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ABSTRACT: Beta-amyloid accumulation in brain is a driving force for Alzheimer’s
disease pathogenesis. Apolipoprotein E (ApoE) represents a critical player in beta-
amyloid homeostasis, but its role in disease progression is controversial. We previously
reported that the acute-phase protein haptoglobin binds ApoE and impairs its function
in cholesterol homeostasis. The major aims of this study were to characterize the
binding of haptoglobin to beta-amyloid, and to evaluate whether haptoglobin affects
ApoE binding to beta-amyloid. Haptoglobin is here reported to form a complex with
beta-amyloid as shown by immunoblotting experiments with purified proteins, or by its
immunoprecipitation in brain tissues from patients with Alzheimer’s disease. The
interaction between ApoE and beta-amyloid was previously shown to be crucial for
limiting beta-amyloid neurotoxicity and for promoting its clearance. We demonstrate
that haptoglobin, rather than impairing ApoE binding to beta-amyloid, promotes to a
different extent the formation of the complex between beta-amyloid and ApoE2 or
ApoE3 or ApoE4. Our data suggest that haptoglobin and ApoE functions in brain should be evaluated taking into account their
mutual interaction with beta-amyloid. Hence, the risk of developing Alzheimer’s disease might not only be linked to the different
ApoE isoforms, but also rely on the level of critical ligands, such as haptoglobin.
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Alzheimer’s disease (AD) is a devastating neurodegener-
ative disease, characterized by progressive loss of memory

and cognitive functions. Pathological hallmark of AD are
extracellular accumulation of beta amyloid (Aβ), intracellular
accumulation of tau, neuronal death, brain atrophy, and
inflammation.1,2 In vivo, apolipoprotein E (ApoE) is associated
with amyloid senile plaques, and in vitro lipid-bound or free
ApoE can form stable complexes with Aβ peptides.3−5 ApoE is
the major component of brain HDL-like lipoproteins and is
implicated in the regulation of cholesterol and Aβ metabolism.6

In humans, ApoE is a polymorphic protein with three common
isoforms, ApoE2, ApoE3, and ApoE4, with single amino acid
substitutions resulting in crucial functional differences.2,7

ApoE4 is associated with increased risk of AD.6,8 Although
there is evidence that ApoE isoforms can differently influence
Aβ aggregate formation and toxic effects,6 ApoE involvement in
AD pathogenesis remains controversial.

A research strategy might be to focus on factors that
modulate ApoE function. In this frame, we previously reported
that haptoglobin (Hpt), an acute-phase protein of inflamma-
tion, binds ApoE and influences key roles of this apolipoprotein
in cholesterol homeostasis.9 Hpt is synthesized primarily by
hepatocytes, and to a lesser extent in other tissues including
lung, skin, and brain.10,11 Hpt is best known for its role in
hemoglobin (Hb) binding and transport to the liver.12

Although Hpt was first suggested as a marker of blood-brain
barrier dysfunction,13 recent studies pointed out that
olygodendrocytes and astrocytes produce it in response to
different stress stimuli.14−16 Interestingly, an increased level of
Hpt was found in cerebrospinal fluid (CSF) from patients with
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AD,17 or other neurodegenerative diseases such as Parkinson’s
and Huntington’s disease.18,19 Like other extracellular chaper-
ones, such as clusterin and α2-macroglobulin, Hpt colocalizes
with amyloid plaques in AD20−22 and inhibits Aβ fibril
formation in vitro.22 Recently, Hpt was reported to be
increasingly oxidized in AD patients, and in vitro oxidation of
this protein was shown to affect its ability to prevent formation
of amyloid aggregates.23

Since the role of Hpt in AD pathogenesis has not been fully
investigated to date, the binding of Hpt to ApoE conceals an
intriguing scenario in which Hpt might significantly influence
the function of both ApoE and Aβ.
In this study, the interaction between Hpt and Aβ was

characterized, and the effect of Hpt on the ability of ApoE to
bind Aβ was evaluated. We report here, for the first time, that
Hpt binds both Aβ1−40 and Aβ1−42, and an SDS-stable complex
between Hpt and Aβ is produced in experimental conditions
similar to those described for the production of the ApoE/Aβ
stable complex.24 ApoE and Aβ co-immunoprecipitate with Hpt
in human brain tissues from AD patients. Moreover, we show
that Hpt does not impair the binding of ApoE to Aβ, but
facilitates the formation of the ApoE/Aβ stable complex, also
when Aβ naturally produced by the 7PA2 line, a well
characterized AD cell model,25−27 was used. In particular,
Hpt effect was more pronounced just in the presence of ApoE4,
that causally contributes to AD pathogenesis.

■ RESULTS
Binding of Hpt to Aβ. Hpt 2-1 was previously shown to

interact with prefibrillar species of Aβ.22 As the three human
Hpt phenotypes (namely, Hpt 1-1, 2-2, and 2-1) present
different prevalence in several diseases,28 we compared them
for the ability of binding Aβ1−40 or Aβ1−42. As shown in Figure
1, the amount of Hpt bound to Aβ increased with the
concentration of Hpt in the incubation medium. By comparing
the Kd of each Hpt phenotype for Aβ1−40 (Figure 1, panel A)
and for Aβ1−42 (Figure 1, panel B), we found that the three
phenotypes did not differ for the binding to Aβ, and that each
Hpt phenotype binds Aβ1−40 and Aβ1−42 with similar efficiency
(Kd Hpt 1-1, Aβ1−40 0.337 ± 0.050 μM, Aβ1−42, 0.326 ± 0.074
μM; Kd Hpt 2-2, Aβ1−40 0.305 ± 0.097 μM, Aβ1−42, 0.338 ±
0.119 μM; Kd Hpt 2-1, Aβ1−40, 0.241 ± 0.075 μM, Aβ1−42,
0.342 ± 0.112 μM).
Further, as the Hpt ability to inhibit amyloid fibril formation

was found reduced when this protein is complexed with Hb,22

we investigated whether the binding of Hpt to Hb is impaired
in the presence of Aβ. Hb-coated wells (0.125 μM) were
incubated with mixtures containing 0.3 μM Hpt and different
amounts of Aβ1−40 or Aβ1−42 (1-10 μM, corresponding to 8−80
molar excess over the concentration of Hb immobilized into
the wells). As shown in Figure S1 in the Supporting
Information, Hpt binding to Hb decreased as the amount of
Aβ increased, thus suggesting that a competition between Hb
and Aβ for binding Hpt does exist. The competitive inhibition
of Aβ1−40 on Hpt 2-2 binding to Hb was found to be higher
than those of Hpt 2-1 or Hpt 1-1 (p < 0.01), in agreement with
the lower binding affinity of the phenotype Hpt 2-2 to Hb.29

SDS-Stable Complex Formation between Hpt and Aβ.
To further characterize the interaction between Hpt and Aβ,
Aβ1−40 (220 μM) was incubated (6 h, 37 °C) with 3 μM Hpt.
Samples were analyzed by electrophoresis on 4−20%
polyacrylamide gel, under denaturing but nonreducing
conditions (4−20% PAGE-D), followed by Coomassie staining

or immunostaining. Under the nonreducing conditions utilized,
Aβ migrated as a 4.3 kDa band, while Hpt 1-1 as an 86 kDa
band (Figure 2, panel A, Coomassie staining, lanes 2 and 3,
respectively). In the mixture containing both Hpt 1-1 and
Aβ1−40, the Hpt band was missing, and a protein band of about
97 kDa was detected (Figure 2, panel A, Coomassie staining,
lane 4), thus suggesting the presence of a complex between Aβ
and Hpt. In fact, when the mixtures were analyzed by Western
Blot, both anti-Aβ IgG and anti-Hpt IgG reacted to the 97 kDa
band (Figure 2, panel A, lane 3), thus confirming that Hpt can
form an SDS-stable complex with Aβ1−40, under experimental
conditions similar to those used for the detection of the ApoE/
Aβ complex.3,24

The Hpt/Aβ stable complex was also detectable when lower
amounts of peptide and Hpt were used. As a matter of fact, we
found a band reacting with both anti-Aβ IgG and anti-Hpt IgG
when Aβ1−42 or Aβ1−40 (10 μM) was incubated with 0.5 or 1.5
μM Hpt (Figure S2, panels A and B, respectively). Further, a
protein band of about 97 kDa, reacting with both anti-Aβ and
anti-Hpt IgGs, was detected in pooled brain tissues (hippo-
campus and cortex) of AD patients (Figure S2, panel C).
The effect of time and Hpt concentration on the interaction

between Hpt and Aβ was investigated by using the
physiological concentrations of Hpt in plasma.12 Aβ1−40 (220

Figure 1. Hpt binding to Aβ. Aliquots of 0.45 μM Aβ1−40 (A) or
Aβ1−42 (B) were loaded into the wells of a microtiter plate and
incubated with different concentrations (0.05−1 μM) of Hpt 1-1
(open squares), Hpt 2-1 (open triangles), or Hpt 2-2 (solid squares).
Hpt bound to Aβ was detected by using rabbit anti-Hpt and GAR-
HRP IgGs, measured as absorbance at 492 nm, and reported as
percentage of the value obtained with 1 μM protein (assumed as 100%
of Hpt binding to Aβ). Samples were processed in triplicate. Data were
expressed as mean ± SEM versus micromolar concentration.
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μM) was incubated with 3, 8, or 16 μM Hpt for 2 or 6 h at 37
°C. A higher amount of the 97 kDa complex was found by
increasing both Hpt concentration and time of incubation
(Figure 2, panel B). In particular, when Hpt concentration in
the reaction mixture was 8 μM or 16 μM, a further complex of
about 155 kDa, reacting with both anti-Aβ and anti-Hpt IgGs
was found (Figure 2, panel B). In these conditions, a higher
amount of Aβ might be engaged in the SDS-stable complex
with Hpt.
Competition between Hpt and Aβ for Binding ApoE.

As both Hpt and ApoE interact with Aβ,3,22 and Hpt also binds
ApoE,9 we investigated, by ELISA, whether a competition
between Hpt and Aβ for binding ApoE does exist. These
experiments were carried out with liposome-embedded ApoE
(Lipo-E) instead of free ApoE, as this apolipoprotein, in brain,
is mostly associated with HDL-like particles.30−33 Aβ-coated
wells were incubated with mixtures containing 0.01 μM LipoE2,
LipoE3, or LipoE4 and different concentrations of Hpt 1-1 (0−
0.1 μM). Hpt did not significantly reduce the binding of
LipoE2, LipoE3, or LipoE4 to Aβ1−42 (Figure 3). Also, the
binding of LipoE2 and LipoE4 to Aβ1−40 was not impaired in
the presence of Hpt, at any concentration assayed (Figure 3,
panels A and C), while even at the highest Hpt concentration
used (presumed 10-fold excess over ApoE in the mixture)
LipoE3 binding to Aβ1−40 was only reduced to 68% (p < 0.01;
Figure 3, panel B). These results suggest that Hpt does not
interfere with the apolipoprotein binding to Aβ, and that ApoE
essentially retains the ability to bind Aβ also when Hpt
concentration increases, as occurs during inflammatory
conditions.

Immunoprecipitation of Hpt in Human Brain Homo-
genates or in CSF. Post-mortem brain tissues (hippocampus
and cortex) from two AD patients and one control subject were
processed by electrophoresis and Western blotting, for
detecting Aβ and Hpt. Immunodetection with mouse antibody
6E10 (against Aβ residues 1−16) revealed the presence of Aβ
monomers only in hippocampus and cortex from AD1 patient
(Figure 4, panel A, anti-Aβ, lanes 2, 3), while amyloid precursor

Figure 2. SDS-stable complex formation between Hpt and Aβ. (A)
Hpt (3 μM) was incubated (6 h, 37 °C) in the absence or presence of
Aβ1−40 (220 μM). The samples were analyzed by 4−20% PAGE-D,
followed by Coomassie staining or Western blotting. Coomassie
staining: Lane 1, molecular weight markers (IgG, 162, kDa; Hpt 1-1,
86 kDa; Transferrin, 78 kDa; BSA, 66 kDa; Aβ1−40, 4.3 kDa). Lane 2,
Aβ1−40. Lane 3, Hpt 1-1. Lane 4, mixture of Hpt 1-1 and Aβ1−40.
Western blotting: Aβ1−40 (lane 1), Hpt 1-1 (lane 2), mixture of Hpt 1-
1 and Aβ1−40 (lane 3) probed with mouse anti-Aβ-IgG 6E10 or with
rabbit anti-Hpt IgG. (B) Aβ1−40 (220 μM) was incubated with 3, 8, or
16 μM Hpt (0, 2, or 6 h, 37 °C). Samples were analyzed by 4−20%
PAGE-D and Western blotting. Immunodetection was carried out with
mouse anti-Aβ and GAM-HRP IgGs or by rabbit anti-Hpt and GAR-
HRP IgGs. In each panel, a single representative of at least three
independent experiments is shown.

Figure 3. Competition between Hpt and Aβ for binding ApoE.
Aliquots of mixtures containing 0.01 μM liposome-embedded ApoE
(LipoE2, LipoE3, or LipoE4) and different concentrations (0.005−0.1
μM) of Hpt 1-1 were loaded into Aβ-coated wells. The amount of
ApoE bound to Aβ was detected by using goat anti-ApoE and RAG-
HRP IgGs. Samples were analyzed in triplicate. Data are reported as
percentage of the absorbance value obtained by incubation of ApoE
alone (assumed as 100% of ApoE binding to Aβ) and expressed as
mean ± SEM. (A) Binding of Lipo E2 to Aβ1−40 (open triangles) or to
Aβ1−42 (full triangles). (B) Binding of LipoE3 to Aβ1−40 (open
squares) or to Aβ1−42 (full squares). (C) Binding of LipoE4 to Aβ1−40
(open circles) or to Aβ1−42 (full circles). In each panel, a single
representative of at least three independent experiments is shown.
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protein (APP; top band, calculated molecular weight 87.1 kDa),
dimer, trimer, and multimeric Aβ, were identified in all AD
samples (anti-Aβ, lanes 2−5). In samples from the control
subject (anti-Aβ, lanes 6−7), the APP band was detected in
both hippocampus and cortex (anti-Aβ, lane 6 and 7), while
dimer and trimer of Aβ were just identified in the hippocampus
(anti-Aβ, lane 6). Immunodetection with rabbit anti-human
Hpt antibody demonstrated the presence of Hpt chains in all
brain tissues (Figure 4, panel A, anti-Hpt).
To verify whether Hpt binds Aβ in human brain,

hippocampus and cortex of the two AD patients or of the
control subject were pooled and Hpt was immunoprecipitated.
After 4−20% PAGE-D and Western blotting, we found that Aβ
dimer, trimer, and multimers (Figure 4, panel B, anti-Aβ) as
well as ApoE (Figure 4, panel B, anti-ApoE) were
coimmunoprecipitated with Hpt. The amount of the Aβ-
containing epitopes immunoprecipitated with Hpt was, as

expected, higher in the pool of brain tissues from AD patients
than in the pool from the healthy subject (Figure 4).
The hypothesis that Hpt simultaneously interacts with Aβ

and ApoE was also explored by immunoprecipitating Hpt in
CSF from AD patients and healthy subjects. In particular, as we
found a wide range of Hpt concentration in CSF from AD
patients (0.56−4.57 μg/mL), we analyzed two AD pools with
different Hpt titer, but similar ApoE concentration (pool 1, N =
6; ApoE concentration 2.688 ± 0.373 μg/mL, Hpt concen-
tration 0.645 ± 0.076 μg/mL; pool 2, N = 8; ApoE
concentration 2.106 ± 0.326 μg/mL, Hpt concentration
2.264 ± 0.344 μg/mL), and one pool from healthy subjects
(N = 5; ApoE concentration 1.192 ± 0.028 μg/mL, Hpt
concentration 0.518 ± 0.058 μg/mL). Since endogenous Aβ
was not detectable in CSF by Western blotting, each pool was
supplemented with Aβ1−42 (0.5 μM final concentration) and
Hpt was immunoprecipitated by mouse anti-Hpt IgG. As
shown in Figure 5, Aβ (panel A), ApoE (panel B), and the

ApoE/Aβ complex (46 kDa band, panel A and B)
coimmunoprecipitated with Hpt, thus supporting the hypoth-
esis that Hpt, Aβ, and ApoE interact with each other in
biological samples such as CSF. Lower amounts of Aβ and
ApoE were detected in the immunoprecipitate from the pool of
AD samples with lower Hpt concentration (lane 1) compared
to the pool of AD samples with higher Hpt concentration (lane
2). Interestingly, a lower amount of the SDS-stable ApoE/Aβ
complex was found in immunoprecipitate from AD with lower
Hpt concentration than that from AD with higher Hpt
concentration (lane 2). This led us to hypothesize that Hpt
might promote the formation of the ApoE/Aβ complex.

Hpt Effect on the Binding of ApoE to Aβ. The influence
of Hpt on ApoE binding to Aβ was explored by incubating Aβ
with increasing amounts (0.001−0.1 μM) of LipoE2, LipoE3,
or LipoE4 or with equimolar mixtures of each LipoE isoform
and Hpt (0.001−0.1 μM). In all experimental conditions, the
amount of ApoE bound to Aβ1−40 (Figure 6, panels A−C) or to
Aβ1−42 (Figure 6, panels D−F) increased with the concen-
tration of the apolipoprotein in the incubation medium. When
Hpt was present in the incubation mixture with LipoE2 or
LipoE3, the amount of LipoE bound to Aβ1−40 was found to be
significantly higher (p < 0.01; Figure 6, panels A and B,

Figure 4. Analysis of post-mortem AD brain tissues. (A) Anti-Aβ:
Aliquots (50 μg) of hippocampus or cortex from brain of two AD
patients (namely, 1 and 2) and one control subject were processed by
4−20% PAGE-D, and Western blotting. Immunodetection was carried
out with mouse anti-Aβ-IgG 6E10 and GAM-HRP IgG. Lane 1, Aβ1−42
standard (100 ng). Lane 2, hippocampus from AD patient 1. Lane 3,
cortex from AD patient 1. Lane 4, hippocampus from AD patient 2.
Lane 5, cortex from AD patient 2. Lane 6, hippocampus from control
subject. Lane 7, cortex from control subject. Anti-Hpt: Pool of
hippocampus and cortex from each AD patient and control subject
were analyzed by 15% SDS PAGE, under reducing conditions, and
Western blotting. Immunodetection was carried out with rabbit anti-
Hpt IgG and GAR-HRP IgG. Lane 1, Hpt 2-1 standard (100 ng).
Lanes 2−4, brain tissue from AD patient 1, AD patient 2, and control
subject, respectively. (B) A pool of hippocampus and cortex from AD
patients 1 and 2 and a pool of hippocampus and cortex from a control
subject were immunoprecipitated with rabbit anti-Hpt IgG.
Immunoprecipitates were processed by 4−20% PAGE-D and Western
blotting. After blotting onto a PVDF membrane, the membrane was
immunostained with mouse anti-Aβ and GAM-HRP IgGs or with goat
anti-ApoE and RAG-HRP IgGs. Anti-Aβ: Standard, Aβ1−42 (100 ng).
Lane 1, immunoprecipitate of AD tissues. Lane 2, immunoprecipitate
of control tissues. Anti-ApoE: Lane 1, immunoprecipitate of AD
tissues. Lane 2, immunoprecipitate of control tissues. Standard, ApoE
(30 ng).

Figure 5. Immunoprecipitation of Hpt in CSF. Aliquots (100 μL) of
two CSF pools from AD patients, with different endogenous Hpt
concentration, and an aliquot of a CSF pool from healthy subjects
were supplemented with 0.5 μM Aβ1−42, and then immunoprecipitated
by mouse anti-Hpt IgG. Samples were analyzed by 4−20% PAGE-D
and Western blotting. Immunodetection was carried out with rabbit
anti-Aβ IgG, followed by GAR-HRP IgG (A) or with goat anti-ApoE
IgG, followed by RAG-HRP IgG (B). Standard, Aβ1−42 (100 ng; panel
A) or ApoE (100 ng; panel B). Lane 1, immunoprecipitate of AD-CSF
with lower Hpt concentration. Lane 2, immunoprecipitate of AD-CSF
with higher Hpt concentration. Lane 3, immunoprecipitate of healthy-
CSF pool. In each panel, a single representative of at least three
independent experiments is shown.
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respectively), while no significant differences were found when
Hpt was added in the incubation mixture with LipoE4 (Figure
6, panel C). A similar result was obtained with respect to Aβ1−42
(Figure 6, panels D−F). These data show that Hpt, at
equimolar concentration with ApoE, improves the binding of
E2 and E3 isoforms to Aβ.
The influence of Hpt on the formation of the complex

between either LipoE isoform and Aβ1−42 or Aβ1−40 was further
evaluated by Western blotting. In particular Aβ1−42 (10 μM;
Figure 7, panel A), or Aβ1−40 (10 μM; Figure 7, panel B) was
incubated with LipoE2 or LipoE3 or LipoE4 (0.5 μM), and
different amounts of Hpt (0.5 or 1.5 μM). Samples were then
analyzed by 4−20% PAGE-D, and Western blotting, and the
ApoE/Aβ SDS-stable complex of 46 kDa was detected by
incubation with mouse anti-Aβ IgG 6E10. The densitometric
analysis of the ApoE/Aβ complexes revealed that the amount of
the ApoE/Aβ complex significantly increased (p < 0.01) by
increasing the Hpt/ApoE ratio in the mixture, thus suggesting
that Hpt might promote the formation of the complex. In
particular, the higher effect of Hpt was observed on the
complex between Aβ and ApoE4, which is the isoform known
to bind worse to the peptide. As a matter of fact, LipoE4/Aβ

complex was not even (Aβ1−42, Figure 7, panel A) or poorly
detectable (Aβ1−40, Figure 7, panel B), in the absence of Hpt,
while its amount significantly increased in the presence of Hpt
(11-fold and 59-fold for the LipoE4/Aβ1−42 complex in the
presence of 0.5 and 1.5 μM Hpt, respectively; p < 0.001; 1.3-
fold and 4-fold for the LipoE4/Aβ1−40 complex in the presence
of 0.5 and 1.5 μM Hpt, respectively; p < 0.001). Altogether, our
results suggest that Hpt, due to its ability to bind ApoE and Aβ,
might facilitate the formation of the ApoE/Aβ complex.

ApoE/Aβ Complex Formation in Conditioned Medium
from 7PA2 Cell Line. The effect of Hpt on the formation of
the ApoE/Aβ complex was further investigated by using the
7PA2 cell line as source of endogenously produced, natural, and
biologically relevant Aβ peptides. LipoE2, LipoE3, or LipoE4
(0.5 μM) and different amounts of Hpt (0−1.5 μM) were
added to the conditioned medium of 7PA2 cells (95%
confluence; see Methods) and further incubated for 6 h.
Medium from 7PA2 not exposed to Hpt was regarded as
control. Media samples were then analyzed by 4−20% PAGE-D
and Western blotting, and antigens containing Aβ epitopes
were detected by incubation with mouse anti-Aβ IgG 6E10.

Figure 6. Effect of Hpt on ApoE binding to Aβ. Aβ1−40- or Aβ1−42 (0.22 μM)-coated wells were incubated with different amounts (0.001−0.1 μM) of
liposome-embedded ApoE (LipoE2, LipoE3, or LipoE4; open symbols) or with equimolar mixtures of LipoE and Hpt 1-1 (0.001−0.1 μM; full
symbols). ApoE bound to Aβ was detected by using goat anti-ApoE and RAG-HRP IgGs. Samples were analyzed in triplicate, and absorbance values
(OD/mL) at 492 nm were expressed as mean ± SEM. (A−C) Binding of LipoE2 (triangles), LipoE3 (squares), and LipoE4 (circles) to Aβ1−40,
respectively. (D−F) Binding of LipoE2, LipoE3, and LipoE4 to Aβ1−42, respectively. In each panel, a single representative of at least three
independent experiments is shown.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn500099f | ACS Chem. Neurosci. 2014, 5, 837−847841



As shown in Figure S3 (lane 2) Aβ monomers, dimers, and
trimers, as well as soluble APP (sAPP) were detected, by anti-
Aβ immunostaining, in conditioned medium obtained in our
experimental condition from 7PA2 cells. Further, the ApoE/Aβ
complex was not even detectable in conditioned medium from
7PA2 cells, and poorly detectable when either ApoE isoform
was added to the medium (Figure 8). The densitometric
analysis of the ApoE/Aβ complexes demonstrated that Hpt
addition to the medium significantly promoted the formation of
the complex (p < 0.01). In particular, accordingly with results
obtained with synthetic Aβ, the higher effect of Hpt was
observed in the presence of ApoE4. Indeed, the amount of
LipoE4/Aβ complex significantly increased in the presence of
Hpt (15-fold and 12-fold in the presence of 0.5 and 1.5 μMHpt
respectively; Figure 8, panel C; p < 0.001). The effect of 0.5 μM
Hpt (Hpt/ApoE ratio = 1) on the formation of the complex did
not differ between ApoE2 and ApoE3 (3-fold increase; p <
0.01), while the effect of 1.5 μMHpt (Hpt/ApoE ratio = 3) was
higher on ApoE3 (11-fold increase; p < 0.001) than on ApoE2
(4-fold increase; p < 0.001). These results confirm that Hpt
positively influences the interaction of ApoE with Aβ, also
when the peptide is endogenously produced by a cellular model
of AD, and strongly support the hypothesis that Hpt might
mediate intermolecular interactions between ApoE and Aβ or
contribute to the acquisition of a specific conformation of ApoE
or Aβ, thus promoting the formation of the complex.

■ DISCUSSION
AD and other neurodegenerative diseases may be enabled by
specific aging- or inflammation-related factors, such as gradual
failure of neuroprotective mechanisms or protein clearance.33,34

We previously demonstrated that Hpt binds ApoE and impairs
both the stimulation of this apolipoprotein on the activity of
lecithin/cholesterol acyl transferase enzyme and the delivery of

lipoproteins to hepatocytes.9 Hpt is a pleiotropic protein,11 but
limited studies are available on its role in brain in physiological
or pathological conditions. As a different prevalence of Hpt
phenotypes in several diseases, including AD, was shown,28,35

we first analyzed the ability of each Hpt phenotype to bind both
Aβ1−40 and Aβ1−42. Our results demonstrate that the three Hpt
phenotypes bind Aβ peptides with similar efficiency, thus
suggesting that this interaction might mainly depends on Hpt β
chain, which is also involved in the binding to Hb.12 This
hypothesis was supported by the finding that Aβ competes with
Hb for the binding to Hpt. After trauma and cerebrovascular
injuries, increased levels of free Hb mediate deleterious effects
to the central nervous system.16 Indeed, pathological and
epidemiological evidence supports the association between
capillary hemorrhage, amyloid deposition, and plaque for-
mation.36,37 Aβ, when present in a molar excess over Hb, might
impair the antioxidant function of Hpt, which captures and
neutralizes free Hb.
Further, we report here that Hpt forms an SDS-stable

complex with Aβ. The ability of Hpt to bind ApoE and Aβ in
vivo was demonstrated by coimmunoprecipitation of these
proteins with Hpt in brain tissues from AD patients. The
interaction of Hpt with Aβ might be critical not only for
impairing peptide fibrillation22 and accumulation, but also for
participating to Aβ homeostasis by promoting peptide uptake
in astrocytes or microglia, or its elimination through the blood-
brain barrier.

Figure 7. Influence of Hpt on the complex between synthetic Aβ and
ApoE2, ApoE3, or ApoE4. Aβ1−42 (10 μM; panel A) or Aβ1−40 (10
μM; panel B) was incubated (20 h, 37 °C) with LipoE2, LipoE3, or
LipoE4 (0.5 μM), in the presence of different amounts of Hpt.
Samples were analyzed by 4−20% PAGE-D and Western blotting.
Immunocomplexes were detected by using mouse anti-Aβ and GAM-
HRP IgGs. Densitometric analysis of the complex detected by anti-Aβ
is shown. For densitometric measurements, samples were analyzed in
triplicate, and data are expressed as mean ± SEM. In each panel, a
single representative of at least three independent experiments is
shown. * = p < 0.05 versus control (incubation without Hpt); ** = p <
0.01 versus control; *** = p < 0.001 versus control.

Figure 8. Influence of Hpt on the complex between naturally
occurring Aβ and ApoE2, ApoE3, or ApoE4. The 7PA2 cell line was
used as the source of endogenously produced Aβ peptides. 7PA2 cells
were seeded into 6-well plates (350 000 cells/well) in complete
medium and grown to about 95% confluence (48 h). After medium
removal, cells were washed and then incubated in serum-free DMEM
for 16 h. LipoE2, LipoE3, or LipoE4 (0.5 μM) was then added to the
wells, in the presence of different amounts of Hpt 1-1 (0, 0.5, or 1.5
μM), and further incubated for 6 h. Media samples were then analyzed
by 4−20% PAGE-D and Western blotting. Immunocomplexes were
detected by using mouse anti-Aβ and GAM-HRP IgGs. Densitometric
analysis of the complex detected by anti-Aβ is shown. For
densitometric measurements, samples were analyzed in triplicate,
and data are expressed as mean ± SEM. In each panel, a single
representative of at least three independent experiments is shown. **
= p < 0.01 versus control (incubation without Hpt); *** = p < 0.001
versus control.
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We previously published that Hpt binds an ApoE domain
localized in helix 4 of the N-terminal region,38 whereas the
ApoE binding site for Aβ is in the C-terminal domain.39,40

Hence, it cannot be excluded that ApoE binds both Hpt and
Aβ. Interestingly, we found that the interaction of Hpt with
ApoE does not impair the binding of the apolipoprotein to Aβ.
Indeed, Hpt does not compete with Aβ for the binding to
ApoE, also when present in a 10-fold molar excess over the
apolipoprotein. Moreover, our experiments carried out with
CSF from AD patients and healthy subjects, showed that ApoE,
Aβ, and the ApoE/Aβ complex coimmunoprecipitate with Hpt.
Although CSF supplementation with exogenous Aβ does not
perfectly mimic a physiological condition, the results
demonstrate that Hpt interacts with Aβ and ApoE not only
in experimental conditions based on the use of ApoE-liposome,
but also in biological samples containing endogenous Hpt and
ApoE. The mutual interaction between the three ligands was
further confirmed by the finding of higher amounts of ApoE,
Aβ, and ApoE/Aβ complex in the immunoprecipitate from AD
CSF with higher Hpt concentration.
Intriguingly, ELISA experiments demonstrated that Hpt, in

equimolar concentration with ApoE, significantly improves the
binding of the apolipoprotein to Aβ peptide. This was further
supported by Western blotting showing that Hpt enhances the
formation of the ApoE/Aβ complex, when commercial
synthetic peptide or Aβ endogenously produced by the AD
cell model 7PA2 was used. The dose-dependent influence of
Hpt on the formation of ApoE/Aβ complex suggests that a
cooperative effect might exist. It is worth mentioning that the
ApoE/Aβ complex was shown to be crucial for preventing or
limiting Aβ neurotoxicity41 and for promoting Aβ clearance via
ApoE receptors.41−43 Interestingly, our results, from cell
biology and biochemical experiments, showed that the effect
of Hpt was more pronounced just in the presence of ApoE4
isoform. As ApoE4 causally contributes to AD pathogenesis,2

Hpt increase in brain might overcome the inherent lower
activity of ApoE4, by promoting its binding to Aβ. To our
knowledge, Hpt is the first identified molecule able to improve
the binding between ApoE and Aβ. We postulate that Hpt
might work as a bridge between the two proteins, bringing
them closer to each other (Figure S4). Alternatively, Hpt, as
binding both ApoE and Aβ, might influence molecular
conformation of these two ligands in such a way that increases
the chance for ApoE and Aβ to interact with each other.
In conclusion, we suggest that Hpt might represent a new

player in the crosstalk between ApoE and Aβ. Although several
questions remain to be answered, concerning the structural
requirement for the assembly of Hpt, ApoE, and Aβ, and the
physiological effect on target mechanisms, this work provides a
framework for future mechanistic studies on the functioning of
this chaperoning pathway. The risk of developing AD might not
only be linked to the presence of different ApoE isoforms or
limited to specific ApoE effects on lipid or Aβ metabolism, but
also rely on the level of critical ligands, such as Hpt, able to
influence ApoE/Aβ interaction and/or ApoE functions.

■ METHODS
Materials. Bovine serum albumin fraction V (BSA), gelatin,

lecithin, Hb, Tissue Protease Inhibitor Cocktail, rabbit anti-human Hpt
IgG, goat anti-rabbit horseradish peroxidase-conjugated IgG (GAR-
HRP), and goat anti-mouse horseradish peroxidase-conjugated IgG
(GAM-HRP) were purchased from Sigma-Aldrich (St. Louis, MO).
Recombinant human ApoE2, ApoE3, and ApoE4 were from

PeproTech (London, U.K.). Goat anti-human ApoE IgG, rabbit anti-
goat horseradish peroxidase-conjugated IgG (RAG-HRP), protein G
Plus/protein A agarose suspension, and centrifugal filter device
Amicon Ultra (3 kDa cutoff) were from Merk Millipore (Merk
Chemicals Limited, Nottingham, U.K.). Mouse anti-human ApoE IgG
was from Santa Cruz Biotechnology (Santa Cruz, CA). Aβ peptides
were from INBIOS s.r.l. (Naples, Italy). Mouse antibody 6E10 (against
Aβ residues 1−16) was from Covance (Princeton, NJ). The dye
reagent for protein titration, enhanced chemiluminescence (ECL)
reagents, and the polyvinylidene difluoride (PVDF) membrane were
from Bio-Rad (Bio-Rad, Hercules, CA). Polystyrene 96-well ELISA
MaxiSorp plates, with high affinity to proteins with mixed hydrophilic/
hydrophobic domains, were purchased from Nunc (Roskilde,
Denmark). Kodak Biomax light film and Sephacryl S-200, CNBr-
activated Sepharose 4 Fast Flow, and Blue Sepharose 6 Fast Flow
resins were from GE-Healthcare Life Sciences (Milano, Italy).

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were from BioWhittaker (Verseviers, Belgium). L-
Glutamine, penicillin, and streptomycin were from Gibco (Life
Technologies Italy, Monza, Italy). Antibiotic G-418 sulfate solution
was from Promega Italia (Milan, Italy). Cell culture flasks (75 cm2), 6-
well cell culture plates, and sterile pipets from Beckton-Dickinson
(Milan, Italy) were used.

Cell Culture. The 7PA2 cell line was kindly provided by Dr. Denis
Selkoe (Harvard Medical School, Boston, MA). 7PA2 cells are CHO
stably transfected with the human APP751 cDNA bearing the V717F
fAD mutation,27 and represent the best characterized model of
naturally occurring Aβ peptides.25,26,44,45 Cells (1.5 × 106) were
seeded in T-75 tissue culture flasks (75 cm2 surface) and grown in
DMEM with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100
μg/mL streptomycin, and 300 μg/mL antibiotic selection G418
(complete medium) at 37 °C and under humidified atmosphere of 5%
CO2 in air, as previously described.45 The medium was changed three
times a week, and cells were subcultivated when confluent.

To obtain conditioned medium (CM), 7PA2 cells were seeded into
6-well plates (at 350 000 cells/well density) in complete medium and
grown (37 °C, 5% CO2) to about 95% confluence (48 h). Cells were
then washed (twice) with DMEM and then incubated for 16 h in 1100
μL of DMEM containing 2 mM L-glutamine, 100 U/mL penicillin, and
100 μg/mL streptomycin. Anti-Aβ immunostaining of conditioned
medium is shown in Figure S3.

CSF and Brain Tissues. CSF from healthy subjects (N = 5),
matched for age (range: 40−50 years), were provided by P.
Bongioanni (Pisa, Italy). CSF from AD patients (N = 14), matched
for age (range: 60−70 years), were provided by the Department of
Experimental Biomedicine and Clinical Neurosciences (University of
Palermo, Italy). Human brain tissues from two patients with post-
mortem confirmed AD and from a healthy age-matched control
subject were provided by Centro Regionale di Neurogenetica
(Lamezia, CT, Italy). The healthy subject died from accidental
intracerebral bleeding in the left brain hemisphere, and the sample was
taken from the contralateral brain hemisphere. All brain donors or
their legal tutors gave written informed consent during their lifetimes
and the protocol was approved by the local Ethics Committee. The
study conforms to The Code of Ethics of the World Medical
Association (Declaration of Helsinki), printed in the British Medical
Journal (18 July 1964), and it was approved by the Ethics Committee
of the University of Naples Federico II.

ELISA. ApoE and Hpt concentration in individual CSF samples and
in pooled samples from AD or healthy controls was measured by
ELISA. Samples were diluted (1:100−1:800) with coating buffer (7
mM Na2CO3, 17 mM NaHCO3, 1.5 mM NaN3, pH 9.6) and
incubated in the wells of a microtiter plate (Immuno MaxiSorp;
overnight, 4 °C). After four washes with TBS (130 mM NaCl, 20 mM
Tris-HCl, pH 7.4) containing 0.05% (v/v) Tween 20 (T-TBS) and
four washes with high salt TBS (500 mM NaCl in 20 mM Tris-HCl at
pH 7.4), the wells were blocked with TBS containing 0.5% BSA (1 h/
37 °C). After washing, the wells were incubated (1 h, 37 °C) with 60
μL of goat anti-ApoE IgG (1:3000 dilution in T-TBS containing 0.25%
BSA), followed by 60 μL of RAG-HRP IgG (1:14 000 dilution) for
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immunodetection of ApoE, or with 60 μL of rabbit anti-Hpt IgG
(1:1500 dilution), followed by GAR-HRP IgG (1:8000 dilution) for
Hpt detection. Peroxidase-catalyzed color development from o-
phenylenediamine was measured at 492 nm.9

Purification of Hpt. Hpt was isolated from plasma of healthy
subjects (phenotype 2-1, 2-2, or 1-1) by a multistep purification
procedure, based on a gel filtration with a column of Sephacryl S-200,
followed by an affinity chromatography with a column of Blue
Sepharose 6 Fast Flow, and finally by a further purification by affinity
chromatography using a Sepharose resin coupled to anti-Hpt IgG.9

Hpt was over 98% pure, as assessed by SDS-PAGE and densitometric
analysis of Coomassie-stained bands. The molarity of each Hpt
phenotype was determined by measuring the protein concentration46

and calculating the molecular weight of the monomer αβ as previously
described.47

Aβ Preparation. Human Aβ1−40 and Aβ1−42 (purity > 95% as
assessed by HPLC) were produced by chemical synthesis. To obtain a
solution free of aggregates and fibrils, the lyophilized peptide was
treated with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP).48 After HFIP
evaporation under nitrogen stream, Aβ was stored desiccated at −20
°C. The peptide was resuspended in anhydrous dimethyl sulfoxide
prior to use and sonicated for 20 min (bath sonicator model 3200MH;
Soltec), and its concentration was verified by a colorimetric assay46

using insulin as standard for calibration.
Binding of Hpt to Aβ. The wells of a microtiter plate were coated

with 50 μL of Aβ1−40 or Aβ1−42 (0.002 mg/mL in coating buffer; 0.45
μM) and incubated overnight at 4 °C. Under these conditions, 22 ng/
well of Aβ bound to the wells (corresponding to 22% of the amount of
the coated peptide). After four washes with T-TBS and four washes
with high salt TBS for removing the excess of Aβ, the wells were
blocked with TBS containing 0.5% BSA (1 h, 37 °C). The wells were
extensively washed, and then incubated (2 h, 37 °C) with different
amounts (0.05, 0.15, 0.3, 0.5, 0.7, or 1 μM in TBS) of each Hpt
phenotype (2-1, 2-2, or 1-1). The amount of Hpt bound to Aβ was
measured by incubating the wells with 60 μL of rabbit anti-Hpt IgG
(1:2500 dilution in T-TBS containing 0.25% BSA; 1 h, 37 °C),
followed by 60 μL of GAR-HRP IgG (1:6000 dilution; 1 h, 37 °C).
Color development was measured at 492 nm. Absorbance values were
converted to the percentage of the value obtained with 1 μM Hpt
(assumed as 100% of Hpt binding to Aβ). Background values
(nonspecific binding of Hpt to the wells or to BSA in the blocking
solution) were measured in wells processed without Aβ coating. Data
were analyzed by using a nonlinear regression fit algorithm in
GraphPad Prism v 5.01, to obtain the dissociation constant (Kd) of
each Hpt phenotype for Aβ1−40 and Aβ1−42.
Competition between Aβ and Hb for Binding Hpt. The wells

of a microtiter plate were coated with 50 μL of Hb (0.008 mg/mL in
coating buffer; 0.125 μM) and incubated overnight at 4 °C. Hb excess
was removed by washing with T-TBS and with high salt TBS, and the
remaining sites on the plate were blocked with TBS containing 0.5%
BSA (1 h, 37 °C). After extensive washing, aliquots (50 μL) from
mixtures containing 0.3 μM Hpt 2-1, Hpt 2-2, or Hpt 1-1 and different
concentrations of Aβ1−40 or Aβ1−42 (0, 1, 3, 6, 8, or 10 μM in TBS)
were incubated (2 h, 37 °C) into Hb-coated wells. Hpt bound to Hb
was detected by treatment with anti-Hpt IgG (1:2000 dilution; 1 h, 37
°C), followed by GAR-HRP IgG (1:6000 dilution; 1 h, 37 °C).
Absorbance values were converted to the percentage of the value
obtained in the absence of Aβ (assumed as 100% of Hpt binding to
Hb).
Competition of Hpt with Aβ for Binding to ApoE. Liposomes

containing ApoE2, ApoE3, or ApoE4 (ApoE/lecithin =1:133 molar
contribution; namely, LipoE2, LipoE3, or LipoE4) were prepared by
the cholate dialysis method.38,49 The wells were coated with 50 μL of
0.001 mg/mL Aβ1−40 or Aβ1−42 (0.23 μM) and incubated overnight at
4 °C. Under these conditions, 9 ng/well of peptide bound to the wells
(18% of the peptide offered). Aβ excess was removed by washing with
T-TBS and with high salt TBS, and the wells were blocked with PBS
containing 1% BSA and 1% gelatin (2 h, 37 °C). The wells were then
incubated (2 h, 37 °C) with aliquots (55 μL) from mixtures containing
0.010 μM LipoE2, LipoE3, or LipoE4 and different concentrations of

Hpt 1-1 (0, 0.005, 0.01, 0.03, 0.06, or 0.1 μM). The amount of LipoE
bound to Aβ was measured by treatment with goat anti-ApoE IgG
(1:2500 dilution in TBS; 1 h, 37 °C), followed by RAG-HRP IgG
(1:7000 dilution in TBS; 1 h, 37 °C), and color development at 492
nm. Absorbance values were converted to the percent of the value
obtained in the absence of Hpt (assumed as 100% of LipoE binding).

Hpt/Aβ Complex Formation. Mixtures containing Hpt 1-1 (3
μM), Aβ1−40 (220 μM), or Hpt 1-1 and Aβ1−40 (3 and 220 μM in PBS,
respectively) were incubated 6 h at 37 °C. Experimental conditions
(Aβ concentration, time of incubation) were chosen according to
those used for detecting ApoE/Aβ complex.3,24 Samples were treated
with 3× O’Farrell buffer, without β-mercaptoethanol,47 boiled for 5
min, centrifuged for 5 min at 8000g, and then analyzed by 4−20%
PAGE-D and Western blotting. In detail, proteins were transferred
onto a PVDF membrane (1 h, under electric field), and the membrane
was rinsed in T-TBS and then blocked with T-TBS containing 5%
nonfat milk (overnight, 4 °C). The membrane was then incubated (1
h, 37 °C) with mouse anti-Aβ IgG 6E10 (1:800 dilution in T-TBS
containing 0.25% nonfat milk), followed by GAM-HRP IgG (1:2000
dilution; 1 h, 37 °C), for revealing antigens containing Aβ epitopes, or
with rabbit anti-Hpt IgG (1:2000 dilution; 1 h, 37 °C), followed by
GAR-HRP IgG (1:4500 dilution; 1 h, 37 °C), for revealing antigens
containing Hpt epitopes. The immunocomplexes were detected by
using the ECL detection system, using luminol as substrate, according
to the manufacturer’s protocol.

The interaction between Hpt and Aβ was further analyzed with
lower concentrations of both proteins by incubating (20 h, 37 °C)
mixtures containing Aβ1−40 or Aβ1−42 (10 μM) and Hpt 1-1 (0.5 or 10
μM). Samples were then analyzed by 4−20% PAGE-D and Western
blotting. In particular, after blocking, the membrane was incubated
with anti-Aβ IgG 6E10 (1:500 dilution; overnight, 4 °C), followed by
GAM-HRP IgG (1:1500 dilution; 1 h, 37 °C), or with rabbit anti-Hpt
IgG (1:1000 dilution; overnight, 4 °C), followed by GAR-HRP IgG
(1:4500 dilution, 1 h, 37 °C).

Samples of brain tissues homogenates (hippocampus and cortex)
from two AD patients were pooled, and aliquots (50 μg) of the pool
were processed by 4−20% PAGE-D and Western blotting, as
described above, for detecting antigens containing Aβ and Hpt
epitopes. Membrane probing was carried out with anti-Aβ IgG 6E10
(1:500 dilution; overnight, 4 °C), followed by GAM-HRP IgG (1:15
000 dilution; 1 h, 37 °C), or with rabbit anti-Hpt IgG (1:500 dilution;
overnight, 4 °C), followed by GAR-HRP IgG (1:15 000 dilution; 1 h,
37 °C).

The effect of time of incubation and Hpt concentration on the
formation of Hpt/Aβ complex was investigated by incubating (2 or 6
h, 37 °C) reaction mixtures containing Aβ1−40 (220 μM) and different
amounts of Hpt 1-1 (3, 8, or 16 μM). Samples were boiled for 5 min
and processed for 4−20% PAGE-D and Western blotting. The
immunodetection was performed with mouse anti-Aβ IgG 6E10
(1:800 dilution; 1 h, 37 °C), followed by GAM-HRP IgG (1:2000
dilution; 1 h, 37 °C), for detecting antigens containing Aβ epitopes, or
with rabbit anti-Hpt IgG (1:2000 dilution; 1 h, 37 °C), followed by
GAR-HRP IgG (1:4500 dilution; 1 h, 37 °C), for detecting antigens
containing Hpt epitopes.

Hpt Influence on the Ability of ApoE to Bind Aβ. The wells of
a microtiter plate were coated with 50 μL of 0.001 mg/mL Aβ1−40 or
Aβ1−42 (overnight, 4 °C). Aβ excess was removed by washing with T-
TBS and with high salt TBS, and the remaining sites were blocked
with PBS containing 1% BSA and 1% gelatin (2 h, 37 °C). After
washing, the wells were incubated (2 h, 37 °C) with different amounts
(0.001, 0.003, 0.01, 0.03, 0.06, or 0.1 μM in TBS) of LipoE2, LipoE3,
or LipoE4, or with equimolar mixtures of LipoE and Hpt (0.001,
0.003, 0.01, 0.03, 0.06, or 0.1 μM in TBS). ApoE bound to Aβ was
detected by incubation with goat anti-ApoE IgG (1:6000 dilution in
TBS; 1 h, 37 °C), followed by RAG-HRP IgG (1:50 000; 1 h, 37 °C),
and color development at 492 nm.

Analysis of Human Brain Homogenates. Post-mortem brain
tissues (hippocampus and prefrontal cortex) from two AD subjects
and one control subject were homogenized in three volumes (w/v) of
cold RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Nonidet P-40,
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0.5% sodium deoxycholate, pH 8) containing Tissue Protease
Inhibitor Cocktail (1:200, v/v). Homogenates were centrifuged
(140 00g, 45 min, 4 °C), and protein concentration of supernatants
was measured.46 Aliquots (50 μg) of hippocampus and cortex from
each sample were processed by 4−20% PAGE-D and Western blotting
for verifying the presence of Aβ epitopes. In particular, after blocking
with T-TBS containing 5% nonfat milk (1 h, 37 °C), the membrane
was incubated with mouse anti-Aβ IgG 6E10 (1:500 dilution in T-TBS
containing 0.25% nonfat milk; overnight, 4 °C), followed by GAM-
HRP IgG (1:5000 dilution; 1 h, 37 °C). The immunocomplexes were
detected by using the ECL detection system.
Samples of brain tissues (hippocampus and cortex) from each

subject were pooled and aliquots (50 μg) were analyzed by 15% SDS
PAGE, under reducing conditions, and Western blotting, for revealing
Hpt epitopes. After blocking (1 h, 37 °C), the membrane was
incubated with rabbit anti-Hpt IgG (1:500 dilution; overnight, 4 °C),
followed by GAR-HRP IgG (1:10 000 dilution; 1 h, 37 °C).
Immunoprecipitation of Hpt in Human Brain. The analysis of

interaction between Hpt and Aβ or ApoE was performed on pools of
hippocampus and cortex, from AD patients or control subject, by
immunoprecipitating Hpt. In detail, each pool (160 μg of total
protein) was incubated (overnight, 4 °C) with rabbit anti-Hpt IgG and
then with 60 μL of protein G Plus/protein A agarose suspension (2 h,
4 °C). Immunoprecipitates were collected by centrifugation (10 min,
300g), washed with TBS containing 0.05% SDS, fractionated by 4−
20% PAGE-D, and finally blotted onto a PVDF membrane. The
membrane was blocked as described above and then incubated with
mouse anti-Aβ IgG 6E10 (1:500 dilution; overnight, 4 °C), followed
by GAM HRP IgG (1:5000 dilution; 1 h, 37 °C), for detection of Aβ-
containing antigens, or with goat anti-ApoE IgG (1:500 dilution; 1 h,
37 °C), followed by RAG HRP IgG (1:12 000 dilution; 1 h, 37 °C),
for detection of ApoE-containing epitopes.
Immunoprecipitation of Hpt in CSF. Immunoprecipitation of

Hpt was also carried out in pooled CSF (each sample contributing
with equal volume) of patients with AD or healthy subjects. In detail,
aliquots (100 μL) of two AD CSF pools, with different Hpt
concentration, but similar ApoE concentration (pool 1, N = 6;
ApoE concentration 2.688 ± 0.373 μg/mL, Hpt concentration 0.645 ±
0.076 μg/mL; pool 2, N = 8; ApoE concentration 2.106 ± 0.326 μg/
mL, Hpt concentration 2.264 ± 0.344 μg/mL), and an aliquot of a
CSF pool from controls (pool 3, N = 5; ApoE concentration 1.192 ±
0.028 μg/mL, Hpt concentration 0.518 ± 0.058 μg/mL) were
supplemented with Aβ1−42 (final concentration 0.5 μM) and then
incubated for 5 h at 37 °C. Each sample was immunoprecipitated by
incubation (overnight, 4 °C) with mouse anti-Hpt IgG, followed by
addition of 20 μL of protein G Plus/protein A agarose suspension and
further incubation (2 h, 4 °C). Immunoprecipitates were fractionated
by 4−20% PAGE-D, and finally blotted onto PVDF membrane. The
membrane was blocked as described above and then incubated with
rabbit anti-Aβ IgG (1:650 dilution; 1 h, 37 °C), followed by GAR HRP
IgG (1:7000 dilution; 1 h, 37 °C), for detection of Aβ-containing
antigens, or with goat anti-ApoE IgG (1:750 dilution; 1 h, 37 °C),
followed by RAG HRP IgG (1:12 000 dilution; 1 h, 37 °C), for
detection of ApoE-containing epitopes. Immunodetection was carried
out with Clarity Western ECL substrate.
ApoE/Aβ Complex Formation in the Presence of Hpt. Aβ1−40

or Aβ1−42 (10 μM) was incubated (20 h, 37 °C) with LipoE2, LipoE3,
or LipoE4 (0.5 μM), in the presence of different amounts of Hpt 1-1
(0, 0.5, or 1.5 μM). Samples were analyzed by 4−20% PAGE-D and
Western blotting as described above. After blocking, the membrane
was incubated (1 h, 37 °C) with mouse anti-Aβ IgG 6E10 (1:2000
dilution), followed by GAM-HRP IgG (1:4000 dilution; 1 h, 37 °C),
and ECL staining for revealing antigens containing Aβ epitopes.
Quantitative densitometry of the ApoE/Aβ immunocomplexes was
then carried out by analyzing the digital images of membranes by the
Gel-Pro Analyzer software (Media Cybernetics, Silver Spring, MA).
Band intensities are expressed as integrated optical density (IOD).
ApoE/Aβ Complex Formation in Conditioned Medium from

7PA2 Cell Line. 7PA2 cells were seeded into 6-well plates (at 350 000
cells/well density) in complete medium and grown to about 95%

confluence (48 h). Cells were washed (twice) with DMEM and then
incubated for 16 h in DMEM containing 2 mM L-glutamine, 100 U/
mL penicillin, and 100 μg/mL streptomycin. LipoE2, LipoE3, or
LipoE4 (0.5 μM) was then added to the wells, in the presence of
different amounts of Hpt 1-1 (0, 0.5, or 1.5 μM). After 6 h of
incubation (37 °C, 5% CO2), cell culture supernatants were collected,
treated with Tissue Protease Inhibitor Cocktail (Sigma-Aldrich, 1:200,
v/v), and finally centrifuged at 400g for 5 min to remove any cellular
debris. Supernatants from cells not exposed to Hpt were used as
control. Media samples were then concentrated (three times) by
centrifugation steps in centrifugal filter device Amicon Ultra (3 kDa
cutoff, Merk Millipore). Aliquots (40 μL) of each sample were
analyzed by 4−20% PAGE-D and Western blotting essentially as
described above. In particular, protein transfer was performed (1 h,
under electric field) onto nitrocellulose membrane filters (0.22 μm),
and the membrane was boiled in PBS (3 min) after blotting, to
increase the detection of low molecular weight bands.45 After blocking,
the membrane was incubated (overnight, 4 °C) with mouse anti-Aβ
IgG 6E10 (1:500 dilution), followed by GAM-HRP IgG (1:1500
dilution; 1 h, 37 °C), and ECL staining. Quantitative densitometry of
the ApoE/Aβ immunocomplexes was then carried out as described
above.

Statistical Analysis. In all experiments, samples were processed in
triplicate, and data were expressed as mean value ± SEM. The
program “GraphPad Prism 5.01” (GraphPad Software, San Diego, CA)
was used to perform regression analysis, Student’s t test, for comparing
two groups of data, and one-way ANOVA, followed by Tukey’s test,
for multiple group comparisons. P < 0.05 was set as indicating
significance.
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