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Abstract
Galectin-3 (Gal-3) is a beta-galactosidase binding protein involved in microglial activation in the central nervous system 
(CNS). We previously demonstrated the crucial deleterious role of Gal-3 in microglial activation in Alzheimer’s disease 
(AD). Under AD conditions, Gal-3 is primarily expressed by microglial cells clustered around Aβ plaques in both human 
and mouse brain, and knocking out Gal-3 reduces AD pathology in AD-model mice. To further unravel the importance of 
Gal-3-associated inflammation in AD, we aimed to investigate the Gal-3 inflammatory response in the AD continuum. First, 
we measured Gal-3 levels in neocortical and hippocampal tissue from early-onset AD patients, including genetic and sporadic 
cases. We found that Gal-3 levels were significantly higher in both cortex and hippocampus in AD subjects. Immunohis-
tochemistry revealed that Gal-3+ microglial cells were associated with amyloid plaques of a larger size and more irregular 
shape and with neurons containing tau-inclusions. We then analyzed the levels of Gal-3 in cerebrospinal fluid (CSF) from 
AD patients (n = 119) compared to control individuals (n = 36). CSF Gal-3 levels were elevated in AD patients compared 
to controls and more strongly correlated with tau (p-Tau181 and t-tau) and synaptic markers (GAP-43 and neurogranin) 
than with amyloid-β. Lastly, principal component analysis (PCA) of AD biomarkers revealed that CSF Gal-3 clustered and 
associated with other CSF neuroinflammatory markers, including sTREM-2, GFAP, and YKL-40. This neuroinflamma-
tory component was more highly expressed in the CSF from amyloid-β positive (A+), CSF p-Tau181 positive (T+), and 
biomarker neurodegeneration positive/negative (N+/−) (A + T + N+/−) groups compared to the A + T−N− group. Overall, 
Gal-3 stands out as a key pathological biomarker of AD pathology that is measurable in CSF and, therefore, a potential target 
for disease-modifying therapies involving the neuroinflammatory response.

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder 
characterized by the formation of amyloid-β (Aβ) depos-
its and intraneuronal tau aggregates called neurofibrillary 

tangles. Recent transcriptomic data highlight a critical role 
of the innate immune system in AD pathology [28–30]. 
Genome-wide association studies have also identified innate 
immunity-related variants in genes such as TREM-2, CD33, 
CR1 and MEF2C [14, 15, 20, 56] that are associated with 
a significant risk of developing AD. Microglial cells are 
central nervous system (CNS) resident macrophages. They 
play diverse roles, including brain parenchyma surveil-
lance, phagocytosis, synaptic remodeling, and inflammatory 
response [11]. Indeed, reactive microglial cells surrounding 
Aβ plaques are a pathological hallmark of AD. A specific 
AD microglial phenotype was recently discovered, the so-
called disease-associated microglia (DAM) [2]. DAM is 
characterized by the upregulation of TREM-2, ApoE, Spp1, 
Itgax and Axl and seems to play a beneficial role in AD [29]. 
On the other hand, a more detrimental microglial subtype 
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has recently been characterized, the so-called microglia neu-
rodegenerative (MGnD) [30]. This phenotype is associated, 
among others, with Cecl7a, Lgals3, TREM2 and Ccl2 gene 
upregulation.

Galectin-3 (Gal-3) is a beta-galactosidase binding pro-
tein encoded by LGALS3 and is mainly expressed by micro-
glial cells in the CNS. Gal-3 consists of one N-terminal 
domain and one carbohydrate recognition domain [48] and 
is released into the extracellular space by activated micro-
glia. Once in the extracellular space, Gal-3 can act autocrine 
or paracrine by binding to different membrane receptors, 
such as TLR4 and TREM-2 [8, 10]. Previously, we dem-
onstrated that Gal-3 plays a detrimental role in microglial 
activation in AD [8]. First, we found that Gal-3 was highly 
upregulated in cortical tissue from AD patients compared to 
age-matched controls. There, Gal-3 was found primarily in 
microglia clustered around Aβ plaques. Next, we generated a 
mouse model based on the 5xFAD model of AD but lacking 
Gal-3. The lack of Gal-3 in 5xFAD mice lessened the Aβ 
burden and improved cognitive performance [8]. Our study 
also confirmed that Gal-3 was linked to TREM-2 activity 
by employing STORM microscopy, fluorescence anisotropy, 
and a TREM-2–DAP12 reporter cell line. The role of Gal-3 
in AD was later supported by Chih-Chieh Tao et al. [53], 
who found that Gal-3 is involved in disease progression and 
Aβ oligomerization using amyloid precursor protein (APP) 
transgenic mice lacking Gal-3.

Further, a recent large-scale proteomic analysis using 
human AD brain tissue (> 2000 brains) highlighted a micro-
glia module as one of the most affected processes in AD 
brain. An astrocytic/microglial metabolism module was sig-
nificantly enriched in gene products connected to AD risk 
factor loci [28]. The study pointed out the top 30 most dif-
ferentially abundant microglial transcripts in an AD mouse 
model that correspond with proteins in the human microglia 
module related to AD pathology. Remarkably, within this 
list, Gal3 ranked fifth, supporting its role as one of the key 
molecules related to AD pathology [28].

Cerebrospinal fluid (CSF) plays a key role in brain 
metabolism and can be used to measure the concentration 
of pathological hallmarks related to AD pathology progres-
sion [4, 25, 46]. So far, measures of the Aβ42/Aβ40 ratio, 
total tau (t-tau) and hyperphosphorylated tau (p-Tau) are 
the most reliable markers for disease diagnosis. As the AD 
process initiates, CSF Aβ42 levels drop and the levels of 
different isoforms of tau increase, which is associated with 
neurodegeneration [4]. Similarly, inflammatory molecules 
can be detected in the CSF of AD patients [37]. For instance, 
markers of astrocytic activation, namely GFAP and YKL-
40, are elevated in the CSF of AD patients and linked to 
pathology progression [2, 5, 24]. A key microglial marker, 
TREM-2, has also been noted as being elevated in AD 
patient CSF [18, 51] and has recently been linked to slower 

Aβ deposition [17], reduced cognitive decline [18] and tau-
related neurodegeneration [52]. Interestingly, Gal-3 has been 
detected in the CSF of AD patients and its measures suggest 
that it could be elevated in AD [21, 59].

Considering our previous findings on the role of Gal-3 
in AD progression and the interaction between Gal-3 and 
TREM-2, we: (i) further explored Gal-3 expression in AD 
brain and (ii) explored whether CSF Gal-3 levels correlate 
with levels of Aβ, inflammatory markers, including TREM-
2, and neurodegenerative biomarkers in CSF in AD. First, 
we studied Gal-3 levels in frontal cortex and hippocampal 
tissue from genetic and sporadic AD cases from the Neu-
rological Tissue Bank of the Hospital Clinic de Barcelona-
IDIBAPS. We wanted to expand our previous findings by 
measuring Gal-3 levels in different brain areas and different 
AD phenotypes. We could determine whether AD-related 
genetic mutations alter Gal-3 microglial expression in AD by 
comparing genetic cases with sporadic cases. To further elu-
cidate the role of Gal-3-dependent microglial activation in 
AD, we performed immunohistochemistry on human brain 
sections from AD patients. We also analyzed the associa-
tion between Gal-3, amyloid plaques and tau neurofibrillary 
tangles.

The second main goal of this study was to determine 
whether Gal-3 in CSF could be an AD biomarker. Therefore, 
we studied CSF Gal-3 levels in patients with evidence of 
AD physiopathology compared to control subjects. In CSF, 
we evaluated the association between Gal-3 and the main 
pathological hallmarks of the disease, Aβ and Tau. Moreo-
ver, we studied the relationship between levels of Gal-3 and 
two synaptic markers, Neurogranin and GAP-43, in addition 
to inflammatory markers, including GFAP and TREM-2. 
In addition, we evaluated whether Gal-3 levels were linked 
to cognitive decline in AD. Lastly, principal component 
analysis (PCA) was performed to determine whether we 
could detect distinct populations in the cohort defined by 
biomarker composition, i.e., inflammation vs. classic AD 
biomarkers.

Materials and methods

CSF cohort

A total of 155 participants were recruited from the Cognitive 
Neurology Center, APHP Université de Paris Lariboisière 
Fernand-Widal Hospital in Paris, France, including n = 36 
neurological controls (NC) and n = 119 AD patients. All 
patients who had undergone a lumbar puncture to explore 
a cognitive complaint had a CSF sample collected at the 
BioCogBank Lariboisière Paris. Patients underwent a com-
prehensive neurological examination, neuropsychologi-
cal assessment, morphological brain imaging and lumbar 
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puncture. AD diagnosis was made according to the NIA-
AAA’s most recent diagnostic research criteria [25]. CSF 
profile was classified according to the ATN classification: 
A+/− indicating biomarker evidence of Aβ deposition; 
T ± indicating biomarker evidence of pathologic tau; and 
N+/− indicating biomarker evidence of neurodegeneration 
[26]. CSF biomarker profiles of AD patients fell onto a con-
tinuum defined by decreasing Aβ42/40 ratio. NC had norma-
tive or sub-normative cognitive scores, normal brain mor-
phology and a normal CSF biomarker profile (A−T−N−). 
Included subjects gave informed consent to participate, and 
the study was approved by the Bichat Ethics Committee 
(n°10-037 18/03/2010) and followed the principles of the 
Declaration of Helsinki. Demographic data from the CSF 
cohorts is described in Table 1.

Human brain tissue

Frozen hippocampal and cerebral cortical tissue from non-
demented controls (n = 10), EOAD cases (n = 11) and genetic 
AD cases (n = 9) (Neurological Tissue Bank, Biobanc-Hos-
pital Clínic-IDIBAPS, Barcelona, Spain) and sections of 
formalin-fixed and glucose-immersed hippocampal tissue 
from non-demented controls (n = 3) and AD cases (n = 8) 
(The Netherlands Brain Bank) were analyzed. Detailed neu-
rological assessment of the samples is available in Supp. 
Table 1 (online resources). Written informed consent for the 
use of brain tissue and clinical data for research purposes 
was obtained from all patients or their next of kin following 
the International Declaration of Helsinki and Europe’s Code 

of Conduct for Brain Banking. The medical ethics commit-
tee of VU medical center in Amsterdam and the IRB of 
Clinic Hospital in Barcelona approved the procedures for 
brain tissue collection. The regional ethical review board in 
Sweden approved the study.

Protein extraction

RIPA solution was prepared with a protease inhibitor (cOm-
plete Protease Inhibitor Cocktail, Roche) and phosphatase 
inhibitor (PhoSStop, Roche). Frozen human tissue samples 
of hippocampus and cerebral cortex were homogenized in 
RIPA buffer (1 mL/100 μg of tissue, Sigma-Aldrich, Ger-
many) and briefly sonicated. The pellet was subsequently 
ultracentrifuged at 25,000g for 25 min. The supernatant was 
later used for analysis.

Western blotting

Protein extracts in RIPA were separated by SDS-PAGE 
using pre-cast gels (4–20%, Bio-Rad) in Tris–Glycine-SDS 
buffer (Bio-Rad, Spain). Protein was transferred to nitrocel-
lulose membranes (Bio-Rad) using the TransBlot Turbo sys-
tem from Bio-Rad. Membranes were subsequently blocked 
for 1 h with skim milk at 5% (w/v) in PBS and then washed 
three times for 10 min each in PBS supplemented with 0.1% 
(v/v) Tween 20 (PBS-T). Membranes were then incubated 
with primary antibodies in PBS-T overnight. Following this, 
the membranes were incubated with secondary antibodies 
for 2 h. After the secondary antibody incubation, membranes 
were washed three times with PBS-T. According to the man-
ufacturer’s protocol, the membranes were developed using 
SuperSignal West Pico PLUS Chemiluminescent Substrate 
(ThermoScientific, Spain) and imaged using a ImageQuant 
LAS-4000 biomolecular imager (GE Healthcare).

MSD ELISA

Meso Scale Discovery (MSD) kits were used to measure 
the levels of Aβ42, p-Tau, and t-tau in the RIPA fraction of 
the human brain. Serial dilutions of the RIPA fractions were 
tested to measure protein levels accurately. Before perform-
ing the assay, protein levels were measured using a Ther-
mofisher BCA Assay Kit. With those results, 1 μg of protein 
from the soluble fraction was diluted to evaluate Aβ42, t-tau 
and p-Tau levels. The plates were developed and read using 
a QuickPlex Q120 reader (Meso Scale Diagnostics). ELISA 
plates from Abcam (ab269555) were used to measure the 
levels of Gal-3 (detection range 58.8–2000 pg/ml) in tissue 
homogenates. The protocol was carried out according to the 
manufacturer’s instructions. A Biotek Synergy 2 was used 
to read the ELISA Gal-3 assay.

Table 1   Demographics and biomarkers values

N = 155 Neurological 
controls N = 36

AD N = 119 P value

Female sex 72% (26) 60% (72) 0.140
Age 62.7 (9.67) 72.4 (8.0)  < 0.001
LoE 12.48 (3.472) 11.4 (3.6) 0.060
ApoE4 carriership 25% (9) 60% (72)  < 0.001
MMSE 27. 0 (2.1) 21.2 (5.5)  < 0.001
CSF markers
 Aβ42, pg/mL 1059.3 (311.5) 557.9 (299.1)  < 0.001
 Aβ42/Aß40 ratio 0.099 (0.034) 0.044 (0.011)  < 0.001
 CSF t-tau, pg/mL 223.6 (65.9) 667.7 (350.4)  < 0.001
 CSF p-Tau, pg/mL 32.9 (8.1) 104.3 (55.8)  < 0.001
 CSF GAL-3, pg/mL 960.5 (177.4) 1168.8 (332.2) 0.037
 CSF sTREM-2, pg/

mL
3523.7 (1411.7) 4582.0 (1924.4) 0.124

 CSF YKL-40, pg/mL 1625.5 (632.3) 2392.9 (2230.4) 0.034
 CSF GFAP, pg/mL 1913.3 (1247.3) 4633.0 (3660.2)  < 0.001
 CSF neurogranin, 

pg/mL
144.9 (73.4) 259.2 (82.4)  < 0.001

 CSF GAP-43, pg/mL 2416.4 (706.2) 4306.9 (1880.1)  < 0.001
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Immunohistochemistry

Hippocampal sections 40-µm-thick were washed 
(3 × 15 min) in 0.1 M KPBS and then incubated in 0.1 M 
KPBS, Tween 20 0.25% and normal donkey serum 5% 
for one hour at room temperature. For immunofluores-
cence labeling (Iba1, Gal-3, Aβ, or p-Tau), sections were 
first incubated with the primary antibodies followed by 
the corresponding Alexa 488/555/647 secondary antibod-
ies (1:1000 dilution, AlexaFluor, Life Technologies). After 
mounting and drying on slides, the sections were incubated 
in 0.6 g Sudan Black (Sigma) dissolved in 70% ethanol for 
5 min. Subsequently, the sections were washed in PBS and 
mounted with the mounting medium. When imaging, the 
camera settings were adjusted at the start of the experiment 
and maintained for uniformity. A Nikon Eclipse Ti confo-
cal microscope (Nikon, Japan) and NIS elements software 
(Nikon, Japan) were used to take 20 × magnification pic-
tures and for the final collage. Primary antibodies included 
anti-Iba1 (Wako, 019-19741), Gal-3 (R&D, AF1197), Aβ 
(6E10, Covance), and p-Tau (Thermofisher, MN120). NIS 
Element Analysis software (Nikon, Japan) was used to 
evaluate plaque size and shape. To create the 3D model, 
we used Imaris version 9.8 (Oxford Instruments). For the 
model, image stacks were taken using a Leica TCS SP8 laser 
scanning confocal microscope (Leica Microsystems) with 
the Leica Application Suite X software version 3.5.7 (Leica 
Microsystems).

CSF biomarker analysis

Lumbar puncture was performed after overnight fasting. 
CSF samples were centrifuged at 1000 × g for 10 min at 
4 °C within 2 h of collection and then aliquoted into 0.5 mL 
polypropylene tubes before being stored at − 80 °C for fur-
ther analysis. All biomarkers assessed in this study were 
measured at the Clinical Neurochemistry Laboratory at the 
University of Gothenburg in Mölndal, Sweden. Gal-3 was 
measured in CSF using commercially available sandwich 
ELISA kits (Abcam ab269555, Cambridge, UK) following 
the manufacturer’s instructions. Samples were analyzed in 
singlicate with standards run in duplicate. Duplicates of CSF 
pool quality controls were placed at the beginning and end 
of each plate. In a polystyrene 96-well plate, pre-diluted 1:2 
CSF samples, CSF pool quality controls and standards were 
incubated with a solution containing an affinity tag-labeled 
capture Gal-3 antibody and a reporter-conjugated detection 
Gal-3 antibody. The entire sandwich complex was immobi-
lized to the well via immunoaffinity of an anti-tag antibody. 
Following the washing procedure, wells were incubated 
with 3,3′,5,5′-Tetramethylbenzidine TMB. The addition of 
a stop solution terminated the reaction, and the absorbance 
was read in a Sunrise microplate absorbance reader (Tecan, 

Männedorf, Switzerland) at 450 nm. Four-parameter logistic 
regression was used for standard curve-fitting analysis. All 
samples were within detection range and were quantified. 
The sensibility indicated by the manufacturer was 13.3 pg/
mL. The coefficients of variation (CVs) for intra- and inter-
plate variations were 4.9% and 5.9%, respectively.

CSF soluble TREM-2 (sTREM-2) was measured in-house 
using an electrochemiluminescence immunoassay with a 
Meso Scale Discovery (MSD) SECTOR imager 6000 (MSD, 
Rockville, MD), as previously described by Alosco et al. [1]. 
In brief, the capture antibody was a biotinylated polyclonal 
goat anti-human TREM-2 antibody (0.25 μg/mL R&D Sys-
tems, Minneapolis, MN), and the detector antibody was a 
monoclonal mouse anti-human TREM-2 antibody (1 μg/
Ml Santa Cruz Biotechnology, Dallas, TX). Recombinant 
human TREM-2 (4000–62.5 pg/mL) was used to compute a 
calibration curve. Samples were diluted 1:4 for analysis. The 
intra- and inter-plate CVs were 3.8% and 4.9%, respectively. 
CSF levels of Aβ42, Aβ40, p-Tau181 and t-tau were meas-
ured with the commercially available LUMIPULSE G1200 
automated immunoassay instrument following the manufac-
turer’s instructions (Fujirebio). Diagnostic cutoffs used were 
the following: Aß42/Aß40 < 0.61 pg/mL; p-Tau181 < 61 pg/
mL; t-tau < 450 pg/mL. CSF neurofilament light (NfL) was 
measured using an in-house sandwich ELISA with capture 
and detection antibodies directed against the central rod 
domain of the protein, NfL21 and NfL23, respectively, as 
described previously [19]. The intra- and inter-plate varia-
tion CVs were 6.7% and 8.4%, respectively. CSF YKL-40 
was measured using a commercially available ELISA kit 
(R&D Systems, Minneapolis, MN). The intra-plate CV was 
8.7%, and the inter-plate CV was 10.8%. CSF GFAP was 
quantified using the HD-X SIMOA platform using a com-
mercial kit by Quanterix (Billerica, MA, USA). The intra-
plate CV was 6.1%, and the inter-plate CV was 6.0%.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 
version 9 (GraphPad Software, San Diego, CA, USA) and 
SPSS v. 26 (IBM Corp., Armonk, NY, USA) software. Nor-
mality was assessed by Kolmogorov–Smirnov test. All AD-
related variables from the cortical and hippocampal tissue 
were analyzed with a non-parametric test. Mann–Whitney 
test was used to compare independent groups. For multiple 
comparisons, the Kruskal–Wallis test was performed fol-
lowed by Dunn’s post hoc correction. Chi-square (χ2) tests 
were used to investigate the differences between groups 
with categorical variables. Outlier analysis was performed 
in GraphPad to identify anomalous observations in the 
dataset. Brain tissue samples from patients with acute or 
subacute infarct were excluded from the analysis. CSF bio-
marker levels were compared between AD and NC with 
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linear regression adjusted for age, sex and ApoE4 carrier-
ship. The correlation of Gal-3 with other biomarkers values 
was analyzed using Spearman’s rank correlation. We calcu-
lated the area under receiver-operating characteristic curve 
(AUROC) to study biomarker performance in differentiat-
ing AD patients from neurological controls. The area under 
the precision–recall curve (AUPRC) was also computed 
accounting for unbalanced data. Cutoffs for identification 
of AD were computed using Youden index to maximize sen-
sitivity and specificity for each CSF biomarker. Confusion 
matrix was set up in order to calculate sensitivity, specificity, 
and accuracy at established cutoffs.

Principal component analysis (PCA) was performed 
on the whole cohort and in the amyloid and tau positive 
(A + T +) sub-group to explore the pattern of association 
between the different biomarkers. Outlier values, defined 
by a value > mean ± 3SD, were excluded for each bio-
marker before analysis. The suitability of the dataset was 
evaluated by the Kaiser–Meyer–Olkin Measure of Sam-
pling Adequacy test and Bartlett’s Test of Sphericity. The 
number of components was determined by the number of 

eigenvalues greater than one. Variables with a loading fac-
tor > 0.4 or < − 0.4 were regarded as representative of the 
component. Each component was interpreted according to 
the current understanding of the physiopathology underly-
ing each biomarker in AD. Component scores obtained were 
compared between groups using linear regression adjusted 
on age and sex. A two-sided p value < 0.05 was considered 
statistically significant.

Results

Gal‑3 levels are elevated in the neocortex 
and hippocampus of post‑mortem samples from AD 
patients

First, we evaluated the levels of Gal-3 in cortex and hip-
pocampus from AD cases by ELISA (see Supp. Fig. S 1 for 
demographics). We found Gal-3 levels significantly elevated 
in AD samples compared to age-matched controls (Fig. 1a). 
Further analysis showed higher Gal-3 upregulation in the 

Fig. 1   Gal-3 levels are increased 
in the cortex and the hippocam-
pus in AD patients. First, Gal-3 
levels were compared between 
AD samples versus control 
samples (a). Gal-3 levels meas-
ured by ELISA are increased in 
cortical and hippocampal tissue 
from AD patients compared 
to controls (b). c AD patients 
were divided into sporadic 
early-onset AD (EOAD) and 
genetic AD (PSEN1 mutation) 
cases. Then, Gal-3 levels were 
compared between AD groups 
and controls. d, e Cortical and 
hippocampal Gal-3 levels were 
compared between EOAD and 
genetic AD groups. Differ-
ences were found compared to 
control samples but not between 
EOAD and genetic AD groups 
themselves. Non-parametric 
t-test a and Kruskal–Wallis 
multiple comparisons (b-e) were 
performed. Data are shown 
as mean ± SEM. **p < 0.01; 
***p < 0.001. ****p < 0.0001
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hippocampus compared to the cortex in AD cases (Fig. 1b). 
Next, to evaluate whether genetic AD cases varied in Gal-3 
levels, we divided our cohort into genetic AD cases (PSEN1 
mutation carriers) and sporadic early-onset (EOAD) cases. 
Our analysis revealed no differences in Gal-3 protein lev-
els between AD groups (genetic AD vs EOAD) (Fig. 1c). 
However, Gal-3 levels were significantly increased in genetic 
AD and EOAD samples compared to control (Fig. 1c). Fur-
thermore, we studied regional differences in Gal-3 protein 
levels between genetic AD and EOAD cases. Therefore, we 
compared cortical and hippocampal brain tissue but found 
no differences between the two AD groups (Fig. 1d, e). How-
ever, we found that Gal-3 levels in genetic AD and EOAD 
samples were significantly upregulated in both cortex and 
hippocampus compared to control cases, suggesting a simi-
lar Gal-3-associated immune response in both AD groups. 
We also confirmed the increase in cortical Gal-3 levels in 
AD patients compared to controls by western blot (Supp. 
Fig. S 1g, online resource). Along with Gal-3 levels, we 
measured Aβ42, t-tau and p-Tau levels. Aβ42 and p-Tau 
were significantly increased in the frontal cortex and hip-
pocampal samples from AD patients compared to controls 
(Supp. Fig.  S1a, b, e, f, see online resource). Moreover, 
Gal-3 levels were not affected by post-mortem time (PMT), 
age, or sex (Supp. Fig. S2, online resource) in both AD and 
control samples. Finally, we performed a correlation analysis 
on Gal-3 levels with Aβ42, t-tau and p-Tau levels. In both 
control and AD cases, Gal-3 levels in hippocampal or corti-
cal tissue did not correlate with Aβ42, t-tau or p-Tau levels 
(Supp. Fig. S3, online resource).

Gal‑3‑positive microglia is associated with Aβ 
plaques and tau tangles in AD

We demonstrated a subpopulation of microglia clustered 
around Aβ plaques identified by high expression of Gal-3[8]. 
However, we also observed another subset of plaques that 
were not surrounded by Gal-3-positive microglial cells. Here, 
we sought to evaluate the main morphological features of Aβ 
plaques (size and shape) and their association with microglia 
expressing Gal-3. Plaque size referred to the plaque area as 
measured in square micrometers based on 6E10 (APP/Aβ) 
immunolabeling. Plaque shape was defined as a value between 
0 and 1. Values closer to 1 indicated a more rounded and reg-
ular plaque shape whereas values closer to zero indicated a 
more irregular plaque shape. To study plaque morphology, 
we performed triple immunolabeling using the antibodies 
against Iba1 (microglial marker), 6E10 (APP/Aβ), and Gal-3 
on human AD cortical tissue (Fig. 2a). Notably, clear mor-
phological differences were observed between Gal-3-positive 
and Gal-3-negative plaques. We defined Gal-3-positive and 
Gal-3-negative plaques as those surrounded by microglial 
cells expressing or lacking Gal-3, respectively. Gal-3-positive 

plaques covered a larger area (Fig. 2b) and had a more irregu-
lar shape (Fig. 2c) compared to Gal-3-negative plaques. Our 
analysis revealed that microglial cells expressing Gal-3 were 
associated with Aβ plaques (Fig. 3a–g), which may indicate 
plaque phagocytosis by the microglia [13, 23, 60, 62]. Indeed, 
microglial cells expressing Gal-3 near plaques presented 
numerous Aβ inclusions (Fig. 3, white arrows). Moreover, 
we also found Gal-3-positive microglial cells close to p-Tau 
aggregates in senile plaques (Fig. 4a–g). Notably, 3D modeling 
revealed p-Tau interacting with Gal-3-positive microglial cells 
in what is likely a senile plaque containing p-Tau-aggregates 
(Fig. 4b, white arrows).

CSF Gal‑3 levels are increased in AD and are 
associated with neuroinflammatory alterations

We then analyzed CSF samples from a cohort including 
119 patients with AD and 36 neurological controls (NC). 
The cohorts and CSF biomarkers levels are described 
in Table  1. AD patients were significantly older than 
NC (P < 0.001) and displayed higher ApoE4 carriership 

Fig. 2   Gal-3-positive microglial cells are associated with larger and 
more irregularly shaped Aβ plaques. a Gal-3-positive microglial cells 
were associated with larger and more irregularly shaped Aβ plaques 
(Gal3+ plaques) compared to Gal-3-negative Aβ plaques (Gal3− 
plaques). b, c Gal3+ plaques were larger and more irregularly shaped 
than Gal-3− plaques. Aβ (red), Galectin-3 (green), Iba1 (white). Data 
are shown as mean ± SEM. Non-parametric t-tests were performed. 
****p < 0.0001. (n = 3 (HC), n = 8 (AD). Gal-3-negative plaques, 
n = 212; Gal-3-positive plaques, n = 197)
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(P < 0.001). First, we focused our investigation on deter-
mining the relationship between CSF Gal-3 and AD char-
acteristics. We found that CSF Gal-3 levels correlated pos-
itively with age (rho = 0.402, P < 0.001). However, Gal-3 
did not associate significantly with sex (P = 0.079) or 
APOE-ε4 carrier status (P = 0.432). Overall, AD patients 
displayed higher CSF Gal-3 levels compared to NC 
(1168.8 pg/mL versus 960.5 pg/mL, P = 0.030 adjusted 
for age, sex, and ApoE4 carriership Fig. 5a). The CSF 
profile in relation to the AD continuum showed that Gal-3 
levels did not differ between A + T−N−, A + T + N− and 
A + T + N + groups (P = 0.440).

We next analyzed neuroinflammatory-related markers 
in CSF and considered their relationship with CSF Gal-3. 
We found that sTREM-2 levels did not significantly differ 
between NC and AD groups (P = 0.217, Fig. 5b). To dis-
tinguish AD patients from NC, CSF Gal-3 and sTREM-2 
levels were moderately good predictors (AUROC = 0.80 and 
AUROC = 0.78, respectively, Fig. 5c). However, their per-
formance remained lower than CSF p-Tau and t-tau, the gold 
standard for diagnosis (respectively, AUROC = 0.95 and 
AUROC = 0.92). Detailed comparison of sensitivity, speci-
ficity and accuracy at optimal cutoff designed through ROC 
analysis are available for each biomarker in Supp. Table 2 
(online resources) and Supp. Fig. S4 (online resources).

Fig. 3   Reactive microglial cells expressing Gal-3 presented Aβ inclu-
sions in human tissue samples. a–f Gal-3-positive microglial cell 
associated with Aβ plaques. g 3D reconstruction of microglial cells 

with multiple Aβ inclusions inside. Gal3 (green), Aβ (red), Iba1 
(white), DAPI (blue). White arrows are pointing to Aβ inclusions (in 
red) (n = 3 (HC), n = 8 (AD)
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Relating these two factors, we observed that Gal-3 weakly 
correlated with sTREM-2 (rho = 0.326, P < 0.0001, Fig. 5e). 
This correlation held when looking specifically in AD patients 
and the NC group (rho = 0.269, P = 0.0033 and rho = 0.405, 
P = 0.0142, respectively). In addition, CSF Gal-3 weakly 
correlated with GFAP (rho = 0.378, P < 0.0001, Fig. 5f) and 
YKL-40 (rho = 0.339, P < 0.0001, Fig. 5g) when looking at 
the whole cohort. These correlations were sustained for both 
markers in the AD patient group (GFAP: AD, rho = 0. 410, 
P < 0.0001; YKL-40: AD, rho = 0.354, P = 0.0002) but not 
in the NC group. We used the CSF/plasma albumin quotient to 
indirectly study the relationship between Gal-3 and brain blood 
barrier integrity. CSF Gal-3 levels correlated very moderately 

with the CSF/plasma albumin quotient in the whole cohort 
(rho = 0.255, P = 0.0043) and in the AD group (rho = 0.263, 
P = 0.0067). Regarding the other CSF biomarkers, only CSF 
GFAP was associated with the CSF/plasma albumin quotient 
in the AD group (Supp. Table S3, online resources).

Gal‑3 levels are associated with tau and synaptic 
marker levels in CSF in AD

We next looked at the relationship between CSF Gal-3 
levels and other CSF biomarkers of AD. Gal-3 lev-
els were negatively correlated with Aβ42/Aβ40 ratio 
(rho = − 0.285, P = 0.0004, Fig. 6a) in the whole cohort 

Fig. 4   Reactive microglial cells expressing Gal-3 interact with p-Tau 
in senile plaques from human tissue samples. a–f Gal-3-positive 
microglial cell associated with p-Tau plaques. g 3D reconstruction of 

microglial cell with multiple p-Tau interactions. Gal3 (green), p-Tau 
(red), Iba1 (white) and DAPI (blue). White arrows are pointing p-Tau 
Gal-3 interactions (in orange). n = 3 (HC), n = 8 (AD)
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as well as in the NC (rho = − 0.406, P = 0.0141) and AD 
patient (rho = − 0.187, P = 0.0451) sub-groups (Fig. 6b, 
c). In contrast, Gal-3 levels were positively correlated with 
p-Tau181 in the whole cohort (rho = 0.362, P < 0.0001), 
but of the sub-groups, only the AD cohort maintained 
a statistically significant correlation (rho = 0.237, 
P = 0.0099, Fig. 6d–f). Similarly, CSF Gal-3 positively 
correlated with t-tau (rho = 0.393, P < 0.0001) in the 
whole cohort and separately in the AD cohort (rho = 0.271, 
P = 0.003) and the NC group (rho = 0.375, P = 0.024) 
(Fig.  6g–i). Looking at the relationship between CSF 
Gal-3 and CSF synaptic biomarkers, we found that Gal-3 
positively correlated with neurogranin and GAP-43 when 
including the whole cohort (rho = 0.319, P = 0.0002 and 
rho = 0.334, P < 0.0001, respectively, Fig. 6j, m). This 
statistically significant correlation was reflected in the 
AD group for both neurogranin (rho = 0.249, P = 0.0090, 
Fig. 6l) and GAP-43 (rho = 0.320, P = 0.0005, Fig. 6o) but 
not in the NC group.

CSF Gal‑3 levels correlate with cognitive decline 
in AD

We studied the association between CSF Gal-3 levels and 
general cognition via Mini-Mental State Exam (MMSE) 
scores (Supp. Fig. S5a, online resource). Gal-3 levels were 
associated with MMSE scores in AD patients, indepen-
dently of sex, age and level of education (β = 0.176, 95% 
CI = 0.010 to 0.341, P = 0.0217). However, Gal-3 levels 
were not associated with MMSE scores after adjusting for 
age, sex and level of education when looking at the whole 
cohort (β = − 0.042, 95% CI = − 0.202–0.118, P = 0.605) 
nor in the NC cohort (β = 0.010, 95% CI = − 0.371–0.391, 
P = 0.957). We performed regression analysis to study the 
relationship between CSF Gal-3 levels with MMSE scores 
in the AD cohort (Supp. Fig. S5b, online resource). A sig-
nificant quadratic function was found for the relationship 
between CSF Gal-3 levels and MMSE scores in AD patients 
(P = 0.039). This could be depicted as an inverse U-shaped 

Fig. 5   CSF Gal-3 levels are increased in AD patients and correlate 
with other CSF neuroinflammatory biomarkers. a CSF Gal-3 levels 
were measured by ELISA in control subjects and AD patients. Gal-3 
levels were significantly elevated in AD patients compared to con-
trols (*P = 0.030) after adjustment on age, sex and ApoE4 carrier-
ship. b CSF sTREM-2 levels were measured in our cohort. No dif-
ference was found between the AD and control groups in our analysis 
adjusted for age, sex and ApoE4 carriership (P = 0.217). c, d Analy-
sis of ROC curves revealed moderate performance of CSF Gal-3 and 
sTREM-2 levels for differentiating AD patients from neurological 
controls (c Gal-3 AUROC = 0.80 [95% CI = 0.72–0.88], sTREM-2 

AUROC = 0.78 [95% CI = 0.69–0.88]; d Gal-3 AUPRC = 0.92, 
sTREM-2 AUPRC = 0.91). For comparison, CSF markers p-tau and 
t-tau demonstrated high discriminating performance between AD 
and controls (c: p-tau AUROC = 0.95 [95% CI = 0.91–1.00], t-tau 
AUROC = 0.92 [95% CI = 0.86–0.98]; 5d: p-tau AUPRC =  1.00, 
t-tau AUPRC =  0.99). e, f, g The relationships between CSF Gal-3 
and other CSF neuroinflammatory biomarkers—sTREM-2, GFAP 
and YKL-40—were studied using Spearman’s rank correlation in the 
whole cohort as well as in AD and neurological control (NC) sub-
groups
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curve showing that higher levels of CSF Gal-3 were associ-
ated with intermediate MMSE scores. However, lower Gal-3 
levels were associated with the highest and lowest MMSE 
scores in AD patients.

CSF Gal‑3 clusters with neuroinflammatory CSF 
biomarkers in PCA analysis

Lastly, we performed PCA to investigate the relationship 
between the different biomarkers. We identified 2 principal 
components that explained 71% of the total variance in the 
dataset (Fig. 7a, b). Component 1 (PC1) accounted for 57% 
of the variance and was associated with core AD biomark-
ers: Aβ40/Aβ42, p-Tau181, t-tau, and the synaptic markers 
neurogranin and GAP-43. Component 2 (PC2) captured 14% 
of the variance and was associated with neuroinflammatory 
markers Gal-3, sTREM-2, YKL-40 and GFAP. Notably, in 
the neuroinflammatory component PC2, the marker with the 
highest weight was Gal-3. In the core AD component PC1, 
p-Tau181 was the leading marker. After adjusting for age 
and sex, PC1 was significantly increased in the AD group 
compared to NC (P < 0.0001, Fig. 7c). Neuroinflammation 
PC2 did not differ between groups after adjusting for multi-
ple comparisons (Fig. 7d). However, of all AD patients, PC2 
was significantly higher in the A + T + N + group compared 
to the A + T−N− group (P = 0.002, Fig. 7e). PCA analy-
sis was further performed on the A + T + AD patient group, 
and the same two components, core AD PC1 and neuroin-
flammation PC2 could be detected (Supp. Fig. S6, online 
resources). Interestingly, in A + T + subjects, PC1 and PC2 
had a quadratic relationship, wherein PC2 had a U-shaped 
form following increasing levels of core AD PC1 (P = 0.031) 
(Supp. Fig. S6c, online resource).

Discussion

In the present study, we assessed the microglial activity 
marker Gal-3 in clinically diagnosed and neuropathologi-
cally confirmed AD patients and analyzed the relationship 
between CSF levels of Gal-3 and AD markers and character-
istics in a clinical cohort. Our data showed an upregulation 

of Gal-3 in cortical and hippocampal tissue from sporadic 
EOAD and genetic AD cases compared to controls, further 
highlighting Gal-3-specific microglial activation in AD 
brain related to Aβ plaque deposits. Gal-3 levels were not 
associated with age or post-mortem time delay. A detailed 
analysis demonstrated that Gal-3-positive microglia associ-
ated more frequently with Aβ plaques that were large and 
irregular and associated with neurons with p-Tau inclusions 
in human brain tissue samples. Complementing this, we 
measured CSF Gal-3 levels and other CSF AD biomarkers in 
AD patients. Like in tissue, we found higher CSF Gal-3 lev-
els in AD patients compared to control subjects. CSF Gal-3 
levels correlated with markers of neuronal degeneration (tau 
and p-Tau181), synaptic dysfunction (neurogranin and GAP-
43), and to an even greater extent, inflammatory markers 
(GFAP, YKL-40 and sTREM-2). Lastly, we performed PCA 
and found that neuroinflammatory markers cluster together 
separately from the traditional hallmarks of the pathology. 
With this study, we expanded on our work demonstrating 
the role of Gal-3 on the detrimental inflammatory response 
in AD and show, in human CSF, that Gal-3 is associated 
with core biomarkers of AD and with neuroinflammatory 
markers.

In AD, Gal-3 is preferentially expressed by activated 
microglia and is released into the extracellular space. 
Because of this, Gal-3 can be detected in CSF and serum 
[3, 8, 10, 55, 59]. We sought to explore the potential of 
Gal-3 as an AD biomarker by analyzing the relationship of 
Gal-3 with markers of pathology progression and cognitive 
decline in CSF. Compared to controls, we have observed 
that AD patients have significantly higher Gal-3 levels in the 
brain, both in this study and our previous one [10]. Moreo-
ver, Gal-3 levels were higher in hippocampus compared to 
frontal cortex. This may be related to the larger size of Aβ 
deposits in hippocampus and, therefore, more robust micro-
glial activation. Indeed, in our previous study, we demon-
strated Gal-3-dependent microglial activation that took place 
only in the vicinity of Aβ plaques [8]. An increase in Gal-3 
makes sense given its source and the findings demonstrating 
an increase in microglial activity in AD [58]. In our study, 
the amyloid plaque morphology associated with Gal-3-pos-
itive plaques resembled the recently named coarse-grained 
plaques [7]. Notably, coarse-grained plaques are associated 
with intense neuroinflammation (CD68 and MHCII posi-
tive), ApoE4, and vascular pathology [16].

Interestingly, Gal-3+ microglia contained a notable 
number of Aβ inclusions, highlighting their phagocytic 
capacity associated with the pathology [62]. The receptors 
involved in microglial cells phagocytosis of Aβ plaques 
are not fully understood. Recently, the importance of two 
specific TAM receptors, Axl and MerTK, has been high-
lighted in the detection and engulfment of Aβ plaques [23]. 
This was demonstrated in an APP mouse model lacking Axl 

Fig. 6   CSF Gal-3 levels correlate with CSF tau and synaptic markers. 
a–o Scatter plots depicting the association between CSF Gal-3 levels 
with other CSF AD and synaptic markers in the whole cohort and in 
the sub-groups (neurological controls [NC] n = 36 and AD n = 119). 
a–c CSF Aβ ratio weakly correlated with CSF Gal-3 in the whole 
cohort and sub-groups. d–i CSF Gal-3 significantly correlated with 
CSF p-tau181 and t-tau in the whole cohort and some sub-groups. j–o 
CSF Gal-3 levels correlated with CSF synaptic markers neurogranin 
j–l and GAP-43 m–o in the whole cohort and in the AD patient sub-
group. Associations were assessed using Spearman’s rank correlation. 
Solid line indicates regression line, and dotted lines border the 95% 
confidence interval

◂
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and Mer which had impaired detection and engulfment of 
Aβ plaques. Importantly, Gal-3 is a ligand for MerTk and 
thereby stimulates phagocytosis. Therefore, the Aβ inclu-
sion observed inside microglial cells expressing Gal-3 may 
be partially mediated by Axl, MerTK and Gal-3 interaction 
[12]. We also describe Gal-3+ microglia close to neurons 
with p-Tau aggregates in human senile plaques, suggesting a 
relation between microglial activation and p-Tau aggregates. 
Recently, Pascoal et al. demonstrated the joint propagation of 
tau-pathology and microglial activation in AD [40]. Indeed, 
this study revealed that tau propagation is more dependent 
on microglial networks than tau network circuits [40]. A 
key regulator of tau propagation is Low-Density Lipoprotein 
1 receptor (LRP1), which has been related to tau uptake 
and spreading [43] and also to the microglial inflammatory 
response [57]. Notably, galectin-3 binding studies performed 
on mesenchymal retinal cells have demonstrated a high bind-
ing affinity between galectin-3 and LRP1 [38]. In regards to 

tau-dependent microglial activation, Jin et al. discovered a 
role of polyglutamine binding protein 1 (PQBP1) in sensing 
extracellular tau and an associated microglial pro-inflam-
matory response. This microglial inflammatory response is 
dependent on NFκB-dependent transcription of inflamma-
tory genes, leading to brain inflammation [27]. Despite all 
the progress, little is known about the mechanisms involving 
extracellular tau-dependent microglial activation and further 
experiments are needed to address this question.

Traditionally, Aβ, p-Tau and tau are the main diagnostic 
biomarkers for AD used in clinical practice [16]. However, 
less is known whether these biomarkers are associated with 
other key neuropathological features, including neuroin-
flammation, vascular impairment and blood–brain barrier 
disruption. Our data looking at CSF consistently underline 
the relation of Gal-3 with other key CSF biomarkers in AD 
progression. Higher Gal-3 levels correlated with tau and 
p-Tau181 levels, two indicators of pathology progression 

Fig. 7   CSF Gal-3 clusters with a neuroinflammatory component in 
principal component analysis. a, b Principal component analysis 
(PCA) in the whole cohort revealed clustering of the CSF biomark-
ers in two principal components (a loading values of each CSF bio-
marker, eigenvalues, and variance explained for each component 
identified; b: scree-plot in Varimax rotation). Component 1 is associ-
ated with CSF core AD biomarkers (Aß ratio, p-Tau181, and t-tau) 
and CSF synaptic markers (neurogranin, GAP-43). Component 2 
included the CSF neuroinflammation markers (Gal-3, sTREM-2, 
GFAP, and YKL-40). Component 1 and Component 2 accounted for 

57% and 14% of the variance. c–e Identified components were com-
pared between groups using one-way ANCOVA-adjusted on age and 
sex followed by post hoc Least square test, adjusted with Bonferroni 
for multiple comparisons. c Core AD Component 1 was significantly 
higher in AD patients than in all other groups (****P < 0.0001 ver-
sus all other groups). d Neuroinflammation Component 2 did not dif-
fer between the groups. e Focusing on the patients on the AD con-
tinuum, neuroinflammatory Component 2 was significantly higher in 
patients with a [A + T + N +] CSF profile compared to patients with 
an [A + T−N−] profile (P = 0.002)
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in AD. Indeed, microglial activation progresses along with 
tau deposition across the different Braak stages, indicating 
the cooperation of both phenomena [40]. Indeed, the com-
bination of neuroinflammatory microglial activity and tau 
deposition measured by PET predicts cognitive decline in 
AD [35]. The latest is consistent with the pathological pres-
entation of microglial cells expressing Gal-3.

Together with tau-pathology biomarkers, Gal-3 levels 
strongly correlated with CSF markers of synaptic dysfunc-
tion, GAP-43, and neurogranin. Synaptic failure is an early 
process of AD, and synapse loss is a neuropathological hall-
mark in connection with cognitive decline. Physiologically, 
microglia have been implicated in maintaining functional 
synaptic connections and plasticity [36]. Synaptic dysfunc-
tion is an early feature in AD, and recent studies suggest 
that microglia-mediated synapse removal could be a con-
tributing factor [22]. In AD, microglia constitute a cellular 
mediator of synapse loss through phagocytosis or release 
of synaptotoxic factors [9, 22, 36, 45]. In our work, CSF 
Gal-3 correlated with pre-synaptic protein GAP-43, which 
displays a significant increase in AD and correlates with the 
magnitude of neurofibrillary tangles and Aβ plaques [44]. 
CSF Gal-3 also correlates with levels of neurogranin, a post-
synaptic protein consistently increased in CSF in AD [41]. 
Neurogranin levels are positively correlated with increased 
neuritic plaques [41].

In our study, Gal-3 levels weakly correlated with CSF 
neuroinflammatory markers YKL-40, GFAP and sTREM-2. 
Notably, in our cohort, Gal-3 demonstrated better sensitivity 
and specificity than sTREM-2 to differentiate AD patients 
from neurological controls. In AD, YKL-40 has been found 
to be elevated and associated with astrocyte reactivity [31, 
34, 42]. Like YKL-40, GFAP has been linked to astrocyte 
activity and found to be consistently elevated in CSF and 
serum of patients in preclinical and symptomatic AD stages 
[6, 24, 39]. The correlations with the neuroinflammatory 
markers were weaker than neuronal or synaptic markers, 
suggesting that Gal-3 monitors complementary inflamma-
tory processes differently than those monitored by GFAP, 
sTREM-2 or YKL-40. sTREM-2 is considered a microglial 
marker in AD [51]. In our study, sTREM-2 was slightly but 
not significantly upregulated in AD samples compared to 
cognitively normal samples. Other studies have pointed 
out significantly elevated levels of sTREM-2 in CSF from 
AD samples compared to control. It is important to note 
that these studies were longitudinal studies on genetic-case 
cohorts (DIAN) or studies focused on the early stages of 
AD pathology [17, 18, 50, 51]. In this translational work, 
we studied CSF Gal-3 in a discovery cohort to explore 
how it could translate as a CSF biomarker of the microglial 
response. Brain expression of TREM-2 has also been linked 
to disease-associated microglial phenotype and plaque 
growth dynamics [29, 32, 54, 61]. The lack of TREM-2 has 

been linked to a more diffuse amyloid plaque growth, lead-
ing to increased formation of dystrophic neurites [61]. In 
clinical studies, higher levels of sTREM-2 have been linked 
to reducing cognitive decline and clinical decline [18] and 
lower ratios of amyloid-beta [17], which might be linked to 
its role in plaque formation as described by Yuan et al. [61]

Our PCA analysis displayed a U-shape relation between 
PC1 (Core AD biomarkers) and PC2 (Neuroinflammatory 
biomarkers) that might indicate two different stages of 
inflammatory response throughout the pathology. Indeed, 
neuroinflammation and microglia have been shown to 
be increasingly important in AD progression. However, 
whether microglia and the inflammatory process can and 
should be judged as beneficial or harmful is often debated. 
These debates have been fueled by the discovery of specific 
microglial phenotypes, namely disease-associated micro-
glia (DAM) and neurodegenerative microglia (MGnD) [29, 
30]. The DAM phenotype involves TREM-2 signaling and 
critical genes, such as Axl, cst7, lpl or cd9. On the other 
hand, the MGnD phenotype, discovered by Krasemann et al. 
[30], depends on TREM-2-ApoE signaling, shares similari-
ties with the DAM phenotype, and involves key genes such 
as Gal-3, Clec7a, Itgax and Spp1. Therefore, we can dis-
tinguish two stages linked to pathology progression: a pri-
mary stage when the neuroinflammatory response occurs in 
patients with lower levels of amyloid-beta and tau relying 
on TREM-2 expression, and a second stage when a patient 
presents with a more advanced stage of the pathology with 
Gal-3 playing a prominent role. Indeed, Gal-3-positive 
microglia lead to a pro-inflammatory microglial phenotype 
that might be unrelated to the TREM-2-dependent phenotype 
(DAM) but closer to the ApoE-dependent MGnD phenotype 
[30]. Therefore, TREM-2-dependent microglial activation 
and Gal-3-dependent microglial activation might represent 
a sequential process initiated by TREM-2 to counteract the 
progression of the pathology followed by a Gal-3-dependent 
secondary response leading to a pro-inflammatory and more 
detrimental microglial phenotype. Nevertheless, some of the 
genes involved in each phenotype are shared, and the dif-
ferent phenotypes may co-exist. Understanding the precise 
role of Gal-3 in these phenotypes as well as in AD pathol-
ogy is important, especially so if Gal-3 is considered as a 
potential neuroinflammatory biomarker and a druggable 
target for AD. Indeed, clinical trials are underway targeting 
Gal-3 with an antibody-based treatment (Clinicaltrials.gov 
(NCT05156827)).

Lastly, the cognitive evaluation revealed a quadratic rela-
tion between Gal-3 levels and MMSE score. This quadratic 
relation might reflect the evolution of microglial activation 
over different stages of the pathology [33, 37]. This kinetic 
could indicate the progression of microglial activity over 
pathology progression: a primary phase wherein Gal-3 levels 
increase and correspond with MMSE scores in all the way 
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into the intermediate stage of AD pathology. However, Gal-3 
levels are reduced in the second phase and correspond to the 
lowest MMSE scores. This may indicate that in the latest 
stage of AD pathology, microglial cells become dystrophic 
[47, 49] with impaired functionality, activation capacity and 
Gal-3 production and release.

We note several limitations in our work. Regarding the 
CSF study, we recognize that due to a limited number of 
subjects, we lacked the power needed to explore subtler 
differences between groups with certain biomarkers, nota-
bly sTREM-2. Moreover, there was a significant age gap 
between AD patients and NC, which could constitute a 
confounding factor even though the analysis was adjusted 
for the age difference. Finally, due to the cross-sectional 
nature of this study, we were unable to depict CSF Gal-3 
changes within individuals as they progressed through the 
AD continuum.

Finding new biomarkers to complement current methods 
is needed not only for early diagnosis, but also for improving 
the design of clinical trials and monitoring the effectiveness 
of disease-modifying therapies. Microglial activation, Aβ 
plaques and tau aggregation are key in neuronal dysfunc-
tion. We demonstrate that Gal-3 is strongly associated with 
the core biomarkers in AD pathology, and, like others, that 
Gal-3 is a key mediator of the microglial pro-inflammatory 
phenotype in AD [28, 30].

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00401-​022-​02469-6.

Acknowledgements  We were funded by the Strategic Research Area 
MultiPark (Multidisciplinary Research in neurodegenerative diseases) 
at Lund University, the Swedish Alzheimer Foundation, the Swed-
ish Brain Foundation, Crafoord Foundation, the Royal Physiographic 
Society of Lund (ABS, 147292), Novo Nordisk Foundation, Swedish 
Dementia Association, G&J Kock Foundation (ABS, 143949), Olle 
Engkvist Foundation, the Swedish Research Council (postdoc (ABS, 
2019-06333) and project grant (TD)), the Swedish Parkinson Founda-
tion and the A.E. Berger Foundation. ISCIII grant number 20/00448 to 
RSV, the Spanish Ministerio de Ciencia, Innovación y Universidades/
FEDER/UE RTI2018-098645-B-100 and PID2021-124096OB-100 
(JLV), the Spanish Junta de Andalucia /FEDER/EU P18-RT-1372 
(JLV) and the Spanish FEDER I+D+i-USE US-1264806 (JLV). Insti-
tuto de Salud Carlos III (ISCiii) of Spain, co-financed by the FEDER 
funds from European Union PI18/01556 and PI21/00914 (to JV); Junta 
de Andalucia Consejería de Economía y Conocimiento (US-1262734) 
(JV). We are indebted to the Biobanc-Hospital Clinic-IDIBAPS for 
samples and data procurement.

Author contributions  ABS, AV, KB, JLV, and TD designed the study. 
ABS, AV, and KM performed the experiments. ABS and AV analyzed 
the experiments and wrote the manuscript. AP contributed to the 
plaque analysis. LMP selected and prepared the brain tissue samples. 
MW performed the immunofluorescence staining. All the authors dis-
cussed the results and commented on the manuscript.

Funding  Open access funding provided by Lund University. Veten-
skapsrådet, 2019-0633, Antonio Boza Serrano, Ministerio de Ciencia, 

Innovación y Universidades, RTI2018-098645-B-100, Jose Luis Ven-
ero, PID2021-124096OB-100, Jose Luis Venero, Instituto de Salud 
Carlos III, 20/00448, Raquel Sanchez-Valle, Union PI18/01556, 
Javier Vitorica, PI21/00914, Javier Vitorica, Consejería de Economía, 
Innovación, Ciencia y Empleo, Junta de Andalucía, P18-RT-1372, 
Jose Luis Venero, US-1262734,  Javier Vitorica, Kungliga Fysio-
grafiska Sällskapet i Lund, 20191114ABS, Antonio Boza Serrano, 
20211129ABS, Antonio Boza Serrano, Greta och Johan Kocks stiftel-
ser, 20201201ABS, Antonio Boza Serrano, Consejería de Economía, 
Conocimiento, E mpresas y Universidad, Junta de Andalucía, 
US-1264806, Jose Luis Venero

Declarations 

Conflict of interest  The authors do not declare any conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Alosco ML, Tripodis Y, Fritts NG, Heslegrave A, Baugh CM, 
Conneely S et al (2018) Cerebrospinal fluid tau, Abeta, and 
sTREM2 in former national football league players: mod-
eling the relationship between repetitive head impacts, micro-
glial activation, and neurodegeneration. Alzheimer’s Dement 
14:1159–1170. https://​doi.​org/​10.​1016/j.​jalz.​2018.​05.​004

	 2.	 Antonell A, Mansilla A, Rami L, Llado A, Iranzo A, Olives 
J et al (2014) Cerebrospinal fluid level of YKL-40 protein in 
preclinical and prodromal Alzheimer’s disease. J Alzheimer’s 
Dis 42:901–908. https://​doi.​org/​10.​3233/​JAD-​140624

	 3.	 Ashraf GM, Baeesa SS (2018) Investigation of Gal-3 expres-
sion pattern in serum and cerebrospinal fluid of patients suffer-
ing from neurodegenerative disorders. Front Neurosci 12:430. 
https://​doi.​org/​10.​3389/​fnins.​2018.​00430

	 4.	 Ashton NJ, Scholl M, Heurling K, Gkanatsiou E, Portelius 
E, Hoglund K et al (2018) Update on biomarkers for amyloid 
pathology in Alzheimer’s disease. Biomark Med 12:799–812. 
https://​doi.​org/​10.​2217/​bmm-​2017-​0433

	 5.	 Bellaver B, Ferrari-Souza JP, Uglione da Ros L, Carter SF, Rod-
riguez-Vieitez E, Nordberg A et al (2021) Astrocyte biomarkers 
in Alzheimer disease: a systematic review and meta-analysis. 
Neurology. https://​doi.​org/​10.​1212/​WNL.​00000​00000​012109

	 6.	 Benedet AL, Mila-Aloma M, Vrillon A, Ashton NJ, Pascoal 
TA, Lussier F et al (2021) Differences between plasma and cer-
ebrospinal fluid glial fibrillary acidic protein levels across the 
Alzheimer disease continuum. JAMA Neurol. https://​doi.​org/​
10.​1001/​jaman​eurol.​2021.​3671

	 7.	 Boon BDC, Bulk M, Jonker AJ, Morrema THJ, van den Berg 
E, Popovic M et al (2020) The coarse-grained plaque: a diver-
gent Abeta plaque-type in early-onset Alzheimer’s disease. 

https://doi.org/10.1007/s00401-022-02469-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jalz.2018.05.004
https://doi.org/10.3233/JAD-140624
https://doi.org/10.3389/fnins.2018.00430
https://doi.org/10.2217/bmm-2017-0433
https://doi.org/10.1212/WNL.0000000000012109
https://doi.org/10.1001/jamaneurol.2021.3671
https://doi.org/10.1001/jamaneurol.2021.3671


857Acta Neuropathologica (2022) 144:843–859	

1 3

Acta Neuropathol 140:811–830. https://​doi.​org/​10.​1007/​
s00401-​020-​02198-8

	 8.	 Boza-Serrano A, Ruiz R, Sanchez-Varo R, Garcia-Revilla J, Yang 
Y, Jimenez-Ferrer I et al (2019) Galectin-3, a novel endogenous 
TREM2 ligand, detrimentally regulates inflammatory response in 
Alzheimer’s disease. Acta Neuropathol. https://​doi.​org/​10.​1007/​
s00401-​019-​02013-z

	 9.	 Brown GC, Neher JJ (2014) Microglial phagocytosis of live 
neurons. Nat Rev Neurosci 15:209–216. https://​doi.​org/​10.​1038/​
nrn37​10

	10.	 Burguillos MA, Svensson M, Schulte T, Boza-Serrano A, Gar-
cia-Quintanilla A, Kavanagh E et al (2015) Microglia-secreted 
galectin-3 acts as a toll-like receptor 4 ligand and contributes to 
microglial activation. Cell Rep. https://​doi.​org/​10.​1016/j.​celrep.​
2015.​02.​012

	11.	 Butovsky O, Weiner HL (2018) Microglial signatures and their 
role in health and disease. Nat Rev Neurosci 19:622–635. https://​
doi.​org/​10.​1038/​s41583-​018-​0057-5

	12.	 Caberoy NB, Alvarado G, Bigcas JL, Li W (2012) Galectin-3 is a 
new MerTK-specific eat-me signal. J Cell Physiol 227:401–407. 
https://​doi.​org/​10.​1002/​jcp.​22955

	13.	 Chen W, Abud EA, Yeung ST, Lakatos A, Nassi T, Wang J et al 
(2016) Increased tauopathy drives microglia-mediated clearance 
of beta-amyloid. Acta Neuropathol Commun 4:63. https://​doi.​org/​
10.​1186/​s40478-​016-​0336-1

	14.	 Cuyvers E, Sleegers K (2016) Genetic variations underlying Alz-
heimer’s disease: evidence from genome-wide association studies 
and beyond. Lancet Neurol 15:857–868. https://​doi.​org/​10.​1016/​
S1474-​4422(16)​00127-7

	15.	 Deczkowska A, Matcovitch-Natan O, Tsitsou-Kampeli A, Ben-
Hamo S, Dvir-Szternfeld R, Spinrad A et  al (2017) Mef2C 
restrains microglial inflammatory response and is lost in brain 
ageing in an IFN-I-dependent manner. Nat Commun 8:717. 
https://​doi.​org/​10.​1038/​s41467-​017-​00769-0

	16.	 Dubois B, Villain N, Frisoni GB, Rabinovici GD, Sabbagh M, 
Cappa S et al (2021) Clinical diagnosis of Alzheimer’s disease: 
recommendations of the International Working Group. Lancet 
Neurol 20:484–496. https://​doi.​org/​10.​1016/​S1474-​4422(21)​
00066-1

	17.	 Ewers M, Biechele G, Suarez-Calvet M, Sacher C, Blume T, 
Morenas-Rodriguez E et al (2020) Higher CSF sTREM2 and 
microglia activation are associated with slower rates of beta-
amyloid accumulation. EMBO Mol Med 12:e12308. https://​doi.​
org/​10.​15252/​emmm.​20201​2308

	18.	 Ewers M, Franzmeier N, Suarez-Calvet M, Morenas-Rodriguez 
E, Caballero MAA, Kleinberger G et al (2019) Increased soluble 
TREM2 in cerebrospinal fluid is associated with reduced cogni-
tive and clinical decline in Alzheimer’s disease. Sci Transl Med. 
https://​doi.​org/​10.​1126/​scitr​anslm​ed.​aav62​21

	19.	 Gaetani L, Hoglund K, Parnetti L, Pujol-Calderon F, Becker B, 
Eusebi P et al (2018) A new enzyme-linked immunosorbent assay 
for neurofilament light in cerebrospinal fluid: analytical validation 
and clinical evaluation. Alzheimers Res Ther 10:8. https://​doi.​org/​
10.​1186/​s13195-​018-​0339-1

	20.	 Griciuc A, Serrano-Pozo A, Parrado AR, Lesinski AN, Asselin 
CN, Mullin K et al (2013) Alzheimer’s disease risk gene CD33 
inhibits microglial uptake of amyloid beta. Neuron 78:631–643. 
https://​doi.​org/​10.​1016/j.​neuron.​2013.​04.​014

	21.	 Hara A, Niwa M, Noguchi K, Kanayama T, Niwa A, Matsuo M 
et al (2020) Galectin-3 as a next-generation biomarker for detect-
ing early stage of various diseases. Biomolecules. https://​doi.​org/​
10.​3390/​biom1​00303​89

	22.	 Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ram-
akrishnan S et al (2016) Complement and microglia mediate early 
synapse loss in Alzheimer mouse models. Science 352:712–716. 
https://​doi.​org/​10.​1126/​scien​ce.​aad83​73

	23.	 Huang Y, Happonen KE, Burrola PG, O’Connor C, Hah N, Huang 
L et al (2021) Microglia use TAM receptors to detect and engulf 
amyloid beta plaques. Nat Immunol 22:586–594. https://​doi.​org/​
10.​1038/​s41590-​021-​00913-5

	24.	 Ishiki A, Kamada M, Kawamura Y, Terao C, Shimoda F, Tomita 
N et al (2016) Glial fibrillar acidic protein in the cerebrospinal 
fluid of Alzheimer’s disease, dementia with Lewy bodies, and 
frontotemporal lobar degeneration. J Neurochem 136:258–261. 
https://​doi.​org/​10.​1111/​jnc.​13399

	25.	 Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Hae-
berlein SB et al (2018) NIA-AA research framework: toward a 
biological definition of Alzheimer’s disease. Alzheimers Dement 
14:535–562. https://​doi.​org/​10.​1016/j.​jalz.​2018.​02.​018

	26.	 Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Feldman HH, 
Frisoni GB et al (2016) A/T/N: An unbiased descriptive clas-
sification scheme for Alzheimer disease biomarkers. Neurology 
87:539–547. https://​doi.​org/​10.​1212/​WNL.​00000​00000​002923

	27.	 Jin M, Shiwaku H, Tanaka H, Obita T, Ohuchi S, Yoshioka Y 
et al (2021) Tau activates microglia via the PQBP1-cGAS-STING 
pathway to promote brain inflammation. Nat Commun 12:6565. 
https://​doi.​org/​10.​1038/​s41467-​021-​26851-2

	28.	 Johnson ECB, Dammer EB, Duong DM, Ping L, Zhou M, Yin L 
et al (2020) Large-scale proteomic analysis of Alzheimer’s dis-
ease brain and cerebrospinal fluid reveals early changes in energy 
metabolism associated with microglia and astrocyte activation. 
Nat Med 26:769–780. https://​doi.​org/​10.​1038/​s41591-​020-​0815-6

	29.	 Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-
Szternfeld R, Ulland TK et al (2017) A unique microglia type 
associated with restricting development of Alzheimer’s disease. 
Cell 169(1276–1290):e1217. https://​doi.​org/​10.​1016/j.​cell.​2017.​
05.​018

	30.	 Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El 
Fatimy R et al (2017) The TREM2-APOE Pathway drives the 
transcriptional phenotype of dysfunctional microglia in neurode-
generative diseases. Immunity 47(566–581):e569. https://​doi.​org/​
10.​1016/j.​immuni.​2017.​08.​008

	31.	 Lananna BV, McKee CA, King MW, Del-Aguila JL, Dimitry 
JM, Farias FHG et al (2020) Chi3l1/YKL-40 is controlled by the 
astrocyte circadian clock and regulates neuroinflammation and 
Alzheimer’s disease pathogenesis. Sci Transl Med. https://​doi.​
org/​10.​1126/​scitr​anslm​ed.​aax35​19

	32.	 Lee CYD, Daggett A, Gu X, Jiang LL, Langfelder P, Li X et al 
(2018) Elevated TREM2 gene dosage reprograms microglia 
responsivity and ameliorates pathological phenotypes in Alzhei-
mer’s disease models. Neuron 97(1032–1048):e1035. https://​doi.​
org/​10.​1016/j.​neuron.​2018.​02.​002

	33.	 Leng F, Edison P (2021) Neuroinflammation and microglial acti-
vation in Alzheimer disease: where do we go from here? Nat Rev 
Neurol 17:157–172. https://​doi.​org/​10.​1038/​s41582-​020-​00435-y

	34.	 Llorens F, Thune K, Tahir W, Kanata E, Diaz-Lucena D, Xan-
thopoulos K et al (2017) YKL-40 in the brain and cerebrospinal 
fluid of neurodegenerative dementias. Mol Neurodegener 12:83. 
https://​doi.​org/​10.​1186/​s13024-​017-​0226-4

	35.	 Malpetti M, Kievit RA, Passamonti L, Jones PS, Tsvetanov KA, 
Rittman T et al (2020) Microglial activation and tau burden pre-
dict cognitive decline in Alzheimer’s disease. Brain 143:1588–
1602. https://​doi.​org/​10.​1093/​brain/​awaa0​88

	36.	 Nguyen PT, Dorman LC, Pan S, Vainchtein ID, Han RT, Nakao-
Inoue H et al (2020) Microglial remodeling of the extracellular 
matrix promotes synapse plasticity. Cell 182(388–403):e315. 
https://​doi.​org/​10.​1016/j.​cell.​2020.​05.​050

	37.	 Nordengen K, Kirsebom BE, Henjum K, Selnes P, Gisladottir 
B, Wettergreen M et al (2019) Glial activation and inflammation 
along the Alzheimer’s disease continuum. J Neuroinflammation 
16:46. https://​doi.​org/​10.​1186/​s12974-​019-​1399-2

https://doi.org/10.1007/s00401-020-02198-8
https://doi.org/10.1007/s00401-020-02198-8
https://doi.org/10.1007/s00401-019-02013-z
https://doi.org/10.1007/s00401-019-02013-z
https://doi.org/10.1038/nrn3710
https://doi.org/10.1038/nrn3710
https://doi.org/10.1016/j.celrep.2015.02.012
https://doi.org/10.1016/j.celrep.2015.02.012
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1002/jcp.22955
https://doi.org/10.1186/s40478-016-0336-1
https://doi.org/10.1186/s40478-016-0336-1
https://doi.org/10.1016/S1474-4422(16)00127-7
https://doi.org/10.1016/S1474-4422(16)00127-7
https://doi.org/10.1038/s41467-017-00769-0
https://doi.org/10.1016/S1474-4422(21)00066-1
https://doi.org/10.1016/S1474-4422(21)00066-1
https://doi.org/10.15252/emmm.202012308
https://doi.org/10.15252/emmm.202012308
https://doi.org/10.1126/scitranslmed.aav6221
https://doi.org/10.1186/s13195-018-0339-1
https://doi.org/10.1186/s13195-018-0339-1
https://doi.org/10.1016/j.neuron.2013.04.014
https://doi.org/10.3390/biom10030389
https://doi.org/10.3390/biom10030389
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1038/s41590-021-00913-5
https://doi.org/10.1038/s41590-021-00913-5
https://doi.org/10.1111/jnc.13399
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1212/WNL.0000000000002923
https://doi.org/10.1038/s41467-021-26851-2
https://doi.org/10.1038/s41591-020-0815-6
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1126/scitranslmed.aax3519
https://doi.org/10.1126/scitranslmed.aax3519
https://doi.org/10.1016/j.neuron.2018.02.002
https://doi.org/10.1016/j.neuron.2018.02.002
https://doi.org/10.1038/s41582-020-00435-y
https://doi.org/10.1186/s13024-017-0226-4
https://doi.org/10.1093/brain/awaa088
https://doi.org/10.1016/j.cell.2020.05.050
https://doi.org/10.1186/s12974-019-1399-2


858	 Acta Neuropathologica (2022) 144:843–859

1 3

	38.	 Obermann J, Priglinger CS, Merl-Pham J, Geerlof A, Priglinger 
S, Gotz M et al (2017) Proteome-wide identification of glyco-
sylation-dependent interactors of galectin-1 and galectin-3 on 
mesenchymal retinal pigment epithelial (RPE) cells. Mol Cell 
Proteomics 16:1528–1546. https://​doi.​org/​10.​1074/​mcp.​M116.​
066381

	39.	 Oeckl P, Halbgebauer S, Anderl-Straub S, Steinacker P, Huss AM, 
Neugebauer H et al (2019) Glial fibrillary acidic protein in serum 
is increased in Alzheimer’s disease and correlates with cognitive 
impairment. J Alzheimers Dis 67:481–488. https://​doi.​org/​10.​
3233/​JAD-​180325

	40.	 Pascoal TA, Benedet AL, Ashton NJ, Kang MS, Therriault J, 
Chamoun M et al (2021) Microglial activation and tau propagate 
jointly across Braak stages. Nat Med 27:1592–1599. https://​doi.​
org/​10.​1038/​s41591-​021-​01456-w

	41.	 Portelius E, Olsson B, Hoglund K, Cullen NC, Kvartsberg H, 
Andreasson U et al (2018) Cerebrospinal fluid neurogranin con-
centration in neurodegeneration: relation to clinical phenotypes 
and neuropathology. Acta Neuropathol 136:363–376. https://​doi.​
org/​10.​1007/​s00401-​018-​1851-x

	42.	 Querol-Vilaseca M, Colom-Cadena M, Pegueroles J, San Martin-
Paniello C, Clarimon J, Belbin O et al (2017) YKL-40 (Chitinase 
3-like I) is expressed in a subset of astrocytes in Alzheimer’s dis-
ease and other tauopathies. J Neuroinflammation 14:118. https://​
doi.​org/​10.​1186/​s12974-​017-​0893-7

	43.	 Rauch JN, Luna G, Guzman E, Audouard M, Challis C, Sibih YE 
et al (2020) LRP1 is a master regulator of tau uptake and spread. 
Nature 580:381–385. https://​doi.​org/​10.​1038/​s41586-​020-​2156-5

	44.	 Sandelius A, Portelius E, Kallen A, Zetterberg H, Rot U, Olsson 
B et al (2019) Elevated CSF GAP-43 is Alzheimer’s disease spe-
cific and associated with tau and amyloid pathology. Alzheimers 
Dement 15:55–64. https://​doi.​org/​10.​1016/j.​jalz.​2018.​08.​006

	45.	 Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly 
AR, Yamasaki R et al (2012) Microglia sculpt postnatal neural 
circuits in an activity and complement-dependent manner. Neuron 
74:691–705. https://​doi.​org/​10.​1016/j.​neuron.​2012.​03.​026

	46.	 Scholl M, Maass A, Mattsson N, Ashton NJ, Blennow K, Zet-
terberg H et al (2019) Biomarkers for tau pathology. Mol Cell 
Neurosci 97:18–33. https://​doi.​org/​10.​1016/j.​mcn.​2018.​12.​001

	47.	 Shahidehpour RK, Higdon RE, Crawford NG, Neltner JH, 
Ighodaro ET, Patel E et al (2021) Dystrophic microglia are asso-
ciated with neurodegenerative disease and not healthy aging in 
the human brain. Neurobiol Aging 99:19–27. https://​doi.​org/​10.​
1016/j.​neuro​biola​ging.​2020.​12.​003

	48.	 Shin T (2013) The pleiotropic effects of galectin-3 in neuroinflam-
mation: a review. Acta Histochem 115:407–411. https://​doi.​org/​
10.​1016/j.​acthis.​2012.​11.​010

	49.	 Streit WJ, Khoshbouei H, Bechmann I (2020) Dystrophic micro-
glia in late-onset Alzheimer’s disease. Glia 68:845–854. https://​
doi.​org/​10.​1002/​glia.​23782

	50.	 Suarez-Calvet M, Araque Caballero MA, Kleinberger G, Bate-
man RJ, Fagan AM, Morris JC et al (2016) Early changes in CSF 
sTREM2 in dominantly inherited Alzheimer’s disease occur after 
amyloid deposition and neuronal injury. Sci Transl Med. https://​
doi.​org/​10.​1126/​scitr​anslm​ed.​aag17​67

	51.	 Suarez-Calvet M, Kleinberger G, Araque Caballero MA, Brendel 
M, Rominger A, Alcolea D et al (2016) sTREM2 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. https://​doi.​org/​10.​15252/​
emmm.​20150​6123

	52.	 Suarez-Calvet M, Morenas-Rodriguez E, Kleinberger G, Schlep-
ckow K, Araque Caballero MA, Franzmeier N et al (2019) Early 
increase of CSF sTREM2 in Alzheimer’s disease is associated 
with tau related-neurodegeneration but not with amyloid-beta 
pathology. Mol Neurodegener 14:1. https://​doi.​org/​10.​1186/​
s13024-​018-​0301-5

	53.	 Tao CC, Cheng KM, Ma YL, Hsu WL, Chen YC, Fuh JL et al 
(2020) Galectin-3 promotes Abeta oligomerization and Abeta tox-
icity in a mouse model of Alzheimer’s disease. Cell Death Differ 
27:192–209. https://​doi.​org/​10.​1038/​s41418-​019-​0348-z

	54.	 Ulland TK, Song WM, Huang SC, Ulrich JD, Sergushichev A, 
Beatty WL et al (2017) TREM2 maintains microglial metabolic 
fitness in Alzheimer’s disease. Cell 170(649–663):e613. https://​
doi.​org/​10.​1016/j.​cell.​2017.​07.​023

	55.	 Wang X, Zhang S, Lin F, Chu W, Yue S (2015) Elevated galec-
tin-3 levels in the serum of patients with Alzheimer’s disease. Am 
J Alzheimers Dis Other Demen 30:729–732. https://​doi.​org/​10.​
1177/​15333​17513​495107

	56.	 Wightman DP, Jansen IE, Savage JE, Shadrin AA, Bahrami S, 
Holland D et al (2021) A genome-wide association study with 
1,126,563 individuals identifies new risk loci for Alzheimer’s 
disease. Nat Genet 53:1276–1282. https://​doi.​org/​10.​1038/​
s41588-​021-​00921-z

	57.	 Yang L, Liu CC, Zheng H, Kanekiyo T, Atagi Y, Jia L et al (2016) 
LRP1 modulates the microglial immune response via regulation 
of JNK and NF-kappaB signaling pathways. J Neuroinflammation 
13:304. https://​doi.​org/​10.​1186/​s12974-​016-​0772-7

	58.	 Yasuno F, Kosaka J, Ota M, Higuchi M, Ito H, Fujimura Y et al 
(2012) Increased binding of peripheral benzodiazepine receptor 
in mild cognitive impairment-dementia converters measured by 
positron emission tomography with [(1)(1)C]DAA1106. Psychia-
try Res 203:67–74. https://​doi.​org/​10.​1016/j.​pscyc​hresns.​2011.​08.​
013

	59.	 Yazar T, Olgun Yazar H, Cihan M (2020) Evaluation of 
serum galectin-3 levels at Alzheimer patients by stages: a pre-
liminary report. Acta Neurol Belg. https://​doi.​org/​10.​1007/​
s13760-​020-​01477-1

	60.	 Yin Z, Raj D, Saiepour N, Van Dam D, Brouwer N, Holtman IR 
et al (2017) Immune hyperreactivity of Abeta plaque-associated 
microglia in Alzheimer’s disease. Neurobiol Aging 55:115–122. 
https://​doi.​org/​10.​1016/j.​neuro​biola​ging.​2017.​03.​021

	61.	 Yuan P, Condello C, Keene CD, Wang Y, Bird TD, Paul SM et al 
(2016) TREM2 Haplodeficiency in mice and humans impairs the 
microglia barrier function leading to decreased amyloid compac-
tion and severe axonal dystrophy. Neuron 90:724–739. https://​doi.​
org/​10.​1016/j.​neuron.​2016.​05.​003

	62.	 Zuroff L, Daley D, Black KL, Koronyo-Hamaoui M (2017) Clear-
ance of cerebral Abeta in Alzheimer’s disease: reassessing the role 
of microglia and monocytes. Cell Mol Life Sci 74:2167–2201. 
https://​doi.​org/​10.​1007/​s00018-​017-​2463-7

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1074/mcp.M116.066381
https://doi.org/10.1074/mcp.M116.066381
https://doi.org/10.3233/JAD-180325
https://doi.org/10.3233/JAD-180325
https://doi.org/10.1038/s41591-021-01456-w
https://doi.org/10.1038/s41591-021-01456-w
https://doi.org/10.1007/s00401-018-1851-x
https://doi.org/10.1007/s00401-018-1851-x
https://doi.org/10.1186/s12974-017-0893-7
https://doi.org/10.1186/s12974-017-0893-7
https://doi.org/10.1038/s41586-020-2156-5
https://doi.org/10.1016/j.jalz.2018.08.006
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.mcn.2018.12.001
https://doi.org/10.1016/j.neurobiolaging.2020.12.003
https://doi.org/10.1016/j.neurobiolaging.2020.12.003
https://doi.org/10.1016/j.acthis.2012.11.010
https://doi.org/10.1016/j.acthis.2012.11.010
https://doi.org/10.1002/glia.23782
https://doi.org/10.1002/glia.23782
https://doi.org/10.1126/scitranslmed.aag1767
https://doi.org/10.1126/scitranslmed.aag1767
https://doi.org/10.15252/emmm.201506123
https://doi.org/10.15252/emmm.201506123
https://doi.org/10.1186/s13024-018-0301-5
https://doi.org/10.1186/s13024-018-0301-5
https://doi.org/10.1038/s41418-019-0348-z
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.1177/1533317513495107
https://doi.org/10.1177/1533317513495107
https://doi.org/10.1038/s41588-021-00921-z
https://doi.org/10.1038/s41588-021-00921-z
https://doi.org/10.1186/s12974-016-0772-7
https://doi.org/10.1016/j.pscychresns.2011.08.013
https://doi.org/10.1016/j.pscychresns.2011.08.013
https://doi.org/10.1007/s13760-020-01477-1
https://doi.org/10.1007/s13760-020-01477-1
https://doi.org/10.1016/j.neurobiolaging.2017.03.021
https://doi.org/10.1016/j.neuron.2016.05.003
https://doi.org/10.1016/j.neuron.2016.05.003
https://doi.org/10.1007/s00018-017-2463-7


859Acta Neuropathologica (2022) 144:843–859	

1 3

Authors and Affiliations

Antonio Boza‑Serrano1,2,3   · Agathe Vrillon4,5 · Karolina Minta6 · Agnes Paulus1,7 · Lluís Camprubí‑Ferrer1 · 
Megg Garcia1,11 · Ulf Andreasson6,8 · Anna Antonell2 · Malin Wennström10 · Gunnar Gouras11 · Julien Dumurgier4,5 · 
Emmanuel Cognat4,5 · Laura Molina‑Porcel2,9 · Mircea Balasa2 · Javier Vitorica3,12 · Raquel Sánchez‑Valle2 · 
Claire Paquet4,5 · Jose Luis Venero3 · Kaj Blennow6,8 · Tomas Deierborg1

1	 Experimental Neuroinflammation Laboratory, Department 
of Experimental Medical Science, Lund University, 
22184 Lund, Sweden

2	 Alzheimer’s Disease and Other Cognitive Disorders Unit, 
Neurology Service, Hospital Clínic de Barcelona, IDIBAPS, 
Universitat de Barcelona, Barcelona, Spain

3	 Department of Biochemistry and Molecular Biology, Faculty 
of Pharmacy, University of Seville and IBIS (Institute 
of Biomedicine of Seville), University Hospital Virgen del 
Rocio, CSIC, Seville, Spain

4	 Université Paris Cité, Inserm U1144, Paris, France
5	 Center of Cognitive Neurology, Université Paris Cité, 

Lariboisière Fernand-Widal Hospital, APHP, Paris, France
6	 Department of Psychiatry and Neurochemistry, The 

Sahlgrenska Academy at the University of Gothenburg, 
Mölndal, Sweden

7	 Medical Microspectroscopy Laboratory, Department 
of Experimental Medical Science, Lund University, 
22184 Lund, Sweden

8	 Clinical Neurochemistry Laboratory, Sahlgrenska University 
Hospital, Mölndal, Sweden

9	 Neurological Tissue Bank, Biobanc-Hospital 
Clínic-IDIBAPS, Barcelona, Spain

10	 Clinical Memory Research Unit, Department of Clinical 
Sciences Malmö, Lund University, Malmö, Sweden

11	 Experimental Dementia Laboratory, Department 
of Experimental Medical Sciences, Lund University, 
221 84 Lund, Sweden

12	 Centro de Investigación Biomedica en Red Sobre 
Enfermedades Neurodegenerativas (CIBERNED), Madrid, 
Spain

http://orcid.org/0000-0003-2121-2486

	Galectin-3 is elevated in CSF and is associated with Aβ deposits and tau aggregates in brain tissue in Alzheimer’s disease
	Abstract
	Introduction
	Materials and methods
	CSF cohort
	Human brain tissue
	Protein extraction
	Western blotting
	MSD ELISA
	Immunohistochemistry
	CSF biomarker analysis
	Statistical analysis

	Results
	Gal-3 levels are elevated in the neocortex and hippocampus of post-mortem samples from AD patients
	Gal-3-positive microglia is associated with Aβ plaques and tau tangles in AD
	CSF Gal-3 levels are increased in AD and are associated with neuroinflammatory alterations
	Gal-3 levels are associated with tau and synaptic marker levels in CSF in AD
	CSF Gal-3 levels correlate with cognitive decline in AD
	CSF Gal-3 clusters with neuroinflammatory CSF biomarkers in PCA analysis

	Discussion
	Acknowledgements 
	References




