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and therapeutic targets in
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Alzheimer’s disease (AD) is the main
neurodegenerative disease leading to dementia
and cognitive impairment in the elderly.
Considering AD to be an epidemic, an increase
from the current 50 million to more than 150
million patients is expected by the year 2050.
AD is characterized by a slow, progressive and
asymptomatic onset; making it difficult to decipher
the precise etiology. It is well established that AD
presents two characteristic features, extracellular
B-amyloid plaques and intracellular tau tangles,
that eventually lead to the impairment of cognitive
functions. Unfortunately, AD symptomatology
shares many similarities with other dementias
once is present, which makes it difficult an
accurate premortem diagnosis.

Although AD is mainly considered an aging-related
condition that affects cognitive function, several
cardio- and cerebrovascular comorbidities such
as hypertension or diabetes are also risk factors
for cognitive impairment. Accordingly, brain
vascular-associated alterations underlie many
pathophysiological mechanisms of AD. We have
recently reviewed the latest evidence supporting
the detrimental role of vascular and angiogenic
alterations during AD (Custodia et al., 2022).
Remarkably, cerebral blood-brain barrier (BBB)
leakage and microbleeds are associated with
cognitive decline in patients with mild cognitive
impairment (MCI) and early AD. Accordingly,
the two-hit vascular hypothesis points at initial
damage in cerebral vasculature (hit one) that
eventually induces the accumulation of B-amyloid
(AB) in the brain (hit two; Zlokovic, 2005).

CD34" bone marrow-derived progenitor cells
(BMPCs) define a group of stem and progenitor
cell populations released by the bone marrow
that covers different subpopulations of cells
from the hematopoietic linage, including
endothelial progenitor cells (EPCs). EPCs exhibit
characteristics of both endothelial and stem
cells, and, accordingly, proangiogenic early EPCs
expressing both CD34 and CD133 (a progenitor
surface marker) can be distinguished from late
EPCs additionally expressing KDR and/or CD146
(endothelial markers), which participate in the
process of angiogenesis and vasculogenesis (Figure
1). Therefore, EPCs participate in angiogenesis and
the maintenance of the endothelium by acting
as a cellular reservoir for the replacement of
dysfunctional endothelial cells, or by the secretion
of angiogenic growth factors.

Given that both dysfunctional angiogenesis and
compromised BBB integrity seem critical in the
onset and/or progression of AD, CD34" progenitor
cells, primarily EPCs, appear as potential targets
for the early diagnosis and/or treatment of the
disease. In this way, early and late EPCs would
work synergistically: early EPCs reach the site of
injury due to the high concentration of angiogenic
factors and inflammatory cytokines, from
which they paracrinally release different factors
promoting angiogenesis and recruiting late EPCs,
which either restore the endothelium or form new
vessels guided by the early EPCs. Here, we discuss
recent work and ongoing human clinical trials
testing the feasibility of CD34" BMPCs and EPCs
as early biomarkers of AD and pharmacological
targets for future treatments.

Association of circulating levels of CD34"
BMPCs and cognitive decline in healthy and
MCI subjects: Several cross-sectional studies
have shown that the number of circulating CD34"

BMPCs decreases with age, and this may impact
cognition. In this regard, a longitudinal study
regarding cognition and CD34" BMPCs levels
reported that older healthy subjects had lower
levels of CD34" BMPCs than younger counterparts
at baseline measurements (Hajjar et al., 2016).
Moreover, this investigation revealed that subjects
with higher baseline levels of several subgroups
of CD34" BMPCs such as early and late EPCs,
and CD34'/KDR" cells, among others, had better
executive-derived and working memory scores
over 4 years of follow-up (Hajjar et al., 2016).
Recently, a large transverse study has shown the
association between CD34" BMPCs and different
memory-related tests in cognitively normal
subjects with coronary artery disease (Moazzami
et al., 2020). Notably, circulating numbers of late
EPCs were positively correlated with a better
performance in tasks assessing visual, logical, and
verbal immediate/delayed memory. Therefore,
the amount of circulating CD34" BMPCs subtypes
appears to be negatively correlated to the
cognitive decline of both healthy subjects and
patients with vascular-associated conditions.
Although more longitudinal clinical studies are
needed to fully confirm the harmful effect of low
levels of CD34" BMPCs on the cognitive state,
and other factors may be also taking part in this
cognitive decline, it is still plausible that larger
amounts of circulating endothelial progenitors
exert a protective effect, probably by the
maintenance of vascular endothelium integrity.

MCI often precedes clinical symptoms of AD, and
MCI patients show an increased risk of developing
dementia in the future. Thus, it is very interesting
to study CD34" BMPCs/EPCs levels in patients
with MCI in order to test whether such levels
can be used as potential non-invasive diagnostic
biomarkers to detect cognitive decline or its
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Some studies have observed a decrease in CD34"
BMPCs and EPCs populations from MCI patients
(Nation et al., 2018; Callahan et al., 2020). In this
sense, MCl patients with lower levels of circulating
CD34" BMPCs and both subtypes of EPCs exhibited
worse scores in memory tests and reduced cortical
thickness compared to control subjects (Nation
et al., 2018). Considering the angiogenesis ratio
(pro-angiogenic/non-angiogenic BMPCs, including
early and late EPCs), Callahan et al. (2020) showed
a positive association between angiogenesis ratio
and white matter hyperintensities, but not with
global cerebral blood flow, hippocampal volume,
or accumulation of tau and AB. By contrast,
measurements in an older cohort of MCI patients
did not show significant changes in CD34", early
EPCs, and late EPCs circulating levels compared
to control subjects (Breining et al., 2016). This
discrepancy may highlight that aging decreases
CD34" BMPCs to such a reduced level that is no
longer different in controls compared to MCI.

progression from MCI to dementia.

In summary, it seems that the reduction in CD34"
BMPCs is directly related to vascular dysfunction,
increasing brain white matter microlesions and
impairing cognition in MCl patients.

Association of circulating levels of CD34" BMPCs
and AD: Several studies have been performed
in order to determine the relationship between
CD34" BMPCs/EPCs circulating levels and the
progression of AD (Maler et al., 2006; Lee et al.,
2009; Stellos et al., 2010; Bigalke et al., 2011;
Kong et al., 2011; Breining et al., 2016; Callahan
et al., 2020; Haiyuan et al., 2020). In this way, AD
patients in the early symptomatic phase already
showed lower levels of CD34" and CD34'/KDR*
cells compared to their control counterparts (Maler
et al., 2006; Haiyuan et al., 2020). Notably, CD34"
BMPCs counts have negatively correlated with
levels of AB,,, in cerebrospinal fluid and the AB
ratio 42/40, two well-known biomarkers for AD, as
well as with age, only in the early AD group (Maler
et al., 2006). Furthermore, the homing capacity of
EPCs from early AD patients was already impaired
(Haiyuan et al., 2020). Overall, it is becoming
clear that dysfunctional CD34" BMPCs are related
to a reduced ability to repair brain endothelial
cells, which appears to mediate neurotoxicity by
affecting the BBB permeability.

On the other hand, different outcomes were
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Figure 1 | Beneficial roles of CD34"
BMPCs following CNS injury.

CD34" BMPCs and the EPCs subtypes,
early and late, can promote both
angiogenesis and vasculogenesis
following CNS injury by specializing in
endothelial cells, and/or indirectly by
secreting free and exosome-enveloped
growth factors. G-CSF is a glycoprotein
that acts in the bone marrow to
mobilize both EPCs and CD34" BMPCs
after damage. BMPCs: Bone marrow
progenitor cells; CNS: central nervous
system; EPCs: endothelial progenitor
cells; G-CSF: granulocyte colony-
stimulating factor. Created with
BioRender.com.
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described in studies assessing the number of
progenitor cells during AD progression. Specifically,
lower counts of CD34" BMPCs and EPCs have been
observed in moderate and severe AD patients
compared to both early AD stage (Haiyuan et
al., 2020) and control subjects (Lee et al., 2009;
Kong et al., 2011; Haiyuan et al., 2020). Such
studies also revealed that homing and adhesion
features of EPCs from AD patients were impaired
(Haiyuan et al., 2020), as well as EPCs levels were
inversely correlated with the mini-mental state
exam (MMSE) score (Lee et al., 2009; Stellos
et al., 2010; Kong et al., 2011). Furthermore,
moderate to severe AD patients displayed a
reduced flow velocity of the middle cerebral artery
(Kong et al., 2011). In contrast, other studies
reported higher levels of CD34" BMPCs and EPCs
compared to controls (Stellos et al., 2010; Bigalke
et al., 2011), or even no changes (Breining et al.,
2016). Intriguingly, the work from Stellos and
colleagues reported an increase in both CD34"
BMPCs and early EPCs counting when comparing
moderate to severe AD patients versus control
subjects; however, within the AD group, there
was an inverse correlation between CD34" BMPCs
and early EPCs counting and the MMSE score.
Although these results seem contrary to each
other, it is noteworthy that most AD patients from
this study (Stellos et al., 2010) were treated with
cholinesterase inhibitor; a drug involved in EPCs
proliferation. Therefore, this fact may bias the
results and it could explain why cell counting in
the AD group was higher than in controls, but they
were inversely correlated with MMSE scores. The
other study that showed increased levels of CD34"
BMPCs/EPCs (Bigalke et al., 2011) only measured
the numbers of CD34" BMPCs in early to moderate
AD compared to controls, with no information
regarding cholinesterase inhibitor treatment.

In summary, most of the studies in later AD stages
support the studies performed on MCI and early
AD stages. Therefore, AD-mediated loss of CD34"
BMPCs/EPCs, as well as loss of EPCs-intrinsic
features, are likely present in AD patients and
may constitute novel diagnostic and therapeutic
targets.

Potential therapy with granulocyte colony-
stimulating factor (G-CSF) in AD: The G-CSF is a
glycoprotein secreted by endothelial and immune
cells that acts as a hematopoietic growth factor
(Figure 1). Among other beneficial mechanisms
following vascular injury, the G-CSF can promote
angiogenesis by mobilizing EPCs (Figure 1).
Therefore, G-CSF may be a potential target to
enhance vascular repair in AD patients. Indeed, it
has been recently shown that a G-CSF treatment
improved memory as well as reduced blood
levels of amyloid and tau in mild to moderate
patients of AD (Potter et al., 2021). Based on these
achievements, it is currently conducting a phase2b
clinical trial in order to evaluate the long-term
treatment of G-CSF in AD patients (NCT04902703;
ClinicalTrials.gov).

It would be interesting to look at CD34" BMPCs
and EPCs levels from those clinical trials in order
to elucidate whether such potential benefits
promoted by G-CSF therapy are totally or partially
mediated by increasing CD34" BMPCs/EPCs
mobilization.

Future challenges: The body of evidence
supporting a vascular component underlying AD
onset and/or progression is growing. However,
further studies are mandatory to elucidate
whether such vascular component triggers AD,
is a consequence of AD, or both. Moreover,
longitudinal studies are needed to confirm the
relationship between CD34" BMPCs/EPCs levels
and AD progression. Given that vascular-related
diseases may influence the amount of circulating
progenitor cells, especially in AD patients,
comorbidities present in those subjects deserve
special attention when interpreting the results.
Likewise, pharmacological treatments, such as a
cholinesterase inhibitor, may bias the results from
studies giving uncorrected information.
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Despite the promising results in animal models of
AD, the number of published results and clinical
trials regarding the direct application of EPCs as
a potential therapy in AD patients is absent. This
is remarkable when there is compelling evidence
that supports the role of endothelial dysfunction
in the onset and progression of AD, and the
potential of EPCs as a diagnostic biomarker and/or
therapeutic target (Custodia et al., 2022). However,
we were unable to find published data or ongoing
clinical trials in humans using the application of
EPCs to treat AD; as already seen in a stroke clinical
trial (NCT01468064). Moreover, several recent
studies have highlighted the beneficial role of EPCs
secretome/exosomes by protecting and repairing
the BBB following damage without using a cell-
based therapy. So, clinical trials based on EPCs-
derived secretome/exosomes might be a safer and
more promising approach in AD research.

Finally, only the GCSF-based treatment is being
tested in AD patients at later stages, with modest
but promising results. Given that endothelium-
related impairments are already seen in MCI
patients, it would be really interesting to test this
GCSF-based treatment in those subjects in order
to increase the benefits and protect against the
progression to AD.
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