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Microglia performs a variety of functions during brain development designed to
maintain brain homeostasis. Triggering receptor expressed on myeloid cells 2 (TREM2)
is expressed in microglial cells modulating phagocytosis, cytokine production, cell
proliferation, and cell survival. Interestingly, the levels of soluble TREM2 (the secreted
ectodomain of TREM2, sTREMZ2) were higher in cerebrospinal fluid (CSF) from
Alzheimer’s disease (AD) patients than subjects without cognitive decline. It is noteworthy
that, while CSF sTREM2 levels have been extensively studied, few studies have
investigated sTREMZ2 in blood producing conflicting results. We aimed to investigate
the levels of sSTREM2 in CSF and blood from a cohort of well-characterized AD
comparing the results to those obtained in patients suffering from idiopathic normal
pressure hydrocephalus (iNPH), a potentially reversible cognitive impairment. Our findings
underlined a significantly lower plasma sTREM2 concentration in AD patients compared
to iINPH subjects [39.1 ng/mL (standard deviation (SD), 15.0) and 47.2ng/mL (SD,
19.5), respectively; p = 0.01], whereas no difference was revealed between the two
groups in the CSF sTREM2 levels. The adjusted regression analyses evidenced in AD
patients an association between plasma and CSF sTREM2 levels [B = 0.411; 95%
confidence interval (Cl), 0.137-0.685, p = 0.004], as well as B-amyloid concentrations
(B =0.035; 95% ClI, 0.007-0.063, p = 0.01) and an association between CSF sTREM2
and phospho-Tau concentrations (B = 0.248; 95% ClI, 0.053-0.443; p = 0.01). No
significant relation was found in iINPH patients. In conclusion, these differences in
sTREM2 profiles between AD and iNPH reinforce the notion that this receptor has a
role in neurodegeneration.

Keywords: TREM2, Alzheimer’s disease, idiopathic normal pressure hydrocephalus, neurodegeneration,
biomarker

INTRODUCTION

Microglial cells are the resident immune cellular population of the central nervous system
(CNS) (Deczkowska et al., 2018). Current evidence indicates that microglia performs a variety
of functions during brain development designed to maintain brain homeostasis. Indeed, thanks
to a set of sensory mechanisms, microglia can modulate physiological programmed cell death
(Vaux and Korsmeyer, 1999), phagocytosis of dying cells and cell debris (Lampron et al,
2013), synaptic pruning (Zhang et al., 2014; Lui et al., 2016), sculpted synaptic connectivity
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(Bialas and Stevens, 2013; Miyamoto et al., 2016), and vascular
branching (Ransohoff and El Khoury, 2015).

The deterioration of the microglia cell during aging might
be crucial for the development of specific age-related diseases.
For example, in Alzheimer’s disease (AD), neuroinflammation
exerts a key role in the disease progression. It has been
demonstrated that p-amyloid (AB) can activate microglia cells
and initiate the chronic inflammatory response (at least,
partially) responsible for neurodegeneration (Mosher and Wyss-
Coray, 2014; Heneka et al., 2015; Ransohoff, 2016). Although
microglia activation and involvement in AD pathogenesis
have been established, its function is still undefined as
microglia can also phagocytize and degrade Af and produce
anti-inflammatory cytokines to counterbalance inflammatory
response (Anwar and Rivest, 2020).

Interestingly, Genome-Wide Studies show that approximately
two-thirds of new AD-risk single-nucleotide polymorphisms are
exclusively or most highly expressed in microglia (Jendresen
et al, 2017). Among these risk genes, triggering receptor
expressed on myeloid cells 2 (TREM2) is associated with the
highest risk of developing AD, increasing the risk by 2- to 4-fold
(Gratuze et al., 2018).

The impaired signaling of TREM2 has been associated
with abnormalities in phagocytosis, cytokine production,
cell proliferation, and cell survival. In particular, during
aging, microglial cells become hyperresponsive (primed) to
inflammation, leading to an increased release of proinflammatory
cytokines. In other words, the progressive decline of brain
TREM2 expression can contribute to switching the microglia
phenotype into a neurodegenerative pattern (Mecca et al., 2018).

Moreover, it has been reported that the lack of TREM2
leads to increased AP burden (Wang et al., 2015; Zhao, 2019)
and decreased degradation (Raha-Chowdhury et al., 2015), as
well as up-regulation of proinflammatory gene expressions (e.g.,
tumor necrosis factor a and nitric oxide synthase 2) (Takahashi
et al, 2005). Instead, the overexpression of TREM2 helps
the maintenance of microglial homeostasis and induces the
decrement of AP deposition (Takahashi et al., 2005; Jiang et al.,
2014; Lee et al., 2018).

Interestingly, soluble TREM2 (the secreted ectodomain of
TREM2, sTREM2) has been found in cerebrospinal fluid (CSF)
from AD patients, where it exerts a proinflammatory action
(Zhong et al., 2017), in a higher level when compared to controls
(Shen et al., 2019).

Recently, Ma et al. (2020) have reported that sSTREM2 levels
change temporally with AD progression, evidencing that low CSF
APB is associated with a decrease in CSF sTREM2 levels, whereas
increased STREM2 is associated with increased Tau levels.

Detectable expression of TREM2 was described in peripheral
blood mononuclear cells from mild cognitive-impaired patients
that later converted to AD (Casati et al., 2018), as well as in
blood from subjects with an increased risk to develop dementia
in a Japanese cohort (Ohara et al., 2019). It is noteworthy that,
while CSF sTREM2 levels have been extensively studied, only a
few studies have investigated sSTREM2 in blood, often producing
conflicting results (Piccio et al., 2008; Kleinberger et al., 2014;
Ashton et al.,, 2019).

Under these premises, we aimed to (i) study the
concentrations of sSTREM2 in CSF and blood from a cohort
of well-characterized persons with AD, (ii) correlate the
concentrations with CSF markers of AD progression, and (iii)
compare the results shown in the AD group to those obtained
in a cohort of patients suffering from a potentially reversible
cognitive impairment [i.e., due to idiopathic normal pressure
hydrocephalus (iNPH)] (Ott et al., 2010; Di Ieva et al., 2014).

MATERIALS AND METHODS

Study Design
The study involved 76 well-characterized AD patients and 45
iNPH subjects with biobanked plasma and biobanked CSF (37
AD and 42 iNPH). Thirty-three individuals without cognitive
decline (CT), age-, and sex-matched with the AD group, were
selected to compare the plasmatic concentrations of sSTREM2.

The diagnosis of AD was made according to the criteria
proposed by Dubois et al. (2014). In contrast, the iNPH diagnosis
was formulated according to International Guidelines published
in 2005 (Marmarou et al., 2005). As all the selected iNPH subjects
were ineligible for the surgical procedure, the CSF from iNPH
patients was obtained by a “tap test” procedure, as previously
described (Rossi et al., 2019).

The study protocol received approval from the local
ethical committee. All subjects gave their informed consent to
participate in the study.

Biochemical and Molecular Determinations
The CSF concentrations of Afj_43, Tau, and phospho-
Tau (pTau) were assessed using the commercially available
enzyme-linked immunosorbent assay (ELISA) kits (Innogenetics,
Ghent, Belgium). The CSF and plasma concentrations of
sTREM2 were measured using the Human TREM2 ELISA kit
(Abcam, Cambridge, MA, USA) according to the manufacturer’s
instructions. The apolipoprotein E (APOE) genotype was
determined as previously described (Ferri et al., 2019).

Statistical Analysis

SPSS statistical package was used to conduct the statistical
analyses (SPSS version 26, Chicago, IL, USA). All the variables
were normally distributed. Results are expressed as mean
[standard deviation (SD)] and/or percentage. Students t-test
was used for the comparisons between groups. The x? Pearson
model was used to calculate sex and APOE ¢4 allele distribution.
Spearman’s correlation coefficients were calculated to evaluate
the relationship between all variables. Linear regression analysis
was used to test the association between STREM2 concentrations
and the other variables independently of multiple confounding
factors (i.e., sex, age, and presence of APOE ¢4 allele). A p < 0.05
was considered as the threshold for statistical significance.

RESULTS

Table 1 shows the characteristics of the subjects. As described in
Table 1, iNPH patients were significantly older than AD patients
and CT subjects. The percentages of women were higher in AD
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TABLE 1 | Characteristics of study participants.

TABLE 3 | Correlation between plasma sTREM2 and AB1_42, Tau, pTau, and CSF
sTREM2 concentrations (A); and between CSF sTREM2 and AB+_42, Tau, pTau,

AD iNPH CT and plasma sTREM2 concentrations (B) in AD and iNPH subjects.

Age 78.1 (4.6) 83.7 (5.5 78.7 (5.6) AD iNPH

b
Sex (% women) 69.7% 46.8% 60.6% 0 p-value o p-value
ApOE (% &4 carriers) 46.1%° 12.8% 6.3%
MMSE 22.1 (4.6) 23.9 (5.1) 28.9 (1.1)4 (A) Plasma sTREM2
AB1_42 (pg/mL) 486.5 (136.8)° 748.8 (312.3) n.d. AB1_42 (Pg/mL) 0.332 0.01 0.039 0.83
Tau (pg/mL) 721.9 (524.9)° 173.3 (101.8) n.d. Tau (pg/mL) 0.085 0.53 0.232 0.19
pTau (pg/mL) 89.6 (42.6)° 34.2 (13.5) n.d. pTau (pg/mL) 0.199 0.14 0.127 0.48
Plasma sTREM2 (ng/mL) 39.1 (15.0)° 47.2 (19.5) 44.4 (15.1) CSF sTREM2 (ng/mL) 0.476 0.003 0.216 0.19
CSF sTREM2 (ng/mL) 32.6 (18.1) 36.4 (13.2) n.d. (B) CSF sTREM2

o AB1_42 (pg/mL) 0.332 0.04 0.128 0.48
Data are expressed as mean [standard deviation (SD)] and percentages.
ApoE, Apolipoprotein E: MMSE, mini-mental state examination; AB;-42, B-amyloid 1-42; Tau (pg/mL) 0.343 0.04 0.137 0.45
pTau, phospho-Tau; CSF, cerebrospinal fluid; n.d., not detected. pTau (pg/mL) 0.377 0.02 0.354 0.04
°p < 0.001 vs. AD and CT. Plasma STREM2 (ng/mL) 0.476 0.003 0.216 0.19

bp < 0.01 vs. iINPH.
°p < 0.001 vs. iINPH and CT.
9p < 0.001 vs. AD and iNPH.

TABLE 2 | Correlation between age and AB+_42, Tau, pTau, plasma sTREM2, and
CSF sTREM2 concentrations according to the three study groups.

Age AD iNPH CT

p  p-value [ p-value [ p-value
AB1_42 (pg/mL) 0.053 0.70 -0.186 0.30 n.d. n.d.
Tau (pg/mL) -0.336  0.01 0.201 0.26 n.d. n.d.
pTau (pg/mL) —0.267 0.05 0.226 0.21 n.d. n.d.
Plasma sTREM2 (ng/mL) 0.322 0.005  0.053 0.74 0.349 0.05
CSF sTREM2 (ng/mL) 0.156  0.35 0.400 0.01 n.d. n.d.

Bold values represent significance level p < 0.05. p, Spearman’s correlation coefficient;
APBi-42, B-amyloid 1-42; pTau, phospho-Tau; CSF, cerebrospinal fluid; n.d., not detected.

than iNPH, whereas those of ApoE €4 carriers were higher in
AD than iNPH and CT subjects. Mini-Mental State Examination
score did not differ between AD and iNPH and was suggestive of
cognitive impairment in both groups.

The AD patients showed significantly different CSF
biomarkers concentrations compared to iNPH subjects (Table 1).
Interestingly, we observed significantly lower plasma sTREM2
concentrations in AD patients compared to iNPH subjects,
whereas no difference was revealed between the two groups
in the CSF sTREM2 levels (Table1). Although statistical
significance was not achieved, the group of CT had plasmatic
concentrations of sTREM2 higher compared to AD patients
(p =0.09) (Table 1).

AD patients showed negative correlations of age with CSF Tau
and pTau, whereas a positive correlation was reported between
age and plasma sTREM2 concentrations (Table 2). In the iNPH
group, age only correlated with the CSF sTREM2, whereas in
the CT subjects, age slightly correlated with the sSTREM2 plasma
concentrations (Table 2).

Regarding biomarkers, in AD patients, a positive correlation
was found between plasma and both CSF sTREM2 and

Bold values represent significance level p < 0.05. p, Spearman’s correlation coefficient;
APB1-42, B-amyloid 1-42; pTau, phospho-Tau; CSF, cerebrospinal fluid.

AB1_42 concentrations, whereas no significant correlation was
highlighted in iNPH subjects (Table 3). Furthermore, in the AD
group, CSF sTREM2 positively correlated with AP;_4;, Tau,
and pTau concentrations (Table 3). Instead, in the iNPH group,
only a positive correlation between CSF sTREM2 and pTau was
observed (Table 3).

The regression analyses adjusted by age, sex, and presence
of the €4 allele of the ApoE gene confirmed in AD patients the
association between plasma sTREM2 levels and CSF levels (B
= 0.411; 95% CI, 0.137-0.685; p = 0.004), as well as AB|_4
concentrations (B = 0.035; 95% CI, 0.007-0.063; p = 0.01).
Moreover, regression analysis highlighted an association between
CSF sTREM2 and pTau concentrations (B = 0.248; 95% ClI,
0.053-0.443; p = 0.01). No significant relation was found in
iNPH patients.

DISCUSSION

This study provides several interesting findings. First, lower
plasmatic concentrations of sSTREM2 were found in our well-
characterized AD patients compared to both iNPH and controls
without cognitive decline. Interestingly, in our AD group, there
was a significant association between CSF sTREM2 and plasma
STREM2 levels, a result that was not found in iNPH subjects.
Moreover, in AD patients, we found a positive association
between CSF sTREM2 and pTau concentrations (consistently
with previous findings) (Ma et al., 2020) and between plasmatic
levels of sSTREM2 and CSF AP;_4 concentrations (differently
from previous reports) (Bekris et al., 2018).

TREM2 has a role in protecting against neuroinflammation by
the inhibition of the persistent activation of microglia, promoting
phagocytosis, and clearing apoptotic neurons (Colonna and
Wang, 2016). This receptor is expressed on cells of the myeloid
lineage, including microglia, dendritic cells, granulocytes,
bone marrow, monocyte-derived macrophages, and tissue
macrophages (Jay et al., 2017).
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An exciting aspect of TREM2 resides in releasing its soluble
variant in various human biofluids, such as CSF and blood
(Bekris et al., 2018). It has been speculated that changes in the
STREM2 concentration in these biofluids might be a potential
clue attributed to microglial dysfunction and neuroinflammation
typical of AD (Liu et al., 2018).

Existing studies report no significant difference in the plasma
levels of STREM2 between AD cases and healthy controls (Piccio
et al, 2016; Liu et al., 2018). On the other hand, our group has
previously demonstrated that in peripheral blood mononuclear
cells, TREM2 seems to play a protective role in the preclinical
stage of AD (Casati et al., 2018).

Evidence suggests that sSTREM2 is able to prevent apoptosis
in macrophages (Wu et al., 2015) and to promote cell survival
(Wu et al., 2015), proliferation, and migration (Zhong and Chen,
2019). Even if not directly to AD, the pathways involved in
TREM2 protective role have been better dissected in cancer
models. In particular, TREM2 blockade has been shown to
significantly promote the proliferation of colorectal cancer cells
by regulating cell cycle-related factors such as p53, p21, and
cyclin D1 (Kim et al, 2019). Interestingly, peripheral blood
mononuclear cells from AD patients express an abnormal and
detectable conformational state of p53. This anomaly allows
distinguishing these cells from those of cognitively healthy
subjects with the same age (Lanni et al., 2008). This is particularly
intriguing in light of the consideration that appears to be
an inverse correlation between cancer and AD due to shared
biological mechanisms (Lanni et al., 2020).

Under these premises, in this study, we compared two
neurological diseases, both characterized by cognitive
impairment and difficult to differentiate from each other
without diagnostic insights (Jingami et al., 2015). It is to note
that iNPH is characterized by neurological symptoms that
occur as a result of the impairment of CSF clearance and its
accumulation in the brain (Ott et al., 2010; Di Ieva et al., 2014).
In many cases, these symptoms revert after the drainage of the
CSF (Rossi et al., 2019).

The results of our study highlighted lower plasmatic levels
of sSTREM2 in patients with AD compared to those with
iNPH. Interestingly, we did not find substantial differences
comparing the sSTREM2 plasma levels between iNPH and control
subjects characterized by normal cognitive functions. These
results suggest that plasmatic STREM2 may be a useful marker
to identify cognitive impairment due to neurodegenerative
processes. Moreover, the comparable results obtained in iNPH
and CT subjects confirmed our previous findings showing blood
and CSF protein profiles similar in these two groups (Fania et al.,
2017; Torretta et al., 2018).

Regarding CSF, our results did not show a difference in
sTREM2 concentrations between overt AD and iNPH patients,
as already reported in studies that compare AD and healthy
controls (Henjum et al, 2016; Banerjee et al, 2020). This
finding confirmed recent studies demonstrating that the CSF
concentrations of sSTREM2 increase in a disease stage-dependent
manner. Indeed, CSF sTREM2 levels seem to reach a peak in
the early symptomatic phase of AD and then decrease when the
disease becomes overt (Suarez-Calvet et al., 2016; Ma et al., 2020).

Moreover, our study results confirmed the positive association
between CSF sTREM2 and plasma sTREM2 in AD patients
(Bekris et al., 2018). This association disappeared in the iNPH
group. In the study of Bekris et al. (2018), CSF sTREM2 levels
also correlated with a marker of blood-brain barrier disruption
(CSF albumin-to-serum albumin ratio), raising the possibility
that this latter may account for the relationship observed between
peripheral and central STREM2 concentrations in AD (Bekris
et al., 2018).

The regression analyses highlighted an association between
CSF sTREM2 with pTau, but not with AB;_4p concentrations
in AD patients, suggesting that sSTREM2 might play a role in
the pathological processes occurring after AB;_4, accumulation
(Zhong and Chen, 2019). These results further support the
hypothesis that changes in CSF sTREM2 may be associated
with neuronal injury characterizing neurodegeneration (Henjum
et al., 2016; Heslegrave et al., 2016; Piccio et al., 2016; Suarez-
Calvet et al., 2016; Gispert et al., 2017; Zhong and Chen, 2019).

Interestingly, despite the fact that a recent study stated that
plasma sTREM2 did not significantly correlate with CSF AD-
related biomarkers (Bekris et al., 2018), we found a positive
association between plasma sSTREM2 and the CSF concentrations
of ABi—42 in AD. Although the function of TREM2 in AD
pathology is partly unclear, it is hypothesized a role of TREM2
in clearing the soluble AP aggregates and other toxic debris
and controlling the inflammatory reactions elicited by the AD
pathology (Hsich et al., 2009; N'Diaye et al., 2009; Kleinberger
et al., 2014). Assuming the progressive disruption of the blood-
brain barrier occurring in AD (Bekris et al., 2018), sSTREM2
engaged in counteracting AB-deposits in the CNS could cross
the blood-brain barrier to the bloodstream, justifying the positive
correlation observed in AD between plasma sSTREM2 and AB;_4
CSF concentrations.

However, we could not exclude the fact that aging, the most
significant risk factor for AD, may be in part responsible for
the sSTREM2 alterations that emerged from our results. Indeed,
aging is associated with gliosis, increased microglial activity
(Heneka et al, 2014), and astrocytosis in the brain (Nichols
et al., 1993), which have been proven to increase sTREM2
concentrations to contrast these altered processes (Liu et al.,
2018). In this regard, a previous study showed a threefold
enrichment of CSF sSTREM2 concentrations from 50 to 90 years
old (Forabosco et al., 2013; Henjum et al., 2016). This may explain
the association between age and CSF sTREM2 concentrations
observed in iNPH subjects significantly older than the other
two groups.

In our cohort of subjects, plasma sTREM2 concentrations
strongly correlated with age in AD patients and slightly in
the CT group, whereas there was no correlation in iNPH
subjects. Despite these assumptions, the association between
CSF sTREM2 and plasma sTREM2 levels was confirmed
in the AD group even after adjusting for age and sex,
further supporting a role of TREM2 in the pathobiology
of AD.

There are limitations to this study. First, the number of
the study participants is limited, and thus these findings are
preliminary and need to be further investigated in large cohorts of
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patients. Another limitation is the CSF unavailability for subjects
without cognitive decline. Indeed, we were not able to collect
CSF from these subjects for ethical reasons, contrarily to AD and
iNPH subjects for which CSF has been collected for diagnostic
purposes (Dubois et al., 2014; Rossi et al., 2019).

In conclusion, we demonstrate that plasma levels of sSTREM2
are decreased in AD patients, but not in iNPH and subjects
without cognitive decline. Moreover, only in the AD group,
we observe a significant association between CSF sTREM2
and plasma sTREM2 levels, not evidenced in iNPH subjects.
These significant differences in STREM2 profiles between AD
and iNPH reinforce the notion that this receptor has a role
in neurodegeneration.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

Anwar, S., and Rivest, S. (2020). Alzheimer’s disease: microglia targets
and their modulation to promote amyloid phagocytosis and
mitigate neuroinflammation. Expert Opin. Ther. Targets 24, 331-344.
doi: 10.1080/14728222.2020.1738391

Ashton, N. J., Suarez-Calvet, M., Heslegrave, A., Hye, A., Razquin, C., Pastor,
P, et al. (2019). Plasma levels of soluble TREM2 and neurofilament
light chain in TREM2 rare variant carriers. Alzheimers Res. Ther. 11:94.
doi: 10.1186/513195-019-0545-5

Banerjee, G., Ambler, G., Keshavan, A., Paterson, R. W, Foiani, M. S., Toombs, J.,
et al. (2020). Cerebrospinal fluid biomarkers in cerebral amyloid angiopathy. J.
Alzheimers Dis. 74, 1189-1201. doi: 10.3233/JAD-191254

Bekris, L. M., Khrestian, M., Dyne, E., Shao, Y., Pillai, J. A., Rao, S. M,
et al. (2018). Soluble TREM2 and biomarkers of central and peripheral
inflammation in neurodegenerative disease. J. Neuroimmunol. 319, 19-27.
doi: 10.1016/j.jneuroim.2018.03.003

Bialas, A. R., and Stevens, B. (2013). TGF-beta signaling regulates neuronal
Clq expression and developmental synaptic refinement. Nat. Neurosci. 16,
1773-1782. doi: 10.1038/nn.3560

Casati, M., Ferri, E., Gussago, C., Mazzola, P., Abbate, C., Bellelli, G., et al.
(2018). Increased expression of TREM2 in peripheral cells from mild cognitive
impairment patients who progress into Alzheimer’s disease. Eur. J. Neurol. 25,
805-810. doi: 10.1111/ene.13583

Colonna, M., and Wang, Y. (2016). TREM2 variants: new keys to decipher
Alzheimer disease pathogenesis. Nat. Rev. Neurosci. 17, 201-207.
doi: 10.1038/nrn.2016.7

Deczkowska, A., Keren-Shaul, H., Weiner, A., Colonna, M., Schwartz, M., and
Amit, I. (2018). Disease-associated microglia: a universal immune sensor of
neurodegeneration. Cell 173, 1073-1081. doi: 10.1016/j.cell.2018.05.003

Di Ieva, A., Valli, M., and Cusimano, M. D. (2014). Distinguishing Alzheimer’s
disease from normal pressure hydrocephalus: a search for MRI biomarkers. J.
Alzheimers Dis. 38, 331-350. doi: 10.3233/JAD-130581

Dubois, B., Feldman, H. H., Jacova, C., Hampel, H., Molinuevo, J. L.,
Blennow, K., et al. (2014). Advancing research diagnostic criteria for
Alzheimer’s disease: the IWG-2 criteria. Lancet Neurol. 13, 614-629.
doi: 10.1016/S1474-4422(14)70090-0

Fania, C., Arosio, B., Capitanio, D., Torretta, E., Gussago, C., Ferri, E., et al. (2017).
Protein signature in cerebrospinal fluid and serum of Alzheimer’s disease
patients: the case of apolipoprotein A-1 proteoforms. PLoS ONE 12:€0179280.
doi: 10.1371/journal.pone.0179280

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Fondazione IRCCS Ca Granda Ospedale Maggiore
Policlinico. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

BA conceived and designed the study. BA and EF analyzed
the data, interpreted the data, and results. BA, EF, and MC
drafted the manuscript. MC provided critical revision. PDR and
SC performed clinical assessment. AG performed biochemical
analyses. All authors contributed to the article and approved the
submitted version.

FUNDING

This study was funded by Fondazione Banca del Monte di
Lombardia (2018).

Ferri, E., Gussago, C., Casati, M., Mari, D., Rossi, P. D., Ciccone, S., et al. (2019).
Apolipoprotein E gene in physiological and pathological aging. Mech. Ageing
Dev. 178, 41-45. doi: 10.1016/j.mad.2019.01.005

Forabosco, P., Ramasamy, A., Trabzuni, D., Walker, R., Smith, C., Bras,
J., et al. (2013). Insights into TREM2 biology by network analysis of
human brain gene expression data. Neurobiol. Aging 34, 2699-2714.
doi: 10.1016/j.neurobiolaging.2013.05.001

Gispert, J. D., Monte, G. C., Suarez-Calvet, M., Falcon, C., Tucholka, A,
Rojas, S., et al. (2017). The APOE epsilon4 genotype modulates CSF
YKL-40 levels and their structural brain correlates in the continuum of
Alzheimer’s disease but not those of STREM2. Alzheimers Dement. 6, 50-59.
doi: 10.1016/j.dadm.2016.12.002

Gratuze, M., Leyns, C. E. G., and Holtzman, D. M. (2018). New insights
into the role of TREM2 in Alzheimer’s disease. Mol. Neurodegener. 13:66.
doi: 10.1186/513024-018-0298-9

Heneka, M. T., Carson, M. J., El Khoury, J., Landreth, G. E., Brosseron, F.,
Feinstein, D. L., et al. (2015). Neuroinflammation in Alzheimer’s disease. Lancet
Neurol. 14, 388-405. doi: 10.1016/S1474-4422(15)70016-5

Heneka, M. T., Kummer, M. P., and Latz, E. (2014). Innate immune
activation in neurodegenerative disease. Nat. Rev. Immunol. 14, 463-477.
doi: 10.1038/nri3705

Henjum, K., Almdahl, I. S., Arskog, V., Minthon, L., Hansson, O., Fladby, T., et al.
(2016). Cerebrospinal fluid soluble TREM2 in aging and Alzheimer’s disease.
Alzheimers Res. Ther. 8:17. doi: 10.1186/s13195-016-0182-1

Heslegrave, A., Heywood, W., Paterson, R., Magdalinou, N., Svensson,
J., Johansson, P., et al. (2016). Increased cerebrospinal fluid soluble
TREM2 concentration in Alzheimer’s disease. Mol Neurodegener. 11:3.
doi: 10.1186/513024-016-0071-x

Hsieh, C. L., Koike, M., Spusta, S. C., Niemi, E. C., Yenari, M., Nakamura,
M. C, et al. (2009). A role for TREM2 ligands in the phagocytosis
of apoptotic neuronal cells by microglia. J. Neurochem. 109, 1144-1156.
doi: 10.1111/.1471-4159.2009.06042.x

Jay, T. R, von Saucken, V. E,
TREM2 in neurodegenerative
doi: 10.1186/513024-017-0197-5

Jendresen, C., Arskog, V., Daws, M. R, and Nilsson, L. N. (2017). The
Alzheimer’s disease apolipoprotein E and TREM2 are
linked in a receptor signaling pathway. J. Neuroinflammation 14:59.
doi: 10.1186/512974-017-0835-4

Jiang, T., Tan, L., Zhu, X. C,, Zhang, Q. Q., Cao, L., Tan, M. S., et al. (2014).
Upregulation of TREM2 ameliorates neuropathology and rescues spatial

and Landreth, G. E.
diseases. Mol. Neurodegener.

(2017).
12:56.

risk factors

Frontiers in Molecular Biosciences | www.frontiersin.org

March 2021 | Volume 7 | Article 627931


https://doi.org/10.1080/14728222.2020.1738391
https://doi.org/10.1186/s13195-019-0545-5
https://doi.org/10.3233/JAD-191254
https://doi.org/10.1016/j.jneuroim.2018.03.003
https://doi.org/10.1038/nn.3560
https://doi.org/10.1111/ene.13583
https://doi.org/10.1038/nrn.2016.7
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.3233/JAD-130581
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1371/journal.pone.0179280
https://doi.org/10.1016/j.mad.2019.01.005
https://doi.org/10.1016/j.neurobiolaging.2013.05.001
https://doi.org/10.1016/j.dadm.2016.12.002
https://doi.org/10.1186/s13024-018-0298-9
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1038/nri3705
https://doi.org/10.1186/s13195-016-0182-1
https://doi.org/10.1186/s13024-016-0071-x
https://doi.org/10.1111/j.1471-4159.2009.06042.x
https://doi.org/10.1186/s13024-017-0197-5
https://doi.org/10.1186/s12974-017-0835-4
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Ferri et al.

Blood sTREM2 as Neurodegeneration Marker

cognitive impairment in a transgenic mouse model of Alzheimer’s disease.
Neuropsychopharmacology 39, 2949-2962. doi: 10.1038/npp.2014.164

Jingami, N., Asada-Utsugi, M., Uemura, K., Noto, R., Takahashi, M., Ozaki,
A, et al. (2015). Idiopathic normal pressure hydrocephalus has a different
cerebrospinal fluid biomarker profile from Alzheimer’s disease. J. Alzheimers
Dis. 45,109-115. doi: 10.3233/JAD-142622

Kim, S. M., Kim, E. M,, Ji, K. Y., Lee, H. Y., Yee, S. M., Woo, S. M., et al. (2019).
TREM2 acts as a tumor suppressor in colorectal carcinoma through Wnt1/beta-
catenin and Erk signaling. Cancers 11:1315. doi: 10.3390/cancers11091315

Kleinberger, G., Yamanishi, Y., Suarez-Calvet, M., Czirr, E, Lohmann, E.,
Cuyvers, E., et al. (2014). TREM2 mutations implicated in neurodegeneration
impair cell surface transport and phagocytosis. Sci. Transl. Med. 6:243ra86.
doi: 10.1126/scitranslmed.3009093

Lampron, A., Elali, A, and Rivest, S. (2013). Innate immunity in the CNS:
redefining the relationship between the CNS and its environment. Neuron 78,
214-232. doi: 10.1016/j.neuron.2013.04.005

Lanni, C., Masi, M., Racchi, M., and Govoni, S. (2020). Cancer and Alzheimer’s
disease inverse relationship: an age-associated diverging derailment of shared
pathways. Mol. Psychiatry. 26, 280-295. doi: 10.1038/s41380-020-0760-2

Lanni, C., Racchi, M., Mazzini, G., Ranzenigo, A., Polotti, R., Sinforiani, E., et al.
(2008). Conformationally altered p53: a novel Alzheimer’s disease marker? Mol.
Psychiatry 13, 641-647. doi: 10.1038/sj.mp.4002060

Lee, C. Y. D., Daggett, A,, Gu, X,, Jiang, L. L., Langfelder, P., Li, X, et al.
(2018). Elevated TREM2 gene dosage reprograms microglia responsivity and
ameliorates pathological phenotypes in Alzheimer’s disease models. Neuron 97,
1032-48.e5. doi: 10.1016/j.neuron.2018.02.002

Liu, D., Cao, B, Zhao, Y., Huang, H., McIntyre, R. S., Rosenblat, J. D., et al. (2018).
Soluble TREM2 changes during the clinical course of Alzheimer’s disease: a
meta-analysis. Neurosci. Lett. 686, 10-16. doi: 10.1016/j.neulet.2018.08.038

Lui, H., Zhang, J., Makinson, S. R., Cahill, M. K., Kelley, K. W., Huang, H.
Y., et al. (2016). Progranulin deficiency promotes circuit-specific synaptic
pruning by microglia via complement activation. Cell 165, 921-935.
doi: 10.1016/j.cell.2016.04.001

Ma, L. Z., Tan, L., Bi, Y. L., Shen, X. N,, Xu, W., Ma, Y. H,, et al. (2020). Dynamic
changes of CSF sTREM2 in preclinical Alzheimer’s disease: the CABLE study.
Mol. Neurodegener. 15:25. doi: 10.1186/s13024-020-00374-8

Marmarou, A., Black, P., Bergsneider, M., Klinge, P., and Relkin, N. (2005).
Guidelines for management of idiopathic normal pressure hydrocephalus:
progress to date. Acta Neurochir. 95, 237-240. doi: 10.1007/3-211-32318-X_48

Mecca, C., Giambanco, L., Donato, R., and Arcuri, C. (2018). Microglia and aging:
the role of the TREM2-DAP12 and CX3CL1-CX3CR1 axes. Int. J. Mol. Sci.
19:318. doi: 10.3390/ijms19010318

Miyamoto, A., Wake, H., Ishikawa, A. W., Eto, K., Shibata, K., Murakoshi,
H., et al. (2016). Microglia contact induces synapse formation in developing
somatosensory cortex. Nat. Commun. 7:12540. doi: 10.1038/ncomms12540

Mosher, K. I, and Wyss-Coray, T. (2014). Microglial dysfunction in
brain aging and Alzheimer’s disease. Biochem. Pharmacol. 88, 594-604.
doi: 10.1016/j.bcp.2014.01.008

N’Diaye, E. N., Branda, C. S., Branda, S. S. Nevarez, L., Colonna, M.,
Lowell, C., et al. (2009). TREM-2 (triggering receptor expressed on myeloid
cells 2) is a phagocytic receptor for bacteria. J. Cell Biol. 184, 215-223.
doi: 10.1083/jcb.200808080

Nichols, N. R,, Day, J. R,, Laping, N. J., Johnson, S. A., and Finch, C. E. (1993).
GFAP mRNA increases with age in rat and human brain. Neurobiol. Aging 14,
421-429. doi: 10.1016/0197-4580(93)90100-P

Ohara, T., Hata, J., Tanaka, M., Honda, T., Yamakage, H., Yoshida, D., et al.
(2019). Serum soluble triggering receptor expressed on myeloid cells 2 as a
biomarker for incident dementia: the hisayama study. Ann. Neurol. 85, 47-58.
doi: 10.1002/ana.25385

Ott, B. R, Cohen, R. A, Gongvatana, A., Okonkwo, O. C., Johanson, C.
E., Stopa, E. G, et al. (2010). Brain ventricular volume and cerebrospinal
fluid biomarkers of Alzheimers disease. J. Alzheimers Dis. 20, 647-657.
doi: 10.3233/JAD-2010-1406

Piccio, L., Buonsanti, C., Cella, M., Tassi, I, Schmidt, R. E., Fenoglio, C., et al.
(2008). Identification of soluble TREM-2 in the cerebrospinal fluid and its
association with multiple sclerosis and CNS inflammation. Brain 131(Pt 11),
3081-3091. doi: 10.1093/brain/awn217

Piccio, L., Deming, Y., Del-Aguila, J. L., Ghezzi, L., Holtzman, D. M., Fagan, A.
M., et al. (2016). Cerebrospinal fluid soluble TREM2 is higher in Alzheimer
disease and associated with mutation status. Acta Neuropathol. 131, 925-933.
doi: 10.1007/s00401-016-1533-5

Raha-Chowdhury, R., Raha, A. A, Forostyak, S., Zhao, J. W., Stott, S.
R, and Bomford, A. (2015). Expression and cellular localization of
hepcidin mRNA and protein in normal rat brain. BMC Neurosci. 16:24.
doi: 10.1186/s12868-015-0161-7

Ransohoff, R. M. (2016). How
neurodegeneration. Science 353, 777-783. doi: 10.1126/science.aag2590

Ransohoff, R. M., and El Khoury, J. (2015). Microglia in health and disease. Cold
Spring Harb. Perspect. Biol. 8:a020560. doi: 10.1101/cshperspect.a020560

Rossi, P. D., Damanti, S., Nani, C., Pluderi, M., Bertani, G., Mari, D., et al.
(2019). Repeated cerebrospinal fluid removal procedure in older patients with
idiopathic normal pressure hydrocephalus ineligible for surgical treatment. J.
Am. Med. Dir. Assoc. 20, 373-376.e3. doi: 10.1016/j.jamda.2018.11.014

Shen, X. N,, Niu, L. D., Wang, Y. J., Cao, X. P, Liu, Q,, Tan, L., et al. (2019).
Inflammatory markers in Alzheimer’s disease and mild cognitive impairment:
a meta-analysis and systematic review of 170 studies. J. Neurol. Neurosurg.
Psychiatry 90, 590-598. doi: 10.1136/jnnp-2018-319148

Suarez-Calvet, M., Kleinberger, G., Araque Caballero, M. A., Brendel, M.,
Rominger, A., Alcolea, D., et al. (2016). sSTREM2 cerebrospinal fluid levels are
a potential biomarker for microglia activity in early-stage Alzheimer’s disease
and associate with neuronal injury markers. EMBO Mol. Med. 8, 466-476.
doi: 10.15252/emmm.201506123

Takahashi, K., Rochford, C. D., and Neumann, H. (2005). Clearance of
apoptotic neurons without inflammation by microglial triggering receptor
expressed on myeloid cells-2. J. Exp. Med. 201, 647-657. doi: 10.1084/jem.200
41611

Torretta, E., Arosio, B., Barbacini, P., Casati, M., Capitanio, D., Mancuso, R,, et al.
(2018). Particular CSF sphingolipid patterns identify iNPH and AD patients.
Sci. Rep. 8:13639. doi: 10.1038/541598-018-31756-0

Vaux, D. L., and Korsmeyer, S. J. (1999). Cell death in development. Cell 96,
245-254. doi: 10.1016/S0092-8674(00)80564-4

Wang, Y., Cella, M., Mallinson, K., Ulrich, J. D., Young, K. L., Robinette, M. L., et al.
(2015). TREM2 lipid sensing sustains the microglial response in an Alzheimer’s
disease model. Cell 160, 1061-1071. doi: 10.1016/j.cell.2015.01.049

Wu, K, Byers, D. E, Jin, X,, Agapov, E, Alexander-Brett, J., Patel, A.
C., et al. (2015). TREM-2 promotes macrophage survival and lung
disease after respiratory viral infection. J. Exp. Med. 212, 681-697.
doi: 10.1084/jem.20141732

Zhang, J., Malik, A, Choi, H. B, Ko, R. W, Dissing-Olesen, L., and
MacVicar, B. A. (2014). Microglial CR3 activation triggers long-term synaptic
depression in the hippocampus via NADPH oxidase. Neuron 82, 195-207.
doi: 10.1016/j.neuron.2014.01.043

Zhao, L. (2019). CD33 in Alzheimer’s disease - biology, pathogenesis, and
therapeutics: a mini-review. Gerontology 65, 323-331. doi: 10.1159/0004
92596

Zhong, L., and Chen, X. F. (2019). The emerging roles and therapeutic potential
of soluble TREM2 in Alzheimer’s disease. Front. Aging Neurosci. 11:328.
doi: 10.3389/fnagi.2019.00328

Zhong, L., Chen, X. F,, Wang, T., Wang, Z, Liao, C., Huang, R, et al
(2017). Soluble TREM2 induces inflammatory responses and enhances
microglial survival. J. Exp. Med. 214, 597-607. doi: 10.1084/jem.201
60844

neuroinflammation  contributes to

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ferri, Rossi, Geraci, Ciccone, Cesari and Arosio. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

March 2021 | Volume 7 | Article 627931


https://doi.org/10.1038/npp.2014.164
https://doi.org/10.3233/JAD-142622
https://doi.org/10.3390/cancers11091315
https://doi.org/10.1126/scitranslmed.3009093
https://doi.org/10.1016/j.neuron.2013.04.005
https://doi.org/10.1038/s41380-020-0760-2
https://doi.org/10.1038/sj.mp.4002060
https://doi.org/10.1016/j.neuron.2018.02.002
https://doi.org/10.1016/j.neulet.2018.08.038
https://doi.org/10.1016/j.cell.2016.04.001
https://doi.org/10.1186/s13024-020-00374-8
https://doi.org/10.1007/3-211-32318-X_48
https://doi.org/10.3390/ijms19010318
https://doi.org/10.1038/ncomms12540
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1083/jcb.200808080
https://doi.org/10.1016/0197-4580(93)90100-P
https://doi.org/10.1002/ana.25385
https://doi.org/10.3233/JAD-2010-1406
https://doi.org/10.1093/brain/awn217
https://doi.org/10.1007/s00401-016-1533-5
https://doi.org/10.1186/s12868-015-0161-7
https://doi.org/10.1126/science.aag2590
https://doi.org/10.1101/cshperspect.a020560
https://doi.org/10.1016/j.jamda.2018.11.014
https://doi.org/10.1136/jnnp-2018-319148
https://doi.org/10.15252/emmm.201506123
https://doi.org/10.1084/jem.20041611
https://doi.org/10.1038/s41598-018-31756-0
https://doi.org/10.1016/S0092-8674(00)80564-4
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1084/jem.20141732
https://doi.org/10.1016/j.neuron.2014.01.043
https://doi.org/10.1159/000492596
https://doi.org/10.3389/fnagi.2019.00328
https://doi.org/10.1084/jem.20160844
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	The sTREM2 Concentrations in the Blood: A Marker of Neurodegeneration?
	Introduction
	Materials and Methods
	Study Design
	Biochemical and Molecular Determinations
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


