Acta Neuropathol (2016) 131:481-504
DOI 10.1007/s00401-015-1518-9

@ CrossMark

REVIEW

Immunotherapies in Alzheimer’s disease: Too much, too little,

too late or off-target?

Isabelle St-Amour!?? - Francesca Cicchetti'? - Frédéric Calon'?

Received: 15 September 2015 / Revised: 12 November 2015 / Accepted: 3 December 2015 / Published online: 21 December 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Years of research have highlighted the importance
of the immune system in Alzheimer’s disease (AD), a sys-
tem that, if manipulated during strategic time windows, could
potentially be tackled to treat this disorder. However, to mini-
mize adverse effects, it is essential to first grasp which exact
aspect of it may be targeted. Several clues have been collected
over the years regarding specific immune players strongly
modulated during different stages of AD progression. How-
ever, the inherent complexity of the immune system as well
as conflicting data make it quite challenging to pinpoint a spe-
cific immune target in AD. In this review, we discuss immune-
related abnormalities observed in the periphery as well as in
the brain of AD patients, in relation to known risk factors of
AD such as genetics, type-2 diabetes or obesity, aging, physi-
cal inactivity and hypertension. Although not investigated yet
in clinical trials, C5 complement system component, CD40/
CDA40L interactions and the CXCR2 pathway are altered in
AD patients and may represent potential therapeutic targets.
Immunotherapies tested in a clinical context, those aiming to
attenuate the innate immune response and those used to facili-
tate the removal of pathological proteins, are further discussed
to try and understand the causes of the limited success reached.
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The prevailing eagerness to move basic research data to clinic
should not overshadow the fact that a careful preclinical char-
acterization of a drug is still required to ultimately improve
the chance of clinical success. Finally, specific elements to
consider prior to initiate large-scale trials are highlighted and
include the replication of preclinical data, the use of small-scale
human studies, the sub-typing of AD patients and the determi-
nation of pharmacokinetic and pharmacodynamics parameters
such as brain bioavailability and target engagement.
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Abbreviations

AP Amyloid-f peptide

AD Alzheimer’s disease

ALCAM Activated leukocyte cell adhesion molecule
APOE Apolipoprotein E

APP Amyloid precursor protein

BACE p-Site APP cleaving enzyme

BBB Blood-brain barrier

CDh Cluster of differentiation

CNS Central nervous system

COX Cyclooxygenase

CRP C reactive protein

CSF Cerebrospinal fluid

CX3CR1 Chemokine (C-X3-C motif) receptor 1
CXCR2 CXC chemokine receptor 2

EAE Experimental autoimmune encephalomyelitis
ICAM Intercellular adhesion molecule

IFN Interferon

IL Interleukin

IVIg Intravenous immunoglobulin

MASPs  Mannose binding lectin-associated serine

proteases
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MBL Mannose binding lectin

MCP-1 Monocyte chemoattractant protein- 1
MCI Mild cognitive impairment

MIP Macrophage inflammatory protein
NFT Neurofibrillary tangle

NK Natural killer

NSAID  Nonsteroidal anti-inflammatory drug
PBMC Peripheral blood mononuclear cells
PECAM Platelet endothelial cell adhesion molecule
PET Positron emission tomography

PS Presenilin

RNA Ribonucleic acid

S Soluble

TLR Toll-like receptor

TNF Tumor necrosis factor

VCAM  Vascular cell adhesion molecule

General introduction

To this day, the mechanisms driving the pathophysiol-
ogy of Alzheimer’s disease (AD) remain largely elusive
but will inevitably necessitate a considerable under-
standing if treatment development and efficacy are to
be reached. Genetic and epidemiological studies have
identified a number of important risk factors associated
with the sporadic forms of AD, including the expression
of the Apolipoprotein E (APOE) 4 allele, aging, diabe-
tes, hypertension, physical and intellectual inactivity,
among others [4]. However, none of these risk factors,
taken singly or in combination, are fully accountable for
the cerebral pathology that characterizes AD, especially
when it relates to the events that take place years before
diagnosis [142, 152]. The data collected since the first
description of the disease [3], more than 100 years ago,
has depicted a portrait of AD of the highest complexity; a
heterogeneous condition not only emerging from a pleth-
ora of causes but manifesting in several unique clinical
features [152].

While it is widely accepted that inflammation and the
immune system as a whole are intimately linked to AD
pathology, their direct contribution to disease onset and
progression is still much debated [58, 173]. A number of
strategies aiming to modulate the immune response have
nonetheless already been tested on patients but have been
met with limited success [15, 17, 20, 36, 76,97, 119, 131].
The objective here is to provide an overview of immune-
related abnormalities reported in humans with sporadic
AD, discuss the preclinical and clinical-based evidence for
an association between immunity and the risk of AD, and
reevaluate the different therapeutic strategies related to the
immune response that have been tested thus far.
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Evidence of immune-related abnormalities
in human AD

Virtually all pathways of activation, control and signaling
of the immune response show some degree of defect in
AD. In the periphery, alterations in the response to activa-
tion of lymphocytes, monocytes and granulocytes, and in
the cytokine and chemokine expression and secretion, com-
plement system factor levels and toll-like receptor (TLR)
expression have all been described in AD individuals
(Suppl. Table 1 for details and references). Similarly, post-
mortem studies in brain samples of individuals presenting
with AD-related neuropathologies have unveiled modifica-
tions in receptors and proteins of the complement system,
cytokine and chemokine levels, infiltration of lymphocytes,
and modulations of TLR expression (Suppl. Table 2 for
details and references).

The complement system

The complement system encompasses over 30 soluble
proteins, cell receptors and control proteins. This cen-
tral element of innate immunity promotes inflammation,
annihilates microorganisms, removes apoptotic cells and
immune complexes, and is altogether pivotal in the regula-
tion of adaptive responses [129]. Three activation pathways
have been unveiled: classical (initiated by antigen—anti-
body complex), alternative (initiated by activating surfaces
such as microbial fragments, tumor cells, and intracellular
organelles) and lectin pathways (initiated by the fusion of
mannose binding lectin (MBL) to carbohydrates from the
surface of bacteria), all converging to the cleavage of C3
fragment, ultimately leading to the formation of the mem-
brane attack complex C5b-9 and cytolysis [129, 175]. In
the brain of AD patients, modulations of RNA and/or pro-
tein levels from elements of all three activation pathways
as well as colocalisation of complement factors with amy-
loid plaques or neurofibrillary tangles have been observed
(Fig. 1 and Suppl. Table 2). Their contribution to AD neu-
ropathogenesis could be on two opposite levels. On the one
hand, the observed increased levels of the C3 convertase
inhibitors—Factor I and H—and the inactive form of C3b—
1C3b—[88, 89] may suggest diminished activation of path-
ways involved in the clearance of pathologic proteins such
as tau and AB. On the other hand, the higher levels of C5
to C9 mRNAs [138], along with the detection of the mem-
brane attack complex C5b-9 in AD brains, could potenti-
ate neuronal death [178]. To decrease the membrane attack
complex formation without compromising the pro-phago-
cytic proprieties of the complement system, anti-C5 mono-
clonal antibody, such as the FDA-approved eculizumab,
could be tested in preclinical and clinical trials [124].
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The adaptive immune system

Blood leukocytes originate from the specific differentiation
of hematopoietic stem cells into the myeloid or the lym-
phoid cell lines. The myeloid cell line gives rise to mono-
cytes and granulocytes, whereas cells of the lymphoid
pathway are destined to become lymphocytes [43]. Since
circulating leukocytes are easily accessible and probed
using inexpensive methods, these cells have been investi-
gated in numerous studies attempting to identify AD bio-
markers [121]. Differences in the number of cells and in
their response to activation observed in AD patients have
been associated with the pathogenesis and disease progres-
sion (Suppl. Table 1). Predominantly because of methodo-
logical issues, many studies have focused on peripheral
blood mononuclear cells (PBMC), which are easily purified
and stored allowing extensive characterization.

Among the PBMCs, B and T lymphocytes are the main
components of the adaptive immune system. Experimental
studies and clinical observations provide ample evidence
of a deficient adaptive immune response in AD [77, 113,
141, 146]. This response relies on the activation of T lym-
phocytes following antigen presentation of pathological/
foreign molecules by dendritic cells, macrophages and B
lymphocytes, and subsequent costimulation [25]. The adap-
tive immune response not only is a prerequisite for long-
lasting protection against pathogens, cancer cells and toxic
molecules, but also plays a key role in the development of
an adequate immune response to misfolded proteins such
as tau and AP [6].

Different T lymphocyte subtypes have been associated
with a variety of cell functions. Helper T lymphocytes
assist the proliferation, differentiation or antibody produc-
tion by B lymphocytes, or the phagocytic mononuclear
cells to eliminate pathogens [25]. Cytotoxic T lympho-
cytes, on the other hand, are responsible for the destruc-
tion of cells infected by intracellular pathogens. Naive T
lymphocytes are mature cells that differentiate in the bone
marrow and subsequently undergo positive and negative
selection processes in the thymus, having never met their
antigen [68]. This cell population is essential to the defense
against new pathogens or neoplastic cells. In contrast,
memory T lymphocytes have previously met their antigens.
Lower exposure to costimulating molecules is needed for
their activation, which is therefore more rapid upon a sec-
ondary infection [68].

A lower number of naive T lymphocytes have been
observed in AD [77, 113, 132], along with increased acti-
vation of circulating lymphocytes [113, 141]. However,
findings obtained in the context of ex vivo stimulation
contradict this. Indeed, studies using mitogen activation of
AD lymphocytes reveal decreased [123, 146] or increased
[90, 118] mitogen activation levels. Lower numbers of B

lymphocytes [115, 141, 174], in parallel with decreased
apoptosis [13] and response to mitogenic activation [146]
within this antibody-secreting cell population, have also
been reported in AD.

Along with differences in lymphocyte numbers, the
cluster of differentiation (CD)40/CD40 ligand (CD40L)
costimulation pathway plays a role in homeostasis and
immune control. CD40 is a cell surface molecule that regu-
lates activation and differentiation of B lymphocytes, bind-
ing to its ligand CD40L located onto T lymphocytes [25].
Increased levels of soluble CD40 are notable in the blood
of AD patients [2, 99] as well as in individuals suffering
from mild cognitive impairments (MCI), up to 5 years
before their evolution into clinical AD [19]. Elevated
soluble levels of CD40L (sCD40L) in the plasma of AD
patients have been reported as well [2, 35]. In the brain,
this pathway is critical for the activation of microglial cells
[44]. Incidentally, increased expression of CD40L and
CDA40, by astrocytes and microglia respectively—suggest-
ing increased activation of both cell types—are detected in
AD brains using immunostaining [23, 155]. Taken together,
these findings argue for a role of the CD40/CD40L path-
way in AD. From a therapeutic point of view, pilot studies
with the CD40-antagonist monoclonal antibody FFP104 in
primary biliary cirrhosis and Crohn’s disease were recently
initiated (clinicaltrials.gov, number NCT02193360 and
NCT02465944, respectively). Positive outcomes on phar-
macological activity and safety could support the initiation
of clinical trials in AD as well.

Results from animal studies have provided strong evi-
dence in favor of a role of the immune system in the
manifestation of cognitive deficits [34, 70, 159, 171]. For
example, young mice (3- to 4-month-old) injected with the
plasma of 18- to 20-month-old animals suffer from learning
and memory impairments; an observation that is reproduc-
ible by the injection of eotaxin [159]. In this study, eotaxin,
a chemokine involved in allergic responses, was shown to
inhibit adult neurogenesis and impair learning and memory,
suggesting that systemic immune-related factors contribute
to the susceptibility of the aging brain to cognitive impair-
ments [159]. A recent study further showed that eotaxin
promotes microglial migration and induces neuronal death
by triggering the production of reactive oxygen species by
microglia [109]. Moreover, while T lymphocyte depletion
decreases neurogenesis via a CD4*-T-lymphocyte-depend-
ent mechanism [171], adoptive transfer of splenocytes
from wild-type mice ameliorates cognitive performances in
transgenic mice deficient in T lymphocytes [70]. Following
training in the Morris water maze, meningeal accumulation
of T lymphocytes is associated with cognitive improve-
ment [34]. In the PSAPP mouse model of AD, injections
of PBMC from human umbilical cord blood reduce amy-
loid neuropathology and neuroinflammation by a CD40/
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CD40L-dependent mechanism [105]. Taken together, ani-
mal work supports observations collected in AD patients,
demonstrating a protective effect of peripheral adaptive
immunity on cognition and suggesting that peripheral
immune impairments could be linked to disease exacer-
bation. Although several preclinical findings suggest that
adaptive immunity could be a valid target for therapeu-
tic interventions, very few clinical trials have specifically
addressed this.

@ Springer

T 000

Factor |
(C4b/C3b inh)

C5
_—
l

Yord

C5 Convertase ’\

Potential therapeutic target
e.g. Eculizumab (anti-C5 antibody)

C6+C7+C8+C9

0000

Membrane attack complex

csb-o SRS

I
\—) IIII —> Cell lysis

Microglia and astrocytes

Evidence from animal studies suggests that in early stages
of the disease, microglial activation may contribute to AB
removal and prevent plaque formation [116]. However, in
later stages, pro-inflammatory and dysfunctional microglia
would rather promote tau pathology and neuropathological
progression [116]. Except for an increase in the anti-inflam-
matory cytokine IL-10, other modulations of cytokines
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«Fig. 1 Implications of the complement factors in AD. The comple-
ment system, comprising more than 30 different factors, is a focal ele-
ment of innate immunity. Activation of the complement by immune
complexes (classical pathway), mannan (lectin pathway) or via spon-
taneous hydrolysis of C3 and foreign surfaces with a low sialic acid
content (alternative pathway) all result in the opsonization and phago-
cytosis of target, leukocyte recruitment and cell lysis. All activation
pathways converge into the formation of unstable protease complexes,
the C3-convertases (C4bC2a in case of classical and lectin pathways
and C3bBb for the alternative pathway), which cleaves C3 in C3b,
C3a (a chemokine) and other cleavage products. C3b plays 2 major
roles in complement activation. First, it can serve as an opsonin,
and second, the binding of C3b to C3-convertase will generate the
C5-convertase (C4bC2aC3b for the classical and lectin pathways;
and C3bBbC3b for the alternative pathway). The cleavage of C5 by
C5-convertase will produce C3b and C5a, a powerful chemokine that
binds to C5a receptors: C5aR1 and C5L2. The recruitment of C6, C7,
C8 and C9 by C5b ultimately forms the membrane attack complex
within the target cell, inducing cell lysis. The activation of the com-
plement cascade is tightly regulated to control autoimmunity and to
minimize damage to host cells. Under normal conditions, factor H
binds host-associated C3b and accelerates the decay of the alternative
pathway C3-convertase. C3b can also be degraded in its inactive form,
iC3b, in a reaction that requires factor I, and a co-factor such as fac-
tor H. Therefore, the complement system is involved in the opsoniza-
tion and phagocytosis of antigens, which may participate to the clear-
ance of AP oligomers. Additionally, it also enhances the inflammatory
response and contributes to cell death by lysing targeted cells. In the
brains of AD patients, several complement factor proteins (blue) and
mRNAs (green) are increased. Components of the complement system
have also been identified in pathological structures such as neurofi-
brillary tangles (red) and amyloid plaques (yellow). Molecules of the
complement further colocalize with pyramidal neurons (brown) in AD.
Given that the activation of C5 and downstream complement compo-
nents may lead to cell death in the brain, the inhibition of chronic C5
activation could potentially lead to beneficial effects in AD (For refer-
ences, please see Suppl. Tables 2). Abbreviations AD Alzheimer’s dis-
ease, MASPs mannose binding lectin-associated serine proteases, MBL
mannose binding lectin

or receptors documented in the brain of AD patients sug-
gest glial activation and upregulation of pro-inflammatory
pathways (Fig. 2; Suppl. Table 2). The CD200-CD200R
interaction that maintains microglia in a quiescent state
is compromised in AD by a decreased expression of both
of these molecules [150, 162]. Likewise, the increased
expression of CD40/CD40L costimulation molecules fur-
ther supports an increased activation of immune cells
in the brain of AD patients [23, 155]. In vitro activation
of microglial cells and astrocytes with AP peptide leads
to secretion of a number of cytokines such as interleukin
(IL)-1B, IL-6, monocyte chemoattractant protein-1 (MCP-
1, also called CCL2) and IL-8 [37], the levels of which are
increased in AD [140, 161]. A common receptor for IL-8
and the growth-regulated oncogenes (GRO)-a, GRO-$ and
GRO-y—other molecules for which the mRNA Ievel are
increased in AD—is CXC chemokine receptor 2 (CXCR2)
[150]. This receptor is expressed by neurons, astrocytes and
microglial cells and is involved in leukocyte recruitment
and transmigration. Therefore, CXCR2 binding with IL-8

and/or GRO could explain the presence of T lymphocytes
in AD brains [172, 179]. Furthermore, CXCR2 activation
has been reported to be involved in the y—secretase expres-
sion and activity, increasing Ap production and associated
glial activation [154]. SCH52123, a CXCR2 antagonist that
has already been tested in clinical trials for chronic obstruc-
tive pulmonary disease and asthma, may perhaps represent
a new treatment target for AD [102, 120]. From a thera-
peutic point of view however, caution should be exercised
before targeting immune pathways for AD therapies. The
possibility remains that these modifications can have both
beneficial and detrimental consequences on AD pathogen-
esis. Indeed, despite MCP-1 increases in the brain of AD
patients, animal studies have demonstrated acceleration of
plaque formation, and exacerbation of AP oligomerization
in MCP-1-deficient APP/PS1 mice [72].

The immune system and the blood-brain barrier (BBB)

Although for decades the brain was believed to be shel-
tered from the peripheral immune system, we now know
that there is continuous communication between the brain
and immune blood cells [101]. At the interface between
the brain and the blood stands the BBB, a vital active ele-
ment in the regulation of the brain immune response [101].
In AD, disruptions of the tight junctions, morphologi-
cal anomalies of the microvasculature, decreased cerebral
blood flow, presence of blood-borne compounds in the cer-
ebrospinal fluid (CSF), increased transcytosis and/or enzy-
matic degradation of basal lamina proteins have been pro-
posed as possible indicators of a dysfunction of the BBB
[66, 180], some of which have been replicated in animal
models [16]. Although evidence of enhanced BBB perme-
ability in AD has been published, the extent by which this
affect drug distribution or AD pathogenesis per se remains
controversial [38]. Cerebrovascular deposits of Ap peptides
in small arteries, arterioles as well as capillaries, known as
cerebral amyloid angiopathy, may result in cognitive defi-
cits and are frequently observed in elderly with and without
AD [9, 71]. In a subset of the cerebral amyloid angiopathy
cases, evidence of inflammation and edema on magnetic
resonance imaging are accompanied with rapid cognitive
decline [71]. Interestingly, this encephalopathy is reminis-
cent of the autoimmune inflammation following anti-Af
immunization therapy and is reversible with immunosup-
pressive or corticosteroid treatments, further emphasizing
the need for adequate diagnosis of cognitive impairments
in elderly [71].

It has been suggested that these BBB anomalies are
associated with modifications of the neurovascular unit,
which can impact cerebral immunity by favoring immune
cell transmigration into the paravascular space, particu-
larly in inflammatory conditions [101]. Evidence from the
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«Fig. 2 Immune involvement in AD neuropathogenesis: evidence
from postmortem human brain analyses. / Cleavage of APP by y- and
B-secretase produces AP peptides that are prone to oligomerization
and assemble as AP oligomers. 2 These oligomers can in turn trigger
the activation of microglia and astrocytes. Consequently, these cells
produce increased levels of IL-18, IL-6, IL-8, IL-10, MCP-1 pro-
teins as well as GRO mRNA. In cerebral tissues from the brain of
AD patients, rising amounts of CD40L on astrocytes and CD40 on
microglia, along with increased levels of CD74, and reduced quan-
tities of CD200 and CD200R all support pro-activation pathways. 3
Increased expression of IL-8 and GRO protein can bind to CXCR2.
In the brain, this receptor is expressed by microglia, astrocytes and
neurons and its activation modulates the expression and activity of
y-secretase. 4 AP oligomers also affect synaptic integrity as well
as cell-to-cell communication in neurons. 5 The end product of AR
aggregation is the formation of amyloid plaques, one of the hall-
marks of AD. CD74" microglia are associated with amyloid plaques
in AD brains. 6 Hyperphosphorylated tau concentration is increased
in AD neurons. As a result, neurofibrillary tangles—another hall-
mark of AD—also accumulate in the brains of AD patients and are
colocalized with CD74" microglia. 7 Endothelial cells of the BBB
express molecules such as CD40 and IL-8 that could be implicated
in immune cell transmigration. Decreased levels of tight junction pro-
teins and increased levels of extravascular IgG have been reported
and support BBB impairments in AD. 8§ Some of the Ig+ neurons
express the active form of caspase-3, a marker of cell death, whereas
caspase-3 immunoreactivity is absent from Ig- neurons. 9 In the hip-
pocampus of AD patients, increased numbers of auxiliary (CD4")
and cytotoxic (CD8") T lymphocytes, as well as higher levels of
cytotoxic over auxiliary cells have been reported. Overall, the data
collected from human brains demonstrate that the immune response
in AD favors immune-related cell activation and support CXCR2 (i.e.,
SCH527123, a CXCR?2 antagonist) or CD40/CD40L (i.e., FFP104, a
CD40-antagonist antibody) pathways as potential new pharmacologi-
cal targets (For references, please see Suppl. Tables 1 and 2). Abbre-
viations AD Alzheimer’s disease, APP amyloid B precursor protein,
BBB blood-brain barrier, CD cluster of differentiation, CXCR2 CXC
chemokine receptor 2, GRO growth-regulated oncogene, /g immuno-
globulin, /L interleukin, MCP-1 monocyte chemoattractant protein-1,
MHC II major histocompatibility complex class 1I, mRNA messenger
ribonucleic acid

experimental autoimmune encephalopathy (EAE) model
of multiple sclerosis suggests that the migration of blood
mononuclear cells to the brain is possible even in the pres-
ence of relatively intact tight junctions [170]. Moreover, in
the EAE model or in cultured endothelial cells, transcellu-
lar migration is dependent upon the expression, by endothe-
lial cells or leukocytes, of a plethora of factors including
ninjurin-1, a4-integrin, activated leukocyte cell adhesion
molecule (ALCAM) and intercellular adhesion molecule
(ICAM) [28, 59, 60, 98].

Such interactions are hard to confirm in human brains,
but data obtained from both in vitro models of BBB and
in vivo models of brain amyloidopathy (via intracranial
injection of AP peptides) suggest that increased chemokine
and cytokine secretion can promote leukocyte migration
to the brain in the context of AD neuropathology [40, 86,
91, 176]. Observations of increased expression of CD40 on
cerebrovascular cells [155] in AD further support a role in
immune activation. Therefore, the anomalies of the BBB

found in neurodegenerative diseases such as AD may thus
facilitate the transmigration of peripheral leukocytes to the
brain as well as the activation of the immune cells within
the brain [180].

Risk factors of AD and inflammation: confounding
variables

The sporadic forms of AD are likely to originate from a
convoluted interplay between genetic and environmental
risk factors, in which immune dysfunctions play a role.
Indeed, the majority of AD risk factors are themselves
accompanied by important deficits of the immune system.
For example, immune impairments have been reported in
aging, APOE4 allele carriage, obesity and diabetes, hyper-
tension as well as physical inactivity. These confounding
variables must therefore be kept in mind when attempt-
ing to dissect the role of inflammation in AD pathogene-
sis through the known immune-related changes associated
with the main risk factors of sporadic AD.

Genetic risk factors

Genetic vulnerabilities associated with sporadic AD appear
to be driven by different allelic forms of a variety of genes
[151]. APOE [133, 147] was the first discovered and
remains, to this day, the most prominent genetic factor in
sporadic AD [151]. In humans, the apoE isoform expressed
by immune cells has been shown to modify cell response to
immune stimuli. For example, in response to ex vivo stim-
ulation using TLR2, TLR4 or TLRS ligands, blood cells
from APOE3/APOE4 carriers produce increased cytokine
levels [42]. Furthermore, susceptibility to apoptosis
upon stimulation is increased in macrophages from mice
expressing the human apoE4 protein compared to human
apoE3 [26]. Genome wide association studies (GWAS) and
other complementary approaches focusing on the recogni-
tion of genetic risk factors for late onset sporadic AD have
led to the identification of nine additional genetic loci [134,
151]. Among these genes, six code for proteins that can be
assigned to the immune response, namely ABCA7, CD33,
CLU, CRI1, EphAl, and MS4A [134]. The role of a rare
variant of the gene TREM?2, rs75932628, was more recently
reported [50, 64]. A study performed in Icelandic indi-
viduals has shown that this variant, affecting 0.63 % of the
population, encodes an arginine-to-histidine substitution at
position 47, which seemingly accelerates the disease onset
by 3.18 years. This variant further confers a relative risk
of 2.92, similar to that of heterozygosity for the APOE4
allele [64]. TREM? codes for a membrane protein, which
is up-regulated in myeloid cells accumulating in human AD
brains and mouse models, along with decreased levels in
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the CSF of patients with AD and frontotemporal demen-
tia [62, 73]. Of note, lentiviral-mediated overexpression of
TREM?2 decreases brain amyloid burden and rescues spa-
tial cognitive impairments in APPswe/PS1dE9 mice [63].
Surprisingly, TREM?2-deficient mice led to contrasting find-
ings, either exacerbating or reducing amyloid pathologies
[62, 163]. These studies used different AD mouse models;
nevertheless, such different outcomes emphasize the need
to repeat preclinical investigations in multiple models and
assess cognitive decline when developing new therapeutic
targets for AD.

Aging

Old age is a common predictive factor to both familial and
sporadic forms of AD. The elderly often display qualitative
and quantitative modifications of the immune response—
also referred to as immunosenescence—which are associ-
ated to a higher susceptibility to infections, neoplasia and
autoimmune events [164]. Decreasing proportion of regu-
latory and naive T cells, increasing concentrations of cir-
culating IL-6, tumor necrosis factor (TNF)a and C-reactive
protein (CRP), functional deficits of antigenic presentation,
reduction of antibody production and reduction of cyto-
toxic function of natural killer (NK) cells have all been
detected with aging [113, 130, 164].

Physical activity

Exercise may impact multiple aspects of the immune
response such as T cell phenotype and proliferation,
immune response to vaccination and cytokine production
upon activation [137]. It can decrease levels of C-reactive
protein and IL-6 in patients at risk for heart disease and
reduce infection rate in elderly [126]. In this population,
moderate exercise has also been proposed to counteract
age-related immunosenescence such as reduced response to
vaccination and low-grade inflammation [126]. Individuals
at risk of AD could therefore benefit from regular physical
activity in terms of improved immunological health, as was
corroborated by a recent study demonstrating a reduced
concentration of TNFa and IL-6 and improved cognition
after a 16-week exercise program in elderly with MCI
[103].

Obesity and type 2 diabetes

Epidemiological studies have established a link between
obesity, insulin resistance, type 2 diabetes and pro-inflam-
matory factors which include increased number of circulat-
ing leukocytes and higher plasmatic concentrations of IL-6,
plasminogen inhibitor-1 and CRP [74, 80]. Along these
lines, increases in IL-6 and IL-8 in the plasma of obese
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individuals correlate with insulin resistance [18]. Immune
cells infiltrating the adipose tissue and the liver, such as
macrophages and T cells, are also important mediators of
inflammation [74]. Whereas impairments in the adaptive
immune system, possibly contributing to cognitive defi-
cits, have been reported in AD [77, 113, 141, 146], these
data support an increased activation of the innate immune
response and tissue infiltration by leukocytes in obesity
and type 2 diabetes [74, 80]. It is tempting to speculate that
inflammatory components of these metabolic diseases may
help trigger AD neuropathology within the CNS, as data
collected in animal studies suggests [65, 157, 158]. While
this hypothesis remains to be validated, mid-life obesity
and type 2 diabetes are now well-known risk factors of AD
and therefore must be factored in when studying immunity
in this disease context.

Hypertension

Hypertension affects approximately one-third of the west-
ern population, and its prevalence increases with age,
reaching up to 70 % of individuals by the age of 70 [96].
Evidence on a causal role of immunity in the development
of hypertension in humans is limited; however, it has been
associated with accumulation of T cells and monocytes/
macrophages in vessels and kidney [5, 96]. A significant
linear relationship between blood pressure and levels of
soluble ICAM-1 or IL-6 have been observed in cohorts of
healthy men [5]. In the blood of newly diagnosed, treat-
ment-naive patients with hypertension, increased levels
of immunosenescent cytotoxic T cells secreting higher
amounts of perforin, granzyme and interferon (IFN)y have
been reported [177]. A T cell-dependent pro-inflamma-
tory response is further supported by increased levels of
plasmatic IL-17A [5, 96]. Interestingly, as in AD cases,
sCD40L levels are also increased in hypertensive individu-
als [2, 5, 35].

Immunotherapies in AD: One step forward, two
steps back?

Immunotherapeutic strategies to treat AD can be classified
under two main headings: (1) strategies aiming to attenuate
the innate, pro-inflammatory immune response or (2) strat-
egies designed to modulate adaptive immunity to facilitate
CNS A clearance. Many of the therapeutic agents under
preclinical or clinical investigation in AD have the proper-
ties to interfere with inflammation or other immune-related
processes. These include nonsteroidal anti-inflammatory
drugs (NSAID), passive and active immunization, statins,
TNFa antagonists, omega-3 fatty acids as well as inhibitors
of acetylcholinesterase [21, 78]. Here, we opted to focus
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our discussion on NSAID and immunization, which have
been the favored strategy in the majority of immune-related
clinical trials.

NSAID

The first evidence for the potential benefits following
NSAID treatment comes from epidemiological data show-
ing that prolonged intake of NSAID decreases the risk of
developing AD [95] with a stronger association in ibupro-
fen users [160]. In contrast, epidemiological studies on
cohorts of older individuals (median age: 74-75 year old at
recruitment) indicate that the use of NSAID does not cor-
relate with such positive outcome [17, 61].

Clinically used NSAID fall into two categories: those
inhibiting equally cyclooxygenase (COX)-1 and COX-2
(indomethacin, naproxen, ibuprofen, diclofenac) or those
that selectively inhibit COX-2 (celecoxib, meloxicam,
rofecoxib) [128]. COX are enzymes catalyzing the conver-
sion of arachidonic acid into prostaglandin (PG) G, and
H, [128]. The PGE,, which is produced from PGH,, is one
of the most abundant PG in the body and is implicated in
a broad-spectrum of functions, which include regulation
of the immune response, blood pressure, gastro-intestinal
integrity and fertility [122]. In AD, COX-2 mRNA and
protein levels are increased in the frontal cortex [111]
and hippocampus [55]. In vitro assays as well as stud-
ies conducted in the Tg2576 and APPsw mouse models
of AD have corroborated that NSAID (diclofenac, feno-
profen, sulindac, indomethacin, ibuprofen, flurbiprofen
and meclofen) could reduce AB,, production [29], which
has further lead to the initiation of clinical trials. Unfor-
tunately, the treatment of AD using acetylsalicylic acid,
NSAID and steroidal anti-inflammatory drugs all failed
to improve primary outcome measures which included
decline in cognitive function, as well as depression, activ-
ity of daily living and neuropsychiatric symptoms [61]. In
MCI individuals, however, triflusal, an analog of acetyl-
salicylic acid, attenuated the rate of conversion to demen-
tia, although these results must be interpreted with cau-
tion given that the study was terminated prematurely due
to recruitment issues [45]. Moreover, studies in animal
models with ibuprofen or flurbiprofen indicate that the Ap
lowering effects of NSAID may be independent from their
COX-related anti-inflammatory action and emphasize the
fact that a careful preclinical selection of a drug improves
the chance of clinical success [30, 97].

It is now widely accepted that AD pathogenesis begins
years before the manifestation of initial symptoms. ADAPT
(Alzheimer’s Disease Anti-inflammatory Prevention Trial),
a double-blind study conducted to evaluate the efficacy of
NSAID in the prevention of AD, tackled this concept [97].
This study not only failed to show benefits of NSAID, but

revealed cardiovascular toxicity associated with COX-2
inhibitors (celecoxib) [97, 128] and suggested a slight
detrimental effect of naproxen on cognition [93]. Of note,
naproxen—used instead of ibuprofen due to placebo con-
cerns—was one of the NSAID devoid of AR lowering
effects [30]. An additional 2 years of monitoring revealed
that NSAID have an adverse effect on AD pathogenesis
in advanced AD but treatment during the presymptomatic
stage for more than 2-3 years reduces the incidence of the
pathology [17]. These results highlight the necessity to
begin clinical trials at the earliest stage of the disease and
to extend duration of treatment as well as the follow-up [,
24, 52] (Fig. 3).

Active immunization

While NSAID attenuate the pro-inflammatory response
of the immune system, the objective of active and passive
immunization strategies is to take advantage of the immune
system to decrease the amyloid or tau burden and thereby
halt or reverse cognitive decline/disease progression. In
transgenic models of brain amyloid pathology, active
immunization (i.e., vaccination) have resulted in a signifi-
cant reduction in the number of amyloid plaques, increased
synaptic density and improvement of cognitive perfor-
mance in most published studies [22, 106, 135]. These
results were quickly translated into clinical initiatives that
have been completed or are currently underway (Table 1),
with the very first trial using active immunization initi-
ated in 2000. The AN1792 vaccine used a synthetic AB,,
peptide and the immunogenic adjuvant QS-21. Although
immunogenicity was obtained in 50 % of treated individu-
als, the development of aseptic meningoencephalitis in 6 %
of the participants led to the termination of the develop-
ment of this vaccine [107]. Infiltration of T lymphocytes
has in fact been identified as the main cause of the adverse
effects of AN1792 immunization [104]. Despite a signifi-
cant reduction of the amyloid burden identified by post-
mortem histological analyses, the assessment of the cogni-
tive performance of remaining participants to the AN1792
study failed to highlight an impact on disease progression
[56, 104].

The development of second-generation vaccines soon
emerged from these initial investigations with the goal to
prompt a strong antibody production in absence of inflam-
matory and cytotoxic AB-specific T lymphocytes. These
new strategies are based on the use of modified antigens,
such as truncated AP containing the immunodominant B
lymphocyte epitope [11, 32, 49, 85, 92], at times coupled
to virus-like particles [11, 92], GPGPG spacer [49] or a
foreign epitope [32, 85]. A number of these second-gen-
eration vaccines are currently being tested in clinical trials
(Table 1).

@ Springer



490

Acta Neuropathol (2016) 131:481-504

Fig. 3 Potential windows of
treatment in immunotherapeutic
clinical trials. Immune-related
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is hypothesized that the clinical
benefits of disease-modifying
trials (red and blue curves) will
take time to be detected, but
will increase with treatment
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Mild Cognitive
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Outcome: Clinical
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duration. A disease-modifying
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expected to persist beyond

the end of the treatment. The
cumulative therapeutic effect

of disease-modifying therapies
will likely decrease with disease
progression. The corollary is

Dementia

e

Outcome: Limited
benefits

Late treatment
initiation

that an early therapeutic inter-
vention in the pre-symptomatic
or early symptomatic stage of
the disease (blue curve) will
be particularly more impact-
ful than late intervention (red
curve) in a disease-modifying
paradigm. Therefore, both early
interventions and increased
trial duration would be critical
to ultimate clinical efficacy.
Abbreviations AD Alzheimer’s
disease, APOE apolipoprotein
E, PK pharmacokinetic, PD
pharmacodynamics

engagement

Disease duration

CRITICAL ELEMENTS FOR FUTURE IMMUNOTHERAPY OF AD

 Replication of preclinical data and small-scale pilot human trials before large-scale
clinical investigations

* Extensive knowledge of PK/PD parameters, such as brain bioavailability and target

* Sub-typing of AD patients according to: APOE genotype, risk factors, immune
phenotype, clinical symptoms, biomarkers and neuroimaging

* Timing: early intervention, ideally during the presymptomatic stage

* Extended follow-up and use of neuroimaging to determine target engagement

o In depth result analysis from previous failed trials

Passive immunization

An alternative to bypass inflammatory and autoimmune
adverse effects of active immunization is to directly admin-
ister monoclonal antibodies targeting AP peptides or
other AD-related targets. Although this approach requires
repeated injections of the antibody preparation, it allows
immediate treatment cessation in the event of adverse
effects. Preclinical studies testing passive immunization,
also currently tested in the clinical setting, have shown
the capacity to decrease amyloid pathology in AD mouse
models, some groups further reporting improvement of
cognitive functions [27, 79, 81, 168] (Table 1). Similarly
to other approaches, passive immunization has been asso-
ciated with adverse effects. For example, cerebral micro-
hemorrhages have been reported in mice [83, 114, 166,
167]. Administration of the anti-Af monoclonal antibody
bapineuzumab induced vasogenic edema in AD patients

@ Springer

(Table 1). The absence of benefits in a phase III clinical
trial involving bapineuzumab also prompted abortion of the
study [131]. Nonetheless, some positive results have been
reported, such as a reduction of cognitive and functional
decline in mild AD treated with solanezumab or with spe-
cific doses of BIIBO37 (3 and 10 mg/kg but not 1 and 6 mg/
kg treatment regimens) [112, 139] (Table 1). Based on
preliminary data released from the BIIBO37 phase II trial,
26- and 54-week treatments led to significant decreases of
8F_florbetapir binding in the brain, as measured with posi-
tron emission tomography (PET) [112]. Such a clear effect
on an in vivo amyloid-related biomarker would argue for
a higher target engagement for BIIBO27 compared to pre-
vious immunotherapy trials. For example, analyses from
the two phase 3 studies of bapineuzumab revealed differ-
ences in amyloid deposits evaluated with Pittsburg B—PET
analyses between placebo and treatment groups in APOE4
carriers only, where the difference was due to an increased
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amyloid level in the placebo group rather than a decrease
in the treatment group [131]. Interestingly, the more recent
passive immunotherapies seek to target specific AR species
such as oligomers (crenezumab), protofibrils (BAN2401
and SAR228810) and insoluble fibrils (BII037), rather than
AP monomers.

As an alternative to monoclonal antibodies, polyclonal
intravenous immunoglobulin (IVIg) prepared from the
plasma of healthy human donors and used for the treatment
of immunodeficiency and autoimmune diseases [51] has
also been tested in patients (Table 1). The clinical trials for
AD included low-dose IVIg treatment regimen (0.1 to 0.8 g/
kg for AD vs. up to 4 g/kg for autoimmune diseases) [36,
119]. Despite promising results in the initial phases I and
II trials, the largest clinical study reported thus far, cover-
ing an 18-month period and including over 350 participants,
did not support the use of IVIg in the treatment of AD, with
the possible exception of APOE4 carriers and moderately
impaired AD patients [119]. Extended monitoring of these
subsets of individuals would be of great value and could fur-
ther help decipher the benefits of IVIg in this population.

In the wake of these clinical trials, a number of pre-
clinical studies were initiated to investigate the potential
mechanisms of action of IVIg (Table 2). Pharmacokinetic
analyses suggest that IVIg reach limited, but therapeuti-
cally relevant concentrations in cerebral tissue [144]. In
line with the immunomodulatory effects of IVIg in immune
disorders, these animal studies underscore a large range
of immune-related action of IVIg in mouse models of
AD. Indeed, decreased CX3CRI1 expression in bone mar-
row cells, modification of blood CD4+/CD8+ T cell ratio,
increased microglial activation and elevated brain levels of
C5a have been observed in IVIg-treated AD animal mod-
els [47, 117, 145, 148]. Despite in vitro work proposing
IVIg as an alternative to Ap-lowering antibodies [149], the
results obtained from preclinical studies are inconsistent
when it comes to AP peptide levels and plaque counts [47,
117, 145, 148]. Nevertheless, beneficial effects of IVIg on
synaptic plasticity, Ap oligomer concentrations and neu-
rogenesis were reported in mouse models of AD [47, 117,
145]. IVIg also generated improvements on recognition
memory and percentage of freezing episodes in the fear-
conditioning test in old IVIg-treated mice (1626 month
old) [47, 145]. Although the results from clinical trials were
not as favorable as expected, preclinical studies did unveil a
number of immune- and non-immune-related mechanisms
of action for IVIg in AD, which emerge as promising drug
targets.

Alternative immunotherapeutic targets

Tauopathy is a key constituent of AD neuropathology as
it correlates particularly well with clinical symptoms [48,

156]. Hence, passive or active immunization strategies
aiming at reducing the levels of neurofibrillary tangles
(NFT) or tau oligomers are currently under investigation
(clinicaltrials.gov). In the transgenic animal model P301L,
immunization with a fragment of phosphorylated tau (Tau
379-408 [P-Ser;oq 404]) induced an increase in soluble tau
and a decrease in insoluble tau, suggesting a possible mobi-
lization of insoluble tau for subsequent elimination [8]. In
this particular study, tau immunization improved motor
functions although it failed to delay the progression of the
pathology. Consistent data were generated in other preclini-
cal studies, confirming the potential benefits of tau-based
immunotherapy in AD [54], and clinical trials for anti-
tau active immunization have been initiated (AADvacl,
Table 1). Similarly to AP-driven immunization, adverse
events have been reported for tau immunotherapy. Using
full-length human tau (highly homologous to murin tau)
to immunize C57B1/6 mice, Rosenmann and colleagues
reported increased gliosis, brain infiltration of monocytes,
axonal damage, NFT-like pathology and neurological
symptoms similar to those associated to EAE [127], further
highlighting the challenges in setting in motion an immune
response against an endogenous cerebral protein.

Other players of the amyloid cascade have been targeted
for the development of alternative passive immunization.
For example, the administration of a BACE1-specific mon-
oclonal antibody reduces CNS concentrations of AP pep-
tides in rodents and primates [10]. As a major genetic risk
factor, apoE has also been proposed as a suitable target for
immunotherapy [69, 84].

Food for thought for future immunotherapy of AD

Despite the impressive amount of clinical and preclinical
data available, we still struggle to explain the failure or
limited success of immunotherapies in AD. In spite of the
enormous amount of data that has been derived from ani-
mal work and human studies, the exact role of the inflam-
matory/immune responses in AD remains unclear [52, 53].
To what extent are these responses beneficial or harmful?
What is the relationship between disease progression and
immune-related abnormalities observed in AD patients?
Are these responses a cause or a consequence of the pathol-
ogy? Without answers to these critical questions, the devel-
opment of immune-related therapies may indeed be des-
tined to fail.

Albeit some limitations, postmortem investigations in
the brain as well as analysis of blood and CSF markers pro-
vide the bulk of evidence for immune dysfunctions in AD
[46] (Suppl. Tables 1 and 2). Although the results of these
studies may not directly reflect the CNS immunological
state, the consistencies on some of the changes observed
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both in the periphery and CNS—such as CD40 and CD40L
increases in plasma and AD brain cells [2, 19, 23, 35, 99,
155]—indicates that indeed, these changes likely relate to
the pathology per se. To specifically tackle the pathways
involved in AD-specific immune dysfunctions, future stud-
ies should (1) take into account the coinciding health issues
including risk factors, medication and other comorbidities,
(2) establish the AD diagnosis based on multiple scoring
tests and neuroimaging data (as well as neuropathology,
when available) and (3) include validation of the primary
findings on large-scale populations. The identification of
immune mechanisms specifically linked to the pathogen-
esis of AD, at least in subgroups of patients, is the basis for
the development of successful immunity-based therapeutic
strategies.

To this day, both suppressors (e.g., anti-inflammatory
drugs) and activators (e.g., immunization) of the immune
response have been tested in the clinic, and both have led
to limited benefits. Clinical failure may therefore also be
due to the choice of intervention, which has been mostly
empirical [57]. The multifactorial and heterogeneous nature
of AD suggests that a “one therapy fits all” paradigm may
not be the solution, particularly when targeting the immune
system. The absence of subclassification of the AD popula-
tion involved in clinical trials may also explain the overall
negative outcomes reached from these studies. Therefore,
an in-depth characterization of the different subtypes of AD
patients at the levels of biomarkers, genetic risk factors,
disease progression, immune phenotype, comorbidities and
diversity of clinical symptoms must be taken into account
in the design of future immune-related interventions [24,
41, 153].

It is generally recognized that AD neuropathology starts
to develop years or decades before the onset of the dis-
ease [142, 152]. One of the challenges of AD therapy is to
accurately identify preclinical stages in the hope of initiat-
ing treatment to stop or slow neuronal damages before the
onset of symptoms [142]. However, differential diagnosis
of AD is still complicated, the criteria for diagnosis of defi-
nite AD requiring histopathologic evidence from biopsy or
autopsy [152]. The need of reliable biomarkers for AD thus
remains urgent to improve the design and setup of clinical
trials aimed at detecting disease modification [142]. Sig-
nificant progress has been made toward the identification of
such biomarkers. The ones currently available are separated
in two categories according to whether they relate to cere-
bral measures (detection of amyloid deposits with '8F-flor-
betapir or Pittsburgh B compounds, decreased metabolism
in parietal and temporal cortex evaluated by '*flurodeoxy-
glucose using PET imaging, or cortical atrophy using mag-
netic resonance imaging) or CSF assessments (reduction
of AB42 as well as increased hyperphosphorylated or total
tau). Biomarkers measured in the CSF allow for an AD

diagnosis with >85 % specificity [67], and their levels are
modified more than 15 years before the onset of symptoms
in carriers of autosomal dominant mutations for famil-
ial AD [14]. The use of these new tools will considerably
improve the diagnosis of preclinical/early-stage AD for the
setup of clinical trials with new compounds, for enabling
sub-typing of AD patients, determining target engagement
and monitoring therapeutic response.

Using biomarker-based advanced characterization of
patients in neuropathologically relevant subclasses, immu-
notherapies will presumably be more effective in well-
selected patients and during the preclinical phase of the
disease, when the neurodegenerative process may still be
reversible (Fig. 3). With the help of new biomarkers, it may
be tempting to launch preventive treatment in populations
at risk of developing AD, as was tested for NSAID in the
ADAPT trial or for the ongoing the Dominantly Inherited
Alzheimer Network Trial in individuals with familial AD
(Table 1, solanezumab and gantenerumab). For now, the
frequency of adverse effects would argue against a broad
preventive vaccination trial (Table 1), although this conclu-
sion would need to be revisited with the future development
of safe and well-tolerated anti-AD vaccines. Interestingly,
although the first immunotherapy trials focused mainly on
mild-to-moderate AD, more recent trials included groups
with prodromal AD, MCI and cognitively normal indi-
viduals carrying familial AD-causing mutation (Table 1).
Hopefully, these study designs will yield more positive
outcomes.

Reiterating a point made above, it will be imperative
to separate abnormalities relating to the risk factors of the
disease to those relating to AD per se in order to pinpoint
the immunological pathways contributing to AD. The com-
plexity of the interplay between AD, comorbidities and the
immune response makes it nearly impossible to fully con-
trol all these different parameters in clinical intervention
studies. It is at this point that animal models and preclini-
cal studies come into play and are required to formulate
hypotheses, on one hand, and provide mechanistic insights
to human data, on the other. The use of animal models can
help understand key aspects of immune-related mecha-
nisms, including causal relationships. However, the trans-
lational potential of these studies remains limited, given
the intrinsic differences between human AD and animal
models [12, 75]. Nevertheless, one of the lessons learned is
that performing extensive preclinical pharmacokinetic and
pharmacodynamics characterization of drug before mov-
ing into expensive clinical trials is probably a cost-effective
idea. In addition to animal models and preclinical studies,
pilot or feasibility studies can provide invaluable data to
prompt large-scale clinical trials. These small-scale inves-
tigations can test important parameters such as mechanisms
of recruitment, randomization, treatment and follow-up
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assessments, as well as providing staff training [165]. How-
ever, it is important to note that, due to their small sizes,
these trials are not designed to compare groups or to evalu-
ate safety, efficacy of treatment, but rather to enhance the
likelihood of success of the main studies [165].

In active and passive immunization, immunoglobu-
lin (Ig) is either produced or injected to AD patients but
although considerable financial investments has been
made to devise Ig-based treatments for CNS disease, little
is known regarding the concentrations that truly gets into
the brain. Indeed, Ig are large molecules that cannot diffuse
much through the BBB. Although quantitative experiments
to determine their brain bioavailability in vivo remain
scarce, available data suggest limited access with lower
than 0.01 % of administered Ig reaching the brain in mice
[144]. Thus, Ig-related clinical trials may also have fallen
short of providing cognitive benefits due to poor BBB pas-
sage of these therapeutic molecules rather than pharmaco-
dynamic issues [24, 110].

Finally, results from previous AD clinical trials also
argue that early initiation of treatment during presympto-
matic phases and extended follow-up periods are critical as
well for successful disease-modifying treatments (Fig. 3).
A thorough retrospective analyses of the results obtained
from failed trials would provide invaluable information as
to how to design future preclinical and clinical studies [24,
33,119, 136].

Conclusion

It is still early in the history of immunotherapy for neuro-
degenerative diseases to determine if it is worth the effort
and money invested, and if it truly represents a viable alter-
native to current pharmacologic strategies for the effective
treatment of AD. Immunotherapies tested so far generally
fall in two categories: attenuation of the immune response
or potentiation of AP and tau clearance from the brain
(Table 1). However, few have attempted to actually cor-
rect any observed changes or anomalies of specific immune
pathways, although specific therapeutic compounds have
already been tested in clinical trials for other pathologies
(i.e., anti-C5 or anti-CD40 antibodies, and CXCR2 antago-
nist) (Figs. 1, 2). Despite the negative results and adverse
events observed with the first immunotherapeutic interven-
tions, studies focused on the immune-mediated removal
of pathological proteins still receive most of the attention
from the scientific community and pharmaceutical compa-
nies. Regardless of the limited success of these trials, in-
depth knowledge of immune-related anomalies in AD com-
bined with thorough analysis of the results from preclinical
and clinical investigations will definitely provide invaluable
data for a better understanding of this devastating disease.
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