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1 | INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder and the most common form of dementia,

Abstract

The existence of individuals who remain cognitively intact despite presenting
histopathological signs of Alzheimer’s disease (AD), here referred to as “Nonde-
mented with AD neuropathology” (NDAN), suggests that some mechanisms
are triggered to resist cognitive impairment. Exposed phosphatidylserine (ePS)
represents a neuronal “eat-me” signal involved in microglial-mediated phagocy-
tosis of damaged synapses. A possible mediator of this process is TREM2, a
microglial surface receptor activated by ligands including PS. Based on TREM2
role in the scavenging function of microglia, we hypothesize that an efficient
microglial phagocytosis of damaged synapses underlies synaptic resilience in
NDAN, thus protecting from memory deficits. Using immunofluorescence
microscopy, we performed a comparative study of human post-mortem frontal
cortices of aged-matched, AD and NDAN individuals. We studied the distribu-
tion of activated microglia (IBA1, IBA17/CD68" cells) and phagocytic
microglia-related proteins (TREM2, DAP12), demonstrating higher microglial
activation and TREM?2 expression in NDAN versus AD. A study of the preser-
vation of synapses around plaques, assessed using MAP2 and BIII tubulin as
dendritic and axonal markers, respectively, and PSD95 as a postsynaptic
marker, revealed preserved axonal/dendritic structure around plaques in
NDAN versus AD. Moreover, high levels of PSD95 around NDAN plaques
and the colocalization of PSD95 with CD68 indicated a prompt removal of
damaged synapses by phagocytic microglia. Furthermore, Annexin V assay on
aged-matched, AD and NDAN individuals synaptosomes revealed increased
levels of ePS in NDAN, confirming damaged synapses engulfment. Our results
suggest a higher efficiency of TREM2-induced phagocytic microglia in remov-
ing damaged synapses, underlying synaptic resilience in NDAN individuals.
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currently affecting more than 44 million people world-
wide [1]. From a neuropathological point of view, AD
responds to a specific criterion, that is the presence of
two distinct histopathological markers: extracellular
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deposition of p-amyloid (Ap) in the form of diffuse and
neuritic plaques, and intraneuronal neurofibrillary tan-
gles (NFTs) formed by aggregates of tau protein [2].
However, the correlation between the accumulation of
Ap and NFTs with the progression of dementia has been
questioned in the past decade by the emergence of a par-
ticular cohort of individuals recently classified as
AYTTN", where “A” refers to the value of a Ap bio-
marker (amyloid PET or CSF Ap4,); “T,” the value of a
tau biomarker (CSF phospho tau, or tau PET); and “N,”
biomarkers of neurodegeneration or neuronal injury
(['®F]-fluorodeoxyglucose—PET, structural MRI, or CSF
total tau) [2]. These individuals, here referred to as “Non-
Demented with AD Neuropathology” (NDAN), despite
presenting AP plaques and NFTs, most comparable to
fully symptomatic AD patients, do not exhibit changes in
cognitive functions, thus remaining cognitively intact
suggesting that some unknown mechanisms are triggered
to allow the preservation of cognitive functions in these
individuals. We previously reported that synapses of
NDAN subjects display a unique proteomic profile and
miRNA regulation [3, 4] and are resistant to the detri-
mental binding of Ap and Tau oligomers [5, 6]. Further-
more, NDAN individuals present an increased number of
neural stem cells in the hippocampus [7] and preserved
antioxidant response [8] that are associated with resis-
tance to AP and Tau toxicity. Among the several mecha-
nisms underlying AD pathology, synaptic dysfunction
and loss have been identified as major contributors to the
pathogenesis [9]. Initially the damage occurs to synapses
that are in the proximity of plaques on passing axons
[10]. This is evident from the consistent presence of dys-
trophic synapses in and around plaques [11]. It is well
established that microglia attracted to plaques play an
extremely important role in the engulfment of damaged
synapses, thus providing protection from greater damage
[10]. Therefore, the level of synaptic health is strictly
related to the efficiency of microglial phagocytosis: if
microglia promptly remove Af-injured synapses, the
damage may be restricted to the immediate vicinity of the
plaque. In this context, exposed phosphatidylserine (ePS)
represents a neuronal “eat-me” signal on injured synapses
and it is involved in microglial-mediated pruning and
removal of damaged synapses [12]. A possible candidate
mediator of this process is the Triggering Receptor
Expressed in Myeloid cells 2 (TREM?2), recently identi-
fied as an AD risk factor [13-17]. TREM2 acts as a cell
surface receptor on microglia, and it has been demon-
strated to bind nanomolar concentration of Af and
ApoE [18], as well as aminophospholipids like PS [19].
TREM2 binding initiates signal transduction pathways
that promote microglial chemotaxis, phagocytosis, sur-
vival, and proliferation [20], particularly through down-
stream activating adaptor protein DAP12 [21, 22]. This
confers phagocytic signature to the microglia.

Based on the role of TREM2 in triggering the scav-
enging function of activated microglia [23], we

hypothesized that an efficient TREM2-driven microglial
phagocytosis underlies structural integrity and function-
ality of synapses in NDAN, thus protecting from ensuing
cognitive deficits. Furthermore, an efficient recognition
of the ePS by TREM2 in NDAN individuals might
underlie a highly competent removal of damaged synap-
ses through synaptic pruning. To test our hypothesis, we
performed a comparative study of human post-mortem
frontal cortices (FC) of normally aged individuals (here
referred also as controls), AD patients and NDAN sub-
jects, focusing on the expression of activated microglia
and microglia-related proteins in relation to Ap plaques.
Using immunofluorescence (IF) techniques, we analyzed
the activation of microglia elicited by the presence of Af
plaques studying the expression and distribution of
microglial key markers, such as IBA1, CD68, TREM2,
and DAPI12. Furthermore, to give solid foundation to
our hypothesis and to test the efficacy of microglia in the
engulfment of debris and damaged synapses, we looked
for the presence of postsynaptic elements (PSD95) in the
microglial lysosomes (CD68). Moreover, we performed a
study of the preservation of synapses around plaques
using Microtubule Associated Protein 2 (MAP2) and pIII
tubulin as dendritic and axonal markers, respectively.
Finally, we evaluated the levels of ePS in synaptosomes
isolated from normally aged, AD, and NDAN individ-
uals using flow cytometry Annexin V (ANXV) assay and
super resolution microscopy.

Understanding the molecular and cellular mecha-
nisms underlying resilience will reveal new targets for the
development of innovative strategies, based on inducing
cognitive resilience in individuals affected by AD
neuropathology.

2 | RESULTS
2.1 | NDAN patients show higher levels
of IBA1 and TREM2 around A plaques

Given the involvement of microglia in neuroinflammation
and the scavenging function of activated microglia in the
clearance of Ap deposits and damaged synapses, we deter-
mined the expression and localization of specific micro-
glial markers in relation to senile plaques. Firstly, by using
IF, we investigated the expression and distribution of the
most common microglial marker, IBA1 [24, 25] in combi-
nation with Ap. We detected significantly higher levels of
IBA1 in AD patients as compared to aged-matched indi-
viduals, and significantly increased level of the same
marker in NDAN subjects (Figure 1A-C). When quanti-
tatively analyzed, IBA1 immunoreactivity levels, appeared
significantly higher in NDAN as compared to AD and
control individuals, both in terms of integrated density of
fluorescence (Figure 1B) and number of IBA1™ cells over
the total number of cells around plaques (Figure 1C).
Noteworthy, in the proximity of AP plaques, NDAN
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subjects showed a significant increase of IBAI™ cells  with CD11a as a peripheral marker (Figure S1). IF imag-
(white arrowheads) near amyloid deposits (Figure 2A). ing of microglia in AD and NDAN FC consistently

To exclude the presence of infiltrating myeloid cells, showed that microglia (IBA1%) near plaques did not
we performed double staining of IBA1 in combination associate with CDl1la showing that plaque-associated
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FIGURE 2 Expression and distribution of TREM2 far from plaques in age-matched, Alzheimer’s disease (AD), and Nondemented with AD
neuropathology (NDAN) subjects. (A,B) Representative images of double immunofluorescence (IF) staining of TREM2 (red) and p-amyloid (Ap)
(green) and quantitative analyses showing higher overall distribution of TREM2 in NDAN individuals as compared to AD and controls subjects even
far from A plaques. AD patients show significantly low levels of TREM2 as respect to controls and NDAN. Scale bar 30 pm. (C) WB analyses of
human frontal cortices confirming the significantly decreased levels of TREM2 in AD patients as respect to aged-matched and NDAN individuals.
Statistical analyses were made using one-way analysis of variance, following Tukey’s multiple-comparisons test. Values are expressed as the

mean + SD. (B) Ctrl versus AD ** p = 0.0076; AD versus NDAN **** p < (0.0001; ctrl versus NDAN * p = 0.0345. (C) Ctrl versus AD p = 0.0270;
AD versus NDAN * p = 0.0056; ctrl versus NDAN p = 0.7168

myeloid cells are microglia and not circulating mono-
cytes/macrophages. Occasionally CD11a * IBA1~ cells
were found near plaques meaning they were not of mye-
loid lineage as described also by [26].

In view of TREM2 as a strong risk factor for AD in
humans and as a critical regulator of microglial activity
in mouse model of AD [13-17, 20, 27], we quantitatively
analyzed the expression and distribution of TREM2 in
relation to AP plaques by using IF techniques in post-
mortem brain of control subjects, AD patients, and

NDAN individuals (Figure 1D-F). Similarly to what
observed for IBA1 immunoreactivity, we detected signifi-
cantly increased levels of TREM2 in AD FC in terms of
intensity of fluorescence (Figure 1E) and number of
TREM2" cells over the total number of cells around pla-
ques (Figure 1F). Interestingly, significantly higher levels
of TREM2 were found also in NDAN patients versus
AD. Both images (Figure 1D) and quantitative analyses
(Figure 1E,F) showed a significant higher number of
TREM2" cells detected around AP plaques in NDAN

FIGURE 1 Expression and distribution of IBA1 and TREM?2 in relation to f-amyloid (AB) plaques in age-matched, Alzheimer’s disease (AD),
and Nondemented with AD neuropathology (NDAN) subjects. (A—C) Double immunofluorescence (IF) showing higher distribution of microglial
cells (red) around AP plaques (green) in NDAN individuals as compared to AD and controls. White arrowheads indicate microglia attacking amyloid
deposits in AD and NDAN. Scale bar 30 pm. Quantitative analyses of images show significantly increased IntDen levels of IBA1 and number of
IBA™ cells in NDAN versus AD and controls. Statistical analyses were made using one-way analysis of variance (ANOVA), followed by Tukey’s
multiple-comparisons test. Values are expressed as the mean + SD. (B) Ctrl versus. AD ** p = 0.0074; AD versus NDAN * p = 0.0369; ctrl versus.
NDAN *#** p < 0.0001. (C) Ctrl versus AD **** p < 0.0001; AD versus NDAN *** p = 0.0002; ctrl versus NDAN **** p < (0.0001. (D-F) double
IF staining showing higher distribution of TREM2 (red) around A plaques (green) in NDAN individuals as compared to AD and controls subjects.
Images and quantitative analyses show increased number of TREM2™ cells surrounding plaques in NDAN versus. AD. Scale bar 30 pm. Statistical
analyses were made using one-way ANOVA, following Tukey’s multiple-comparisons test. Values are expressed as the mean + SD. (E) Ctrl versus
AD ** p=0.0016; AD versus NDAN ** p = 0.0011; ctrl versus NDAN **** p < 0.0001. (F) Ctrl versus AD * p = 0.0232; AD versus NDAN **

p = 0.0078; ctrl versus NDAN **** p < 0.0001. (G,H) triple IF and quantitative analyses showing higher number of TREM2 * (magenta) IBA™
(green) cells over the total number of microglia in NDAN than in AD subjects around Af plaques. Scale bar 30 pm. Statistical analyses were made
using t-test. Values are expressed as the mean + SD. AD versus NDAN *** p = (.0002
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FIGURE 3 Expression and distribution of DAP12 and colocalization with TREM2 in aged-matched, Alzheimer’s disease (AD), and
Nondemented with AD neuropathology (NDAN) subjects. (A,B) Immunofluorescence (IF) staining and quantitative analysis showing increased
distribution of DAPI12 (green) in AD and NDAN individuals as compared to controls subjects. (A—C) Double staining with TREM?2 (red) and
Pearson’s correlation coefficient analysis showing increased levels of colocalization in NDAN versus AD and control subjects. Statistical analyses
were made using one-way analysis of variance, followed by Tukey’s multiple-comparisons test. Values are expressed as the mean + SD. B) Ctrl versus
AD ** p =10.0031; AD versus NDAN ** p = 0.0012; p < 0.01; ctrl versus NDAN **** p < (0.0001. C) Ctrl versus AD p = 0.5078; AD versus

NDAN **** p < (0.0001; ctrl versus NDAN **** p < (0.0001

individuals (white arrowheads) as compared to AD
patients and normally aged individuals. Furthermore,
when we performed a triple staining of TREM?2 in com-
bination with IBA1 and AP (Figure 1G), surprisingly we
found a significant increased number of microglial cells
around Ap plaques expressing TREM2 in NDAN frontal
cortex as compared to AD (Figure 1H). Considering the
fundamental role of TREM2 in conferring the phagocytic
profile to microglia [23], a higher commitment of NDAN
microglia toward the phagocytic pathway might be
suggested.

To shed light onto the overall expression and distribu-
tion of TREM2 in AD and NDAN individuals, we inves-
tigated the distribution of TREM2 not only in the
proximity of plaques, but also in areas of frontal cortex
without amyloid deposits, using IF and western blotting
(Figure 2). Interestingly, the extensive analyses of the
immunoreacted sections revealed higher levels of
TREM2 in NDAN individuals, regardless of the presence
of AP plaques as compared to controls and AD patients.
Furthermore, the latter show significantly lower levels of
TREM?2 when compared to aged-matched controls and
NDAN (Figure 2 A, B). These findings were confirmed
by WB analyses performed on frontal cortex total lysates
(Figure 2C).

2.2 | NDAN individuals display increased
levels of phagocytic microglia

The complex formed by TREM2 and its protein adaptor
DAPI12 is required for the activation of the microglial phago-
cytic pathway [23]. To investigate the trend of NDAN micro-
glia toward the phagocytic phenotype, we evaluated the
expression and distribution of DAP12 in relation to TREM?2,
performing double IF in post-mortem FC of controls, AD,
and NDAN (Figure 3A). When we analyzed the overall dis-
tribution of DAP12 per se, we found significantly increased
levels of DAP12 in NDAN as compared to AD and controls
(Figure 3B). Also, the evaluation of the colocalization
between TREM?2 and DAPI12 using the Pearson’s correlation
coefficient analysis showed significant colocalization levels
between TREM2 and DAPI2 in NDAN versus AD,
whereas no significant differences were detected between
normally aged individuals and AD patients (Figure 3C).

2.3 | NDAN are hallmarked by hyperactive
microglia around A plaques

To understand the activation state of microglia around
AP plaques we performed a triple staining of AP in
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combination with IBA1 and CD68 (Figure 4A-C), the = CD68 were detected in the proximity of AP plaques in
latter considered as a microglial lysosomal and activated =~ NDAN individuals versus AD (as indicated by the white
microglia marker [28]. Significantly increased levels of  arrowhead) (Figure 4A) in terms of integrated density
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(Figure 4B) and number of CD68" IBA1™" cells over the
total number of IBA1™ cells (Figure 4C). The microglial
cells surrounding AP plaques, showed in higher magnifi-
cation images, displayed the typical bushy/amoeboid
phagocytic shape, suggesting a prominent activation of
phagocytic microglial population in the nondemented
AD versus demented AD individuals.

To test the phagocytic efficiency of this highly active
microglia in the removal of damaged synapses, we marked
microglial lysosomes with CD68, and we looked for its
colocalization with PSD95 (a postsynaptic marker),
around Ap plaques. Confocal images (Figure 4D) further
confirmed the presence of hyperactive microglia around
plaques in NDAN as supported by the increased levels of
CD68. Moreover, significantly increased levels of PSD95
were detected in NDAN individuals versus AD and quan-
titatively analyzed around Ap plaques (Figure 4F). Impor-
tantly, we found colocalization between PSD95 and CD68
in NDAN (but not in AD) clearly indicating the engulf-
ment of synapses (green) by the microglial lysosomes
(red), as shown in Figures 4E in higher magnification
images (white arrowheads). The Pearson’s correlation
coefficient analysis confirmed higher colocalizations levels
between PSD95 and CD68 in NDAN as compared to that
of AD subjects.

2.4 | Healthy synapses surround Af plaques
of NDAN individuals

The presence of highly activated microglia around pla-
ques in NDAN individuals prompted us to investigate
the preservation of synaptic integrity. We performed dou-
ble IF of AP in combination with either MAP2 or BIII
Tubulin as dendritic and axonal markers, respectively
(Figure 5A,B). The images and the quantitative analyses
showed significantly lower levels of MAP2 in AD as
compared to controls, while NDAN individuals were
found to exhibit significantly increased levels of MAP2 as
compared to both control and AD around plaques
(Figure 5A). Similarly, AD patients displayed a signifi-
cant decrease of PIII tubulin levels in proximity of pla-
ques, while NDAN showed preserved levels of this

Brain 70f 16
Pa‘rhologyJ—o

comparable to control

axonal marker, individuals
(Figure 5B).

It has been recently reported that the formation of
synaptophysin bodies along the axons represents a reli-
able axonal damage marker. Particularly medium-sized
synaptophysin bodies (2-7.5 pm diameter), and large-
sized bodies (8-15pum) are associated with axonal
transport disturbances [29]. We performed double staining
for Ap and synaptophysin in AD and NDAN and we ana-
lyzed approximately 25 synaptophysin bodies per subject
around plaques (5 bodies/section) (Figure 5C). Images vis-
ibly demonstrated the presence of a lower number of
medium/large synaptophysin bodies in NDAN than AD,
where instead numerous large bodies were recognizable.
Indeed, quantitative analysis of the size of synaptophysin
bodies demonstrated a significantly higher percentage of
medium/large synaptophysin bodies in AD as compared
to NDAN, where instead the majority of bodies detected
were small in size (0-2 pm) thus associated with physiolog-
ical conditions. The highest presence of small synaptophy-
sin bodies in NDAN versus AD were also confirmed
when the distribution of synaptophysin bodies were ana-
lyzed individually (Figure S2). This data further confirmed
the state of preservation of axonal structure in the NDAN
subjects despite the activity of toxic Ap.

2.5 | NDAN microglia efficiently recognize
ePS on damaged synapses

In view of the important role played by ePS in mediating
the phagocytic activity of microglia through the binding
with TREM2, we indirectly evaluated the levels of ePS in
FC of normally aged subjects, AD and NDAN individ-
uals through flow cytometry ANXYV assay and super res-
olution microscopy (Figure 6). Firstly, as fully described
in the method section, we measured the levels of ePS by
quantifying the percentage of intact synaptosomes posi-
tive for ANXV. Surprisingly, we found significantly
higher levels of ePS in NDAN individuals as compared
to AD, and no significant differences between age-
matched subjects and NDAN, perhaps indicative of a
higher capability to expose phosphatidylserine by NDAN

FIGURE 4 Expression and distribution of phagocytic microglia and engulfed synapses in relation to p-amyloid (Ap) plaques in Alzheimer’s
disease (AD) and Nondemented with AD neuropathology (NDAN) individuals. (A) Triple immunofluorescence (IF) of IBA1 (green) in combination
with CD68 (red) and AP (magenta) showing significantly increased levels of activated microglia in NDAN individuals. Scale bar 30 pm. Higher
magnification images showing highly phagocytic macroglia surrounding NDAN plaques. Microglial lysosomes are indicated with white arrowheads.
Scale bar 10 pm. (B) Quantitative analyses of total CD68 levels, (C) and the counting of microglial cells positive to CD68 confirming the presence of
highly phagocytic microglia in NDAN versus AD around plaques. Statistical analyses were made using #-test. Values are expressed as the

mean £ SD. (B) ¥*** p < 0.0001; (C) *** p = 0.0001. (D) Confocal images of AD and NDAN FC confirming higher immunoreactivity levels of
CD68 (red) in NDAN versus AD indicating the presence of activated microglia in the proximity of Ap plaques (blue). (E) Higher magnification
images and Pearson’s correlation coefficient analysis demonstrate significantly higher colocalization levels between CD68 and PSD95 in NDAN as
compared to AD FC. The white arrows indicate the engulfment of synapses (green) by the microglial lysosomes (red) in NDAN. Statistical analyses
were made using #-test. Values are expressed as the mean + SD. **** p < 0.0001. Scale bar 10 pm. (F) NDAN microglia phagocytic activity in
removing damaged synapses is supported by the significantly higher levels of PSD95 in NDAN versus AD near Ap plaques. Statistical analyses were

made using t-test. Values are expressed as the mean + SD. **** p < (0.0001
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FIGURE 5 Expression and distribution of axonal and dendritic markers in aged-matched, Alzheimer’s disease (AD), and Nondemented with
AD neuropathology (NDAN) subjects. (A) Double immunofluorescence (IF) staining and quantitative analysis showing higher distribution of MAP2
(red) around B-amyloid (Ap) plaques (green) in NDAN individuals as compared to AD and control subjects. Scale bar 30 pm. (B) Double IF staining
and quantitative analysis demonstrating higher distribution of BIII tubulin (red) around Af plaques (green) in NDAN individuals as compared to
AD. (C) Representative images of double staining of Syn (red) in combination with Af (green) (scale bar 30 pm) and higher magnification
micrographs (scale bar 10 pm). Quantitative analyses of the size of syn bodies confirmed NDAN axonal integrity. Statistical analyses were made
using one-way analysis of variance, followed by Tukey’s multiple-comparisons test. Values are expressed as the mean 4+ SD. (A) Ctrl versus AD ****
p < 0.0001; AD versus NDAN **** p < (0.0001; ctrl versus NDAN * p < 0.0168. (B) Ctrl versus AD *** p = 0.0001; AD versus NDAN

***p = 0.0003; ctrl versus NDAN p = 0.8983. C) Statistical analyses were made using #-test. Values are expressed as the mean + SD. **** p < (0.0001
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FIGURE 6 Evaluation of
exposed phosphatidylserine in
control, Alzheimer’s disease (AD),
and Nondemented with AD
neuropathology (NDAN) frontal
cortices (FC). (A) Flowcytometry
ANXYV assay of human synaptosomes
isolated from FC of aged-matched,
AD and NDAN individuals showing
significantly increased percentage of
intact synaptosomes positive for
ANXYV in NDAN as compared to
AD subjects. Statistical analyses were
made using one-way ANOVA,
following Tukey’s multiple-
comparisons test. Values are
expressed as the mean + SD. Ctrl
versus AD * p = 0.0279; AD versus
NDAN ** p = 0.0014; ctrl versus
NDAN p = 06733. PC, positive
control. (B,C) Representative images
of triple immunofluorescence staining
of PSD95 (green) in combination with
ANXYV (red) and TREM?2 (magenta)
of age-matched, AD, and NDAN
subjects, showing increased levels of
ANXYV, PSD95 and TREM2 and the
colocalization (white) among these
three markers in NDAN individuals.
Scale bar 5 pm. (D,E) Pearson’s
correlation coefficient analyses of
colocalization show increased levels
of colocalization between ANXV and
either PSD95 or TREM2 in NDAN
as compared to AD and controls.
Statistical analyses were made using
one-way analysis of variance,
following Tukey’s multiple-
comparisons test. Values are
expressed as the mean &+ SD. (D) Ctrl
versus AD **** p < (0.0001; AD
versus NDAN *** p = (0.0002; ctrl
versus NDAN **** p < (0.0001.

(E) Ctrl versus AD *** p = 0.0002;
AD versus NDAN *** p = (0.0002;
ctrl versus NDAN *##* p < 0.0001
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damaged synapses (Figure 6A). As mentioned before, the NDAN individuals, we performed a triple staining of
neuronal ePS eat-me signal on damaged synapses is rec-  PSD95 and TREM2 in combination with ANXYV, the lat-
ognized by microglia through a phagocytic TREM2- ter to label ePS. Super resolution 320x magnification
mediated mechanism [12]. Therefore, to elucidate the images qualitatively demonstrated increased colocaliza-
hypothesized efficient engulfment of damaged synapses in tion (white) among PSD95 (green), ANXV (red) and
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TREM?2 (magenta) in NDAN FC as compared to AD
and age-matched subjects (Figure 6B,C), proving the iden-
tification of damaged synapses by microglial TREM?2.
Furthermore, NDAN individuals showed a clustered
staining for ANXV as shown in Figure 6C and indicated
by the arrows. The Pearson’s correlation coefficient ana-
lyses used to quantify the colocalization shows signifi-
cantly higher levels of colocalization between ANXV and
either PSD95 or TREM?2 in NDAN individuals as com-
pared to AD and control subjects (Figure 6D,E).

3 | DISCUSSION
The aim of this work was to investigate the cellular mech-
anisms underlying the activity of microglia against Af
accumulation and the response elicited by Ap-mediated
toxicity in both AD patients and NDAN individuals.
Specifically, our goal was to shed light onto possible
mechanisms involved in cognitive resilience, peculiar of
NDAN subjects. In the last decades, the idea that prolif-
eration and activation of microglia in the brain, concen-
trated around plaques, and the view of microglia and
neuroinflammation as prominent features in AD, have
received growing attention [27]. It is well accepted that
around A plaques, high concentrations of soluble Ap
are released, causing damage to synapses close to the pla-
ques themselves; also, the dystrophic synapses are
engulfed and removed by microglia that are promptly
recruited on the site of damage. Depending on the effi-
ciency of microglia, synaptic dysfunctions spread along
the axons or are limited to the proximity of the plaques
[10]. Based on this evidence, we decided to investigate the
efficiency of microglial activity as one of the mechanisms
operated by NDAN to preserve synaptic integrity. To
accomplish our aim, we carried out a comprehensive
study of human post-mortem FC that included age-
matched controls, demented and nondemented individ-
uals with AD pathology, using IF and flow cytometry
techniques. We addressed the interaction between micro-
glia and AP plaques detecting the expression and distribu-
tion of specific microglial markers in relation to Ap
plaques. Firstly, we analyzed the expression of IBAI,
commonly used as a marker of microglia, regardless of
their activation state. The higher expression of IBA1 and
the increased number of IBA™ cells around plaques in
AD patients suggest an AfB-mediated microglial response
in the vicinity of plaques. This is consistent with the
widely accepted concept whereby homeostatic microglia
respond to AP accumulation and neurodegenerative
lesions, by progressively acquiring a unique transcrip-
tional and functional signature, and evolving into
disease-associated microglia (DAM) [17, 30, 31]. More-
over, it has been extensively described that DAM is able
to slow the progression of neurodegeneration in certain
mouse models; however, inappropriate activation of
microglia could exacerbate neurodegenerative disease in

other models and in human AD [32, 33]. With this in
mind, data concerning NDAN patients are particularly
enlightening, since the significantly augmented levels of
IBA1 around plaques versus AD, could represent an
example of DAM exerting neuroprotective effects. We
can speculate that NDAN may be characterized by a
more efficient microglial activation, responsible for a
more efficient removal of debris around the synapses,
thus avoiding further spreading of damage. This vision
could be strengthened by the results we obtained by IF,
where significantly increased levels of CD68, marker of
microglial lysosomes that identifies activated and phago-
cytic microglia, were found in NDAN as compared to
AD. These findings suggest that NDAN individuals are
hallmarked by highly hyperactive microglia, consistently
with the hyper-ramified and bushy shape of microglial
cells we detected surrounding and attacking plaques. It is
worth emphasizing that microglia require TREM2 for
the full acquisition of a DAM profile [17], in view of its
ability to bind AP [18], hence representing the bridge
between microglia and Ap. Furthermore, as the concen-
tration of AP increases, TREM2 expression increases
too, thus causing morphological change of microglia and
leading to activation of signal transduction pathways reg-
ulating the removal of damaged synapses [10]. This sce-
nario is well represented in both AD and NDAN patients
in which we observed a higher number of TREM2™" cells
versus control subjects around and inside the plaques,
where A oligomers are particularly abundant. However,
the significant overexpression of TREM2 and CD68 in
NDAN as compared to AD, could be causative of an
enhanced microglia efficiency in the engulfment of dys-
trophic neurites, thus decreasing the release of Ap from
damaged boutons and limiting the spread of further dam-
age to nearby neurites and therefore synaptic loss. This is
consistent with evidence in literature describing the
increased TREM2 levels as protective against Af toxicity
in different mouse models of AD ( [34-37]). The neuro-
protective activity of TREM2 in NDAN is also sup-
ported by its augmented levels regardless of the presence
of plaques as compared to controls and AD patients. The
data suggest that, in some way, TREM?2 could be consti-
tutively expressed at higher levels in NDAN individuals,
thus exerting an anti-inflammatory and neuroprotective
action, and increasing the surveillance activity of micro-
glia. In this regard, it is worth noticing that TREM?2 sig-
naling has anti-inflammatory consequences and has been
shown to antagonize Toll-like receptor (TLR-4) mediated
inflammation by modulating the JNK and suppressing
NFkB signaling pathways [23, 38]. It is conceivable that
this higher expression of TREM?2 represents a way for
NDAN individuals to preserve synaptic activity and
resist the harmful effect of Ap and therefore dementia.
The highest capability of NDAN to engulf damaged
synapses might be related to their enhanced competence
in activating an efficient phagocytic microglial pathway.
Notably, the activation of TREM2-dependent phagocytic
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pathway requires the activation of the SYK/PI3K/AKT/
PLCy pathways [23], which occurs after the dimerization
of TREM2 with its adaptor protein DAP12 [20-22]. Our
findings showing increased levels of colocalization
between TREM2 and DAP12 might underlie the efficient
triggering of phagocytic mechanism that is responsible of
debris and injured synapses removal. The adequate
phagocytic activity may provide protection from the
spreading of the damage, which is restrained around Ap
plaques, saving NDAN synapses from disruption. This
idea is well consistent with the results we obtained study-
ing the axonal and dendritic structure around Ap pla-
ques, where NDAN individuals were found to display
very well-preserved structure, mostly compared to aged
matched nondemented individuals. Furthermore, AD
patients showed disrupted synapses, as indicated by the
significantly decreased levels of axonal and dendritic
markers. Consistent with the preservation of synapses in
NDAN individuals, data regarding the expression of
PSD95 around plaques in AD and NDAN are especially
remarkable. The significantly increased levels of PSD95
found around plaques in NDAN, as compared to AD
patients, might indicate a higher efficiency of the phago-
cytic pathway underlying a well-competent TREM2-
mediated repair mechanism and dynamic synaptic prun-
ing. Furthermore, in NDAN, but not in AD, we found
evidence of the engulfment of damaged synapses, through
the visualization of PSD95 inside the microglial lyso-
somes labeled with CD68, and thus proved the funda-
mental and well-known role of microglia in synaptic
pruning and remodeling during physiological and patho-
logical conditions [12, 38, 39].

It has been recently described that ePS plays an
extremely important role in the microglial-mediated elim-
ination of damaged synapses; also, numerous phagocytic
receptors that are involved in the recognition of ePS are
expressed by microglia and astrocytes, including TREM?2
[19]. It is worth noting that TREM2 has also been found
to be required in the physiological synapse elimination
and normal brain connectivity [39]. In view of this evi-
dence, we developed a protocol to evaluate the levels of
ePS on human synaptosomes from age-matched subjects,
AD, and NDAN individuals. The significantly increased
levels of ANXYV found in NDAN individuals compared
to AD FC could indicate a higher capability of the for-
mers to expose damaged synapses to microglia with
respect to AD subjects. Furthermore, super resolution
images confirmed our hypothesis of an efficient recogni-
tion of damaged synapses by microglial TREM2, as sup-
ported by the high degree of colocalization detected
among the synaptic marker PSD95, the damage marker
ANXYV and the microglial receptor TREM2.

The present work brings new evidence on the role of
homeostatic and phagocytic microglia in AD pathology
and the mechanisms underlying the elicited neuroinflam-
matory response. In this work we described for the first
time that an efficient activation of TREM2-mediated
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phagocytosis might underlie synaptic resilience in NDAN
individuals. The hypothesized competent engulfment of
injured synaptic boutons from NDAN microglia in the
proximity of AP plaques could represent an aspect of a
much greater scenario where NDAN individuals trigger a
repair mechanism, mediated by microglia, to maintain
synaptic integrity. Indeed, it is not unreasonable to specu-
late that the efficient flipping of PS occurring at NDAN
synapses is paired with the competent activation of the
TREM2-mediated phagocytosis in Af plaques-associated
microglia: the combination of these two processes leads
to the removal of damaged synapses, thus halting the
spreading of the damage. We here describe for the first
time the occurrence of a highly efficient mechanism of
synaptic pruning associated to AP pathology. Overall,
our work demonstrates that NDAN individuals may be
hallmarked by a new type of DAM, specifically localized
near AP plaques, characterized by increased phagocytic
efficiency that is ultimately associated with synaptic resil-
ience and preservation of cognitive integrity despite the
presence of substantial AD neuropathology.

4 | EXPERIMENTAL PROCEDURES
4.1 | Human subjects and autopsy of brain
tissues

Post-mortem brain tissues were obtained from the Ore-
gon Brain Bank at Oregon Health and Science University
(OHSU), in Portland, OR (USA). Donor subjects of
either sex were enrolled and clinically evaluated in studies
at the NIH-sponsored Layton Aging and AD Center
(ADC) at OHSU, in accordance with protocols that were
approved by the OHSU Institutional Review Board
(IRB). Informed consent was obtained from all partici-
pants prior to their enrolment in the studies at the ADC.
Subjects were participants in brain aging studies at the
ADC and received annual neurological and neuropsycho-
logical evaluations, with a clinical dementia rating
(CDR) assigned by an experienced clinician. A neuro-
pathological assessment was performed at autopsy, and
in compliance with IRB-approved protocols. A neuropa-
thologist scored autopsy brain tissue for Ap plaques and
NFTs, according to standardized CERAD criteria and
Braak staging [40]. Participants were classified as AD
when possessing a National Institute for Neurological
and Communicative Disorders and Stroke-Alzheimer’s
Disease and Related Disorder Association diagnostic cri-
teria for clinical AD (CDR) including a mini-mental state
exam (MMSE) [41] score below 10. Control participants
performed normally in cognitive examinations (MMSE
of 29-30). NDAN cases displayed little to no cognitive
impairment (MMSE 27 or greater), though at autopsy it
was revealed presence of amyloid plaques and NFTs
comparable to fully symptomatic AD (Table 1). Donor
subject samples were de-identified by ADC prior to being
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TABLE 1 Clinical data of the subjects used in the study
Case number Diagnosis Age
767 ctrl 86
1525 ctrl 89
1731 ctrl 74
2467 ctrl 99
2953 ctrl 100
2553 ctrl 100
785 ctrl 83
986 ctrl 83
1013 ctrl 89
2682 ctrl 90
2755 ctrl 95
3200 ctrl 90
1538 AD 84
2472 AD 96
2312 AD 87
1774 AD >89
1776 AD >89
2543 AD 95
2315 AD 95
2317 AD 88
2318 AD 74
1791 AD 103
1969 AD 67
2010 AD 87
2201 AD 86
2221 AD 93
2272 AD 90
697 NDAN >89
1016 NDAN >89
1179 NDAN >89
1686 NDAN 87
2376 NDAN 93
2980 NDAN 98
1578 NDAN 89
2474 NDAN 90
3178 NDAN 93
1284 NDAN 91
2322 NDAN 89
2491 NDAN 82

Sex
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Braak stage MMSE PMI (h)
2 29 8

1 29 3

2 29 7.5
3 28 4.5
2 20 25
2 28 4

1 29 <14

1 N/A 2

1 29 6

2 29 9

2 29 18

2 20 4.5
5 26 5.5
6 27 5

6 N/A 25
6 22 3.25
6 26 6.25
6 21 5
4 N/A 4

6 N/A 4

6 N/A 2

4 N/A 10

6 N/A 13

3 N/A 6

6 N/A 16

6 N/A 15

6 20 5

5 29 5

6 26 8

4 27 2.5
4 29 25
4 26 4

4 27 4

5 27 15.5
4 28 8

3 29 10

5 27 5

4 29 14
4 28 8

Notes: Average PMI, Ctrl (6.3 h), Alzheimer’s disease (AD) (6.8 h), Nondemented with AD neuropathology (NDAN) (7.4 h); Braak stage, A measure of the number and
location of tau tangles and f-amyloid plaques in the brain; MMSE, Mini mental state examination (administered within the last year); PMI, Post-mortem interval.

provided to University of Texas Medical Branch (UTMB),
so that no approval was required from the UTMB IRB
under CFR §46.101(a) [1]. The cases used in this study are
described in Table 1.

To ensure that the variations in post-mortem interval
(PMI) did not affect the measurements, we performed a
correlation analysis between PMI values and results

obtained in the various assays presented here using a
Pearson’s correlation test. No correlation was found
between PMI values and any of the elements/antigens
studied here (Figure S3), and therefore observed differ-
ences could not be attributed to differences in nonspecific
post-mortem tissue degradation. However, even though
the results shown in Figure S3 reassure on the data
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regarding the different antigens studied here, it is impor-
tant to appreciate that brains with PMI >10 h might not
necessarily fully reflect freshly obtained brain tissue.

4.2 | Tissue processing and IF
Fresh frozen cortical tissue blocks (m = 6/group) were
removed from storage at —80°C, equilibrated at —20°C,
embedded in O.C.T. compound (catalog# 4583, Tissue-
Tek) and sectioned at 12 pm onto Superfrost/Plus slides
(catalog# 12-550-15, Fisherbrand, ThermoFisher Scien-
tific). Prepared slides were stored at —80°C until use. For
the ANXYV staining frozen sections were incubated with R-
phycoerythrin conjugated ANXYV (1:50) (catalog# A35111
Thermo Fisher) diluted in ANXV binding buffer (10 mM
HEPES, 140 mM NaCl, and 2.5 mM CaCl,, pH 7.4) for
15" at room temperature (RT) and rinsed in phosphate-
buffered saline solution (PBS) prior fixation. For regular
immunostainings, slides were fixed in 4% paraformalde-
hyde in 0.1 M PBS, pH 7.4 for 30 min at RT. Nonspecific
binding sites were blocked with 5% bovine serum albumin
(catalog# A4503-100G, Sigma-Aldrich Inc.)/10% normal
goat serum (NGS, catalog# S26-100 ml Sigma-Aldrich)
and sections were permeabilized with 0.5% Triton
X-100/0.05% Tween-20 for 1 h at RT. Slides were incu-
bated with the following primary antibodies, diluted in
PBS containing 1.5% NGS/overnight at 4°C: mouse anti-
Ap 4G8 clone (1:100, catalog# 800708, RRID:
AB_2734547, BioLegend); rabbit anti-Ap (1:200 catalog#
ab201060, RRID:AB_2818982, Abcam - Cambridge
Science Park) rabbit anti-IBA1 (1:200, catalog#19741,
FUJIFILM Wako, RRID:AB_839504); rabbit anti-
TREM?2 (1:500, catalog# ab209814, Abcam); rat anti-
TREM2 (1:200, catalog# ab86491, RRID:AB_1925525,
Abcam); rabbit anti-DAP12 (1:200 catalog# ab124834,
RRID:AB_10971363, Abcam); rat anti-CD68 (1:200, cata-
log# ab53444, RRID:AB_869007, Abcam); mouse-anti
PSD95 (1:200, catalog #abl3552, RRID:AB_300453,
Abcam); chicken anti-MAP2 (1:500, catalog #MAP,
RRID:AB_2313549, Aves Labs); rabbit anti BIII tubulin
(1:200, catalog# ab18207 Abcam, RRID:AB_444319).
Slides were washed in PBS before incubation with the
appropriate Alexa-conjugated secondary antibodies (goat
anti-rabbit Alexa Fluor 488, 1:400, Cat# A-11008, RRID:
AB_143165; goat anti-mouse Alexa Fluor 594, 1:400 Cat#
A-11032, RRID:AB_2534091; goat anti-mouse Alexa
Fluor 488, 1:400 Cat# A-10680, RRID:AB_2534062; goat
anti-chicken Alexa Fluor 594, 1:400, Cat# A-11042,
RRID:AB_2534099; ThermoFisher Scientific) in PBS con-
taining 1.5% NGS/0.25% Triton X-100 for 1 h at
RT. Finally, slides were washed in PBS, treated with 0.3%
Sudan Black B prepared in 70% EtOH for 10 min to block
lipofuscin autofluorescence, washed again with deionized
water, and coverslipped using Fluoromount-G containing
4’ 6-diamidino-2-phenylindole (DAPI) (Cat# 0100-20,
SouthernBiotech) and sealed.

4.3 | Quantitative microscopy

All immunoreacted sections were acquired with either a
Keyence BZ-X800 (Keyence Corporation) microscope or
IX83 Confocal microscope (Olympus Corporation), by
using immersion oil 60X and 100x objectives. Super res-
olution images were taken with the Olympus IXplore
SpinSR Super Resolution Microscope System (Olympus
Corporation). For all analyses each subject was analyzed
as follows. Four sections were analyzed for each individ-
ual and at least three images per section were taken at
1920 x 1440 pixel resolution, with z-step size of 2 at
12 pm thickness. For the feasibility of the quantification,
all layers from a single image stack were projected on a
single slice (stack/Z projection). Quantitative analyses
were performed using Imagel] software (https://image;j.
nih.gov/ij, NIH). The analysis of each marker was made
in relation to AP plaques and a plaque microenvironment
of approximately 100 pm of diameter was considered as
region of interest (see Figure S4). Plaques were selected
for their similar size, location, and cortical area. We ana-
lyzed the intensity of fluorescence for each marker per
area (Integrated Density, IntDen) when the overall distri-
bution of a specific marker was studied, and the manual
counting of positive cells for the specific marker in the
plaque microenvironment, when the quantitative count-
ing of cells was performed. The colocalization between
two markers was evaluated and quantified using the
Pearson’s correlation coefficient. Representative images
were composed in an Adobe Photoshop CC2020 format.

4.4 | Western blot analysis

25 mg frontal cortex tissue was homogenized in 1x RIPA
buffer (#9806, Cell Signaling Technology Inc.) containing
1 mM PMSF, 1 x Halt™ Protease and Phosphatase Inhib-
itor Cocktail (ThermoScientific) on ice. Tissue lysate was
centrifuged for 15 min at 15,000 x g, 4°C. Protein concen-
trations were measured using the Bio-Rad protein assay kit
(Bio-Rad Laboratories, Inc.). Protein lysates (10 pg) were
resolved by 4%-15% SDS-PAGE (Criterion™ TGX™,
Bio-Rad Laboratories, Inc.), electrophoretically transferred
to polyvinylidene difluoride membranes (Immobilon®-P,
Millipore) subject to immunoblotting analysis. Primary
antibodies were used as follows: rabbit anti-TREM?2
(ab209814, Abcam, 1:1000), mouse anti-p-actin (1:10,000
A1978, Sigma-Aldrich, RRID:AB_476692). HRP-
conjugated secondary antibodies were used anti-rabbit IgG
(1:5000 catalog# 7074, RRID:AB_2099233, Cell signaling)
and antimouse IgG (1:5000 #7076, RRID:AB_330924, Cell
signaling) 1 h at RT. Signal detection was performed with
Electrochemiluminescence Western Blotting Detection
Reagents (Amersham Biosciences). Expression levels were
evaluated by quantification of the relative density of each
band normalized to that of the corresponding p-actin band
density, using ImageJ (NIH).
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4.5 | Synaptosomes isolation and flow
cytometry analyses

Synaptosomes were isolated using a standardized method
developed in our laboratory and routinely used to assess
synaptic dysfunction in our studies [42, 43]. Briefly, fresh
frozen cortical brain tissues from age-matched, AD, and
NDAN subjects (n = 10/group) were homogenized in Syn-
PER synaptic protein extraction reagent (catalog# 87793,
ThermoFisher Scientific) containing 1X Protease Inhibitor
Cocktail (Sigma-Aldrich) and Halt Phosphatase Inhibitor
Cocktail (Life Technologies, Inc). The total homogenate
was centrifuged at 1200 x g for 10 min at 4 °C and the
supernatant was collected and centrifuged further at
15,000 x g for 20 min at 4 °C. Pellet containing synapto-
somes was resuspended in HEPES-buffered Krebs-like
(HBK) buffer and 0.5% of F-68 nonionic surfactant (cat#
24040-032, ThermoFisher Scientific) was added to prevent
synaptosome aggregation as previously described [44].

The quality and concentration of the isolated synap-
tosomes were assessed by electron microscopy and flow
cytometry (Figure S5). Briefly, for transmission electron
microscopy (Figure S5A), pellets of synaptosomes were
fixed in a mixture of 2.5% formaldehyde and 0.1% glutar-
aldehyde in 0.05 M cacodylate buffer. After fixation, pel-
lets were washed with 0.1 M cacodylate buffer and
postfixed in 1% OsO4 in 0.1 M of cacodylate buffer, en
bloc stained with 2% aqueous uranyl acetate in 0.1 M
maleate buffer and gradually dehydrated in ethanol. Pel-
lets were then infiltrated with graded mixtures of propyl-
ene oxide and Epon 812 (TAAB), and finally embedded
in the same resin, and polimerized at 60°C for 3 days.
Ultrathin sections were cut on Reichert-Leica Ultracut S
ultramicrotome, stained with lead citrate, and examined
in a Philips 201 or CM-100 electron microscope at 60 kV.

For flow cytometry quality control, synaptosomes
were acquired by a Guava EasyCyte 8 flow cytometer
(EMD Millipore) that contains a Class IIIb laser operat-
ing at 488 nm in continuous wave (CW) mode and a laser
operating at 640 nm in CW mode. Forward scatter (FSC)
and side scatter (SSC) properties determined the relative
size and granularity of synaptosomes. FSC-SSC plots were
generated and used to select particles matching the size of
synaptosomes (0.75-5.0 pm) using calibrated beads
(Spherotech Inc.) (Figure S5B). FSC, SSC, and fluorescent
(yellow [580 + 20 nm] and green [525 + 30 nm]) signals
were collected using log amplification. Identical FSC set-
tings were used to acquire data on bead standards and
samples. Small fragments and debris were excluded by
establishing an FSC-H threshold (gain = 2). Settings for
fluorescence amplification on green and yellow photomul-
tiplier tube detectors were based on the emissions detected
on size-based gated particles. ANXV and Calcein AM
were detected by the yellow and green detectors, respec-
tively (Figure S5B). A total of 5000 size-gated particles
were collected for each sample, and analysis was per-
formed using Incyte software (EMD Millipore).

4.6 | ePS evaluation by Annexin V assay

ePS was measured by quantify the PS binding protein
ANXYV conjugated with R-phycoerythrin in synaptosomes
isolated from age-matched individuals, AD, and NDAN
subjects. Briefly, 5 x 10° synaptosomes from each subject
were suspended in 100 pl of ANXV-binding buffer (10 mM
HEPES, 140 mM NaCl, and 2.5 mM CaCl,, pH 7.4). Then
the synaptosome suspension was incubated for 15 min at
room temperature in the dark with 5 pl of a 1:50 diluted
solution of ANXV R-phycoerythrin conjugated (catalog#
A35111, Invitrogen) to label ePS and 5 pM of Calcein AM
(catalog# 65-0853, Invitrogen) to label intact synapto-
somes. After the incubation, 400 ul of ANXV-binding
buffer was added to stop the reaction and the percentage of
ANXV*/Calcein-AM™" synaptosomes was analyzed by
flow cytometry. Synaptosomes in ANXV-binding buffer
from control subjects incubated with 10 pM of Acrolein for
6 h at 37°C were used as positive control (PC) for ANXV
binding as previously described [45].

4.7 | Statistical analyses

Statistical analyses were performed using Graphpad
Prism 9.1.0 software. ¢-Test and one-way analysis of vari-
ance with Tukey’s post hoc test were used to detect signif-
icant differences among groups. Data were then
expressed as means + SD and for all statistical analyses
p < 0.05 was considered as statistically significant.
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