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Abstract

AB-Immunotherapy has long been studied in the treatment of Alzheimer’s disease (AD), but
not how other molecules involved in the disease can affect antibody performance. We previ-
ously designed an antibody fragment, scFv-h3D6, and showed that it precludes AB-induced
cytotoxicity by withdrawing AR oligomers from the amyloid pathway towards a non-toxic,
worm-like pathway. ScFv-h3D6 was effective at the behavioral, cellular, and molecular lev-
els in the 3xTg-AD mouse model. Because scFv-h3D6 treatment restored apolipoprotein

E (apoE) and J (apoJ) concentrations to non-pathological values, and A internalization by
glial cells was found to be decreased in the presence of these apolipoproteins, we now
aimed to test the influence of scFv-h3D6 on AR aggregation and cellular uptake by primary
human astrocytes in the presence of therapeutic apoE and apoJ mimetic peptides (MPs).
Firstly, we demonstrated by CD and FTIR that the molecules used in this work were well
folded. Next, interactions between apoE or apoJ-MP, scFv-h3D6 and AB were studied by
CD. The conformational change induced by the interaction of Ap with apoE-MP was much
bigger than the induced with apoJ-MP, in line with the observed formation of protective
worm-like fibrils by the scFv-h3D6/AB complex in the presence of apoJ-MP, but not of apoE-
MP. ScFv-h3D6, apoJ-MP, and apoE-MP to a different extent reduced AR uptake by astro-
cytes, and apoE-MP partially interfered with the dramatic reduction by scFv-h3D6 while
apoJ-MP had no effect on scFv-h3D6 action. As sustained AR uptake by astrocytes may
impair their normal functions, and ultimately neuronal viability, this work shows another
beneficence of scFv-h3D6 treatment, which is not further improved by the use of apoE or
apodJ mimetic peptides.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by a progressive
decline in cognitive functions. According to the amyloid cascade hypothesis, the initial seed
that initiates the disease progression is the accumulation of the amyloid-§ (Ap) peptide[1].
This can result from an increase in its production, as in the case of familial AD (FAD), or by a
decrease in its clearance, which is likely the case in sporadic, mostly late-onset AD (LOAD)
[2,3]. Aggregation and accumulation of AP result in alterations in synaptic function, activation
of glial cells, release of inflammatory mediators, and oxidative stress[4,5]. Eventually, this accu-
mulation may lead to the deposition of amyloid plaques in the brain, one of the histological
hallmarks of AD[6].

Both fibrillar and diffuse plaques include components that co-localize with AB-deposits[7]
and modulate fibril formation[8], known as amyloid-associated proteins (AAPs). The best
characterized of these proteins is apolipoprotein E (apoE), a key protein involved in lipid
metabolism[9]. Human apoE is a 299-residue glycoprotein composed of two separate domains
joined by a flexible hinge region: the N-terminal domain, which constitutes the receptor-bind-
ing region, and the C-terminal domain, the lipid-binding region[10]. Epitope mapping of the
apoE-AP complex revealed that A can interact with both the lipid-binding site and the recep-
tor-binding site within apoE[11]. Human apoE exists in three isoforms, apoE2, apoE3 and
apoE4, with apoE3 as the most common form and apoE4 being the major genetic risk factor
for AD[12].

Genome wide association studies (GWAS) have also identified CLU/APOJ as a genetic
determinant for LOAD(13,14]. Apolipoprotein ] (apo], clusterin) is a multifunctional protein
normally associated with lipids in plasma and cerebrospinal fluid (CSF), and secreted as lipo-
proteins by hepatocytes and astrocytes[15]. In conjunction with apoE and some other AAPs,
apo] has been found associated with parenchymal and vascular A peptide deposits in AD,
already in early stages when AP deposits are diffuse[7,16]. Furthermore, apo] can form soluble
complexes with AB which are readily detectable in the CSF[17].

In previous studies we observed that A internalization by adult human glial cells was nega-
tively affected by apoE and apo][18,19]. Astrocytes produce the majority of apoE and apo] in
the central nervous system (CNS)[20,21] and the presence of reactive astrocytes around A
plaques suggests this reactive phenotype may play an important role in AD pathogenesis
[22,23]. Astrocytes are positioned between neurons and cerebral microvessels to translate
information on the activity level and energy demands of neurons to the vascular cells in the
blood brain barrier (BBB) and, in addition, they participate in the tri-partite synapse, where
astrocytes communicate bidirectionally with neurons[24]. In contrast to neurons, which are
highly vulnerable to AB exposure, astrocytes demonstrate relative resistance to AP toxicity[25].
However, as described by Solvander et al., when astrocytes are overwhelmed with Af, their
degradation system becomes ineffective and partly degraded AR is left, which may, instead of
being beneficial promote spreading of AD pathology[26].

Because A peptide accumulation may potentially generate neurotoxicity, one of the
approaches that has emerged in the recent years as a promising treatment for AD is AB-immu-
notherapy. High affinity antibodies were developed to directly target the AP peptide and
reduce its burden. Despite initial positive results, bapineuzumab, a humanized monoclonal A
N-terminal-specific antibody (mAb-3D6), failed in Phase 3 clinical trials due to dose-related
severe adverse side-effects[27]. Because these side-effects have been linked to the activation of
microglia by the Fc part of the mADb, single chain antibody fragments (scFv) lacking such a
portion have been proposed as a safer therapeutic strategy. ScFv-h3D6 is a bapineuzumab
derivative that has been demonstrated to preclude AP peptide-induced toxicity by withdrawing
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ApB oligomers from the amyloid pathway towards the worm-like (WL), a non-toxic pathway
featured by short and curved fibrils[28]. Furthermore, scFv-h3D6 has been proven to be effec-
tive at the behavioral, cellular and molecular levels in the triple transgenic mouse model for
AD (3xTg-AD) harbouring APPgy., PSIy146v> and taupsg;r transgenes[29,30]. The treatment
improved cognition and reversed behavioral and psychological symptoms of dementia
(BPSD)-like symptoms, protected from cell-death, decreased extracellular A oligomers, and
restored apolipoproteins E and ] concentrations, whose levels are rather increased in the 3xTg-
AD.

Even though AB-immunotherapy has long been studied in the treatment of AD, how other
molecules involved in the disease could affect the antibody action remains elusive. Because
obtaining full-length apolipoproteins for therapeutic use is an arduous procedure, we have
combined scFv-h3D6 with apolipoproteins E and ] mimetic peptides (MP) composed of essen-
tial structures within these apolipoproteins for binding to other molecules. The apoE mimetic
peptide (MP) is composed of the receptor binding site sequence within apoE (residues 141-
150, which are identical in all human apoE isoforms), linked to a Class A lipid associating
domain similar to the lipid binding site of apoE[31]. The apo]-MP corresponds to the 6 pre-
dicted helix of the 17 potential G* amphipathic helices in the mature apo]J protein (residues
113 to 122), and is built by D-isomers to prevent degradation[32]. The apoE-MP, although ini-
tially intended to treat arthrosclerosis[33-35] is already reported in the literature to improve
cognition, decrease amyloid plaque deposition and reduce the number of activated microglia
and astrocytes in the APP/PS1AE9 mice[31]. The apo]-MP, also intended to treat atherosclero-
sis[32], has been suggested as a therapy for inflammatory disorders other than atherosclerosis
[36], but this is the first study assessing its effect in AD.

In this work, we have determined the effect of scFv-h3D6, apoE-MP and apo]-MP, alone
and combined, on AP aggregation and cellular uptake by human primary astrocytes. If and
how interactions among them interfere with their individual effects, and on the formation of
protective WL fibrils by the scFv-h3D6/AB complex, was studied by circular dichroism (CD),
transmission electron microscopy (TEM) and indirectly by flow cytometry (with fluorescently
labelled AB). Our results indicate that scFv-h3D6, apoE-MP and apo]-MP prevent A fibrilla-
tion, and at the same time, reduce A oligomers uptake by human astrocytes. However,
whereas their individual effects point in the same direction, preincubation together induces
interactions that modulate AP uptake.

Materials and methods
ScFv-h3D6 expression and purification

ScFv-h3D6 expression was carried out using pET28a (+) vector and Escherichia coli BL21
strain (EMBL’s bank, SV is an EMBL alumnus). Induction with 0.5mM IPTG (isopropyl B-D-
thiogalactopyranoside) was performed at D = 0.7 and incubation in the shaker at 20°C for 18h.
After three freeze-thaw cycles, the cellular pellet was sonicated for 10 min, at 70% duty cycle
and output 9 (Sonifier 450, Branson). The protein was obtained by solubilizing the insoluble
fraction in denaturing buffer (100 mM Tris-HCI, 10 mM GSH, pH 8.5, and 8M urea) and
refolding by dilution (1:10) in ice-cold refolding buffer (100 mM Tris-HCI, 100 mM L-arginine
and 0.15mM GSSG, pH 8.5) for 48h. Next, cationic exchange chromatography (Resource S6,
GE Healthcare) using 5 mM Na,HPO,, pH 6.5, buffer and a gradient up to 15% buffered 1M
NaCl was used to completely purify the protein, and in addition to separate the native state
and the disulphide scrambled forms of scFv-h3D6. Finally, the protein was applied to Detoxi-
Gel Endotoxin Removing columns (Thermo Scientific), to remove possible traces of lipopoly-
saccharides. The buffer was changed to PBS using PD-10 Desalting Columns (GE Healthcare),
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and protein aliquots (150 puL) were stored at —20°C until use. The molecular mass of the differ-
ent batches of purified protein was confirmed by MALDI-TOF (matrix-assisted laser-desorp-
tion ionization-time-of-flight) spectrometry, and the protein concentration was determined
from its absorbance at 280 nm using an absorbance coefficient of 1.06 absorbance-units-cm™
for a 1 mg/mL native scFv-h3D6 [37].

ApolipoproteinE and J mimetic peptides

The apoE mimetic peptide (MP) has the sequence: LRKLRKRLLRDWLKAFYDKVAEKLKEAF
[31,33] and the apo]-MP is formed by D-isomers of residues LVGRQLEEFL[32]. Both MPs
were synthesized, protected at both termini and at >95% purity, by Caslo laboratories
(Denmark).

AB1-42 peptide

AP, _4 preparations for cell culture and FACS analysis. Ap;_4, (Bachem) was dissolved
in hexafluoro-isopropanol (HFIP) (Fluka) to obtain a monomeric AB;_4, solution. Next the
solution was aliquoted, nitrogen flow dried and stored at -80°C until further use, as previously
described[38]. For FACS analysis, separate fluorescent (FAM labelled) A, 4, preparations
enriched in oligomers or fibrils were prepared essentially as described before[18]. Briefly,
100pg aliquots of AP were resuspended, while vortexing, in DMSO that already contained
(0.1mg/mL) FAM labelled AB (Anaspec). After sonication for 10 min, the sample with an A
concentration of 2.5 mM, was split in two. One was dissolved in phenol-red DMEM to 100 uM
and incubated at 4°C for 24 hours to obtain oligomers. The other was dissolved to the same
concentration in 10mM HCI and incubated at 37°C for 24h to obtain fibrils.

AP, _4, preparations for biophysical studies. The DMSO used to dissolve the Ap for cell
culture studies interferes with UV spectra. As previously described[39], A peptide for bio-
physical experiments was resuspended in 20% (v:v) NH,OH, aliquoted and stored at -80°C.
The AP in NH,OH was further diluted to 60 mM NaOH for aggregation and further diluted
in either PBS (oligomers) or HCI (fibrils). Therefore, although proportions and procedures
were the same as in A for cell culture, no FAM-labelled Ap or DMSO was used and NH,OH
instead of HFIP was initially used to resuspend the peptide.

In both cases, and in order to assess the effect of scFv-h3D6, apoE-MP and apoJ-MP on A
oligomerization and fibrillation, the AR monomer preparation was allowed to form either Af
oligomers (24h at 4°C) or A fibrils (24h at 37°C) in the presence or absence of combinations
of the different compounds.

Secondary structure and interaction determinations by circular dichroism
(CD)

To analyze the interaction among the molecules studied, equimolar combinations were pre-
pared at 50 pM in PBS and co-incubated for 24h at 4°C. Incubation and measurement at low
temperature limits aggregation and decreases the molecular dynamics characteristic of small
peptides, both necessary to get an acceptable signal-to-noise ratio. Protein secondary structure
was monitored at 4°C by far-UV CD spectroscopy from 260 nm to 190 nm in a Jasco J-715
spectrophotopolarimeter. Protein concentration was set to 50 uM, and 20 scans were recorded
at 50 nm min "' (response 1s) in a 0.1 cm pathlength cuvette. Comparison of spectra for the
individual molecules at 50 pM and 100 pM indicated that they were not aggregated in the con-
ditions used in this study.
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Secondary structure determination by Attenuated-Total Reflectance
(ATR)-Fourier Transform InfraRed (FTIR) spectroscopy

Protein/peptides at 50pM in deuterated PBS were N,-dried onto an ATR-cell and 250 spectra
were acquired at a resolution of 2 cm™ and at room temperature in a Variant Resolutions Pro
spectrometer.

Transmission electron microscopy (TEM) analysis

To visualize the extent of aggregation and morphology of the different combinations, samples
were diluted to 10puM in PBS and quickly adsorbed on to glow-discharge carbon-coated grids.
Transmission electron microscopy was performed in a Jeol 120-kV JEM-1400 microscope,
using 1% uranyl acetate for negative staining.

Cell isolation and culture

Adult primary human astrocytes were isolated from brain specimens obtained at surgery
(medication-refractory epilepsy) as described before [18,19]. The tissue had to be removed to
reach the epileptic focus and was not needed for diagnostic purposes. Normal temporal cortex
specimens from 5 patients were used (Table 1).

Permission for the use of human brain tissue for in vitro research was granted by the Ethical
Medical Committee of the VU University Medical Center (VUmc) in Amsterdam, where the
operations took place. Brain tissue specimens were obtained with written informed consent
and patient information was treated in accordance with the Declaration of Helsinki.

Isolated astrocytes were cultured in medium containing a mixture of DMEM and HAM-
F10 (Gibco) (1:1) supplemented with 10%(v/v) fetal calf serum (Hycult), L-glutamin (2 mM;
Gibco), penicillin(100 IU/mL) and streptomycin (50 g/mL) (both Gibco) at 37°C and 5% CO2
[18]. Astrocytes were used up to passage 7.

Cell treatment and flow cytometry

Astrocytes were plated at a density of 25-50,000 cells per well in a 24-well plate. Cells were
allowed to adhere for 48h before exposure to different preincubation mixtures of scFv-h3D6/
apoE-MP/apo]-MP and AP. After 18h, cell culture supernatant was collected, centrifuged
(300xg for 5 min) and stored at -20°C until further analysis. Cells were rinsed with PBS and
0.2% trypan blue was added (for 2 minutes) to quench the signal of extracellular Ap oligomers
and A fibrils. Then, cells were rinsed again with PBS and harvested using 0.25% trypsin (w:v),
centrifuged for 5 min at 300xg and washed three times in cold FACS buffer (0.25% BSA in
PBS(w:v). Cellular AB-uptake of FAM-labeled AB;_4, was quantified using flow cytometry
(FACS) as described before[18]. The percentage of AP positive astrocytes, 10,000 counted cells
per condition, was quantified using the FACS Calibur (BD Biosciences, San Jose, CA) with the

Table 1. Brain tissue donor characteristics. Demographics of patients who underwent surgery for therapy resistant epilepsy where normal. Neocortex
was removed to reach the epileptic focus and was not needed for diagnostic purposes. Astrocytes isolated from these specimens were used for the AB uptake

experiments.
CASE # GENDER
1 Female
2 Male
3 Female
4 Female
5 Female

https://doi.org/10.1371/journal.pone.0188191.t001

ADULT HUMAN PRIMARY ASTROCYTE CULTURES

AGE (YEARS) APOE GENOTYPE PASSAGE NUMBER
42 E2/E3 5
19 E3/E4 4
21 E3/E3 4
53 E3/E3 3
31 E3/E3 5
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CellQuest software. Cells were gated based on morphological appearance (forward and side
scatter) to count all viable cells and exclude cellular debris and dead cells.

Statistics

Statistical analysis was performed using Graphpad 6. Differences among the various treat-
ments were assessed with a paired t-test using raw data. All data were expressed as means
+SEM values and a P value of <0.05 was considered to reflect statistical significance.

Results
Secondary structure of scFv-h3D6, AB, apoE-MP and apoJ-MP

Characterization of the secondary structure of each of the molecules involved in this study is
required to next identify interacting partners. CD was recorded at 4°C to decrease the molecu-
lar dynamics characteristic of small peptides, to get an acceptable signal-to-noise ratio, and to
partially prevent aggregation of the AB peptide. ATR-FTIR allows the measurement of protein
aggregates. Fig 1A shows far-UV CD spectra at 4°C for these molecules. ScFv-h3D6 spectrum
displays the canonical signatures for an all-f protein, a minimum at 218 nm and a maximum
at around 200 nm. In addition, the spectrum shows a minimum at 230 nm and a positive
shoulder at 237 nm that have been previously assigned to the particular contribution of the
Trp residues in the core of the variable domains to the far-UV region[40]. The AP peptide
spectrum has a very low signal, but undoubtedly its shape is that of the combination of random
coil (minimum at 198 nm) and B-sheet (minimum at 218 nm) conformations (see inset in Fig
1A)[41]. As expected from the NMR structure of the full-length apoE[42], the apoE-MP spec-
trum shows a pure a-helix conformation, with the typical minima at 222 nm and 208 nm. The
apoJ-MP spectrum is singular, the signal is positive, because it was synthetized from D-aa to
prevent proteolysis in vivo of this short and unstructured peptide. Therefore, the spectrum is
the mirror-image of the expected for an L-isomer and corresponds to a random coil conforma-
tion. This concurs with a minimal helicity previously described for this peptide in the same
conditions (13%)[32], which is reported to increase in the presence of lipids[43].

Fig 1B shows ATR-FTIR spectra in the amide I’ region for the different molecules studied.
Samples were pre-incubated at either 4°C or 37°C to get oligomers or fibrils, respectively,
before acquiring the spectra at room temperature. When pre-incubated at 4°C, the scFv-h3D6
spectrum is centered at 1638 cm ™, which is indicative of the prevalence of the native B-sheet
component, as we previously described in depth[28,37]. The A peptide spectrum is rather flat
at this temperature, and assignment of its components is challenging. The apoE-MP spectrum
is centered at 1650 cm ™', which fits with the prevalence of an a-helix component. The apoJ-MP
spectrum is wider and could fit a random coil conformation. The spectra changed their shape
depending on the temperature at which previous incubation was done in the case of Ap (Fig
1C) and apoJ-MP (Fig 1F) but not for scFv-h3D6 nor apoE-MP (Fig 1D and 1E). This fact
makes sense since the conformation of small or unstructured peptides is quite temperature-
dependent. For A, pre-incubation of the preparation at 37°C induced the appearance of two
separate components characteristic of amyloid fibrils, located at around 1680 and 1620 cm™.
ApoJ-MP spectrum slightly shifted to lower frequencies, which could be indicative of some
extent of aggregation at 37°C.

Interactions among scFv-h3D6, AB, and apoE-MP or apoJ-MP

One of the advantages of CD spectroscopy is that the arithmetic sum of two spectra may over-
lap the experimental spectrum of the equimolar mixture if there is no interaction. If interaction
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Fig 1. Secondary structure of the different molecules assayed. (a) Circular Dichroism and (b) ATR-FTIR
spectra of AR peptide (black), scFv-h3D6 (green), apoE-MP (red) and apoJ-MP (blue) at 4°C. The inset in (a) shows
the CD spectrum of the AB peptide in a smaller scale. (c-f) ATR-FTIR spectra of samples incubated at 4°C (dotted
lines) and 37°C (continuous lines) of (¢) AB, (d) scFv-h3D6, (e) apoE-MP and (f) apoJ-MP.

https://doi.org/10.1371/journal.pone.0188191.9001
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exists, the docking of both molecules may change their conformation so that the experimental
and the arithmetic spectra would differ. It is important to note that the conformational change
induced by binding can be too small to be detected by this methodology, and it does not corre-
late with the strength of the interaction. However, when a conformational change is detected
by CD, the interaction unequivocally exits. On the other hand, differences between the experi-
mental CD-spectrum and the arithmetic sum are indicative of aggregation of the complex if
the experimental spectrum is similar in shape but less intense than the sum. Fig 2 shows the
spectra for several combinations of scFv-h3D6, apoE-MP, apo]-MP and A assayed.

ScFv-h3D6 was not detected interacting with either apoE-MP or apo]-MP (Fig 2A and 2B),
but as expected it was with AB (Fig 2C). ApoE-MP also interacted with A (Fig 2D). The con-
formational change was faint when mixing apoJ-MP and A, plausibly due to the small size of
the apoJ-MP (10 residues) and/or to a weak interaction (Fig 2E).

When combining scFv-h3D6, apoE-MP and AP, the obtained spectrum was different from
the sum of the three individual spectra (Fig 2F). To hypothesize on the nature of the complex,
we compared the sums of the experimental spectra for the different pairs assayed and the third
component. Only the sum of the spectra for apoE-MP+Af and scFv-h3D6 differed from the
other spectra (Fig 2F). This would indicate that apoE-MP sequesters AP and does not allow it
to interact with scFv-h3D6, which may prevent the formation of protective WL fibrils (see
below). When combining scFv-h3D6, apo]-MP and A, the obtained spectrum differs from
the sum of the three individual spectra (Fig 2G). When comparing the sum of the experimental
spectra for the different pairs and the third component, the differences are displayed by the
sum of the spectra for scFv-h3D6+Ap and apoJ-MP, which, at first glance, would indicate that
the interaction scFv-h3D6/Ap predominates. However, because the previous observation of
the possibility that the small size of apo]J-MP does not induce a huge conformational change,
makes other complementary information necessary (see below).

As mentioned above, the scFv-h3D6/AB complex aggregates as WL fibrils and this is the
molecular basis of its protective effect[28]. It is interesting to notice that the formation of
WL fibrils is an intrinsic property of the scFv-h3D6, and that such an aggregation pathway is
thermodynamically and kinetically favoured when the scFv-h3D6 and A form a complex,
explaining how the scFv-h3D6 withdraws AP oligomers from the amyloid pathway and, con-
sequently, how cytotoxicity is avoided. Therefore, we aimed at assessing the formation of
WL fibrils in preparations of A oligomers or fibrils and all combinations of scFv-h3D6,
apoJ-MP and apoE-MP by Transmission Electron Microscopy (TEM) (Fig 3). In the pres-
ence of apoE-MP and scFv-h3D6, AP oligomers had a globulomer-like appearance, support-
ing the CD experiments conclusion that apoE-MP sequesters AB and precludes the scFv-
h3D6/AB interaction, and the subsequent formation of WL fibrils. ApoJ-MP induced a faint
conformational change when binding to Af and no such a change was observed when mix-
ing with scFv-h3D6. When the three molecules were together the interaction between scFv-
h3D6 and A predominated, as judged from the formation of WL fibrils (Fig 3 (oligomers)).
The A peptide alone clearly formed amyloid fibrils, when incubated according to the proto-
col for fibril formation. No amyloid fibrils could be observed (Fig 3 (fibrils)), when A was
allowed to form fibrils in the presence of apoE-MP or apoJ-MP. This means that both MPs
bind AB. When scFv-h3D6 and AP were co-incubated, WL fibrils were formed, also in the
presence of apoJ-MP, but not when apoE-MP was involved, as was seen with oligomers.
Therefore, TEM results were the same for oligomers than for fibrils and concur with CD
data: apoE-MP interferes WL fibril formation by binding the AP peptide whereas apo]-MP
does not. As a consequence, the faint conformational change detected by CD when mixing
apoJ-MP and AB would be due to a weak interaction rather than to a small conformational
change upon binding.
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Fig 2. Interactions assessed by circular dichroism. Arithmetic sum of the spectra of each molecule alone (black) vs experimental
spectra of different mixtures (orange). (a) scFv-h3D6+apoE-MP; (b) scFv-h3D6+apoJ-MP; (¢) scFv-h3D6+A; (d) apoE-MP+AR; (e)
apoJ-MP+AB; the conformational change is evident for apoE-MP+A (d); clear for scFv-h3D6+A (c), and faint for apoJ-MP+AR (e).
The sum of the experimental spectra for the different pairs assayed and the third component are compared in f-g. (f) Arithmetic sum
scFv-h3D6+apoE-MP+AR, black; Experimental scFv-h3D6+apoE-MP+A, orange; Experimental (scFv-h3D6+A) + apoE-MP, red;
Experimental (apoE-MP+A) + scFv-h3D6, green; Experimental (apoE-MP+scFv-h3D6) + AB, grey. The sum of the experimental
spectra for the apoE-MP+A mixture and scFv-h3D6 (green) is the different one, indicating that apoE-MP sequesters Af and does
not allow it to interact with scFv-h3D6. (g) Arithmetic sum scFv-h3D6+apoJ-MP+A, black; Experimental scFv-h3D6+apoJ-MP+AR,
orange; Experimental (scFv-h3D6+Ap) + apod-MP, blue; Experimental (apoJ-MP+AB) + scFv-h3D86, green; Experimental (apoJ-MP
+scFv-h3D6) + AB, grey line. The sum of the experimental spectra for the scFv-h3D6+AB mixture and apoJ-MP (blue) is the different
one, indicating that the interaction scFv-h3D6/Af predominates.

https://doi.org/10.1371/journal.pone.0188191.g002
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Oligomers

Fibrils

Fig 3. TEM micrographs. To visualize the extent of aggregation and the morphology of the different combinations, samples were
diluted to 10pM in PBS and quickly adsorbed on to glow-discharge carbon-coated grids. Transmission electron microscopy was
performed in a Jeol 120-kV JEM-1400 microscope, using 1% uranyl acetate for negative staining. Worm-like fibrils are outlined. Bar is
Tum.

https://doi.org/10.1371/journal.pone.0188191.9003

Uptake of AB oligomers by astrocytes in the presence of scFv-h3D6 and
apoE-MP or apoJ-MP

To assess the effect of scFv-h3D6, apoE-MP and apo]-MP in AP oligomerization and fibrilla-
tion, and their consequences in AP uptake, the preparations of A oligomers and A fibrils
were prepared as in the TEM experiments (Fig 3). Af was used at a 10 uM concentration,

and apoE-MP and apo]-MP at a concentration of 1 uM (ratio 10:1), found to be the most effec-
tive concentration to test full-length human apolipoproteins E and J in previous studies[19].
ScFv-h3D6 was tested in a range of different concentrations (0, 1, 5, and 10 M), and a dose-
dependent effect on AP uptake by adult human astrocytes was observed. One uM concentra-
tion of scFv-h3D6 was chosen for further experiments, because it reduced AP uptake to levels
in which additional effects of the mimetic peptides could still be detected.

Five independent experiments were performed using human primary astrocytes from five
different patients (Table 1). By the use of flow cytometry, we quantified the fraction of AB-pos-
itive astrocytes after 18h of exposure to either fluorescently labelled A oligomers or fibrils,
formed in either absence or presence of the different peptides and/or protein. Fig 4A shows
how oligomeric AP uptake was reduced when A was preincubated with either scFv-h3Dé6,
apoE-MP or apo]-MP. ScFv-h3D6 was shown to be more effective in reducing uptake (7.6%
+2.3) than apoE-MP (22.6%=6.5) or apo]-MP (38.0%+7.6), probably because it has higher
affinity for AP than any of the apo-MPs.

When A was preincubated to form oligomers in the presence of scFv-h3D6 and apoE-MP
simultaneously, AP uptake was significantly increased (17.7%=3.9) compared to scFv-h3D6
alone (7.6%+2.3), suggesting that apoE-MP is precluding the interaction between scFv-h3D6
and AP oligomers, which makes scFv-h3D6 less effective in reducing AP uptake (Fig 4A). This
concurs with the CD and TEM data above: (i) strong conformational change was induced by
apoE-MP and A interaction, and (ii) apoE-MP sequestered A and did not allow it to interact
with scFv-h3D6 and, consequently, protective WL fibrils were not observed.

ApoJ-MP did not affect the effect of scFv-h3D6 on uptake, (scFv-h3D6 alone (7.6%2.3)
and apo]-MP+scFv-h3D6 (7.1%+2.7) (Fig 4A). This is consistent with the fact that apoJ-MP
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Fig 4. Effects of apoE-MP, apoJ-MP and scFv-h3D6 on A oligomers or A fibrils uptake by adult human astrocytes. Effects
of apoE-MP, apoJ-MP and scFv-h3DB8, either alone or in combination, on AR oligomers (a, ¢) or A fibrils (b, d) uptake by astrocytes.
Monomeric AR (100 uM) was allowed to aggregate into AR oligomers (24h at 4°C in phenol-red free DMEM) and A fibrils (24h at
37°Cin 10 mM HCI) in the absence and presence of the peptides and/or the antibody fragment. AB oligomers and A fibrils were
applied to the cells at a fixed concentration of 10 uM, as in previous studies, and scFv-h3D6, apoE-MP and apoJ-MP were tested on
the cells at a 1 uM concentration (a, b), or at a 2.5 yM concentration (¢, d). Results from a minimum of five individual astrocytes
cultures from different patients are presented as means with standard error. * P<0.05, ** P<0.01, ***P<0.001. Symbols above each
column indicate significant changes due to the treatment compared to AB alone. Arrows show significance comparing two concrete

treatments.

https://doi.org/10.1371/journal.pone.0188191.g004

was not observed to interact with AP in the presence of scFv-h3D6, as inferred by CD and
TEM. However, the addition of scFv-h3D6 significantly decreased uptake compared to
apoJ-MP alone (38.0%=7.6). Thus, whereas apoE-MP interferes with the scFv-h3D6-induced
reduction in AP oligomers uptake by astrocytes, apoJ-MP does not.
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Uptake of A fibrils by astrocytes in the presence of scFv-h3D6 and
apoE-MP or apoJ-MP

In a previous study, astrocytes were shown to bind and ingest AP oligomers more avidly than
AB fibrils[19]. In the current study, we focused on ingested AP only, and used trypan blue for
quenching the signal of the extracellular AB. This reduced the signal (% fluorescence positive
astrocytes and mean fluorescence per cell) more pronounced for A fibrils compared to oligo-
mers, probably because fibrils are not easily taken up by astrocytes and remain attached extra-
cellularly. Fig 4B shows that in the case of fibrils (A alone) the percentage of AP positive
astrocytes was 3.8%=0.7, rather low when compared to AP oligomers uptake (AP alone in Fig
4A: 44.5%+7.7).

When scFv-h3D6, apoE-MP and apo]-MP were preincubated, alone or combined, with A
monomers to form fibrils, AP uptake was increased to much higher levels than uptake of Ap
fibrils alone (Fig 4B). Values of the % AP positive cells ranged from 30% to 50%, similar to
uptake levels of AP oligomers alone. The biggest effect was observed for scFv-h3D6, followed
by apoJ-MP, and last apoE-MP. Slightly different results were obtained with A oligomers,
where scFv-h3D6 again was most potent, but apoE-MP was more effective than apo]-MP (Fig
4A). This means that apoE-MP more intensely affected the formation of oligomers than fibrils,
whereas apo] behaved opposite. Combinations of scFv-h3D6 and either apoE-MP or apoJ-MP
did not enhance A uptake to an equal extent as either factor alone incubated with Ap fibril
preparations. This could be indicative of some competition between these molecules to pre-
clude A fibrillation.

Whether the main species remaining after co-incubation were monomers, was investigated
by increasing the concentration of scFv-h3D6, apoE-MP and apo]-MP from 1 pM to 2.5 pM,
and their effect on AP uptake and fibrillation was monitored. At 2.5 uM, scFv-h3D6 reduced
AP oligomers uptake from 50.7%=5.9 to 1.8+0.4%, apoE-MP to 2.6+0.6%, and apoJ-MP to
34.6+10.4% (Fig 4C), effects more pronounced than those obtained with 1 uM. The effect of
the combination of scFv-h3D6+apo]-MP (3.7+2.0%) was not significantly different from that
of scFv-h3D6 alone, corroborating the small effect of apo]-MP on Af oligomers uptake. How-
ever, the combination of scFv-h3D6+apoE-MP (8.7+1.5%) increased the uptake with respect
to the values obtained with each of the molecules alone. This again points to a competition
phenomenon between scFv-h3D6 and apoE-MP for binding A.

No effect of any of these molecules on A fibrils uptake was observed, possibly because A
fibrils were hardly taken up (1.9+£0.8% AP positive cells, when exposed to A fibrils alone; Fig
4D). This suggests that at higher concentrations, scFv-h3D6, apoE-MP, and apo]-MP, apart
from interfering with A fibrillation, also more effectively bind AP oligomers and reduce
uptake. Therefore, what we are seeing is the interplay between two opposite phenomena: the
interference in fibrillation, increasing the concentration of oligomers with respect to the A
fibrils alone, and the binding of such oligomers precluding uptake.

LDH release as an indicative of cytotoxicity of the different treatments
tested in this study

Astrocytes have been described not to be affected by Ap toxicity although long-term exposure
can impair their function and spread partially degraded A, which then becomes toxic for neu-
rons [26]. Cell culture supernatant was collected before flow cytometry analysis and LDH lev-
els were measured after exposure to each treatment. LDH is a cytoplasmic enzyme released
when cells die by necrosis, as usually triggered by external factors such as toxic chemical or
traumatic physical events. None of the treatments induced any significant difference in LDH
levels after 18h hours of incubation.
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Discussion

ScFv-h3D6 is an AB-directed antibody fragment, shown to have therapeutic efficacy in the
3xTg-AD mouse model[29]. Among other beneficences, one single intraperitoneally-adminis-
tered dose was sufficient to recover the non-pathological levels of the main apolipoproteins in
the brain, apoE and apo]J, whose concentrations are rather high in this mouse model[29]. Both
apolipoproteins are involved in AP clearance[44,45], and we previously hypothesized that they
could also be involved in the clearance of the scFv-h3D6/AB complex[29]. In this work, we
have studied the interaction among scFv-h3D6, the AP peptide, and apoE-MP or apoJ-MP to
next test the influence of scFv-h3D6 in combination with these MPs on A aggregation and
cellular uptake by primary human astrocytes.

The conformation of the molecules used in this study was characterized by CD and
ATR-FTIR, and all of them were correctly folded. When the interactions among them
were studied, scFv-h3D6 was not observed to interact with either apoE-MP or apo]-MP.
ApoE-MP clearly interacted with A, but minor effects of apoJ-MP on conformation were
observed. This may either have resulted from a very weak interaction between apoJ-MP and
AP, or even if there was a strong interaction in terms of Kp, minor effects, because the small
size of the apo]J-MP is not likely to induce a huge conformational change upon binding.
When mixing AB, scFv-h3D6 and apoJ-MP, scFv-h3D6/A complexes and ultimately WL
fibrils are formed, indicating that the interaction between AP and apoJ-MP is rather weak.
On the contrary, apoE-MP certainly interacted with AB and precluded the formation of WL
fibrils. Therefore, at first glance, the combination of scFv-h3D6 with apoE-MP might result
in the loss of function of the scFv-h3D6, whereas with apoJ-MP the therapeutic potential
remains.

These interactions were further indirectly analyzed by flow cytometry. ScFv-h3D6 was
more efficient in reducing A oligomers uptake than apoE-MP or apo]J-MP, as expected from
the high affinity of an antibody fragment. In addition to this strong interaction, it is described
that the scFv-h3D6/AB complex irreversibly aggregates in the form of WL fibrils and thus the
trapped A oligomers cannot be taken up. In the binding of the mimetic peptides to A, apart
from displaying lower affinities than scFv-h3D6, the reaction should present some degree of
reversibility so that a fraction of AP oligomers could be dissociated from the complex and in
that way become free for being taken up. It is already described that apoE significantly decrease
uptake of AP by astrocytes[19,46], so that apoE-MP is emulating the function of the full-length
apolipoprotein, at least in terms of astrocytic uptake. However, other beneficences of the full-
length apoE are not likely to be displayed by the apoE-MP. It is known that apoE facilitates the
proteolytic clearance of soluble AP from the brain, and that such a capacity is modulated by
the apoE isoform and lipidation status [47]. Concretely, apoE dramatically enhances the endo-
lytic degradation within microglia by neprilysin and the extracellular degradation by insulin-
degrading enzyme. The potentiation of AP clearance by degradation, and the subsequent ame-
lioration of AD hallmarks, has recently been demonstrated in vivo by inducing the transcrip-
tion and lipidation of apoE through treatment with an agonist for the liver X receptors, in
combination with the further induction of the transcription of apoE and the reduction in the
microglial expression of proinflammatory genes through treatment with an agonist of the per-
oxisome-proliferator receptor v [48].

When scFv-3D6 treatment was combined with apoE-MP, apoE-MP partially precluded the
interaction between scFv-h3D6 and AP oligomers and therefore scFv-h3D6 was not so effec-
tive in reducing AP uptake. ApoJ-MP, which alone decreased AP oligomers uptake although
not significantly, showed a value similar to scFv-h3D6 when both molecules were combined so
apoJ-MP does not substantially affect Af oligomers uptake by astrocytes.
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AB fibrils have been described not to be so easily taken up by astrocytes compared to AB
oligomers [18,19]. Here, the uptake of A fibrils was 10% that of A oligomers. Strikingly,
when A monomers were incubated to form fibrils in the presence of scFv-h3D6, apoE-MP or
apoJ-MP at 1 uM, AP uptake by astrocytes was increased. This implies that in the presence of
any of these three molecules, A} monomers cannot aggregate to form fibrils probably due to
the interaction of the molecules with low molecular weight A aggregates, or even monomers.
The fact that apoE and apo] interfere with A fibril formation explains why they are co-local-
ized with AP amyloid plaques in AD brain[49]. In this sense, it has been suggested that apo]
can influence transthyretin fibril formation but may not modulate toxicity[50]. In AD, some
authors have pointed out that apo] facilitates amyloid formation[51], while others have shown
that it inhibits A fibrillation in vitro and promotes the clearance of protein aggregates via
endocytosis[52]. ApoE has also been described to prevent AP fibrillogenesis[53], regardless its
isoform[54,55], as AP is able to interact with both the lipid-binding site and the receptor-bind-
ing site within apoE[11]. Since the apoE-MP used in this work corresponds to the receptor
binding site of apoE, equal in all human isoforms, and a similar Class A lipid associating
domain[31], the binding to AB may be occurring, at least, through the receptor binding site.
When combining scFv-h3D6 with apoE or apo]-MP the increase in AP uptake was lower than
with each of the three molecules alone, especially for the combination with apoE-MP. This
would indicate that the mechanism by which scFv-h3D6 interferes with fibrillation is different
from that by the peptides and that both mechanisms are somehow antagonistic.

When the concentration of scFv-h3D6 and MPs was increased from 1 to 2.5 pM, strikingly
AP uptake was reduced to similar levels as A fibril alone. Therefore, a higher concentration of
scFv-h3D6, apoE-MP, and apoJ-MP, apart from better preventing A fibrillation, could also
more effectively reduce AP uptake. This makes sense, since the number of molecules is higher
in a preparation of monomers than in a preparation of A oligomers or A fibrils, and so con-
centration has a great effect because it favors the binding of monomers and/or small-sized olig-
omers to scFv-h3D6, apoE-MP, and apo]-MP.

Summarizing, scFv-h3D6, apoE-MP and apo]-MP have been shown to prevent A fibrilla-
tion and reduce AP uptake by human primary astrocytes. However, the combination of
apoE-MP with scFv-h3D6 interfered with the dramatic reduction on AP uptake by the anti-Ap
antibody fragment and precluded the formation of protective WL fibrils, while apo]-MP did
not. So, none of these approaches, alone or combined, can be proposed to induce A degrada-
tion and clearance intracellularly. However, apoE-MP and scFv-h3D6 have previously been
described to improve AP pathology in vivo [29,31]. Apart from the impaired function gener-
ated by long-term exposure to an overload of A inside the astrocytes [26,56], it has to be con-
sidered that glial cells lose their capability of degrading A with aging and, in the case of AD,
with the chronic neuroinflammation associated with the disease[57,58]. Both facts point to a
negative effect when inducing A ingestion as an approach to reduce AP overburden. There-
fore, the traditional idea of designing therapeutic approaches to promote A clearance by glial
cells, like complete monoclonal antibodies, which are taken up by glial cells through Fc recep-
tors [59], should be carefully re-evaluated. Deviation of AP clearance from a glial uptake path-
way towards clearance through BBB or brain-CSF barriers has been shown to be effective
[60,61] and may be more advantageous since it could complement, and at the same time relax,
the apoE-induced endolytic degradation within microglia [46].

Conclusions

As a general conclusion, apoE-MP precluded the formation of protective WL fibrils by the
scFv-h3D6/AB complex and partially interfered with the dramatic scFv-h3D6-induced
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reduction in AB-uptake by astrocytes, whereas apoJ-MP allowed the formation of WL fibrils
and did not interfere with the reduction in AP uptake. As sustained AP uptake may impair
astrocyte normal functions and ultimately neuronal viability, this work shows another benefi-
cence of scFv-h3D6 treatment, which is not further improved by the use of apoE or apo]
mimetic peptides.

Acknowledgments

We specially acknowledge Dr. Hans C. Baaijen, Neurosurgery Department, VU University
medical center, Amsterdam, for providing the valuable temporal cortex specimens that we
used for cell isolations.

Author Contributions

Conceptualization: Laia Montoliu-Gaya, Robert Veerhuis, Sandra Villegas.
Data curation: Laia Montoliu-Gaya.

Formal analysis: Laia Montoliu-Gaya, Sandra Villegas.

Funding acquisition: Robert Veerhuis, Sandra Villegas.

Investigation: Laia Montoliu-Gaya, Sandra D. Mulder, Sandra Villegas.
Methodology: Laia Montoliu-Gaya, Sandra D. Mulder.

Project administration: Robert Veerhuis, Sandra Villegas.

Supervision: Robert Veerhuis, Sandra Villegas.

Validation: Laia Montoliu-Gaya.

Writing - original draft: Laia Montoliu-Gaya, Robert Veerhuis, Sandra Villegas.

Writing - review & editing: Laia Montoliu-Gaya, Robert Veerhuis, Sandra Villegas.

References

1. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress and problems on the
road to therapeutics. Science. 2002; 297: 353—6. https://doi.org/10.1126/science. 1072994 PMID:
12130773

2. Beniloval, Karran E, De Strooper B. The toxic AB oligomer and Alzheimer’s disease: an emperor in
need of clothes. Nature Neuroscience. 2012. pp. 349-357. https://doi.org/10.1038/nn.3028 PMID:
22286176

3. Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten T, Morris JC, et al. Decreased clearance of
CNS beta-amyloid in Alzheimer’s disease. Science. 2010; 330: 1774. https://doi.org/10.1126/science.
1197623 PMID: 21148344

4. Selkoe DJ. Biochemistry and Molecular Biology of Amyloid B—Protein and the Mechanism of Alzhei-
mer’s Disease. 2008. pp. 245-260. https://doi.org/10.1016/S0072-9752(07)01223-7

5. Hardy J. The amyloid hypothesis for Alzheimer’s disease: a critical reappraisal. J Neurochem. 2009;
110: 1129-1134. https://doi.org/10.1111/j.1471-4159.2009.06181.x PMID: 19457065

6. Blennow K, de Leon MJ, Zetterberg H. Alzheimer’s disease. Lancet. 2006; 368: 387—4083. https://doi.
org/10.1016/S0140-6736(06)69113-7 PMID: 16876668

7. Veerhuis R, Boshuizen RS, Familian A. Amyloid associated proteins in Alzheimer’s and prion disease.
Curr Drug Targets CNS Neurol Disord. 2005; 4: 235-48. PMID: 15975027

8. Dickson DW. The pathogenesis of senile plaques. J Neuropathol Exp Neurol. 1997; 56: 321-39. PMID:
9100663

9. Mahley RW, Rall SC. Apolipoprotein E: far more than a lipid transport protein. Annu Rev Genomics
Hum Genet. 2000; 1: 507-37. https://doi.org/10.1146/annurev.genom.1.1.507 PMID: 11701639

PLOS ONE | https://doi.org/10.1371/journal.pone.0188191 November 20, 2017 15/18


https://doi.org/10.1126/science.1072994
http://www.ncbi.nlm.nih.gov/pubmed/12130773
https://doi.org/10.1038/nn.3028
http://www.ncbi.nlm.nih.gov/pubmed/22286176
https://doi.org/10.1126/science.1197623
https://doi.org/10.1126/science.1197623
http://www.ncbi.nlm.nih.gov/pubmed/21148344
https://doi.org/10.1016/S0072-9752(07)01223-7
https://doi.org/10.1111/j.1471-4159.2009.06181.x
http://www.ncbi.nlm.nih.gov/pubmed/19457065
https://doi.org/10.1016/S0140-6736(06)69113-7
https://doi.org/10.1016/S0140-6736(06)69113-7
http://www.ncbi.nlm.nih.gov/pubmed/16876668
http://www.ncbi.nlm.nih.gov/pubmed/15975027
http://www.ncbi.nlm.nih.gov/pubmed/9100663
https://doi.org/10.1146/annurev.genom.1.1.507
http://www.ncbi.nlm.nih.gov/pubmed/11701639
https://doi.org/10.1371/journal.pone.0188191

@° PLOS | ONE

ApB astrocytic uptake modulation by apolipoproteins in AB-immunotherapy

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Hauser PS, Narayanaswami V, Ryan RO. Apolipoprotein E: from lipid transport to neurobiology. Prog
Lipid Res. 2011; 50: 62—74. https://doi.org/10.1016/j.plipres.2010.09.001 PMID: 20854843

Winkler K, Scharnagl H, Tisljar U, Hoschitzky H, Friedrich |, Hoffmann MM, et al. Competition of Abeta
amyloid peptide and apolipoprotein E for receptor-mediated endocytosis. J Lipid Res. 1999; 40: 447—
55. PMID: 10064733

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, et al. Gene dose of
apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. Science. 1993;
261:921-3. PMID: 8346443

Lambert J-C, Heath S, Even G, Campion D, Sleegers K, Hiltunen M, et al. Genome-wide association
study identifies variants at CLU and CR1 associated with Alzheimer’s disease. Nat Genet. 2009; 41:
1094-1099. https://doi.org/10.1038/ng.439 PMID: 19734903

Zhang Z-G, Li Y, Ng CT, Song Y-Q. Inflammation in Alzheimer’s Disease and Molecular Genetics:
Recent Update. Arch Immunol Ther Exp (Warsz). 2015; 63: 333—44. https://doi.org/10.1007/s00005-
015-0351-0 PMID: 26232392

Calero M, Tokuda T, Rostagno A, Kumar A, Zlokovic B, Frangione B, et al. Functional and structural
properties of lipid-associated apolipoprotein J (clusterin). Biochem J. 1999; 344 Pt 2: 375-83.

Choi-Miura NH, Ihara Y, Fukuchi K, Takeda M, Nakano Y, Tobe T, et al. SP-40,40 is a constituent of
Alzheimer’s amyloid. Acta Neuropathol. 1992; 83: 260—4. PMID: 1373021

Ghiso J, Matsubara E, Koudinov A, Choi-Miura NH, Tomita M, Wisniewski T, et al. The cerebrospinal-
fluid soluble form of Alzheimer’s amyloid beta is complexed to SP-40,40 (apolipoprotein J), an inhibitor
of the complement membrane-attack complex. Biochem J. 1993; 27-30.

Nielsen HM, Mulder SD, Belién JAM, Musters RJP, Eikelenboom P, Veerhuis R. Astrocytic A beta 1-42
uptake is determined by A beta-aggregation state and the presence of amyloid-associated proteins.
Glia. 2010; 58: 1235-46. https://doi.org/10.1002/glia.21004 PMID: 20544859

Mulder SD, Nielsen HM, Blankenstein MA, Eikelenboom P, Veerhuis R. Apolipoproteins E and J inter-
fere with amyloid-beta uptake by primary human astrocytes and microglia in vitro. Glia. 2014; 62: 493—
503. https://doi.org/10.1002/glia.22619 PMID: 24446231

Boyles JK, Pitas RE, Wilson E, Mahley RW, Taylor JM. Apolipoprotein E associated with astrocytic glia
of the central nervous system and with nonmyelinating glia of the peripheral nervous system. J Clin
Invest. 1985; 76: 1501-1513. https://doi.org/10.1172/JC1112130 PMID: 3932467

Pitas RE, Boyles JK, Lee SH, Foss D, Mahley RW. Astrocytes synthesize apolipoprotein E and metabo-
lize apolipoprotein E-containing lipoproteins. Biochim Biophys Acta. 1987; 917: 148-61. PMID:
3539206

Maragakis NJ, Rothstein JD. Mechanisms of Disease: astrocytes in neurodegenerative disease. Nat
Clin Pract Neurol. 2006; 2: 679-689. https://doi.org/10.1038/ncpneuro0355 PMID: 17117171

Sofroniew M V., Vinters H V. Astrocytes: biology and pathology. Acta Neuropathol. 2010; 119: 7-35.
https://doi.org/10.1007/s00401-009-0619-8 PMID: 20012068

Garwood CJ, Ratcliffe LE, Simpson JE, Heath PR, Ince PG, Wharton SB. Review: Astrocytes in Alzhei-
mer’s disease and other age-associated dementias; a supporting player with a central role. Neuropathol
Appl Neurobiol. 2016; https://doi.org/10.1111/nan.12338 PMID: 27442752

Fu W, Shi D, Westaway D, Jnamandas JH. Bioenergetic mechanisms in astrocytes may contribute to
amyloid plaque deposition and toxicity. J Biol Chem. 2015; 290: 12504—-13. https://doi.org/10.1074/jbc.
M114.618157 PMID: 25814669

Sélivander S, Nikitidou E, Brolin R, Séderberg L, Sehlin D, Lannfelt L, et al. Accumulation of amyloid-f§
by astrocytes result in enlarged endosomes and microvesicle-induced apoptosis of neurons. Mol Neu-
rodegener. 2016; 11: 38. https://doi.org/10.1186/s13024-016-0098-z PMID: 27176225

Salloway S, Sperling R, Fox NC, Blennow K, Klunk W, Raskind M, et al. Two phase 3 trials of bapineu-
zumab in mild-to-moderate Alzheimer’s disease. N Engl J Med. 2014; 370: 322—33. https://doi.org/10.
1056/NEJMoa1304839 PMID: 24450891

Marin-Argany M, Rivera-Hernandez G, Marti J, Villegas S. An anti-AB (amyloid ) single-chain
variable fragment prevents amyloid fibril formation and cytotoxicity by withdrawing Ap oligomers from
the amyloid pathway. Biochem J. 2011; 437: 25-34. https://doi.org/10.1042/BJ20101712 PMID:
21501114

Giménez-Llort L, Rivera-Hernandez G, Marin-Argany M, Sanchez-Quesada JL, Villegas S. Early inter-
vention in the 3xTg-AD mice with an amyloid 3-antibody fragment ameliorates first hallmarks of alzhei-
mer disease. MAbs. 2013; 5: 665—677. https://doi.org/10.4161/mabs.25424 PMID: 23884018

Esquerda-Canals G, Marti J, Rivera-Hernandez G, Giménez-Llort L, Villegas S. 2013. Loss of deep cer-
ebellar nuclei neurons in the 3xTg-AD mice and protection by an anti-amyloid B antibody fragment.
MAbs. 5:660—4. https://doi.org/10.4161/mabs.25428 PMID: 23884149

PLOS ONE | https://doi.org/10.1371/journal.pone.0188191 November 20, 2017 16/18


https://doi.org/10.1016/j.plipres.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20854843
http://www.ncbi.nlm.nih.gov/pubmed/10064733
http://www.ncbi.nlm.nih.gov/pubmed/8346443
https://doi.org/10.1038/ng.439
http://www.ncbi.nlm.nih.gov/pubmed/19734903
https://doi.org/10.1007/s00005-015-0351-0
https://doi.org/10.1007/s00005-015-0351-0
http://www.ncbi.nlm.nih.gov/pubmed/26232392
http://www.ncbi.nlm.nih.gov/pubmed/1373021
https://doi.org/10.1002/glia.21004
http://www.ncbi.nlm.nih.gov/pubmed/20544859
https://doi.org/10.1002/glia.22619
http://www.ncbi.nlm.nih.gov/pubmed/24446231
https://doi.org/10.1172/JCI112130
http://www.ncbi.nlm.nih.gov/pubmed/3932467
http://www.ncbi.nlm.nih.gov/pubmed/3539206
https://doi.org/10.1038/ncpneuro0355
http://www.ncbi.nlm.nih.gov/pubmed/17117171
https://doi.org/10.1007/s00401-009-0619-8
http://www.ncbi.nlm.nih.gov/pubmed/20012068
https://doi.org/10.1111/nan.12338
http://www.ncbi.nlm.nih.gov/pubmed/27442752
https://doi.org/10.1074/jbc.M114.618157
https://doi.org/10.1074/jbc.M114.618157
http://www.ncbi.nlm.nih.gov/pubmed/25814669
https://doi.org/10.1186/s13024-016-0098-z
http://www.ncbi.nlm.nih.gov/pubmed/27176225
https://doi.org/10.1056/NEJMoa1304839
https://doi.org/10.1056/NEJMoa1304839
http://www.ncbi.nlm.nih.gov/pubmed/24450891
https://doi.org/10.1042/BJ20101712
http://www.ncbi.nlm.nih.gov/pubmed/21501114
https://doi.org/10.4161/mabs.25424
http://www.ncbi.nlm.nih.gov/pubmed/23884018
https://doi.org/10.4161/mabs.25428
http://www.ncbi.nlm.nih.gov/pubmed/23884149
https://doi.org/10.1371/journal.pone.0188191

@° PLOS | ONE

ApB astrocytic uptake modulation by apolipoproteins in AB-immunotherapy

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Handattu SP, Monroe CE, Nayyar G, Palgunachari MN, Kadish |, van Groen T, et al. In vivo and in vitro
effects of an apolipoprotein e mimetic peptide on amyloid-B pathology. J Alzheimers Dis. 2013; 36:
335-47. https://doi.org/10.3233/JAD-122377 PMID: 23603398

Navab M, Anantharamaiah GM, Reddy ST, Van Lenten BJ, Wagner AC, Hama S, et al. An oral apoJ
peptide renders HDL antiinflammatory in mice and monkeys and dramatically reduces atherosclerosis
in apolipoprotein E-null mice. Arterioscler Thromb Vasc Biol. 2005; 25: 1932-7. https://doi.org/10.1161/
01.ATV.0000174589.70190.e2 PMID: 15961700

Sharifov OF, Nayyar G, Garber DW, Handattu SP, Mishra VK, Goldberg D, et al. Apolipoprotein E
mimetics and cholesterol-lowering properties. Am J Cardiovasc Drugs. 2011; 11: 371-81. https:/doi.
org/10.2165/11594190-000000000-00000 PMID: 22149316

Nayyar G, Handattu SP, Monroe CE, Chaddha M, Datta G, Mishra VK, et al. Two adjacent domains
(141-150 and 151-160) of apoE covalently linked to a class A amphipathic helical peptide exhibit oppo-
site atherogenic effects. Atherosclerosis. 2010; 213: 449-57. hitps://doi.org/10.1016/j.atherosclerosis.
2010.09.030 PMID: 21030022

Datta G, White CR, Dashti N, Chaddha M, Palgunachari MN, Gupta H, et al. Anti-inflammatory and
recycling properties of an apolipoprotein mimetic peptide, Ac-hE18A-NH(2). Atherosclerosis. 2010;
208: 134—41. https://doi.org/10.1016/j.atherosclerosis.2009.07.019 PMID: 19656510

Navab M, Anantharamaiah GM, Fogelman AM. The Effect of Apolipoprotein Mimetic Peptides in Inflam-
matory Disorders Other Than Atherosclerosis. Trends Cardiovasc Med. 2008; 18: 61-66. https://doi.
org/10.1016/j.tcm.2007.12.006 PMID: 18308197

Rivera-Hernandez G, Marin-Argany M, Blasco-Moreno B, Bonet J, Oliva B, Villegas S. Elongation of
the C-terminal domain of an anti-amyloid 8 single-chain variable fragment increases its thermodynamic
stability and decreases its aggregation tendency. MAbs. 2013; 5: 678-689. https://doi.org/10.4161/
mabs.25382 PMID: 23924802

Nielsen HM, Veerhuis R, Holmqvist B, Janciauskiene S. Binding and uptake of A beta1-42 by
primary human astrocytes in vitro. Glia. 2009; 57: 978-88. https://doi.org/10.1002/glia.20822 PMID:
19062178

Ryan TM, Caine J, Mertens HDT, Kirby N, Nigro J, Breheney K, et al. Ammonium hydroxide treatment
of AB produces an aggregate free solution suitable for biophysical and cell culture characterization.
Peerd. 2013; 1: e73. https://doi.org/10.7717/peer}.73 PMID: 23678397

Montoliu-Gaya L, Martinez JC, Villegas S. Understanding the contribution of disulphide bridges to the
folding and misfolding of an anti-AB scFv. Protein Sci. 2017; https://doi.org/10.1002/pro.3164 PMID:
28340507

Bruggink KA, Muller M, Kuiperij HB, Verbeek MM. Methods for analysis of amyloid- aggregates. J Alz-
heimers Dis. 2012; 28: 735-58. https://doi.org/10.3233/JAD-2011-111421 PMID: 22156047

Chen J, Li Q, Wang J. Topology of human apolipoprotein E3 uniquely regulates its diverse biological
functions. Proc Natl Acad SciU S A. 2011; 108: 14813-8. https://doi.org/10.1073/pnas.1106420108
PMID: 21873229

Mishra VK, Palgunachari MN, Hudson JS, Shin R, Keenum TD, Krishna NR, et al. Structure and lipid
interactions of an anti-inflammatory and anti-atherogenic 10-residue class G(*) apolipoprotein J peptide
using solution NMR. Biochim Biophys Acta. 2011; 1808: 498-507. https://doi.org/10.1016/j.bbamem.
2010.10.011 PMID: 20970404

Deane R, Bell R, Sagare A, Zlokovic B. Clearance of Amyloid- Peptide Across the Blood-Brain Barrier:
Implication for Therapies in Alzheimers Disease. CNS Neurol Disord—Drug Targets. 2009; 8: 16-30.
https://doi.org/10.2174/187152709787601867 PMID: 19275634

Kline A. Apolipoprotein E, amyloid-B3 clearance and therapeutic opportunities in Alzheimer’s disease.
Alzheimers Res Ther. 2012; 4: 32. https://doi.org/10.1186/alzrt135 PMID: 22929359

Verghese PB, Castellano JM, Garai K, Wang Y, Jiang H, Shah A, et al. ApoE influences amyloid-f3 (AB)
clearance despite minimal apoE/AR association in physiological conditions. Proc Natl Acad Sci U S A.
2013; 110: E1807—-16. https://doi.org/10.1073/pnas.1220484110 PMID: 23620513

Jiang Q, Lee CYD, Mandrekar S, Wilkinson B, Cramer P, Zelcer N, et al. ApoE promotes the proteolytic
degradation of Abeta. Neuron. 2008; 58: 681-93. https://doi.org/10.1016/j.neuron.2008.04.010 PMID:
18549781

Skerrett R, Pellegrino MP, Casali BT, Taraboanta L, Landreth GE. Combined Liver X Receptor/Peroxi-
some Proliferator-activated Receptor y Agonist Treatment Reduces Amyloid 8 Levels and Improves
Behavior in Amyloid Precursor Protein/Presenilin 1 Mice. J Biol Chem. 2015; 290: 21591-602. https://
doi.org/10.1074/jbc.M115.652008 PMID: 26163517

Liu C-C, Liu C-C, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer disease: risk, mechanisms
and therapy. Nat Rev Neurol. Nature Publishing Group; 2013; 9: 106—18. https://doi.org/10.1038/
nrneurol.2012.263 PMID: 23296339

PLOS ONE | https://doi.org/10.1371/journal.pone.0188191 November 20, 2017 17/18


https://doi.org/10.3233/JAD-122377
http://www.ncbi.nlm.nih.gov/pubmed/23603398
https://doi.org/10.1161/01.ATV.0000174589.70190.e2
https://doi.org/10.1161/01.ATV.0000174589.70190.e2
http://www.ncbi.nlm.nih.gov/pubmed/15961700
https://doi.org/10.2165/11594190-000000000-00000
https://doi.org/10.2165/11594190-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/22149316
https://doi.org/10.1016/j.atherosclerosis.2010.09.030
https://doi.org/10.1016/j.atherosclerosis.2010.09.030
http://www.ncbi.nlm.nih.gov/pubmed/21030022
https://doi.org/10.1016/j.atherosclerosis.2009.07.019
http://www.ncbi.nlm.nih.gov/pubmed/19656510
https://doi.org/10.1016/j.tcm.2007.12.006
https://doi.org/10.1016/j.tcm.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18308197
https://doi.org/10.4161/mabs.25382
https://doi.org/10.4161/mabs.25382
http://www.ncbi.nlm.nih.gov/pubmed/23924802
https://doi.org/10.1002/glia.20822
http://www.ncbi.nlm.nih.gov/pubmed/19062178
https://doi.org/10.7717/peerj.73
http://www.ncbi.nlm.nih.gov/pubmed/23678397
https://doi.org/10.1002/pro.3164
http://www.ncbi.nlm.nih.gov/pubmed/28340507
https://doi.org/10.3233/JAD-2011-111421
http://www.ncbi.nlm.nih.gov/pubmed/22156047
https://doi.org/10.1073/pnas.1106420108
http://www.ncbi.nlm.nih.gov/pubmed/21873229
https://doi.org/10.1016/j.bbamem.2010.10.011
https://doi.org/10.1016/j.bbamem.2010.10.011
http://www.ncbi.nlm.nih.gov/pubmed/20970404
https://doi.org/10.2174/187152709787601867
http://www.ncbi.nlm.nih.gov/pubmed/19275634
https://doi.org/10.1186/alzrt135
http://www.ncbi.nlm.nih.gov/pubmed/22929359
https://doi.org/10.1073/pnas.1220484110
http://www.ncbi.nlm.nih.gov/pubmed/23620513
https://doi.org/10.1016/j.neuron.2008.04.010
http://www.ncbi.nlm.nih.gov/pubmed/18549781
https://doi.org/10.1074/jbc.M115.652008
https://doi.org/10.1074/jbc.M115.652008
http://www.ncbi.nlm.nih.gov/pubmed/26163517
https://doi.org/10.1038/nrneurol.2012.263
https://doi.org/10.1038/nrneurol.2012.263
http://www.ncbi.nlm.nih.gov/pubmed/23296339
https://doi.org/10.1371/journal.pone.0188191

@° PLOS | ONE

ApB astrocytic uptake modulation by apolipoproteins in AB-immunotherapy

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Magalhaes J, Saraiva MJ. Clusterin overexpression and its possible protective role in transthyretin
deposition in familial amyloidotic polyneuropathy. J Neuropathol Exp Neurol. 2011; 70: 1097—106.
https://doi.org/10.1097/NEN.0b013e31823a44f4 PMID: 22082661

DeMattos RB, O’dell MA, Parsadanian M, Taylor JW, Harmony JAK, Bales KR, et al. Clusterin pro-
motes amyloid plaque formation and is critical for neuritic toxicity in a mouse model of Alzheimer’s dis-
ease. Proc Natl Acad Sci U S A. 2002; 99: 10843-8. https://doi.org/10.1073/pnas.162228299 PMID:
12145324

Cascella R, Conti S, Tatini F, Evangelisti E, Scartabelli T, Casamenti F, et al. Extracellular chaperones
prevent AB42-induced toxicity in rat brains. Biochim Biophys Acta. 2013; 1832: 1217-26. https://doi.
org/10.1016/j.bbadis.2013.04.012 PMID: 23602994

Wood SJ, Chan W, Wetzel R. An ApoE-Abeta inhibition complex in Abeta fibril extension. Chem Biol.
1996; 3: 949-56. PMID: 8939715

Wood SJ, Chan W, Wetzel R. Seeding of AR Fibril Formation Is Inhibited by All Three Isotypes of Apoli-
poprotein E. Biochemistry. 1996; 35: 12623—-12628. https://doi.org/10.1021/bi961074j PMID: 8823200

Naiki H, Hasegawa K, Yamaguchi |, Nakamura H, Gejyo F, Nakakuki K. Apolipoprotein E and antioxi-
dants have different mechanisms of inhibiting Alzheimer’s beta-amyloid fibril formation in vitro. Bio-
chemistry. 1998; 37: 17882-9. PMID: 9922155

Thal DR. The role of astrocytes in amyloid 3-protein toxicity and clearance. Exp Neurol. 2012; 236: 1-5.
https://doi.org/10.1016/j.expneurol.2012.04.021 PMID: 22575598

Davies DS, Ma J, Jegathees T, Goldsbury C. Microglia show altered morphology and reduced arboriza-
tion in human brain during aging and Alzheimer’s disease. Brain Pathol. 2016; https://doi.org/10.1111/
bpa.12456 PMID: 27862631

Rodriguez JJ, Butt AM, Gardenal E, Parpura V, Verkhratsky A. Complex and differential glial responses
in Alzheimer’s disease and ageing. Curr Alzheimer Res. 2016; 13: 343-58. PMID: 26923267

Ostrowitzki S, Deptula D, Thurfjell L, Barkhof F, Bohrmann B, Brooks DJ, et al. Mechanism of amyloid
removal in patients with Alzheimer disease treated with gantenerumab. Arch Neurol. 2012; 69: 198—
207. https://doi.org/10.1001/archneurol.2011.1538 PMID: 21987394

DeMattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, Holtzman DM. Peripheral anti-A beta anti-
body alters CNS and plasma A beta clearance and decreases brain A beta burden in a mouse model of
Alzheimer’s disease. Proc Natl Acad Sci U S A. 2001; 98: 8850-5. https://doi.org/10.1073/pnas.
151261398 PMID: 11438712

Bacskai BJ, Kajdasz ST, McLellan ME, Games D, Seubert P, Schenk D, et al. Non-Fc-mediated mecha-
nisms are involved in clearance of amyloid-beta in vivo by immunotherapy. J Neurosci. 2002; 22: 7873—
8. PMID: 12223540

PLOS ONE | https://doi.org/10.1371/journal.pone.0188191 November 20, 2017 18/18


https://doi.org/10.1097/NEN.0b013e31823a44f4
http://www.ncbi.nlm.nih.gov/pubmed/22082661
https://doi.org/10.1073/pnas.162228299
http://www.ncbi.nlm.nih.gov/pubmed/12145324
https://doi.org/10.1016/j.bbadis.2013.04.012
https://doi.org/10.1016/j.bbadis.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23602994
http://www.ncbi.nlm.nih.gov/pubmed/8939715
https://doi.org/10.1021/bi961074j
http://www.ncbi.nlm.nih.gov/pubmed/8823200
http://www.ncbi.nlm.nih.gov/pubmed/9922155
https://doi.org/10.1016/j.expneurol.2012.04.021
http://www.ncbi.nlm.nih.gov/pubmed/22575598
https://doi.org/10.1111/bpa.12456
https://doi.org/10.1111/bpa.12456
http://www.ncbi.nlm.nih.gov/pubmed/27862631
http://www.ncbi.nlm.nih.gov/pubmed/26923267
https://doi.org/10.1001/archneurol.2011.1538
http://www.ncbi.nlm.nih.gov/pubmed/21987394
https://doi.org/10.1073/pnas.151261398
https://doi.org/10.1073/pnas.151261398
http://www.ncbi.nlm.nih.gov/pubmed/11438712
http://www.ncbi.nlm.nih.gov/pubmed/12223540
https://doi.org/10.1371/journal.pone.0188191

