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Highlights of the Study

• Pathogens that cause neuroinflammation may cause Alzheimer’s disease.
• Alzheimer’s disease is presently considered a continuum.
• Early, preclinical Alzheimer’s disease could be a window for Alzheimer’s disease treatment.
• Biomarkers for early detection of Alzheimer’s disease need to be included in neurological

diagnostic work-up.
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Abstract
Alzheimer’s disease (AD) is a disabling neurodegenerative
disease. The prognosis is poor, and currently there are no
proven effective therapies. Most likely, the etiology is related
to cerebral inflammatory processes that cause neuronal
damage, resulting in dysfunction and apoptosis of nerve
cells. Pathogens that evoke a neuroinflammatory response,
collectively activate astrocytes and microglia, which con-
tributes to the secretion of pro-inflammatory cytokines. This
leads to the deposit of clustered fragments of beta-amyloid
and misfolded tau proteins which do not elicit an adequate
immune reaction. Apart from the function of astrocytes and
microglia, molecular entities such as TREM2, SYK, C22, and
C33 play a role in the physiopathology of AD. Furthermore,
bacteria and viruses may trigger an overactive inflammatory
response in the brain. Pathogens like Helicobacter pylori,
Chlamydia pneumonia, and Porphyromonas gingivalis

(known for low-grade infection in the oral cavity) can release
gingipains, which are enzymes that can damage and destroy
neurons. Chronic infection with Borrelia burgdorferi (the
causative agent of Lyme disease) can co-localize with tau
tangles and amyloid deposits. As for viral infections, herpes
simplex virus 1, cytomegalovirus, and Epstein-Barr virus can
play a role in the pathogenesis of AD. Present investigations
have resulted in the development of antibodies that can
clear the brain of beta-amyloid plaques. Trials with hu-
manized aducanumab, lecanemab, and donanemab re-
vealed limited success in AD patients. However, AD should
be considered as a continuum in which the initial preclinical
phase may take 10 or even 20 years. It is generally thought
that this phase offers a window for efficacious treatment.
Therefore, research is also focused on the identification of
biomarkers for early AD detection. In this respect, the plasma
measurement of neurofilament light chain in patients
treated with hydromethylthioninemesylate may well open a
new way to prevent the formation of tau tangles and
represents the first treatment for AD at its roots.
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Introduction

Alzheimer’s disease (AD) is the most common cause of
senile dementia in developed countries. The UK-based
National Health Service (NHS) estimates that the prev-
alence of AD will double every 20 years and will affect one
in six individuals over the age of 80 (accessed on May 1,
2022, available online at www.nhs.uk/conditions/
alzheimers-disease). This illustrates that aging within a
population is a prominent risk factor and represents a
major public burden. Currently, there is no cure for this
disorder, which compromises the quality of life of pa-
tients, caregivers, and loved ones [1].

Neurodegeneration is one of the irreversible human
pathologies that is only partly explained. Experimental
and postmortem human studies have provided ample
evidence that inflammation of the brain is the main
feature of AD. Neurons contain large amounts of un-
saturated fats, which makes them vulnerable to inflam-
matory processes like the ones invoked by reactive oxygen
species (ROS) and reactive nitrogen species, collectively
called oxidative stress [2]. This inflammatory stress in-
vokes neuronal damage, which in turn gives rise to the
release of inflammatory cytokines, resulting in neuronal
dysfunction and apoptosis, thus creating a vicious circle.
Such dysfunctional neurons and their fragments are
largely found in the hippocampus, amygdala, and cortex,
and explain the structural losses in the pathognomonic
CT images of the patient’s brain atrophy. The associated
clinical signs of AD are characterized by cognitive and
behavioral dysfunction as well as speech difficulties,
memory impairment, and motor impairment.

Research on the etiology of AD is largely related to the
accumulation of beta-amyloid (βA) and neurofibrillary
(aberrantly phosphorylated) tau tangles, usually called
P-tau or p-tau, in the neuronal area leading to an in-
flammatory response by microglia and astrocytes to re-
move these corpora aliena. While neuroscience has re-
vealed the basic characteristics of microglia and astro-
cytes, the fundamental biological mechanisms of AD are
still poorly understood and remain to be elucidated [3, 4].
Nevertheless, the amyloid plaque and tau hypothesis is
still the most accepted model of inherited AD. Plaques
represent large clumps of interneuronal amyloid protein
aggregates, while neurofibrillary tangles are intraneuronal
aggregates of hyperphosphorylated tau protein. The
molecule apolipoprotein e4 (APOEe4) secreted by as-
trocytes and microglia plays a considerable role as it is
associated with an earlier age of AD onset and its presence
in individuals doubles or triples the risk of AD [5]. Fresh
experimental findings on the function of APOE and a

developed mathematical model suggest that oxidative
stress in the skin fibroblasts of AD patients favors the
accumulation of ataxia telangiectasia-mutated (ATM)-
pAPOE, a crown-like perinuclear complex. This prevents
or delays the ATM shuttling from the cytoplasm to the
nucleus and blocks the repair of damaged DNA. This
knowledge shows, perhaps for the first time, that ATM-
kinase is involved in the pathophysiology of AD and that
the presence of this crown may support early diagnosis
and treatment monitoring in AD [6].

At present, a plethora of scientists are investigating
specific roles of microglia and astrocyte nerve cells in AD.
Herein, we provide a narrative synopsis of recent
knowledge on the role of these cells and the various
biochemical pathways in the pathogenesis of AD that may
open avenues to relevant therapeutic options.

Astrocytes and βA Formation
Astrocytes originate from radial glial cells. During

astrogenesis, these cells turn into neural stem cells, which
create astrocyte precursor cells migrating to a final
destination in the CNS. There, they mature and acquire
the typical complex stellate morphology. Through the
input of nearby neurons, they obtain a characteristic
spongiform shape with myriads of small protrusions.
These mature astrocytes influence synapse function by
clearing and recycling inactive derivatives of neuro-
transmitters back to the presynaptic terminal [7–9]. In
addition, mature astrocytes control the homeostasis of the
CNS and are involved in maintaining the blood-brain
barrier (BBB). The BBB regulates local blood flow, the
concentration of oxygen and water, and ion homeostasis
according to physiological needs. It prevents the entrance
of toxic molecules and blood cells into the brain [5, 10].
The integrity of the BBB can be disturbed by pathogens,
eventually resulting in neuroinflammation induced by the
cerebral production of ROS and oxidative stress. For
instance, experiments with humanized APOEe4 have
shown that this entity can initiate a leaky BBB and that
removal of this molecule results in amelioration. This
suggests that the detrimental effects of astrocyte pro-
duction of APOEe4 are a key threat to the integrity of the
BBB. Astrogliosis is a cerebral defense reaction in which
astrocytes are transformed into reactive cells, featuring
elongated nuclei and distinctive palisading (a process
called “shapeshifting”) [11]. During this process, their
number and size increases as a response to a stressful
environment and disturbed homeostasis [12]. Reactive
astrocytes contribute to upregulation of endothelial re-
ceptor advanced glycation end products, mediating se-
cretion of pro-inflammatory cytokines and disruption of
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the BBB, allowing toxic elements to enter the brain [13].
This causes the increased accumulation of active astro-
cytes, collectively increasing a vicious circle of cerebral βA
deposits.

βA originates from native amyloid precursor protein
(APP), a 770 amino acid glycoprotein present in cell
membranes [14]. APP is cleaved by β-secretase followed
by gamma-secretase, resulting in the formation of βA40
and βA42. These cleavage fragments promote the mo-
lecular clustering of toxic ROS resulting in plaques of βA
in the neuronal environment, disrupting their cellular
function, a generally accepted cause of AD. Indeed,
preclinical investigations have demonstrated that acti-
vated astrocytes can identify amyloid plaques [15, 16].
Moreover, postmortem studies have shown their pres-
ence in cerebral amyloid in AD patients [17]. On an
interesting note, recent experimental and human studies
have shown that medin, a most common human am-
yloid, interacts with vascular βA and promotes the
aggregation of βA in AD, where it leads to vascular
stiffening in the human brain arterioles and cognitive
decline. It has been suggested that medin could be a
therapeutic target to prevent its co-aggregation with
vascular βA [18].

Astroglia and Scar Formation
After brain-related diseases (including injuries and

neurodegeneration), the severed neurons organize a re-
generative response. However, in contrast to injured
Schwann cells in the peripheral nervous system, the CNS
does not show tissue regeneration and typically depends
on persisting scar-forming cells such as endothelial cells,
inflammatory immune cells, stromal fibroblasts, and
astrocytes to create fibrotic layers. This protective glial
scar is impenetrable for upregulated pro-regenerative
genes and transcriptional mechanisms, which results in
further inflammation and degeneration. D’Ambrosi and
Apolloni [19] have described the function of this glial scar
in neurodegenerative disease as AD; the scar has ap-
parently contrasting roles of promoting tissue protection
and inhibiting repair. Indeed, scar-forming astrocytes are
regarded as inhibitors of axon regeneration. As reactive
astrocytes, they may act as pro-inflammatory entities
turning the scar into a source of neuroinflammation and
leading to a vicious circle in which degeneration con-
tinues. Conversely, astrocytes at the border of the scar can
elongate their processes and form so-called glial bridges
along which axons may regrow when appropriate growth
factors are present through intrinsic neuronal pathways
[20]. Nevertheless, Verkhratsky et al. [20] aver that “the
role of astrocytes in the pathogenesis and progression of

AD remains to be fully characterized, primarily because
of the lack of longitudinal studies assessing the status of
astroglia at different stages of the disease.”

p-TAU
Research on the role of tau in AD has stayed behind in

favor of investigations on the role of βA, whereas its
presence in the brain is considered an important hallmark
of disease [21]. Indeed, hyperphosphorylated aggregates
of the microtubule-associated tau protein belong to the
main pathological components that are aberrantly ac-
cumulated in AD brains. The family of tau consists of six
isoforms, whereas only 3-R and 4-R tau, occurring at an
equal ratio are present in the human brain. The presence
of AD may change this ratio in favor of the increased
presence of 4-R. The AD brain tau is known to be three-
to four-fold more hyperphosphorylated than in the
normal human brain. This p-tau molecule can disrupt
microtubules and in its oligomeric state it is self-
assembled. This pathological tau is seen as intra-
neuronal neurofibrillary tangles. Aggregates of this
malformed protein are present around the core of am-
yloid plaques and are considered a prerequisite for the
clinical expression of AD [22].

Microglia
Microglia are part of the immune system and are

present in the brain. Their main function is the sur-
veillance of changes that could jeopardize cerebral ho-
meostasis. As such, they have a ramified appearance with
processes being expended or retracted. As a response to
harmful events their processes can extend and become
bushy, while finally the cells get their typical amoeboid
phagocytic appearance (see Fig. 1), in which they can
engulf apoptotic neurons [23]. In this context, experi-
ments by Diaz-Aparicio et al. [24] suggest that microglia
act as a sensor of local cell death and that the secretome of
phagocytic microglia produces a homeostatic response
that balances the proliferation and survival of neurons on
one side and the cell death at the other side. This also
prevents a deviant inflammatory reaction, which can
occur when microglia enter an activated state following
the detection of neural damage. They play a pivotal role in
the pathogenesis of AD by changing their phenotypes,
usually classified as M1 and M2, although a continuum
exists of different phenotypes [25]. Activated M1 mi-
croglia are induced by interferon γ (IFNγ) and lipo-
polysaccharide, and produce inflammatory cytokines and
chemokines such as tumor necrosis factor α (TNFα),
interleukin (IL)-6, and IL-12. Activated M2 microglia are
induced by anti-inflammatory cytokines such as IL-4 and
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IL-13. The M2 type produces the anti-inflammatory
cytokines as IL-10, insulin-like growth factor-1 and
promotes the phagocytosis of cell debris and misfolded
proteins and supports neuronal survival through neu-
rotrophic factors. Interesting reviews on this subject have
been published by Li et al. [26], Colonna and Butovsky
[27], and Guo et al. [25], from which the abovementioned
data are taken. To summarize, M1 microglia induce
inflammation and neurotoxicity, while M2 microglia
induce anti-inflammatory and healing processes to pre-
pare for the containment and removal of neurotoxic
debris [27]. Further studies have substantiated that ac-
tivated microglia might play a protective role in early AD,
while in late chronic AD they may secrete several cyto-
kines and ROS, causing excessive neural damage, which
will accelerate the disease and overrule the healing effect
of other (M2 type) microglia [26].

Other Players in the Field
Triggering receptor expressed in myeloid cells 2

(TREM2) is a receptor that recognizes the accumulation
of βA and its neuronal toxicity [28]. It is upregulated on
microglia that surround amyloid plaques in AD. Its
soluble ectodomain sTREM2 binds to βA and reverses
oligomerization and fibrillation and is consequently an
important opponent of AD. Inhibition of TREM2 and its

ectodomain attenuates the microglia response to βA
deposition, thus turning them into an activated toxic
state, which makes it conceivable that TREM2 protects
from AD [29]. La Rosa et al. [30] confirmed this hy-
pothesis in 15 AD patients and 12 age-matched healthy
controls; these researchers found that plasma levels of
sTREM2 and TREM2 mRNA were significantly upre-
gulated in the plasma of patients with AD and βA
phagocytosis was diminished.

A recent publication by Ennerfelt et al. [31] elaborates
on the innate immune signaling molecule caspase re-
cruitment domain-containing protein 9 (CARD9). The
authors demonstrated that deletion of this molecule in an
experimental model worsens cognitive decline and ab-
errant microglial activation. Conversely, pharmacological
activation of CARD9 increases the clearance of βA,
suggesting that this signaling molecule mediates βA
deposits and microglia responses. The same research
group has elucidated the crucial role of spleen tyrosine
kinase (SYK) in the coordination of microglial activation
and phagocytosis. This intracellular regulator is deployed
to limit βA pathology. Essentially, disruption of micro-
glial SYK signaling in an experimental mouse AD model
exacerbates disease [32]. Furthermore, further research
has identified increased (lysophosphatidic acid) C22
expression on microglia, as a negative regulator of

Fig. 1. Activated astrocyte and amoeboid
microglia ready to approach a damaged
neuron.
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microglial phagocytosis in aged (20–24-month-old) mice.
The long-term inhibition of C22 promotes clearance of
βA in vivo and reprograms microglia toward the M2 state
and improves the cognitive function of these mice [33].
Likewise, it has been shown that inhibition of cluster of
differentiation 33 (CD33), an immunomodulating re-
ceptor expressed by microglia and genetically linked to
AD susceptibility, attenuates βA pathology and improves
cognitive capabilities in knockout mice. Interestingly,
cancellation of TREM2 in these CD33 knockout mice
exacerbated βA pathology [34]. While research on the
abovementioned molecular entities clearly illustrates that
they are important players at the roots of AD and are
interesting targets for future treatment, it is clear that
further studies need to clarify which signaling processes
form the cornerstone of their workingmechanisms before
they can be tested in humans.

The Infection Hypothesis
Neuronal cell damage due to infection may induce an

acute inflammatory response in various organs, including
the brain. The infection hypothesis as a cause for AD
starts from the assumption that microorganisms like
bacteria and viruses may trigger an overactive inflam-
matory response; this may lead to chronic inflammation
in a subset of patients.

Bacterial Infections
One of the first articles mentioning the presence of

bacteria in the brain of AD patients was published by
MacDonald and Miranda in 1987 [35]. In this context,
Koehler et al. described the importance of the bidirec-
tional gut-brain interaction. The enteric nervous system
is often referred to as the “second brain,” as it produces
neurotransmitters and signaling molecules. Alterations in
the composition of the gut microbiome, e.g., through
dietary changes or ingestion of pathogenic bacteria, may
result in the breakdown of the gut barrier, resulting in the
presence of bacteria and pro-inflammatory cytokines and
other toxic molecules in the circulation. This, in turn, may
lead to impairment of the aforementioned BBB and
neuroinflammation and subsequent neuronal loss, which
reveals itself in neurological disorders such as Parkinson’s
disease and AD [36].

Various studies have demonstrated an association
between AD and infectious pathogens like Helicobacter
pylori [37], Chlamydia pneumonia [38], and Porphyr-
omonas gingivalis [39]. Once in the brain, bacteria release
gingipains, enzymes that can damage and destroy neu-
rons. Senejani et al. [40] have reported that chronic in-
fection by Borrelia burgdorferi, known for causing Lyme

disease, creates biofilms in patients with autopsy-
confirmed AD neuropathology. These authors showed
that the B. burgdorferi biofilm co-localizes with tau
protein and amyloid deposits which suggests a strong
relationship with AD. Recently, these findings suggesting
a strong causal relationship have been confirmed by
Herrera et al. [41]. Indeed, the invasion of this bacterium
stimulates the release of pro-inflammatory signaling
molecules such as IL-6, IL-8, IL-10, IL-12, and TNFα as
demonstrated in autopsy tissue and in vitro experiments
[42–44]. Therefore, it is plausible that bacterial infection
with B. burgdorferi triggers an inflammatory response
involving astrocytes, which may lead to chronic in-
flammation and neuronal apoptosis as in AD.

Also on an interesting note, infection by the Por-
phyromonas gingivalis, can cause a low-grade infection in
the oral cavity. Its prevalence is around 20–50% of the
global population [45]. This bacterium is considered a key
pathogen for neuropathogenesis; chronic infection may
contribute to AD when systemic spread takes place and
reaches the CNS. Recent studies on the link between
periodontitis caused by Porphyromonas gingivalis and
AD have revealed that toxic proteases from this bacte-
rium are present in the brain of AD patients [46]. This
toxic action requires survival in the periodontal pocket in
order to overcome the antimicrobial environment. Xi-
minies et al. [47] have demonstrated that its gene 0686
and related proteins may offer defense against oxidative
stress through a signaling system that can coordinate the
necessary pathways for protection. As far as bacterial
infection is considered, Siddiqui et al. [48] consider
Porphyromonas gingivalis as a most important pathogen
for periodontal disease and a significant cause for AD.

Viral Infections
Commonly, viruses invade the body before they arrive

in the CNS. It is postulated that the virus particles are
present in a latent manner in the ganglia of the trigeminal
nerve. Presumably the virus is reactivated when aging has
its weakening effect on the immune system that would
otherwise keep the infection under control. Sait et al. [49]
have provided evidence that the herpes simplex virus 1
(HSV1) is a key pathogen contributing to AD, although
also other viruses including herpes virus type 6 (HVV6)
[50], cytomegalovirus [51], and Epstein-Barr virus [52]
may play a role. Further evidence for pathogenic HSV1,
compiled in 2018 [53] and in 2021 [54] by Itzhaki’s group,
has supported the compelling link between the role of the
virus HSV1 in the pathogenesis of AD. HSV1 infection in
a 3-dimensional bioengineered human brain model
caused changes similar to those found in the brain of AD
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patients [55]. Laboratory-grown brain cells infected with
varicella zoster virus were reported to upregulate pro-
inflammatory cytokines which can reactivate latent HSV1
[56]. Induced human neural stem cell cultures, infected
with HSV1 and/or varicella zoster virus, showed re-
activation of HSV1 and consequent AD-like changes,
including the accumulation of βA and P-tau.

Vaccine studies showed a reduced frequency of re-
activation of HSV1 in the brain [57], while epidemio-
logical data on the use of anti-HSV serum antibodies
showed a link between the diminishing rate of cognitive
decline in which HSV1 is implicated [58]. Zhao et al. [59]
demonstrated an association of APOEe4 carriers with
HSV1 infection in terms of cognitive capabilities [59].
This observation suggests that HSV1 infection plays a role
in the development of AD among individuals with the
APOEe4 allele as a genetic susceptibility factor [60]. On
the other hand, in non-APOEe4 carriers, no association
exists between HSV1 and AD [57].

Recent Insights into the Various Stages of AD
Late onset of AD or sporadic AD (i.e., with no genetic

link) is the most common form, affecting over 90% of
sufferers. Changes in mood, disturbed sleep patterns, and
memory loss are among the earliest symptoms of AD.
Although AD primarily affects the brain, during the
course of the disease, extracranial body systems can be
affected, including the respiratory system [61], digestive
system [62], and urinary system [63] as well as changes in
the epidermal layer of the skin [64]. Considering these
and other organ-related symptoms, AD is increasingly
being recognized as a multi-organ disorder [65].

At later stages, when features such as depression,
anxiety, disorientation, agitation, and serious memory
impairment are manifest, pharmacotherapy and dedi-
cated multidisciplinary care are usually applied. Indeed,
modest but relevant gains have been secured with FDA-
approved anti-AD pharmacotherapy relying on inhibi-
tors of acetylcholinesterase and the activation of synaptic
N-methyl-D-aspartase receptors, both critical for neuron
survival. However, although this type of pharmacother-
apy can modify cognitive and/or behavioral symptoms of
AD, it does not even allude to the pathophysiological root
of the disease, which explains the recent setbacks in
clinical trials. This has made researchers change the target
and focus on immunotherapy, an often successful way of
treating various malignant diseases. In the present de-
cade, dedicated experimental and clinical research has
been intensified on a possible strategy for AD treatment
with monoclonal antibodies [66, 67]. Indeed, over the
past few years, a number of monoclonal antibodies have

appeared to be successful in clearing the brain from βA
plaques, considered the culprit of AD. These recently
developed antibodies include aducanumab [68], lecane-
mab [69, 70], both FDA-approved. A third antibody,
donanemab [71] has not yet obtained this status. The US-
based Alzheimer’s Society wrote on their website that
“three promising drugs for treating Alzheimer’s disease
bring fresh hope.” However, the publication on the
clinical results was received with reservations by the
European EMA which declined the request for approval.
As for donanemab, side effects may include cerebral
edema, headaches, confusion, changes in mental state,
vomiting, nausea, tremor, and gait disturbances. In the
Trailblazer-alz number 2 and number 3 clinical trials,
27.5% of the donanemab patients experienced one or
more of these side effects, and 0.8% in the placebo
group. Furthermore, the outcome of clinical results in
1,700 patients after 18 months of use of lecanemab versus
placebo is poor; the score of a dementia test was 1.21
versus 1.66 points. This non-compelling difference of 0.45
points will not mean a difference in daily life for which a
minimum clinically important difference of about 3.5
points is necessary [72].

AD as a Continuum
Presently, AD is considered a continuum that begins in

a latent, preclinical phase of many years. This represents
the onset of the disease spectrum ranging from an
asymptomatic phase to severe and multifaceted impair-
ment [73]. This preclinical stage of AD has become a
major focus of research, as there is consensus that early
diagnosis may offer the best chance of multidisciplinary
therapy for slowing the progression of disease [74, 75].
During this early period, deposition of βA plaques takes
place, followed by (hyper) phosphorylated tau formation
and neuronal damage may become evident. Therefore, in
the preclinical phase of AD dementia, when βA fibrils and
soluble P-tau levels have plateaued, cognitive decline is
related to the rate of accumulation of insoluble aggregates
of tau [76].

Looking at a particular aspect of early detection of AD,
it is worthwhile to consider brain imaging as an im-
portant subject. Structural MRI has been a first effort to
visualize early AD. Various studies [77] have shown loss
of hippocampus volume. Reduction of the cortical
thickness, in accordance with postmortem abnormalities,
has been identified as another marker for AD by Lech
et al. [78], who confirmed a reduced cortical thickness in
19 AD patients and 17 control cases using this imaging
technique. Functional MRI has been used to explore
blood flow and volume changes in AD. A study on 35 AD
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patients and 27 subjects with mild cognitive impairment
(MCI) showed reduced neuronal connectivity in various
areas of the thalamocortical network in AD cases and
more moderate disturbances in MCI cases, which has
significance for pathophysiological investigations [79].

Positron emission tomography (PET) offers the pos-
sibility to study brain metabolism with fluorodeox-
yglucose, radiolabeled with F-18. Brain imaging with this
glucose analog allows the study of regional brain glucose
consumption and the locally corresponding integrated
neuronal activity [80]. As abnormal neuronal activity is
associated with neurodegeneration, fluorodeoxyglucose is
not suited for early, preclinical detection of AD and more
specific radiotracers have been developed to resolve this
problem. Amyloid deposits, considered the earliest
pathological hallmark of AD. The so-called Pittsburgh-B
agent, radiolabeled with C-11 (PiB) is an FDA-approved
agent that has been used in clinical practice as an
amyloid-seeking radiotracer [81]. PET studies by Shen
et al. [82] suggest that PiB tests at 30 min after application
detect “mild” AD, but its accumulation pattern in the
white matter of aging individuals may interfere with
appropriate interpretation in healthy individuals is poorly
understood [83]. On the other hand, PiB localization has
been identified before clinical evidence is present, but this
appeared to be a nonspecific phenomenon for AD [84].
To the best of our knowledge, no large-scale multicenter
studies have been performed on PiB, probably due to the
short half-life of the C-11 radionuclide, requiring spe-
cialized production equipment and operators. This is
different for tracers labeled with F-18 (half-life of around
110 min), namely, florbetapir and flutemetamol which
can be transported to imaging centers about 2 h away
from the manufacturing site. Both F-18-labeled tracers
provide results that have similar diagnostic potential as
PiB [85].

As far as p-tau PET imaging is concerned, most ra-
diolabeled molecules tend to concentrate in βA, whereas
only the C-11-labeled tracer, under the code name PBB3
has been offered a more favorable concentration for p-tau
than for βA [86]. Considering that tau pathology is more
specifically associated with AD than with βA, it would be
logical to further develop tau tracers for longitudinal
studies in patient care and (experimental) treatment
monitoring [87]. Undeniably, PET studies have con-
tributed much to further understanding the pathophys-
iology of AD. Nevertheless, availability of tracers, the
preparation costs, the imaging equipment, and their
quality control hamper a widespread use of PET studies.
Therefore, the development of tests that can be applied
easily to AD patients in all clinical categories is ongoing.

Against this background, recent developments have been
reported by Mattsson-Carlsson et al. [88] and Horie et al.
[89, 90]. Both groups have focused their research on the
tracking of longitudinal cognition decline in the pre-
clinical phase, which is symptomatic for early AD. The
former group of researchers reported on the plasma
biomarker P-Tau 217. This appeared to be the best
biomarker to predict longitudinal cognitive decline as-
sessed by the Mini-Mental State Examination (MMSE)
and the modified Preclinical Alzheimer Cognitive
Composite (mPACC) over a median of 6 years (range
2–10 years). The latter group demonstrated that the
microubule binding region of tau that contains the res-
idue 243 (MTBR-tau243), is a cerebrospinal fluid (CSF)
biomarker specific for insoluble tau aggregates. This
marker longitudinally increased with aggregates of in-
soluble tau and was associated with PET imaging results
and cognitive function testing. They conclude that the
CSF MTBR-tau243 is a specific biomarker of tau ag-
gregate pathology, but it should be mentioned that a
(repetitive) lumbar puncture has been linked to adverse
effects, though especially in younger female patients [91],
and that plasma progression tracking may be more
suitable for AD patients.

Conclusions

Most relevant, present developments concentrate on
the discovery and the evaluation of clinical utility of
biomarkers in blood plasma during the continuum of AD.
Such markers will provide the framework for patient
staging and further advances in the field of pharmaco-
therapy [92, 93]. In this respect, captivating findings were
recently published by Altomare et al. [94], who confirmed
the excellent correlation, up to p < 0.001, between plasma
markers and traditional scintigraphy and CSF markers.
Their results showed that “overall, plasma p-tau (both
alone and in combination with Aβ42) showed the best
performance both in terms of correlation with traditional
biomarkers and of diagnostic accuracy over traditional
biomarkers.” Along this line, interesting recent progress
has been made by Giacomucci et al. [95] on the quan-
titative measurement of the blood concentration of
neurofilament light chain (NfL), a well-studied biomarker
for AD, as an effect of treatment with hydro-
methylthionine mesylate (HMTM), a molecule which
prevents the aggregation of tau that forms toxic fibrils
causing damage to neurons. Their investigation showed a
correlation with AD disease severity and cognitive de-
cline, which is the basis of the LUCIDITY trial (no trial
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number). Herein, tau pathology is targeted with HMTM.
Subsequently, a phase 3 randomized, double-blind study,
including a pseudo-placebo, in 105 AD participants with
MCI demonstrated a statistically significant improve-
ment. In addition, in 147 participants with mild to
moderate impairment, the stabilization of cognitive de-
cline has been reported in the first 9 months of treatment,
whereas no further decline was observed in the following
9 months. Interestingly and to the best of our knowledge,
this HMTM approach is the first study that prevents the
formation of tangles, rather than treating symptoms of
AD. In this context, Bateman et al. [96] studied a group of
128 patients with autosomal dominant AD with a pre-
dictable onset of symptoms; they observed clinical,
cognitive, structural, metabolic, and biochemical changes
at various years before the expected symptom onset.
Their groundbreaking results, using fMRI, PET, and
clinical dementia rating, made clear that CSF deposition
of βA fibrils is followed by increased Tau, which is fol-
lowed by volume diminishment of the hippocampus and
hypometabolic areas of glucose consumption. This se-
quential pathophysiological development showed that βA
deposition occurred 20 years earlier, whereas Tau was
detected 15 years earlier. The hippocampus volume
change was also detectible around the latter period,
whereas mild dementia occurred 3.3 years before ex-
pected symptom onset. These pertinent observations

represent a biomedical invitation to study whether
noninvasive blood biomarkers as mentioned above,
would keep up with the progression in autosomal
dominant disease.
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