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Insulin, insulin-like growth factors (IGF) and their receptors are highly expressed in the adult hippocampus. Thus, 
disturbances in the insulin-IGF signalling pathway may account for the selective vulnerability of the hippocampus 
to nascent Alzheimer’s disease (AD) pathology. In the present study, we examined the predominant IGF-binding pro
tein in the CSF, IGFBP2.
CSF was collected from 109 asymptomatic members of the parental history-positive PREVENT-AD cohort. CSF levels of 
IGFBP2, core AD and synaptic biomarkers were measured using proximity extension assay, ELISA and mass spectrom
etry. Cortical amyloid-beta (Aβ) and tau deposition were examined using 18F-NAV4694 and flortaucipir. Cognitive as
sessments were performed during up to 8 years of follow-up, using the Repeatable Battery for the Assessment 
of Neuropsychological Status. T1-weighted structural MRI scans were acquired, and neuroimaging analyses 
were performed on pre-specified temporal and parietal brain regions. Next, in an independent cohort, we allocated 
241 dementia-free ADNI-1 participants into four stages of AD progression based on the biomarkers CSF Aβ42 and to
tal-tau (t-tau). In this analysis, differences in CSF and plasma IGFBP2 levels were examined across the pathological 
stages. Finally, IGFBP2 mRNA and protein levels were examined in the frontal cortex of 55 autopsy-confirmed AD 
and 31 control brains from the Quebec Founder Population (QFP) cohort, a unique population isolated from Eastern 
Canada.
CSF IGFBP2 progressively increased over 5 years in asymptomatic PREVENT-AD participants. Baseline CSF IGFBP2 was 
positively correlated with CSF AD biomarkers and synaptic biomarkers, and negatively correlated with longitudinal 
changes in delayed memory (P = 0.024) and visuospatial abilities (P = 0.019). CSF IGFBP2 was negatively correlated at 
a trend-level with entorhinal cortex volume (P = 0.082) and cortical thickness in the piriform (P = 0.039), inferior 
temporal (P = 0.008), middle temporal (P = 0.014) and precuneus (P = 0.033) regions. In ADNI-1, CSF (P = 0.009) and 
plasma (P = 0.001) IGFBP2 were significantly elevated in Stage 2 [CSF Aβ(+)/t-tau(+)]. In survival analyses in ADNI-1, ele
vated plasma IGFBP2 was associated with a greater rate of AD conversion (hazard ratio = 1.62, P = 0.021). In the QFP co
hort, IGFBP2 mRNA was reduced (P = 0.049); however, IGFBP2 protein levels did not differ in the frontal cortex of 
autopsy-confirmed AD brains (P = 0.462).
Nascent AD pathology may induce an upregulation in IGFBP2 in asymptomatic individuals. CSF and plasma IGFBP2 
may be valuable markers for identifying CSF Aβ(+)/t-tau(+) individuals and those with a greater risk of AD conversion.
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Introduction
By 2050, is it estimated that 152.8 million individuals worldwide will 
be affected by dementia.1 Furthermore, the cost of dementia care is 
projected to reach $16.9 trillion in 2050.2 Alzheimer’s disease (AD) 
remains one of the most challenging medical mysteries, as it is 
the most common cause of dementia—accounting for 60–80% of 
all cases.3 The neuropathological hallmarks of AD include the accu
mulation of extracellular amyloid-beta (Aβ) plaques, intracellular 
neurofibrillary tangles, as well as the loss of synapses and neurons.4

These brain changes are believed to begin up to 20 years or more be
fore the onset of symptoms.5

It has been well established that insulin resistance and diabetes 
are risk factors for developing AD.6,7 Indeed, impaired insulin and 
insulin-like growth factor (IGF) signalling plays a critical role in 
the pathogenesis of AD.8-10 Post-mortem studies have demon
strated that insulin and IGFs, as well as their receptors and down
stream signalling molecules, are decreased in the AD brain.8-11

Furthermore, the insulin-IGF system has been shown to directly 
modulate Aβ degradation12 and clearance,13 phospho-tau produc
tion,14,15 synaptic integrity16 and neuronal survival.17 It is also 
known that insulin, IGFs and their receptors are highly expressed 
in the hippocampus, relative to the frontal cortex in the human 
brain.8 Overall, these findings suggest that impairments in 
insulin-IGF signalling may account for the selective vulnerability 
of the hippocampus to nascent AD pathology, and therefore, ac
count for early impairments in episodic memory. Similarly, defi
ciencies in insulin-IGF signalling may contribute to the reductions 
in glucose metabolism that are seen in patients with AD and indivi
duals at risk for AD.18 The importance of insulin and IGFs has been 
emphasized in pilot clinical trials in which the administration of in
tranasal insulin improved memory, caregiver-rated functional abil
ities and glucose metabolism in individuals with mild cognitive 
impairment (MCI) or mild AD.19,20

The insulin-IGF system encompasses a complex collection of 
proteins that play pivotal roles in glucose metabolism, neurogen
esis, synaptogenesis and cell survival.17,21,22 Insulin, IGF-I and 
IGF-II are the key proteins, which bind to their cell surface recep
tors.22 The actions of IGF-I and IGF-II are modulated by six 

IGF-binding proteins (IGFBP), which can bind to IGFs with an equal 
or greater affinity than the IGF receptors.23,24 Indeed, in the circula
tion, CSF and local tissues, most extracellular IGFs are bound to so- 
called IGFBPs, which prolong the half-life of IGFs.22-24 For instance, 
it has been proposed that IGFBPs may prevent the degradation of 
IGFs during transport and mobilization, and target IGFs to their 
receptors.22-24 The latter may be achieved through IGFBPs binding 
to cell-surface proteoglycans25 and integrins,26 or proteolytic cleav
age,27 both of which reduce the binding affinity of IGFBPs for IGFs 
and promote IGF release.22

The main objective of the current study was to examine a less 
studied member of the IGF molecular cascade, insulin-like growth 
factor binding protein-2 (IGFBP2), in both the pre-symptomatic 
and symptomatic stages of AD. Since IGFBP2 is the most abundant 
IGFBP in the CSF,28,29 we hypothesized that IGFBP2 plays a critical 
role in the neurodegenerative process, most likely at the level of 
neuroprotection and resilience.22 IGFBP2 is increased in the CSF 
and plasma of patients with a clinical diagnosis of AD,30-35 and is as
sociated with longitudinal atrophy in entorhinal, parahippocampal 
and inferior temporal regions.36 Moreover, elevated circulating le
vels of IGFBP2 have been associated with an increased risk of devel
oping AD.35,37,38 Finally, in a pilot study, IGFBP2 has been found to 
be decreased in the temporal cortex of AD patients.9 These and 
other findings were verified in the pre-symptomatic and symptom
atic stages of the disease, as well as in autopsy-confirmed AD 
brains.

Materials and methods
PREVENT-AD cohort

Study participants

The PRe-symptomatic EValuation of Experimental or Novel 
Treatments for Alzheimer’s Disease (PREVENT-AD) cohort consists 
of asymptomatic, ‘at-risk’, individuals with a parental or multi- 
sibling history of sporadic AD.39 The majority of participants were 
over the age of 60; however, individuals aged 55–59 years were in
cluded if they were within 15 years of the onset of their 
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youngest-affected relative’s symptoms. To confirm normal cogni
tion, the Clinical Dementia Rating and Montreal Cognitive 
Assessment were used at the study eligibility visit. Active 
PREVENT-AD participants (n = 386) have been followed longitudin
ally, as annual visits include cognitive assessments, neurosensory 
tests, blood and (for a subset of individuals) CSF collections, struc
tural and functional MRI scans, as well as PET scans. Each partici
pant and their study partner provided written informed consent. 
All procedures were approved by the McGill University Faculty of 
Medicine Institutional Review Board and complied with the ethical 
principles of the Declaration of Helsinki. A detailed description of 
the PREVENT-AD cohort is available elsewhere.39

CSF measurements

A Sprotte 24-gauge atraumatic needle was used to perform lumbar 
punctures in PREVENT-AD participants, following an overnight 
fast. To exclude cells and insoluble material, CSF samples were cen
trifuged (∼2000g) within 4 h, for 10 min at room temperature. 
Finally, the CSF samples were aliquoted (0.5 ml) into polypropylene 
cryotubes and stored at −80°C.

CSF IGFBP2 levels were measured in a subset of PREVENT-AD 
participants (n = 109) using the Olink Cardiovascular III panel, 
which employs proximity extension assay technology. Olink mea
surements are expressed in arbitrary Normalized Protein 
eXpression units (NPX), which are on a log2 scale.

CSF AD biomarkers amyloid-beta (Aβ42), phosphorylated tau 
(p181-tau) and total tau (t-tau) were measured in a subset (n = 101) 
of PREVENT-AD participants, using the validated Innotest ELISA 
kit (Fujirebio) following the standardized protocols established by 
the Biomarkers for Alzheimer’s and Parkinson’s Disease 
(BIOMARKAPD) consortium (Aβ42, Cat. No. 81583; p181-tau, Cat. No. 
81581; and t-tau, Cat. No. 81579).

Of the 109 PREVENT-AD participants that had CSF IGFBP2 
measurements, 106 individuals had the synaptic proteins 
synaptosomal-associated protein 25 (SNAP25) and synaptotagmin-1 
(SYT1) assayed. CSF SNAP25 and SYT1 were immunoprecipitated 
and their concentrations were determined by mass spectrometry, 
as previously described.40,41,42 Mass spectrometry results are ex
pressed in arbitrary units.43 As previously reported, CSF levels of 
growth-associated protein 43 (GAP43) and neurogranin (NRGN) 
were assessed by validated ELISAs in a subset of PREVENT-AD indivi
duals (n = 46).44,45

Neuroimaging acquisition and processing

In vivo cortical Aβ and phosphorylated tau pathologies were deter
mined using PET tracers 18F-NAV4694 (Navidea Biopharmaceuticals) 
and flortaucipir (18F-AV1451; Eli Lilly and Co.) in a subset of 
PREVENT-AD participants that also had CSF IGFBP2 measurements 
(n = 46 and n = 49, respectively). Aβ and tau PET scans were per
formed 40–70 min and 80–100 min post-injection, respectively. A 
3T Siemens Trio scanner was used to acquire T1-weighted structural 
MRI scans at the Douglas Mental Health University Institute 
(Montreal). A Siemens standard 12- or 32-channel coil was used 
(Siemens Medical Solutions). FreeSurfer 5.3 was used to process 
the MRI scans, and the Desikan–Killiany atlas was used for parcella
tion. The preprocessing pipeline for PET images has previously been 
described.46 Briefly, standardized uptake value ratios (SUVRs) were 
generated by dividing the signal in the regions of interest (ROIs) by 
the signal in the reference region. Thus, cerebellar grey matter was 
used as a reference region for 18F-NAV4694, whilst the inferior cere
bellar grey matter was used for flortaucipir. A global cortical ROI was 

computed to evaluate Aβ deposition, whilst tau deposition was as
sessed by averaging flortaucipir SUVRs in the entorhinal cortex 
and lingual gyrus. The imaging processing pipeline CIVET 1.1.12 
was used to estimate cortical thickness from T1-weighted images 
(n = 104).47 Brain volumes were computed using a volumetric pipe
line that has been previously described.48

Apolipoprotein E genotyping

The QIAsymphony apparatus and DNA Blood Mini QIA Kit were 
used to isolate DNA from 200 µl whole blood (Qiagen). The stand
ard QIASymphony isolation program was used following the man
ufacturer’s instructions. The PyroMark Q96 pyrosequencer 
(Qiagen) was used to determine apolipoprotein E (APOE) genotype 
in PREVENT-AD. Quantitative PCR was used to amplify DNA, with 
primers rs429358 amplification forward 5′-ACGGCTGTCCAAGGA 
GCTG-3′, rs429358 amplification reverse biotinylated 5′-CACCTC 
GCCGCGGTACTG-3′, rs429358 sequencing 5′CGGACATGGAGGACG-3′, 
rs7412 amplification forward 5′-CTCCGCGATGCCGATGAC-3′, rs7412 
amplification reverse biotinylated 5′-CCCCGGCCTGGTACACTG-3′ 
and rs7412 sequencing 5′-CGATGACCTGCAGAAG-3′.

Cognitive testing

At annual visits, the Repeatable Battery for the Assessment of 
Neuropsychological Status (RBANS) was used to assess the cogni
tive performance of PREVENT-AD participants. The RBANS pos
sesses an excellent sensitivity in differentiating normal cognition 
from MCI.49 Five cognitive domains are evaluated, which include 
immediate memory, delayed memory, attention, language and 
visuospatial abilities.49 A total summary score is included as well. 
Each participant’s score is standardized by their age, such that a 
score of 100 represents the expected cognitive performance for a gi
ven age.49 To reduce practice effects in longitudinal assessment, the 
RBANS was available in four equivalent versions. Furthermore, the 
battery was administered in English or French depending on the par
ticipants’ preferred language. Cognitive measurements are available 
for up to 8 years of follow-up.

ADNI-1 cohort

Study participants

Led by Principal Investigator Michael W. Weiner, MD, the primary 
objective of the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI) has been to detect the earliest changes associated with 
AD, and to track the progression of AD pathology. Given our interest 
in the earliest possible stages of AD, we restricted our primary ana
lyses to 241 ADNI-1 participants, with CSF data available from 92 
cognitively unaffected individuals and 149 individuals with MCI. 
For analyses involving plasma samples, we restricted our analyses 
to 58 cognitively unaffected individuals and 396 individuals with 
MCI that had available data. Two individuals with ambiguous diag
noses were excluded from analyses.

CSF measurements

Lumbar punctures were performed with a 20- or 24-gauge spinal 
needle, following an overnight fast. CSF samples were frozen 
within 1 h after collection and shipped on dry ice to the ADNI 
Biomarker Core laboratory. Following thawing (1 h) with gentle 
mixing at room temperature, the samples were aliquoted 
(0.5 ml) into polypropylene vials and stored at −80°C. CSF AD bio
markers Aβ42, p181-tau and t-tau were measured in ADNI-1 
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samples using the INNO-BIA AlzBio3 immunoassay kits (Fujirebio) 
and the xMap Luminex platform.

CSF levels of 159 inflammatory, metabolic and lipid analytes, in
cluding IGFBP2 had been assessed with the Human Discovery Map 
panel, a multiplex immunoassay panel developed by Rules Based 
Medicine. In the case of IGFBP2, eight (imputed) samples exceeded 
the detectable analyte concentration range and were omitted from 
subsequent analyses. Finally, in supplementary analyses, we fur
ther analysed multiple reaction monitoring mass spectrometry 
measurements of CSF IGFBP2.

Pathological staging of participants

Following the recent emergence of biological frameworks for defin
ing AD,50 we used baseline CSF Aβ42 and CSF t-tau measurements to 
stage 90 cognitively unaffected individuals and 145 individuals 
with MCI. We applied the recommended CSF Aβ42 and CSF t-tau 
thresholds of <192 pg/ml and >93 pg/ml, respectively.51 These cut- 
off values were generated from autopsy-based AD CSF samples and 
have been reported to detect mild AD and predict the conversion 
from MCI to AD.51 Two individuals with biomarker measurements 
equivalent to the threshold values were removed.

ADNI-1 participants were assigned to Stage 0, Aβ(−)/t-tau(−), if 
they had normal levels of CSF Aβ42 and CSF t-tau. Participants in 
Stage 1, Aβ(+)/t-tau(−), exhibited early amyloid pathology, as re
flected by reduced levels of CSF Aβ42. However, individuals in 
Stage 1 did not display significant levels of neuronal loss, as re
flected by low levels of CSF t-tau. In Stage 2, Aβ(+)/t-tau(+), partici
pants exhibited low levels of CSF Aβ42 and elevated levels of CSF 
t-tau. Finally, the Suspected Non-Alzheimer Pathology (SNAP) 
group, Aβ(−)/t-tau(+), exhibited normal levels of CSF Aβ42 and ele
vated levels of CSF t-tau, thus suggesting other causes of neurode
generation and/or dementia.

Plasma measurements

At the baseline visit, plasma samples were drawn following an 
overnight fast, and 192 analytes that have been reported to be al
tered in cancer, cardiovascular disease, metabolic disorders, in
flammation and AD were analysed with the Human Discovery 
Map panel, a multiplex immunoassay panel developed on the 
Luminex xMAP platform by Rules Based Medicine. To meet model 
assumptions, plasma IGFBP2 levels were log10 transformed by the 
ADNI investigators.

Apolipoprotein E genotyping

The ABI 7900 real-time thermo-cycler (Applied Biosystems) was 
used to determine the APOE genotype of ADNI participants. 
TaqMan quantitative PCR was applied to DNA prepared from 
EDTA whole blood.

Quebec Founder Population cohort

Study participants

The Quebec Founder Population (QFP) is composed of the descen
dants of a few thousand French settlers that colonized Nouvelle 
France in the 17th and 18th centuries.52 The migration and isolated 
nature of settlements created a founder effect, which resulted in a 
population with less genetic heterogeneity.52 Genealogical infor
mation for this population, for almost four centuries, is available 
in the BALSAC database. In the present study, we analysed the 
brains of 55 autopsy-confirmed AD cases and 31 autopsy-confirmed 

elderly controls, which were obtained from the Douglas-Bell 
Canada Brain Bank. According to medical record reviews, neuro
psychological examinations and caregiver interviews, there was 
no evidence of memory problems, neurological or neuropsychiatric 
diseases in the elderly control group. Furthermore, controls only 
exhibited neuropathology that is associated with healthy ageing 
(plaque and tangle densities <10/mm3 and <20/mm3 in at least 
one hippocampal and neocortical section). AD cases had to 
fulfill the histopathological NINCDS-ADRDA (National Institute of 
Neurological and Communicative Diseases and Stroke/ 
Alzheimer’s Disease and Related Disorders Association) criteria 
for definite AD.53 This study conforms to the Code of Ethics of the 
World Medical Association and was approved by the Ethics Board 
of the Douglas Mental Health University Institute. This study com
plies with the ethical principles of the Declaration of Helsinki. Each 
participant provided written informed consent.

IGFBP2 gene expression in the frontal cortex

In the frontal cortex of 31 autopsy-confirmed controls and 55 
autopsy-confirmed AD cases, transcriptome-wide gene expression 
was measured using the human Clariom D Assay, by Génome 
Québec. Briefly, the Nanodrop Spectrophotometer ND-1000 was 
used to measure total RNA (NanoDrop Technologies Inc.). RNA in
tegrity was evaluated with the Agilent 2100 Bioanalyzer. Total 
RNA (10 ng) was used to synthesize sense-strand cDNA. The 
GeneChip™ WT Terminal Labeling Kit was used to fragment and la
bel single-stranded cDNA, following the manufacturer’s instruc
tions. Five micrograms of cDNA were hybridized on the 
GeneChip™ cartridge array and incubated at 45°C for 17 h in the 
GeneChip™ Hybridization Oven 640 at 60 rpm. The microarrays 
were washed in the GeneChip Fluidics Station 450 using the 
GeneChip™ Hybridization, Wash and Stain Kit, according to the 
manufacturer’s instructions. Finally, microarrays were scanned in 
the GeneChip™ Scanner 3000. IGFBP2 mRNA levels are presented 
on a log2 scale.

IGFBP2 protein levels in the frontal cortex

Of the 86 brains with measured levels of IGFBP2 mRNA, IGFBP2 pro
tein levels were measured in 78 (n = 25 Controls, n = 53 AD). Frontal 
cortex brain samples were placed in pre-filled tubes containing 
2.8 mm ceramic beads (Omni International). One tablet of protease 
inhibitor was dissolved in 50 ml of cold PBS. Protease inhibitor solu
tion (1 ml) was added to each tube. The Bead Ruptor 24 (Omni 
International) was used to mechanically homogenize the brain 
samples, by running twice at 5.65 m/s for 30 s, with a 15-s pause be
tween runs. Following homogenization, the samples were stored 
overnight at −20°C. To break the cell membranes, two freeze-thaw 
cycles were performed. Finally, the homogenates were centrifuged 
for 5 min at 5000 rpm and 4°C. The supernatant was collected and 
stored for future use at −80°C.

Frontal cortex IGFBP2 protein levels were measured using a 
commercially available ELISA kit (Cat. No. OKEH00084, Aviva 
Systems Biology). Protocols were performed according to the man
ufacturer’s instructions and results were obtained using the BioTek 
Synergy H1 microplate reader. Sample replicates had a coefficient 
of variability of <20%. Finally, to normalize IGFBP2 protein levels, 
total protein concentration was measured using a commercially 
available bicinchoninic acid assay developed by Pierce (Cat. No. 
23225). Finally, normalized IGFBP2 protein ratios were log2 trans
formed in order to meet model assumptions.
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Apolipoprotein E genotyping

DNA was extracted from brain tissue with the DNeasy Tissue Kit 
(Qiagen). As previously described in PREVENT-AD,39 the PyroMark 
Q96 pyrosequencer was used to determine APOE genotype.

Statistical analyses

Annual changes in CSF IGFBP2 levels were assessed in a subset of 
PREVENT-AD participants (n = 27). Each participant’s trajectory was 
analysed using a linear mixed model with a random intercept and 
slope. Age, sex and APOE ɛ4 carrier status-adjusted linear regression 
models were used to examine the associations between baseline CSF 
IGFBP2 and baseline measurements of CSF AD biomarkers (Aβ42, 
p181-tau, t-tau), CSF synaptic proteins (SYT1, SNAP25, GAP43, 
NRGN) as well as PET and structural (volumetric, cortical thickness) 
neuroimaging data. For each PREVENT-AD participant that was 
followed for 5–8 years (n = 89), an estimated cognitive performance 
trajectory slope was calculated for each of the five cognitive domains 
of the RBANS. Thus, linear regression models adjusted for age, sex, 
APOE ɛ4 carrier status and years of education were used to examine 
the relationship between rate of change in cognition and baseline 
CSF IGFBP2 levels. Across all analyses, IGFBP2 was assigned as a de
pendent variable, except for the association with CSF Aβ42. Finally, gi
ven the critical role of the insulin-IGF system in diverse metabolic 
processes, we further controlled for clinical covariates such as body 
mass index (BMI), systolic blood pressure and haemoglobin A1c levels 
(HbA1c) in the supplementary analyses. However, the results of these 
analyses were similar to those of the original model. Therefore, the 
following results are presented according to the original model.

In the ADNI-1 cohort, analysis of covariance (ANCOVA) was used 
to assess the relationship between baseline CSF and baseline plasma 
IGFBP2 with pathological stage as determined by CSF Aβ42 and CSF 
t-tau positivity.50,51 To correct for multiple planned comparisons be
tween pathological stages, statistical significance was considered at 
P ≤ 0.01. Finally, Cox proportional hazards models examined the as
sociation between baseline plasma IGFBP2 levels and rate of conver
sion to AD. Cognitively unaffected participants and individuals with 
MCI were followed from the baseline visit to the time of diagnosis (of 
AD) or to the time the participant was last confirmed to be free of AD. 
Cox models were adjusted for age, gender and APOE ɛ4 carrier status.

In the QFP cohort, the relationship between frontal cortex 
mRNA, protein levels and diagnosis was evaluated with ANCOVA 
adjusted for age at death, sex, APOE ɛ4 carrier status and post- 
mortem delay. Statistical significance was considered at P ≤ 0.05. 
R2 values are presented as adjusted R2. All analyses were two-tailed 
and performed in SPSS 23 (IBM) and JMP Pro 16 (SAS).

Results
Demographics

Table 1 summarizes the demographic characteristics of the three 
cohorts that were used to analyse the role of IGFBP2 in the CSF of 
asymptomatic (PREVENT-AD) and symptomatic individuals 
(ADNI-1), as well as in the frontal cortex of autopsy-confirmed, age- 
matched control and AD cases (QFP).

PREVENT-AD cohort

CSF IGFBP2 increases annually and is associated with CSF 
and PET biomarkers in asymptomatic AD

In a subset of cognitively unaffected PREVENT-AD participants that 
had longitudinal CSF IGFBP2 measurements available (n = 27), a 

random intercept and random slope linear mixed model revealed 
that CSF IGFBP2 levels progressively increase over the course of 
5 years (β = 0.132, P = 0.005; Fig. 1).

In PREVENT-AD participants (n = 101) that had CSF AD patho
logical biomarker measurements, baseline CSF IGFBP2 levels were 
positively correlated with CSF Aβ42 (R

2 = 0.055, β = 91.232, P = 0.023; 
Fig. 2A), CSF p181-tau (R2 = 0.162, β = 0.014, P = 4.50 × 10−5; Fig. 2B) 
and CSF t-tau (R2 = 0.121, β = 0.001, P = 0.001; Fig. 2C). In a subset of 
PREVENT-AD participants that underwent Aβ and tau PET scans 
(n = 46 and n = 49), CSF IGFBP2 was not associated with global cor
tical Aβ deposition (P = 0.540; Fig. 2D). However, CSF IGFBP2 was 
positively correlated (trend-level) with tau deposition in the en
torhinal cortex (R2 = 0.027, β = 1.498, P = 0.082; Fig. 2E) and lingual 
gyrus (R2 = 0.034, β = 2.226, P = 0.067; Supplementary Fig. 1).

Finally, CSF IGFBP2 was positively associated with synaptic pro
teins in the CSF, including SNAP25 (trend-level, R2 = 0.051, β = 0.014, 
P = 0.076; Fig. 2F), SYT1 (R2 = 0.060, β = 0.008, P = 0.043; Fig. 2G), 
GAP43 (R2 = 0.243, β = 3.06 × 10−4, P = 2.52 × 10−4; Fig. 2H) and NRGN 
(trend-level, R2 = 0.033, β = 0.002, P = 0.063; Fig. 2I).

CSF IGFBP2 is linked to changes in delayed memory and 
visuospatial abilities in asymptomatic AD

Upon computing RBANS cognitive performance trajectory slopes es
timated over the course of 5 to 8 years in a subset of PREVENT-AD 
participants (n = 89), baseline CSF IGFBP2 levels were negatively cor
related with estimated rates of change in delayed memory scores 
(R2 = 0.072, β = −0.098, P = 0.024; Fig. 3). Furthermore, baseline CSF 
IGFBP2 levels were negatively correlated with rates of change in 
visuospatial constructional abilities (R2 = 0.077, β = −0.082, P = 0.019; 
Fig. 3). However, baseline IGFBP2 levels were not associated with 
changes in immediate memory (P = 0.191), language (P = 0.332) or at
tention (P = 0.679) (data not shown).

CSF IGFBP2 is associated with cortical atrophy in 
AD-specific brain regions in asymptomatic AD

We analysed baseline structural neuroimaging data collected from a 
subset of PREVENT-AD individuals (n = 104) in a cross-sectional fash
ion. Four individuals were omitted from analyses due to failed quality 
control regarding subject-specific stereotaxic registration and/or brain 
masking. After adjusting for total intracranial volume (ICV), baseline 
CSF IGFBP2 was negatively correlated with entorhinal cortex volumes 
in the left hemisphere at a trend-level (R2 = 0.117, β = −39.720, P = 0.082; 
Fig. 4A). However, CSF IGFBP2 was not associated with entorhinal cor
tex volume in the right hemisphere (P = 0.962).

Next, we analysed baseline cortical thickness in pre-specified tem
poral and parietal brain regions that are vulnerable to early AD path
ology. Baseline CSF IGFBP2 was found to be negatively correlated with 
cortical thickness in the piriform cortex (trend, left hemisphere: R2 =  
0.121, β = −0.628, P = 0.064; right hemisphere: R2 = 0.128, β = −0.709, 
P = 0.039; Fig. 4B), inferior temporal gyrus (left hemisphere: R2 =  
0.153, β = −1.253, P = 0.008; right hemisphere: P = 0.315; Fig. 4C), middle 
temporal gyrus (left hemisphere: R2 = 0.144, β = −1.369, P = 0.014; right 
hemisphere: R2 = 0.116, β = −0.959, P = 0.090; Fig. 4D) and precuneus 
(left hemisphere: P = 0.123; right hemisphere: R2 = 0.131, β = −1.353, 
P = 0.033; Supplementary Fig. 2).

CSF IGFBP2 changes not caused by alterations to blood– 
brain barrier integrity in asymptomatic subjects

To examine possible blood–brain barrier dysfunction and possible 
peripheral vascular contributions to CSF IGFBP2 levels, we 
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Table 1 Baseline participant demographics

PREVENT-AD ADNI-1 QFP

CU CU MCI AD CU AD

Sample size, n 109 58 395 111 31 55
Mean age, years (SD) 62.60 (5.43) 75.11 (5.77) 74.73 (7.40) 74.73 (8.08) 77.39 (11.37) 80.71 (6.39)
Females, n (%) 76 (69.72) 28 (48.28) 140 (35.44) 47 (42.34) 11 (35.48) 23 (41.81)
APOE ɛ4+, n (%) 43 (39.44) 5 (8.62) 210 (53.16) 75 (67.57) 9 (29.03) 32 (58.18)
Mean BMI, kg/m2 (SD) 27.11 (4.47) 27.02 (4.12) 26.09 (3.97) 25.59 (3.82) – –
Mean HbA1c, % (SD) 5.40 (0.40)a – – – – –
Mean systolic BP, mmHg (SD) 120.20 (13.85) 131.41 (17.65) 132.79 (18.14) 135.05 (17.11) – –
Mean education, years (SD) 14.88 (2.94)b 15.67 (2.78) 15.64 (3.04) 15.09 (3.21) – –
Amyloid-positive, n (%) 37 (33.94) 21 (36.21) 205 (51.90) 91 (81.98) 0 (0) 55 (100)
Mean CSF Aβ42, pg/ml (SD) 1145.73 (277.62)c,d 250.85 (21.08) 163.48 (52.90) 142.56 (39.32) – –
Mean CSF p181-tau, pg/ml (SD) 46.83 (18.00)c,d 21.07 (8.43) 36.15 (19.32) 42.05 (19.96) – –
Mean CSF t-tau, pg/ml (SD) 273.09 (129.97)c,d 63.62 (21.76) 102.33 (59.78) 120.47 (56.58) – –
Mean CSF IGFBP2, NPX (SD) 6.89 (0.67) – – – – –
Mean CSF IGFBP2, ng/ml (SD) – 100.85 (15.85) 104.93 (18.87) 103.02 (18.76) – –
Mean plasma IGFBP2, log10 (SD) – 1.88 (0.20) 1.99 (0.23) 1.91 (0.12) – –
Mean global Aβ, SUVR (SD) 1.30 (0.27)e – – – – –
Mean tau metaROI, SUVR (SD) 1.17 (0.07)f – – – – –
Mean cortical IGFBP2, log2 (SD) – – – – 2.43 (0.56)g 2.50 (0.83)g

Mean post-mortem interval, h (SD) – – – – 30.03 (19.85) 21.07 (10.36)

AD = Alzheimer’s disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; APOE ɛ4+ = apolipoprotein ɛ4 carriers; Aβ42 = amyloid-beta 42; BMI = body mass index; BP =  
blood pressure; CU = cognitively unaffected; HbA1c = haemoglobin A1c; IGFBP2 = insulin-like growth factor binding protein-2; MCI = mild cognitive impairment; NPX =  
Normalized Protein eXpression; p181-tau = phosphorylated tau 181; PREVENT-AD = PRe-symptomatic EValuation of Experiment or Novel Treatments for Alzheimer’s disease; 

QFP = Quebec Founder Population (autopsy confirmed cases only, amyloid positivity dependent on plaque density); RBANS = Repeatable Battery for the Assessment of 

Neuropsychological Status; ROI = region of interest; SD = standard deviation; SUVR = standardized uptake value ratio; t-tau = total tau. 
aOne hundred and seven participants had HbA1c values available. 
bOne hundred and six participants had RBANS (Total Score) values available. 
cOne hundred and one PREVENT-AD participants had CSF Aβ42, p181-tau and t-tau (pg/ml) values available. 
dPREVENT-AD (Fujirebio Innotest ELISA) and ADNI (INNO-BIA AlzBio3 Immunoassay) used different assays to measure the core CSF AD biomarkers, which explains the 
differences. 
eForty-six PREVENT-AD participants had Global Aβ SUVR values available. 
fForty-nine PREVENT-AD participants had Tau metaROI SUVR values available. 
gSeventy-eight QFP participants had cortical IGFBP2 protein values available.

Figure 1 CSF IGFBP2 levels progressively increase over 5 years in asymptomatic PREVENT-AD participants. IGFBP2 was measured in the CSF of a sub
set of PREVENT-AD participants (n = 27) at baseline and at follow-up visits, using the Olink Proximity Extension Assay. Linear mixed models accounting 
for participant-specific trajectories demonstrate CSF IGFBP2 levels increase in a subset of at-risk individuals that have been followed for 5 years. β- and 
P-values are located in the top left corner. IGFBP2 = insulin-like growth factor binding protein-2; PREVENT-AD = PRe-symptomatic EValuation of 
Experimental or Novel Treatments for Alzheimer’s Disease; NPX = Normalized Protein eXpression.
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Figure 2 CSF IGFBP2 is associated with CSF and PET Alzheimer’s disease biomarkers in the asymptomatic PREVENT-AD cohort. CSF IGFBP2 levels were 
measured using the Olink Proximity Extension Assay (n = 109). CSF Alzheimer’s disease (AD) biomarkers (A) amyloid-beta 42 (Aβ42) (B) phosphorylated 
tau 181 (p181-tau) and (C) total tau (t-tau) were measured using validated Innotest ELISA kits, following the standardized protocols established by the 
BIOMARKAPD consortium (n = 101). (D) The global cortical amyloid standardized uptake value ratio (SUVR) was measured using 18F-NAV4694 (n = 46). 
(E) Tau deposition in the entorhinal cortex was measured with flortaucipir (n = 49). The synaptic markers (F) SNAP25 (n = 106), (G) SYT1 (n = 106), 
(H) GAP43 (n = 46) and (I) NRGN (n = 46) were quantified using immunoprecipitation followed by mass spectrometry. Significant or trend-level linear 
regressions are represented with a confidence region of the fitted line. R2 , β- and P-values are located in the top left corners of each panel. Analyses 
were adjusted for age, sex and APOE ɛ4 carrier status. a.u. = arbitrary units; BIOMARKAPD = Biomarkers for Alzheimer’s and Parkinson’s disease; 
IGFBP2 = insulin-like growth factor binding protein-2; NPX = Normalized Protein eXpression; PREVENT-AD = PRe-symptomatic EValuation of 
Experimental or Novel Treatments for Alzheimer’s Disease.
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measured microprotein levels, red blood cell count and white blood 
cell count in the CSF. We did not find any associations between 
these vascular factors and CSF IGFBP2 (Supplementary Fig. 3), con
sistent with a relatively intact blood–brain barrier in asymptomatic 
PREVENT-AD participants.54

ADNI-1 cohort

CSF and plasma IGFBP2 concentrations are elevated in CSF 
Aβ(+)/t-tau(+) individuals

Eighty-nine cognitively unaffected individuals and 144 individuals 
with MCI from ADNI were staged as Aβ- and/or tau-positive accord
ing to recommended CSF Aβ42 and CSF t-tau thresholds of 192 pg/ml 
and 93 pg/ml, respectively (Fig. 5A).50,51 The results from the CSF 
multiplex immunoassay (Fig. 5B) revealed that baseline CSF 
IGFBP2 levels did not differ between Stages 0 (n = 80) Aβ(−)/ 
t-tau(−) and Stage 1 (n = 68) Aβ(+)/t-tau(−), P = 0.541. However, CSF 
IGFBP2 was significantly elevated at Stage 2 (n = 77) Aβ(+)/t-tau(+) 
relative to Stage 0 (P = 0.009) and Stage 1 (P = 0.001). Finally, CSF 
IGFBP2 was significantly increased in SNAP (n = 8) Aβ(−)/t-tau(+), 
relative to Stage 0 (P = 0.010).

To reproduce our findings, we performed replication analyses 
using CSF mass spectrometry data acquired from a subset of the 
same ADNI participants. These supplementary analyses revealed 
that both CSF IGFBP2 peptides, HGLYNLK (Supplementary Fig. 4) and 
LIQGAPTIR (Supplementary Fig. 5) were significantly reduced at 
Stage 1 (n = 62) relative to Stage 0 (n = 75), P = 0.005 and P = 0.051 (trend). 

Although a similar reduction at Stage 1 was observed with the multi
plex immunoassay data, it was not statistically significant. However, 
similar to the multiplex immunoassay data, both IGFBP2 peptides 
were significantly elevated at Stage 2 (n = 72) relative to Stage 1, P =  
1.50 × 10−5 and P = 2.21 × 10−4. Likewise, both IGFBP2 peptides were 
markedly increased in SNAP (n = 9) relative to Stage 0, P = 4.90 × 10−5 

and P = 0.002, consistent with the immunoassay results.
Finally, we staged 58 cognitively unaffected individuals and 196 

individuals with MCI from ADNI that had both baseline plasma 
IGFBP2 measurements and CSF Aβ42 and CSF t-tau measurements 
(Fig. 5C). Baseline plasma IGFBP2 levels were significantly elevated 
in Stage 2 (n = 84) relative to Stage 0 (n = 98), P = 0.001, and to Stage 1 
(n = 60), P = 0.041 (trend). However, plasma IGFBP2 did not differ be
tween Stage 0 and Stage 1 (P = 0.208), or between Stage 0 and SNAP 
(n = 12), P = 0.874.

Elevated plasma IGFBP2 is associated with a faster rate of 
conversion to AD

In the primary analysis for conversion to AD in ADNI, we estab
lished baseline plasma IGFBP2 threshold values at the 25th percent
ile (≤1.83251, first quartile, log10 transformed) and above the 75th 
percentile (≥2.09342, fourth quartile, log10 transformed). A total of 
226 individuals that were either cognitively unaffected or had MCI 
were included in these analyses. Of these dementia-free partici
pants, 107 individuals eventually met the clinical criteria for a diag
nosis of AD (mean follow-up, 3.8 years; range, 0.5–16.5 years). Cox 
proportional hazards models revealed that individuals with plasma 

Figure 3 CSF IGFBP2 is associated with longitudinal changes in delayed memory and visuospatial abilities over 5–8 years in PREVENT-AD. CSF IGFBP2 
levels were measured using the Olink Proximity Extension Assay (n = 109). Cognitive performance trajectory slopes were computed for each cognitive 
domain of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS; delayed memory, visuospatial abilities, language, imme
diate memory and attention) in a subset of PREVENT-AD participants that were followed for 5–8 years (n = 89). Significant linear regressions are repre
sented with a confidence region of the fitted line. R2, β- and P-values are located in the top right corner. Analyses were adjusted for age, sex, APOE ɛ4 
carrier status and years of education. IGFBP2 = insulin-like growth factor binding protein-2; NPX = Normalized Protein eXpression; PREVENT-AD =  
PRe-symptomatic EValuation of Experimental or Novel Treatments for Alzheimer’s Disease.
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IGFBP2 values greater than the 75th percentile exhibited a faster 
rate of conversion to AD, than individuals with plasma IGFBP2 va
lues less than the 25th percentile [hazard ratio (HR) 1.616, 95% con
fidence interval (CI) 1.074–2.430, P = 0.021; Fig. 6].

In the secondary analysis, baseline IGFBP2 plasma levels were 
kept as continuous, and 439 ADNI-1 dementia-free participants 
with plasma IGFBP2 measurements were included. Of these indivi
duals, 214 were eventually diagnosed with AD (mean follow-up, 
3.6 years; range, 0.5–16.5 years). Similar to the first model, elevated 
plasma IGFBP2 was associated with a greater rate of conversion to 
AD (HR 1.857, 95%CI 1.054–3.270, P = 0.032).

Quebec Founder Population cohort

Despite reductions in IGFBP2 mRNA, protein levels do not 
differ in the frontal cortex of AD brains

IGFBP2 gene expression was assessed by DNA microarray in the QFP 
cohort, and demonstrated to be significantly reduced in the frontal 
cortex of autopsy-confirmed AD brains (n = 55), compared with eld
erly controls (n = 31, P = 0.049; Fig. 7A). However, as demonstrated 

through ELISA, IGFBP2 protein levels did not differ in the frontal 
cortex of AD cases (n = 53) after controlling for total protein levels, 
relative to controls (n = 25, P = 0.462; Fig. 7B).

Discussion
Our results suggest that nascent AD pathology induces a marked 
upregulation in IGFBP2, in asymptomatic individuals. CSF and plas
ma IGFBP2 behave as valuable biomarkers for identifying pre- 
clinical CSF Aβ(+)/t-tau(+) individuals, and those with a greater 
risk of AD conversion.

It has been well established that impaired insulin-IGF signalling 
plays a critical role in AD.8-10 Furthermore, insulin and IGF proteins 
are highly expressed in the hippocampus.8 Therefore, it is possible 
that impairments in insulin-IGF signalling may account for the se
lective vulnerability of the hippocampal formation to nascent AD 
pathology. Hence, targeting the insulin-IGF system may offer a 
promising solution to delay, slow down and/or prevent AD, either 
alone or in combination therapies. However, to develop these ther
apies, unraveling the molecular intricacies of the insulin-IGF 

Figure 4 CSF IGFBP2 is associated with atrophy in Alzheimer’s disease-related brain regions in PREVENT-AD. CSF IGFBP2 levels were measured using 
the Olink Proximity Extension Assay (n = 109). T1-weighted structural MRI scans were performed on a subset of PREVENT-AD participants (n = 104). The 
imaging processing pipeline CIVET 1.1.12 was used to analyse neuroimaging data. (A) Entorhinal cortex volumes were normalized by total intracranial 
volumes (ICV). Cortical thickness measurements were acquired from Alzheimer’s disease (AD)-related brain regions, such as the (B) piriform cortex, 
(C) inferior temporal gyrus and (D) middle temporal gyrus. Significant or trend-level linear regressions are represented with a confidence region of 
the fitted line. R2 , β- and P-values are located in the top right corner of each panel. Analyses were adjusted for age, sex and APOE ɛ4 carrier status. 
IGFBP2 = insulin-like growth factor binding protein-2; NPX = Normalized Protein eXpression; PREVENT-AD = PRe-symptomatic EValuation of 
Experimental or Novel Treatments for Alzheimer’s Disease.
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system is necessary. To this end, we investigated the role of the 
most abundant IGFBP in the CSF, IGFBP2,28,29 during the earliest 
possible asymptomatic stage of AD, in ‘at-risk’, parental history- 
positive PREVENT-AD participants.

We observed a positive relationship between IGFBP2 and CSF 
Aβ42 (Fig. 2A), which is consistent with the proposed 
IGF-mediated clearance of Aβ.12,13 This notion is in agreement 
with the finding that current Aβ-lowering therapies induce an in
crease in CSF Aβ42 in participants with MCI or mild AD.55

Furthermore, our data suggest IGFBP2 may be upregulated as a re
sult of early neuronal loss in the asymptomatic stage of the disease 
(Fig. 2C), which is consistent with the extensive literature regarding 
the upregulation of IGFs and IGFBPs following several rodent mod
els of brain damage and recovery.56-63 Furthermore, the adminis
tration of des-IGF-I, an analogue of IGF-1 with a low affinity for 
IGFBPs, failed to attenuate neuronal cell death in mice with 

experimental hypoxic ischaemic injuries.64 However, the adminis
tration of IGFBP-compatible IGF-I significantly reduced the ob
served neuronal loss.64

Our findings also suggest that IGFBP2 may be modulated by 
early CSF p181-tau production (Fig. 2B) and early deposition in 
asymptomatic individuals. PET imaging analyses revealed that 
IGFBP2 is positively associated (at a trend-level) with significant 
tau deposition in the entorhinal cortex (Fig. 2E) and lingual gyrus 
(Supplementary Fig. 1), features that are typically associated with 
early Braak Stages 2–3.65 These findings are certainly consistent 
with the fact that insulin and IGFs normally inhibit glycogen syn
thase kinase-3 (GSK3) activity and phospho-tau production in hu
man neurons, through the phosphoinositide 3-kinase-protein 
kinase B (PI3K-AKT) signalling pathway.14,15 For instance, the 
pharmacological inhibition of GSK3 has been linked to increases 
in IGF-I in the rodent brain,66 whereas conditional transgenic 

Figure 5 CSF and plasma IGFBP2 is elevated in CSF Aβ(+)/t-tau(+) individuals from the ADNI-1 cohort. (A) Cognitively unaffected participants (n = 92) 
and participants with mild cognitive impairment (MCI; n = 149) from the ADNI-1 cohort were staged as CSF amyloid-β and/or CSF total tau-positive ac
cording to the recommended thresholds of 192 pg/ml and 93 pg/ml, respectively. Linear models, adjusted for age, sex and APOE ɛ4 carrier status were 
used to examine mean differences in IGFBP2 protein levels across stages. (B) CSF IGFBP2 was elevated at Stage 2 (n = 77) relative to Stage 0 (n = 80) and 
Stage 1 (n = 68). Furthermore, CSF IGFBP2 was elevated in suspected non-Alzheimer pathology (SNAP, n = 8) compared with Stage 0. (C) Plasma IGFBP2 
was elevated at Stage 2 (n = 84) relative to Stage 0 (n = 98) and Stage 1 (n = 60). However, plasma IGFBP2 did not significantly differ between SNAP (n = 12) 
and Stage 0. The data are represented as mean ± standard error of the mean. *P < 0.05, **P < 0.01. Aβ42 = amyloid-beta 42; ADNI = Alzheimer’s Disease 
Neuroimaging Initiative; IGFBP2 = insulin-like growth factor binding protein-2; MCI = mild cognitive impairment; SNAP = suspected non-Alzheimer 
pathology; t-tau = total tau.
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mice overexpressing GSK3 in the cortex and hippocampus display 
increased tau phosphorylation in AD relevant epitopes,67 degener
ation of the dentate gyrus68 and spatial memory impairments.69

Finally, mice overexpressing IGFBP2 display an increase in AKT ac
tivity, a GSK3 inhibitor, in the brain.70 Thus, it is tempting to postu
late that IGF regulation of GSK3 activity in turn modulates IGFBP2 
production via a phospho-tau mediated process that ensures 
some form of local autoregulation and/or resilience.

Given the prominent loss of synapses in AD, we examined the 
relationship between IGFBP2 and synaptic proteins in the CSF, 
namely SNAP25 (Fig. 2F), SYT1 (Fig. 2G), GAP43 (Fig. 2H) and NRGN 
(Fig. 2I).40-45 The present study’s results suggest that synaptic dys
function and loss may trigger an increase in IGFBP2 synthesis and 
secretion. This finding is in agreement with the upregulation and 
regenerative abilities of IGFs to grow axons during the development 
of the CNS and regrow axons during repair following injury to the 
CNS and/or peripheral nervous system.21,71-76

Considering the relationship between CSF synaptic markers and 
CSF IGFBP2, we were interested in examining the relationship be
tween changes in cognition and baseline CSF IGFBP2 in 
PREVENT-AD. We have demonstrated that CSF IGFBP2 levels are as
sociated with cognitive decline in RBANS delayed memory and 
visuospatial abilities over a 5–8-year period, in a subset of 
PREVENT-AD participants (Fig. 3). This finding is consistent with a 
report that plasma levels of IGFBP2 were negatively correlated 
with episodic memory performances in participants from the 
ADNI cohort.77 Thus, given the critical role of the hippocampus in 
the consolidation of declarative memory and in spatial processing, 

our data provide compelling evidence that IGFBP2 plays a pivotal 
role in the integrity of the hippocampal formation, which displays 
elevated expression levels of insulin, IGFs and their receptors— 
compared with other brain regions such as the frontal cortex.8

Indeed, plasma IGFBP2 levels have been demonstrated to be nega
tively correlated with hippocampal volumes in amyloid-negative 
individuals from the ADNI cohort.77 Consistent with this view, 
IGFBP2 has been demonstrated to be expressed by neurons and as
trocytes in the hippocampus during development and following 
CNS injury.57-59,62,78,79 Furthermore, the relationship between 
IGFBP2, delayed memory and hippocampal structure is consistent 
with the finding that the administration of IGFBP2 has been shown 
to increase the number of dendritic spines in the dentate gyrus of 
rodent models of post-traumatic stress disorder.80 In a similar fash
ion, in cell culture experiments, antibodies targeted against IGFBP2 
have been demonstrated to inhibit neurogenesis—a phenomenon 
that occurs in the dentate gyrus.81 Moreover, IGFBP2 knockout 
mice exhibit deficits in long-term potentiation as well as impaired 
performances on the Morris water maze, which heavily relies on 
the hippocampus.79 Finally, the administration of an 
IGFBP2-derived peptide has been demonstrated to rescue deficits 
in synaptic plasticity, memory and learning in a mouse model of 
SHANK3-mediated postsynaptic deficits.82 Overall, these findings 
suggest that IGFBP2 in certain circumstances is linked to neuropro
tection and hippocampal-mediated cognitive abilities.

Indeed, it is important to take into consideration the early in
volvement of IGFBP2 in the presymptomatic phase of AD, when pre
sumably resilience is a major player in the brain response to early 
neurodegeneration. For instance, several neuroprotective genes 
have been demonstrated to be upregulated by the (soluble) 
α-secretase cleaved fragment of amyloid precursor protein 
(sAPPα), amongst them, IGFBP2 and IGF2.83 Thus, it is possible that 
an increase in binding of IGFBP2 to IGFs may attenuate IGF 
degradation and/or promote the targeting of IGFs to their receptors, 
thus enhancing synaptic and terminal resilience in face of the 
emerging neurodegenerative process. This receptor targeting hy
pothesis is notably supported by evidence that transgenic mice 
overexpressing IGFBP2 lacking a proteoglycan-binding domain ex
hibit severe reductions in synaptic markers and hippocampal 
weight.84 Finally, in a pilot study conducted on AD brains, temporal 
cortex IGFBP2 levels were negatively correlated with senile plaque 
levels—suggesting a role for IGFBP2 in neuroprotection and 
resilience.9

Given the negative relationship between IGFBP2 and cognitive 
abilities, we were prompted to examine whether baseline levels 
of CSF IGFBP2 were associated with anatomical changes in the 
brain. Interestingly, in asymptomatic PREVENT-AD participants, 
IGFBP2 was associated with atrophy in the left entorhinal cortex, 
at a trend-level (Fig. 4A).This is a critical finding, as the entorhinal 
cortex is the first region that is affected in AD.65,85,86 Furthermore, 
IGFBP2 was associated with cortical thinning in several pre- 
specified temporal and parietal brain regions that are known to 
be affected early on in AD, such as the piriform cortex (Fig. 4B), in
ferior (Fig. 4C) and middle temporal gyri (Fig. 4D) and precuneus 
(Supplementary Fig. 2).87,88 Overall, the structural neuroimaging 
results are in agreement with previous reports of IGFBP2 being as
sociated with atrophy in AD-associated brain regions.36,89,90

Finally, in the PREVENT-AD cohort, changes in CSF IGFBP2 
appear to be mostly specific to changes in the CNS, as we did not 
detect any significant peripheral vascular contributions or blood– 
brain barrier dysfunction in these asymptomatic individuals 
(Supplementary Fig. 3).54

Figure 6 Elevated plasma IGFBP2 is associated with a greater rate of 
conversion to Alzheimer’s disease in individuals from the ADNI-1 co
hort. Cox proportional hazards models examined the association be
tween baseline plasma IGFBP2 levels and rate of conversion to 
Alzheimer’s disease (AD). The first quartile and fourth values of plasma 
IGFBP2 were contrasted. Participants were followed from the baseline 
visit to the time of diagnosis (of AD), or to the time the participant was 
last confirmed to be free of AD (mean follow-up, 3.8 years; range, 0.5– 
16.5 years). Of the 226 individuals that were followed longitudinally, 
107 individuals progressed to AD. Individuals with plasma IGFBP2 values 
in the fourth quartile exhibited a greater rate of conversion to AD, com
pared with the first quartile. Hazard ratio (HR) and P-values are located 
in the top right corner. Cox models were adjusted for age, gender and 
APOE ɛ4 carrier status. ADNI = Alzheimer’s Disease Neuroimaging 
Initiative; IGFBP2 = insulin-like growth factor binding protein-2.
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To independently validate our observations, we further analysed 
data from a well-characterized cohort of cognitively unaffected indi
viduals and individuals with MCI from ADNI-1 (Fig. 5A). Our results 
suggest that elevated CSF (Fig. 5B and Supplementary Figs 4 and 5) 
and plasma IGFBP2 (Fig. 5C) may be valuable biomarkers of CSF 
Aβ(+)/t-tau(+) individuals and thus facilitate screening for suitable pa
tients for clinical trials.50,51 This is not the first time that we identified 
a strong biphasic response as individuals progress from the CSF Aβ(+)/ 
t-tau(−) stage to the CSF Aβ+/t-tau(+) stage (Supplementary Figs 4
and 5). Certain inflammatory proteins such as IL-8, IL-12 and IL-15 dis
play the same initial reduction in the CSF Aβ(+)/t-tau(−) stage followed 
by marked increases in the CSF Aβ(+)/t-tau(+) stage.91 These results 
support recent observations that immune activation may become ap
parent only after the onset of both amyloid and tau pathologies. 
Unexpectedly, these results also suggest that immune marker activity 
and IGFBP2 may diminish upon the earliest appearance of amyloid 
plaque pathology. However, as IGFBP2 regulates IGF signalling in neu
rons, one might speculate that an increase in binding of IGFBP2 to a 
limited amount of IGFs may block IGF-mediated suppression of tau 
phosphorylation, leading to increased levels of phospho-tau and ul
timately, promoting tau deposition, neuronal damage and death.

Consistent with this working model and upon conducting sur
vival analyses, we found that elevated circulating IGFBP2 levels 
were associated with a pronounced rate of conversion to AD in 
the ADNI cohort (Fig. 6). Overall, our results are consistent with 
the existing literature that plasma IGFBP2 has been associated 
with a greater risk of developing AD.35,37,38 Finally, in contrast to 
the PREVENT-AD cohort, CSF IGFBP2 immunoassay measurements 
have been previously found to correlate with plasma IGFBP2 levels 
in the ADNI cohort, which incorporates individuals with a dis
rupted blood–brain barrier.77

Finally, given the regional-specificity of the insulin-IGF system, we 
further examined IGFBP2 levels in the human brain.8 IGFBP2 mRNA le
vels were reduced in the frontal cortex of autopsy-confirmed AD 
brains from the QFP cohort (Fig. 7A). However, cortical IGFBP2 protein 
levels did not differ between AD brains and elderly controls (Fig. 7B). 
Thus, our results provide further evidence that support the (hippo
campal) regional specificity of the insulin-IGF system, potentially 

including the IGFBP2 protein.8 However, due to the scarcity of medial 
temporal lobe tissues, we were unable to confirm the regional specifi
city of the IGFBP2 protein in the QFP cohort. Nevertheless, our results 
differ from those of a pilot study, that found IGFBP2 was decreased in 
the temporal cortex of AD brains.9 It is possible our results differ since 
we measured cytoplasmic and extracellular IGFBP2, whilst the pilot 
study measured membrane-bound IGFBP2.9 Finally, although 
IGFBP2 has been demonstrated to contain a nuclear localization signal 
and regulate the expression of several genes such as vascular endo
thelial growth factor, we were unable to differentiate between 
IGF-dependent and IGF-independent IGFBP2.92

Overall, our data suggest that IGFBP2 may play a critical role in 
neuroprotection during the asymptomatic stage of AD. However, 
as amyloid and tau pathology accumulate, the involvement of 
IGFBP2 appears to notably change. At that stage, elevated concen
trations of IGFPB2 are associated with an accelerated rate of MCI 
to AD conversion in the ADNI cohort, and with subtle declines in de
layed memory and visuospatial abilities in asymptomatic 
PREVENT-AD participants.

In the larger context of the insulin-IGF system, it will be exciting to 
follow the results of ongoing phase 3 clinical trials involving the ad
ministration of semaglutide (Ozempic), a glucagon-like peptide-1 re
ceptor agonist that is clinically approved for the treatment of type 2 
diabetes.93 Considering the role of semaglutide in stimulating insulin 
secretion and signalling,93 exploring therapeutic strategies that en
hance IGF signalling in the brain,94 perhaps through IGFBP2, may 
also warrant further investigation in presymptomatic AD. At the mo
ment, we favor the hypothesis that an anti-IGFBP2 therapy may be ef
fective in amyloid positive individuals whose tau deposition is 
minimal. As tau pathology emerges, it may prove difficult to change 
this complex metabolic process as IGFBP2 activity appears less pro
tective and more reactive, similar to many other immune regulators.

Data availability
Data pertaining to the PREVENT-AD cohort can be downloaded 
from data release 6.0 at https://openpreventad.loris.ca/. CSF, 

Figure 7 Frontal cortex IGFBP2 gene expression is reduced in autopsy-confirmed Alzheimer’s disease brains, however protein levels do not differ from 
elderly controls. (A) Microarray technology was used to measure IGFBP2 mRNA levels in the frontal cortex of autopsy-confirmed Alzheimer’s disease 
brains (AD; n = 55) and elderly controls (CTL; n = 31) from the Quebec Founder Population (QFP) cohort. (B) IGFBP2 protein levels in the frontal cortex 
were measured in AD (n = 53) and control (n = 25) brains using a commercially available ELISA kit. Analyses were adjusted for age, sex, APOE ɛ4 carrier 
status and post-mortem interval. The data are represented as mean ± standard error of the mean. *P < 0.05. IGFBP2 = insulin-like growth factor binding 
protein-2.
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plasma, genetic and clinical data from the ADNI-1 cohort were 
downloaded from the ADNI website (http://adni.loni.usc.edu/). 
Data collected from the QFP cohort are not publicly available; how
ever, the data are available from the corresponding author upon 
reasonable request.
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