upon incorporation into
lipid bilayers, we investigated whether preformed B-sheet
aggregates of liposomal Palm1-15 could be disaggregated by
Cu(Il), as reported for AB(1-42) fibers (35). To this end,
ACI-24 was incubated with CuCl, for 2 h and then analyzed by
ThT. Likewise, the effect of adding ZnCl, and FeCl, was inves-
tigated. Fig. 1D shows that at near stoichiometric concentra-
tions of metal/peptide, the ThT fluorescence is decreased by
~75% upon the addition of Cu(II), whereas only ~12% reduc-
tion was observed with Zn(II) and none with Fe(III). A shorter
incubation time of just 5 min revealed a similar reduction upon
the addition of Cu(II), whereas an EC,, value for Cu(Il) disag-
gregation of ~3 uM was determined. When the metal chelator
diethylenetriamine pentaacetic acid was added to the metal-
liposome solution instead of PBS alone, analysis by ThT fluo-
rescence revealed an increase in fluorescence, similar to that
found prior to the addition of Cu(II).

These data reveal that Palm1-15 is disaggregated by
Cu(II) and can reassemble within the lipid bilayer post-lipo-
some formation to form aggregates comparable with those
formed prior to Cu(ll)-induced disassembly. The ability of
Cu(Il) to disaggregate Palm1-15 B-sheets thus further high-
lights the similarities between Palm1-15 aggregates and
AB(1-42) aggregates.

N- and C-terminal Dipalmitoylated Peptides Not Related to
A Form [3-Sheet Aggregates in Liposome Bilayers—In order to
determine whether the formation of B-sheet aggregates of lipo-
somal Palm1-15 was related to the peptide sequencein A3, ;-,
the unrelated reverse sequence Palm15-1 and scrambled
sequence scPalm15 were synthesized (Table 1). These peptides
were then incorporated into liposomes as for ACI-24 and ana-
lyzed by CD spectroscopy. As can be seen in Fig. 24, both lipo-
somal peptides Palm15-1 and scPalm15 show minimal mean
residue molar ellipticities at ~220 nm. These spectra are simi-
lar to that found for liposomal Palm1-15 and characteristic of a
B-sheet conformation. In contrast, the tetra-acetylated pep-
tides Acetyll5-1 and scAcetyll5, corresponding to the
sequences from Palm15-1 and scPalm15, were synthesized and
upon analysis by CD were found to adopt random coil confor-
mations (supplemental Fig. S1). When analyzed by ThT
fluorescence, positive ThT emission signals were observed,
whereas the corresponding acetylated peptides Acetyl15—1 and
scAcetyl15 alone (native peptides) showed no fluorescence (Fig.
2B). Thus, the aggregation observed for Palm1-15 is not unique
to the AB,_;5 amino acid sequence but also occurs for other
unrelated sequences upon peptide palmitoylation and incorpo-

addition of metal chelator diethylenetriamine pentaacetic acid (DPTA) (final
concentration 200 um). As a control, diethylenetriamine pentaacetic acid was
added to liposomal Palm1-15 in the absence of Cu(ll), resulting in no change
to the ThT emission. Data are expressed as average = S.D. (error bars) (n = 3).
RFU, relative fluorescence units.
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FIGURE 2. Conformational analyses of various N- and C-terminal dipalmi-
toylated peptides of different primary sequence. A, CD spectra of lipo-
somal peptides Palm15-1 (solid line), scPalm15 (dashed line), Palm1-9 (X),
and Palm1-5 (dotted line). B, ThT fluorescence emission upon the addition to
liposomes embedded with different sequences of N- and C-dipalmitoylated
peptides (filled bars) and corresponding “native” acetylated peptides (open
bars) in the absence of liposomes. Results are given as average *+ S.D. (error
bars) (n = 3). C, CD spectra of liposomal peptides Palm1-15(D7K) (solid line),
Palm1-15(E3A,D7K) (dashed line), Palm1-15(E3K,D7K) (X), and Palm1-
15(E3K,D7K,E11K) (dotted line). RFU, relative fluorescence units.

ration into liposomes. Slight differences in fluorescence inten-
sity were nevertheless observed between liposomal peptides
Palm1-15, Palm15-1, and scPalm15 (Fig. 2B) despite similar
binding affinities for ThT (supplemental Table S1 and Fig. S3),
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suggesting that the peptide sequence has only a minor influence
on the extent of B-sheet aggregation.

Short N- and C-terminal Dipalmitoylated Peptides Form
B-Sheet Aggregates in Liposomes—Because the binding epitope
within AB(1-42) of sera taken from mice immunized with
ACI-24 was found to be in the region AB; 4 (27), we next
decided to investigate the effect of peptide length on conforma-
tion. To this end, the truncated peptides Palm1-9 and Palm1-5
were synthesized (Table 1). Upon incorporation into lipo-
somes, peptide Palm1-9 was found to form (-sheet aggregates
by CD (Fig. 2A) similar to liposomal peptide Palm1-15 (Fig.
1A). On the contrary, lipopeptide Palm1-5 was found to give a
CD spectrum consistent with a mixed proportion of extended
B-sheet and random coil conformations. This was supported by
ThT binding data showing lower ThT fluorescence intensity
(Fig. 2B) and a lower B, ., value for liposomal peptide Palm1-5
compared with Palm1-15 or Palm1-9 (supplemental Table S2
and Fig S3). In summary, even short tetrapalmitoylated pep-
tides generate 3-sheet aggregates within the liposome bilayers,
but with a minimal length of at least 5 amino acids.

N- and C-terminal Dipalmitoylated Peptides Form [(-Sheet
Aggregates in Liposome Bilayers Independent of Peptide Charge—
To examine whether the preference for B-sheet formation
would still arise for peptides with different net charges at phys-
iological pH, we decided to synthesize a range of AB; ;5
mutants (Palm1-15(D7K), Palml1-15(E3A,D7K), Palml-
15(E3K,D7K), and Palm1-15(E3K,D7K,E11K)), wherein differ-
ent numbers of acidic amino acids within A3, ;5 were replaced
by either basic Lys or neutral Ala residues (Table 1). In this way,
it was possible to create a series of peptides with very different
isoelectric points ranging from 5.2 to 10.0 (supplemental Table
S1), such that they carry net negative, neutral, and positive
charges at physiological pH. These different peptides were then
incorporated into liposomes carrying a negative surface charge
as for ACI-24. CD spectroscopic analyses of these liposomal
peptides revealed characteristic minima at ~220 nm (Fig. 2C)
indicative of B-sheet secondary structure. These findings were
supported by ThT analyses, which showed that all liposomal
tetrapalmitoylated peptides gave rise to positive ThT signals,
whereas the corresponding acetylated “native” peptides did not
(Fig. 2B, open bars). All liposomal peptides, Palm1-15(D7K),
Palm1-15(E3A,D7K), Palml1-15(E3K,D7K), and Palml-
15(E3K,D7K,E11K), were found to have similar binding affini-
ties for ThT as well as similar B,,, values, except for mutant
Palm1-15(E3K,D7K) having a slightly lower B, value.
Together, these data demonstrate that the 3-sheet aggregation of
N- and C- dipalmitoylated peptides embedded into anionic lipo-
somes occurs for a range of peptide sequences independent of
their electrostatic charge. In order to evaluate whether peptide-
liposome interactions could explain the variations to the THT sig-
nals observed, binding analyses between the corresponding acety-
lated peptides of identical length with anionic liposomes were
carried out using surface plasmon resonance (supplemental Fig.
S2). No correlation was observed between peptide affinity for lipo-
somes and aggregation of the corresponding palmitoylated pep-
tide. Combined, these results suggest that specific interactions
between peptide side chains and the liposome surface do not play
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a significant role in modulating the aggregation of N- and C-ter-
minal dipalmitoylated liposomal peptides.

Liposome Surface Charge Modulates Peptide Aggregation—
Next a series of liposomes were prepared using different molar
ratios of the phospholipids DMPC and DMPG as well as the
cationic phospholipid DMTAP (supplemental Table S3, for-
mulations A-L), in order to explore whether the liposome
surface charge could influence the conformation of an-
ionic Palm1-15 (pI = 5.2) or cationic mutant Palml-
15(E3K,D7K,E11K) (pI = 10.0). Cholesterol and MPLA content
was maintained at a cholesterol/phospholipid molar ratio of
7:10 and cholesterol/MPLA molar ratio of 7:0.06, respectively.
Liposomes lacking peptide (formulations M, N, and O) were
prepared as negative controls. Analysis by ThT fluorescence
revealed much lower fluorescence (B,,,,) for liposomes con-
taining either Palm1-15 or mutant Palm1-15(E3K,D7K,E11K)
when the liposomes displayed greater positive { potential (Fig.
3A). For liposomes lacking peptide, only minimal fluorescence
was observed. Apparent binding constants (K, values) were
determined in order to determine whether the lower ThT fluo-
rescence in the presence of cationic liposomes was due to lower
affinity resulting from electrostatic repulsion between ThT and
positively charged liposomes (supplemental Table S3 and Fig.
S4). The resulting binding curves revealed similar apparent K,
values for different liposome formulations composed of the
same peptide (supplemental Table S3, formulations A-F and
G-L), indicating that charge does not weaken the ThT binding
affinity. The lower affinity of ThT for liposomes containing
cationic peptide Palm1-15(E3K,D7K,E11K) compared with
liposomal Palm1-15 may explain the slightly lower ThT fluo-
rescence observed for the liposome formulations containing
Palm1-15(E3K,D7K,E11K) (Fig. 3A). In order to confirm these
observations, MAS-NMR spectroscopy was performed using
Palm1-15 uniformly labeled with '*C/'*N at Ala-2, Ser-8, and
Gly-9 (Palm1-15(ASG)). When Palm1-15(ASG) was incorpo-
rated into anionic liposomes as for ACI-24, '>C double quan-
tum experiments revealed a significant population of extended
backbone conformations, as shown by distinctive chemical
shifts (36) of the Ca position of Ser-8 and the Cf position of
Ala-2 (Fig. 3B). Such backbone folds are typically found in amy-
loids forming intermolecular B-sheets during aggregation. On
the other hand, when Palm1-15(ASG) was incorporated into
cationic liposomes, a significant decrease in signal intensity was
observed for the Ca of Ser-8, indicative of an increase in mobil-
ity. In addition, an upfield shift in the signal of Ala-2 CB was
observed, along with a significant reduction in signal intensity
consistent with a decrease in the proportion of peptide in
B-strand conformation. This result further suggests that the
intensity of the ThT signal is due to differences in peptide struc-
ture and aggregation and not due to differences in binding
affinities for liposomes. According to our experiments,
B-strand formation of N- and C-terminal dipalmitoylated pep-
tides is favored upon incorporation into anionic rather than
cationic liposomes, independent of the peptide charge.

Peptide Lipidation Pattern and Lipid Anchor Chain Length
Modulate Peptide Aggregation—Next we decided to investigate
the effect of the palmitoyl chains on the conformation of
Palm1-15 peptide embedded within liposomal bilayers. A
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FIGURE 3. Effect of liposome surface charge upon conformation of N-and
C-terminal dipalmitoylated peptides integrated into liposomal bilayers.
A, effect of liposome surface charge upon conformation of Palm1-15 peptide
(M, liposome formulations A-F; see supplemental Table S3), and cationic
mutant Palm1-15(E3K,D7K,E11K) (A, liposome formulations G-L) measured
by ThT fluorescence. Liposomes are composed of peptide, phospholipids
(different proportions of DMPC, DMPG, and/or DMTAP), cholesterol, and
MPLA in a molar ratio of 0.1:10:7:0.06, respectively. Empty liposomes lacking
peptide (@, liposome formulations M-0) were used as negative controls. {
potential values are given as average * S.D. (n = 3). B, '*C-"3C double quan-
tum MAS-NMR spectra of Palm1-15(ASG) peptide uniformly (*3C/'°N) labeled
at positions Ala-2, Ser-8, and Gly-9 and incorporated into anionic liposomes
(DMPC/DMPG/cholesterol/MPLA (molar ratio 9:1:7:0.06)) (dark blue line) or
cationic liposomes (DMTAP/cholesterol/MPLA (molar ratio 10:7:0.06)) (dark
red line). Conformation-dependent chemical shift ranges (36) compatible
with a-helix (blue), random coil (red), and B-sheet (green) backbone structure
are annotated. RFU, relative fluorescence units. CA and CB indicate the a- and
B-Z carbon atoms of the corresponding amino acids.

series of palmitoylated peptides were synthesized (Table 2) in
which both the number and position of lipid anchors were var-
ied. These peptides were incorporated into liposomes, and their
conformations were analyzed using both ThT fluorescence and
CD spectroscopy. Liposomal peptide Palm1-15(4C) contain-
ing four palmitic chains on the peptide C terminus showed a
much higher ThT fluorescence emission (B,,,,) than peptide
Palm1-15 (ACI-24) or peptide Palm1-15(2C) (Fig. 44 and sup-
plemental Table S4), indicating that the C-terminal tetrapalmi-
toylated peptide has a greater tendency to form B-sheet aggre-
gates. Importantly, the apparent K, values for ThT binding to
Palm1-15 or to Palm1-15(4C) were similar (supplemental
Table S4 and Fig. S5). This shows that the increase in B, for
Palm1-15(4C) compared with Palm1-15 (2N2C) cannot be
explained simply by a difference in the binding affinity of ThT.
Palm1-15(2C) peptide gave rise to a similar fluorescence signal
as Palm1-15 (2N2C), whereas the peptide Palm1-15(1N1C)
containing one palmitic chain on both the N and C termini was
only very weakly fluorescent upon the addition of ThT (Fig.
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TABLE 2
Synthesized lipopeptides with different lipidation patterns
Name Peptide
Palm1-15(4C) H-DAEFRHDSGYEVHHQ-K(Palm)-K(Palm)-K(Palm)-K(Palm)-OH
Palm1-15(2C) H-DAEFRHDSGYEVHHQ-K(Palm)-K(Palm)-OH
Palm1-15(1N1C) H-K(Palm)-DAEFRHDSGYEVHHQ-K(Palm)-OH
Palm1-15(1C) H-DAEFRHDSGYEVHHQ-K(Palm)-OH
Dodecyll-15 H-K(Dodecanoyl)-K(Dodecanoyl)-DAEFRHDSGYEVHHQ-K(Dodecanoyl)-K(Dodecanoyl)-OH
Octyll-15 H-K(Octanoyl)-K(Octanoyl)-DAEFRHDSGYEVHHQ-K(Octanoyl)-K(Octanoyl)-OH
Butyll-15 H-K(Butanoyl)-K(Butanoyl)-DAEFRHDSGYEVHHQ-K(Butanoyl)-K(Butanoyl)-OH
A B
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FIGURE 4. Secondary and quaternary structural analysis of liposomal lipopeptides. A, ThT fluorescence upon the addition to liposomal peptide constructs
Palm1-15(4C) (O), Palm1-15 (M), Palm1-15(2C) (A), Palm1-15(1N1C) (A), and Palm1-15(1C) (). B, CD spectra of liposomal peptide constructs Palm(4C) (solid
line), Palm1-15(2C) (X), Palm1-15(1N1C) (dashed line), and Palm1-15(1C) (dotted line). C, ThT fluorescence upon the addition to liposomal peptide constructs
Dodecyl1-15 (A), Octyl1-15 (M), and Butyl1-15 (@). D, CD spectra of liposomal peptide constructs Dodecyl1-15 (dashed line), Octyl1-15 (solid line), and

Butyl1-15 (dotted line). RFU, relative fluorescence units.

4A). The latter showed significantly lower binding affinity to
ThT, consistent with a non-aggregated conformation (supple-
mental Table S4 and Fig. S5). Similarly, C-terminally mono-
palmitoylated liposomal peptide Palm1-15(1C) showed only a
very low signal compared with liposomal peptide Palm1-15
(ACI-24).

CD spectroscopic analyses of these liposomes were per-
formed to measure the peptide secondary structure. Liposomal
peptides Palm1-15(4C) and Palm1-15(2C) showed classical
B-sheet CD spectra with minimum absorption at ~220 nm and
crossing the x axis at ~214 nm, similar to ACI-24 (Fig. 4B).
Interestingly, the spectrum of dipalmitoylated AB;_,5 peptide
Palm1-15(1N1C) showed an extended B-strand conformation
by CD but did not show any fluorescence in the presence of
ThT. This highlights the need to measure both peptide second-
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ary structure (by CD) and peptide quaternary structure (by ThT
fluorescence). It therefore appears that peptide Palml-
15(1N1C) adopts an extended B-strand conformation but is
insufficiently aggregated to enable Thioflavin T to bind. In con-
trast, monopalmitoylated peptide Palm1-15(1C) shows a dis-
tinct CD spectrum with a minimum at ~215 nm and crossing
the x axis at ~207 nm, consistent with a mixture of random coil
and $-sheet conformations.

Next we investigated the effect of replacing the palmitoyl
anchors with shorter homologs. To this end, a series of lipo-
somes were prepared containing either dodecanoyl, octanoyl,
or butanoyl lipid chains replacing those of palmitoyl in the
Pall1-15 peptide (Table 2). ThT fluorescence measurements
showed a substantial decrease in fluorescence upon reducing
the peptide lipid anchor chain length from dodecanoyl (C12) to
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octanoyl (C8) and to butanoyl (C4), whereupon no fluorescence
could be observed (Fig. 4C). Analysis of peptide secondary
structure by CD spectroscopy likewise revealed that the lipo-
somal vaccine containing octanoyl lipid anchor chains had
reduced ellipticity at 220 nm compared with the longer dode-
canoyl analog. Likewise, the peptide containing butanoyl chains
did not show any negative ellipticity at 220 nm, consistent with
a lack of secondary structure.

In summary, these results show that both the conformation
and extent of B-sheet aggregation of palmitoylated peptides are
strongly dependent upon the number of lipid chains at the pep-
tide termini as well as the lipid anchor chain length, suggesting
that hydrophobic association of peptide lipid anchor chains is a
key driver of peptide aggregation.

Distinct Small Molecules Modify Peptide Aggregation Post-
liposome Assembly—Because we observed disaggregation of
the B-sheet aggregates of liposomal Palm1-15 with Cu(II), we
decided also to explore whether the addition of small molecules
that have been reported to disassemble A aggregates could
also modify the aggregation state of Palml-15 embedded
within the liposomal bilayer. For this, tannic acid, rosmarinic
acid, and Methylene Blue were incubated with ACI-24, and the
ThT fluorescence emission was monitored. A decrease of fluo-
rescence was observed upon the addition of all compounds,
with the most efficient disaggregation observed upon the addi-
tion of Methylene Blue (supplemental Fig. S6). When added to
the B-sheet aggregates of the unrelated peptide sequence
scPalm15, a similar fluorescence decrease was observed (sup-
plemental Fig. $6), showing that B-sheet disaggregation occurs
independent of peptide sequence and in a manner similar to
that of AB(1-40/42).

Peptide Aggregation Determines Immune Response Specificity—
In order to study the relationship between the aggregation state
of liposomal peptide immunogens and the binding specificity of
the corresponding polyclonal antibodies generated in vivo, the
liposomal vaccine ACI-24 containing Palm1-15 peptide was
prepared, characterized (see supplemental material), and
injected into mice, and the IgG titers were determined by
ELISA. To analyze the conformational specificity of the poly-
clonal antibody response, AB(1-42) was allowed to partially
aggregate and was subsequently fractionated by SEC (see sup-
plemental Fig. S7) to give conformationally pure monomeric
random coil and oligomeric (3-sheet fractions (Fig. 54). The
plasma taken from individual mice immunized with ACI-24
was analyzed for polyclonal binding to the different fractions of
AB. As can be seen in Fig. 5B, ACI-24 elicits a significantly
higher (p = 0.002, Wilcoxon matched pair ranks) IgG response
against the AB(1-42) oligomeric 3-sheet, compared with the
unstructured AB(1-42) monomer fraction.

To assess whether antibodies against ACI-24 would show
conformation-specific binding to the pathological B-sheet A3
plaques, over the non-folded native healthy APP protein,
ACI-24 was injected into monkeys that share 100% APP
sequence homology with human APP. The binding properties
of the antibodies raised against ACI-24 were then assessed
using histologically prepared cryostat sections taken from
human healthy and AD brain. Fig. 6 shows clearly that serum
taken from the ACI-24-immunized monkey stains AD human
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FIGURE 5. Conformation-specific binding of anti-ACI-24 polyclonal anti-
bodies to AB(1-42). A, CD spectra of SEC purified oligomer (red) and mono-
mer fractions (blue) of AB(1-42). B, recognition of distinct AB(1-42) confor-
mations by polyclonal plasma taken from WT mice after immunization with
liposomal vaccine ACI-24. Monomeric (random coil) and oligomeric (B-sheet)
AB(1-42) species were coated onto an ELISA plate, and binding of plasma
was quantified relative to control IgG antibody 6E10. Data are expressed in
mean = S.D. (error bars) (n = 10). **, p < 0.01 by non-parametric Wilcoxon
matched pairs ranks.

brain, whereas no cross-reactivity is observed to healthy
non-AD brain. Thus, Palm1-15 peptide aggregation within the
liposomal vaccine is critical for determining the conforma-
tional specificity of the immune response.

DISCUSSION

Peptide N- or C-terminal lipidation is a widely used approach
to embed peptides into liposome bilayers. We have previously
reported that incorporating a range of peptides conjugated at
both the N and C termini with two palmitoyl chains into lipo-
somes composed of phospholipids (DMPC and DMPG), cho-
lesterol, and MPLA rapidly induced high IgG titers in mice (21,
27,37). When we incorporated the N- and C-terminal dipalmi-
toylated peptide Palm1-15 into liposomes, we observed that
the peptide adopted a B-sheet conformation, whereas the non-
lipidated form was found to exist in a non-structured random
coil conformation. In this report, we show that the Palm1-15
peptide forms aggregates on the liposome surface that exhibit
ThT fluorescence similar to aggregates of AB, implying that the
two species are morphologically similar.
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A B

FIGURE 6. Staining of pathological misfolded p-sheet plaques in human
AD brain. Shown is staining of human AD brain (A) and healthy human brain
(B), with sera (diluted 1:2000) taken from a monkey immunized with ACI-24.
Shown is staining of human AD brain with positive control monoclonal anti-
body (Dako mouse mAb) (C) or with sera from a monkey immunized with PBS
(D). Brain slices are magnified 40-fold.

To better understand the properties and mechanism of for-
mation of the B-sheet aggregates formed by liposomal peptide
Palm1-15, we investigated whether preformed aggregates
could undergo disassembly within the lipid bilayers of ACI-24.
We report that Cu(ll) can rapidly disaggregate liposomal
Palm1-15 aggregates in a similar manner to AB(1-42) fibers
(35), whereas Zn(II) or Fe(III) show little effect, consistent with
the high affinity coordination of copper to the N-terminal
amino acids (38). Presumably, copper disrupts peptide-lipo-
some or peptide-peptide stabilizing interactions such that the
hydrophobic interactions between palmitic chains are in-
sufficient to maintain (-sheet formation. Reaggregation of
Palm1-15 upon the addition of a metal chelating agent shows
that peptide aggregation occurs within the lipid membrane and
implies that the peptide aggregates are formed as a single ther-
modynamically stable structure.

Structure-conformation studies show that a range of pep-
tides of unrelated primary sequence also form (-sheet aggre-
gates upon integration into liposomes of identical composition
with only a minor influence of amino acid composition upon
aggregation. Therefore, B-sheet aggregation can be induced by
lipidation of unstructured peptides and incorporation into lipo-
somes. Previously, Chiti and Dobson (39) demonstrated that
many polypeptide sequences can form amyloid-like aggregates
when suitably forcing conditions are applied. In our liposome
systems, we have succeeded in generating amyloid from
unstructured peptide sequences even under physiological con-
ditions. We find that induction of peptide misfolding into
B-sheets still occurs for a 9-mer peptide, Palm1-9. This is even
shorter than the minimum length (12-mer) found to be neces-
sary to enable B-sheet conformation in a model peptide
(KIGAKI), (40) and highlights the additional negative free fold-
ing energy brought by peptide tetrapalmitoylation.

The role of peptide charge in determining the ability to form
B-sheet aggregates upon liposomes was examined both by gen-
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erating a series of mutated peptides and by directly monitoring
the binding interactions of the non-lipidated “native” peptides
with liposomes. Both approaches revealed that the amino acid
side chains have little effect upon aggregation despite the fact
that the peptide sequences were chosen in order to have very
different isoelectric points. This suggests that it is peptide back-
bone-liposome interactions that play an important role in
determining the peptide secondary and quaternary structure.
This model is supported by the modulation of peptide aggrega-
tion we observe by modification of the liposome surface poten-
tial with anionic or cationic lipids. In accordance with our find-
ing, anionic lipid surfaces were also reported to greatly enhance
the fibrillization rate of both AB(1-42) (41) and human islet
amyloid peptide (42). The decreased aggregation we observe
either in the absence of DMPG or in the presence of DMTAP
implies that it is the net surface potential that is responsible for
aggregation.

Conformational changes of mono- or dilipidated peptides
upon interaction with lipid surfaces have been reported, includ-
ing unordered to B-sheet (43) or unordered to B-turn (44). Our
study attempted to extend these observations to determine the
rules that govern the conformational transitions of lipopeptides
anchored on lipid bilayers. We find that the number and posi-
tion of peptide lipidation sites have a dramatic influence upon
B-sheet aggregation. Interestingly, the total number of palmi-
toyl chains at one end of Palm1-15 was found to correlate well
with the extent of B-sheet aggregation, whereas the total num-
ber of lipidation sites poorly correlated. Peptide self-assembly
therefore appears to be driven by hydrophobic interactions
between palmitoyl chains. This observation is supported by the
changes to both peptide secondary and quaternary structure
upon reducing the chain length of the lipid anchor attached to
the peptide. Increased hydrophobicity of AB(1-42) compared
with AB(1-40) has also been considered to be the factor
responsible for the increased aggregation rate of AB(1-42)
(45). Likewise, cholesterol adducts of AB(1-42) (46) and a-sy-
nuclein (47) have been found to display accelerated aggregation
propensities.

An attractive alternative strategy to control peptide confor-
mation post-liposome assembly would be via the addition of
distinct small molecules. We find that known small molecule
B-sheet breakers can disaggregate the B-sheets of liposomal
peptides independent of peptide sequence. This shows that
B-sheet disaggregation can occur not only in solution phase but
also within the two-dimensional plane at the solid-liquid inter-
face. This observation is pertinent following the identification
of AB(1-40/42) dimers within lipid rafts of neuronal mem-
branes, which were correlated with memory impairment (48).
In this context, liposome-bound peptide systems such as those
described here may also prove useful as models to screen for
therapeutic agents capable of interfering with the aggregation
of peptides associated to cell membranes.

The relevance of lipopeptide aggregation state to the confor-
mational specificity of the immune response is demonstrated in
this report by analyzing the AB binding properties of plasma
taken from mice or monkeys immunized with aggregated lipo-
somal Palm1-15 (ACI-24). Polyclonal antibodies in plasma
from mice immunized with ACI-24 show high conformation
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specific binding to AB(1-42) in the synaptotoxic oligomeric
B-sheet conformation, whereas the monomeric AB(1-42) is
only poorly recognized. The preferential recognition of the
N-terminal region within A3(1-42) -sheet aggregates by anti-
bodies was previously reported to be critical for restoring the
memory capacity in a transgenic mouse model of AD (27). The
selective recognition of the oligomeric 3-sheet conformation of
AB(1-42) oligomers over monomers described in this report
also implies that the N-terminal region of AB(1-42) may be
capable of adopting a more structured conformation than has
previously been considered. This observation is consistent with
recent data showing that even a single N-terminal point muta-
tion (Tyr') to AB(1-42) is sufficient to alter peptide assembly
kinetics and aggregate size distribution (49).

The selective recognition of the pathological misfolded con-
formation of AB plaques in human AD brain over non-AD
brain that we observe further highlights the conformational
specificity of the antibody response. Moreover, it can be
expected that this selective recognition will increase the effi-
cacy of the antibody response by circumventing loss of thera-
peutic antibodies that cross-bind to peripheral healthy APP
protein or to AB(1-40) monomers circulating in peripheral
blood. Sera taken from humans that were vaccinated with
preaggregated full-length AB(1-42) was reported by others to
be specific for binding human AD brain over healthy brain (22).
However, in contrast to our findings, these antibodies were not
able to recognize soluble oligomeric forms of AB(1-42) that are
associated with toxicity. In a related context, conformation-
specific antibodies, such as those described here, also hold
promise as tools for disease diagnosis. Notably, antibodies that
can discriminate different protein folds, such as those of prion
protein, are under investigation for use in detection of trans-
missible spongiform encephalopathies (50).

Induction of B-sheet “misfolded” peptide conformations
under physiological conditions using a range of unstructured
peptide sequences as described here raises important questions
concerning the molecular requirements for amyloid formation.
We find that the forces that drive the self-assembly of the lipo-
somal lipopeptides can be attributed to a combination of hydro-
phobic interactions between palmitoyl anchors and interac-
tions between peptide backbone and liposome surface.
Development of strategies described in this report to modulate
these interactions thus extends the repertoire of available
methods to alter the aggregation of lipopeptide immunogens
within liposome bilayers (27).

In this study, ACI-24 was chosen as a model system to
demonstrate that peptide conformation within liposome
bilayers can be translated into a conformation-specific
immune response in vivo. The ability to control peptide con-
formation by modulation of the peptide lipidation pattern
and spacer and liposome composition or via co-administra-
tion with small molecules implies that this technology may
also be applied to the rational design of other liposomal vac-
cines. Selective targeting of the pathological conformation of
a target protein, as described here, can be expected to con-
tribute to the generation of safer and more efficacious ther-
apies for a range of human disease, in particular those based
on misfolded proteins, such as AD.
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