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Chapter 1

Introduction

1.1 Types of dementia and their diagnosis

Dementia is defined as a loss of memory and other cognitive functions relevant to daily life which
persists for more than six months. The cause of the disease is the destruction or death of brain
cells. In order for dementia to be diagnosed, at least two of the following four cognitive functions
should be impaired:

"(1) memory; (2) ability to speak or understand language; (3) capacity to plan,
make sound judgments, and carry out complex tasks; and (4) ability to process and
interpret visual information"

[70]. Clinically dementia can be classified into different categories shown in Figure[I.1]

Dementia with

Lewy bodies Parkinson,

Frontotemporal dementia,
HIV encephalopathy

Vascular dementia

Alzheimer disease MIXED dementia

Figure 1.1: Forms of dementia; after Bosser, 1992 (modified) [17]



Table 1.1: Risk factors for dementia

category of dementia factor reference
cognitive decline sex (1]
cognitive decline age (1]
cognitive decline education (]
dementia income (1]
PD? no cigarette smoking [97]]
neuronal damage no consumption of nicotine and caffeine [97]]
cognitive decline chronic health conditions [L1]]
cognitive decline inflammatory markers cytokines) (1]
AD, PD? no nonsteroidal anti-inflammatory drugs 97
AD, PD? infections (influenza? Borelia? others?) 97
cognitive decline! serum antibodies to CMV, HSV-1, HSV-2  [146]]
cognitive decline maybe high anti-CMV IgG antibody levels [1]]
cognitive decline HSV-1 + positive for ApoE-E4 allele (L]
AD ApoE-E4 gene mutation / ApoE status [70]
AD PS1/ PS2 gene mutation (58]
AD family history of AD [70]
AD Down Syndrome [[70]
PD3 excess weight / bmi‘“in midlife [97]
AD obesity [70]
PD? high caloric intake [97]]
AD hypercholesterolemia [70]
AD high homocysteine (701
AD hypertension [70]
AD type 2 diabetes [70]
AD metabolic syndrome [70]
AD heart disease [70]
AD cerebrovascular disease [[70]
AD folate or other B-vitamin deficiencies [[70]

1

2 C-reactive protein

3 Parkinson’s disease

4 body mass index

in elderly Finish with vascular disease



1.1.1 Mild cognitive impairment (MCI) and the difficulties of its diagnosis

Mild cognitive impairment (MCI) is a brain disorder associated with a decline in cognitive func-
tion that does not interfere with daily life [90]. It is considered a transitional state that in many
cases leads to dementia [9]. There are many subtypes of MCI with amnestic MCI (aMCI) be-
ing the most prominent. aMClI is diagnosed when cognitive decline is accompanied by memory
impairment [[112]. Both types can, but must not necessarily, progress to the different types of
dementia, including Alzheimer’s Disease (AD) [353, 174, 43]. Dubois et al. studied a cohort
of people with amnestic mild cognitive impairment. Of those which - according to the criteria
of that time - were clinically identified to have progressed to dementia only 70% met the neu-
ropathological criteria for AD. Therefore a question is posed as to when MCI can be considered
to have progressed to AD and where to draw the defining line in what appears to be a continuous
process [32]]. In order to identify predictive markers for this progression, Tabert and colleagues
analysed 148 patients and 63 age-matched controls in a follow-up study. The main conclusion
was that "deficits in verbal memory and psychomotor speed/executive function abilities strongly
predicted conversion to AD" [148]. Other risk factors for dementia are listed in Table For
diagnostic visualisation of the conversion from MCI to AD, MRI (Magnetic Resonance Imaging)
patterns of hippocampus atrophy were proposed [163] or in a more recent study a "Short-form
Everyday Technology Use Questionnaire” that can be used as a screening tool for evaluating
the use of everyday technology (e.g. using a telephone or household equipment, managing fi-
nances and transportation) [/2]. Using it is possible to analyse loss of grey matter, while
questionnaires can assess memory function, but neither technique is able to explain the origin
of disease. Another idea discussed in this context is the use of biological markers, such as spe-
cific immune signatures which may contribute to understanding the disease process itself. In this
context, the present work was performed with the hypothesis that Cytomegalovirus (CMV) and
dementia (primarily AD) influence the immune system. CMV infection has been implicated as a
potential risk factor for AD (Table[I.1)). It has a major impact on immune signatures which may
be relevant to MCI and in determining which patients with MCI may progress to AD. Earlier,
more accurate diagnoses would allow earlier therapeutic intervention which might increase the
cognitively healthy time period of affected individuals.

1.1.2 Alzheimer’s Disease (AD)
First reports on AD

Alzheimer’s Disease is the most common form of dementia, it occurs predominately in elderly
people above 65 years of age. According to the 2007 Facts and Figures report of the Alzheimer’s
Association of the United States, 96% of all AD patients are over 65 years of age. The worldwide
prevalence of AD was estimated to be 18 million in 2008 [70]], with a predicted increasing preva-
lence due to rising life expectancies and a reduction in deaths from infectious diseases associated
with advances in modern medicine. Because of this, the study of dementia is becoming more rel-
evant to societal health and the burden of disease. AD was first described by Aloysius Alzheimer
in the beginning of the 20th century. Alzheimer observed memory decline, disorientation and



confusion in a 51 year-old patient in 1901 [70]. After autopsy in 1906, Alzheimer described
the main characteristics of AD: an atrophied brain, dead and dying brain cells, plaques consist-
ing of amyloid beta and neurofibrillary tangles (NFT) [S]. This led eventually to the "amyloid
hypothesis".

Amyloid beta and tau

Despite controversial issues surrounding the cause and classification of AD, formation of amyloid
plaques remains the main diagnostic and causative factor. It has been suggested by the group of
La Ferla that amyloid beta (A/3) may change from being a beneficial molecule with antimicrobial
activity that is involved in protection against oxidative stress, cholesterol transport and is im-
plicated in certain signalling pathways, to one of the major candidate molecules suggested to
contribute to AD pathology (Fig. [I.2). The amyloid precursor protein (APP) is processed in
cholesterol rich membrane regions, so-called lipid rafts. Secretases cleave APP into proteins be-
tween 36 and 43 amino acids long. The most important forms for AD pathology are suggested
to be AB-40 and AS-42. AfS can accumulate and aggregate, which according to the amyloid
hypothesis initiates the onset of AD [117]. It is believed that A5 exerts negative (for exam-
ple neurotoxic) effects and has an immunomodulatory role. Synaptic dysfunctions within the
brain and a systemic inflammation are some of the consequences of A3 accumulation. With mi-
croscopy studies the La Ferla group showed co-localisation of ubiquitin and A, implying that
proteasomal functions are involved in the role that A5 may play in AD pathology. One target for
proteasomal degradation is phosphorylated tau, which can accumulate and form neurofibrillary
tangles, as observed by Alzheimer within the brain of one of his patients. Tau is a microtubule-
binding protein, which is involved in axonal transport, also of APP, and can so influence Af3
distribution and/or production. Another hypothesis is that A/ activates tau kinases which lead to
hyperphosphorylation of tau. The consequence is dissociation from microtubuli which then de-
polymerise, which results in axonal transport deficits and accumulation of hyperphosphorylated
tau in AD patients. Additionally, consistent with a state of systemic inflammation, microglia and
astrocytes are activated and are located near AS plaques, - as for example shown by La Ferla.
These cells possess phagocytic activity and degrade A/ plaques. In addition they produce high
levels of pro-inflammatory cytokines, which can activate certain kinases, leading to tau hyper-
phosphorylation [13].

Amyloid beta as the cause of AD - a controversial hypothesis

Among several theories suggested to explain the cause of AD, the amyloid beta hypothesis is
the most prominent. In 1991 Hardy and Allsop proposed a sequence of events characteristic
of AD. Due to an imbalance between production and clearance of A/, the primary component
of the plaques seen by Alzheimer, there is an accumulation of AS3. This leads to formation of
neurofibrillary tangles and subsequent to neuronal death [S7]. This hypothesis is supported by
the fact that the gene for the A/ precursor protein (APP) is located on chromosome 21 and that
individuals suffering from Down Syndrome that possess an extra copy of chromosome 21 fre-
quently develop AD [89]. In addition, mutations in the APP gene could cause A3 accumulation
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Figure 1.2: Suggested pathophysiological effects of amyloid beta
Contributions of A to systemic inflammation and AD pathology. According to the amyloid hypothesis
Ap causes tau hyperphosphorylation and the formation of characteristic neurofibrillary tangles. Through
inhibition of its own proteasomal degradation A enhances this effect. In addition some studies showed
Ap stimulation of immune cells. They can secrete chemokines and cytokines and recruit peripheral cells
which can enter the brain via a blood-brain barrier which is compromised, e.g. by AS5. These peripheral
cells can secrete cytokines and so contribute to the inflammatory milieu in AD.



outside the brain parenchyma and promote AS self-aggregation into fibrils [58]. In the limited
number of cases of hereditary AD, mutations in the presenilin genes were detected. Presenilins
are a family of transmembrane proteins that are found in the complex which processes APP to
Ap. Mutations in the and PS2 genes, which code for presenilins, were observed to result in
enhanced Af production. Apolipoproteins play an important role in AS catabolism. The ApoE
protein promotes proteolytic A3 degradation. The gene for the E4 isoform ApoE-E4, with inef-
ficient catabolic function, facilitates A3 accumulation, and is a prominent genetic risk factor for
AD. transgenic mice accumulate A3 and show AD pathology. When these were crossed
with ApoE-deficient mice, the offspring showed less A3 accumulation in the brain [58]].

It is also possible that mutations in the fau gene could be responsible for AD. As reviewed by
Hardy & Selkoe, mutations in this gene cause frontotemporal dementia with parkinsonism in-
cluding severe neurodegeneration. In contrast to AD, in this neurodegenerative disorder whereas
aggregation of tau in neurofibrillary tangles in the brain occurs, no A3 accumulation is present.
The amyloid cascade model is not applicable in these cases. Therefore the authors concluded
that tau aggregation in AD follows alterations in A3 metabolism. In another study (by Braak and
Braak) human brains were analysed postmortem. In younger people without amyloid plaques,
age-dependent damage to neurofibrills and cells was already present [58]]. Hardy & Selkoe pos-
tulate that it is not possible to predict whether the neurofibrillary alterations seen in nondemented
elderly of this study would have resulted in AD. Rather they attribute these lesions to a "process
separate from AD" pathology. To strengthen their hypothesis they cite studies performed with
Down Syndrome patients at different ages which show amyloid plaques prior to the formation of
neurofibrillary tangles and AD onset. In contrast, mice with mutations in the APP gene showed
A accumulation without neuronal loss. This could be explained - according to Hardy & Selkoe
- by the absence of human tau and / or cytokines. It appears as though interplay of both tau and
Ap is essential for AD development, as studies using primary mouse cell cultures showed Af3
toxicity to be tau dependent. Additionally, mutations in the APP gene resulted in more rapid
production of neurofibrillary tangles in APP/tau double transgenic mice [38]].

There are other observations which are difficult to explain with the amyloid hypothesis. Given
the hypothetical central role of A3, it would be expected that a correlation between cognitive de-
cline and amyloid plaque formation would exist, but this has not been confirmed. Some healthy
individuals show plaque formation, but no associated neuronal damage [97]. On the other hand,
the amount of soluble A does correlate with disease severity [58]].

An overview of different hypotheses and the role of suggested key players is presented in Figure
This suggests that not all factors act independently, but instead within a complex network
in which they may influence each other. An explanation of A accumulation is genetic variabil-
ity, while another hypothesis proposes that infections, especially with herpesviruses like HSV-1
(Herpes simplex virus 1) play a role [[171]]. HSV primarily infects infants, but the virus is latent
in the peripheral nervous system for life. In some cases HSV can result in herpes simplex en-
cephalitis - a severe brain disorder. In this disorder the same brain regions are affected as in AD
[172]. However, among different viruses studied, HSV-1 was not found to be a risk factor for AD
[60] - but in combination with the possession the ApoE-E4 allele it was shown to be a risk factor
[64]. One hypothesis is that carriers of this allele degrade A[ less efficiently, so that much more
Af is able to accumulate. It has therefore been suggested that HSV-1 inhibits degradation of A3
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as well as tau [63]. Another herpesvirus, Cytomegalovirus (CMV), can be present in the brain of
healthy elderly and AD patients [83]. In longitudinal studies, higher anti-CMV antibody levels
were reported to correlate with more rapid cognitive decline, although the cause remains unclear
[1} 146]]. Further issues regarding the contribution of to AD are discussed in Section [I.3]
Yet another AD risk factor is oxidative stress, which has been observed to be elevated from early
AD onwards. Serum oxidative load is higher and antioxidant capacity lower in AD patients
compared to controls [/0]. Brain lesions due to reactive oxygen species and reactive nitrogen
species have been observed in AD patients [116]. In response to oxidative stress, heat shock
proteins (HSPs) are over-expressed. For example, HSP70 was identified as a protective factor
against intracellular A5 accumulation. Its over-expression was shown to rescue neurons from
A[-mediated toxicity [35,91]. Therefore, it has been proposed that HSP70 acts to attenuate the
cytotoxicity of A by binding amyloidogenic peptides and restoring the balance between aggre-
gation, folding and degradation [35)]. Although the oxidative stress hypothesis is based on several
findings in AD patients, including the observation that dietary intake of antioxidants reduces the
risk of AD, clinical trials using antioxidant supplementation have shown only a marginal positive
effect or no benefit at all [116]. This indicates that none of these hypotheses is by itself capable
of explaining AD cause and pathology.

Diagnosis of AD

Given the above, it is not surprising that the diagnosis of AD cannot be made on the basis of a
single test, but several measures are compiled into an overall picture. Some of these are mea-
sured with the use of questionnaires, such as the Folstein test (see Section [I.1.5]), others with
images (as discussed for MCI above), positron emission tomography (PET) scans which
show brain metabolism and A deposition, analysis of blood or (cerebrospinal fluid). To
diagnose AD, other diseases with similar symptoms, such as delirium, HI V-infection, encephali-
tis and other forms of dementia must be excluded. Non-specific early AD symptoms are memory
loss and language alterations, but an unequivocal diagnosis of pathological hallmarks, such as
amyloid plaques and neurofibrillary tangles are often still only detectable at autopsy. At the cel-
lular level, reduced numbers of nerve cells, dendrite branches and synaptic densities within the
brain are characteristic of [AD] According to Kidd, pathological deterioration is detectable years
prior to diagnosis [70]. Therefore it is essential to find biomarkers that detect AD in early stages.
Robust biomarkers would allow earlier therapeutic intervention. Of the possible biomarkers,
those detectable in the peripheral blood would be most convenient for diagnosis. These may
include plasma levels of tau and A and the presence of specific immune signatures [42, [110]].
As discussed in a following section, cells from the periphery may enter the brain of AD patients
(Section[I.4)). There they could contribute to A3 phagocytosis and cytokine secretion by immune
cells, which are also altered in AD patients [39]], and potentiate disease.
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Rapidly progressive AD (rpAD)

According to Goldberg, disease duration of slowly progressing AD is around 93 months, ~24
months from the onset of clinical symptoms until definitive diagnosis, then ~25 months until ad-
mission to a care facility, such as a nursing home, and a further ~44 months patient survival time)
[50]. When the disease is rapidly progressive, it is referred to as 'fpAD|'. The term "rapidly" is
defined as a decline of the value (value defining the rate of cognitive decline, see Section
[I.1.5)) of five points per year or by a survival time <4 years compared to up to ten years for "usual"
AD patients. This type of rapid progression is not limited to AD, but can also be observed in
other dementia. The symptoms of rpAD can mimic those of other neurological diseases, such as
Creutzfeldt-Jakob disease [136], making diagnosis even more problematic.

1.1.3 Vascular dementia (VaD)

In Western countries vascular dementia ranks as the second most common type of demen-
tia after AD, while in Asia it may actually be the most prevalent form [11]. The incidence of
VaD increases significantly above age 65. The NINDS-AIREN (National Institute of Neurologi-
cal Disorders and Stroke and Association Internationale pour la Recherche et I’Enseignement en
Neurosciences) gives the criteria for VaD as mentioned by Black [11]: "a) cognitive decline in
memory and two other domains sufficient to impair functional abilities (attributable to cognitive
decline, not just physical disabilities); and b) evidence for CVD (cerebrovascular disease), indi-
cated by focal (i.e. sensory-motor) signs and relevant imaging evidence of stroke.” Once these
criteria are confirmed, time of onset determines whether diagnosis of VaD is probable, possible
or definite [[11]. For a definite diagnosis to be made, other brain diseases need to be excluded,
especially other forms of dementia. One way to achieve this is through the use of neuroimag-
ing techniques to study the structure, biochemistry, metabolic state and functional capacity of
the brain. Tartaglia et al. postulate that "All of the major neurodegenerative disorders have re-
latively specific imaging findings that can be identified." and which support a diagnosis [150].
A three year follow-up study with 193 patients reviewed by Pantoni and Gorelick provides an
example of the information that imaging can contribute to a diagnosis. In approximately 80 %
of the cases, MRI combined with single photon emission provided useful information for
diagnosis. Another study with 588 patients suggested that AD could be diagnosed by patients
having solely medial temporal atrophy, whereas vascular dementia was diagnosed along with
other information, such as patient history of stroke, white matter changes in addition to medial
temporal atrophy [108]]. A summary of methods to discriminate between these two forms of
dementia is provided in the following section.

1.1.4 Differential diagnosis

Discrimination between different forms of dementia is a major challenge. Multiple criteria
to achieve effective discrimination have been developed and evaluated in different schemes.
NINCDS-ADRDA (National Institute of Neurological and Communicative Diseases and Stroke
- Alzheimer’s Disease and Related Disorders Association) and DSM (Diagnostic and Statistical



Manual of Mental Disorders) propose two sets of features for AD which achieve approximately
90% sensitivity of diagnosis. In the past, AD diagnosis largely relied on the exclusion of other
diseases with similar symptoms. The major reason that accounted for these difficulties in ef-
fective diagnosis was insufficient knowledge of the disease, as the authors of the first NINCDS-
ADRDA publication stress [95]. Currently, there is more emphasis placed on discovering new
and utilising existing biomarkers. Changes in brain structure, for example volumetric loss of the
hippocampus, and tau distribution are detected using MRI and metabolic differences are visua-
lised by scans. In addition, CSF biomarkers, such as presence of A/3 and tau, are potential
candidate biomarkers. These advances may help to reduce the incidence of incorrect diagnosis.
Therefore, Dubois et al. published revised NINCDS-ADRDA| criteria for research, used for the
patients studied in one series of studies presented in this thesis. The authors state that "a more
refined definition of AD is still needed to reliably identify the disease at its earliest stages". In
addition, incorrect patient diagnosis led to unsuccessful (and expensive) trials with novel the-
rapeutics with hundreds of participants. The basis for diagnosis is the progressive reduction in
memory function, along with impaired recall and recognition. These symptoms should be ac-
companied by other factors, such as: 1. Volume loss of certain brain regions, as detected by
MRI; 2. Altered concentrations of CSF markers (low levels of A5 and high levels of tau and as
the authors state "other well validated markers to be discovered in the future"); 3. A particular
pattern of functional neuroimaging measured with PET; 4. Specific genetic influences. Next,
the authors list several exclusion criteria, for example the presence of other non-AD dementias.
Nonetheless, these symptoms collectively can only lead to a diagnosis of probable AD. For a con-
firmed diagnosis, only post-mortem examination is sufficient. Another important consideration
is that lumbar puncture to obtain CSF is not routinely performed in clinical patient assessment
but only in certain cases. This reinforces the need for novel biomarkers [32].

In addition to these diagnostic criteria, others are included for VaD diagnosis. One of these is the
Ischemic Scale - first introduced by Hachinski and subsequently modified by Rosen. Therein,
several clinical symptoms are considered, such as nocturnal confusion, depression, evidence of
atherosclerosis and history or presence of hypertension or strokes. Each of these features is as-
signed one or two points which are then tallied to give the ischemic score. These values are used
to discriminate between AD, multi-infarct dementia (a kind of VaD) and a mixed form of both
(mixed dementia) as summarized in Table [[.2] However, this scale has disadvantages. It does
not consider the locations of the vascular lesions nor the type of cognitive syndrome. Therefore,
the following alternative list of criteria was developed [[167]:

e The DSM (Diagnostic and Statistical Manual of Mental Disorders) criteria (DSM-III,
DSM-III-R, and DSM-1V)

° (International Statistical Classification of Diseases) criteria with six subtypes of
VaD

° (The State of California Alzheimer’s Disease Diagnostic and Treatment Centers)
criteria
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e [NINDS-AIREN] (National Institute of Neurological Disorders and Stroke - Association
Internationale pour la Recherche et I’Enseignement en Neurosciences) criteria

These classification strategies differ in several aspects and are variably strict. For example, the
number of exclusion criteria differs, some diagnostic criteria exclude vascular brain lesions that,
although typical for VaD, are still controversial. Each list also provides a different assessment of
subtypes, in some sets of criteria mixed dementia is clearly defined, but in others it is not [167]]. In
another review, Wiederkehr et al. conclude from the results of clinical studies that there is a large
degree of variability regarding sensitivities and specificities, incidence, and prevalence rates and
a lack of discrimination between VaD and mixed dementia. They suggest several improvements,
such as the use of the ADDTC criteria for clinical settings, while reserving the NINDS-AIREN
criteria for research only [[166]. Pohjasvaara et al. studied 107 patients comparing the different
sets of criteria. The conclusion of this study was that comparability of the features is difficult.
The authors suggested that new criteria should be tested in longitudinal studies [113]. Hence,
there is need for improved methods of diagnosis.

Table 1.2: Dementia classification according to Ischemic Scales [167]]

category of dementia  Hachinski Ischemic score Ischemic score of Rosen

Alzheimer’s Disease <4 <2
mixed dementia 5-6 3
multi-infarct dementia >7 4-10

Some criteria applied for VaD are summated in the Ischemic Scale, which was first
introduced by Hachinski and then modified by Rosen. Therein, several clinical symptoms
are considered, e.g. nocturnal confusion, depression, evidence of atherosclerosis and his-
tory or presence of hypertension or strokes, etc. Each of these features is given one or two
points which are then tailled as the ischemic score. These values are used to discriminate
between AD, multi-infarct dementia (a kind of VaD) and a mixed form of both.

1.1.5 The Folstein Test and the MMSE value

In 1975, Folstein et al. introduced the mini-mental state examination (MMSE) consisting of
a 30-point questionnaire designed to screen for dementia as well as to estimate the severity of
cognitive impairment. In the span of approximately five to ten minutes, the MMSE tests various
mental functions including arithmetic, memory and orientation. One advantage of this test is
that it is quick to administer, which is important given that elderly people, particularly those
suffering from a condition, cooperate well only for a short period of time [45]. The maximum
score is 30 and the lower the value, the unhealthier a participant is. A method for estimating the
rate of progression in AD was proposed by Doody et al. in 2001, after studying AD patients in
a longitudinal study. A decrease of five points in the MMSE per year was considered as rapidly
progressing AD. These patients developed clinically-detected symptoms significantly earlier than
patients that had an initial score that was lower or equal, but decreased by two or fewer points
per year. These patients were labelled as slow progressors, while average progressors showed a
loss between two and 4.9 points per year [31].
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1.1.6 Treatments for AD

Currently, there is no cure for AD. Existing therapies are only able to extend functioning by six
to 18 months, if at all [[70]. As of 2008, five drugs with approval from the U.S. Food and Drug
Administration were available. Tacrine (brand name Cognex(R)), donepezil (Aricept®®)), galan-
tamine (Razadyne(®)) and rivastigmine (Exelon(®R)) are cholinesterase inhibitors. They are now
rarely prescribed as they have shown minimal efficacy in improving cognitive function, while in
the case of tacrine adverse side effects, such as liver toxicity, have been reported. These drugs
are designed to prevent a decrease in the acetylcholine neurotransmitter at synaptic junctions.
This decrease has been observed in the brains of AD patients [70]. Memantine (Namenda(R))
is an n-methyl-d-aspartate-receptor antagonist. When glutamate, another brain neurotransmit-
ter, binds to this receptor calcium entry and nerve cell stimulation occurs - this is required for
learning and the formation of memory. High levels of calcium due to overstimulation can lead
to functional disruption and cell death. Pharmacological blocking of the n-methyl-d-aspartate
receptors can reduce these negative effects. Memantin has been shown to result in improved
cognitive functioning, behaviour and the performance of daily living activities in patients with
moderate to severe AD [[/0]. As these drugs are only able to slow disease progression, if they
even do that, other strategies such as Aj-targeted immunotherapy have been considered. Wis-
niewiski and Konietzko describe six possible mechanisms of Aj-directed immunomodulation.
These approaches are not mutually exclusive and their effectiveness might differ depending on
the stage of disease [[170]. The six are as follows:

e Direct disassembly of plaques can be achieved by conformation-selective antibodies.

e Antibodies capable of activating microglial cells so that they dissolve plaques by Fc medi-
ated phagocytosis.

e Microglia can also be activated via Fc-independent pathways, as suggested by experiments
with mice and passive immunisation.

o Creation of a peripheral amyloid sink with the clearance of circulating amyloid may reduce
amyloid burden in the brain.

e A humoral response resulting in IgM-mediated plaque-hydrolysis may be created with
amyloid beta peptides as adjuvants.

e Antibodies may be capable of neutralising oligomer toxicity.

After promising studies in mice, a trial of the AN1792 vaccine was initiated. This vaccine con-
sisted of preaggregated A(3-42 in an adjuvant. In the phase I trial, 53% of the treated patients
developed a humoral response against amyloid beta. The phase II trial was terminated when 5%
of the patients showed signs of menigoencephalitis. Postmortem autopsies of selected patients
revealed effective amyloid beta clearance after treatment with the vaccine, but this was not as-
sociated with a significant improvement in cognitive function or prolonged survival. Because
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tau pathology remained in these patients, Wisniewski and Konietzko suggest that active vaccina-
tion needs to begin earlier - before AD-related pathology with neurofibrillary tangels develops
[170,1154]]. One possible explanation for the observed toxicity in the phase Il trial is a strong Th1
response, which led to increased inflammation followed by amyloid beta-induced apoptosis of
Th1 cells. This was modelled with the in vitro stimulation of PBMCs from the trial participants
in which production of [[[}2 and interferon gamma was observed. In order to prevent the induc-
tion of a Thl response, it has been suggested that IgM be applied, which, due to its relatively
large size compared to other immunoglobulins, may be less likely to enter the brain, where it can
activate T-cells. This strategy relies on the creation of a peripheral AS sink and is T-cell inde-
pendent. Studies using passive immunisation of monoclonal amyloid beta antibodies were tested
in clinical trials, but were not continued, because no clinical benefit was observed. Yet another
approach sought to exploit the innate immune system by CpG oligodeoxynucleotides adminis-
tration. CpG binds and activates Toll-like receptors on microglia via T- and B-cell independent
pathways [170].

Considering the results of all trials performed to date, it must be concluded that none has resulted
in a therapy able to cure AD. Instead, disease progression could at best be delayed only by several
months [70]. The mechanism for this beneficial, if marginal effect has been suggested to be via
a reduction of inflammation. Reale ef al. demonstrated that treatment with acetylcholinesterase
inhibitors was followed by reduced expression of pro-inflammatory cytokines such as TNFa,
IL-1/ and IL-6 by peripheral blood cells of AD patients. These cytokines play a role in amyloid
beta metabolism as they increase APP levels. One proposed role of acetylcholine is that of an im-
munomodulator which facilitates a Th2 response [[120]. Other studies demonstrated that IL.-4 can
activate microglia and block the increase of pro-inflammatory cytokines and toxic nitric oxide
in vitro [120]. Suggestions for future treatments include modulation of immune cell migration
in order to reduce their brain entry. This process contributes to inflammation and supports the
trafficking of cells with A3 phagocytic ability (Fig. @.1).

1.2 Immune signatures of healthy individuals and AD patients

1.2.1 T-cell heterogeneity
T-cell differentiation following antigen exposure

Pathogens which enter the body encounter antigen presenting cells (APCs), such as dendritic
cells (DCs), macrophages or B-cells. Receptors, for example toll-like receptors (TLRs) located
on the surface of [APC, recognise foreign structures such as lipopolysaccharide on bacterial cell
walls, or nucleic acids. They may also bind and present self components, such as A5 under
certain conditions. This recognition leads to the migration of APCs to the lymph nodes. After
development in the thymus, T-cells circulate between the bloodstream and peripheral lymphoid
organs as naive T-cells. Cell adhesion molecules mediate the initial interaction between APCs
and naive T-cells in the lymph nodes. The T-cells then may become activated by interaction with
antigen and cell surface and soluble mediators from the APC, and then migrate into infected
tissues. Foreign antigens are presented by APCs on major histocompatibility complexes (MHCs).
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The molecules on APCs bind to the T-cell receptor and a co-receptor (either CD4 or CDS).
This interaction initiates a signalling cascade which leads to T-cell activation. For this, additional
interactions are necessary, involving the binding of co-receptors to their ligands on APCs (e.g.
CD28 on T-cells to B7, CD27 to CD70 or CD40L to CD40). One function of these co-receptors
is the maintenance of T-cell survival by inhibiting apoptosis pathways and stimulating secretion
of the IL-2 growth factor. Once T-cells differentiate into effector cells, co-stimulation is not
longer required. CD8+ T-cells can differentiate into cytotoxic lymphocytes with the ability to kill
infected target cells. In contrast, CD4+ T-cells can develop different effector functions. CD4+
T-cells control infected macrophages, stimulate neutrophils to act against extracellular bacteria
and fungi, promote eosinophil and mast cell responses towards parasitic infections and stimulate
B-cells to produce antibodies. In addition, CD4+ T-cell subsets referred to as regulatory T-cells
(Treg) can suppress T-cell responses (Section[I.2.3)) thereby limiting autoimmune responses.

T-cell phenotype models

After activation, T-cells differentiate into memory and effector cells. These are characterised
by the presence of several marker proteins including CD27 and CD28. Sallusto et al. pro-
posed a T-cell phenotype model based on the chemokine receptor CCR7 or alternatively the
homing receptor CD62L, together with the phosphatase CD45RA. In this model T-cells are di-
vided into naive cells (CCR7+CD45RA+), central memory (CM) (CCR7+CD45RA-), effector
memory (EM) (CCR7-CD45RA-) and effector memory cells re-expressing CD45RA (TEMRA),
which represent the more antigen experienced cells (CCR7-CD45RA+) (Fig. [T.4) [130]. Fol-
lowing priming by antigen, [CCR[7+ memory cells migrate into secondary lymphoid organs and
stimulate other immune cells, such as B-cells and DCs. In contrast, CCR7- T-cells predominately
mediate inflammation or defend against invasive pathogens in peripheral tissues, for example via
the production of cytokines such as IL-4, IL-5 or[[FN~|or by the release of perforin. In co-culture
experiments CCR7+ memory T-cells were more potent activators of [DCk than CCR7+ naive T-
cells, which stimulated them less effectively in terms of IL-12 production [130]]. One explanation
suggested by Romero et al. for this apparent division of labour is the different lifetimes of these
cell types. CM and a subset of EM T-cells expressed high levels of CD127, a molecule necessary
for the survival of memory T-cells. This is the likely reason why CM cells are more effective
against systemic infections [126]]. Furthermore, Romero et al. presented an expanded model
suggesting that the progression of differentiation is naive > CM > EM > TEMRA, with several
stages further discriminated by their CD27 and CD28 expression. This sequence correlated with
progressively reduced telomere lengths and higher granzyme B and perforin expression at each
CD8+ T-cell differentiation stage.

Additional T-cell characterisation markers

Additional markers of T-cell phenotypes have been reviewed many times, e.g. by Appay et al.
[6]. These authors defined naive T-cells as CD45RA+CCR7+ CD27+CD28+ and suggested dif-
ferent T-cell differentiation phases following antigen contact where these markers are different
to those proposed in other models. The authors describe the expression of several other mar-
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Figure 1.4: T-cell differentiation model
T-cells classified according to Sallusto ef al. including naive, central memory, effector memory and
effector memory re-expressing CD45RA cells [130]. Characteristics such as surface marker expression,
cytokine and chemokine receptor profile and telomere length of each phenotype are listed.
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kers at each stage. While losing CD45RA expression, expression of the CD45RO isoform is
increased. Another marker which is absent in naive cells but increases during differentiation
is CD57. This protein is considered by some to be a marker for replicative senescence and
immune deficiency. CD4+ CD45RO+CDS57+ cells possess a tendency for increased apoptosis
while CD4+CD57+ cells do not support immunoglobulin production by B-cells [44]. For CD8+
T-cells, other markers such as the coinhibitory receptor KLRG1 (Killer cell lectin-like receptor
subfamily G member 1) have been utilised. The expression of this protein increases in memory
T-cells. Another marker used to define T-cell subsets is the Fas receptor CD95 (APO1/FASR),
enhanced expression of which might be indicative of apoptosis. CD95 is expressed on memory
cells and its expression, either alone or together with CD45RO, can be considered a sign for
late-stage differentiation or immunosenescence [114]]. Some marker proteins, such as the T-cell
regulator [PD-1] are absent in naive cells, but are expressed during differentiation, and are down-
regulated again in late-stage cells [6].

1.2.2 T-cell phenotypes in healthy elderly and AD patients
Age-related accumulation of late-differentiated T-cells

Ageing is associated with changes in the immune system, for example greater susceptibility to
infectious diseases with increasing age. Due to age-related thymic involution, generation of
naive T-cells is decreased in the elderly. A more detailed description using the model previously
described indicates a shift from naive to late-differentiated TEMRA cells within the CD8+ T-cell
subset, with less pronounced changes in CD4+ T-cells, where percentages of central memory,
but not TEMRA cells are higher in the elderly. CD4+ T-cell differentiation with increasing age
was not associated with shifts in naive, CM, EM and TEMRA stages, but are more apparent
when describing these phenotypes using additional markers such as CD27, CD28, CD57 and
[71]. Although frequencies of the CD4+ T-cell sub-populations are changed with age,
functionality in terms of proliferation and cytokine production assays have been reported not to
differ [[74]. An age-related decrease in naive CD8+ T-cells and an increase in effector memory
T-cells were also observed by Yan et al., who also investigated the influence of gender. This
commonly observed age-related increase in the frequency of CD3+CD45RA-CCR7- effector
memory cells in peripheral blood leukocytes of healthy individuals occurred earlier in men than
in women [175]].) It has been suggested that although these observations are associated with age,
they may be in fact be caused by chronic antigenic stress associated with viral infection [109].

Antigen-experienced T-cells accumulate more in AD-patients than in healthy elderly

Amyloid beta may be able to act as an immune stimulus in AD, as Monsonego and colleagues
demonstrated. There may be an increased T-cell reactivity to A3-42 in the elderly and AD
patients [[103]. Tan et al. proposed that T-cell differentiation, as indicated by a switch from
CD45RA to CD45RO expression, may be a marker for AD [149]. Togo et al. demonstrated
that memory cells were present in the brains of AD patients. In their study, they also assessed
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the expression of CD45 isoforms, and reported that CD45RA+ cells were rarely found in the
brains of AD patients, whereas CD45RO, a marker for memory T-cells, was highly expressed on
brain T-cells. In the hippocampus, the authors could detect a greater frequency of CD3+CD27-
than CD3+CD27+ T-cells [151]. Further signs of T-cell differentiation in AD were reported by
Pellicano et al. who showed that stimulation of PBMCs from AD patients with A3-42 lead to an
increased production of, amongst other cytokines, IFN-+, but not IL-2 [[110]. It has been reported
that IL-2 expression by naive cells is decreased as they differentiate [106]]. Other studies report
that "shorter telomeres may indicate dementia status in older individuals with Down syndrome"
[67] and that "telomere shortening in T cells correlates with Alzheimer’s disease status” [107]).
Even if a longitudinal study was able to demonstrate that "telomere length is not predictive of
dementia or MCI conversion in the oldest old" [1'777], the majority of published literature sug-
gests that shorter telomere length is indicative of antigen experienced T-cells in AD patients, as
telomere length is negatively correlated with T-cell differentiation [6]. A discrimination between
AD-associated and CM V-associated effects on the immune system was not present in these pub-
lications. For this reason, some of the work described in this thesis aimed at discriminating
between CMV+ and CMV- AD patients and healthy elderly.

1.2.3 Treg phenotypes and their association with ageing and dementia

Regulatory T-cells (Tregs) are important for immune tolerance. They control the immune system
by suppressing activation, proliferation and effector functions of several immune cell types. Ac-
cordingly, they could be beneficial by reducing strong inflammatory responses in diseases such as
AD. A hallmark of is their expression of the transcription factor forkhead box P3 (Foxp3)
and high levels of the IL-2 receptor a-chain (CD25). Increased expression of these surface
proteins is associated with greater suppressive function of Tregs and their reduced proliferative
capacity. Slightly different from other T-cells, this shift from a resting to an activated effector
state is accompanied by a loss of the naive phenotype (CD45RA+) and elevated expression of
CD28, CD95 and CD45RO [128]. A list of additional Treg surface marker proteins and their
association with differentiation states are provided in Table Tregs are typically produced in
the thymus, but they can also derive from naive CD4+ T-cells following stimulation of the
(T-cell receptor) in the presence of TGFf, as in vitro experiments have demonstrated, although
it has not yet been confirmed if these cells occur in vivo [128]. As with other T-cells, Treg phe-
notype changes are associated with age. Despite the presence of activated Tregs in fetal tissues,
in cord blood, predominately naive CD45RA+Foxp3low Tregs are found, while in adults and the
elderly a greater frequency of effector Tregs is observed. Age associated thymic involution leads
to lower production, but not a total absence of T-cells, including Tregs [[128]]. Naive and differ-
entiated Tregs are distributed differently in different tissues. The former express CXCR4 and
are found mainly in the bone marrow, while CD45RO+ Tregs express skin homing chemokine
receptors as CCR4. That the proportion of Tregs in the skin is increased with age might help to
account for the reduced immune responses observed in the elderly [16].

In diseases such as AD, several factors may influence T-cell function and differentiation.
Tregs can suppress other T-cells, but not necessarily completely. When T-cells are strongly ac-
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tivated, they become resistant to Treg suppression [128]. Higher levels of T-cell activation and
later differentiation phenotypes are found in CD4+ T-cells in AD patients [111]. During in-
flammation, Tregs secrete the pro-inflammatory cytokine IL-17. The suppressive capacity of
IL-17+Foxp3+ Tregs is high when there is low TCR activation, but the greater the TCR signal,
the lower the Treg efficacy [[128]. One scenario of strong TCR-activation is an environment con-
sisting of high levels of pro-inflammatory cytokines, such as in AD. Regarding the frequencies of
Tregs and CD25+ activated T-cells, disparate observations have been reported. In a pilot study,
CD25 expression was reported to be downregulated in T-cells of Canadian patients with mild
AD [77]. In contrast, an opposite relationship was found in a Sicilian cohort of AD patients.
In order to characterise CD4+ Tregs in more detail, and CD127 were included as Treg
markers in the latter study. No differences between AD patients and controls were found with
respect to CD25+CD127lowFoxp3+ CD4+ T-cells [111]. In order to assess functionality, Sare-
sella et al. measured the intracellular and cell surface expression of programmed death receptor 1
(PD-1). CD4+CD25highFoxp3+ cells, especially those also PD-1-positive, were found in higher
percentages in patients with MCI or severe AD, compared to healthy controls. On the other
hand, PD-1-negative Tregs - those Tregs with the strongest suppressive capacity - were only in-
creased in MCI patients. When T-cells were stimulated with A5 in MCI patients, proliferation
was reduced and Treg-mediated suppression was more efficient in comparison with AD patients
and healthy controls. These investigators place their findings in the context of the systemic in-
flammation present in AD and suggest "a possible beneficial role of these cells in MCI that is
lost in patients with fullblown AD" [132]. In another study, the same investigators demonstrated
an impairment of the PD-L1/PD1 pathway in AD and MCI, which in turn influenced cytokine
production and apoptosis of immune cells [133]].

In addition to CD4+ Tregs, CD8+ regulatory T-cells are also present. These cells are characterised
by the tissue specific homing receptor CD103. CD8+ Tregs specifically target activated T-cells
by recognising peptides either presented by the TCR or derived from heat shock proteins. Among
their functions is the ability to induce cell death, secrete immune suppressive cytokines and in-
hibit cell functions via cell-cell contact and signalling pathways [143]. Little is known about
their presence and function in AD.

1.2.4 B-cell phenotypes

As with T-cells, B-cell phenotypes can be categorised according to the expression of certain
surface proteins. One rudimentary model utilises CD27 and Immunoglobulin D (IgD). IgD is ex-
pressed in place of [gM on immature B-cells during development and its expression is associated
with early stages of B-cell activation. One function of IgD is to stimulate basophils and mast
cells in the defence of microbes, resulting in a pro-inflammatory environment [24]. Throughout
differentiation stages the following progression of B cell phenotypes has been suggested: CD27-
IgD+, CD27+IgD+, CD27+IgD- and finally CD27-IgD- may represent the most differentiated
phenotype. B-cell functions are impaired in the elderly. They show a reduced response to novel
antigens, but also have lower levels of memory cells (IgG+IgD-CD27-) which may be exhausted
[21L 20]. A shift from early- to late-differentiated phenotypes is considered to be associated
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Table 1.3: Characteristic markers of Treg differentiation according to Sakaguchi et al. [128]]

Marker Naive Activated Memory Activated converted Naive Effector Terminal effector

cell T-cell T-cell T-cell Treg-like Treg Treg Treg
Foxp3 - low - + low hi hi
CD45RA + - - - + - -
CD45RO - + + + - + +
CD62L + -

CD95 - + + -

CDh127 + -/low + -/+ -/low low -
CD25 - hi + + hi hi hi
HLA- - + - - +
DR

CD69 +

CTLA4 - + + + - + +
ICOS -/+ -/+ -/+ -/+
Ki67 + +
IL-2 +

IL-10 -/+

IL-17 -/+

All T-cell lineages are produced in the thymus as naive cells and migrate to the peripheral tissues and organs. After ac-
tivation they differentiate into conventional T-cells and Tregs. In addition naive T-cells can differentiate into converted
Treg-like cells with similar marker expression as conventional Tregs and possibly further to effector Tregs.

with B-cell senescence, as with T-cells. Another factor to be considered is the total number of
B-cells. In addition to changes in T-cell numbers, CD19+ B-cells have been shown to be di-
minished in AD patients compared to age-matched controls as reviewed by Rezai-Zadeh et al.
[123]]. Thus, for these reasons and because disease-driven differences in the frequencies of T-cell
sub-populations can be observed in AD patients, one aim of the work presented in this thesis was
to investigate the influence of AD on B-cells.

1.2.5 Systemic inflammation in AD

As discussed at length above, the major pathological hallmark of AD is A accumulation form-
ing plaques within the brain. Molecules of this type are in principle cleared by the innate immune
system, but studies by Fiala ef al. suggest that A phagocytosis by macrophages is deficient in
AD patients. One proposed compensatory mechanism for this loss of function is further activa-
tion of macrophages and microglia and higher levels of pro-inflammatory cytokines. This inflam-
matory state may result in side effects such as tissue damage and neurodegeneration [38]. This
inflammation is not limited to the brain, but occurs systemically, as shown by other investigators
with genomic and proteomic analysis, as reviewed by Pellicané et al. [110]]. In addition to mono-
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cytes and macrophages, other types of immune cells play an important role in AD. Rezai-Zadeh
et al. provide an overview of this emerging field and suggest blood lymphocytes as noninvasive
biomarkers and therapeutic targets [123]]. The work presented in this thesis was undertaken to
increase our understanding of the role of peripheral immune cells and its contribution to AD
pathology in more detail by characterising immune cells in AD patients and comparing these to
healthy individuals.

1.2.6 Plasma and serum cytokine levels in the context of inflammation in
AD

Thus in AD an inflammatory state is typically present in the brain. This state may have both
beneficial and detrimental consequences [13]. In the AD-affected brain, increased levels of
several pro-inflammatory cytokines and chemokines (IL-1/, IL-6, TGF- and IL-8) have
been reported to occur in proximity damaged regions. One source of inflammation are microglia
which are activated by fibrillar A5 or by monocyte chemoattractant protein-1 (MCP-1) which is
increased in association with senile plaques. These cytokines can decrease phagocytic activities
of microglia which may be restored by anti-inflammatory drugs. In addition pro-inflammatory
cytokines has been shown to accelerate tau pathology and formation. For example, IL-1 or
IL-6 can enhance kinase activity to hyperphosphorylate tau [[13]. AD associated inflammation
is not limited to the brain, but also occurs in the periphery. A number of studies have been per-
formed to measure cytokine and chemokine levels in plasma and serum, several of which have
been proposed as biomarkers for AD. In their critical review Lee et al. outline the hypothesis
that peripheral molecules activate neurons, astrocytes and microglia to secrete pro-inflammatory
cytokines and to enhance APP synthesis. In turn, A can trigger further cytokine production
and induce neurotoxicity. [CSF|is one source of information regarding inflammation states and
Ap levels, but given that it is not routinely collected, blood biomarkers are likely be of more of
value. One of the main advantages of blood biomarkers is that blood collection is inexpensive,
quick and minimally invasive. Brain proteins and metabolites that pass through the blood-brain
barrier (BBB) into the plasma become "markedly diluted into a biochemically complex medium"
[78]]. Therefore, many molecules are present in concentrations so low that they are below current
methods of detection. One example given in the review by Lee ef al. is an IL-15 ELISA with
a detection limit of 10 pg/ml. Many investigators nevertheless publish data using these assays,
producing potentially controversial results. Multiplex systems with higher levels of sensitivity
are becoming more widespread. These have the advantage of measuring several cytokines si-
multaneously. As indicated by Lee et al., information regarding the level of multiple cytokines
measured in a single assay is more likely to be trustworthy [78].

In AD, the levels of certain cytokines, such as IL-12, IL-16 and IL-18, differ according to the
disease stage. Of note is that IL-18 induces Th1 cytokine production and IL-16 is a CD4+ T-cell
growth factor. In patients with mild and moderate AD, elevated plasma levels of these cytokines
have been observed, whereas lower levels were found in patients with severe AD. There are
studies that indicate elevated TNF concentrations in the serum of AD patients. TNF, amongst
others, is produced by activated microglia. Given that the [BBB|is altered in AD, these cytokines
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might be able to enter the serum. In addition to these alterations, lower serum concentrations of
neuroprotective factors have been observed in AD patients. The concentration of factors such
as insulin-like growth factor is negatively correlated with TNF levels. TNF itself plays a role in
neuroprotection and is implicated in apoptosis. Considering the body of literature, it is not possi-
ble to draw conclusions. The studies investigating other cytokines are also inconclusive. TGF-/3
is claimed to stimulate astrocytes to produce A/ peptides, in addition to inducing Aj3 clearance
by microglia. Not only have discrepancies in the blood level of cytokines been reported, but also
of those in the CSF [[78]].

1.3 CMY, dementia and the immune system

Cytomegalovirus (CMV) is a herpesvirus transmitted via bodily fluids which can remain latent
within the body. The incidence of infection increases with age and varies across countries, but is
strongly related to living standards. CMV acts as a stimulus to immune cells. As discussed above
one possible stimulus causing AD-associated immune alterations is A [110], which shares the
feature of affecting the BBB with CMV - Af directly [73] and CMV via induction of T-cell
effectors [155]. Both CMV-seropositive individuals and AD patients typically have higher per-
centages of late-differentiated CD4+ and CD8+ T-cells. To investigate this in more detail, both of
these potential drivers of immunosenescence were analysed in the work presented in this thesis.
In order to discriminate between CMV- and AD-related effects on the immune system, CMV
status in healthy controls and AD patients was assessed. The hypothesis was that CMV and AD
process act in concert to promote disease. Supporting this is the observation that high anti-CMV
IgG titres are considered a risk factor for AD (Table [I.1]above). This is associated with an ex-
hausted immune system which is more susceptible to other diseases. Several comorbidities in the
elderly share inflammation as a feature. Considering inflammation as a driving force for disease
development and progression, patients with pre-existing diseases such as those listed in Table [L.]
may be at risk for developing AD.

1.3.1 Association between CMYV infection and T-cell differentiation

CMV represents a chronic stimulus for the immune system. As Pourgheysari et al. demonstrated,
the percentage of CMV-specific CD4+ T-cells increases with age. The authors of this study de-
scribe a T-cell phenotype which they suggest is associated with immunosenescence. The authors
observed higher CD57 expression concomitantly with decreased CD27 and CD28 expression
in CMV+ people who were otherwise considered a healthy elderly cohort. This therefore sug-
gested that CMV is capable of altering immune functions [115]]. Further characterisation of these
T-cells showed that in CMV+ subjects the frequencies of late-differentiated CD4+ cells (CD27-
CD45RA- and CD27-CD45RA+) were higher than in CMV-seronegative people, in whom some
investigators fail to find them at all. These CD27-CD45RA+ CD4+ T-cells produce granzyme B
and perforin, two markers of T-cell-mediated cytotoxicity [82]. A correlation between the fre-
quency of CD27-CD45RA+ T-cells and CMYV infection status was demonstrated for the CD8+
T-cell subset [[75]. Weinberger et al. discriminated between age- and CMV-related differences
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in the immune system analysing T-cell phenotypes in a healthy elderly population. They re-
ported lower frequencies of naive (CD45RA+CD28+) and memory (CD45RA-CD28+) T-cells,
while higher levels of effector (CD28-) CD4+ and CD8+ T-cells in CMV+ compared to CMV-
elderly individuals were observed. Within the CMV-negative cohort, these authors observed
negative correlations for the CD8+ but not the CD4+ T-cell subset, while correlations within
CMV+ elderly individuals were detected in both CD4+ and CD8 T-cells. From these experi-
ments the authors concluded that "in the elderly different T-cell subsets compete for space within
the CD8+, but not the CD4+ T-cell population” and that differences in CD4+ T-cells in CMV+
elderly are virus induced, as they differed from the age-related alterations observed in the CMV-
cohort [161]]. Higher frequencies of late-differentiated CD4+ and CD8+ T-cells were seen in
CMV-seronegative, but not[HSV}infected, donors pointing out the special role of CMV [30].

1.3.2 Herpesviruses and AD

Age is the most significant risk factor for AD. The risk of developing AD increases with age,
while CMV seropositivity is also observed to increase with age, but obviously not all CMV+
elderly individuals suffer from AD. In elderly individuals, the majority are CMV-seropositive.
Amyloid plaques and neurofibrillary tangles occur not only in AD patients, but also healthy el-
derly individuals; but hence there still might be some connection. Some authors have postulated
that the neurofibrillary tangles are an ageing marker. These tangles may be influenced by AS
which in turns acts to accelerate the ageing process. Is CMV another modulator of ageing and
AD? Are CMV+ individuals more susceptible to AD? Given the fact that CMV affects the im-
mune system, it may contribute to inflammation that is characteristic in AD patients, potentially
increasing the risk of developing AD. Given that CMV specific T-cells are present in CMV-
seropositive individuals, the question is then posed; are there A[ specific T-cells present in AD
patients as well?

One of the small number of genes that has been associated with AD risk is the ApoE (Apolipopro-
tein E) gene. The ApoE protein plays an important role in lipoprotein catabolism. pro-
motes[A J|degradation. Within the ApoE isoforms the E4 isoform is less efficient than the E3 and
E2 isoforms and as a consequence is associated with greater[A 5] deposition. The E4 allele of the
AopE gene is therefore associated with a higher risk of AD development [68,142]]. This allele of
the ApoE gene correlates with the expression of the apoptosis-related T-cell marker CD95 [87]].
Lin et al. have shown that when viewed in combination, the AopE-E4 allele and the presence of
herpes simplex virus 1 in the brain may be a major risk factor for developing AD. Other herpes
viruses are capable of entering the brain and potentially contributing to disease. For example
HSV?2 increases the risk of developing a form of AD and HHV6 correlates in a small number
of cases with mental retardation. Whether HHV6 is the cause or the consequence of the disease
has so far not been determined [83]. In AD, the area of the brain that is most compromised by
the disease is the frontotemporal region. This area is also the region that is commonly invaded
by herpesviruses. Also CMV can be present in the brains of healthy and AD-affected elderly
[83]]. In another study, Lin et al. indicated that CMV, but not HSV1 or HHV6 is more prevalent
in VaD patients than healthy controls [[84]. In longitudinal studies, higher levels of antibodies
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against CMV correlated with more rapid cognitive decline [1} [146]]. But in the NONA longitu-
dinal study performed in an elderly Swedish population, CMV seropositivity did not correlate
with cognitive impairment, nor did it correlate with the inflammatory marker IL-6 (detected in
plasma), although both factors separately predicted 2- 4- and 6-year mortality 168, [109].

1.4 Brain infiltration by peripheral immune cells along a che-
mokine gradient in AD

Immune cells must first develop in distinct tissues before they are able to execute their func-
tion. Precursor T-cells are produced in the bone marrow. Following maturation in the thymus
they migrate to the periphery. At sites of development, injury or inflammation small proteins
(814 kDa), referred to as chemoattractant cytokines, or chemokines, are secreted. Certain cell
types are attracted to these proteins, and they modulate cell migration along concentration gra-
dients. Chemokines may also play roles in cell activation, proliferation, apoptosis and cytokine
secretion. They interact with G protein-coupled seven-transmembrane domain receptors. Mi-
croglia, astrocytes, PBMCs and monocytes have been reported to show increased production of
chemokines after stimulation with AS in vitro [40, 119]. In one study, microglia were obtained
from the brains of AD patients. A3 levels were observed to be associated with levels of ,
CCL3 and CXCLS8 chemokines in vitro. Regarding the role of chemokine receptors in AD, Lee et
al. propose a suppressive role for A3 by CCRS. These authors showed that mice lacking CCRS
developed A deposits, increased expression of CCR2, more activated astrocytes, higher levels
of [-secretase and impaired memory [78]. Another study demonstrated that A5 accumulated
earlier in CCR2-deficient AD mice than in control mice. The following mechanism was in-
voked to explain these results; "Ccr2-dependent microglial accumulation plays a protective role
in the early stages of Alzheimer’s disease by promoting Abeta clearance" [34]. The brain of AD
patients is infiltrated by peripheral immune cells through an altered BBB. Several factors such
as Af3, tau and others affect the permeability of the BBB (see list below). With regard to the sys-
temic inflammation observed in AD, it has been reported that brain cells such as astrocytes and
microglia become activated and secrete cytokines and chemokines. When these cytokines and
chemokines are secreted into the bloodstream they form a gradient which leads to the attraction
of peripheral leukocytes via chemotaxis [40].

Factors which affect the BBB in AD

e The expression of adhesion molecules on endothelial cells was shown to be enhanced in
inflammatory diseases, such as AD. [3| 4} 162]

e The endothelial low-density lipoprotein receptor-related protein 1 (LRP-1) and P-glyco-
protein are responsible for the export of small molecules, whereas AS influx transport
occurs via the receptor for advanced glycation end products. The expression of these
markers correlated with age-related accumulation of brain A3. [28, 140, [141]]
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Figure 1.5: CCR expression on different immune cell subsets

Chemokine receptors expressed on different subsets of leukocytes and endothelial cells as currently
reported [[130, [155} 1129} 119} 23 511,152, 56 162! [139]].
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Ap led to higher expression of MIP-1« (macrophage inflammatory protein-1«) on the pe-
ripheral T-cells of AD patients. This induced the expression of CCRS5 on brain endothelial
cells. MIP-1« and CCRS5 interactions facilitated brain infiltration of T-cells. [81} (93]

A upregulated CXCR2 expression in rats, which resulted in enhanced T-cell mobility
through the BBB. Inhibition of the CXCR2 ligand IL-8 in human brain microvascular
endothelial cells by an anti-TNF antibody led to reduced T-cell migration. [85]]

Infarctions that are regularly found in the brains of AD patients damage the BBB. They
led to a "complication of hypoxic and ischemic episodes”. Additionally, anatomical and
functional alterations of cerebral microvessels and endothelial cells were reported. [40]

Ap increased microvascular permeability. [[73]]

In rats, basolateral treatment of the BBB with truncated tau led to a very strong polarity-
dependent effect. A significant decrease of transendothelial electrical resistance and in-
crease of endothelial permeability resulted. In addition Kovac et al. reported cytotoxic
effects on astrocyte-microglia. In addition to tau, TNF and the chemokine MCP-1 also
play arole. [73]]

"CMV-induced effector T-cells cause endothelial cell damage." [153]]

"Cytomegalovirus directly enhances MHC class I and intercellular adhesion molecule-
1 (ICAM-1) expression on cultured proximal tubular epithelial cells.” ICAM also plays
an essential role in B-cell migration through the BBB. Although not definitively demon-
strated, CMV may affect the BBB. [156, 4]

Damage to the tight junctions in the BBB has been shown to be caused by proteases and
gelatinases from neutrophils recruited by MMP-3. The activation of MMP-3 is induced by
the production of IL-17 - a cytokine secreted during inflammatory states. [157, [158]

CSF and plasma levels of the inflammatory mediator soluble CD40L (sCD40L) are el-
evated in cognitively impaired, HIV infected individuals and its receptor, CD40, is ex-
pressed on brain endothelial cells. The HIV transactivator of transcription (Tat) can induce
activation of platelets which secrete sSCD40L. CD40-CD40L interactions led to increased
inflammation and production of adhesion molecules in endothelial cells. In addition levels
of reactive oxygen species were enhanced, which promoted chemokine secretion. sCD40L
decreases ATP levels - required for maintenance of tight junction permeability in the BBB.
In mice, Tat has also been shown to be associated with increases in inflammatory monocyte
subsets with adherent potential to BBB cells. These results were supported by migration
experiments using an in vitro BBB model. [27,118]
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1.5 Rationale of the present study

The brain of AD patients is infiltrated by immune cells [151]. T-cells and other immune cell
types are able to migrate into the brain of AD patients possibly due to alterations in the BBB
associated with AD pathophysiology. Under normal physiological conditions, an intact BBB
regulates the transport of many molecules and cell types present in the blood. In typical inflam-
matory diseases, permeability of the BBB increases and lymphocytes migrate into the and
inflammation-associated molecules reach the periphery. Because not only the brain but also the
periphery is affected in AD, the inflammation is considered to be systemic. Peripheral immune
cells can contribute to brain inflammation, thus changes in the periphery may have a significant
impact on the brain. The root cause of the systemic inflammation observed in AD is not yet fully
understood. Persistent CMV infection has a large impact on the immune system. Therefore this
study separately considered impacts that both CMV and AD may have on the immune system.
It was important to determine if CMV+ individuals are under additional antigenic load and thus
have more stressed immune systems, thereby potentially making them more susceptible to de-
mentia. To investigate this, immune signatures were compared in a cohort of CMV- and CMV+
healthy individuals and additionally CMV- and CMV+ AD patients.

In order to investigate the systemic immunopathology of AD, this study examined several
leukocyte subsets, including T-cell populations, B-cells and monocytes found in PBMCs isolated
from the blood of AD patients and healthy age-matched controls. This study was performed in
three phases. In phase one, the differentiation stages of leukocyte populations were investigated
by analysing the expression of surface marker proteins. For this analysis, the CMV status of
the individual was considered, since it has a significant impact on the immune system. In phase
two, the activation state of the aforementioned leukocyte subsets was examined by measuring
the expression of HLA-DR, CD25, CD69 along with other markers. In phase three, the cytokine
secretion of T cells in response to A3 and/or PMA-Ionomycin was measured using functional
assays. Not only cytokines but also chemokines play an important role in inflammation and
leukocyte migration. Therefore the expression of several chemokine receptors (CCR2, CCR4,
CCRS5 and CCR6) on leukocytes was also studied.

The aim of this study was to identify immune signatures that are characteristic of AD, and
which therefore might qualify as biomarkers or as novel therapeutic targets. It has been specu-
lated that the specific interactions between various immune cells types may be beneficial during
the early stages of AD, but harmful in advanced stages of disease. This idea is supported in
several experimental settings [41, [34) 153} [176]]. In addition, CMV infection should be consid-
ered in the context of the immunopathology of AD as it influences brain infiltration of T-cells
[155]. The results of the present study suggest new therapeutic targets. These are based on
biomarkers that are more highly expressed by peripheral blood cells from AD patients than from
controls. Town et al. reviewed the role of T-cells in AD and highlighted the beneficial role that
Th2 T-cells may play in murine AD models. In AD patients, one reason why T-cells fail to ex-
ert similar beneficial effects to limit disease progression may be due to the high NO production
surrounding amyloid plaques, which may result in T-cell apoptosis [[154]. Therefore, promoting
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chemotaxis to result in increased brain infiltration by anti-inflammatory peripheral T-cells may
help curb disease progression. On the other hand, decreasing migration of inflammatory T-cells
with antibodies directed against certain chemokines or their receptors such as CCR6 could re-
duce the inflammation present in AD. But before therapeutic advances along these lines can be
made, it is important to first investigate the chemokine receptor expression in AD patients. It
is also of importance to assess the frequencies of leukocyte subsets and differentiation stages in
AD patients compared with healthy controls. For these reasons, this is study aimed to investigate
the immune profiles associated with different disease stages in AD and other forms of dementia.
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Chapter 2

Materials and Methods

2.1 Reagents

2.1.1 Buffers and reagents
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Table 2.1: List of buffers and reagents

abbreviation reagent company catalogue  num-
ber

ApS1-42 [Asp22]-beta-Amyloid (1-42); Mobitec, AnaSpec 65217-05AS
E22D beta-Amyloid (1-42)

Ampuwa Ampuwa Fresenius Kabi 0571041/00
Compbeads Negative Control BD 51-90-9001291
(FBS)
Compbeads Anti-Mouse BD 51-90-9001229
Compbeads Anti-Rat BD 51-90-9001189
Compbeads Anti-Rat and Anti- BD 51-90-9000949
Hamster

cytofix cy- Cytofix cytoperm BD 554714

toperm

CS&T Cytometer setup & tracking BD 642412
beads

DMSO Dimethylsulfoxide, research Serva 20385
grade

EDTA Ethylenediaminetetraacetic acid  Serva 11278

EDTA Ethylenediaminetetraacetic acid  Sigma E-1644

FBS Fetal bovine Serum Sigma FO804

FicoLite FicoLite-H (human) Linaris GTF1511YK

fix/ perm Foxp3 fix /perm buffer set BioLegend 421403

gamunex Gamunex (human IgG) Talecris

Golgi Plug  Golgi Plug (Brefeldin A) BD 555029

HBSS Ca2+Mg2+ free Hank’s BSS PAA H15-009

ionomycin  Ionomycin Calcium Salt Calbiochem 407952

mouse Mouse serum Milipore S25-10ML

serum

PBS Phosphate buffered saline PAA H15-002

PMA Phorbol 12-myristate 13-acetate  Sigma P-8139

RPMI RPMI1640 + GlutamaxTM-I + Gibco (Invitrogen) 72400-054
25 mM HEPES

NaNj Sodiumazide Sigma S-8032

XVIVO-15 XVIVO-15 BioWhittaker/ Lon- EO4-418Q

za/ Cambrex
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2.1.2 Antibodies
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2.1.3 Kits

anti-CMYV IgG kit: Genesis Diagnostics CMVIgG ELISA kit GD84
cytokine kit: BD Cytometric Bead Array (CBA) human Th1/Th2 cytokine kit

2.1.4 Instruments

Plate reader for measurements: Dynex Technologies MRX Revelation Microplate reader
Flow cytometer: 14 channel three laser BD LSRII (violet, blue and red lasers). The configuration
according to Table [2.T|columns 1 and 2 was used.

Incubator for cells: Hera Cell 150, Heraeus

2.2 Sample collection and processing

PBMCs are typically isolated from fresh blood before undergoing experimental analysis, but
some samples in this study were only available in the form of frozen blood. This therefore
required the development of a protocol to allow for this. The final product of this protocol has
been validated and published in Journal of Immunoassay & Immunochemistry [2]. This method
has several advantages. Blood is more likely to better represent the in vivo conditions compared
to 1solated PBMCs. For the laboratory performing the blood collection, no special equipment
is required as in the case for PBMCs that require isolation. While long term storage of isolated
PBMC:s is not possible at -80 °C, it is possible to obtain viable cells when whole blood is stored
at this temperature, liquid nitrogen storage is not necessary. This is particularly advantageous
in case of field studies. The following section provides an overview of this protocol. Isolated
PBMCs were obtained from one source. These samples were processed following subsequently
described standard protocols.

2.2.1 Collaborators who provided samples

e PBMC:s from healthy young and elderly and patients with mild or moderate AD: Prof.
Dr. Calogero Caruso and Dr. Guiseppina Colonna-Romano at the Immunosenescence
Unit, Department of Pathobiology and Medical and Forensic Biotechnologies, University
of Palermo, Corso Tukory 211, 90134, Palermo, Italy

e Frozen whole blood from healthy elderly patients suffering from VaD, AD or mixed de-
mentia: Prof. Dr. Roberto Paganelli, Universita degli Studi G. d’Annunzio Chieti e
Pescara, Dipartimento di Medicina e Scienze dell’Invecchiamento, Chieti, Italy

e PBMC:s from healthy elderly and AD patients at different stages: Prof. Dr. Tamas Fulop
of the Immunology Program, Geriatric Division, Faculty of Medicine, Research Center on
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Aging, University of Sherbrooke, Sherbrooke, Quebec, Canada

e Frozen whole blood from AD and rpAD patients: Dr. Christian Schmidt and Prof. Dr.
Inga Zerr, Clinical Dementia Center, Dept. of Neurology, University Medical School,
Georg August University Gottingen, Germany

e Fresh whole blood from healthy participants of the Berlin Ageing Study BASE-II: Prof.
Dr. Elisabeth Steinhagen-Thiessen, Charité—Universititsmedizin Berlin, Germany

e Buffy coats from healthy blood donors: Prof. Dr. Dorothee Wernet, Zentrum fiir Klinische
Transfusionsmedizin, Tiibingen, Germany

2.2.2 PBMC isolation, freezing and storage

According to a standard laboratory protocol, fresh whole blood was diluted 1:2 with HBSS
(phosphate buffer) and carefully layered over Ficoll-Hypaque. After centrifugation for 30 min-
utes (810 g, no brake, room temperature) a gradient containing separated PBMCs was formed.
Mononuclear cells (PBMCs) were removed from the interphase and washed three times with
HBSS, before undergoing centrifugation for ten minutes (300 g, room temperature). After the
third washing step, cell numbers were determined using a Neubauer Chamber and the required
volumes of freezing solutions determined. Centrifuged cells are resuspended carefully in 40%
(v/v) FBS dissolved in RPMI at room temperature. Following this, half the volume of 20% (v/v)
in RPMI was added and the solution was carefully mixed. After 5 min the remaining
volume of was added. The samples were then aliquoted in pre-prepared vials at room
temperature. The vials were then immediately stored at -80 °C overnight. Vials were trans-
ferred to liquid nitrogen storage the following day as they require temperatures below -80 °C for
optimal long term storage. Samples were stored on dry ice during shipping.

2.2.3 Frozen whole blood storage

For the storage of whole blood, ten percent (v/v) DMSO was added before being stored at -80°C.
In the case of the samples obtained from Dr. Schmidt and Prof. Zerr in Géttingen, samples were
kept at room temperature for 24 h before the addition of DMSO and subsequent storage at -80°C.

2.2.4 Preparation of samples for flow cytometric analysis
Thawing of frozen blood samples

Frozen whole blood was thawed in a 37 °C waterbath until the majority of ice clumps had disap-
peared. The samples were then transferred to a 50 ml centrifuge tube, diluted 1:25 with washing
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buffer (PBS, 2 mM 2% (v/v) FBS) in order to reduce the toxic effects of DMSO and
centrifuged for 5 min at 300 g.

Thawing of PBMCs

Vials were taken from liquid nitrogen storage and placed directly into a +37 °C waterbath. Vials
were gently shaken until all of the larger ice clumps had disappeared. The samples were then
immediately transferred to a fresh tube with an equal volume of 4 °C RPMI. After gently shaking
for 5 min another equal volume of RPMI was added. The tubes were shaken gently before
being centrifuged (5 min, 300 g). The cell pellet was resuspended in medium / buffer and the
number of cells determined with the use of a Neubauer chamber. Cells were divided according
to experimental requirements and centrifuged. Following centrifugation, the supernatant was
discarded and the appropriate volume medium / buffer added. The experiments performed with
the from Canada are listed in Table 2.2

2.2.5 Experimental design

Different experiments were performed for each sample cohort. T-cell phenotypes were analysed
for all sample cohorts, while Treg, leukocyte subsets and functional assays were analysed in se-
lected cohorts. For these experiments, it is important to consider that some samples consisted of
whole frozen blood, while others were separated PBMCs. An overview of the studies performed
can be seen in Table [2.2] The samples obtained from Dr. Schmidt and Prof. Zerr at Gottingen
were taken at 2 time points. These samples were shipped and analysed separately. To ensure
consistency of results, PBMCs from one control donor were stained with the same panel of an-
tibodies for each experiment and compared. Blood samples of healthy elderly individuals from
Berlin were additionally included as controls.

Table 2.2: Overview of the sample cohorts and the analysis performed for each!

panel Chieti  Gottingen 1> Goéttingen 2*> Berlin®  Palermo Canadal* Canada2*
T-cells 2 ml 2 ml 2 ml 1 ml PBMC> PBMC PBMC
Tregs/CCR 2 ml - 1 ml 1 ml PBMC®> - PBMC
Leukocytes 2 ml 2 ml 2 ml 1 ml - - -

Af uptake 2x2ml 2x2ml - - - - -
Cytokines - - - - PBMC - PBMC

ml indicates the volume of blood used for each experiment. Depending on availability, separated PBMCs were
used for the samples from Palermo and Canada. Pilot tests indicate that the volume of blood used does not
affect experimental results [2].

The details of each panel are listed in Table

Gottingen 1 includes the first batch of 20 samples, Gottingen 2 the second with 30 samples, including follow-up
samples.

The Berlin controls were processed in parallel to Géttingen 2 ones. Out of 20, ten controls per panel were used.
From Canada 2 independent cohorts were recruited.

T-cell and Treg analysis was performed together with one panel.

—_
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2.2.6 Staining cell surface proteins and intracellular Foxp3 with fluorochrome-
conjugated antibodies for flow cytometric analysis

Cells were first equilibrated in PFEA staining buffer 2% (vIv) 2 mM and
0.01% (w/v) Na azide). Experiments were performed on ice (PBMCs) or room temperature

(blood). After centrifugation for 5 min at 300 g, the cell pellet was resuspended in 50 ul of
1% Gamunex ® solution (100 yl of 10% Gamunex into 900 ;1 of PFEA) in order to block Fc
receptors and promiscuously binding proteins. Optionally, 1 ug for the discrimination
between living and dead cells was included. After a 10 min incubation (plus an additional 10
min under light when EMA was used) 1 ml PFEA was added in order to wash the Gamunex
solution from the cells. The following step was optionally used in the case indirect stainings
with non-conjugated antibodies. Cells were stained for 20 min with primary antibody, washed
with 1 ml PFEA, stained for 20 min with secondary antibody and washed again with one ml
PFEA. The final step involved blocking with 50 p1 10% serum derived from the animal that the
primary antibody was raised in (mouse in the case of this study). Cells were washed with 1 ml
PFEA and centrifuged (300 g, 5 min) before the mixture of conjugated antibodies was applied to
the samples. Samples were protected from light once the fluorochrome-labelled antibodies were
applied. The total volume of each antibody incubation solution was adjusted to 50 pul.

Parallel to the above procedure, compensation controls were made for each antibody in order to
to allow the flow cytometer to adjust for spectral overlap of the fluorochromes used in each exper-
iment. For each antibody separately, an equal volume as used in experiments was incubated with
10 pl mouse or rat compensation beads, depending on the animal that the antibodies were raised
in. Each sample also contains unstained beads. When discrimination between living and dead
cells was required (for example with EMA or Vivid staining), no compensation was performed
as only the living cells (Vivid or EMA negative) were gated and used for analysis. Samples and
controls were incubated for 20 min (30 min with gentle agitation for blood samples) in the dark.
During this time the flow cytometer was switched on in order to prewarm the lasers. Following
the incubation, samples were washed with one ml PFEA and centrifuged for 5 min at 300 g.
Cells were resuspended in 100-200 p1 (200-300 pl for blood samples) of PFEA and measured
with the flow cytometer.

In the case of analysing Foxp3 expression, it was possible to detect this intracellularly expressed
protein following antibody incubation for cell surface proteins. To achieve this, 0.5 ml 1x Foxp3
Fix/Perm solution was applied to samples, vortexed and incubated for 20 min at room tempera-
ture in the dark. Following washing with 1 ml PFEA cells were centrifuged (300 g, 5 min) and
washed with one ml of 1x Foxp3 Perm buffer for 15 min in the dark. After centrifugation (300
g, 5 min) cells were resuspended in 100 ul of 1x Foxp3 perm buffer along with a Foxp3 anti-
body. Additional antibodies recognising other intracellularly expressed proteins were included
depending on the experiment. The antibodies were incubated for 30 min at room temperature
in the dark. Samples were then washed with 1 ml PFEA, centrifuged (300 g, 5 min), and resus-
pended in 100-200 pl PFEA (200-300 w1 for blood samples) before being measured on a flow
cytometer.
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2.2.7 Intracellular cytokine staining

PBMCs were thawed according to the procedure described in Section [2.2.4] and a maximum of
1210 cells were suspended in X-VIVO-135 cell culture medium. For each experiment, the same
donor from the local blood bank was used as a control. The PBMC samples from each
donor were divided into three conditions: untreated, (50 ng/ml) and Ionomycin (750 ng/ml)
treated, and amyloid beta (1 pg/ml) treated. For each condition, 1 ;1 Golgi Plug was included.
After 17 h of incubation (37 °C, 5% CO2, 95% humidity) cells were collected by washing the
wells of the culture plates with PFEA. After centrifugation (300 g, 5 min) cells are incubated with
50 pl 1% Gamunex to block non-specific antibody binding sites and with a live-dead discrimi-
nation marker (1 ug under strong light). Following this, cells were washed with PFEA and
fixed with 250 pl BD cytofix/cytoperm for 15 min. After washing with 1 ml perm/wash, cells
were incubated for 15 min with perm/wash. Following this, 50 ul of the antibody mastermix di-
luted in perm/wash was added to the centrifuged pellet and incubated for 30 min. After the final
washing step with PFEA, 100-200 u1 of PFEA was added and samples measured with the flow
cytometer. Compensation controls were prepared as described in Section and measured
before samples were analysed.

2.2.8 Testing PBMC uptake of amyloid beta

Two times 2 ml blood from each donor were thawed and washed as described in Section 2.2.41
Following, two 1 ml aliquots of the cell samples (suspended in XVIVO-15 medium) were plated
on a 24 well plate. To 1 well 10 pl of 1:10 diluted of fluorochrome-labelled A3 was added
(0.1 mg + 50 pl buffer -> 10 pl + 190 pl PBS -> 1 pg/10 pl -> 10 pl for 1 ml to achieve
1 pg/ml). In parallel, 1210° PBMCs (suspended in 1 ml from a local blood bank
donor was used as internal control. In addition, 1 sample of cells incubated with A3 was used for
compensation. Incubation was performed for 16 h (37 °C, 5% CO2). Following the incubation
period, cells were harvested by washing the wells thoroughly with PFEA in order to detach
adherent cells, particularly the monocytes. After 10 min of blocking with Gamunex at room
temperature samples were washed with 1 ml PFEA buffer and centrifuged for 5 min at 300 g.
Then cells were stained with fluorochrome-conjugated antibodies for 30 min at RT (or on ice in
case of the blood bank donor). Finally, the cells were washed with 1 ml PFEA and resuspended
in 200-300 1 PFEA before being measured with the flow cytometer.

2.3 Testing CMYV serostatus

The CMYV serostatus of the donors from Canada was established by collaborators at Sherbrooke
University in Canada. The Chieti and Goéttingen rpAD-study plasma samples were analysed
in-house with an anti-IgG-CMV ELISA kit (Genesis Diagnostics CMV IgG ELISA kit GD84),
according to the manufacturer’s instructions. In case of the rpAD study, plasma was obtained by
centrifugation frozen-thawed blood for 10 min at 1000 g. Given that elderly patients commonly
possess high anti-CMV IgG titres, the Chieti samples were prediluted 1:10 in PBS. According
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To the level of anti-CMYV IgG titre, samples were categorized in CMV accordingly; < 3 U/ml <
low < 5 U/ml < high.

2.4 Flow cytometry

The analysis of flow cytometry data was performed with either FlowJo version 7.2.5 or FACS-
DIVA 6.1. The FlowJo gating strategy for the analysis of T-cells from the Chieti samples is
shown in Figure[2.3] and an example of the leukocyte analysis from a sample from Géttingen in
Figure 2.2] For each sample the cell numbers were not controlled and therefore the number of
cells recorded by the flow cytometer varied. This was because of the difficulty in determining
cell numbers with microscopy for whole blood samples due to the interference of debris and ery-
throcytes. Gated subsets of cells from donors where the parent population contained less than 50
events were excluded from the analysis. For example, if a donor contained 1,000 CD3+ events,
the frequency of CD4+ and CD8+ cells was examined, but CD4+ subsets were only assessed if
at least 50 CD4+ events were accumulated.

For the assessment of Af3 uptake by leukocytes, the mean fluorescence of HiLyte Fluor™ 488
conjugated to A was measured. To calculate the degree of uptake, the fold difference in fluores-
cence was calculated by dividing the mean fluorescence of the A[-treated samples by the mean
fluorescence of the untreated samples. The mean fluorescence values were taken from CD45+
leukocytes after gating for leukocyte subsets

2.5 Statistics

All statistical analysis were performed with Graphpad Prism 4.02 (2004) or JMP 8.0 (SAS
Institute, 2008). Non-parametric Mann-Whitney U test was used for the comparison of inde-
pendent groups.

2.6 Samples

Parameters for patients and controls analysed in these studies are summarized in the following
tables. All patients included in this analysis as AD patients required a diagnosis of probable AD
consistent with the DSM-IV as set out by the American Psychiatric Association in 1994. In the
case of the Gottingen patients, the Dubois criteria for research [32] were also considered. For the
Canadian donors the criteria of the National Institute of Neurological and Communicative dis-
orders and Stroke/Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA)
were included, while for the Chieti study participants the Hachinski score was used to discrim-
inate between AD, mixed dementia and vascular dementia. A CT or MRI scan was required
to corroborate the AD diagnosis. Major Stroke or massive vascular lesions on imaging were
exclusion criteria. All patients gave their written informed consent. All healthy controls and
AD patients underwent the Folstein Mini-Mental State Examination test. All other dementias,
neurological and psychiatric disorders were excluded.
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Figure 2.2: Gating strategies for the leukocyte panel
FlowJo images of the leukocyte analysis of the rpAD study. Representative examples were chosen from
one AD patient (first and third row) and one healthy control. A and E show the gating strategy for
monocytes (CD14+). B and F show parallel results of the CCR-panel analysis. In C and G the CD40
expression on monocytes can be seen. In D and H CD16 was plotted against CD56 for a NK-cell
identification. I and P - with IgD plotted against CD27 expression - are examples of B-cell phenotypes. J
and M show CD40 expression of CD19+ cells. K and L and N and O show the selection of CD3+ cells
for the leukocyte and the CCR analysis.
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Figure 2.3: Example of the gating strategy used for T-cell subsets with FlowJo software
Populations and their subsets were selected in the following order: lymphocytes according to size and
granularity -> singlets -> living (Red Vid-) CD3+ -> CD4+ (and CD8+) -> differentiation states,
analysed with several markers in parallel, here shown for CD4+ T-cells. CD27 and CD28 characterise
early- and late-differentiated cells. Naive cells were considered to be CD27+CD28+ as well as
CD45RA+CD45RO-. In the last image CD57 and KLRG1 expression is displayed.

Table 2.3: Clinical parameters of 2nd cohort of Canadian AD patients and healthy elderly indi-

viduals (Table[2.2)

Healthy mild AD  moderate AD  severe AD
no. of donors 9 10 10 10
with CRP > than 3 0 4 2 3
CMV status 4— /5+ 2— /8+ 2— /8+ 5— /5+
MMSE 30 24 —29 16 — 26 <17
mean cortisol 513+ 172 927+ 1430 441+ 164 466 + 123
total cholesterol 5.554+0.85 480+1.12 484+130 454+1.24
mean triglycerides 1.10£0.50 1.73£1.18 1.65£0.72 1.2240.45
mean HDL 1.83£0.60 1.16+0.31 1.20£0.22 1.29+0.37
mean LDL 3.234+046 285+£085 2.89+1.13 2.69+1.17
mean GB 5.3+ 1.1 6.6 £1.7 6.7+ 1.9 5.8+ 1.8
mean hemoglobin 138+ 11 130 £ 16 120 £ 10 128 £ 10

CRP: C-reactive protein, HDL: high density lipoprotein cholesterol, LDL: low density
lipoprotein cholesterol.
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Table 2.4: Clinical data of the Chieti study participants

Healthy AD VaD mixed dementia
no. of donors 17 11 6 6
gender TF/10M 6F/5M AF/2M 3F/3M
mean age 82+6 81+3 85 +£5H 87+4
MMSE 283+£12 88%59 8.4+6.0 6.8 4.8
Hachinski ischemic score 0 2—-4 5—38 4-9
mean CC 216 =159 166 + 148 209 + 165 168 £ 106
mean wbc 7.35+3.45 8.62+3.59 8.72+1.95 9.01 £2.02
mean rbc 3.90£0.65 4.44+£041 4.32£0.33 4.07 £ 0.56
mean cholesterol 157 £ 24 158 £ 26 174 £ 20 158 £ 23
mean triglycerids 139 £ 68 102 £+ 34 113 £ 26 100 £ 19
mean ves 42 4+ 31 39 £ 25 33+25 60 + 3
mean hb 116+1.6 125+1.2 11.9+0.5 120+ 1.8
mean total protein 6.1£0.7 6.8 £0.8 6.3 £0.8 6.4 £0.8
tc atrophy! 1/17 11/11 0/6 6/6
tc vas 3/17 3/11 6/6 6/6
CMV serostatus 16/17+ 11/11+ 6/6+ 6/6+

wbc = white blood cells, rbc = red blood cells, hb = hemoglobin, tc = testicular

Table 2.5: Clinical parameters of healthy controls and AD patients from Gottingen

Healthy  MCI AD rpAD other!

no. of participants 20 3 23 7 11
thereof follow-up 0 0 5 0 1
mean age 68+3 83&£5 69+ 9 69 £5 67+ 11
gender LF/2M  12F/11M  5F/2M  3F/8M
CMV range 26-27 0-27 4-27 15-29
mean MMSE 26 £1 1948 17+ 8 24+4
mean Af3 level® n.d.* 390 673 + 462 336 £104 464 4+ 230
mean tau level® n.d.* 144 4254473 5854352 231+ 188
anti-CMV IgG titre?

negative 8 0 6 3 7

low positive 3 1 7 1 1

high positive 8 2 9 3 3

I VaD, mixed dementia, Parkinson’s disease, Pseudodementia, possible AD

2 values only for 20 participants available

3 The donors were grouped according their anti-CMV IgG titre: negative < 3 U/ml < low < 5
U/ml < high; 1 AD and 1 healthy excluded
* n.d. = not determined
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Chapter 3

Results

AD is a difficult to diagnose disease that affects people worldwide. For this study, it was hypoth-
esised that identifying immune biomarkers associated with AD may; 1) Assist in the diagnosis
of AD 2) Allow the identification of people at risk of progressing to AD prior to manifestation of
clinical symptoms. This study therefore assessed the immune profiles of patients with different
disease severity from different countries (Italy, Germany and Canada) with the goal of identi-
fying robust biomarkers found in all AD patients. Given that AD is associated with systemic
inflammation and a compromised blood-brain barrier (which may also be associated with pre-
AD states), blood leukocytes were investigated because they may be potential markers for CNS
events in situ. The primary objective was to determine the phenotype of peripheral immune cells.
The secondary goal was to investigate the functionality of these cells. Because Af is a key player
in AD pathology with well-established neurodegenerative effects, the capacity of leukocytes to
take up A/ was investigated as this may be a mechanism of Af3 clearance in the brain. In ad-
dition, PBMCs were stimulated with A3 peptides to assess the presence of Aj-reactive T-cells.
Due to sample volume limitations, not all of these experiments could be performed for every
cohort. The analysis performed for each sample is given in Table[2.2]

3.1 Characterisation of T-cell phenotypes in patients with mild
and moderate AD

3.1.1 Mild AD is associated with dramatic shifts in circulating CD4 but not
CDS8 T-cell subsets relative to age-matched controls

For the initial study, a well characterised cohort of mild AD patients from Canada were analysed
according to the Sallusto model for T-cell differentiation outlined in the introduction (Fig. [I.4)).
The results of this analysis indicated that lower percentages of CD4+CCR7+CD45RA+ T-cells
were observed in the elderly compared with young individuals, while the frequency of these cells
was even lower in age-matched patients with mild AD. Parallel to this, the percentages of late-
differentiated CD4+CCR7-CD45RA+ T-cells were observed to be higher in the PBMCs of AD
patients compared to the controls (Fig. [3.1)). These differences were limited to the CD4+ subset -
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differences between patients and controls were not observed in CD8+ cells. This was most likely
because although CD8+ naive cells may be affected in AD patients given that the age-matched
controls already displayed very low frequencies of naive T-cells it was unlikely that additional
effects exerted by AD could have been observed (Fig. [3.2). This is more clearly seen in the
following analyses. In addition to this CCR7/CD45RA model, the expression of costimulatory
molecule CD28 was also analysed. Anti CD28-Alexa700 mean fluorescence values of CD4+
and CD8+ T-cells were significantly lower in AD patients compared to controls. In addition,
percentages of CD28+ T-cells were lower in AD patients as well. These differences between AD
patients and age-matched controls were observed within the total CD4+ and CD8+ population
as well as in differentiation stages. The strongest effect on CD28 expression was observed in the
late-differentiated TEMRA (CCR7-CD45RA+) cells [[77].

This pilot investigation also indicated that lower percentages of CD4+ CD25high T-cells (a phe-
notype consistent with cells that are acutely activated) are present in AD patients, by comparison
with healthy controls. This analysis once again indicated that a shift from naive to late-differentiated
T-cells is associated with ageing and disease. In this case, the percentages of CD8+CD25+ T-
cells was also lower in AD patients compared to controls [[77].

3.1.2 Frequency of naive, late-differentiated and regulatory T-cells in the
peripheral blood of patients with mild and moderate AD

In a second study, a larger cohort of patients was analysed for the frequency of T-cell dif-
ferentiation stages in the peripheral blood. For this analysis, Sicilian patients with mild or
moderate AD were tested, in addition to the previously analysed Canadian cohort with mild
AD. Initially, the expression of CD27 and CD28 was investigated. As described in Section
[[.2.1] early-differentiated cells are double positive for these markers, while late-differentiated
cells are considered to be double negative. To clearly identify the naive cells, CD45RA and
CD45RO were chosen as additional markers. Naive cells were identified as having the pheno-
type CD27+CD28+CD45RA+ CD45RO- and late differentiated memory cells as CD27-CD28-
CD45RA+CD45RO+. The frequency of naive cells was observed to be lower in AD patients
compared to controls while the frequency of late differentiated T-cells was higher in this group.
No differences between patients with mild AD and those with moderate AD were detected, sug-
gesting that these phenotypes would not be useful as markers of progression. Henceforth these
patients were considered as a single group (Fig. [3.3). These results confirm previous observa-
tions that differences in the frequency of T-cell differentiation stages are limited to the CD4+
subset [[111]]. This contrasts with a comparison between young and elderly individuals in which
the predominant differences in T-cell frequencies occur in the CD8+ subset T-cell populations.

To more thoroughly investigate these observations additional markers of T-cell differentiation
were studied. These results indicated that the percentages of CD57+ and KLRG1+ CD4+ and
CD8+ cells were higher in the elderly compared to the young. For CD57, no differences between
healthy elderly and age-matched AD patients were observed. In the case of KLRGI, there was
a trend towards higher frequencies of CD8+KLRG1+ T-cells in AD patients, which was statisti-
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Figure 3.1: Frequency of CD4+ T-cell phenotypes in AD patients and healthy controls
PBMC s were stained for CD3, CD4, CCR7, and CD45RA to distinguish naive cells (CD45RA+CCR7+),
CM (CD45RA-CCR7+), EM (CD45RA-CCR/-), and TEMRA (CD45RA+CCR7-) cells. A)
Representative plots of the CD4+ subset distribution of one young (left panel), one old (middle panel),
and one AD patient (right panel). B) Distribution of naive (top right), CM (top left), EM (bottom left),
and TEMRA (bottom right) CD4+ T-cells. Significant differences are indicated by * p < 0.05, ** p <

0.01 and *** p < 0.001.
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Figure 3.2: Frequency of CD8+ T-cell phenotypes in AD patients and healthy controls
PBMC:s were stained for CD3, CD8, CCR7, and CD45RA for the identification of T cell differentiation
stages as described in Figure 3.1} A) Representative plots of the CD8+ differentiation stages for the
identification of T cell differentiation stages of one young (left panel), one old (middle panel), and one
AD patient (right panel). B) Frequencies of naive (top right), CM (top left), EM (bottom left), and
TEMRA (bottom right) CD8+ T cell differentiation stages. Significant differences are indicated by * p <

0.05, ** p < 0.01 and *** p < 0.001.
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Figure 3.3: CD4+ naive and late-differentiated subsets in AD patients and controls.
PBMC s were stained with anti CD3, CD4, CD28, CD27, CD45RA, CD45RO antibodies to identify naive
and late-differentiated cells. (3A) Representative dot plots of naive (top) and late-differentiated (bottom)
CD4+ T cell distribution in a young control (left panels), in an old control (middle panels) and in an AD

patient (right panels). (3B) Percentages of CD28+CD27+CD45RA+CD45RO- naive cells (left) and of
CD28-CD27-CD45RA+CD45RO+ late-differentiated cells (right) of 11 young controls (black squares),
21 healthy old (black circles) and 40 AD patients (black diamonds). Bars represent means. Differences
between control subjects and AD have been assessed by Mann-Whitney nonparametric U testing with
Bonferroni correction. Significant differences are indicated by * p < 0.005, *** p < 0.0005
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Figure 3.4: "senescence'' marker expression on CD4+ and CD8+ T-cells
PBMC were stained with anti CD3, CD4, CD8, KLRG1 and CD57 antibodies. Percentages of
CD4+CD57+ (upper left) and of CD8+CDS57+ (bottom left) cells in 11 young controls (black squares),

21 healthy old (black circles) and 40 AD patients (black diamonds) are shown. Frequency of
CD4+KLRG1+(upper right) and of CD8+KLRG1+ (bottom right) cells of young (black squares), healthy
old (black circles) and AD patients (black diamonds). Bars represent means. Differences between control

subjects and AD have been evaluated by Mann-Whitney nonparametric U testing with Bonferroni
correction. Significant differences are indicated by *** p < 0.0005.
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cally significant in the CD4+ population (Fig. [3.4).

As in the study presented in Section [3.1.1] this part of the study also investigated CD25+ T-
cells. In contrast to the previous study, the percentages of CD4+CD25+ T-cells were higher in
elderly compared to young controls, but the frequency of these cells was even higher in AD
patients. To see whether these activated cells were likely to be regulatory T-cells, the expression
of CD127 and Foxp3 was analysed. The results of this analysis showed that age but not health
status (AD compared with healthy controls) was associated with higher percentages of Tregs
(CD25+Foxp3+CD127low cells), as presented in Figure [3.5]
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Figure 3.5: Percentage of activated and Treg cells within CD4+cells of AD patients and
controls.

Representative dot plots of CD4+CD25+cells in a young control (left panel), an old control (middle
panel) and an AD patient (right panel) (A). Median of CD4+CD25+cells in PBMC of 11 young controls
(black squares), healthy old (black circles) and AD patients (black diamonds) are shown (B left).
Percentages of CD4+CD25+Foxp3+CD127low, putative Tregs, in young (black squares), healthy old
(black circles) and AD patients (black diamonds) (B right). Bars represent medians. Differences between
control subjects and AD have been evaluated by Mann-Whitney nonparametric U testing with Bonferroni
correction. Significant differences are indicated by *** p < 0.0005.
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3.2 Immune signatures of Canadian patients with mild, mod-
erate or severe AD

This study was designed to distinguish between stages of disease severity among AD patients
using PBMCs obtained from the Sherbrooke population. Subjects were categorised as from
mild, moderate or severe stage of disease and were compared with healthy age-matched controls.
The CMYV infection status of the donors were as follows: control group five CMV+ and three
CMV-; mild and moderate groups contained eight CMV+ and two CMV-; while the severe group
contained five CMV+ and five CMV-. In this population, therefore, the impact of CMV on
immune signatures could be assessed.

3.2.1 T-cells

For the analysis of T-cells, they were divided into subsets. Out of the total living CD3+ cells,
the percentages of CD4+, CD8+ and CD4-CD8- cells were evaluated. These results indicated
a large range of values with no significant differences between groups (Fig. [3.6). TCR~d+
cells were analysed within the CD3+ population and in the CD4-CD8- subset. This showed a
non-significant trend of higher percentages of TCR~d+ cells in patients with mild and moderate
compared with severe AD (Fig. [3.7). The severe group showed a non-significantly lower fre-
quency of this cell type, similar to those of the healthy controls. Frequencies of vdT-cells within
the CD4-CDS8- population were not different between the groups.

Following this, the phenotype of the CD4+ cells was characterised in this cohort. As in the
study of AD samples from Palermo [111]], these samples were analysed with respect to CD27
and CD28 expression (Fig. [3.8] A-D shows the gating strategy employed). From the CD27 and
CD28 double-positive and double-negative fractions, the CD45RA and CD45RO expression fre-
quency was investigated. The outcome of this analysis indicated that patients with severe AD
display a similar CD4+ T cell phenotype to healthy controls. In contrast, patients with mild
or moderate AD showed slightly lower percentages of naive cells (characterised superficially as
CD27+CD28+ or more thoroughly as CD27+CD28+CD45RAhighCD45RO0O-) and higher per-
centages of late-differentiated cells (CD27-CD28- and CD27-CD28-CD45RO-) compared to
patients with severe AD and healthy controls (Fig. [3.§).

Similarly, the percentages of KLRG1-CDS57- CD4+ T-cells decrease with disease severity, al-
though the patients suffering from severe AD showed similar median percentages as the healthy
controls (Fig. [3.9). CD57 and KLRG1 expression levels were higher in patients with mild and
moderate AD than in healthy controls, but this was the case only for a small number of patients
with severe AD. These results might be attributable to differences in CMV infection rates. Eight
out of ten patients with mild and moderate AD were CMV+, while only five of ten patients with
severe AD were CMV+. Figure displays the percentages of CD57+ CD4+ T-cells. The
patients with severe AD were grouped according to CMV infection status. Observing these two
groups separately indicates that CMV+ patients showed a slightly higher percentage of CD57+
CD4+ T-cells. This suggests that CMV seropositivity may influence the expression of these pro-
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teins, but that patients with severe AD show similar expression frequencies to those observed in
healthy controls. Taking CMV status into consideration may reveal another perspective for these
data, but the number of patients in each group was too low to be able to draw conclusions.

In addition to the aforementioned analyses, the expression frequency of PD-1 (a marker for im-
mune exhaustion) was analysed on CD4+ cells (Fig. [3.11). No significant differences between
patients and controls were observed.
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Figure 3.6: CD4+ and CD8+ T-cell subset frequencies in dementia patients and healthy

controls

Frequencies of CD4+ (A) and CD8+ (B) T-cells of healthy elderly controls (n = eight) and AD patients (n

=30). The AD patients were divided into three disease stages: mild (ten), moderate (ten) and severe (ten).
Bars represent median values.

3.2.2 Tregs

For Treg analysis, Foxp3+ T-cells were gated from the CD4+ T-cells. The median is consis-
tent across groups and statistical analysis showed no significant differences. Despite this, the
AD patients show a greater range (11% spread) compared with the healthy controls that show
a four percent spread in Treg frequencies. These results also suggest that there may be two
groups of AD patients - those with a greater and those with a lower frequency of Tregs. This
may have been due to disease severity or CMV status, but statistical analysis indicated that they
were not associated with the frequency of Tregs. The regulatory T-cells can be characterised
in more detail with the inclusion of CD45RA+ and CD45RO+ markers [[16]. Miyara et al. di-
vided CD4+Foxp3+ T-cells into three functionally and phenotypically distinct subpopulations in
the following way: (1) CD45RA+FoxP3low (resting Tregs), (2) CD45RA-Foxp3high (activated
Tregs) and (3) CD45RA-Foxp3low (cytokine secreting non-Tregs) [98]. In the present study
Foxp3+CD45R0O+ and Foxp3lowCD45RA+ cells showed a similar but more pronounced trend
as Foxp3+ cells. Slightly higher values for AD patients were observed compared with healthy
controls, but no significant difference were observed. No differences were observed within AD
patient subgroups either. The expression frequency of CD45RA- in Foxp3-low and -high ex-
pressing cell fractions showed no statistical differences or trends (data not shown).
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Figure 3.7: Frequency of v T-cells in dementia patients and healthy controls
Percentages of CD4-CDS- (E), TCRvd+ (F) and CD4-CD8- TCR~{§+ (G) T-cells within the total CD3+

population, in healthy elderly controls and AD patients with different stages of disease. Bars represent

median values. Examples of gating analysis for a healthy control is shown in A and B and for moderate
AD in C and D. The statistical analysis of TCRyd+ events gated in panels B and D is shown in panel E
and the frequencies of CD4-CD8- events gated in panels A and C are displayed in panel F.
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Figure 3.8: CD4+ T-cell gating strategy and the resulting T-cell phenotype analysis
Representative images from a healthy elderly control (A and B) and a patient with mild AD (C and D)
are given. This gating strategy was employed to identify differentiation stages for CD4+ T-cells. To
achieve this, CD27 was first plotted against CD28 before analysing the double positive CD45RA cells
against CD45RO-expressing cells. The resulting percentages of CD4+CD27+CD28+ are shown in panel
E. These cells were further characterised as CD45RAhighCD45RO- (F). G and H show
late-differentiated CD4+ T-cells (defined as CD27-CD28- and CD27-CD28-CD45R0O+)
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and a patient with moderate AD (C).
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Figure 3.12: Treg gating strategy
An example of the gating strategy is given for a donor with mild AD. To isolate these cells the
lymphocytes were gated first, followed by the singlets (using FSC-W against FSC-A), before identifying
the living cells (EMA-). CD3+ T-cells were then selected, from which CD4+ and CD8+ T-cells were
selected (images not shown). These images show different CD4+T-cell subsets according to Foxp3
expression. Panel A has been gated for CD45RA against Foxp3, while (B) shows Foxp3 against
CD45RO. Panel (C) shows the gating of CD4+Foxp3+ cells. The classification of Tregs into resting
Tregs (CD45RA+Foxp3low), cytokine secreting non Tregs (CD45RA-Foxp3low) and activated Tregs
(CD45RA+Foxp3high) was developed by Miyara et al. [98]]. The frequencies of these populations in the
study participants are shown in Figure [3.13]and figure [3.14]
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Figure 3.13: Frequency of Tregs in AD patients and healthy controls
Frequency of Foxp3+ T-cells within the CD4 T-cell compartment. Frequencies are shown for healthy
elderly (n = eight) and AD patients (n = 28). The AD patients were divided into three disease stages:
mild (n = eight), moderate (n = ten) and severe (n = ten) or into CM V- (n = nine) and CMV+ (n = 19).
Bars represent median values.
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Figure 3.14: Frequency of different Treg phenotypes in AD patients and healthy controls

Frequency of Foxp3+ T-cell subsets within the CD4 T-cell compartment of healthy elderly (n = eight)

and AD patients (n = 28). The AD patients were then divided either in three disease stage mild (n =

eight), moderate (n = ten), and severe (n = ten) or in CMV- (n = nine) and CMV+ (n = 19). Bars

represent median values. In panel A the percentages of Foxp3+CD45RO+ cells are given, panel B shows
Foxp3lowCD45RA cells+, panel C Foxp3lowCD45RA- cells and panel D Foxp3highCD45RA- cells.

54



3.2.3 Chemokine receptor expression on the leukocytes of AD patients and
healthy controls

Chemokine receptor expression is a factor that may be altered in AD given that immune cells
are known to migrate along chemokine gradients through a defective blood-brain barrier. To
investigate this, the expression frequency of CCR4, CCRS5 and CCR6 on PMBCs was analyzed
in dementia patients and healthy controls (Fig. [3.15)). Trends across patient groups and controls
in the expression frequency of these cells within the CD45+ population (total leukocytes) were
observable. These trends were more pronounced when T-cells were investigated alone. Within
the CD4+ T-cells, the median CCR4 expression was not observed to be different between healthy
controls and AD patients, although a larger range is apparent for the AD patients. For the AD
patients, the percentage frequency ranges up to almost 40 %, whereas in the healthy elderly
the maximum frequency is 15 %. Dividing the AD patients according to mild, moderate and
severe disease stages, or into CMV- and CMV+ status did not result in statistically significant
differences. Similarly to CCR4, the results for CCRS show similar median values across groups,
but some AD patients have relatively high frequencies. The results for CCR6 differ slightly.
Although no trends were present, the healthy controls showed slightly higher frequencies of
CCR6 compared with those of CCR4 and CCRS5, while ten AD patients for CCR4 and nine for
CCRS showed higher frequencies compared to the highest control subject, this was true only
for one patient in the case of CCR6. The healthy controls show slightly higher frequencies of
CCR6 compared with those of CCR4 and CCRS and so no trend compared to the AD patients is
visible. The distribution across AD patient sub-groups is also different. Mild AD patients show
median expression frequencies lower than those of healthy controls, while severe AD patients
show higher frequencies compared with controls. CMV infection status appeared to have no

influence (Fig. [3.15).

3.2.4 Induced cytokine production profiles of CD4+ T-cells in AD patients
and healthy controls

Several previous studies have reported different cytokine levels in the plasma and CSF in AD
patients compared to healthy controls [78]. In the present study, the cytokines produced by
CD4+ and CD8+ T-cells were analysed. Combinations of cytokines characteristic of certain T-
cell subsets (Thl, Th2 and Th17) were considered. This analysis was not performed with all
samples, due to insufficient material. Exclusion criteria were for CD4+ cell events observed with
flow cytometry to be less than 500 (zero samples), and less than 100 events for CD8+ cells (two
samples). Due to reduced sample numbers, all AD patients were considered as a single group
and not according to disease severity. Stimulation of PBMCs with PMA and Ionomycin resulted
in significantly increased cytokine production compared to unstimulated cells, but without differ-
ences between AD patients and healthy elderly controls (data not shown). This indicates that the
capacity of PBMCs from AD patients and healthy controls is comparable in terms of producing
the cytokines 1L-2, IL-4, IL-6, IL-10, IL-17, IFN-v and TNF.

One of the hallmark features of AD is amyloid beta accumulation in the brain, and it has been hy-
pothesised that this contributes to the inflammatory conditions typically observed in AD patients.
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Figure 3.15: CD4+ T-cell CCR expression in dementia patients and healthy controls
Figure indicates the frequency of chemokine receptor expressing CD4+ T-cells as follows: CCR4 in A,
CCRS in B and CCR6 in C. The median value is indicated by the bar. On the right hand side an example
of the gating strategy for the chemokine receptors CCR4 (A), CCRS5 (B) and CCR6 (C) in CD4+ T-cells
from a patient with moderate AD is shown. The pre-gating was performed in the same manner as for the
regulatory cells because these markers were tested together in the same panel. Gating was performed in
the following manner: lymphocytes -> singlets (FSC-W vs. FSC-A) -> living (EMA-) CD3+ cells->
CD4+ from CD4 vs. CD8 (images not shown).
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Figure 3.16: Cytokine profile of CD4+ T-cells
Cytokine production of CD4+ T-cells after incubation with Golgi plug alone (-) or with amyloid beta
(abeta) shown for seven healthy elderly (H) and 19 AD patients (AD) (4 mild, 4 moderate, 7 severe AD).
The cytokines analyzed were: IL-2 (A), IL-4 (B), IL-6 (C), IL-10 (D), IL-17 (E), IFN-v (F) and TNF
(G). The median value is represented by the bar in each column.

57



Another hypothesis is that amyloid beta reactive T-cells may be able to manifest an immune re-
sponse that controls inflammation in AD. We therefore investigated the influence of amyloid beta
on PBMC cytokine production. The results indicated that only in a small number of samples did
stimulation with amyloid beta result in cytokine production, whether the PBMCs were from an
AD patient or a healthy donor. In the cases where cytokine production was observed, there were
no differences with respect to pro- or anti-inflammatory cytokines. The unstimulated samples
showed a very low level of cytokine production for both AD and controls, although the AD
patients appeared to show a slightly higher basal production of IL-6 and TNF cytokines (Fig.
[3.16). The results were similar for CD8+ T-cells - no clear differences between AD patients and
healthy controls were observed (data not shown).

3.3 Immune profile of Italian patients with AD, VaD or mixed
dementia

The next series of experiments again included AD patients, but also those with vascular demen-
tia to investigate whether immune parameters could contribute to differential diagnosis. Frozen
blood samples from forty individuals with accompanying clinical data were analyzed. This co-
hort consisted of the following groups: healthy controls, AD patients, vascular dementia (VaD)
and a mixed form of dementia (mixed dementia). These groups were formed according to their
Hachinski ischemic score. The results of this analysis were plotted against the MMSE value for
each patient in order to assess how the immune profile may be related to the severity of dementia.
Patient frozen whole blood samples were used to perform four separate experimental investiga-
tions: (1) T-cell subsets; (2) Tregs and chemokine receptor expression; (3) other leukocytes and
(4) amyloid beta uptake.

3.3.1 T-cells and their phenotype

T-cell phenotypes were analysed according to the classification model developed in this labo-
ratory by Pellicané et al. [111]. The results of this analysis demonstrated that the percentage
of CD4+, CD8+ and TCR~d+ cells was not different between the groups (Fig. [3.17). The per-
centage of cells with a CD27 CD28 double-positive phenotype has been reported to be lower in
the elderly than in the young, particularly for CD8+ cells, while the CD4+ compartment is less
affected. In contrast, the results of this study indicated that in AD patients, naive T-cells in both
the CD4 and CD8 compartments occur in lower percentages [77, [111]]. This study is the first
to report that the percentage of CD27+CD28+ cells is also significantly lower in VaD compared
with healthy controls (p = 0.019), and in mixed dementia compared with healthy controls (p =
0.039). Reciprocally, CD27-CD28- (late-differentiated) T-cells occur at marginally higher fre-
quencies in VaD patients than in healthy controls, although this was not statistically significant.
This difference was also observed in AD, but to a lesser extent (Fig. @[) In order to charac-
terise naive and memory cells in more detail, more markers were analysed. For the purposes of
this study, naive cells were characterised as CD27+CD28+CD45RA+CD45RO-. This population
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of cells was observed to be significantly lower in frequency in VaD (p = 0.0389) and tendentially
in AD (p = 0.2041) and mixed dementia (p = 0.0542) than in healthy controls (Fig. [3.19A). In the
dementia patients, the frequency of naive cells was associated with MMSE values; lower MMSE
values were associated with reduced frequencies of naive cells (p = 0.0150) (Fig. [3.19F). Given
this observation, the percentage of late-differentiated cells (CD27-CD28-CD45RA+CD45RO+
or CD27-CD28-CD45RA-CD45R0O+ or CD27-CD28-CD45RO+CD57+KLRG1+) was expected
to be increased in these patients, but such a relationship was not observed (Fig. [3.19B-E). Even
more unexpected was the observation of a marginal reduction of these populations in mixed de-
mentia. Another characteristic of naive cells is the lack of CD57 and KLRG1 expression. In AD
and VaD but not mixed dementia patients, the percentage of CD57-KLRG1- CD4+ T-cells was
slightly lower, while CD57+KLRG1+ cells were observed to be slightly higher in frequency (Fig.
[3.20). Concerning other T-cell groups, no differences were seen. CD8 and ydT-cell percentages
did not vary. In the CD8 population, the percentage of CD27+CD28+ CD8+ cells remained the
same for all groups tested (Fig. [3.21).
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Figure 3.17: Frequency of CD4+, CD8+ and TCR~/+ T-cell subsets
Percentages of CD4+ (A) CD8+ (B) and TCR~d+ (C) cells within the CD3+ T-cells of controls, AD,
VaD and mixed dementia patients. Bars represent the median values.
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Figure 3.18: CD4+ T-cell differentiation stages
Identification of early to late-differentiated CD4+ T-cells according to the expression of CD27 and
CD28. Panel A shows the percentages of CD27-CD28+ cells, (B) CD27+CD28+, (C) CD27-CD28- and
(D) CD27+CD28- cells. The following significance levels were reached with Mann-Whitney test: control
vs. VaD in (B) (p = 0.0190) and (D) (0.0461); control vs. mixed dementia in (B) (0.0389). The bars
represent the median.
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Figure 3.19: CD4+ T-cell phenotyping with additional markers
Detailed characterisation of early- and late-differentiated CD4+ T-cells with the inclusion of CD45RA,
CD45R0O, KLRGI and CD57. Naive cells (CD27+CD28+CD45RA+CD45RO-) are presented in panel A
and were plotted against the MMSE value of all patients (panel F). Late-differentiated cells with different
marker combinations are given in B, C, D and E. After application of the Mann Whitney test, p = 0.0389
when comparing VaD with the control group, while p = 0.0542 between mixed dementia and the control
group in A. Bars indicate medians.
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Figure 3.20: KLRG1 and CDS57 expression on CD4+ T-cells in dementia patients and
healthy controls
Frequency of KLRGI1 and CD57 expression combinations in dementia patients and healthy controls. The
KLRG1+CDS57+ phenotype is characteristically expressed by senescent cells. This population of cells
can be seen in panel A and compared with the frequency of cells negative for these markers in the same
patients (B). Statistical analysis (Mann-Whitney test) revealed p = 0.0152 when comparing VaD with
mixed dementia in panel A.
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Figure 3.21: Frequency of naive CD8+ cells in dementia patients and healthy controls
CDS8+ early-differentiated T-cells characterised by CD27+CD28+ (A) or
CD27+CD28+CD45RA+CD45RO- (B) in healthy controls and patients with dementia (AD, VaD, mixed
dementia). Bars represent median values.
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3.3.2 Regulatory T-cells and chemokine receptors

Particular attention was paid to Tregs and chemokine receptors in this study. With the antibody
panel employed, the aim was to detect activated cells. We established the percentage of CD25+
cells as an acute activation marker for T-cells, but found no difference between healthy controls
and dementia patients (Fig. [3.22]A). Following this, CD4+ Foxp3+ cells were evaluated, but
again no differences between patient groups were found (Fig. [3.22B). CD8+ regulatory cells,
characterised by the expression of CD103, also showed no differences across patient and control

groups (Fig. [3.22C).
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Figure 3.22: Frequency of activated and regulatory T-cells in dementia patients and healthy

controls

Expression of activation marker CD25 (A) and Foxp3 (B) on CD4+ T-cells and homing receptor CD103

on CD8+ T-cells (C) of healthy controls and patients with AD, VaD and mixed dementia. Bars represent
median values.

The frequency of cells expressing chemokine receptors showed no significant differences,
but only slight trends in the case of CD4+ cells, with the trend becoming more pronounced
for CD4+CD25+ cells. CCR4 (Fig. [3.23) and CCR6 (Fig. [3.24) expression was only slightly
enhanced on CD4+ T-cells. One difference did reach statistical significance, namely, CCR6 ex-
pression between mixed dementia and healthy controls (p = 0.0328 for CD4+ T-cells and p =
0.0157 for CD4+CD25+ T-cells). Plotting the MMSE value against the frequency of CCR ex-
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pressing cells shows a weak correlation between CCR expression and disease severity according
to the MMSE (p = 0.1954 for CCR6+, p = 0.0310 for CD25+CCR6+). Additionally, PD-1 ex-
pression frequency (this protein is not a chemokine receptor, but a marker of exhaustion) was
assessed, but was not observed to be different across patient groups and healthy controls (Fig.
[3.25). In the CD8+ T-cell subset, no significant differences were observed, either for CCR4+ or
for CCR6+ cells in healthy controls and patients from the three groups (Fig. [3.26).

A B
CD57+
60 60-
+
= 504 ° *
(8 4+ 404
£ 404 o S
< O ood b
‘s 304 b i £ 50
+ d ° = i
E 20 i =
° X 2.59
(@] 104 [ ] ° o
2 o . ° % hd
—_——
0-—#—‘-_9-‘—_’M 0.0 T U
healthy mild  moderate severe CMV+ CMV-
diagnosis diagnosis of severe AD

Figure 3.23: CCR4 expression
Percentages of CCR4+ (A) and CD25+CCR4+ (C) CD4+ T-cells plotted against the MMSE values or
against diagnosis (healthy, AD, VaD, mixed dementia) (B, D). In the second column all patients (AD,
VaD and mixed dementia) are grouped together. The medians are shown as bars.

3.3.3 Leukocytes

For this study, an antibody panel was employed to compare the frequency of leukocyte sub-
populations in dementia patients and healthy controls in more detail. Within the CD45+ popula-
tion (a protein expressed by all leukocytes) the frequency of different leukocyte sub-classes was
calculated. No differences were observed between patients and healthy controls in the frequency
of NK-cells (CD16+CD56+CD3-), NKT-like cells (CD16+CD56+CD3+), T-cells (CD3+), mo-
nocytes (CD14+) or B-cells (CD19+), (Fig. 3.27). As expected, in the elderly and particularly
AD patients, the percentage of B-cells was low. Because of this, B-cell subsets could not be ana-
lysed due to insufficient cell numbers. The frequencies of monocytes covered a large range and
showed similar median values for all groups (Fig. [3.27). These results were observed whether
the activation marker CD69 or the scavenger receptor CD36 (which might play a role in amyloid
beta uptake) were included or not (Fig. [3.28)).

3.3.4 Amyloid beta uptake

Af is one of the hallmark features of AD. The amyloid beta hypothesis proposes different roles
that this protein may have in AD pathology (see Section [1.1.2). A/ promotes tau hyperphos-
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Figure 3.24: Frequency of CCR6 expressing CD4+ T-cells in dementia and healthy controls
The percentages of total CCR6+CD4+ (A) and CD25+CCR6+CD4+ (C) cells were plotted against the
corresponding patient MMSE values(p = 0.1954 for (A) and p = 0.0310 for (C)). In (B) the total CCR6+
percentages for healthy elderly and the different diseases are given (AD, VaD, mixed dementia) and in
(D) CD25+CCR6+ cells. The only significant differences were in the case of healthy controls compared
with mixed dementia (p = 0.0328 for panel B and p = 0.0157 for D). These differences were assessed
with Mann-Whitney test and statistically significant differences were no longer significant after
Bonferroni correction.
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Figure 3.25: PD-1 expression frequency on T-cells of dementia patients and healthy controls
Frequencies of PD-1+ (A) and CD25+PD-1+ (B) CD4+ T-cells of healthy and patients (AD, VaD, mixed
dementia). No significant differences between the groups were observed with Mann-Whitney tests.

65



>
W

35- 5 .
+ v + A
2 304 R4 e
3) 254 ° v (&] ) A v .
(= Y £ o
£ 20- ata £ 31 4a
'E o: A * s b v *
+ 157 0% —h- ¢ + 24 * A .
= ° Aa Vv - & ° A M

104 o A A o0 Y
3 i 4 ¢ 3 14 Aa y
= 7] v = [ 9% v

c v L} v L} c * f v L}

controls AD VAD MIXED controls AD VAD MIXED

Figure 3.26: Frequency of CD8+ T-cells expressing CCR4 and CCR6 in dementia and
healthy controls
CCR4 (A) and CCR6 (B) expression on CD8+ T-cells of healthy elderly and patients (AD, VaD, mixed
dementia)

phorylation which leads to microtubule depolymerisation, impairing axonal transport. A( also
regulates protein degradation by the proteasome and may act as an antigen for certain immune
cells. A method of reducing the negative effects of Af is through promoting its phagocytosis by
brain macrophages. Giving the function of these macrophages may be less effective in AD, the
recruitment of monocytes from the periphery into the brain might assist in reducing the pathol-
ogy caused by AS. Because of those roles, the capacity of blood leukocytes to take up A5 was
investigated in this study.

After incubating frozen thawed blood for 17 h with amyloid beta, the degree uptake of A5 was
determined. Mean fluorescence intensity (MFI) of HiLyte Fluor dye conjugated to amyloid beta
was used as a measure of AJ uptake by PBMCs. To assess the degree of uptake, HiLyte fluor
MEFI of PBMCs incubated with HiLyte-conjugated A was divided by the MFI of PBMCs that
were incubated in parallel without AS in order to express the fold increase in fluorescence. This
was performed for total leukocytes as well as monocytes (CD14+ cells within the CD45+ pop-
ulation) (Fig. [3.29). No significant differences between patients (AD, VaD and mixed dementia
were considered as a single group) and controls were observed, but in contrast to the controls
which all showed similar low levels of fluorescence, a small number of dementia patients showed
relatively high fluorescence values. These findings suggest that leukocytes of some individual
dementia patients may be more effective in taking up AS than healthy individuals.

3.3.5 Cytokine profile

As cytokines can serve as biomarkers for inflammation, six different cytokines were measured
in the plasma of dementia patients and healthy controls with a BD CBA multiplex kit. In almost
all cases, the level of detected cytokine was below the sensitivity range of the multiplex kit used
to measure it. Results are therefore not shown.

66



>
w

20+ 30+
& v b ¢
3 3 1
o 15' o A U
£ d < 207 oo A
< < o 0 A v *
x - x ® *
S 10 A, v * 3 159 ® AA vy
S $10{° —
E 54 o 0 E o0 _W.-
%) O 54 (X ] AAA v *
o\° Y v °\o ..~ AA v
04 0
controls  AD VAD  MIXED controls  AD VAD  MIXED
C D
20+ 70-
A +
§ ° A M & 601 . .
15+ o )
(‘6& 5 . A o 50 ... A
on o e v . < 40- oo A, vy
29 10{ * = oo A .
A 4
o= " i, v _,;_ 301 TV *n—: \ A/
23 | ¢, T = L o
a3 54 9,0 A o ® IS
o A 9 104 i *
2 ° v * N [ ] v
1— , r r 0 ' y T
controls AD VAD MIXED controls AD VAD MIXED
E
2.0+
& °
[=] °
Q + 1.5
o ©0 A
©a
[ 8 ° R
(&) 1.0
c
-
© = -
a 3 054 °
o 1 d A v
2 ® Al S
ool Sl o v
controls AD VAD MIXED

Figure 3.27: Leukocyte subset frequency in dementia patients and healthy controls
Percentages of B-cells (CD19+, A), monocytes (CD14+, B), NK-cells (CD56lowCD16+CD3-, C),
T-cells (CD3+, D) and NKT-like cells (CD56lowCD16+CD3+, E) within the total leukocyte population
(CD45+). Bars represent median values.
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Figure 3.28: Frequency of monocyte phenotypes in dementia patients and healthy controls
Percentages of CD36+CD11b+ (A) and CD69+ cells (B) within the CD14+ leukocytes of healthy
controls and patients (AD, VaD and mixed dementia were grouped together). Bars show the
corresponding median values. Mann-Whitney test showed no significant differences between groups.
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Figure 3.29: Amyloid beta uptake by leukocytes in dementia patients and healthy controls
Ap uptake by the total leukocyte population (CD45+) and monocytes (CD14+). The fold fluorescence
increase of samples incubated with fluorochrome-labelled A5 compared with samples not incubated with
Ap is given on the Y-axis. Comparing controls with dementia patients (AD, VaD, mixed dementia)
showed there to be no significant difference between groups.



3.3.6 CMV serostatus

Plasma titre of anti-CMV IgG was measured with a CMV ELISA kit in order to determine the
CMV infection status of dementia patients and healthy controls. This was performed because of
the likelihood that CMV infection influences the immune signatures of interest in this study. The
results indicated that 39 of the 40 subjects were CM V-seropositive. Therefore, it was not possible
to distinguish CMV-associated influences on immune signatures. Preliminary analysis indicated
that the anti-CMV IgG titres was also not associated with differences in immune signatures.

3.4 Comparison of rpAD, MCI, AD and healthy immune sta-
tus

The final cohort of patients investigated was a more diverse group including rapidly progressive
AD (rpAD) patients. The aim of this project was to characterise the special form of AD that
is rpAD. This disease is often misdiagnosed as Creutzfeldt-Jakob disease. Patients examined in
this study had a median age of 73 and a median survival of 26.4 months from diagnosis. The
parameters examined in this study were tau and amyloid beta CSF levels, genetic factors such as
PRNP (prion protein gene) and ApoE and comorbidity analysis. It was observed that amyloid
beta levels were decreased in AD and rpAD compared to healthy controls, while tau levels were
increased in AD but not rpAD. The ApoE-E4 distribution was different for rpAD compared to
AD in that it was more similar to the healthy controls. In addition, frozen whole blood was
analysed for immune profiles. The patients have either AD, rpAD, MCI or other dementias
as shown in Table [2.5] T-cell and leukocyte analysis (n = 20) and chemokine receptor surface
marker analysis (n = 30) was performed in this sample cohort.

3.4.1 T-cell phenotypes in AD patients and healthy controls

In the previous studies differences in the T-cell subsets were found between AD patients and
healthy controls. Therefore also in these cohorts T-cell phenotypes were investigated. Percent-
age frequencies of CD4+, CD8+ and ~ydT-cells within the CD3+ cells were not observed to
be different between AD patients and healthy controls (Fig. [3.31). Only in the case of rpAD
was a slight trend of more CD8+ and 4 cells observed (Fig. [3.30). However a more detailed
analysis of the T-cell subsets did reveal differences. The expression of CD27 and CD28 on CD4+
(Fig. and CD8+ (Fig. T-cells differed between the groups. The percentage of early-
differentiated CD27+CD28+ cells was reduced in AD patients compared to healthy controls (p
= 0.0156) and the percentage of late-differentiated CD27-CD28- cells was also increased (p =
0.054). These results were consistent when using more surface markers to characterise these cell
types. Naive cells - characterised as CD27+CD28+ CD45RA+CD45RO- - are more frequent in
healthy controls than AD patients (p = 0.0130) and late memory cells - defined by CD27-CD28-
CD45RO+ - less frequent (p = 0.0466) (Fig. [3.32). In the CD8+ compartment, the percentages
of late-differentiated T-cells were higher in AD patients compared to healthy elderly (p = 0.019
for CD27-CD28- cells and p = 0.0211 for CD27-CD28-CD45RO+ cells).
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Another observation was that of the large range of percentage frequencies of CD27-CD28- cells
in the AD patients. It was speculated that this may be explained by different disease stages given
that MMSE values ranged from O to 27, but statistical analysis showed no correlation. CMV
infection status may account for these differences as well, even though CMYV is not known to
influence CD4+ T-cells. Separating healthy donors according to CMV+ and CMV- status and
AD patients into low and high anti-CMV IgG titre failed to explain differences; the percent-
ages of CD27+CD28+ and CD27-CD28- in these groupings did not change appreciably (Fig.
[3.35). Within the CD8+ compartment, slight CMV-associated differences were observed, in ac-
cordance with previously published studies. In the study by Kujipers et al. late-differentiated
CD8+ T-cells (defined as CD45RA+CD27-) appeared in association with acute CMV infection
and expansion of these cells appeared to be unique for CM V-seropositive individuals [75]. In the
present study, the percentages of late-differentiated CD27-CD28- CD8+ cells were observed to
be slightly higher in AD patients and healthy controls that showed the highest levels of anti-CMV

IgG titre (Fig. [3.36).
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Figure 3.30: T-cell subsets in AD patients and healthy controls
Frequencies of CD4+ (A), CD8+ (B) and ydT-cell subsets in AD patients and healthy controls.
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Figure 3.31: Early and late-differentiated CD4+ T-cells in AD patients and healthy controls
Frequencies of early-differentiated CD4+ T-cells defined as CD27+CD28+ are shown in (A) and
late-differentiated CD27-CD28- CD4+ T-cells in (B). Bars indicate median values. Displayed p values
are the result of Mann-Whitney test.
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Figure 3.32: Naive and memory CD4+ T-cells in AD patients and healthy controls
Frequencies of early-differentiated CD4+CD27+CD28+CD45RA+CD45RO- T-cells (A) and
late-differentiated CD4+CD27-CD28-CD45RO+ T-cells (B) in AD patients and healthy controls. p
values derive from Mann-Whitney tests.
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Figure 3.33: CD27 and CD28 expression on CD8+ T-cells in AD patients and healthy con-
trols
The CD27 and CD28 double positive population is shown in (A) and the double negative in (B). p values
derived from Mann-Whitney test are given above. Significant differences were only observed when
comparing the healthy elderly with the AD patients; patient sub-groups were not observed to be different
(p values not shown).
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Figure 3.34: CD8+ T-cell phenotypes in AD patients and healthy controls
Frequencies of early-differentiated CD8+CD27+CD28+CD45RA+CD45RO- T-cells (A) and
late-differentiated CD8+CD27-CD28-CD45R0O+ T-cells (B) in AD patients and healthy controls. Bars
represent median values
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Figure 3.35: Association of CMV with CD4+ T-cell phenotypes
Expression of CD27 and CD28 on CD4+ T-cells analysed in association with the CMV infection status.
The patients and healthy controls were grouped according their anti-CMV IgG titre: negative < three
U/ml < low < five U/ml < high. Due to low sample numbers for the healthy donors "low" and "high"
groups were considered together as a single CMV+ group.
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Figure 3.36: Correlation of anti-CMYV IgG titre with CD8+ T-cell phenotypes
CD27 and CD28 expression on CD4+ T-cells in association with CMV status. The patients and healthy
controls were grouped according their anti-CMV IgG titre: negative < three U/ml < low < five U/ml <
high. Due to low sample numbers for the healthy donors, "low" and "high" groups were considered
together as a single CMV+ group.
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3.4.2 Tregs

For this part of the investigation, activated and regulatory CD4+ T-cells were analysed. In the
inflammatory milieu in vivo amyloid beta and cytokines secreted by activated brain cells may
stimulate T-cells in the periphery. In the first pilot study lower percentages of CD25+ CD4+
T-cells in patients with mild AD were observed compared to healthy controls. Tregs are pos-
itive for CD25, but not all CD25+ cells are Tregs. In order to clearly identify Tregs, more
markers were used in this study. Combining Foxp3 with CD127, Tregs can be characterised as
CD25+CD127lowFoxp3+. All three markers were included in the antibody panel for this study,
but due to the limited cell number in the samples, maximum of two markers were used together.
Looking at the CD25+ population within CD4+ T-cells showed a clear increase in AD patients
compared to healthy controls. A non-significant trend of increased percentages of CD25+Foxp3+
and Foxp3+CD127low cells in AD patients was observed (Fig. [3.37). Another marker for Tregs
that was not included in these experiments is CCR4, but the chemokine receptor panel (Fig. [2.1),
that was performed in parallel, indicated that higher percentages (p = 0.0454) of CCR4+CD4+
T-cells were observed in AD patients compared to controls (Fig. [3.47).

3.4.3 Other leukocytes

As in the Chieti study, a panel was created for this study in order to analyse different leukocyte
populations. After selecting the leukocytes in the FSC-SSC plot, the singlets were gated and
the living CD45+ cells selected. This fraction was analysed for the expression of the following
markers: CD3 to identify T-cells, CD19 in the case of B-cells, CD14 for monocytes, and CD56
and CD16 for NK-cells. Figure [2.2] shows an example of how these populations were gated.
The percentages of T-cells for AD patients and healthy controls are shown in Figure [3.38]A. The
percentages of CD3+ cells were increased in AD patients compared to healthy individuals. The
CCR panel was not employed to analyse CD3+ and CD45+ cells, but CCR analysis required that
these markers be included (Fig. [3.38B). Thus, the CD3 and CD45 frequencies may be compared
across two independent experiments. Due to exclusion of FSC high (presumably activated) cells
and perhaps due to the use of different CD3 antibodies conjugated to different fluorochromes
(CD3-Alexa Fluor instead of CD3-PerCP) the percentages of CD3+ were observed to be higher
in general for the CCR experiment, but overall both experiments show similar results in that
all patient groups showed higher percentages of T-cells. In the third image (C) in Figure [3.3§|
the CD3+ frequencies are plotted against the MMSE values of the corresponding patients. For
this analysis, all patients have been included, irrespective of dementia type. The results of this
analysis indicate that the frequency of T-cells is not altered with disease severity. These results
of lower T-cell frequencies in healthy elderly differ from those obtained in the Chieti study (Sec-
tion [3.3)), where no differences between patients and controls were observed with respect to the
frequency of CD3+ cells. More studies are needed in order to clarify the relationship between
the frequency of T-cells and AD.

The next part of this study investigated NK-cells. In order to exclude NKT-like cells, NK-cells
were defined as CD56lowCD16+CD3- (Fig. [3.39B). First CD56 and CD16 were gated and then
CD3, but due to limited numbers of CD56lowCD16+ cells not always. As thereby some dif-
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Figure 3.37: Treg gating strategy and frequencies of Tregs in patients and healthy controls
FlowJo images with gating applied to PBMCs from a representative AD patient (upper images) and a
healthy elderly control (lower images). Percentages of CD25+ T-cells (A), CD25+Foxp3+ T-cells (B)
and Foxp3+CD127low T-cells (C) within the CD4+ T-cells in rpAD, AD patients and healthy elderly.
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ferences might not be detected any more, the frequencies of CD56CD16+ was analysed as well
(Fig.[3.39)A). This is reasonable, because the frequencies of NKT-like cells only represent a very
small fraction of CD56lowCD16+ cells. The results of this analysis indicate that there were no
differences between patients and healthy controls with respect to the frequency of NK-cells.
Another leukocyte subset considered were monocytes. From the whole CD45+ population, the
percentage frequency of CD14+ cells was determined. The outcome of these experiments in-
dicated an increase in monocyte frequencies in AD patients compared to healthy controls, but
after Bonferroni correction was not statistically significant (the p value of 0.014 is slightly above
the required significance threshold of 0.01) (Fig. [3.40A). The frequency of CD14+ cells was
also investigated in the CCR study (Section [3.4.5)) (Fig. [3.40B). A similar trend of higher per-
centages of CD14+ cells in AD patients compared to the healthy controls, was observed, but
with a greater p value (0.0969). Noteworthy is that both studies employed the same antibody
(Qdot655-conjugated anti-CD14), therefore these differences may be explained by the use of
different PBMC donors from the same cohort of healthy controls. To investigate these results in
more detail, the MMSE values from these patients was plotted against the percentages frequen-
cies of CD14+ cells (Fig. [3.40C). The results of this analysis were not supportive of the trend
observed in Figure[3.40] A and B. Figure[3.40D shows a more detailed characterisation of mono-
cytes in AD patients and healthy controls which included CD40. The results were not different
between AD patients and controls.

3.4.4 B-cell phenotype frequencies in AD patients and healthy controls

Frequencies of different B-cell phenotypes were investigated in addition to the previously pre-
sented results for T-cells in order to assess potential differences between AD patients and healthy
controls. According to a phenotype model that includes IgD and CD27, B-cells were divided
into four differentiation states. Naive cells were characterised as IgD+CD27-. As shown in Fig-
ure 3.41JA, the percentage frequency of these cells was slightly lower in AD patients compared
with healthy controls. In contrast, cells with a phenotype corresponding to late differentiation
stages (Fig. [3.41] C and D) were observed to be more frequent in AD patients. For the IgD-
CD27+ late-differentiated cells, the non-significant trend of higher frequencies of this cell type
was true for all AD patients (Fig. [3.41D), but for the IgD-CD27- late differentiated cells, this
was only observed in AD patients - not in rpAD or MCI patients. This trend of a shift towards
late differentiated B cell phenotypes in AD patients is consistent with the observation for CD4+
T-cells. Increased frequencies of late differentiated CD4+ T-cells were observed in AD patients
compared to healthy controls (Fig. [3.32)). The MMSE values for the patients was plotted against
the frequencies of early- and late-differentiated B-cells, but no significant correlations were ob-
served (Fig. [3.41]E and F). In addition, CD40 expression on CD19+ B-cells was examined (Fig.
[3.42). The results indicate that there was a wide range of percentages of CD40+ B-cells across
dementia patients and healthy controls. Comparing the median values for the respective groups,
healthy elderly controls were observed to be higher, although this was not statistically signifi-
cant. There was no association between the frequency of CD40+ B-cells and disease severity as
measured by MMSE scores (Fig. [3.42B).
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Figure 3.38: frequency of T-cells in dementia and healthy controls
Percentages of CD3+ cells within the total CD45+ population in dementia patients and healthy controls.
For A n=42 and B n=28.
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Figure 3.39: Frequency of NK-cells in dementia and healthy controls
Percentages of CD56lowCD16+ cells (n = 43) (A) and percentages of CD56lowCD16+CD3- cells (n =
35) (B) from CD45+ cells in patients with rpAD, AD and MCI and in healthy controls. Donors with
insufficient CD56lowCD16+ cell numbers (n<100) were excluded from the analysis in panel B.
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Figure 3.40: Frequency of monocytes in AD patients and healthy controls
CD14+ expression in; (A) on PBMCs used in the leukocyte analysis study (n = 23) and (B) on PBMCs in
the CCR study. The CD14+ percentage frequencies of all donors of the entire study (n = 29), were
plotted against the MMSE values of patients (C). D shows the frequencies of CD40+ cells out of the

CD14+ cells in panel A.
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Figure 3.41: B-cell phenotypes in dementia patients and healthy controls
Four B-cell (CD19+ cells) differentiation stages defined according to the expression of IgD and CD27.
The corresponding gating strategy is shown in Figure [2.2]and the resulted percentage frequencies are
presented here in panels A to D. The percentages of E and F show the same values of A and D, but are
plotted against the MMSE values of the patients. Figures shown in panel E and F include all 48 patients
of this study, not just those in the 4 categories shown in A to D. Thus pseudodementia and Parkinson’s
Disease patient are also included.
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Figure 3.42: B-cell phenotypes in dementia patients and healthy controls
Percentages of CD40+CD19+ cells in different dementia groups and healthy controls (rpAD, AD, MCI
and healthy elderly) (A) and percentages of CD40+ B-cells plotted against the MMSE values of the
patients. For (B), the entire dementia cohort, including pseudodementia and Parkinson’s disease, has
been analysed.

3.4.5 Chemokine receptor expression

Brain and periphery may be more closely related in conditions such as AD due to a defective
blood-brain barrier that is typically associated with AD pathology. This may allow the migration
of leukocytes into the brain via chemotaxsis that would not normally occur. Therefore, this
study investigated the expression of chemokine receptors on different leukocyte populations.
The results indicated that CD25+ cells within the CD45+ leukocyte population were increased
in AD patients compared to age-matched controls. In addition, the cell exhaustion marker, PD-
1, was observed to be more frequent in AD patients (Fig. [3.43). Following this, chemokine
receptor expression was investigated. The expression of CCR2 and CCR4 was observed to be
slightly higher in AD patients compared to controls (Fig. [3.44). In contrast, a greater difference
in the frequency of CCRS (p =0.0512) and CCR6 (p = 0.0138) was observed in AD patients and
healthy controls (Fig. [3.45)). Given the significant result for CCR6, a more detailed investigation
took place in which monocytes (CD14+), B-cells (CD19+) and T-cells (CD3+) were analysed
separately for the frequency of CCR6 expression. This analysis indicated that CCR6 expression
was more frequent on all of these leukocyte types in AD patients compared to healthy controls
(Fig. [3.46). Analysing the T-cells in more detail indicated that CD4+ T-cells more frequently
express CCR4 (p =0.0454), CCRS5 (p =0.0490) and CCR6 (p = 0.0009) in AD patients compared
to controls, while the same trends were observed for CD8+ T-cells, significant results were only
observed for CCR6 (p = 0.0006) (Fig. [3.47).

In addition to the analysis of percentage frequencies, the mean fluorescence values were obtained
(data not shown), These results were similar in that CCR2, CCR4, CCR5 and CCR6 tended to
be higher in AD patients compared to healthy controls, thereby supporting the results obtained
as a percentage frequency.
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Figure 3.44: CCR2 and CCR4 expression on CD45+ cells in AD patients and healthy con-

trols

Percentage frequencies of CCR2+ (A) and CCR4+ (B) cells in total CD45+ leukocyte population. Bars
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Figure 3.45: CCRS and CCR6 expression on leukocytes in AD patients and healthy controls
Percentage frequencies of CCR5+ (A) and CCR6+ (B) leukocytes (CD45+)
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Figure 3.46: CCR6 expression on leukocyte subsets in AD patients and healthy controls
Percentage frequencies of CCR6 on CD19+ B-cells (A), CD3+ T-cells (B) and CD14+ monocytes (C).
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Figure 3.47: Chemokine receptor expression on T-cell subsets in AD patients and healthy

controls

Expression of CCR4 (A and D), CCRS5 (B and E) and CCR6 (C and F) on CD4+ and CD8+ T-cells.
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Table 3.1: Summary of the results obtained in the different studies for this thesis

% of within Canada 1  Palermo Canada  Chieti Gottingen
2
CD3+ CD45+ = +, AD*
CD4+ CD3+ -, mAD* = = = =
CD8+ CD3+ = = = = =
early-diff. CD4+ -, mAD* -, mAD* -, mAD' -, D! -, AD*
late-diff. CD4+ +, mAD*  + mAD*  +, +, AD +, AD*
mAD#*
CD57+ CD4+ = +, =
mAD*
KLRG1+ CD4+ +, mAD*  +, =
mAD!
early-diff. CD8+ = = -, AD*
late-diff. CD8+ = = +, AD*
CD57+ CD8+ = =
KLRGI+ CD8+ +, mAD* =
CD25+ CD4+ -, mAD* +, mAD* = +, AD*
Tregs CD4+ = +, = +, AD!
mAD!
CDI19+ CD45+ =
early-diff. CDI19+ -, AD!
late-diff. CD19+ +, AD
CDl14+ CD45+ = +, AD!

NK-cells CD45+ = =
NKTL CD45+ =

CCR2+ CD45+ +, AD!
CCR4+ CD45+ +, AD!
CCR4+ CD4+ +, AD'  + D! +, AD*
CCR4+ CD8+ = +, AD!
CCR5+ CD45+ +, AD!
CCR5+ CD4+ +, AD! +, AD*
CCR5+ CD8+ +, AD
CCR6+ CD45+ +, AD!
CCR6+ CD3+ +, AD*
CCRO6+ CD4+ = +, D! +, AD*
CCR6+ CD8+ +, D! +, AD*
CCR6+ CD14+ +, AD*
CCRO6+ CD19+ +, AD*

diff = differentiated, NKTL = NKT-like cells, + = higher frequencies, - = lower frequencies, = =
similar frequencies, * = significant, ' = non significant trend, mAD = mild or moderate AD, D =
dementia (AD, VaD, mixed dementia)
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Chapter 4

Discussion

4.1 T-cell phenotypes: a shift from early- to late-differentiated
CD4+ T-cells in AD patients

Early literature reports: CD45RA/CD45RO ratio as a diagnostic marker for AD

In AD patients, a state of inflammation is found in brain and in the periphery. As the BBB is
compromised, there is an enhanced interaction between the brain and the periphery. Instead of
analysing the brain or CSF, this study focused on blood lymphocytes which may have a use for
diagnostic and treatment purposes. Amyloid beta is considered to be a chronic antigenic stimulus
in AD. Monsonego and coworkers showed increased T-cell reactivity to A3-42 in the elderly and
in AD patients [103]]. When T-cells are stimulated, they become activated and differentiate. To
monitor this process, the expression of two isoforms of a receptor that plays an important role
in T-cell activation can be assessed. A transition from CD45RA to CD45RO occurs as T-cells
undergo differentiation. Tan and collaborators considered this transition as a marker for AD. The
authors found lower levels of CD45RA+ on CD4+ T-cells and a higher CD45RO/CD45RA ratio
in AD patients, compared to healthy aged-matched subjects. Additionally, this study combined
this immune phenotype with Apolipoprotein E (ApoE) genotyping. ApoE is used as a diagnostic
marker for AD - the E4 allele is associated with a higher risk of developing AD [94]. The authors
showed that assessing the frequency of CD45RA expression in combination with the ApoE-E4
allele or the CD45RO/CD45RA ratio is more predictive for the risk of developing AD than as-
sessing ApoE alone. Therefore, the authors of this study postulated that CD45RA is a potential
diagnostic marker for AD [[149]. Because analysis of CD45RA expression alone is not sufficient
to identify truly naive T-cells, the studies presented in this thesis included further markers.

Pilot study: T-cell differentiation in AD according to the CCR7-CD45RA model

As reviewed by Appay et al., naive and memory T-cells can be characterised on the basis of cell
surface markers that play roles in homing, proliferation and effector functions [6]. This thesis
pilot study was based on a model employing CCR7 and CD45RA (Fig. [I.4] Section[I.2). CD4+
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and CD8+ T-cells were divided into four differentiation stages: naive (CD45RA+CCR7), cen-
tral memory (CM, CD45RA-CCR7+), effector memory (EM, CD45RA-CCR7-) and terminally
differentiated effector memory cells (TEMRA, CD45RA+CCR7). In a small group of well-
defined Canadian patients diagnosed with mild AD, significantly lower percentages of naive
CD4+ (CCR7+CD45RA+) cells in AD patients than in controls were found. Reciprocally, sig-
nificantly more EM and TEMRA cells were observed in AD patients. For CD8+ cells, no sig-
nificant differences compared to healthy elderly were observed. The only differences were the
age- and CMV-related increases in late-differentiated CD8+ cells compared to young individuals
that would normally be expected. In addition to this, the expression frequency of CD28 was
analysed. These results indicated that the fraction of CD28- cells within CD4+ and CD8+ T-
cells was significantly higher in AD samples compared to young and elderly healthy controls.
Therefore these results suggest that both the CD4+ and CD8+ T-cells are affected in AD. An
explanation as to why no differences regarding the CD8 phenotype were observed between AD
patients and controls using the CCR7/CD45RA model may be that the effects of age are so pro-
nounced and thus the frequencies of late-differentiated CD8+ T-cells already so low that it leaves
little room for the influence of any additional effects [[77]. To investigate whether this hypothesis
is true, combinations of other markers where analysed in the subsequent studies.

An extended differentiation model reveals lower frequencies of naive CD4+ T-cells in AD
patients

Following these findings, these results were confirmed in a separate study with a larger cohort
from a different population. In patients with mild and moderate AD from Sicily, a shift from early
to late differentiated stages in CD4+ but not CD8+ T-cells was also observed. For this study, a
different model of T-cell classification was applied, in which the expression of CD27 and CD28
was examined, followed by CD45RA and CD45RO. Naive cells were defined as CD27+CD28+
CD45RA+CD45RO- and late-differentiated cells as CD27-CD28- CD45RA+CD45RO+. A tran-
sition from early- to late-differentiated cells in the elderly compared to the young individuals was
predominately observed for CD8+ T-cells. In contrast to this, comparing AD patients and age-
matched controls the differences were limited to CD4+ T-cells, but again in case of naive CD8+
T-cells the frequencies were already so low in the age-matched elderly, that a further reduction
due to the AD pathology is not detectable. A reason why this age-related effects are so strong in
this cohort compared to others (e.g. Gotttingen study participants) is that all young individuals
were CMV- and all elderly (controls and AD patients) CMV+.

To support the hypothesis of immune exhaustion and "immunosenescence" caused by chronic
stimulation, further markers of immune exhaustion and senescence were investigated. KLRGI
(Killer cell lectin like receptor G1) belongs to a superfamily of inhibitory receptors expressed on
[NK-cells. Its expression identifies mature CD4+ or CD8+ T-cells capable of secreting cytokines,
but with decreased or absent proliferation capacity upon stimulation [125]. CD57 (HNK1) is a
receptor that negatively regulates NK-cells that is also expressed on CD8+, and to a lesser extent,
on CD4+ T-cells. This has been proposed to be a marker of "replicative senescence" in T-cells
[18]]. In the cohort of Sicilian AD patients the percentage of CD57+ cells was significantly higher
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within T-cells of CMV+ elderly compared to CMV- young. Within the age-matched controls we
could identify two groups, one with over ten percent of CD57+CD4+ T-cells and one with under
ten percent, but still higher frequencies than in young individuals (3.4). One explanation could be
that all age-matched individuals are CMV+, but some possess a higher anti-CMV IgG titre. Be-
cause this wasn’t determined in this study the answer to this question remains to be investigated.
Comparing AD patients and elderly controls no differences were observed, neither within CD4+
nor CD8+ T-cells. The frequency of KLRG1+ CD4+ T-cells was found to be significantly higher
in AD patients than in healthy controls (3.4). Regarding CD8+ T-cells the difference was a non
significant trend [111].

Confirmation of previous findings; more advanced CD4+ T-cell differentiation in AD

To examine and expand upon the reported finding of higher frequencies of more advanced T-
cell differentiation in AD, cohorts with different genetic backgrounds and environments were
used to perform three further studies for this thesis. PBMC and blood samples of AD patients
from different locations (Canada, Germany and Italy) were collected. For these studies, the sam-
ple cohort was extended to include patients with severe AD, VaD and mixed dementia. The
T-cell analysis was based on models relying on markers employed in previous studies [6, [111]].
The results of these studies indicated that CD4+ T-cells expressing the costimulatory molecules
CD27 and CD28 occur in higher percentages in healthy controls than in AD patients. Par-
allel to this, the CD27 CD28 double negative population of late-differentiated T-cells was in-
creased in AD patients, although these results were not all statistically significant. The trends
were consistent when the CD45 isoforms were included in the analysis. The percentages of
CD27+CD28+CD45RA+CD45RO- CD4+ T-cells were found to be lower in the AD cohorts
compared to healthy controls. A shift from early- to late-differentiated CD4+ T-cells was de-
termined, consistent in all cohorts. To investigate whether this is a phenomenon of early onset
which increases in late AD, patients of different AD stages were analysed.

T-cell phenotypes in different disease stages

While the initial studies included patients with mild and moderate AD, subsequent investiga-
tions with the Chieti cohort included patients with more severe disease (indicated by low MMSE
scores). Correlating the MMSE scores with T-cell phenotypes showed no significant relation-
ships. In the Canadian study cohort, patients with mild, moderate and severe AD were recruited.
Those with mild and moderate AD showed similar immune signatures, while patients with se-
vere AD were more similar to the healthy elderly controls in that they showed slightly higher
frequencies of naive T-cells and lower frequencies of late-differentiated cells. A follow-up of the
Gottingen AD patients hinted towards a reversal of these differences. The frequencies of naive
CD4+ T-cells were higher after the follow-up period, but follow-up was only available for five
patients which did not allow the application of statistical analysis (data not shown). If inflamma-
tion is the driving force for enhanced T-cell differentiation in AD, a chronically stimulated and
exhausted immune system with reduced production of inflammatory cytokines might explain the
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decreased frequencies of late-differentiated T-cells observed upon follow up. Supporting this
idea of immune exhaustion is a study that reported LPS stimulated blood cells to release less
IL-6 and IL-17 in patients with severe AD [168]].

Impact of CMYV on T-cell phenotypes

Given the observation that CMV impacts the immune system in addition to the impacts exerted
by AD, CMV+ and CMV- individuals were investigated separately. In the Chieti and Canadian
cohorts, the number of CMV- participants was too low to allow for statistical analysis of these
groups separately. The Gottingen cohort was analysed while considering CMV status, but no
significant differences were observed. Only a trend of higher frequencies of late-differentiated
CD8+ T-cells in CMV+ healthy elderly controls and AD patients compared to their CM V- coun-
terparts.

Suggestions of the effect of CMV were provided by Wikby et al. in their immune pro-
file analysis of an elderly Swedish population. In this four year follow-up study, cognitive
impairment together with an "immune risk profile" (IRP) predicted 58% of observed mortal-
ity. Suggesting an allostatic overload amongst the [IRP| individuals, all those with cognitive
impairment did not survive the follow-up period. The IRP markers included were an inverted
CD4/CDS ratio, higher frequencies of late differentiated CD8+ T-cells and persistent CMV in-
fection. Analysis of late-stage CD8+ cells (CD27-CD45RA+) in IRP individuals revealed lower
numbers of these cells in those with cognitive impairment. On the other hand, higher numbers
of CD8+ T-cells with an intermediate phenotype (CD27+CD45RA- and CD27-CD45RA-) were
found. The authors suspected impaired maturation of CD8+ T-cells in individuals with the IRP
and point to studies in which reduced effector cells were associated with decreased immunity to
latent EBV and CMV infections in immuno-suppressed individuals. Once activated, cells of indi-
viduals in the IRP category produced reduced levels of the growth factor IL-2 and differentiated
poorly, compared to their counterparts in the non-IRP group [[168].

Phenotype of brain infiltrating T-cells in AD

That memory cells are present in the brains of AD patients was demonstrated by Togo and col-
leagues who examined the expression of CD45 isoforms on cells in the brain. The authors ob-
served that CD45R A+ cells (defined as naive cells in that study), were infrequently found among
cells in the brains of AD patients, whereas CD45RO, a marker for activated or memory cells, was
commonly observed on cells in the brain of AD patients. The authors of this study also exam-
ined the expression of CD27. In the hippocampus it was observed that CD3+CD27- cells were
more frequent than CD3+CD27+ cells in the brains of AD patients [[151]. Although this study
did not employ a comprehensive naive cell phenotyping strategy, instead relying on CD45RA,
these findings agree with those of studies examining T-cells in the peripheral immune system of
AD patients. The observation that memory T-cells but not naive cells migrate to the brain [163]],
implies that T-cells undergo stimulation in the brain and the periphery separately independently.
One hypothesis to explain a parallel stimulation is that A3, which can cross the disrupted BBB
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in AD, is responsible for T-cell activation and differentiation in both compartments. On the other
hand, CSF levels of A{ in the cohort of AD patients in this study were, in agreement with cur-
rent literature, decreased compared to healthy controls, which questions its role as a stimulus
[136]. Soluble AS applied in the T-cell in vitro stimulation assay in this study did not result
in cytokine production. Therefore other candidates responsible for immune stimulation, for ex-
ample CMV might be considered. In healthy individuals, CMV infection was shown to cause
chronic antigenic stress, resulting in higher frequencies of late differentiated T-cells [30] and also
in this study AD patients with an high anti-CMV IgG titre tended to have higher frequencies of
late-differentiated T-cells compared to CMV- patients. As CMV-infected cells were shown to
occur in the brains of AD patients by Lin et al., it may act as an immune stimulus within the
brain [83]]. The BBB is composed of endothelial cells and van de Berg et al. reported endothelial
cell damage caused by CMV-induced effector T-cells [[155]. The associated chronic endothelial
cell inflammation is characterised by the production of the chemokine fractalkine (CX3CL1) by
these cells. Responsible for this endothelial cell activation are pro-inflammatory cytokines, such
as TNF and INF~, secreted by T-cells [[15)]. Bolovan-Fritts et al. further demonstrated that this
effect is limited to CD4+ T-cells which were stimulated by CMV antigens. CD8+ T-cells, NK-
cells and monocytes did not induce fractalkine production, but were attracted by the chemokine,
possibly contributed to the vascular damage and migrated through endothelial cells in an in vitro
model [15}[14]. Induction of adverse effects on the BBB could explain why a higher anti-CMV
IgG titre is considered a risk factor for AD (see Table [I.T]). Collectively, these data indicate that
immunological stress may contribute to AD and the inflammation that is typically observed in
AD patients.

Conclusions

A study in elderly individuals with impaired functional status reported fewer B-cells and CD4+ T-
cells and more CD8+ T-cells and NK-cells and a resultant decreased CD4:CDS ratio. In addition
to lower responses to CD3 stimulation, higher CMV responses were reported. These observations
were attributed to the limited leukocyte and B-cell repertoire and greater differentiation of these
cells, caused by CMV infection. In addition, anti-CMV titres were higher in the group with
poor motor ability. The authors concluded "that the functional decline of elderly individuals was
clearly associated with the aging of their immune system, and the intensity of the response to
CMV" [101]. Negative CMV effects could also be suggested for AD patients.

Another contributor to immune cell differentiation and health status could be AS. Jozwik et al.
observed higher percentages of activated (CD69+, HLA-DR+) CD4+ T-cells in PBMCs of AD
patients with a high proliferative response to A3 compared to those with a low response [69].
Their report indicates that A has a direct influence on leukocytes. A suggestion that increased
T-cell differentiation leads to higher patient mortality is evidenced by the IRP. The immune risk
profile was established in the longitudinal OCTO NONA studies in a Swedish population. In
addition to earlier death, participants in the risk category showed lower leukocyte proliferative
capacity, lower B-cell counts, fewer naive CD8+ cells and CMV seropositivity [168]].

88



4.2 Distribution of regulatory T-cell subsets in AD patients

Frequencies of activated T-cells in AD

Together with systemic inflammation, many other immunological alterations can be observed in
AD. One of these is an increase in activated leukocytes in the brain and periphery [[154, 81]]. Two
markers of early stage activation are CD69 (a human transmembrane C-Type lectin protein) and
CD25 (the alpha chain of the IL-2 receptor). Schindowski et al. investigated CD69 expression
in AD patients and demonstrated an increased frequency of activated CD4+ and CD8+ T-cells in
AD patients compared to healthy elderly controls [[134]]. Pellicané et al. observed a significant
increase in CD69+ T-cells only after stimulation with A-42 in vitro. In addition, the authors
found no significant differences in CD69 and CD25 expression frequency in B-cells between AD
patients and healthy controls, showing a limitation of the activation among immune cells [110].
Jozwik et al. divided AD patients and healthy elderly into two groups according to their prolif-
erative response to A peptide in vitro. These authors found an increase in HLA-DR and CD69
expression frequency, but not CD25 on CD4+ T-cells in patients who showed a greater response
to A stimulation compared to those who showed less of a response [69].

Conflicting studies regarding the change in CD25 expression frequency have been reported.
Some studies have reported an increase in CD25+ T-cells in AD patients [88, [110], while in
the pilot study in this thesis lower levels were found (Section (3.1.1)[[77]. In addition, the phe-
notype of CD4+CD25high T-cells was determined using a model with CCR7 and CD45RA. In
this study it was found that effector memory cells (CCR7-CD45RA-) dominate in AD patients
and that the frequencies of earlier differentiation stages were lower compared to healthy young
and old controls. This trend is similar for the phenotypes of all CD4+ T-cells in AD patients
compared with healthy controls (Section |3.1.1)[[77]. The frequency of CD4+CD25+ T-cells was
not different between AD patients and controls in the Chieti cohort, while higher frequencies
were observed in AD patients in the Gottingen cohort. The differences between the studies may
be attributable to differences in the AD patient cohorts. One explanation is that in MCI and early
AD the percentages of activated cells increases but due to stress and immune exhaustion in AD
patients, the frequency of these cells is lower. This hypothesis could not be confirmed in the
present studies, as no correlation between disease stage according to patient MMSE scores and
CD25 expression was detected. For true proof longitudinal studies are needed.

Treg frequencies and phenotypes in AD patients

The population of CD25+ T-cells includes regulatory cells. To define the populations of Tregs,
Rosenkranz et al. measured the Foxp3 expression frequency in healthy young and old indivi-
duals as well as dementia patients. The authors only observed differences in CD4+ Foxp3+
percentages between young and old individuals, not between healthy elderly and patients with
AD or Parkinson’s disease [[127]. The inclusion of the CD127 protein re-confirmed these results.
As determined in a pilot study of this thesis, the percentages of CD4+CD25+CD127lowFoxp3+
Tregs were increased in elderly compared with young individuals in a Sicilian population. This
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study failed to observe differences between healthy elderly and age-matched patients with mild
or moderate AD (Section [111]. As well in the following three studies presented in this
thesis (Chieti, Canada and Géttingen) no significant differences in Treg percentages between
patients and controls were found using CD25, Foxp3 and CD127 proteins to characterise Tregs,
but a non-significant trend of increased Foxp3+ CD4+ T-cells in CMV+ compared with CM V-
AD patients was observed.

Even if the percentages of Tregs are not altered in AD, these cells may still play an important
role in AD pathology. Rosenkranz et al. observed that from AD or Parkinson’s patients,
compared to healthy controls, more effectively suppressed T-cell proliferation [127]. A study
reported by Saresella et al. showed that A-stimulated-T cell proliferation was reduced in MCI
patients compared to AD patients and Treg-mediated suppression was more efficient in MCI
patients compared to AD patients. In healthy elderly controls, stimulation with immunogenic
Ap peptides did not elicit the generation of Aj-specific T-cells. This study indicates a potential
connection between Treg activity and disease progression. Furthermore the authors examined
the Treg phenotype and observed PD-1- Tregs to be increased in MCI patients. [PD-I}expressing
Tregs cells are considered to possess the highest suppressive capacity. These results suggest that
in AD patients the immune system is attempting to limit the degree of inflammation by enhancing
Treg activity, although given that increased inflammation is commonly observed in AD patients
this would suggest that the immune system is unsuccessful in this attempt. At early stages of
dementia (MCI patients), the activity of Tregs increases, but later drops in AD patients, at least
in the study of Saresella ef al. In contrast to previous reports, the results from their study indicate
that the total percentages of CD25highFoxp3+ CD4+ T-cells were diminished in healthy elderly
compared to middle aged controls, MCI and AD patients [132]]. These differences compared to
our pilot study may be explained by the greater age range of the controls, and the use of different
Treg marker proteins.

Given that in the pilot study presented in this thesis (Section [3.1.1)), the phenotype of CD4+
CD25high T-cells shifted to a predominantly memory type in AD patients, CD45RA and CD45RO
were included in subsequent Treg analyses. By gating resting and activated Tregs according to
the models published by Miyara ef al. and Booth ef al. [98,16] several Treg populations were
observed, but there were no significant differences between patients and controls. In the Chieti
study of chemokine receptors, trends of higher CCR expression on CD25+ T-cells of AD patients
compared with controls were observed. Although these results were not significant, they suggest
an association between activated T-cells and AD. As possible reasons several factors could ac-
count for this (viral infection, systemic inflammation, tau and A/3), but so far no definite evidence
has been provided.

4.3 Leukocytes in healthy controls and AD patients

4.3.1 Controversial results concerning the frequency of T-cells in AD

Previous studies have observed a decrease in the total frequency of CD3+ T-cells in AD patients
compared to age-matched controls [[124], but analysis of T-cell subsets led to contradictory re-
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sults. In the pilot study presented in this thesis (Section [3.1.1)) significantly reduced CD4+ T-
cells were observed in AD patients. This resulted in a lower CD4+/CD8+ ratio in the T-cell
population in patients with mild AD compared to healthy age-matched controls [[77]]. This obser-
vation might be explained by greater susceptibility to apoptosis of CD4+ T-cells in AD patients
compared to controls. This is supported by a study describing apoptosis of CD4+ T-cells and
NK-cells in AD patients [135]. In contrast, Richartz-Salzburger et al. found no difference in
the CD4+/CD8+ ratio between AD patients and healthy controls [[124]], while other reports have
observed a higher CD4+/CD8+ ratio [[138]. The cause of these discrepancies is not known, but
may be associated with disease stage of the patients analysed, or with the failure to exclude
NK-cells that express CDS8 from the analysis. Therefore the present studies included NKT-like
cells in the analysis. In the Chieti and Gottingen cohorts, no differences in the percentages of
CD56lowCD16+CD3+ NK-T-cells within the total CD45+ cells were seen between AD patients
and controls. This observation led to the conclusion that the frequency of NKT-like cells does not
influence the percentages of CD8+ T-cells in AD patients compared with controls. In addition,
in three of the four studies in this thesis, no differences in the percentages of CD4+ and CD8+
T-cells in patients and controls were detected. Another T-cell subset of interest was yoT-cells.
These cells are predominately found among CD4-CDS8- T-cells and relevant, because yoT-cell
subsets were shown to produce predominantly pro-inflammatory cytokines or function as APCs
to induce a Th2 response of CD4+ T-cells [102] and so might contribute to inflammation in AD.
Another point is their ability to "operate as a professional phagocyte" [173]. ~vydT-cells were
investigated in the Canadian cohort. No significant differences were found in the percentages
of CD4-CD8- and CD4-CD8-TCR~d+ cells when comparing AD patients with healthy elderly
controls. In the CD4-CD8-TCR~Yd+ population, a marginal increase in the frequencies of these
cells was observed in AD patients, which could not be confirmed in the cohort of donors from
Chieti and Gottingen. Besides antibody opsonisation, CD16 plays a main role in phagocytosis
[173]. Therefore the hypothesis could be investigated, that the frequency of the whole ydT-cell
population does not differ between patients and controls, but that percentages of individual sub-
sets, such as CD16+ ~vdT-cells, are altered. Phagocytic capacity was demonstrated for bacteria
and synthetic beads, but the uptake of Aj is one of the many open questions in this field to
be investigated. In addition a phenotype analysis could reveal differences as shown for CD25+
T-cells [77].

4.3.2 Reduced frequencies of naive B-cells in AD patients compared with
healthy controls

The frequency and phenotypes of B-cells

Few studies have investigated B-cells in AD patients. While some studies led to the conclusion
that the frequency of CD19+ B-cells is decreased in AD patients, e.g. [124], other studies have
observed no differences in the frequency of CD19+ B-cells in patients with MCI or AD, as re-
viewed by Rezai-Zadeh et al. [123]]. Patients from the Chieti cohort in the present study showed
no differences in the percentage of CD19+ within the CD45+ leukocyte population across the
different dementia types examined.
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Another aspect that was investigated was the lymphocytic expression of APP - within lympho-
cytes primarily related to B-cells - which was found to be increased in MCI patients. This finding
is thought to be related to dysregulated APP metabolism in the brain. These findings hint at the
systemic failure of B-cells to activate and effectively process APP, thus they contribute to AD
pathology [123]]. As reviewed by Rezai-Zadeh et al., further B-cell analysis included measure-
ments of CD69 on the surface of B-cells following mitogenic treatment. The results indicated that
the expression of CD69 was decreased in AD patients compared with controls. The consequences
of CD69 on AD have so far not been investigated. One consideration is the production of Aj3
autoantibodies, which may be related to A3 neurotoxicity. Several studies have been performed
by separate investigators, but the outcomes have been contradictory, perhaps reflecting the dif-
ferent experimental techniques employed [[123]. The production of antibodies is predominately
by differentiated B-cells. In a more detailed analysis, this study assessed B-cell phenotypes.
Four differentiation stages were characterised according to the expression of IgD and CD27.
The results indicated no significant differences in the frequency of these phenotypes between
AD patients and healthy controls, but a slight trend of lower frequencies of naive IgD+CD27-
B-cells, and a slightly higher level of late-differentiated (IgD-CD27+ and IgD-CD27-) B-cells in
AD patients compared to healthy elderly was observed. This trend is similar to the finding of
higher frequencies of more differentiated T-cells in AD patients and counts as another sign for
ageing of the immune system in AD.

Relevance of CD40

CD40 is a glycoprotein and member of the TNF-receptor superfamily that is upregulated by
the pro-inflammatory cytokine IFN~. Ramirez et al. investigated CD40 expression on brain
endothelial cells of patients affected by HIV-1 encephalitis (HIVE). The authors concluded that
there was an important role for CD40 and its ligand CD40L in BBB regulation [118]]. When ex-
amining HIVE patients with cognitive impairment, CD40-CD40L interactions led to increased
inflammation and production of adhesion molecules in endothelial cells. Levels of reactive oxy-
gen species and as a consequence chemokine secretion were enhanced as well. Soluble CD40L
can decrease levels of ATP. Appropriate ATP levels are required for maintenance of tight junc-
tion permeability in the BBB [27]]. Other reports have demonstrated that CD40 expressed on
B-cells resulted in their activation and differentiation via T-cells [47]. B-cell-T-cell interactions
are probably influenced by CMYV, as mouse CMV glycoprotein m155 was shown to inhibit CD40
expression [86]. The results of the study performed in this thesis suggest that a more differenti-
ated B-cell phenotype is found in AD patients, which might be related to CD40. Therefore the
analysis of CD40 expression was included in this study. In the Gottingen cohort, CD19+ cells
in AD and MCI patients did not show significant differences in the frequency of CD40+ cells
compared to controls. The values show a broad range with a slightly higher median in case of
the healthy elderly, although this trend did not reach significance.
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4.3.3 No difference in the frequency of NK- and NKT-like cells in AD
patients

The percentages of NK-cells were not shown to be different between dementia patients and con-
trols in earlier reports [[123]. Both, the Chieti and the Gottingen studies from this thesis, confirm
these reports. The percentages of CD56low CD16+CD3- cells within the CD45+ population did
not differ between AD patients and controls. This means that either NK-cells do not play an im-
portant role in AD, or that sufficient NK-cells are produced to compensate NK-cell exhaustion
in the brain. A third hypothesis is that NK-cell numbers are not affected by AD, but instead their
functionality is altered with disease progression. This is supported by studies that have found
increased or decreased NK-cell activity in AD patients compared to healthy controls [123]].

A less frequent leukocyte subset, the NKT-like cells, was also investigated but the percentage of
these cells (defined as CD56lowCD16+CD3+) did not differ between patient and control groups.
Because NKT-like cells respond to cytokines and have a role in modulating the immune system,
they might be associated with AD pathology. The hypothesis proposed for NK-cells may also
apply to NKT-like cells - the frequency of these cells does not vary, but their functional capacities
might be altered. This remains to be investigated in future studies.

A previously reported finding that may be an important consideration is that NK-cells play a role
in the recognition and regulation of virally infected cells. They are also particularly important
in immunosurveillance against CMV [101]. NK-cell numbers increased with age and this has
been proposed to be due to an increased response against CMV. Greater frequencies of NK-cells
with reduced functional status have been reported in the elderly. In these elderly individuals
higher anti-CMV antibody titer was also observed [101]]. Originally, it was an aim of this thesis
to investigate if NK-cells differ between CMV- and CMV+ AD patients, but due to insufficient
participant numbers this outcome was not achieved.

4.3.4 No significant differences in the frequency of monocytes between de-
mentia patients and healthy controls

Characterisation of the monocyte population in AD patients

To the best of my knowledge, the total number of monocytes in dementia patients has not pre-
viously been assessed. Here the frequencies of monocytes defined as CD14+CD45+ cells were
determined. In the Chieti study cohort no differences between patients and controls were de-
tected, while in the Gottingen cohort a slight decrease of CD14+ cells within the CD45+ popula-
tion was observed in AD patients. In previous studies using a transgenic murine AD model, the
loss of CD14 expression was associated with enhanced expression of genes encoding the pro-
inflammatory cytokines TNF and IFN+~ [[122] and a systemic inflammation is characteristically
in AD patients. CD14 - an[LPS]receptor - was demonstrated to interact with A and to create an
inflammatory response in mice. One hypothesis is that aggregated Af fibrils mimic pathogen-
associated microbial patterns that are biophysically similar. Other promoters of LPS-mediated
inflammation are scavenger receptors and CD11b/CD18. In hybridisation experiments, CD14
mRNA from APP23 transgenic mice was more highly expressed compared with wild type mice
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[37]. These results show that in addition to the frequencies of CD14+ cells as analysed in the
Chieti and Goéttingen studies, the relative proportion of different monocyte subsets could be of
importance. Seidler ef al. showed that healthy elderly compared to healthy young did not differ
in terms of total leukocyte or monocyte frequencies, but the proportion of the subsets of these
cell types did. "Non-classical CD14+CDI16+ monocytes significantly increased with age, but
displayed reduced HLA-DR and CX(3)CRI surface expression in the elderly”. But the authors
state that there was no significant correlation between "Classical CD14++CDI16-" monocyte
frequencies or counts and age [[137]. It is possible that certain monocyte subtypes are present
in differing proportions in AD patients or that their activation status or functionality is different,
even if the frequency of monocytes is constant or diminished due to AD-associated immune ex-
haustion.

This may also be the case for CD11b and the scavenger receptor CD36, which helps to mediate
microglial and macrophage response to Af fibrils and which seems to play a key role in AD-
associated inflammation [48]]. In the Chieti study cohort, the frequencies of monocytes did not
differ significantly between patients and controls, but the mean fluorescence intensities were not
considered. Considering this, it is possible that even though the proportion of cells was not dif-
ferent, the expression of the proteins of interest on each monocyte may have been different in the
AD patients compared to the controls. More detailed studies are required, particularly consider-
ing that CD11b+ cells and CD11c+ cells have been reported to be localized with A plaques in
APP transgenic mice. CD11b+ are phagocytic cells which produce pro-inflammatory cytokines
including IL-153, TNF in addition to promoting NO, free radicals, chemokines and activating
complement. After incubation with IFN~, microglia differentiated into CD11b+ and CD11c+
cells that served as APCs for both A5 1-40 and A/3-42 and supported CD86-dependent prolifer-
ation of Af3-reactive T-cells. In addition, IFN+v and A/-stimulated microglia and astrocytes led
to NO-mediated toxicity that affected T-cells resulting in apoptosis [99]. This may also account
for the observed decrease of CD14+ leukocytes in the Gottingen cohort.

CD40 expression on monocytes

Lymphocytes as well as microglia are activated in AD. One mediator for this microglia activation
is an interaction between CD40 and CD40 ligand (CD40L). These two molecules are typically
up-regulated in AD [123]. Both CD40 and CD40L are present as soluble and membrane-bound
forms. In addition to their role in costimulation of immune cells, these interaction partners are re-
ported to enhance neuroinflammation, modulate APP processing and reduce A clearance from
the brain. When microglia were cocultured with primary neurons in the presence of A peptide,
together with IFN~y or CD40L, microglia secreted high levels of TNF, which led to neuronal
injury [47]. Given that reactive microglia in the brain express CD40 and that vascular CD40
expression has been found to be elevated in AD-associated brain lesions [152], the expression
of CD40 on monocytes was investigated in the Géttingen AD cohort in this thesis. This study
showed similar frequencies of CD14+CD40+ cells in AD patients and healthy elderly controls.
The results were similar in the case of CD40+ B-cells. Given that this study only examined the
frequency of these cells, the degree of CD40 expression may have been different between the two
groups. Another aspect that could be examined in future studies could be the characterisation of
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CD40 on monocyte subsets (CD16+ monocytes, for example). But it may also be the case that
CD40 on monocytes and B-cells does not play an important role in AD.

Activated monocytes in AD

To investigate the activation state of monocytes, Kusdra et al. assessed the expression of CD69 on
monocytes and macrophages. The results indicated that the percentages of CD14+CD69+ cells
were higher in AD patients compared to healthy controls. The Chieti study cohort investigated
in this thesis did not confirm the results of Kusdra et al. No differences between patients and
controls were seen in the frequency of CD14+CD69+ cells. Another suggestion of the impor-
tance of CD69 in AD was provided by Schindowski et al., who reported a higher percentage of
CD8+CD45RO+CD69+ T-cells after mitogenic stimulation in AD patients compared to healthy
elderly [134]]. Given that in the study by Schindowski et al., the basal levels of CD69+ T cells
were similar between the two groups, the Chieti cohort studied in this thesis may show dif-
ferences between AD patients and controls in the frequency of CD69-expression T cells after
exposure to a stimulus. Chronic immune stimulation might be the normal state in AD patients.
This is supported by several studies such as that by Pellicané et al. This study showed that
CD69-expressing T-cells in AD patients in a Sicilian population were slightly more frequent in
comparison to those in healthy controls. These slight increases were statistically significant when
PBMC samples were cultured with A3-42 protein [110]]. Given that these differences were not
seen in CD19+ cells, it is not possible to comment on whether or not these results are indicative
for other leukocyte cell types. These experiments remain to be performed in future studies. The
conditions for these experiments should be carefully chosen as a wide range of conditions have
been employed by other investigators. For example Stieler et al. incubated PBL with phyto-
haemagglutinin (PHA, 12 pg/ml), pokeweed mitogen (PWM, 4 pig/ml), Protein A (50 pg/ml) or
nerve growth factor (NGF, 100 ng/ml). Stieler et al. used siliconized glass tubes to prevent the
adhesion of isolated cells on the surface of the tubes during the incubation time of 4 h. Whether
the authors investigated CD3+CD4+ or CD19+ lymphocytes, the stimulation index (defined as
the ratio of CD69 expression after mitogenic stimulation to unstimulated control) correlated in-
versely with patient MMSE scores, irrespectively of the stimulus applied. PHA was reported
to be the strongest stimulus. For other leukocyte cell types studied (CD45+, CD3+ or CD8+)
the observed trends did not reach significance [145]. The conditions contrast with the study by
Pellicané et al. in which 24-well plates for 48 h of stimulation at 37°C were used [[110] and this
could explain different results.

4.4 Degree of T-cell cytokine production does not differ be-
tween AD patients and healthy controls

Along with age the level of C-reactive protein and pro-inflammatory cytokines increase. The
resulting low-grade systemic inflammation termed "inflammageing" is associated with several

95



age-related diseases including cardiovascular disease, type 2 diabetes and dementia [8]. The
OCTO and NONA longitudinal studies demonstrated that in a Swedish cohort low-grade inflam-
mation predicted two-year mortality in very old individuals independently of their health status
[169]. In addition, levels of the pro-inflammatory cytokine IL-1 and the "multifunctional” IL-
6 were suggested to be associated with impaired cognition [[168]. To place their results in the
context of AD, the authors referred to studies in which intracerebral injection of an APP peptide
in mice resulted in increased brain and plasma-IL-6. Based on these and other findings, Wikby
et al. suggested to characterise late life neurodegeneration as chronic inflammatory condition
where microglia are activated. In their study of predictors of mortality the authors established an
immune risk profile (IRP) with CMV seropositivity as one main hallmark. To control persistent
CMV infection CD8+CD28- T-cells are generated and the number of these differentiated CD8+
cells were elevated in individuals of the IRP cohort. A correlation between the IRP and IL-6
levels was not found; both parameters predicted survival independently [[168,169]. Bartlett ez al.
investigated the role of CMV in inflammageing over ten years and concluded that "CMV infec-
tion is not a primary causative factor in the age-related increase in systemic inflammation" [8]].
This indicates that CMV does not act as a stimulus that causes the inflammation present in AD,
but adds an additional burden. In the OCTO and NONA studies all individuals with cognitive
impairment which were in the IRP group were deceased at follow-up [[168]. As an alternative
factor, in this thesis a possible role of A as driving force for the inflammation was investigated.
The expression of cytokines by leukocytes in the peripheral immune system and the best method
for their assessment remains a controversial topic. A review of the literature was provided by
Lee et al. [78]. The authors report that amyloid beta synthesis was induced by cytokines secreted
from microglial cells, astrocytes and/or neurons. A/, in turn, induced the production of IL-17,
TNF and IL-6 in astrocytes and microglia in vitro. AD is a disorder of the brain, thus CSF is
the ideal source to measure cytokines. But it is far easier and more cost effective to obtain blood
from patients as it is tested as part of routine clinical examination. Therefore, biomarkers for
AD that are present in the blood would be very useful for diagnosis and for the determination
of disease progression. Given that the inflammatory state in AD is not only limited to the brain
but is systemic, blood may provide relevant information regarding the disease. Damage to the
BBB is common in AD patients, which allows the passage of small molecules. A3 may be able
to pass the BBB and go on to damage lymphocytes in the periphery. This could result either in
reduced cytokine production, or may result in activation with a subsequent increase in cytokine
production, as Blurton-Jones and La Ferla postulate for what may be occurring in the brain [[13]].
A potential clue is provided by Fiala ef al. - they show that A3 stimulates monocytes to secrete
cytokines [40].

In the present study cytokine production by PBMCs from healthy donors and AD patients was
analysed. PBMCs may migrate to the brain where PBMCs along with the cytokines they produce
may play an important role in the pathology of AD. Therefore it was of interest to investigate
the capacity of these cells to produce cytokines. The experiments summarised in Section [3.2.4
showed no reduction in cytokine production, which if observed, may have been due to AS tox-
icity in the blood. The live:dead cell discriminator EMA did not indicate a large increase in the
proportion of dead cells after A5 stimulation (data not shown). PMA / ionomycin stimulation
resulted in a similar increase in cytokine production in both AD patients and controls. Future
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studies could examine not only the frequency of cytokine producing cells, but also the degree by
which the positive cells express the cytokines (either by using the MFI with flow cytometry or
by measuring cytokine levels in the plasma).

Additionally, a co-culture experiment with PBMCs and Aj3 protein and stimulation with PMA
and ionomycin may assist in investigating if A3 protein is capable of inhibiting cytokine produc-
tion. Other experiments performed in this study do not confirm another hypothesis that there is
increased cytokine production in AD patients due to Aj-reactive T-cells as incubating PBMCs
with AS did not result in an appreciable increase in cytokine production. Despite these results,
Monsongeo et al. observed increased T-cell reactivity to different amyloid beta peptides mea-
sured by proliferation and cytokine production, in elderly individuals and AD patients. But the
authors of this study used longer incubation times (30 h compared with the 17 h in this thesis)
and did not detect the production of all cytokines (for example, low levels of IL-4 and IL-10 were
observed) [103]]. A review of T-cells and cytokines in AD patients is presented by Town et al.
The authors point out that clinical trials with vaccination of AS in humans (in contrast to mice)
led to a strong Th1 response and production of inflammatory cytokines such as IL-2 and IFN-~.
This was thought to result in the observed side effects such as meningoencephalitis, resulting
in termination of the trial [154]. Other factors might be considered, for example the basal level
of cytokines appears to be slightly higher in a proportion of AD patients compared to healthy
elderly controls. This might be due to other stimuli in the blood of AD patients. The difference
was marginal; the employed technique of flow cytometry was not able to clearly detect the dif-
ference. Follow-up experiments to more thoroughly investigate this potential difference could
use either a longer incubation time, in vitro stimulation with other potential immune stimulants,
or an assay capable of assessing plasma cytokine levels in AD patients. In summary, this study
observed that amyloid beta did not influence PBMC cytokine production. Future studies should
employ modified experimental parameters in order to investigate this topic in more detail.

4.5 Higher chemokine receptor expression in AD patients compared
with healthy controls

In AD patients, cells of the immune system migrate along a chemokine gradient from the periph-
ery, through the blood-brain barrier, to the brain. Due to this, this study investigated chemokine
receptor expression on PBMCs of AD patients compared with healthy controls. Reale et al. pos-
tulate that chemokine receptors are present and some up-regulated in the brain of AD patients by
comparison with healthy individuals. The system of chemokines and their receptors is thought
to lead to an accumulation of microglia in senile plaques and may play a role in a cascade which
results in neuronal death. Increased concentrations of cytokines and chemokines in AD have
been reported for the periphery and the brain, but which of these is the primary driving force and
which is altered in consequence is still under debate. Using genetic and cytofluorimetric analysis,
Reale et al. showed that CCR2, CCRS and CCL5/RANTES were more highly expressed, while
CCL2/MCP-1 showed lower expression in AD patients compared to controls. The results of this
study indicated that CD4+ CCR2- and CCR5-expressing T-cells were more frequent compared
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to CD8+ T-cells. An increase in CCRS, CCLS5, CCL2 and IFN~ was also observed when PBMCs
were stimulated in vitro with A3-42 [[119].

The present study analysed CCRs from a different perspective. This study investigated the
expression of CCRs on PBMC and the results confirmed those reported by Reale er al. Addi-
tionally, this study included CCRs that were not studied by Reale ef al. In the Chieti sample
cohort, the expression frequency of CCR4 and CCR6 was analysed on T-cells. The results indi-
cated a slight trend; CD4+ T-cells of AD and VaD patients tended to express CCR4 and CCR6
more frequently, particularly when these cells were activated (that is, positive for CD25). This
analysis was repeated with the inclusion of CCRS in the Canadian cohort. The results showed
that CCCR4 and CCRS, but not CCR6, was expressed more frequently on CD4+ T-cells in AD
patients compared to healthy controls, although the results did not reach statistical significance.
These results were independent of disease severity.

Another study indicated increased CCR2 and CCRS5 expression frequency on T-cells and
B-cells after the stimulation of PBMCs from AD patients and healthy controls with A[3-42 pro-
tein. In the case of CCRS, T-cells from AD patients expressed this protein in higher amounts
than in controls [110]. This study also investigated the expression frequency of CCRs on other
leukocyte cell types. In the Gottingen AD cohort, CCR2, CCR4, CCRS5 and CCR6 were slightly
more frequently expressed on the entire leukocyte population (defined as CD45+) in AD patients
compared with controls. Greater differences were observed when the leukocytes were divided
into subsets. CCR6 was observed to be more frequently expressed on T-cells (CD3+), B-cells
(CD19+) and monocytes (CD14+) in AD patients compared with controls. Within the CD4+
and CD8+ T-cell subsets, the difference of higher CCR4 and CCRS5 expression was more pro-
nounced in the CD4+ subset compared to the CD8+ subset. This is in line with previous studies
showing that CD4+ T-cells are more differentiated than CD8+ T-cells in AD patients [77, [111].
A particularly important observation by previous investigators is that of higher expression of the
CCRS ligand MIP-1a by T-cells. CCRS expression on human brain microvascular endothelial
cells may provide a mechanistic explanation for T-cell migration through the BBB
to the brain [110].

Lee et al. detected higher A(3-42 and beta-secretase levels in the brain of CCRS knockout
mice compared with wild-type mice. The authors hypothesised that the absence of CCRS leads
to an activation of CCR2, which through astrocyte activation in turn leads to A3 deposition and
memory dysfunction [[79]]. The CCRS signalling pathway also influences the expression of other
chemokine receptors. In CD4+ T-cells of CCRS5 knockout mice, the expression of CCR1, CCR2
and CXCR3 is reduced. These mice showed altered CNS trafficking [49]). Therefore, these re-
sults suggest that CCRS may act to suppress the development and progression of AD pathology.
The more frequent CCRS expression on leukocytes in AD patients is perhaps a mechanism by
which the body is attempting to counteract AD pathology. Further support for this hypothesis is
given by a previous study that reported a possible neuroprotective role for CCRS [144]. Thus,
the observation in this study that PBMCs express CCRS more frequently may reflect attempts by
the body to counteract the pro-inflammatory nature of AD pathology mediated by other CCRs
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such as CCR6.

It is thought that CCR6 may also play an important role in this context. Together with adhesion
molecules such as selectins and integrins, CCR6 influences T-cell migration through the choroid
plexus into the CSF [129]. Previous studies have reported higher CCR6 expression in the brain
and periphery of transgenic mice with AD-like disease. The authors of this study suggested that
this was due to the systemic inflammation that is present in AD [147]. The findings presented
in this thesis indicate that AD in humans is similar to AD-like disease in mice in relation to its
inflammatory nature. One hypothesis is that certain immune cells which infiltrate the brain con-
tribute to inflammation while exerting anti-disease activity. Thus, limiting trafficking of immune
cells to the brain which secrete pro-inflammatory cytokines might help to reduce inflammation.
Additionally, brain-recruited microglia might secrete neurotoxins, causing neurodegeneration
[34]]. This could be reduced by preventing those microglia from entering the brain (Fig. #.1)). On
the other hand migration of immune cells with anti-disease activity should be promoted.

An advantage of studying several chemokine receptors simultaneously is that different leuko-
cyte subsets may not express all of the receptors. This may allow the identification of expression
patterns on leukocyte subsets so that it may be possible to develop therapies that specifically
target subsets that play a role in AD pathology. For example, B-cells may play a role in con-
trolling CNS inflammation through IL-10 secretion [41] in addition to releasing nerve growth
factors that promote regeneration of brain cells [153]]. A activates neuroprotective microglia to
amyloid plaques via a signalling cascade that begins with the scavenger receptor CD36 [104]].
A[ can be phagocytosed by macrophages which in turn reduces the negative effects of A5 (Fig.
[I.2). Experiments from Zaghi et al. showed that "AD macrophages ingested and cleared less,
and underwent apoptosis upon exposure to soluble, protofibrillar, or fibrillar AB" [[176]. Another
study by Fiala et al. showed that in contrast to those from controls, monocytes from the blood
of AD patients take up AB but insufficiently mediate its clearance, have less capacity for dif-
ferentiation into macrophages, and more readily undergo apoptosis [39]. In transgenic mice,
experiments with GFP-labelled A showed that blood-derived monocytes enter the brain and
phagocytose A [92, [142]. Because these experiments were performed in chimeric mice in
which the host animal was irradiated and the bone marrow replaced with that of transgenic mice
in which lineage markers or selection genes had been introduced, the brain infiltration of bone
marrow-derived cells might be artifactual (reviewed by Cameron et al.) [22]. However, the data
presented in thesis observed increased expression frequency of CCR6 in monocytes and B-cells
in AD patients, suggesting that they may have an immune regulatory role in the brain.

A direct influence of CCR2 on disease progression was shown by El Khoury et al. [34].
In mice lacking CCR2, the authors observed less microglial accumulation and Af clearance in
addition to the promotion of early disease progression [34]. On the other hand, it has been
stated that "Hematopoietic CC-chemokine receptor 2 (CCR2) competent cells are protective for
the cognitive impairments and amyloid pathology in a transgenic mouse model of Alzheimer’s
disease" [100]. A correlation between CCR2 expression and MMSE scores in an elderly cohort
was reported by Harries et al. along with data associating CCR2 expression with ApoE haplo-
type status - an AD risk factor [S9]. Evidence in mice has been reported that suggests Ly-6C(hi)
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CCR2+ monocytes are recruited to brain lesions which then differentiate into microglia [96].
Regarding CCR2 ligands, Westin et al. observed a correlation between increased CCL2 levels
in the CSF and more rapid cognitive decline in MCI patients that had developed prodromal AD
upon follow-up [164].

The results presented in this thesis confirm differences in the frequency of chemokine recep-
tor expression on PBMCs of AD patients compared to controls, potentially linking inflammatory
cells of the immune system to AD-associated brain damage. The results of this study are not able
to determine whether these differences are beneficial or harmful with respect to the development
and progression of AD. In order to determine this, follow-up studies, which are already under-
way, are required. It is speculated that interactions between certain immune cell types may be
beneficial at the onset of disease but harmful in later stages of disease, as evidenced by several
studies [41} 34, [176, 153]]. In future experiments it would be of interest to investigate whether
blocking or enhancing the migration of peripheral leukocytes to the brain is associated with
changes in brain-associated inflammation, amyloid plaque accumulation or immune exhaustion,
or whether this results in adverse effects. The present studies suggest several novel therapeutic
targets (Fig. [4.1)) based on proteins observed to be more frequently expressed on peripheral blood
cells from AD patients than in healthy elderly controls.
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Chapter 5

Summary

This study investigated the immune profiles of patients with dementia (AD, VaD, mixed demen-
tia). The focus of this study was on leukocyte populations found in the blood. Initial experiments
assessed the frequency of major leukocyte subsets in AD patients and healthy controls, but no
differences were observed - the frequencies of B-cells, NK-cells and NKT-like cells were similar
for all groups. The monocyte marker CD14 tended to be less frequently expressed in control
subjects compared to AD patients, but the results differed across the cohorts that were studied.
In the second phase of this study, the phenotype of different leukocyte populations was ana-
lysed. B-cells showed a tendency towards a lowered frequency of CD27-IgD+ naive cells in AD
patients compared to healthy controls. This trend was even more pronounced for T-cells, notably
in the case of CD4+ T-cells. This decrease was observed in pilot studies using samples from
the Canadian and Sicilian cohorts, but also in studies in the three other cohorts examined. In
these studies, different phenotype models were applied. Naive T-cells were either characterised
as CCR7+CD45RA+ or as CD27+CD28+CD45RA+CD45RO-. In both cases the percentages
of CD4+ T-cells were lower in AD patients than in controls. Parallel to this, the percentages of
late-differentiated CD4+ T-cells were found elevated in AD patients. In addition, the frequency
of CD57- and KLRG-positiv cells tended to be greater in patients than controls, but these dif-
ferences were only statistically significant in some cohorts. Another observation, indicative of
immune exhaustion, was an increased level of PD-1 in T-cells of AD patients compared with
controls, although this was also not statistically significant. The question remains, which is the
factor causing these immune changes in AD. One possible explanation is that AS is causing
chronic antigenic stress and driving T-cell differentiation.

Another aspect that was studied was the functionality of the PBMCs in AD patients compared
with healthy controls. The aim was to assess the capacity of T-cells to produce cytokines and
control inflammation. If the cells are still able to produce anti-inflammatory cytokines, they could
serve as a target for immunotherapy. Another option to reduce inflammation is to identify and
neutralize the antigen triggering pro-inflammatory responses in AD. Af is one candidate which
was investigated in this study. After overnight stimulation with either PMA and ionomycin or
A[-42 together with brefeldin A, the levels of intracellular cytokines in CD4+ and CD8+ T-cells
were determined with flow cytometry. The results of these experiments showed no major differ-
ences between controls and AD patients. They were also independent of the disease stage.
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Further studies investigated chemokine receptor expression. In AD, a compromised and po-
tentially leaky blood-brain barrier results in an exchange between the periphery and the brain
that does usually not occur. A consequence is that cytokines, AS protein and cells may mi-
grate through the BBB. One consequence of this is systemic inflammation. One aspect of AD
pathology is the potential recruitment of immune cells to the brain. To elucidate the mecha-
nisms behind these processes, the frequency of peripheral leukocytes expressing CCR2, CCR4,
CCRS5 and CCR6 was determined. The results indicated that leukocytes from AD patients more
frequently expressed these proteins, although the differences were not always statistically signi-
ficant in all cohorts. In the case of CCR6, it was observed that this receptor was not only more
often expressed on a single leukocyte subset, but expressed more frequently on B-cells, mono-
cytes, CD4+ and CD8+ T-cells as well.

In conclusion, this work provides evidence that hints toward a more differentiated and exhausted
immune system in AD patients. What still remains unclear is whether the recruitment of immune
cells to the brain is a consequence or cause of the disease. Experiments using in vitro models
where the entry of immune cells to the brain can be blocked may provide insight into this lin-
gering question. These experiments may also assist in determining if the migration of immune
cells results in beneficial effects, for example by phagocytosing AS protein, or if they function
to promote disease progression assuming that in vitro models accurately parallel human disease.
A way of investigating this could be to enhance the chemokine gradient in vivo, as the immune
cells examined in this study demonstrated increased CCR expression. In the event that immune
cells are found to promote AD, it may be possible to treat patients with CCR-blockers in order to
reduce immune cell migration to the brain. Using this approach, it may be possible to selectively
block B-cell migration as they were observed to express CCR6, but not CCR4 or CCRS. After
determining which leukocyte subset contributes to the promotion of disease, it may be possible
to employ antibodies specific to CCRs that are predominately expressed on this subset.

Previous studies in healthy elderly individuals showed that CMV serves as a chronic stimulus for
the immune system, particularly for CD8+ T-cells. In AD patients, A5 might play a similar role.
In the present study, the cytokine production of T-cells stimulated with A3-42 was assessed, but
this did not result in appreciable cytokine production. AS may influence the immune system
through more than one mechanism, and it is possible that A3 contributes to the observed shift
from early-differentiated to late-differentiated T-cells and B-cells in AD patients. This could
be tested by culturing T-cells with and without A protein and analysing the resultant immune
profile. It is hypothesised that a rejuvenation of the immune system may be beneficial for AD
patients. This might be achieved through improving A/ clearance, possibly by enhancing mono-
cyte migration from the periphery to the brain. Reduced AS load may result in reduced T-cell
differentiation, i.e. fewer memory T-cells and more naive T-cells. It is thought that in AD patients
as in healthy elderly individuals that CMV is the driving force of CD8+ T-cell differentiation and
A may have a similar effect in AD patients. Whether the effects of CMV and Af are additive
remains to be determined. A larger cohort of study participants - as recruited here - including suf-
ficient CMV- and CMV+ AD patients and controls would be necessary to investigate this. This
question may be of particular importance given that CMV may contribute to the inflammatory
state in AD patients and thus provide another burden to the functioning of the immune system
thereby decreasing the ability of the body to control the disease. The role that CMV may play
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in the functional decline of the immune system may also be related to cognitive decline, such as
that in AD.

5.1 Summary in German

In dieser Studie wurden Immunprofile von Patienten mit verschiedenen Demenzformen (AD,
VaD, mixed dementia) erstellt. Der Fokus lag dabei auf verschiedenen Blutleukozyten. Die
Prozente an B-Zellen, NK-Zellen und NKT-Zellen waren dhnlich in allen Gruppen. Der Mono-
zytenmarker CD14 scheint in Kontrollen weniger exprimiert zu sein als in Alzheimer-Patienten,
doch die Aussagen sind nicht schliissig, da verschiedene Studien zu unterschiedlichen Ergebnis-
sen gefiihrt haben.

In einem zweiten Teil wurde der Phinotyp der Leukozyten untersucht. B-Zellen wiesen dabei
tendenziell geringere Prozentzahlen an CD27-IgD+ naiven Zellen in Alzheimer-Patienten im
Vergleich zu gesunden Kontrollen auf. Dieser Trend ist stirker ausgeprigt in T-Zellen, vor allem
in den CD4+, und wurde durchgéngig in allen Studien festgestellt. Dabei wurden verschiedene
Differenzierungsmodelle angewandt, in denen naive T-Zellen als CCR7+CD45RA+ oder als
CD27+CD28+CD45RA+CD45RO- charakterisiert wurden. In beiden Fillen war die Haufigkeit
in Patienten niedriger als in Kontrollindividuen. Parallel dazu war die Frequenz an weit dif-
ferenzierten CD4+ T-Zellen hoher in Alzheimer-Patienten. Zusétzlich war die Haufigkeit von
CD57- und KLRG1-positiven T-Zellen in Patienten hoher, wenn auch nicht immer signifikant.
Ein weiteres Anzeichen fiir ein erschopftes Immunsystem ist das nicht signifikant hohere Level
von PD-1 auf T-Zellen von Patienten der Alzheimer-Krankheit. Daraus stellt sich die Frage, was
fiir die immunologischen Verdnderungen in Bezug auf die Alzheimer-Krankheit verantwortlich
ist. Eine Hypothese ist, dass Af3 als antigener Stressor T-Zell Differenzierung vorantreibt.

Ein weiterer untersuchter Aspekt war die Funktionalitdt von PBMC. Ziel war es, die Kapazitit
von T-Zellen, Zytokine zu produzieren, zu untersuchen. Falls diese Zellen in der Lage sind,
ausreichend anti-inflammatorische Zytokine zu produzieren, so konnten sie als Ziel fiir eine Im-
muntherapie dienen. Eine weitere Ma3nahme, um die Entziindung zu reduzieren, ist die Identi-
fikation und Neutralisation des Antigens, was Zellen stimuliert, pro-inflammatorische Zytokine
auszuschiitten. Ap ist ein moglicher Kandidat, dessen Wirkung auf T-Zellen in dieser Studie
untersucht wurde. Nach Ubernachtstimulation mit PMA und Ionomycin oder AS3-42 zusam-
men mit Brefeldin A wurde die Expression von verschiedenen Zytokinen in CD4+ und CD8+
T-Zellen mittels intrazelluldrer Farbung fiir Durchflusszytometrie gemessen. Ergebnisse dieses
Versuches zeigen keine groBBeren Unterschiede zwischen der Kontrollgruppe und den Patienten
auf, unabhingig vom Schweregrad der Krankheit.

In weiteren Versuchen wurde die Expression von Chemokinrezeptoren untersucht. In AD fiihrt
eine in Mitleidenschaft genommene Blut-Hirn-Schranke zu einem intensiven Austausch zwi-
schen Peripherie und Gehirn, der so normalerweise nicht stattfindet. Zytokine, A5 und Zellen
passieren die Schranke und eine der Konsequenzen ist eine systemische Entziindung. Ein entschei-
dender Punkt ist dabei die Rekrutierung von Immunzellen ins Gehirn. Um dies zu veranschau-
lichen, wurde die Expression von CCR2, CCR4, CCRS5 und CCR6 auf Leukozyten im Blut
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bestimmt. Dabei wurde eine hohere Expression auf Leukozyten von Patienten der Alzheimer-
Krankheit vorgefunden, wenngleich auch nicht alle Unterschiede signifikant waren. Am Beispiel
von CCR6 konnte gezeigt werden, dass die hohere Expression sich nicht auf eine bestimmte Zell-
gruppe beschrinkt, sondern bei B-Zellen, Monozyten, CD4+ und CD8+ T-Zellen auftrat.
Insgesamt bietet diese Arbeit Hinweise fiir ein erschopftes Immunsystem mit weiter differen-
zierten Zellen. Was dabei noch unklar ist, ist die Frage, ob die Rekrutierung von Immunzellen
ins Gehirn Folge oder Ursache der Erkrankung ist. Dies zu beantworten benotigt weitere Unter-
suchungen. Ein Beispiel konnte die Blockade des Gehirneindringens in Modellsystemen sein.
Dies wiirde auch zum Verstédndnis beitragen, ob die Unterstiitzung der Zellmigration den A3 Ab-
bau fordert und Neurodegeneration verlangsamt oder ob diese Zellen weiter zu einer verstédrkten
Entziindung beitragen. Als Untersuchungsmethode konnte die Erhohung des Chemokingradien-
ten dienen. Im Falle von negativen Effekten von Immunzellen im Gehirn konnte eine Behand-
lung von Patienten mit CCR-Blockern die Zellanhdufung vermindern. Dabei kann man auch
gezielt bestimmte Zellen anvisieren und andere ausschlieen durch die Wahl des zu blockenden
Rezeptors. B-Zellen exprimieren z.B. CCR6, aber nicht CCR4 und CCRS. Nach Experimenten,
die zeigen, welche Zellpopulation zur Entziindung beitrigt, konnte man spezifische Antikorper
gegen Rezeptoren verwenden, die vorwiegend auf diesen Zellen exprimiert werden.

Frithere Studien an gesunden, &lteren Menschen zeigten, dass CMV als chronischer Stimu-
lus fiir das Immunsystem wirkt, vor allem fiir CD8+ T-Zellen. In AD konnte A( diese Rolle
tibernehmen. In dieser Studie wurde die Zytokinproduktion von T-Zellen nach Stimulation mit
A[3-42 analysiert, jedoch keine nennenswerte Produktion nachgewiesen. Ein anderer moglicher
Effekt von A konnte die Verschiebung von friih zu spit differenzierten Zellen sein. Dies konnte
in Experimenten untersucht werden, in denen Zellen mit und ohne A inkubiert werden und
anschlieBend Immunprofile analysiert werden. Man konnte vermuten, dass eine Verjiingung
des Immunsystem hilfreich fiir AD Patienten sein konnte. Ein Weg, dies zu erreichen, konnte
das Verbessern des Aj-Abbaus sein, zum Beispiel durch Erhohung der Infiltration von peri-
pheren Monozyten ins Gehirn. Eine Reduktion von AS konnte die Differenzierung von naiven
zu Gediachtniszellen stoppen. Wie bei gesunden dlteren Menschen CMV die Rolle der treibenden
Kraft der CD8+ T-Zelldifferenzierung zugedacht wird, so konnte A einen dhnlichen Effekt in
AD besitzen. Ob CMV und A/ Effekte additiv sind, bleibt noch zu untersuchen. Dafiir wire
eine grolere Anzahl an Studienteilnehmern als hier untersucht nétig, die geniigend CMV- und
CMV+ AD Patienten und Kontrollen beinhaltet. Diese Fragestellung ist von besonderer Bedeu-
tung, da CMV zur Entziindung beitragen und somit eine weitere Belastung des Immunsystems
darstellen konnte, welche die Kontrolle der Krankheit erschwert. Der Effekt von CMV auf das
Immunsystem in funktionellem Verlust konnte auch bei kognitivem Verlust relevant sein.

104



Bibliography

[1]

(2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

A. E. Aiello, M. Haan, L. Blythe, K. Moore, J. M. Gonzalez, and W. Jagust. The influence
of latent viral infection on rate of cognitive decline over 4 years. J Am Geriatr Soc,
54(7):1046-54, 2006.

I. Alam, D. Goldeck, A. Larbi, and G. Pawelec. Flow cytometric lymphocyte sub-
set analysis using material from frozen whole blood. J Immunoassay Immunochem,
33(2):128-39, 2012.

C. Alt, M. Laschinger, and B. Engelhardt. Functional expression of the lymphoid
chemokines ccl19 (elc) and ccl 21 (slc) at the blood-brain barrier suggests their involve-
ment in g-protein-dependent lymphocyte recruitment into the central nervous system dur-
ing experimental autoimmune encephalomyelitis. Eur J Immunol, 32(8):2133-44, 2002.

A. Alter, M. Duddy, S. Hebert, K. Biernacki, A. Prat, J. P. Antel, V. W. Yong, R. K. Nuttall,
C. J. Pennington, D. R. Edwards, and A. Bar-Or. Determinants of human b cell migration
across brain endothelial cells. J Immunol, 170(9):4497-505, 2003.

A. Alzheimer, R. A. Stelzmann, H. N. Schnitzlein, and F. R. Murtagh. An english trans-
lation of alzheimer’s 1907 paper, "uber eine eigenartige erkankung der hirnrinde". Clin
Anat, 8(6):429-31, 1995.

V. Appay, R. A. van Lier, F. Sallusto, and M. Roederer. Phenotype and function of human
t lymphocyte subsets: consensus and issues. Cytometry A, 73(11):975-83, 2008.

C.R. Balistreri, C. Caruso, M. P. Grimaldi, F. Listi, S. Vasto, V. Orlando, A. M. Campagna,
D. Lio, and G. Candore. Ccr5 receptor: biologic and genetic implications in age-related
diseases. Ann N Y Acad Sci, 1100:162-72, 2007.

D. B. Bartlett, C. M. Firth, A. C. Phillips, P. Moss, D. Baylis, H. Syddall, A. A. Sayer,
C. Cooper, and J. M. Lord. The age-related increase in low-grade systemic inflamma-
tion (inflammaging) is not driven by cytomegalovirus infection. Aging Cell, 11(5):912-5,
2012.

D. A. Bennett, J. A. Schneider, J. L. Bienias, D. A. Evans, and R. S. Wilson. Mild cognitive
impairment is related to alzheimer disease pathology and cerebral infarctions. Neurology,
64(5):834-41, 2005.

105



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

L. D. Bennett, J. M. Fox, and N. Signoret. Mechanisms regulating chemokine receptor
activity. Immunology, 134(3):246-56, 2011.

S. E. Black. Vascular cognitive impairment: epidemiology, subtypes, diagnosis and man-
agement. J R Coll Physicians Edinb, 41(1):49-56, 2011.

I. Blasko, M. Stampfer-Kountchev, P. Robatscher, R. Veerhuis, P. Eikelenboom, and
B. Grubeck-Loebenstein. How chronic inflammation can affect the brain and support

the development of alzheimer’s disease in old age: the role of microglia and astrocytes.
Aging Cell, 3(4):169-76, 2004.

M. Blurton-Jones and F. M. Laferla. Pathways by which abeta facilitates tau pathology.
Curr Alzheimer Res, 3(5):437-48, 2006.

C. A. Bolovan-Fritts and S. A. Spector. Endothelial damage from cytomegalovirus-

specific host immune response can be prevented by targeted disruption of fractalkine-
cx3crl interaction. Blood, 111(1):175-82, 2008.

C. A. Bolovan-Fritts, R. N. Trout, and S. A. Spector. Human cytomegalovirus-
specific cd4+-t-cell cytokine response induces fractalkine in endothelial cells. J Virol,
78(23):13173-81, 2004.

N. J. Booth, A. J. McQuaid, T. Sobande, S. Kissane, E. Agius, S. E. Jackson, M. Salmon,
F. Falciani, K. Yong, M. H. Rustin, A. N. Akbar, and M. Vukmanovic-Stejic. Different
proliferative potential and migratory characteristics of human cd4+ regulatory t cells that
express either cd45ra or cd45ro. J Immunol, 184(8):4317-26, 2010.

M. Bosser. Diseases of the Nervous System: Dementia, volume 2. W.B. Saunders Co.,
1992.

J. M. Brenchley, N. J. Karandikar, M. R. Betts, D. R. Ambrozak, B. J. Hill, L. E. Crotty,
J. P. Casazza, J. Kuruppu, S. A. Migueles, M. Connors, M. Roederer, D. C. Douek, and

R. A. Koup. Expression of cd57 defines replicative senescence and antigen-induced apop-
totic death of cd8+ t cells. Blood, 101(7):2711-20, 2003.

S. K. Bromley, T. R. Mempel, and A. D. Luster. Orchestrating the orchestrators:
chemokines in control of t cell traffic. Nat Immunol, 9(9):970-80, 2008.

S. Buffa, M. Bulati, M. Pellicano, D. K. Dunn-Walters, Y. C. Wu, G. Candore, S. Vitello,
C. Caruso, and G. Colonna-Romano. B cell immunosenescence: different features of
naive and memory b cells in elderly. Biogerontology, 12(5):473-83, 2011.

M. Bulati, S. Buffa, G. Candore, C. Caruso, D. K. Dunn-Walters, M. Pellicano, Y. C. Wu,
and G. Colonna Romano. B cells and immunosenescence: a focus on igg+igd-cd27- (dn)
b cells in aged humans. Ageing res rev, 10(2):274-84, 2011.

106



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

B. Cameron and G. E. Landreth. Inflammation, microglia, and alzheimer’s disease. Neu-
robiol Dis, 37(3):503-9, 2010.

I. F. Charo and R. M. Ransohoff. The many roles of chemokines and chemokine receptors
in inflammation. The New England journal of medicine, 354(6):610-21, 2006.

K. Chen and A. Cerutti. The function and regulation of immunoglobulin d. Curr Opin
Immunol, 23(3):345-52, 2011.

S. Ching, L. He, W. Lai, and N. Quan. II-1 type i receptor plays a key role in mediat-
ing the recruitment of leukocytes into the central nervous system. Brain Behav Immun,
19(2):127-37, 2005.

P. M. Clifford, S. Zarrabi, G. Siu, K. J. Kinsler, M. C. Kosciuk, V. Venkataraman, M. R.
D’Andrea, S. Dinsmore, and R. G. Nagele. Abeta peptides can enter the brain through
a defective blood-brain barrier and bind selectively to neurons. Brain Res, 1142:223-36,
2007.

D. C. Davidson, M. P. Hirschman, A. Sun, M. V. Singh, K. Kasischke, and S. B. Maggir-
war. Excess soluble cd401 contributes to blood brain barrier permeability in vivo: Impli-
cations for hiv-associated neurocognitive disorders. PLoS One, 7(12):e51793, 2012.

R. Deane, S. Du Yan, R. K. Submamaryan, B. LaRue, S. Jovanovic, E. Hogg, D. Welch,
L. Manness, C. Lin, J. Yu, H. Zhu, J. Ghiso, B. Frangione, A. Stern, A. M. Schmidt, D. L.
Armstrong, B. Arnold, B. Liliensiek, P. Nawroth, F. Hofman, M. Kindy, D. Stern, and
B. Zlokovic. Rage mediates amyloid-beta peptide transport across the blood-brain barrier
and accumulation in brain. Nat Med, 9(7):907-13, 2003.

E. Derhovanessian, A. Larbi, and G. Pawelec. Biomarkers of human immunosenescence:
impact of cytomegalovirus infection. Curr Opin Immunol, 21(4):440-5, 20009.

E. Derhovanessian, A. B. Maier, K. Hahnel, R. Beck, A. J. de Craen, E. P. Slagboom,
R. G. Westendorp, and G. Pawelec. Infection with cytomegalovirus but not herpes simplex
virus induces the accumulation of late-differentiated cd4+ and cd8+ t-cells in humans. The
Journal of general virology, 92(Pt 12):2746-56, 2011.

R. S. Doody, P. Massman, and J. K. Dunn. A method for estimating progression rates in
alzheimer disease. Arch Neurol, 58(3):449-54, 2001.

B. Dubois, H. H. Feldman, C. Jacova, S. T. Dekosky, P. Barberger-Gateau, J. Cummings,
A. Delacourte, D. Galasko, S. Gauthier, G. Jicha, K. Meguro, J. O’Brien, F. Pasquier,
P. Robert, M. Rossor, S. Salloway, Y. Stern, P. J. Visser, and P. Scheltens. Research
criteria for the diagnosis of alzheimer’s disease: revising the nincds-adrda criteria. Lancet
Neurol, 6(8):734-46, 2007.

107



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

H. S. Dunn, D. J. Haney, S. A. Ghanekar, P. Stepick-Biek, D. B. Lewis, and H. T. Maecker.
Dynamics of cd4 and cd8 t cell responses to cytomegalovirus in healthy human donors. J
Infect Dis, 186(1):15-22, 2002.

J. El Khoury, M. Toft, S. E. Hickman, T. K. Means, K. Terada, C. Geula, and A. D.
Luster. Ccr2 deficiency impairs microglial accumulation and accelerates progression of
alzheimer-like disease. Nature medicine, 13(4):432-8, 2007.

C. G. Evans, S. Wisen, and J. E. Gestwicki. Heat shock proteins 70 and 90 inhibit early
stages of amyloid beta-(1-42) aggregation in vitro. J Biol Chem, 281(44):33182-91, 2006.

Z. Fabry, C. S. Raine, and M. N. Hart. Nervous tissue as an immune compartment: the
dialect of the immune response in the cns. Immunol Today, 15(5):218-24, 1994.

K. Fassbender, S. Walter, S. Kuhl, R. Landmann, K. Ishii, T. Bertsch, A. K. Stalder,
F. Muehlhauser, Y. Liu, A. J. Ulmer, S. Rivest, A. Lentschat, E. Gulbins, M. Jucker,
M. Staufenbiel, K. Brechtel, J. Walter, G. Multhaup, B. Penke, Y. Adachi, T. Hartmann,
and K. Beyreuther. The Ips receptor (cd14) links innate immunity with alzheimer’s dis-
ease. FASEB J, 18(1):203-5, 2004.

M. Fiala, D. H. Cribbs, M. Rosenthal, and G. Bernard. Phagocytosis of amyloid-beta and
inflammation: two faces of innate immunity in alzheimer’s disease. J Alzheimers Dis,
11(4):457-63, 2007.

M. Fiala, J. Lin, J. Ringman, V. Kermani-Arab, G. Tsao, A. Patel, A. S. Lossinsky, M. C.
Graves, A. Gustavson, J. Sayre, E. Sofroni, T. Suarez, F. Chiappelli, and G. Bernard.
Ineffective phagocytosis of amyloid-beta by macrophages of alzheimer’s disease patients.
J Alzheimers Dis, 7(3):221-32; discussion 255-62, 2005.

M. Fiala, L. Zhang, X. Gan, B. Sherry, D. Taub, M. C. Graves, S. Hama, D. Way,
M. Weinand, M. Witte, D. Lorton, Y. M. Kuo, and A. E. Roher. Amyloid-beta induces

chemokine secretion and monocyte migration across a human blood—brain barrier model.
Mol Med, 4(77):480-9, 1998.

S. Fillatreau, C. H. Sweenie, M. J. McGeachy, D. Gray, and S. M. Anderton. B cells
regulate autoimmunity by provision of il-10. Nature immunology, 3(10):944-50, 2002.

C. E. Finch and T. E. Morgan. Systemic inflammation, infection, apoe alleles, and
alzheimer disease: a position paper. Curr Alzheimer Res, 4(2):185-9, 2007.

P. Fischer, S. Jungwirth, S. Zehetmayer, S. Weissgram, S. Hoenigschnabl, E. Gelpi,
W. Krampla, and K. H. Tragl. Conversion from subtypes of mild cognitive impairment to
alzheimer dementia. Neurology, 68(4):288-91, 2007.

D. Focosi, M. Bestagno, O. Burrone, and M. Petrini. Cd57+ t lymphocytes and functional
immune deficiency. J Leukoc Biol, 87(1):107-16, 2010.

108



[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

M. F. Folstein, S. E. Folstein, and P. R. McHugh. "mini-mental state". a practical method
for grading the cognitive state of patients for the clinician. J Psychiatr Res, 12(3):189-98,
1975.

S. Gangappa, J. S. Babu, J. Thomas, M. Daheshia, and B. T. Rouse. Virus-induced
immunoinflammatory lesions in the absence of viral antigen recognition. J Immunol,
161(8):4289-300, 1998.

B. Giunta, K. Rezai-Zadeh, and J. Tan. Impact of the cd40-cd40l dyad in alzheimer’s
disease. CNS Neurol Disord Drug Targets, 9(2):149-55, 2010.

M. Giunta, A. E. Rigamonti, E. Scarpini, D. Galimberti, S. M. Bonomo, E. Venturelli,
E. E. Muller, and S. G. Cella. The leukocyte expression of cd36 is low in patients with
alzheimer’s disease and mild cognitive impairment. Neurobiol Aging, 28(4):515-8, 2007.

W. G. Glass and T. E. Lane. Functional expression of chemokine receptor ccr5 on cd4(+)
t cells during virus-induced central nervous system disease. J Virol, 77(1):191-8, 2003.

R. J. Goldberg. Alzheimer’s disease. Compr Ther, 33(2):58—64, 2007.

S. Gordon and P. R. Taylor. Monocyte and macrophage heterogeneity. Nat Rev Immunol,
5(12):953-64, 2005.

C. Gregoire, L. Chasson, C. Luci, E. Tomasello, F. Geissmann, E. Vivier, and T. Walzer.
The trafficking of natural killer cells. Immunol Rev, 220:169-82, 2007.

M. Grundman, R. C. Petersen, S. H. Ferris, R. G. Thomas, P. S. Aisen, D. A. Bennett, N. L.
Foster, Jr. Jack, C. R., D. R. Galasko, R. Doody, J. Kaye, M. Sano, R. Mohs, S. Gauthier,
H. T. Kim, S. Jin, A. N. Schultz, K. Schafer, R. Mulnard, C. H. van Dyck, J. Mintzer, E. Y.
Zamrini, D. Cahn-Weiner, and L. J. Thal. Mild cognitive impairment can be distinguished

from alzheimer disease and normal aging for clinical trials. Arch Neurol, 61(1):59-66,
2004.

N. P. Hailer, F. L. Heppner, D. Haas, and R. Nitsch. Astrocytic factors deactivate antigen
presenting cells that invade the central nervous system. Brain Pathol, 8(3):459-74, 1998.

J. Halaschek-Wiener, 1. Vulto, D. Fornika, J. Collins, J. M. Connors, N. D. Le, P. M.
Lansdorp, and A. Brooks-Wilson. Reduced telomere length variation in healthy oldest
old. Mech Ageing Dev, 129(11):638-41, 2008.

A. Hamann and U. Syrbe. T-cell trafficking into sites of inflammation. Rheumatology
(Oxford), 39(7):696-9, 2000.

J. Hardy and D. Allsop. Amyloid deposition as the central event in the aetiology of
alzheimer’s disease. Trends Pharmacol Sci, 12(10):383-8, 1991.

109



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

J. Hardy and D. J. Selkoe. The amyloid hypothesis of alzheimer’s disease: progress and
problems on the road to therapeutics. Science, 297(5580):353—6, 2002.

L. W. Harries, R. M. Bradley-Smith, D. J. Llewellyn, L. C. Pilling, A. Fellows, W. Henley,
D. Hernandez, J. M. Guralnik, S. Bandinelli, A. Singleton, L. Ferrucci, and D. Melzer.

Leukocyte ccr2 expression is associated with mini-mental state examination score in older
adults. Rejuvenation Res, 15(4):395-404, 2012.

N. Hemling, M. Roytta, J. Rinne, P. Pollanen, E. Broberg, V. Tapio, T. Vahlberg, and
V. Hukkanen. Herpesviruses in brains in alzheimer’s and parkinson’s diseases. Ann Neu-
rol, 54(2):267-71, 2003.

J. Hendriks, Y. Xiao, and J. Borst. Cd27 promotes survival of activated t cells and com-
plements cd28 in generation and establishment of the effector t cell pool. J Exp Med,
198(9):1369-80, 2003.

M. A. Ingersoll, A. M. Platt, S. Potteaux, and G. J. Randolph. Monocyte trafficking in
acute and chronic inflammation. Trends in immunology, 32(10):470-7, 2011.

R. F. Itzhaki, S. L. Cosby, and M. A. Wozniak. Herpes simplex virus type 1 and
alzheimer’s disease: the autophagy connection. J Neurovirol, 14(1):1-4, 2008.

R. F. Itzhaki and M. A. Wozniak. Herpes simplex virus type 1, apolipoprotein e, and
cholesterol: a dangerous liaison in alzheimer’s disease and other disorders. Prog Lipid
Res, 45(1):73-90, 2006.

R. F. Itzhaki and M. A. Wozniak. Herpes simplex virus type 1 in alzheimer’s disease: the
enemy within. J Alzheimers Dis, 13(4):393—-405, 2008.

G. A. Jamieson, N. J. Maitland, and R. F. Itzhaki. Herpes simplex virus type 1 dna se-
quences are present in aged normal and alzheimer’s disease brain but absent in lympho-
cytes. Arch Gerontol Geriatr, 15 Suppl 1:197-201, 1992.

E. C. Jenkins, L. Ye, H. Gu, S. A. Ni, M. Velinov, D. Pang, S. J. Krinsky-McHale, W. B.
Zigman, N. Schupf, and W. P. Silverman. Shorter telomeres may indicate dementia status
in older individuals with down syndrome. Neurobiol Aging, 31(5):765-71, 2010.

Q. Jiang, C. Y. Lee, S. Mandrekar, B. Wilkinson, P. Cramer, N. Zelcer, K. Mann, B. Lamb,
T. M. Willson, J. L. Collins, J. C. Richardson, J. D. Smith, T. A. Comery, D. Riddell, D. M.
Holtzman, P. Tontonoz, and G. E. Landreth. Apoe promotes the proteolytic degradation
of abeta. Neuron, 58(5):681-93, 2008.

A. Jozwik, J. Landowski, L. Bidzan, T. Fulop, E. Bryl, and J. M. Witkowski. Beta-
amyloid peptides enhance the proliferative response of activated cd4cd28 lymphocytes
from alzheimer disease patients and from healthy elderly. PLoS One, 7(3):e33276, 2012.

110



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

P. M. Kidd. Alzheimer’s disease, amnestic mild cognitive impairment, and age-associated
memory impairment: current understanding and progress toward integrative prevention.
Altern Med Rev, 13(2):85-115, 2008.

S. Koch, A. Larbi, E. Derhovanessian, D. Ozcelik, E. Naumova, and G. Pawelec. Multi-
parameter flow cytometric analysis of cd4 and cd8 t cell subsets in young and old people.
Immun Ageing, 5:6, 2008.

A. Kottorp and L. Nygard. Development of a short-form assessment for detection of
subtle activity limitations: can use of everyday technology distinguish between mci and
alzheimer’s disease? Expert Rev Neurother, 11(5):647-55, 2011.

A. Kovac, M. Zilkova, M. A. Deli, N. Zilka, and M. Novak. Human truncated tau is using
a different mechanism from amyloid-beta to damage the blood-brain barrier. J Alzheimers
Dis, 18(4):897-906, 2009.

R. D. Kovaiou, I. Weiskirchner, M. Keller, G. Pfister, D. P. Cioca, and B. Grubeck-
Loebenstein. Age-related differences in phenotype and function of cd4+ t cells are due to

a phenotypic shift from naive to memory effector cd4+ t cells. Int Immunol, 17(10):1359—
66, 2005.

T. W. Kuijpers, M. T. Vossen, M. R. Gent, J. C. Davin, M. T. Roos, P. M. Wertheim-
van Dillen, J. F. Weel, P. A. Baars, and R. A. van Lier. Frequencies of circulating cy-
tolytic, cd45ra+cd27-, cd8+ t lymphocytes depend on infection with cmv. J Immunol,
170(8):4342-8, 2003.

L. Kusdra, H. Rempel, K. Yaffe, and L. Pulliam. Elevation of cd69+ monocyte/-
macrophages in patients with alzheimer’s disease. Immunobiology, 202(1):26-33, 2000.

A. Larbi, G. Pawelec, J. M. Witkowski, H. M. Schipper, E. Derhovanessian, D. Gold-
eck, and T. Fulop. Dramatic shifts in circulating cd4 but not cd8 t cell subsets in mild
alzheimer’s disease. J Alzheimers Dis, 17(1):91-103, 2009.

K. S. Lee, J. H. Chung, T. K. Choi, S. Y. Suh, B. H. Oh, and C. H. Hong. Peripheral cy-
tokines and chemokines in alzheimer’s disease. Dement Geriatr Cogn Disord, 28(4):281—
7, 2009.

Y. K. Lee, D. H. Kwak, K. W. Oh, S. Y. Nam, B. J. Lee, Y. W. Yun, Y. B. Kim, S. B. Han,
and J. T. Hong. Ccr5 deficiency induces astrocyte activation, abeta deposit and impaired
memory function. Neurobiology of learning and memory, 92(3):356—63, 2009.

M. Levite. Nervous immunity: neurotransmitters, extracellular k+ and t-cell function.
Trends in immunology, 22(1):2-5, 2001.

111



[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

M. Li, D. S. Shang, W. D. Zhao, L. Tian, B. Li, W. G. Fang, L. Zhu, S. M. Man, and Y. H.
Chen. Amyloid beta interaction with receptor for advanced glycation end products up-

regulates brain endothelial ccrS expression and promotes t cells crossing the blood-brain
barrier. J Immunol, 182(9):5778-88, 2009.

V. Libri, R. I. Azevedo, S. E. Jackson, D. Di Mitri, R. Lachmann, S. Fuhrmann,
M. Vukmanovic-Stejic, K. Yong, L. Battistini, F. Kern, M. V. Soares, and A. N. Akbar.
Cytomegalovirus infection induces the accumulation of short-lived, multifunctional cd4+
cd45ra+ cd27 t cells: the potential involvement of interleukin-7 in this process. Immunol-
ogy, 132(3):326-39, 2011.

W. R. Lin, M. A. Wozniak, R. J. Cooper, G. K. Wilcock, and R. F. Itzhaki. Herpesviruses
in brain and alzheimer’s disease. J Pathol, 197(3):395-402, 2002.

W.R. Lin, M. A. Wozniak, G. K. Wilcock, and R. F. Itzhaki. Cytomegalovirus is present in
a very high proportion of brains from vascular dementia patients. Neurobiology of disease,
9(1):82-7, 2002.

Y. J. Liu, D. W. Guo, L. Tian, D. S. Shang, W. D. Zhao, B. Li, W. G. Fang, L. Zhu, and
Y. H. Chen. Peripheral t cells derived from alzheimer’s disease patients overexpress cxcr2

contributing to its transendothelial migration, which is microglial tnf-alpha-dependent.
Neurobiol Aging, 31(2):175-88, 2010.

A. 1. Loewendorf, L. Steinbrueck, C. Peter, A. Busche, C. A. Benedict, and P. C. Kay-
Jackson. The mouse cytomegalovirus glycoprotein m155 inhibits cd40 expression and
restricts cd4 t cell responses. J Virol, 85(10):5208-12, 2011.

V. R. Lombardi, L. Fernandez-Novoa, 1. Etcheverria, S. Seoane, and R. Cacabelos. As-
sociation between apoe epsilon4 allele and increased expression of ¢d95 on t cells from
patients with alzheimer’s disease. Methods and findings in experimental and clinical phar-
macology, 26(7):523-9, 2004.

V. R. Lombardi, M. Garcia, L. Rey, and R. Cacabelos. Characterization of cytokine pro-
duction, screening of lymphocyte subset patterns and in vitro apoptosis in healthy and
alzheimer’s disease (ad) individuals. J Neuroimmunol, 97(1-2):163-71, 1999.

I. T. Lott and E. Head. Alzheimer disease and down syndrome: factors in pathogenesis.
Neurobiol Aging, 26(3):383-9, 2005.

T. Luck, M. Luppa, S. Briel, and S. G. Riedel-Heller. Incidence of mild cognitive impair-
ment: a systematic review. Dement Geriatr Cogn Disord, 29(2):164-75, 2010.

J. Magrane, R. C. Smith, K. Walsh, and H. W. Querfurth. Heat shock protein 70 partici-
pates in the neuroprotective response to intracellularly expressed beta-amyloid in neurons.
J Neurosci, 24(7):1700-6, 2004.

112



[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

T. M. Malm, M. Koistinaho, M. Parepalo, T. Vatanen, A. Ooka, S. Karlsson, and J. Koisti-
naho. Bone-marrow-derived cells contribute to the recruitment of microglial cells in re-

sponse to beta-amyloid deposition in app/ps1 double transgenic alzheimer mice. Neuro-
biology of disease, 18(1):134—42, 2005.

S.M. Man, Y.R. Ma, D. S. Shang, W. D. Zhao, B. Li, W. G. Guo, D. W. adnd Fang, L. Zhu,
and Y. H. Chen. Peripheral t cells overexpress mip-1alpha to enhance its transendothelial
migration in alzheimer’s disease. Neurobiol Aging, 28:485-96, 2007.

R. Mayeux. Gene-environment interaction in late-onset alzheimer disease: the role of
apolipoprotein-epsilon4. Alzheimer Dis Assoc Disord, 12 Suppl 3:S10-5, 1998.

G. McKhann, D. Drachman, M. Folstein, R. Katzman, D. Price, and E. M. Stadlan. Clin-
ical diagnosis of alzheimer’s disease: report of the nincds-adrda work group under the
auspices of department of health and human services task force on alzheimer’s disease.
Neurology, 34(7):939-44, 1984.

A. Mildner, H. Schmidt, M. Nitsche, D. Merkler, U. K. Hanisch, M. Mack, M. Heiken-
walder, W. Bruck, J. Priller, and M. Prinz. Microglia in the adult brain arise from ly-
6chiccr2+ monocytes only under defined host conditions. Nat Neurosci, 10(12):1544-53,
2007.

D. B. Miller and J. P. O’Callaghan. Do early-life insults contribute to the late-life devel-
opment of parkinson and alzheimer diseases? Metabolism, 57 Suppl 2:S44-9, 2008.

M. Miyara, Y. Yoshioka, A. Kitoh, T. Shima, K. Wing, A. Niwa, C. Parizot, C. Taflin,
T. Heike, D. Valeyre, A. Mathian, T. Nakahata, T. Yamaguchi, T. Nomura, M. Ono,
Z. Amoura, G. Gorochov, and S. Sakaguchi. Functional delineation and differentiation

dynamics of human cd4+ t cells expressing the foxp3 transcription factor. Immunity,
30(6):899-911, 2009.

A. Monsonego and H. L. Weiner. Immunotherapeutic approaches to alzheimer’s disease.
Science, 302(5646):834-8, 2003.

A. Monsonego, V. Zota, A. Karni, J. I. Krieger, A. Bar-Or, G. Bitan, A. E. Budson, R. Sper-
ling, D. J. Selkoe, and H. L. Weiner. Hematopoietic cc-chemokine receptor 2 (ccr2)
competent cells are protective for the cognitive impairments and amyloid pathology in
a transgenic mouse model of alzheimer’s disease. J Clin Invest, 18:415-22, 2012.

M. A. Moro-Garcia, R. Alonso-Arias, A. Lopez-Vazquez, F. M. Suarez-Garcia, J. J.
Solano-Jaurrieta, J. Baltar, and C. Lopez-Larrea. Relationship between functional abil-

ity in older people, immune system status, and intensity of response to cmv. Age (Dordr),
34(2):479-95, 2012.

M. Moser, B. Eberl. gammadelta t-apcs: a novel tool for immunotherapy? Cell Mol Life
Sci, 68(14):2443-52, 2012.

113



[103] G. Naert and S. Rivest. Increased t cell reactivity to amyloid beta protein in older humans
and patients with alzheimer disease. Mol Med, 18(3):297-313, 2003.

[104] M. Noda and A. Suzumura. Sweepers in the cns: Microglial migration and phagocytosis
in the alzheimer disease pathogenesis. Int J Alzheimers Dis, 2012:891087, 2012.

[105] A.F. Ochsenbein, S. R. Riddell, M. Brown, L. Corey, G. M. Baerlocher, P. M. Lansdorp,
and P. D. Greenberg. Cd27 expression promotes long-term survival of functional effector-

memory cd8+ cytotoxic t lymphocytes in hiv-infected patients. J Exp Med, 200(11):1407-
17, 2004.

[106] R. Okada, T. Kondo, F. Matsuki, H. Takata, and M. Takiguchi. Phenotypic classification
of human cd4+ t cell subsets and their differentiation. Int Immunol, 20(9):1189-99, 2008.

[107] L. A. Panossian, V. R. Porter, H. F. Valenzuela, X. Zhu, E. Reback, D. Masterman, J. L.
Cummings, and R. B. Effros. Telomere shortening in t cells correlates with alzheimer’s
disease status. Neurobiol Aging, 24(1):77-84, 2003.

[108] L. Pantoni and P. Gorelick. Advances in vascular cognitive impairment 2010. Stroke; a
journal of cerebral circulation, 42(2):291-3, 2011.

[109] G. Pawelec, A. Akbar, C. Caruso, R. Solana, B. Grubeck-Loebenstein, and A. Wikby.
Human immunosenescence: is it infectious? Immunol Rev, 205:257-68, 2005.

[110] M. Pellicano, M. Bulati, S. Buffa, M. Barbagallo, A. Di Prima, G. Misiano, P. Picone,
M. Di Carlo, D. Nuzzo, G. Candore, S. Vasto, D. Lio, C. Caruso, and G. Colonna-Romano.

Systemic immune responses in alzheimer’s disease: in vitro mononuclear cell activation
and cytokine production. J Alzheimers Dis, 21(1):181-92, 2010.

[111] M. Pellicano, A. Larbi, D. Goldeck, G. Colonna-Romano, S. Buffa, M. Bulati, G. Rubino,
F. Iemolo, G. Candore, C. Caruso, E. Derhovanessian, and G. Pawelec. Immune profiling
of alzheimer patients. J Neuroimmunol, 2011.

[112] R. C. Petersen. Mild cognitive impairment as a diagnostic entity. J Intern Med,
256(3):183-94, 2004.

[113] T. Pohjasvaara, R. Mantyla, R. Ylikoski, M. Kaste, and T. Erkinjuntti. Comparison of
different clinical criteria (dsm-iii, addtc, icd-10, ninds-airen, dsm-iv) for the diagnosis
of vascular dementia. national institute of neurological disorders and stroke-association
internationale pour la recherche et I’enseignement en neurosciences. Stroke, 31(12):2952—
7, 2000.

[114] M. Potestio, G. Pawelec, G. Di Lorenzo, G. Candore, C. D’Anna, F. Gervasi, D. Lio,
G. Tranchida, C. Caruso, and G. C. Romano. Age-related changes in the expression of
cd95 (apol/fas) on blood lymphocytes. Exp Gerontol, 34(5):659-73, 1999.

114



[115] B. Pourgheysari, N. Khan, D. Best, R. Bruton, L. Nayak, and P. A. Moss. The
cytomegalovirus-specific cd4+ t-cell response expands with age and markedly alters the
cd4+ t-cell repertoire. J Virol, 81(14):7759-65, 2007.

[116] D. Pratico. Oxidative stress hypothesis in alzheimer’s disease: a reappraisal. Trends
Pharmacol Sci, 29(12):609-15, 2008.

[117] H. W. Querfurth and F. M. LaFerla. Alzheimer’s disease. N Engl J Med, 362(4):329-44,
2010.

[118] S. H. Ramirez, S. Fan, H. Dykstra, N. Reichenbach, L. Del Valle, R. Potula, R. P. Phipps,
S. B. Maggirwar, and Y. Persidsky. Dyad of cd40/cd40 ligand fosters neuroinflammation

at the blood-brain barrier and is regulated via jnk signaling: implications for hiv-1 en-
cephalitis. J Neurosci, 30(28):9454-64, 2010.

[119] M. Reale, C. Iarlori, C. Feliciani, and D. Gambi. Peripheral chemokine receptors, their
ligands, cytokines and alzheimer’s disease. J Alzheimers Dis, 14(2):147-59, 2008.

[120] M. Reale, C. larlori, F. Gambi, C. Feliciani, A. Salone, L. Toma, G. DeLLuca, M. Sal-
vatore, P. Conti, and D. Gambi. Treatment with an acetylcholinesterase inhibitor in
alzheimer patients modulates the expression and production of the pro-inflammatory and
anti-inflammatory cytokines. J Neuroimmunol, 148(1-2):162-71, 2004.

[121] A. Reboldi, C. Coisne, D. Baumjohann, F. Benvenuto, D. Bottinelli, S. Lira, A. Uccelli,
A. Lanzavecchia, B. Engelhardt, and F. Sallusto. C-c chemokine receptor 6-regulated
entry of th-17 cells into the cns through the choroid plexus is required for the initiation of
eae. Nat Immunol, 10(5):514-23, 2009.

[122] E. G. Reed-Geaghan, Q. W. Reed, P. E. Cramer, and G. E. Landreth. Deletion of cd14
attenuates alzheimer’s disease pathology by influencing the brain’s inflammatory milieu.
J Neurosci, 30(46):15369-73, 2010.

[123] K. Rezai-Zadeh, D. Gate, C. A. Szekely, and T. Town. Can peripheral leukocytes be used
as alzheimer’s disease biomarkers? Expert Rev Neurother, 9(11):1623-33, 2009.

[124] E. Richartz-Salzburger, A. Batra, E. Stransky, C. Laske, N. Kohler, M. Bartels,
G. Buchkremer, and K. Schott. Altered lymphocyte distribution in alzheimer’s disease.
J Psychiatr Res, 41(1-2):174-8, 2007.

[125] S. H. Robbins, S. C. Terrizzi, B. C. Sydora, T. Mikayama, and L. Brossay. Differen-
tial regulation of killer cell lectin-like receptor gl expression on t cells. J Immunol,
170(12):5876-85, 2003.

[126] P. Romero, A. Zippelius, 1. Kurth, M. J. Pittet, C. Touvrey, E. M. lancu, P. Corthesy,
E. Devevre, D. E. Speiser, and N. Rufer. Four functionally distinct populations of human
effector-memory cd8+ t lymphocytes. J Immunol, 178(7):4112-9, 2007.

115



[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

D. Rosenkranz, S. Weyer, E. Tolosa, A. Gaenslen, D. Berg, T. Leyhe, T. Gasser, and
L. Stoltze. Higher frequency of regulatory t cells in the elderly and increased suppressive
activity in neurodegeneration. J Neuroimmunol, 188(1-2):117-27, 2007.

S. Sakaguchi, M. Miyara, C. M. Costantino, and D. A. Hafler. Foxp3+ regulatory t cells
in the human immune system. Nat Rev Immunol, 10(7):490-500, 2010.

F. Sallusto, D. Impellizzieri, C. Basso, A. Laroni, A. Uccelli, A. Lanzavecchia, and B. En-
gelhardt. T-cell trafficking in the central nervous system. Immunol Rev, 248(1):216-27,
2012.

F. Sallusto, D. Lenig, R. Forster, M. Lipp, and A. Lanzavecchia. Two subsets of
memory t lymphocytes with distinct homing potentials and effector functions. Nature,
401(6754):708-12, 1999.

M. Saresella, E. Calabrese, I. Marventano, F. Piancone, A. Gatti, M. Alberoni, R. Nemni,
and M. Clerici. Increased activity of th-17 and th-9 lymphocytes and a skewing of the

post-thymic differentiation pathway are seen in alzheimer’s disease. Brain Behav Immun,
25(3):539-47, 2011.

M. Saresella, E. Calabrese, I. Marventano, F. Piancone, A. Gatti, M. G. Calvo, R. Nemni,
and M. Clerici. Pdl negative and pdl positive cd4+ t regulatory cells in mild cognitive
impairment and alzheimer’s disease. J Alzheimers Dis, 21(3):927-38, 2010.

M. Saresella, E. Calabrese, I. Marventano, F. Piancone, A. Gatti, E. Farina, M. Alberoni,
and M. Clerici. A potential role for the pd1/pd-11 pathway in the neuroinflammation of
alzheimer’s disease. Neurobiol Aging, 2011.

K. Schindowski, A. Eckert, J. Peters, C. Gorriz, U. Schramm, T. Weinandi, K. Mau-
rer, L. Frolich, and W. E. Muller. Increased t-cell reactivity and elevated levels of cd8+
memory t-cells in alzheimer’s disease-patients and t-cell hyporeactivity in an alzheimer’s

disease-mouse model: implications for immunotherapy. Neuromolecular Med, 9(4):340—
54, 2007.

K. Schindowski, J. Peters, C. Gorriz, U. Schramm, T. Weinandi, S. Leutner, K. Maurer,
L. Frolich, W. E. Muller, and A. Eckert. Apoptosis of cd4+ t and natural killer cells in
alzheimer’s disease. Pharmacopsychiatry, 39(6):220-8, 2006.

C. Schmidt, K. Redyk, B. Meissner, L. Krack, N. von Ahsen, S. Roeber, H. Kretzschmar,
and I. Zerr. Clinical features of rapidly progressive alzheimer’s disease. Dement Geriatr
Cogn Disord, 29(4):371-8, 2010.

S. Seidler, H. W. Zimmermann, M. Bartneck, C. Trautwein, and F. Tacke. Age-dependent
alterations of monocyte subsets and monocyte-related chemokine pathways in healthy
adults. BMC Immunol, 11:30, 2010.

116



[138] F. Shalit, B. Sredni, C. Brodie, E. Kott, and M. Huberman. T lymphocyte subpopula-
tions and activation markers correlate with severity of alzheimer’s disease. Clin Immunol
Immunopathol, 75(3):246-50, 1995.

[139] C. Shi and E. G. Pamer. Monocyte recruitment during infection and inflammation. Nat
Rev Immunol, 11(11):762-74, 2011.

[140] G. D. Silverberg, A. A. Messier, M. C. Miller, J. T. Machan, S. S. Majmudar, E. G. Stopa,
J. E. Donahue, and C. E. Johanson. Amyloid efflux transporter expression at the blood-
brain barrier declines in normal aging. J Neuropathol Exp Neurol, 69(10):1034-43, 2010.

[141] G.D. Silverberg, M. C. Miller, A. A. Messier, S. Majmudar, J. T. Machan, J. E. Donahue,
E. G. Stopa, and C. E. Johanson. Amyloid deposition and influx transporter expression

at the blood-brain barrier increase in normal aging. J Neuropathol Exp Neurol, 69(1):98—
108, 2010.

[142] A. R. Simard, D. Soulet, G. Gowing, J. P. Julien, and S. Rivest. Bone marrow-derived
microglia play a critical role in restricting senile plaque formation in alzheimer’s disease.
Neuron, 49(4):489-502, 2006.

[143] T.R. Smith and V. Kumar. Revival of cd8+ treg-mediated suppression. Trends Immunol,
29(7):337-42, 2008.

[144] S. Sorce, R. Myburgh, and K. H. Krause. The chemokine receptor ccr5 in the central
nervous system. Prog Neurobiol, 93(2):297-311, 2011.

[145] J. T. Stieler, C. Lederer, M. K. Bruckner, H. Wolf, M. Holzer, H. J. Gertz, and T. Arendt.
Impairment of mitogenic activation of peripheral blood lymphocytes in alzheimer’s dis-
ease. Neuroreport, 12(18):3969-72, 2001.

[146] T. E. Strandberg, K. H. Pitkala, K. H. Linnavuori, and R. S. Tilvis. Impact of viral and
bacterial burden on cognitive impairment in elderly persons with cardiovascular diseases.
Stroke, 34(9):2126-31, 2003.

[147] S. Subramanian, P. Ayala, T. L. Wadsworth, C. J. Harris, A. A. Vandenbark, J. F. Quinn,
and H. Offner. Ccr6: a biomarker for alzheimer’s-like disease in a triple transgenic mouse
model. J Alzheimers Dis, 22(2):619-29, 2010.

[148] M. H. Tabert, J. J. Manly, X. Liu, G. H. Pelton, S. Rosenblum, M. Jacobs, D. Zamora,
M. Goodkind, K. Bell, Y. Stern, and D. P. Devanand. Neuropsychological prediction of
conversion to alzheimer disease in patients with mild cognitive impairment. Arch Gen
Psychiatry, 63(8):916-24, 2006.

[149] J. Tan, T. Town, L. Abdullah, Y. Wu, A. Placzek, B. Small, J. Kroeger, F. Crawford,
D. Richards, and M. Mullan. Cd45 isoform alteration in cd4+ t cells as a potential diag-
nostic marker of alzheimer’s disease. J Neuroimmunol, 132(1-2):164-72, 2002.

117



[150] M. C. Tartaglia, H. J. Rosen, and B. L. Miller. Neuroimaging in dementia. Neurothera-
peutics, 8(1):82-92, 2011.

[151] T. Togo, H. Akiyama, E. Iseki, H. Kondo, K. Ikeda, M. Kato, T. Oda, K. Tsuchiya, and
K. Kosaka. Occurrence of t cells in the brain of alzheimer’s disease and other neurological
diseases. J Neuroimmunol, 124(1-2):83-92, 2002.

[152] T. Togo, H. Akiyama, H. Kondo, K. Ikeda, M. Kato, E. Iseki, and K. Kosaka. Expression
of ¢d40 in the brain of alzheimer’s disease and other neurological diseases. Brain Res,
885(1):117-21, 2000.

[153] M. Torcia, L. Bracci-Laudiero, M. Lucibello, L. Nencioni, D. Labardi, A. Rubartelli,
F. Cozzolino, L. Aloe, and E. Garaci. Nerve growth factor is an autocrine survival factor
for memory b lymphocytes. Cell, 85(3):345-56, 1996.

[154] T. Town, J. Tan, R. A. Flavell, and M. Mullan. T-cells in alzheimer’s disease. Neuro-
molecular Med, 7(3):255-64, 2005.

[155] P. J. van de Berg, S. L. Yong, E. B. Remmerswaal, R. A. van Lier, and I. J. ten Berge.
Cytomegalovirus-induced effector t cells cause endothelial cell damage. Clin Vaccine
Immunol, 19(5):772-9, 2012.

[156] W.T. van Dorp, P. A. van Wieringen, E. Marselis-Jonges, C. A. Bruggeman, M. R. Daha,
L. A. van Es, and F. van der Woude. Cytomegalovirus directly enhances mhc class i and
intercellular adhesion molecule-1 expression on cultured proximal tubular epithelial cells.
Transplantation, 55(6):1367-71, 1993.

[157] A. Vojdani and J. Lambert. The role of th17 in neuroimmune disorders: Target for cam
therapy. part i. Evid Based Complement Alternat Med, 2009.

[158] A. Vojdani and J. Lambert. The role of th17 in neuroimmune disorders: Target for cam
therapy. part ii. Evid Based Complement Alternat Med, 2009.

[159] D. G. Walker, J. R. O’Kusky, and P. L. McGeer. In situ hybridization analysis for herpes
simplex virus nucleic acids in alzheimer disease. Alzheimer Dis Assoc Disord, 3(3):123—
31, 1989.

[160] J. D. Warren, P. D. Fletcher, and H. L. Golden. The paradox of syndromic diversity in
alzheimer disease. Nat Rev Neurol, 8(8):451-64, 2012.

[161] B. Weinberger, L. Lazuardi, I. Weiskirchner, M. Keller, C. Neuner, K. H. Fischer, B. Neu-
man, R. Wurzner, and B. Grubeck-Loebenstein. Healthy aging and latent infection with

cmv lead to distinct changes in cd8+ and cd4+ t-cell subsets in the elderly. Hum Immunol,
68(2):86-90, 2007.

118



[162] B. B. Weksler, E. A. Subileau, N. Perriere, P. Charneau, K. Holloway, M. Leveque,
H. Tricoire-Leignel, A. Nicotra, S. Bourdoulous, P. Turowski, D. K. Male, F. Roux,

J. Greenwood, I. A. Romero, and P. O. Couraud. Blood-brain barrier-specific properties
of a human adult brain endothelial cell line. FASEB J, 19(13):1872-4, 2005.

[163] J. Westermann and R. Pabst. How organ-specific is the migration of "naive’ and *'memory’
t cells? Immunol Today, 17(6):278-82, 1996.

[164] K. Westin, P. Buchhave, H. Nielsen, L. Minthon, S. Janciauskiene, and O. Hansson. Ccl2
is associated with a faster rate of cognitive decline during early stages of alzheimer’s
disease. PLoS One, 7(1):€30525, 2012.

[165] J. L. Whitwell, M. M. Shiung, S. A. Przybelski, S. D. Weigand, D. S. Knopman, B. F.
Boeve, R. C. Petersen, and Jr. Jack, C. R. Mri patterns of atrophy associated with progres-
sion to ad in amnestic mild cognitive impairment. Neurology, 70(7):512-20, 2008.

[166] S. Wiederkehr, M. Simard, C. Fortin, and R. van Reekum. Comparability of the clinical
diagnostic criteria for vascular dementia: a critical review. part i. J Neuropsychiatry Clin
Neurosci, 20(2):150-61, 2008.

[167] S. Wiederkehr, M. Simard, C. Fortin, and R. van Reekum. Validity of the clinical diag-
nostic criteria for vascular dementia: a critical review. part ii. J Neuropsychiatry Clin
Neurosci, 20(2):162-77, 2008.

[168] A. Wikby, F. Ferguson, R. Forsey, J. Thompson, J. Strindhall, S. Lofgren, B. O. Nilsson,
J. Emerudh, G. Pawelec, and B. Johansson. An immune risk phenotype, cognitive impair-
ment, and survival in very late life: impact of allostatic load in swedish octogenarian and
nonagenarian humans. J Gerontol A Biol Sci Med Sci, 60(5):556-65, 2005.

[169] A. Wikby, B. O. Nilsson, R. Forsey, J. Thompson, J. Strindhall, S. Lofgren, J. Ernerudh,
G. Pawelec, F. Ferguson, and B. Johansson. The immune risk phenotype is associated with
il-6 in the terminal decline stage: findings from the swedish nona immune longitudinal
study of very late life functioning. Mech Ageing Dev, 127(8):695-704, 2006.

[170] T. Wisniewski and U. Konietzko. Amyloid-beta immunisation for alzheimer’s disease.
Lancet Neurol, 7(9):805-11, 2008.

[171] M. A. Wozniak, R. F. Itzhaki, S. J. Shipley, and C. B. Dobson. Herpes simplex virus
infection causes cellular beta-amyloid accumulation and secretase upregulation. Neurosci
Lett, 429(2-3):95-100, 2007.

[172] M. A. Wozniak, A. P. Mee, and R. F. Itzhaki. Herpes simplex virus type 1 dna is located
within alzheimer’s disease amyloid plaques. J Pathol, 217(1):131-8, 2009.

[173] Y. Wu, W. Wu, W. M. Wong, E. Ward, A. J. Thrasher, D. Goldblatt, P. Osman, M.and Di-
gard, D. H. Canaday, and K. Gustafsson. Human gamma delta t cells: a lymphoid lineage
cell capable of professional phagocytosis. J Immunol, 217(1):131-8, 2009.

119



[174]

[175]

[176]

[177]

[178]

K. Yaffe, R. C. Petersen, K. Lindquist, J. Kramer, and B. Miller. Subtype of mild cog-
nitive impairment and progression to dementia and death. Dement Geriatr Cogn Disord,
183(9):5622-9, 20009.

J. Yan, J. M. Greer, R. Hull, J. D. O’Sullivan, R. D. Henderson, S. J. Read, and P. A.
McCombe. The effect of ageing on human lymphocyte subsets: comparison of males and
females. Immun Ageing, 7:4, 2010.

J. Zaghi, B. Goldenson, M. Inayathullah, A. S. Lossinsky, A. Masoumi, H. Avagyan,
M. Mahanian, M. Bernas, M. Weinand, M. J. Rosenthal, A. Espinosa-Jeffrey, J. de Vellis,
D. B. Teplow, and M. Fiala. Alzheimer disease macrophages shuttle amyloid-beta from
neurons to vessels, contributing to amyloid angiopathy. Acta Neuropathol, 117(2):111-24,
2009.

D. Zekry, FE. R. Herrmann, I. Irminger-Finger, L. Ortolan, C. Genet, A. M. Vitale, J. P.
Michel, G. Gold, and K. H. Krause. Telomere length is not predictive of dementia or mci
conversion in the oldest old. Neurobiol Aging, 31(4):719-20, 2010.

Y. Zhou, Y. Sonobe, T. Akahori, S. Jin, J. Kawanokuchi, M. Noda, Y. Iwakura, T. Mizuno,
and A. Suzumura. I1-9 promotes th17 cell migration into the central nervous system via
cc chemokine ligand-20 produced by astrocytes. J Immunol, 186(7):4415-21, 2011.

120



List of Figures

[[.LT" Forms of dementia; after Bosser, 1992 (modified) [17] . . . . . ... ... .. 1
[T.27 Suggested pathophysiological effects of amyloidbeta . . . . . . ... ... .. 5
(1.3 Proposed mechanisms of pathophysiologyin AD| . . . . . .. ... ...... 8
[L4_ T-cell differenfiationmodell . . . . . . . .. ... ... ... ........... 15
[T.5  CCR expression on different immune cell subsets . . . . . . . ... ... ... 24
21 Antibodiesused . . . ... ... ... ... 30
2.2  Gating strategies for the leukocytepanel . . . . . . .. ... ... ... ... 37

2.3 Example of the gating strategy used for T-cell subsets with FlowJo software] . 38

(3.1  Frequency of CD4+ T-cell phenotypes in AD patients and healthy controls|. . 42
3.2 Frequency of CD8+ T-cell phenotypes in AD patients and healthy controls|. . 43

[3.3 CD4+ naive and late-differentiated subsets in AD patients and controls, . . . 44
[3.4  "senescence'' marker expression on CD4+ and CD8+ T-cells| . . . . . . . .. 45
[3.5 Percentage of activated and Treg cells within CD4+cells of AD patients and |
L comtrols). . . . . . . . . 46
3.6 CD4+ and CDS8+ T-cell subset frequencies in dementia patients and healthy |
| controlsl . . . . . . . . ... 48
(3.7  Frequency of y0T-cells in dementia patients and healthy controls] . . . . . . .. 49
(3.8  CD4+ T-cell gating strategy and the resulting T-cell phenotype analysis) . . . 50
[3.9  Frequency of CD4+ KLRG1- and CD57-expressing cells|. . . . . . ... ... 51
[3.10 CDS57 expression on CD4+ cells in CM V-seronegative and CM V-seropositive |
AD patients with severedisease|. . . . . . ... ... ... ... .. ..., .. 52

[3.11 Frequency of CD4+ PD-1+ cells in dementia patients and healthy controls| . . 52
[3.12 Treg gating strategy| . . . . . . . . . . . . . .. .. ... .. ... 53
[3.13 Frequency of Tregs in AD patients and healthy controls| . . . . . . . ... .. 53
[3.14 Frequency of different Treg phenotypes in AD patients and healthy controls| 54
[3.15 CD4+ T-cell CCR expression in dementia patients and healthy controls] . . . 56
[3.16 Cytokine profile of CD4+ T-cells] . . . . . . ... .. ... ... .. ...... 57
[3.17 Frequency of CD4+, CD8+ and TCR~0+ T-cell subsets|. . . . . . .. ... .. 59
[3.18 CD4+ T-cell differentiation stages| . . . . . . ... ... .. ... ....... 60
[3.19 CD4+ T-cell phenotyping with additional markers| . . . . . . ... ... ... 61
[3.20 KLRGI1 and CDS57 expression on CD4+ 'T-cells in dementia patients and |
healthycontrols| . . . . .. ... ... ... ... ... ... . ... ... 62




328

Frequency of monocyte phenotypes in dementia patients and healthy controls| 68

B.29

Amyloid beta uptake by leukocytes in dementia patients and healthy controls| 68

[3.21 Frequency of naive CD8+ cells in dementia patients and healthy controls| . . 62
[3.22 Frequency of activated and regulatory T-cells in dementia patients and healthy |

| controlsl . . . . . . . . ... 63
[3.23 CCR4 expression|. . . . . . . . . . . . .. ... . ... 64
[3.24 Frequency of CCR6 expressing CD4+ T-cells in dementia and healthy controls| 65
[3.25 PD-1 expression frequency on T-cells of dementia patients and healthy controls| 65
[3.26 Frequency of CD8+ T-cells expressing CCR4 and CCR6 in dementia and |
healthycontrols| . . . . ... ... ... ... ... .. ... ... . ... 66

[3.27 Leukocyte subset frequency in dementia patients and healthy controls| . . . . 67

[3.45 CCRS and CCR6 expression on leukocytes in AD patients and healthy controls| 81

(3.30 T-cell subsets in AD patients and healthy controls| . . . . . ... ... .. .. 70
[3.37 Early and late-differentiated CD4+ T-cells in AD patients and healthy controls| 71
(3.32 Naive and memory CD4+ T-cells in AD patients and healthy controls| 71
[3.33 CD27 and CD28 expression on CD8+ T-cells in AD patients and healthy |
[ comtrolsl . . . ... ... . . .. 72
(3.34 CD8+ T-cell phenotypes in AD patients and healthy controls| . . . . . . . .. 72
[3.35 Association of CMYV with CD4+ T-cell phenotypes| . . . . . . ... ... ... 73
[3.36 Correlation of anti-CMYV IgG titre with CD8+ T-cell phenotypes . . . . . . . 73
[3.37 'Treg gating strategy and frequencies of Tregs in patients and healthy controls| 75
[3.38 frequency of T-cells in dementia and healthy controls| . . . . .. ... .. .. 77
[3.39 Frequency of NK-cells in dementia and healthy controls| . . . . . . .. .. .. 77
[3.40 Frequency of monocytes in AD patients and healthy controls| . . . . . . . .. 78
[3.41 B-cell phenotypes in dementia patients and healthy controls|. . . . . . . . .. 79
[3.42 B-cell phenotypes in dementia patients and healthy controls|. . . . . . . . .. 80
[3.43 Percentages of activated and exhausted leukocytes in AD patients and healthy |
controls| . . . . . . . ... 81

[3.44 CCR2 and CCR4 expression on CD45+ cells in AD patients and healthy |

| controlsl . . . . . . . . ... 81

122

[3.46 CCR6 expression on leukocyte subsets in AD patients and healthy controls| . 82
[3.47 Chemokine receptor expression on T-cell subsets in AD patients and healthy |
| controls| . . . . . . . . . ... 82
4.1  Overview of AD immunotherapy opportunitiesin AD| . . . . . ... ... .. 100



List of Tables

(1.2 Dementia classification according to Ischemic Scales [167] . . . . . . .. .. .. 11
(1.3 Characteristic markers of Treg differentiation according to Sakaguchi et al. [[128]]] 19

2.1 Listof buffers and reagents| . . . . . . .. .. ... Lo oL 29
2.2 Overview of the sample cohorts and the analysis performed for each!|. . . . . . . 33
[2.3  Clinical parameters of 2nd cohort of Canadian AD patients and healthy elderly |

individuals (Table2.2)| . . . . . . . . . . . . . 38
[2.4  Clinical data of the Chiet1 study participants| . . . . . . .. ... ... ... ... 39
[2.5  Clinical parameters of healthy controls and AD patients from Gottingen| . . . . . 39
[3.1  Summary of the results obtained in the different studies for this thesis| . . . . . . 83

123



Glossary

Ap
Amyloid .

AD
Alzheimer’s Disease.

ADDTC
The State of California Alzheimer’s Disease Diagnostic and Treatment Centers.

APC
Antigen presenting cell.

ApoE
Apolipoprotein E.

APP

Amyloid precursor protein.

BBB
Blood-brain barrier.

CCL
CC chemokine ligand.

CCR
Chemokine receptor.

CMV
Cytomegalovirus.

CNS
Central nervous system.

CRP
C-reactive protein, an inflammation marker.
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CSF
Cerebrospinal fluid.

CT
X-ray computed tomography.

DC
Dendritic cell.

DMSO
Dimethylsulfoxide.

EDTA
Ethylenediaminetetraacetic acid.

ELISA
Enzyme-linked immunosorbent assay.

EMA
Ethidium monoacide bromide used to label dead cells.

FBS
Fetal bovine Serum.

Foxp3
Forkhead box P3, a marker for regulatory T-cells.

HBMECs
Human brain microvascular endothelial cells.

HSV
Herpes simplex virus.

ICD-10
International Statistical Classification of Diseases criteria, including six subtypes of VaD.

IFN~y
Interferon gamma, a pro-inflammatory cytokine.

Ig
Immune globulin.

IL
Interleukin, interleukins are a group of chemokines.
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IRP
Immune risk profile, set of immune parameters which correlate with survival.

KLRG1
Killer cell lectin-like receptor subfamily G member 1.

LPS
Lipopolysaccharide, an endotoxin.

MHC
Major histocompatibility complex.

MMSE
Mini mental state examination; 30 point questionnaire established 1975 by Folstein to
diagnose cognitive impairment.

MRI
Magnetic resonance imaging (MRI), nuclear magnetic resonance imaging (NMRI), or
magnetic resonance tomography (MRT).

NFT
Neurofibrillary tangles.

NINCDS-ADRDA
NINCDS-ADRDA National Institute of Neurological and Communicative Diseases and
Stroke - Alzheimer’s Disease and Related Disorders Association.

NINDS-AIREN
National Institute of Neurological Disorders and Stroke - Association Internationale pour
la Recherche et I’Enseignement en Neurosciences.

NK-cell
Natural killer cell.

PBMC
Peripheral blood mononuclear cell.

PBS
Phosphate buffered saline.

PD-1
Programmed cell death protein 1, a marker of immune exhaustion.

PET
Positron emission tomography.
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PMA
Phorbol 12-myristate 13-acetate.

PS
Presenilins, a family of transmembrane proteins that are found in the complex which pro-
cesses APP to Af.

rpAD
Rapidly progressive Alzheimer’s disease.

TCR
T-cell receptor.

TNF
Tumour necrosis factor, a pro-inflammatory cytokine.

Treg
Regulatory T-cell.

VaD
Vascular dementia.

XVIVO-15
Culture medium for PBMC.
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