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Abstract

Anti-AB immunotherapy provides potential benefits in Alzheimer’s disease patients. Nevertheless,
strategies based on AB1-42 peptide induced encephalomyelitis and possible microhemorrhages.
These outcomes were not expected from studies performed in rodents. It is critical to determine if
other animal models better predict side effects of immunotherapies. Mouse lemur primates can
develop amyloidosis with aging. Here we used old lemurs to study immunotherapy based on
AB1-42 or AB-derivative (K6AB1-30). We followed anti-Ap40 1gG and IgM responses as well as
AP levels in plasma. In-vivo magnetic resonance imaging and histology were used to evaluate
amyloidosis, neuroinflammation, vasogenic edema, microhemorrhages, and brain iron deposits.
The animals responded mainly to the AB1-42 immunogen. This treatment induced immune
response and increased Af levels in plasma but also microhemorrhages and iron deposits in the
choroid plexus. A complementary study of untreated lemurs showed iron accumulation in the
choroid plexus with normal aging. Worsening of iron accumulation is thus a potential side effect
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of AB-immunization at prodromal stages of Alzheimer’s disease, and should be monitored in
clinical trials.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease that is the most common cause of
dementia. Anti-amyloid- (AB) immunotherapies aim to reduce the AP lesions that are
critical for the pathogenesis of this disease (Hardy and Selkoe, 2002). They can be
dissociated into 1) active immunotherapies during which AB or A derivative proteins are
injected in order to activate the immune system and elicit anti-Ap antibodies. 2) Passive
immunotherapies that rely on the administration of anti-Ap antibodies. The initial evaluation
of these therapies in transgenic mouse models of f-amyloidosis, was based on active
strategy with AB1-42 peptides in Freund’s adjuvant. The outcome was a reduction of Ap
plaques (Schenk et al., 1999) and a stabilization of cognitive performances in these models
(Janus et al., 2000; Morgan et al., 2000). These successes led to a first clinical trial based on
administration of synthetic Ap1-42 peptide associated with the QS21 adjuvant (AN1792) in
patients with clinical criteria for a diagnosis of AD. This trial decreased AP load (Ferrer et
al., 2004; Masliah et al., 2005; Nicoll et al., 2003), reduced some but not all (Holmes et al.,
2008) of the neuronal alterations that characterize AD (Boche et al., 2010; Serrano-Pozo et
al., 2010), and provided some cognitive benefits in certain patients (Gilman et al., 2005;
Hock et al., 2003). However, this first clinical trial induced meningoencephalomyelitis in
some individuals (Orgogozo et al., 2003). This alteration was attributed to cytotoxic T cells
and/or autoimmune reactions to AN1792. Other possible side effects of immunotherapies
such as severe cerebral amyloid angiopathy (CAA) and microhemorrhages have also been
reported during this trial (Ferrer et al., 2004; Uro-Coste et al., 2010). Also, in most patients
without meningoencephalomyelitis from the AN1792 trial, cognitive outcomes were not
modified by the therapy (Holmes et al., 2008). Since this first trial, several clinical trials
have been initiated either by using active or passive immunotherapies (see Mangialasche et
al., 2010; Aisen et al., 2013 for reviews). They provided interesting results such as a
reduction of amyloid load (Rinne et al., 2010), but no significant improvement of cognitive
outcomes (Aisen et al., 2013). They also reported side effects such as microhemorrhages and
vasogenic edemas (Sperling et al., 2011), although the latter lesion seems to occur mainly
during passive immunotherapy and not in active immunotherapy. The side effects that can
be detected in vivo by MRI in humans have been called "Amyloid Imaging Related
Abnormalities” (ARIA) (Sperling et al., 2011).

After these outcomes, several points became obvious for further trials. First, new trials
should be administered in prodromal stages of the disease. Second, approaches based on
active immunotherapy should selectively target B-cell epitopes leading to humoral (Th2)
immunity and antibody production without stimulating T cells to avoid neuroinflammation
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and toxicity. This can be done by selecting appropriate adjuvants and vaccines. For example,
the alum adjuvant may be better than Freund’s adjuvant as it promotes humoral immunity
(Cribbs et al. 2003; Asuni et al., 2006). Regarding the vaccines, several developments tried
to reduce or eliminate the mid-region and C-terminal part of Ap because it contains T-cell
epitopes while keeping the two major immunogenic sites of Ap peptides i.e. the 1-11 and
22-28 residues (Cribbs et al., 2003; Jameson and Wolf, 1988). For example, some
approaches were based on the use of the Ap1-6 (Wiessner et al., 2011), AB1-15 (Ghochikyan
et al., 2006; Muhs et al., 2007), AB1-15 derivatives (Maier et al., 2006), Ap1-16 (Muhs et
al., 2007) or Ap1-28 (Petrushima et al., 2008) peptides. In a previous work, we designed the
K6AB1-30, a non fibrillogenic, non toxic AB homologous peptide which has 6 lysines on the
N-terminus to increase immunogenicity and enhance solubility. This modification in
addition to removal of the C-terminal amino acids of AB also reduces its propensity to form
[3-sheets. This immunogen elicited a similar antibody response as Ap1-42 in mice which
resulted in a comparable therapeutic efficacy (Sigurdsson et al., 2001). Third, outcomes of
the first trials also highlighted the need to test anti-Af vaccines in non transgenic animal
models to better predict their efficiency and potential side effects. For example, Lemere et
al. (Lemere et al., 2004) and Gandy et al. (Gandy et al., 2004) evaluated immunotherapy
with AB1-42 in Freund’s adjuvant in old Caribbean Vervets and Rhesus Macaques,
respectively. They showed that immunized primates generated anti-Ap antibodies. Plasmatic
AP levels were elevated in the immunized animals while, unlike control animals, they had
no plaque deposition in the brain.

Here, we investigated immunotherapy based on AB1-42 or AB-derivative administered with
alum adjuvant in old mouse lemurs. In this small primate (100g), 5 to 20% of aged animals
develop AB amyloidosis (Mestre-Frances et al., 2000; Languille et al., 2012). A previous
study in young animals, comparing Ap1-42 and AB-derivatives, has shown that
immunization promotes antibody response against AB1-40 and AB1-42 and increases
plasmatic AP load (Trouche et al., 2009). Here, we studied animals without amyloid plaques
or with a very small extracellular amyloid load, but presenting with intracellular and
vascular amyloid deposits. We show that AB1-42 immunization increases plasmatic Ap
levels, but also microhemorrhages and iron deposition in the choroid plexus (CP) of aged
animals including in AB-plaque free animals. The latter effect is a new potential side effect
of anti-Ap treatment administered at the prodromal stage of the disease.

2. Material and methods

2.1 Animals

Our study evaluated the effects of immunotherapy and aging in mouse lemurs. First, the
immunotherapy study was performed in 20 animals aged from 4.1 to 6.4 years: A first
cohort of 8 animals (5.9+0.1 years) were treated with Ap1-42 (n=4) or with K6AB1-30 (n=4)
vaccines and were followed-up by MRI and biochemical parameters (antibody titers, Ap
levels in plasma) during 10 months (Fig. 1); A second cohort of 12 animals (4.7+0.2 years)
were followed with the same protocol but treated with K6AB1-30 (n=6) or with the adjuvant
alone (n=6). The brains of these 20 animals were then evaluated by histology. Second, the
aging study was performed in 28 non-treated mouse lemurs aged from 1.6 to 6.4 years
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((young adults (n=9; 1.9+0.2 years), middle-aged (n=11; 4.5+0.1 years), and old (n=8,
5.9+0.1 years)) that were studied by in vivo MRI. All the animals were born and raised in a
laboratory breeding colony at Montpellier, France. Animal care was in accordance with
institutional guidelines and animal protocol was approved by the local ethic committee
(authorization #CEEA-LR-1002).

2.2 Peptides

The peptides used for the immunization were synthesized by the solid-phase technique at the
Keck Foundation at Yale University, as previously described (Asuni et al., 2006; Sigurdsson
etal., 2004).

2.3 Injections and bleeds

Animals vaccinated with Ap1-42 received AB1-42 in alum adjuvant (100 ul subcutaneous
injections; Alhydrogel®; Brenntag Biosector, Frederiksund, Denmark). Animals vaccinated
with K6AB1-30 received K6AB1-30 in alum adjuvant (100 pl subcutaneous injections; Adju-
Phos®; Brenntag Biosector, Frederiksund, Denmark). Alum adjuvant was chosen because it
is the most common adjuvant in human vaccines (Gupta, 1998) and because it promotes
humoral (Th2) immunity (Asuni et al., 2006). In the context of the vaccine, aluminium is
used at low dose that should not be toxic for the organism, and that is why it is approved for
clinical use in humans. Animals treated with the alum adjuvant alone received Adju-Phos®
(100 pl subcutaneous injections; Brenntag Biosector, Frederiksund, Denmark). AB1-42 and
K6AP1-30 peptides were mixed with the alum adjuvant at a concentration of 1 mg/ml and
the solution was rotated overnight at 4°C prior to administration to allow the peptide to
adsorb onto the aluminum particles, which have an opposite charge to the peptide.

The animals received four injections. The second, third and fourth injection were
administered 2, 6, and 42 weeks after the first injection (Fig. 1). The primates were bled
prior to the first immunization (T0), 1 week following the second (T1, 3 weeks) and third
injection (T2, 7 weeks). T3 was at 28 weeks (22 weeks following the third injection). T4 and
Tf were performed at 43 and 44 weeks, respectively (1 week and 2 weeks following the
fourth injection, respectively). The Tf was performed at the euthanasia of the animal. The
mouse lemurs went through several MRI sessions, before and 2, 7, and 9 months after the
injections (Fig. 1).

2.4 Antibody levels

Anti AB1-40 as well as anti K6AB1-30 IgM and IgG antibodies were evaluated from the
plasma of mouse lemurs. IgM antibodies are usually produced immediately after an
exposure to antigens, while 1gG antibodies are associated to a later response. Anti Ap1-40
and anti K6AB1-30 antibody levels were determined at 1:200 dilution of plasma using an
ELISA assay as described previously (Asuni et al., 2006; Sigurdsson et al., 2001), where the
full-length Ap1-40 or K6AB1-30 peptides were coated onto microtiter wells (Immulon 2 HB,
ThermoScientific, Waltham, MA). Antibody levels were detected by an anti-primate 1gG
and IgM linked to a horseradish peroxidase (Alpha Diagnostics, San Antonio, TX) (Trouche
et al., 2009).
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2.5 AB1-40 levels in plasma

For the measurement of free AB1-40 in plasma, 10% dilution of untreated plasma was used,
and the detection was performed by an ELISA kit (Biosource, Camarillo, CA) as previously
described (Trouche et al., 2009). AB1-42 levels in plasma were below the limit of detection.

2.6 Magnetic resonance image (MRI) acquisition and image processing

T2-weighted (T2w) and T2*-weighted (T2*w) images were recorded on a 7 Tesla
spectrometer (Bruker Pharmascan) with an isotropic resolution of 234 um. The T2w
sequence (TR/TE=2500/69.2 ms, T1=60 ms, RARE-factor=12) was used to evaluate cerebral
inflammation (hyperintense signal). The T2*w sequence (TR/TE=40/8 ms, flip angle=12°)
was used to evaluate iron deposits and microhemorrhages (hypointense signal).

Four MRI sessions (before, 2, 7, and 9 months after the beginning of immunization, Fig. 1)
were performed for the longitudinal follow-up of the vaccinated primates. Animals were
pre-anesthetized with a subcutaneous injection of atropine (0.025 mg/kg). Twenty minutes
later, they were anesthetized by isoflurane (5% for induction and 1% during the MRI scans
as described in Dhenain et al., 2003). Respiration rate and body temperature were monitored
to insure stability of the animal. Body temperature was maintained stable with water-heating
bed and air-heating ventilation.

On T2w images, cerebral inflammation can be detected as hyperintense regions. Such signal
alterations were evaluated by visual inspection. On T2*w images, iron deposits and
microhemorrhages lead to hypointense signal while CSF accumulation within the ventricles
leads to hyperintense signal. Voxels with hypointense signal were quantified by using the
following method (Anatomist-freeware, http://brainvisa.info/): first, a threshold (T = M x
0.5) was calculated for each image by using the mean intensity (M) of a cortical region of
the image and a constant coefficient of 0.5. The cortical region was selected with constant
landmarks in the parietal cortex and was exempt of hypointense voxels. VVoxels with signal
intensity below the calculated threshold were considered as hypointense. These voxels were
painted by using a graphic tablet. They were classified as belonging to the CP or brain
parenchyma on the basis of their anatomical location (Bons et al., 1998). The volumes of
hypointense voxels belonging to the CP or brain parenchyma (index of cerebral
microhemorrhages) were then automatically calculated by the image analysis freeware.

2.7 Histology

The animals were euthanized with an overdose of ketamine (~0.03 mi/100g). Their brains
were post-fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C. The
mouse lemur hemi-brains were embedded in paraplast (MM France, Francheville, France)
and cut into 6-um serial sagittal sections and used for iron staining and
immunohistochemistry.

2.7.1 Iron staining—Microhemorrhages and other iron deposits were analyzed with Perls’
staining which reveals ferric ions. Sagittal brain sections were incubated in a solution
composed of 5% potassium ferrocyanide and 10% hydrochloric acid (v/v) for 30 minutes
and rinsed in distilled water. Subsequently, nuclear fast red (0.1%) counterstain was
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performed, and the sections were rinsed again in distilled water. After dehydration, sections
were coverslipped with Mountex (Histolab, Gothenburg, Sweden).

2.7.2 Immunohistochemistry—Sagittal brain sections were stained for amyloid.
Amyloid detection was based on Ap1-42 rabbit polyclonal (FCA3542, Calbiochem, Merck,
Darmstadt, Germany) that binds to C-terminus of the AB1-42 peptide and on 4G8
monoclonal antibody (Covance, Emeryville, CA) that recognizes the middle region (amino
acid residues 17-24) of AB. FCA3542 is specific for A ending at residue 42 and does not
stain APP (Barelli et al, 1997). A pre-treatment with formic acid for 15 minutes was used for
AP1-42 and 4G8 staining. Endogenous peroxidase was quenched by treating the sections
with distilled water containing 1% H,0, for 30 minutes at room temperature. Sections were
blocked in 3% goat serum. Products were diluted in Tris Buffered Saline (TBS), pH 7.6.
Primary antibodies were diluted at 1:1000. Slices were incubated with secondary
biotinylated antibodies (anti-rabbit and anti-mouse antibodies for Ap1-42 and 4G8,
respectively) for 30 minutes at room temperature. Next the signal was amplified by using
avidin-peroxidase complex standard (ABC-kit, Vectastain, Vector Laboratories,

Burlingame, CA). Final reaction used 3,3’-diaminobenzidine tetrahydrochloride (DAB,
Vector laboratories, Burlingame, CA) as chromogen for peroxidase activity. All washing
steps (3 times for 3 minutes each) and antibody dilution were done using TBS, pH 7.6.
Incubation with the ABC complex and detection with DAB were done according to the
manufacturer’s manual. Hematoxylin counterstaining was performed according to a standard
procedure. After dehydration, sections were coverslipped with Mountex.

2.7.3 Quantification of histological sections—Histological sections were analyzed
with Leitz Laborlux S (Leica microsystems, Nanterre, France), using the Mercator software
(ExploraNova, La Rochelle, France). This software permits quantification of histological
sections and can generate maps of counted objects such as extracellular Ap1-42 deposits (12
sagittal brain sections per animal), intracellular 4G8 positive objects (30 sagittal brain
sections per animal) or microhemorrhages (7 sagittal brain sections separated by 300 um per
animal). Counting was performed on each section per cortical area (frontal, parietal, and
occipital) for the intracellular 4G8 positive deposits (fields of 500 x 500 um#) or on whole
brain sections for microhemorrhages. A global semi-quantitative evaluation of vessels
stained by AB1-42 was also performed. The following scoring scale was used based on the
number of AP stained vessels per slide: (0) zero-, (+) one to three-, (++) four to six- and (++
+) more than six Ap-stained vessels detected per slide (Table 1).

2.8 Statistical analysis

Data were analyzed with Statistica (Statsoft France, Maisons-Alfort, France).
Microhemorrhages and intracellular Af were analyzed with Student’s t-test. Antibody level,
plasmatic Af and volume of hypointense regions were analyzed by repeated measures
ANOVA and LSD test for post-hoc analysis. The conditions required to use parametric
statistical tests (normality, homoscedasticity, sphericity of the data) were respected.
Correlative studies were based on non parametric Spearman's rank correlation.

Neurobiol Aging. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Joseph-Mathurin et al.

3. Results

Page 7

3.1 AB1-42 immunization modulates immune responses and plasmatic amyloid levels

Before immunization, the animals from the cohorts (treated with Ap1-42, K6AB1-30 or
adjuvant alone) had similar low levels of anti-AB1-40 IgG and IgM antibodies (Fig. 2A and
2C) or anti-K6AB1-30 1gG and IgM antibodies (data not shown). They also had similar
plasma levels of AB1-40 (Fig. 2E and 2F).

In the AB1-42 vaccine group, the anti-AB1-40 antibody titers were highly increased at T1,
T2, T4, and Tf after immunization, compared to their levels before immunization
(respectively 17, 15, 12, and 14-fold for IgG levels and 8, 5, 3, and 4-fold for the IgM levels
(all ps<0.01)). Anti-K6AB1-30 antibody titers of the AB1-42 vaccine group were also
increased, compared to their levels before immunization (at T1 and Tf for IgG and T1, T4,
and Tf for IgM (all ps<0.05)). In this group, plasma levels of AB1-40 were also increased, in
particular during the first immunization phase (T1 about 465% increase (p<0.005), T2 about
108% increase (non-significant (ns)), T4 about 48% increase (ns) and Tf about 32% increase
(ns)). The increased levels of AB1-40 in plasma paralleled within the same time frame the
increased levels of anti-Ap1-40 IgG and IgM. These data suggest that the Ap1-42 group
responded to immunization.

In the K6AB1-30 groups, the anti-AB1-40 1gG and IgM antibody titers were low and not
significantly modified at any time point after immunization, compared to their levels before
immunization (all ps>0.05, see Fig. 2A and 2C for the first cohort and Fig. 2B and 2D for
the second cohort). The animals vaccinated with AB1-42 had thus higher anti-AB1-40 IgG
and IgM levels compared to the animals treated with K6AB1-30 (respectively F(1,3)=23;
p<0.05 and F(1,3)=182; p<0.001). Also, the anti-K6AB1-30 IgG or IgM antibody titers from
animals treated with K6AB1-30 vaccine were not modified at any time after the
immunization, compared to their levels before immunization (all ps>0.05, blood analysis
performed on the first cohort). Plasma levels of AB1-40 were also not significantly altered in
the K6AB1-30 groups, compared to their levels before immunization (Fig. 2E and 2F). Thus,
AB1-42 group presented higher AB1-40 levels in plasma, compared to the K6AB1-30 group
(F(1,3)=100; p<0.005; Fig. 2E).

In the adjuvant group, the anti-AB1-40 IgG and IgM levels as well as the plasma levels of
AP1-40 were not modified, compared to their levels before immunization (all ps>0.05; Fig.
2B, 2D, and 2F).

Because of the lack of immune response and A} modulation in plasma in the K6AB1-30
groups and the similar lack of response in the K6AB1-30 and adjuvant groups, the animals
treated with K6AB1-30 vaccine in the first cohort were considered as non-responders during
our study. Note that for ethic reasons and because we had strong arguments showing that
K6ApB1-30 vaccine did not induce a significant immune response, an additional group of
adjuvant animals, age-matched to the groups of first cohort (Ap1-42 versus K6AB1-30), was
not used in the current study.
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3.2 AB1-42 and its derivative do not induce meningoencephalitis or vasogenic edema

All the animals involved in the current study were followed longitudinally by in vivo MRI.
None of the animals displayed hyperintense T2w MR signals that might suggest vasogenic
edema or neuroinflammatory processes (Fig. 3).

3.3 AB1-42 vaccine worsens age-associated iron accumulation in the choroid plexus

T2*w images revealed hypointense signals in the ventricles of old animals, before and
during immunization (Fig. 4A, 4B, and 4E). Quantification revealed an increased size of
these hypointense signals in animals treated with the AB1-42 vaccine compared to the
K6AB1-30 group (Fyaccine*session (2,10)=5; p<0.05; Fig. 4C). Such signal changes on MR
images are characteristic of iron deposition. Histological analysis confirmed that the
hypointense regions detected on MRI corresponded to iron accumulation in epithelial cells
of the CP (Fig. 4G). Hypointense signal changes were not detected in the second cohort
(K6AB1-30 versus adjuvant) (Fyaccine*session (2,20)=0.03; n.s.).

To further evaluate iron accumulation in the CP, T2*w MRI were recorded in a cohort of
young adults (n=9; 1.9+0.2 years) and middle-aged animals (h=11; 4.5+0.1 years). MRI
from these young and middle-aged animals were compared to MRI from the old animals
(n=8; 5.9+0.1 years) of the first cohort before immunization. In vivo T2*w MRI of the
young animals did not show any hypointense signal at the level of the CP (Fig. 4D and 4F).
The size of the hypointense signal at the level of the CP increased in the middle-aged
compared to young animals and further increased in old mouse lemurs (F(2,25)=8; p<0,005;
post hoc analyses, ps<0.05; Fig. 4H).

3.4 AB1-42 vaccine increases microhemorrhages

Histological studies revealed microhemorrhages (<10 pm) in the cortex (Fig. 5A) and other
brain regions (globus pallidus, thalamus (Fig. 5B), subthalamic regions, ventral
hippocampus, amygdala). The subcortical microhemorrhages were more numerous than the
cortical microhemorrhages. The AB1-42 group had more parenchymal microhemorrhages,
compared to the K6AB1-30 group (t(6)=2.72; p<0.05; Fig. 5C). The number of
microhemorrhages was correlated with the anti-AB1-40 IgG response and plasma Ap1-40
levels at the late stages of immunization (mean values for TO, T4 and Tf, ps<0.005 and T4
and Tf, ps<0.005, respectively). No significant difference of number of microhemorrhages
could be detected in the second cohort (K6AB1-30 versus adjuvant, data not shown).

The microhemorrhages detected on histological sections could, however, not be detected (as
hypointense spots) on in vivo MRI, which can be explained by their small size.

3.5 Neuropathological evaluation of vascular, intracellular and extracellular amyloidosis

AB deposits were detected in the vasculature of several animals (Fig. 6A). The AB1-42
responders had fewer vascular A} deposits compared to the K6AB1-30 animals (Table 1).
These AP deposits were never detected in the vicinity of microhemorrhages. Ap
immunoreactivity was also detected in the epithelial cells of the CP (Fig. 6B) but was not
colocalized with the iron deposits. However, no obvious difference between animals from
the Ap1-42, K6AB1-30 or adjuvant groups could be detected by visual inspection.
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Intracellular Ap immunoreactivity was also detected in neurons of the frontal, parietal, and
occipital cortical regions as well as in the hippocampus from AB1-42, K6AB1-30 or adjuvant
treated primates (Fig. 6C and 6E). In the two cohorts, the degree of 4G8 positive objects was
similar, irrespective of the region and experimental group (Fig. 6G).

It is noteworthy that extracellular AB deposits were only detected in two animals of the
study which were treated with K6AB1-30. The deposits were diffuse and restricted to the
subiculum in one animal and were rare and localised in several cortical regions (frontal,
parietal) and in the subiculum in the second animal (Fig. 6F).

ion

The current study evaluated AB immunization in aged mouse lemur primates, an animal
which has the same A sequence as humans and can spontaneously develop intracellular,
extracellular, and vascular Ap deposits with age (Bons et al., 1994; Kraska et al., 2011,
Languille et al., 2012). In mouse lemur primates, the Ap load is much lower than in
transgenic mouse models of amyloidosis that over express mutated forms of human APP.
The latter models have a very high AP load and are largely used to evaluate various
immunotherapy protocols. In mouse lemurs, only a small proportion of aged animals (5 to
20%) naturally develop extracellular Af plaques (Mestre-Frances et al., 2000; Languille et
al., 2012). In our two cohorts of eight and twelve aged lemurs we could thus expect that one
or two animals had extracellular Ap plaques before immunization or were in the process of
developing such plaques. Our immunohistological study on twenty animals revealed
amyloid plaques in only two animals (10% of animals). This value is consistent with the
prevalence of amyloid plaques in lemurs even without treatment. We can thus consider that
the number of animals presenting with plaques in the treated population was not strongly
reduced compared to the number of animals presenting with plaques in the general
population. All the aged animals, however, had intracellular Ap immunoreactivity and AB in
plasma. It seems that the AP plaque load in lemurs mimics normal aging in humans, i.e. a
situation with low AP plaque load. Results from our study might thus be predictive of the
consequence of A} immunotherapy in normal aged, non-AD, humans.

We showed that active immunization with the full-length AB1-42, but not with a derivative,
K6AB1-30, elicits an immune response in our cohort of old mouse lemurs. This immune
response was associated with increased AB1-40 levels in the plasma. As the antibodies
generated by the immunization process bound at least some Af in the blood, we can
speculate that our measured plasma levels of Ap were underestimated compared to the real
AP load in the plasma. In addition, in the animals treated with Ap1-42, we observed
increased levels of microhemorrhages and an increased accumulation of iron in the CP. No
sign of meningoencephalomyelitis or vasogenic edema could be detected in the vaccinated
animals. In humans, during passive immunotherapies based on monoclonal antibodies, the
presence of microhemorrhages is a risk factor for developing vasogenic edema, but other
risk factors such as the APOE E4 status are also associated with the risk of vasogenic edema
(Sperling et al., 2011). Vasogenic edemas are however not reported during active
immunotherapies such as ours (Sperling et al., 2011). The lack of vasogenic edema in our
study is thus consistent with studies in humans. Meningoencephalomyelitis is the major side

Neurobiol Aging. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Joseph-Mathurin et al.

Page 10

effect reported in active immunotherapies (Orgogozo et al., 2003). The mechanisms
associated with the occurrence of microhemorrhages and meningoencephalomyelitis are
however different. Microhemorrhages are expected to be associated with redistribution of
Ap into cerebral blood vessels (Wilcock et al., 2004) or with binding of antibodies to
existing CAA (Racke et al., 2005) while meningoencephalomyelitis is related to the
hyperactivation of T cells, a process that was minimised in the design of our immunotherapy
trial by using alum adjuvant that promotes humoral (Th2) immunity (Asuni et al., 2006). In
our study, the lack of meningoencephalomyelitis despite the presence of microhemorrhages
is thus consistent with the expected lack of T cell hyperactivation with our vaccine.

In the present study, the response to the K6AB1-30 vaccine was much lower than that
induced by the AB1-42 vaccine and was similar to that induced by the adjuvant. In our
previous study in young animals both AB1-42 and K6AB1-30 immunotherapies administered
with alum adjuvants were associated with a robust antibody response and increased level of
AB1-40 in plasma (Trouche et al., 2009). Of these two, AB1-42 elicited a stronger immune
response against AP as expected. In another previous study we also showed high antibody
response towards K6AB1-30 in old lemurs (Mestre-Frances et al., 2010), an outcome that is
converse to the result from the current study. These apparently opposite results are explained
by the lower immunogenicity of the K6AB1-30, compared to AB1-42, which leads to more
variable responses in different cohorts of old animals as antibody response generally
subsides with aging. This lower immunogenicity of K6AB1-30 is however of interest as it
makes K6APB1-30 potentially safer than Ap1-42. K6AB1-30 might thus be a good treatment
to initiate in middle-aged subjects. It is also interesting to outline that the variable response
to K6AB1-30 has also been reported in transgenic mice, where a cohort of 11-24 months old
mice were shown to respond to treatment by K6AB1-30 while 19-24 months old animals did
not respond (Asuni et al., 2006).

The AB1-42 responder animals presented a transient IgM response and a long-lasting higher
IgG response. The transient plasma Ap increase paralleled within the same time-frame the
IgG and IgM responses. A possible explanation is that immunization led to a clearance of
AP from the brain via a peripheral sink process (DeMattos et al., 2001; Lemere et al., 2003).
However, the extracellular aggregated Ap load is small in lemurs and we did not find any
difference of extracellular Ap or intracellular 4G8 positive objects load in the two groups of
treated animals. Another possible explanation for the high Ap level in plasma is that
immunoglobulins sequestered Ap and increased its half-life (Levites et al., 2006).

Our study highlighted that vaccination with AB1-42 vaccine increases iron accumulation in
the epithelial cells of the CP. To our knowledge, this is the first study showing a link
between iron deposits in CP and AB immunotherapy. It has been shown that epithelial cells
of the CP are involved in iron exchanges between the blood and the brain (Deane et al.,
2004). Moreover, it has been proposed that the CP plays a role in the modulation of iron
metabolism in aging and AD (Mesquita et al., 2012). Also, peripheral inflammation is
known to modulate expression of choroidal genes implicated in immune response cascade,
in barrier integrity (Marques et al., 2009b) and iron homeostasis (Marques et al., 2009a).
The presumed inflammation induced by immunotherapy might thus modulate the function of
the CP and lead to increased iron accumulation in the CP.
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To date, in humans, iron accumulation in the CP has never been reported after A
immunotherapy. However, during pathological conditions, iron accumulates in the CP of
humans (Kira et al., 2000), which is reminiscent to the increase in iron that we detected in
the CP of lemurs. Because of these similarities, we suggest that iron accumulation in the CP
may also occur during A immunotherapy in humans. This potential effect should be further
evaluated in MR images of anti-AB immunized human subjects, as MRI does detect iron
accumulation in human CP (Kira et al., 2000).

In parallel, in mouse lemurs we found, in a small cohort of animals, that AB1-42 treatment
increases microhemorrhages, despite the lack of extracellular AP plaques and the low level
of vascular AB in the brain. In a previous study based on post-mortem MRI, we already
showed that aged lemurs can develop spontaneously microhemorrhages during normal aging
(Bertrand et al., 2013). Here we confirmed this study and showed however that the number
of microhemorrhages is relatively low in control animals (0.29+0.10 profile per section).
The microhemorrhage load found in our study was comparable to data reported in transgenic
mouse models of AD (see for example 0.5 profile per section in Wilcock et al., 2004).
However, the number of microhemorrhages in our treated animals (1.36+0.38 profiles per
section) was lower than those reported in transgenic mice (3.4 profiles per section in
Wilcock et al., 2004). This can be related to a different treatment, but also probably to the
lower global amyloid load in lemurs compared to transgenic mice. In most studies in
transgenic mice, microhemorrhages have been associated with increased level of vascular
amyloidosis (Thakker et al., 2009; Wang et al., 2011; Wilcock et al., 2007; Wilcock et al.,
2004). From these studies it has been suggested that vascular amyloidosis is a prerequisite
for AB-immunization-associated microhemorrhages. However, data from a preventative
study in mice showed that Ap immunization at early stage increases microbleeds without
increasing CAA (Schroeter et al., 2008). Our data in primates are consistent with this latter
study and suggest that vascular AB deposits are not mandatory to induce microhemorrhages
after AB-immunization. One possible explanation is that T cell response induced by the
epitopes such as 16-24 and 34-42 of AB occurred in mouse lemurs even if the adjuvant was
designed to minimize this response. This T cell response could induce microbleeds in the
absence of vascular A deposits.

To conclude, we have evaluated AB-immunization in the mouse lemur, a primate model of
normal aging or prodromal stage of AD with minimal extracellular Ap deposition. We have
shown that even in the absence of severe B-amyloidosis, AB-immunization can lead to iron
deposition in the CP and microhemorrhages. This study suggests that AB-immunization of
normal aged subjects or of aged patients at very early stage of AD can induce side effects
that may have clinical relevance. This should be taken into account in the design of future
clinical evaluations in patients at a very early AD stage.
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Anti-AB1-40 IgG and IgM antibody responses and plasma AB1-40 in the mouse lemurs

treated with AB1-42, K6AP1-30, and adjuvant.

A-D - The AB1-42 vaccinated lemurs (black triangle) developed more anti-AB1-40 1gG (A)
and 1gM (B) compared to the K6AB1-30 group (grey square) (FigG vaccine effect(1,3)=23;
*p<0.05 and Figm vaccine effect(1,3)=182; **p<0.001) during immunization phases (dotted
line frames). The K6AB1-30 vaccinated lemurs (grey square) did not develop more anti-
AP1-40 1gG (B) and IgM (D) compared to the adjuvant group (black rhomb) (ns). (A) 1gG
responses were higher in the AB1-42 group (post-hoc analyses at T1kgap1-30 vs ABL-42,
***p<0.0001; T2keap1-30 vs Ap1-42, **P<0.005; T4keap1-30 vs Ap1-42, *P<0.01;
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TfieAp1-30 vs Ap1-42, **P<0.005). Their values were significantly increased compared to
their basal levels (post-hoc analyses 19GTq vs T1, **#p<0.0005; 19GTq vs T2, **#p<0.0005;
I9GT0 vs T4, 7P<0.005; 19GT0 vs T, **p<0.005). (B) IgM responses were higher in the
AB1-42 group (post-hoc analyses at T1keap1-30 vs Ap1-42, ***P<0.000001;

T2keAp1-30 vs ApL-42, **P<0.005; T4keap1-30 vs Ap1-42, ***P<0.0005; Tfieap1-30 vs ApL-42:
***p<0.0005). Their values were significantly increased compared to their basal levels
(post-hoc analyses IgMtg ys T1, *p<0.0005; IgM vs T2, "p<0.01; IgMTq ys T4, **p<0.005;
1gMo vs 71, ##p<0.0005).

E-F — The plasmatic Ap1-40 was modulated following the profile of immune responses in
the animals vaccinated with AB1-42 (E) but no modulation in the animal vaccinated with
K6AP1-30 compared to adjuvant (F). The lemurs vaccinated with Ap1-42 (black triangle)
had an increased plasmatic AB1-40 compared to the K6AB1-30 group (grey square)
(FplasmAp1-40 vaccine effect(1,3)=100; **p<0.005). In this group, the increase in plasma
AP1-40 levels was particularly high at T1 during the first immunization phase (post-hoc
analysis, #p<0.005) and had subsided at T2 (ns). Re-immunization did not lead to as robust
anti-Ap1-40 antibody response at T4 and Tf (ns). In the other group, K6AB1-30 was not
immunogenic and the level of AB1-40 in the plasma did not change (ns). Statistics are
indicated on the right side of the graph for global vaccine effect from ANOVA and above
the curves for post-hoc analyses. Statistical annotations: asterisks represent the significant
differences between the groups (*, **, or ***); sharps represent the significant differences
between TO and other time points after immunization (#, ##, or ###). *, #: p<0.05; **, ##:
p<0.005; ***, ###: p<0.0005.
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Fig. 3.
Assessment of vasogenic edema or neuroinflammation by MRI before and during AB
immunization.

MRI does not highlight hyperintense signal characteristic of vasogenic oedema or
neuroinflammation on T2w images, irrespective of the MRI session or the vaccine group.
The hyperintense signal visible on these images corresponds to cerebrospinal fluid (CSF).
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Fig. 4.
Iron deposition in the choroid plexus of mouse lemurs. Effects of A immunization and age.

A-B — The T2*w images show hypointense signal (red arrows), characteristic of iron
deposition, distributed inside the ventricles of the old animals. On these images, CSF
appeared with a hyperintense signal (yellow arrows). The hypointense signal was increased
in the same animal after 9 months of vaccination with AB1-42 vaccine (B), compared to
before immunization (A). C — The volume of hypointense signal increased in old lemurs
vaccinated with AB1-42 (black triangle) compared to animals vaccinated with K6AB1-30
(grey square) (ANOVA, Fyaccine*time effect(2,10)=5; *p<0.05). The volume of hypointense
signal did not change in the animals from the second cohort (K6AB1-30 versus adjuvant,
data not shown).

D-G — Comparison of young and old naive animals. Hypointense signal corresponding to
iron in the choroid plexus was observed in old (E (red arrow) and G (blue stain on Perls’s
stained sections)) but not in young animals (D and F). In these latter, iron-free choroid
plexus had the same intensity as surrounding tissue (blue arrow). H — The analysis of young
(1.9+0.2), middle-aged (4.5+0.1), and old (5.9+0.1) lemurs showed an age-associated
increased of the volume of hypointense regions characteristic of iron deposits in the choroid
plexus (ANOVA, F(2,25)=8; **p<0.005 and post-hoc analyses comparing middle-aged
versus old, t(25)=2; *p<0.05). Scale bars = 50pum.
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Fig. 5.

M?crohemorrhages in the brain parenchyma of the lemurs after ten months of vaccination.
A-B — Example of Perls-positive microhemorrhages located in the occipital cortex (A,
arrow) and thalamus (B, arrow). C — More microhemorrhages were detected in the old
lemurs vaccinated with Ap1-42 (black) compared to the K6AB1-30 group (grey) (t(6)=2.72;
*p<0.05). Scale bars = 50um.
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Fig. 6.

Ar%yloidosis in vaccinated mouse lemurs.

A-F — A immunoreactivity was detected in the vessels (A, 4G8, arrow) and choroid plexus
(B, 4G8, arrow) of vaccinated animals. Intracellular A3 was observed in various brain
regions such as the frontal cortex (C, AB1-42 staining (FCA35-42), arrows), the
hippocampus (D, AB1-42 staining (FCA35-42), arrows) or the parietal cortex (E, 4G8,
arrow). Two of the immunized lemurs had extracellular diffuse Ap plaques (F, 4G8, arrow).
G - Quantification of the intracellular staining (4G8 staining) in the frontal, parietal, and
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occipital cortices revealed no significant differences between the two groups whatever the
cohort (AB1-42 (black) versus K6AB1-30 (grey) or adjuvant (dark grey) versus K6AB1-30
(grey)). Scale bars = 25um.
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Semi-quantitative evaluation of vascular Ap in the different animals. Score scale: few (+), moderate (++), high

(+++).

Animal  Vaccine group  Vascular AB (score)
184 AB1-42 +

189 ABL1-42 +

192 ABL1-42 +

194 ApB1-42 +

190 K6AB1-30 ++

191 K6AB1-30 +

193 K6AB1-30 +++

195 K6AB1-30 +++
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