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Abstract

Background/Objective—Insulin-like growth factor binding protein 2 (IGFBP-2) regulates
blood glucose levels, facilitates hippocampal synaptic plasticity and may have a predictive value
for Alzheimer’s disease (AD) diagnosis.

Methods—IGFBP-2 levels were studied in plasma in 566 subjects and in cerebrospinal fluid
(CSF) in 245 subjects across the AD spectrum from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI). Variants in the /GFBP-2 gene were examined. Linear mixed modeling in SPSS
tested main effects of IGFBP-2 and interactions with APOE4 on neurocognitive indices and
biomarkers. Voxel-wise regression was used to gauge IGFBP-2 and regional gray matter and
glucose metabolism associations.

Results—Each point increase in IGFBP-2 corresponded to a 3 times greater likelihood of having
mild cognitive impairment (MCI) or AD. IGFBP-2 showed beneficial associations with respect to
cognitive scores in individuals with two APOE4 alleles. Higher IGFBP-2 predicted higher insulin
resistance, but not CSF amyloid or tau. Voxel-wise analyses showed that plasma IGFBP-2
predicted lower grey matter volume and FDG metabolism in a large area spanning the frontal,
temporal, and occipital lobes. CSF IGFBP-2 levels showed similar voxel-wise analysis results, but
were uniquely associated with CSF amyloid and tau. Analysis of single nucleotide polymorphisms
(SNPs) in IGFBP-2 showed that subjects carrying risk alleles versus common alleles had increased
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risk of AD and lower memory scores. Voxel-wise analyses of these SNPs also implicated the
hippocampus and prefrontal cortex.

Conclusions—IGFBP-2 is associated with AD risk and outcomes; plasma IGFBP-2 provides
stronger predictive power for brain outcomes, while CSF IGFBP-2 provides improved predictive
accuracy for AD CSF biomarkers.
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Introduction

Insulin-like growth factor binding proteins (IGFBP) serve to bind insulin-like growth factors
(IGF) to regulate their concentrations and consequently metabolic activity [1]. IGFBPs are
central for the transport of IGF to its receptor site, and have the ability to enhance binding to
the receptor site or inhibit the access of IGF to its receptors by creating strong bonds,
lowering binding potential [2]. IGFBP is centrally important in regulating blood glucose
levels, although in excess can be a marker of disease. IGFBP-2, in particular, binds to both
IGF-1 and IGF-2, and can inhibit IGF functions such as DNA synthesis, cell proliferation,
and cell death, as well as glucose and amino acid uptake in cells [3, 4]. For example,
transgenic mice that overexpressed IGFBP-2 showed significantly higher blood glucose
levels than controls at 30, 60 and 90 minutes during an oral glucose tolerance test, as well as
lower levels of GLUT4-the insulin-dependent glucose transporter—at cell surfaces compared
to controls [5]. Abnormally high IGFBP-2 levels are often an indicator of severe catabolic
events, such as gastric cancer, anorexia nervosa and renal failure [6-8]. In a study of 625
men and women aged 70 and older, plasma IGFBP-2 significantly predicted mortality from
all causes after adjusting for markers of body composition, as well as fasting glucose and
insulin [9].

Alzheimer’s disease (AD) has been associated with defects in the insulin signaling pathway.
Higher levels of insulin resistance (IR) were correlated with increased regional amyloid
deposition and atrophy in frontal and temporal areas of the brain in late middle-aged adults
[10, 11]. In addition, higher IR was associated with decreased cerebral glucose metabolic
rate and worse memory scores in cognitively normal adults with pre-diabetes or type 2
diabetes [12]. Animal models provide evidence that IGFBP-2 may play a role in AD. Over-
expression of IGFBP-2 in mice led to decreased weights of the hippocampus, cerebellum,
olfactory bulb and prefrontal cortex at 12 weeks, compared to controls [13]. An important
study in humans utilized ex vivo tissue from individuals across the AD spectrum, and
showed that IGF resistance was related to beta amyloid (AB) plaques, other markers of AD,
and worse ante-mortem cognition [14]. Some associations may be compartment-specific, as
CSF but not plasma IGFBP-2 levels were higher in 92 AD patients versus 72 healthy
controls [15], where CSF IGFBP-2 levels were positively correlated with total tau and
phosphorylated-181-tau (p-tau). Also, APOE4 alleles have been shown to play a role in
insulin metabolism and cognitive function [16]. Cognitively normal (CN) and AD
participants who were APOE4 homozygous showed improvements in memory with lower
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doses of intranasal insulin as compared to individuals who were not APOE4 homozygous
[16]. Additionally, a study using euglycemic hyperinsulinemic clamps in individuals with
impaired glucose tolerance and healthy controls showed that IGFBP-2 was the only insulin
signaling molecule assayed to independently predict bioactive levels of IGF-1 in both
groups; this study showed a negative correlation between IGFBP-2 and IGF-1 [17].

As biomarkers become increasingly more important in tracking AD diagnosis and
progression, and metabolic markers have gained more interest, additional research is needed
to explore the role of IGFBP-2 in AD. We hypothesize that IGFBP-2 levels would be
positively associated with more brain atrophy, less neuronal glucose uptake, and impaired
cognitive function. In this study, we utilized data from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) to examine plasma levels of IGFBP-2 among 566
individuals that were cognitively normal (CN), or had mild cognitive impairment (MCI) or
AD. This is the first study, to our knowledge, to systematically study the relationship
between peripheral IGFBP-2 levels and related single nucleotide polymorphisms (SNPs)
with neural, cognitive, and biomarker outcomes relevant to AD, including peripheral
inflammatory markers like Interleukin-6 (IL-6) receptor and C-peptide. On an exploratory
basis in a subset of 245 subjects, we also examined how CSF mass spectrometry IGFBP-2
peptide was related to these outcomes as compared to plasma IGFBP-2.

Materials and Methods

Participants

Data from middle-aged to aged adults were obtained from the ADNI database (http://
adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led by
Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test
whether serial magnetic resonance imaging (MRI), positron emission tomography (PET),
other biological markers, and clinical and neuropsychological assessment can be combined
to measure the progression of MCI and early AD. For up-to-date information, see http://
www.adni-info.org. Written informed consent was obtained from all ADNI participants at
their respective ADNI sites. The ADNI protocol was approved by site-specific institutional
review boards. All analyses used in this report only included baseline data. Baseline plasma
data for IGFBP-2 was available for 566 participants: 58 CN, 396 MCI, and 112 AD.
Baseline CSF data for IGFBP-2 was available for 245 subjects: 45 CN, 134 MCI, and 66
AD. Baseline genomic data was available for 756 participants: 229 CN, 354 MCI, and 173
AD.

Participants with MCI had the following diagnostic criteria: 1) memory complaint identified
by the participant or their study partner; 2) abnormal memory as assessed by the Logical
Memory |1 subscale from the Wechsler Memory Scale- Revised, with varying criteria based
on years of education; 3) Mini-Mental State Exam (MMSE) score between 24 and 30; 4)
Clinical dementia rating of 0.5; 5) Deficits not severe enough for the participant to be
diagnosed with Alzheimer’s disease by the site physician at screening. Participants with AD
met similar criteria, however, were required to have an MMSE score between 20 and 26, a
clinical dementia rating of 0.5 or 1.0, and NINCDS/ADRDA criteria for probable AD.
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Mass Spectrometry and Fasting Glucose

Data were downloaded from the Biomarkers Consortium CSF Proteomics MRM dataset and
the Biomarkers Consortium Plasma Proteomics Project RBM multiplex. As described
previously [18], the ADNI Biomarkers Consortium Project investigated the extent to which
selected peptides, measured with mass spectrometry, could discriminate among disease
states. Briefly, Multiple Reaction Monitoring-MS (MRMMS) was used for targeted
quantitation of 567 peptides representing 221 proteins in a single run (Caprion Proteome
Inc., Montreal, QC, Canada). Fasting insulin was assayed using a plasma multiplex
immunoassay panel (http://adni.loni.usc.edu/), which we note produce consistently lower
insulin values than a standard ELISA kit. Fasting glucose was derived from a standard lab
test. Insulin and glucose were used to calculate the homeostatic model assessment, HOMA-
IR. Analyses for this report focused on IGFBP-2 levels, which were assayed in the plasma
multiplex panel and CSF proteomics panel, for which the peptide LIQGAPTIR was chosen,
which performed better in most analyses (data not shown). For proinflammatory markers, C-
peptide and IL-6 receptor levels were derived from the plasma multiplex.

APOE Genotype

The ADNI Biomarker Core at the University of Pennsylvania conducted APOE ¢4
genotyping. We characterized participants as having zero APOE4 alleles, one APOE4 allele,
or two APOE ¢4 alleles.

Amyloid and Tau CSF Biomarkers

CSF sample collection, processing, and quality control of p-tau, total tau, and AP1.4» are
described in the ADNI1 protocol manual (http://adni.loni.usc.edu/) and Shaw et al [19].

Neuropsychological Assessment

ADNI utilizes an extensive battery of assessments to examine cognitive functioning with
particular emphasis on domains relevant to AD. A full description is available at http://
www.adni-info.org/Scientists/CognitiveTesting.aspx. All subjects underwent clinical and
neuropsychological assessment at the time of scan acquisition. Neuropsychological
assessments included: The Clinical Dementia Rating sum of boxes (CDR-sob), Mini-Mental
Status Exam (MMSE), Auditory Verbal Learning Test (RAVLT), and AD Assessment
Schedule - Cognition (ADAS-Cog). A composite memory score encompassing the RAVLT,
ADAS-COG, MMSE, and Logical Memory assessments was also utilized [20]. Additionally,
a composite executive function score comprising Category Fluency—animals, Category
Fluency—vegetables, Trails A and B, Digit span backwards, WAIS-R Digit Symbol
Substitution, Number Cancellation and 5 Clock Drawing items was used[21]. These
composite scores were used in formal analyses to represent global memory and executive
function among subjects.

Magnetic Resonance Imaging (MRI) Acquisition and Pre-Processing

T1-weighted MRI scans were acquired within 10-14 days of the screening visit following a
back-to-back 3D magnetization prepared rapid gradient echo (MP-RAGE) scanning protocol
described elsewhere [22]. Images were pre-processed using techniques previously described
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[11]. Briefly, the SPM12 “New Segmentation” tool was used to extract modulated gray
matter (GM) volume maps. Maps were smoothed with an 8mm Gaussian kernel and then
used for voxel-wise analyses.

FDG-PET acquisition and pre-processing details have been described previously [22].
Briefly, 185 MBq of [18-153-F]-FDG was injected intravenously. After 30 minutes, six 5-
minute frames were acquired. Frames of each baseline image series were co-registered to the
first frame and combined into dynamic image sets. Each set was averaged, reoriented to a
standard 160 x 160 x 96 voxel spatial matrix of resliced 1.5 mm3 voxels, normalized for
intensity, and smoothed with an 8 mm FWHM kernel. In order to derive the standardized
uptake value ratio (SUVR), pixel intensity was normalized according to the pons since it
demonstrates preserved glucose metabolism in AD [23]. Normalization to the pons removed
inter-individual tracer metabolism variability. The Montreal Neurological Institute (MNI)
template space was used to spatially normalize images using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm12/). A subset of subjects underwent FDG-PET
scans and analyses included in this report.

Statistical Analysis

All analyses were conducted using SPSS 24 (IBM Corp., Armonk, NY) or SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm12/). Linear mixed effects models tested the main
effects of plasma or CSF IGFBP-2 on cognitive scores, biomarkers, Baseline Diagnosis, and
their outcomes of interest in SPSS 24. Main effects and interactions with APOE or Baseline
Diagnosis were tested in a single model. Covariates included age at baseline, sex, and
baseline Diagnosis in all models. An additional covariate, years of education, was included
when analyzing memory and cognitive performance. Outcomes included neuropsychological
performance, modulated GM maps and FDG maps, and CSF biomarkers including AB1-42, t-
tau and p-tau. Binomial logistic regression was also used to assess the odds ratio of a given
participant being diagnosed as MCI or AD versus the CN reference group. Linear regression
was used in PLINK to assess genetic associations.

To correct for type 1 error in non voxel-wise analyses, as described previously [24, 25],
Holm-Bonferroni correction was used for each set of analyses. This closed test procedure
maintains a family-wise P value = 0.05 by requiring unadjusted P values of 0.05 divided by
X, X being the number of null hypotheses tested. For 4 cognitive tests, for example, P values
of .0125, .025, .0375, and .050 are successively needed among any test to proceed with
testing in the closed set. For sets that were not robust under Holm-Bonferroni correction, a
less strict form of correction was used. Specifically, omnibus testing using MANCOVA
incorporating all dependent variables of the set was conducted, where a significant main
effect or Baseline Diagnosis interaction allowed further testing of all outcomes as follow-up
tests. A family-wise error rate of .05 is maintained using this approach [26].

For voxel-wise analysis, 2nd-level mixed models tested main effects of IGFBP-2 on regional
GM volume and FDG, controlling for age, sex, education, and Baseline Diagnosis. The
thresholds were set at P < .005 (uncorrected) and P < .05 (corrected) for voxels and clusters
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respectively. Results were considered significant at the cluster level. As described previously
[24], in order to reduce type 1 error, we utilized a GM threshold of 0.2 to ensure that voxels
with <20% likelihood of being GM were not analyzed. For GM, Monte Carlo simulations in
ClusterSim (http://afni.nimh.nih.gov/afni/doc/manual/3dClustSim) were used to estimate
that 462 contiguous voxels were needed for such a cluster to occur at P < 0.05. For FDG
voxel-wise analyses, Monte Carlo simulations in ClusterSim were used to estimate that 224
contiguous voxels were needed for such a cluster to occur at P < 0.05.

Genomic Data Processing and Quality Control

Results

Genomic data underwent stringent quality control (QC) by assessing concordance with
Hardy-Weinberg equilibrium (HWE) scrutinized data for Mendelian inheritance errors.
Single Nucleotide Polymorphisms (SNPs) were filtered based on HWE P-value > 0.00001
and MAF >0.05% and a call rate of 95%. Samples with greater than 5% missingness were
removed. Sample genotypes were imputed using 1000Genomes data with Shapeit/Impute2
software following the protocol outlined here [27]. SNPS with call rates <95 % or R% < 0.3
were removed leaving 2,976,223 imputed and genotyped SNPs after quality control. All
analyses were conducted using PLINK v1.9 (http:// www.cog-genomics.org/plink?2).

Data Summary

Clinical, demographic, and CSF data for subjects with plasma IGFBP-2 are presented in
Table 1. There were no differences based on years of education or age at baseline between
CN, MCI or AD subjects. As expected for this ADNI sub-population, there was a significant
difference in the percentage of APOEA4 carriers and in cognitive function. Subsequently,
analyses were conducted with plasma IGFBP-2. Demographic data for subjects with CSF
IGFBP-2 are presented in Supplemental Table 1. See Supplemental Text 1 for analyses that
used CSF IGFBP-2 in a subset of ADNI subjects.

Clinical Characteristics and Alzheimer’s Disease Risk

Logistic regression was used to examine if plasma IGFBP-2 expression predicted an
increased likelihood of being MCI or AD. The reference group was CN. The likelihood ratio
statistic [X?=74.450, p<.001] indicated that higher IGFBP-2 levels predicted a higher Odds
Ratio for being MCI or AD [Wald=9.938, f=3.003, p=0.002]. These results suggest that a
per point increase in IGFBP-2 corresponded to a roughly 3 times likelihood of having some
degree of clinically relevant memory impairment. No significant associations were shown
with IGFBP-2 and MCI conversion. No significant interaction was shown between IGFBP-2
and APOE with regards to predicting an odds ratio for being MCI or AD.

Global Cognition, Memory, Visual Spatial, and Executive Function

Linear mixed models showed a non-significant main effect for IGFBP-2 on global indices
including CDR-sob, ADAS-cog and MMSE. Among neuropsychological indices depicted in
Figure 1, the number of APOE4 alleles modified how plasma IGFBP2 was related to global
cognition. Specifically, for CDR-sob, a IGFBP-2* APOE interaction was significant (B+SE=
-2.825+0.983, p=.034). Similarly for ADAS-cog, interaction analyses between IGFBP-2*
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APOE were significant (B£SE= —6.607+3.469, p=.020), as well as for MMSE (B+SE=
1.407+0.699, p=.045). These results indicate that among subjects with 1 or 2 APOE4 alleles,
higher IGFBP-2 predicted better function on global assessments.

For memory, higher IGFBP2 was also related to higher scores on the RAVLT Delay (B+SE=
1.652+0.482, p=<.001). No main effects or interactions with APOE4 were shown with
respect to a derived memory factor.

There were no IGFBP-2 by Baseline Diagnosis interactions. However, on an exploratory
basis, when split by diagnosis, AD patients showed that IGFBP-2 was a significant predictor
of worse scores on the constructional praxis portion of ADAS-cog, representing visual
spatial abilities (B+SE= 1.189+0.580, p=.043). There were no significant associations
between plasma IGFBP-2 and executive function.

AD CSF Biomarkers and Markers of Inflammation

Plasma IGFBP-2 was not associated with total tau, p-tau-181 or Ap;.42. However, higher
levels of IGFBP-2 were related to higher expression of IL-6 receptor (B+SE = 0.071+0.029,
F=5.940, p=0.15) and lower C-peptide (B+SE=-0.156+0.043, F=13.289, p<.001). No
significant differences were seen with respect to IGFBP-2 and APOEA4 or Baseline
Diagnosis interactions. Importantly, as noted in Supplementary Text 1, CSF IGFBP-2 was
conversely related to all AD biomarkers but not peripheral inflammation.

Glucose, Insulin and HOMA-IR

Higher plasma IGFBP-2 was significantly associated with lower HOMA-IR (p=-.441,
F=6.810, p=0.009) and insulin (=—1.593, F=6.986, p=0.009), but not glucose (F=0.564,
p=0.453). Subsequent IGFBP-2* APOE interactions were non significant. 150 of the
participants met fasting blood glucose requirements for pre-diabetes diagnosis (between 100
and 125 mg/dL), and 57 participants met fasting blood glucose requirements for diabetes
diagnosis (>125 mg/dL). Both plasma and CSF IGFBP-2 were not predictive of whether or
not a person met pre-diabetes or type 2 diabetes fasting blood glucose criteria. As noted in
Supplementary Text 1, CSF IGFBP-2 was only related to higher glucose.

Regional Grey Matter Volume

Next, voxel-wise analysis was used to regress plasma IGFBP-2 concentrations against
regional GM at baseline for 325 participants who had structural MRI data, demographic, and
biological data. Higher plasma IGFBP-2 was related to less GM in a large cluster of voxels
(k=128,608) across the right and left inferior parietal gyri, right frontal superior lobe, left
postcentral gyrus, right cerebellum and right fusiform gyrus, with the maximum voxel
located in the right frontal superior lobe (Figure 2; Supplementary Table 2). Smaller clusters
included the cuneus, hippocampus, precuneus, and left and right superior prefrontal cortices.
A similar pattern of results was found when regressing CSF IGFBP-2 against regional GM.
Higher CSF IGFBP-2 was related to less GM primarily spanning the left and right
amygdala, parahippocampus and hippocampus, among 186 participants who had structural
MRI data, demographic, and biological data (Supplementary Text 1).
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Regional FDG Metabolism

Higher plasma IGFBP-2 was related to less FDG glucose uptake in one cluster of 5419
voxels primarily spanning the superior dorsolateral prefrontal cortex, among 266 participants
who had FDG data, demographic, and biological data (Figure 3).

Genetic Analysis of IGFBP-2

Linear regression in PLINK tested the additive genetic model of each SNP for association
with cognitive scores while controlling for age, gender, and Baseline Diagnosis as
covariates. Four variants in the IGFBP-2 locus on Chromosome 7 were hominally associated
with worse cognitive function on the MMSE. The most significant SNP was rs4619, an
intron missense A to G mutation resulting in an isoleucine replaced with a methionine, also
showed increased risk of developing AD (Odds Ratio=1.22, P=0.045). Results from
association analyses are reported in Table 2, along with genotype distributions and odds
ratios in Table 3. RS4619 was nominally associated with MMSE (F=5.645, P=0.015), and
the ADNI latent memory factor (F=6.115, P=0.013). Additionally, the relationship between
these SNPs and baseline regional FDG and grey matter were assessed using voxel-wise
analysis. Result maps indicated carriers of minor alleles in these SNPs showed less grey
matter and FDG metabolism in a small region spanning the right frontal superior lobe. There
was strong overlap between this result and what was found for IGFBP-2 gray matter and
FDG result maps (Figure 4); however, the voxel wise result maps for individual SNPs
marginally surpassed the ClusterSim statistical significance threshold of 462 voxels.

Discussion

In this study, we hypothesized that IGFBP-2 may serve as a useful biomarker for predicting
AD outcomes. Importantly, higher IGFBP-2 corresponded to less grey matter in AD-
sensitive brain regions such as superior frontal gyrus and angular gyrus, and significantly
less glucose uptake in the superior medial prefrontal cortex. Strikingly, for every point
increase in IGFBP-2 levels, there was a 3 times increased risk of being diagnosed as MCI or
AD when compared to CN. Curiously, however, higher IGFBP-2 corresponded to better
cognitive performance in the RAVLT Delay, as well as global indices for APOE4 carriers
only. These conflicting results may be due to a progression of insulin resistance, where the
body is at first able to compensate for insulin resistance by releasing additional IGF to keep
up with glucose demands of neuronal cells. Although much of glucose transport in the brain
is insulin-independent via GLUT-1 and GLUT-3, insulin is necessary for GLUT-4 actions,
which in rats has been detected in the cerebellum, olfactory bulb, and dentate gyrus of the
hippocampus [28]. Although further research is necessary to translate these findings to
humans, Craft et al. showed that intranasal insulin reduced progression of neuronal
hypometabolism in individuals with MCI and AD, suggesting that insulin does play an
important role in glucose uptake in the brain [29]. We hypothesize that central insulin
resistance progresses to a point where GLUT-4 receptors are unable to respond to insulin
and cells are delivered a suboptimal level of glucose. We suggest that the cognitive score
results in our study are representative of the early compensatory response, which may in part
be related to APOE4 status, while the grey matter, FDG, and diagnosis results are indicative
of a post-compensatory state. In general, having one or more E4 alleles corresponded to
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higher IGFBP2 predicting better cognitive performance, whereas for non-APOEA4s either no
association or a detrimental pattern was observed, such as for ADAS-cog. Additionally,
previous research has shown that individuals who are APOE4 positive have lower expression
of insulin degrading enzyme, thus potentially amplifying the early cognitive benefits of
higher IGFBP-2 levels [30].

IGF-1 appears to be a key modulator of IGFBP-2 associations with AD outcomes. Because
IGFBP is fundamental in regulating IGF bioavailability, the two proteins are intertwined in
determining insulin expression and glucose levels in the periphery and brain, which this
report illustrates at least in plasma. IGF-1 importantly determines glucose and lipid handling
in the brain, myelin expression, and remodeling after neuronal injury [1]. Mice that under-
expressed IGF-1 showed an accumulation of A plaques, which were subsequently
decreased after infusing the mice with IGF-1 [31].

To validate IGFBP-2 as a useful biomarker of AD and central IR, higher plasma IGFBP-2
corresponded with higher expression of plasma markers of inflammation including I1L-6
receptor and C-peptide. Previous research has shown many correlations between
inflammation in the brain and neuronal damage [32]. Obesity and insulin resistance are also
associated with higher levels of inflammatory biomarkers [33].

We also compared and contrasted the utility of plasma IGFBP-2 to CSF IGFBP-2 for AD-
related outcomes. CSF-based markers are often thought to provide better diagnostic
accuracy in understanding the progression of diseases that cause cognitive impairment and
dementia; however, collecting a CSF sample is more invasive. Our data indicate that when
considering IGFBP-2, the plasma concentration was a better predictor of brain structure and
cognition, while only CSF concentrations reflected CSF amyloid and tau. Future studies
should take into account the differing clinical utility of blood-based and CSF biomarkers
against the practicality of sample collection, in addition to their predictive utility of disease
progression. Improving how biomarkers are used in clinical trials will likely provide more
precise diagnoses to patients with AD.

Subsequently, we examined how IGFBP SNPs influenced AD-related outcomes. Since
population stratification can result in erroneous genetic associations, we restricted our
analyses to only subjects of Northern and Western European heritage. While the exact
mechanism has yet to be revealed, our data show that genetic variation in IGFBP-related
genes modified cognitive decline. This may be in part due to modifying IGF-1 regulation of
glucose in the brain, ultimately increasing neuronal vulnerability to induce cognitive decline.
Genetic variation negatively affecting IGFBP-2 signaling may decrease the protective effects
that circulating IGFBP-2 exerts on cognition described above, whereby these SNPs may
predispose individuals to develop AD. Previous large-scale genome-wide association studies
(GWAS) examining genetic association with AD have not implicated SNPs at IGFBP loci
because these variants commonly do not surpass genome wide significance of P < 1x10/-8.
Performing targeted genomic association analysis in combination with neuroimaging
analysis provides a unified approach to understand how genomic variation may contribute to
AD symptoms.
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The limitations of this study should be addressed. This study included a modest sample size,
where the exploratory nature of this study design would benefit from a larger sample. It is
worth noting that these analyses did not show any significant correlations between plasma or
CSF IGFBP-2 and MCI conversion. However, a larger sample size of individuals with MCI
may be needed to see if IGFBP-2 can predict if an individual with MCI converts to AD.
Furthermore, since this is a cross-sectional study using baseline data from the ADNI cohort,
it was beyond the scope of the project to determine the causal effects between IGFBP-2 on
longitudinal CSF biomarkers and disease progression. Additionally, we could not correlate
IGFBP-2 with all of the disease states throughout the literature such as gastric cancer or
eating disorders because this was beyond the scope of ADNI’s mission. Like all genetic
studies, these results should be validated using additional independent and larger cohorts.
Finally, other unrecognized cellular pathways, not related to neurodegeneration, may be
disrupted that influence IGF-1 signaling and AD progression.

Conclusion

This study provides evidence that plasma IGFBP-2 is associated with AD risk, brain atrophy
and less glucose metabolism in regions sub-serving memory and global cognitive function.
We also demonstrated that plasma IGFBP-2 served as a more comprehensive predictor of
AD-related outcomes than CSF IGFBP-2. These results illustrate the potential that
integration of genomic, biologic and neuroimaging data may lead to identification of novel
targets for treatment of AD while improving the overall understanding of potential
mechanisms underlying the pathophysiology of AD. In conclusion, insulin signaling
mechanisms such as IGFBP-2 may be important for future therapeutics to target via genetic
modification or regulating circulating IGFBP-2 to delay the onset of AD by improving
neural metabolism and cognitive function.
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Figurel.
Cogpnitive scores and IGFBP-2 analyses. The association between plasma IGFBP-2 and the

Clinical Dementia Rating sum of boxes (CDR-sob), Mini-Mental Status Exam (MMSE),
Rey Auditory Verbal Learning Test (RAVLT), AD Assessment Schedule - Cognition
(ADAS-Cog). “Blue circle” indicates 0 APOE4 alleles, “green triangle” indicate 1 APOE4

allele, and “red star” indicates 2 APOE4 alleles.
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Figure 2.
Brain areas showing less grey matter corresponding to higher plasma IGFBP-2. The graph

depicts the relationship at a sub-maximal voxel in dorsal prefrontal cortex.
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Figure 3.
Brain areas showing less FDG metabolism corresponding to increased plasma IGFBP-2. The

graph depicts the relationship at a sub-maximal voxel in the dorsal prefrontal cortex.
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Figure 4.
Brain areas showing overlap between either the GM or FDG and IGFBP2 result maps and

the result map of the strongest SNP association for GM or FDG.
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Demographic Data for Subjects with Plasma IGFBP-2

Table 1

CN(N=58)  MCI (N=3%6)  AD (N=112)
Age 7627+573 7491749 7523839
Education (years) 1567+278 156430 15132
Sex % Female 48 35 42
% APOE 4 carriers™™ 9% 49% 64%
Plasma |GFBP2 (ng/mL)***  188+0.20 1.99+0.23 1.91+0.12
C Peptide (ng/mL) 0.37£0.21 0.39+.21 0.36+.18
IL-6 Receptor (ng/mL)* 151£0.12 146 +0.14 147 £0.11
Glucose (mg/dL) 102.33+2347 101.42+27.25 99.06 +22.48
Insulin (ulU/mL) 3.00+2.34 264+2.73 2384143
HOMA-IR 0.82£0.80 0.68%0.75 0.59 +0.39

CSF Total Tau (pg/mL) ™

Ptau (pg/mL) e
Abeta 42 (pg/mL)
CDR-SOB ™™

MM SE ™

Immediate RAVLT
Delayed RAVLT *
ADAS-COG ™™

-

ADNI_MEM Score™

. . Ak
Executive Function

o 63.62 + 21.76

21.07+8.43
250.85 + 21.08
0.03+0.11
28.93+1.16
40.98 £7.19
3.73+3.13
6.37 £ 2.76
0.46 £0.72

0.71+0.58

102.66 + 59.81
36.19 +£19.28

163.97 +53.15
1.61+0.88
27.02+1.78
30.73+£9.05
472 +2.25
11.52 +4.38
0.03 +£1.04

-0.03+0.78

120.30 + 56.33
41.92 +£19.90

142.69 + 39.15
431+161
23.59 +1.96
23.54+£7.42
4.47+1.94
18.27 +6.37
-0.35+0.85

-0.93+0.83

Values are mean + SD,

*
indicates ANOVA p<0.05;

Aok

indicates p<0.01;

Aok

indicates ANOVA p<0.001.

Page 18

The ADNI memory factor values are Z-scored with mean 0 and a standard deviation of 1, based on the 810 subjects with baseline memory data

[20].
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