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One Sentence Summary:
In this study, we demonstrate for the first time that the systemic environment (i.e. blood serum) of
mild cognitively impaired patients differentially alters human hippocampal progenitor cell fate to

predict conversion to Alzheimer’s Disease up to 3.5 years before clinical diagnosis.
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Abstract:

The generation of new neurons persists into adulthood in the human hippocampus and can be
modulated by the circulatory systemic environment. Hippocampal neurogenesis is important for
learning and memory and is altered in Alzheimer’s Disease (AD). Evaluating the hippocampal
neurogenic process during disease progression could therefore identify neurogenesis as an
important target for AD prevention and intervention as well as a biomarker for early disease
detection. In this study, we used a human hippocampal progenitor cell line to design an in vitro
assay evaluating over time the neurogenic impact of the systemic milieu (i.e. serum) of individuals
with mild cognitive impairment (MCI) as they either converted to AD or remained cognitively
stable. Cells were exposed to serum collected over several years from the same patients. Cellular
phenotyping and linear mixed effects models for repeated measures revealed that decreased
proliferation, increased apoptotic hippocampal progenitor cell death and increased hippocampal
neurogenesis characterized progression from MCI to AD. Using stepwise logistic regression and
machine learning we show that these cellular readouts for the baseline serum sample and years of
education of the patient are significant predictors of conversion from MCI to AD, already 3.5 years
before AD clinical diagnosis. Finally, serum proteomic analyses indicated pathways linked to the
cellular readouts distinguishing MCI to AD converters from non-converters. The proposed assay
is thus not only promising for AD pre-clinical diagnosis, but it also provides a proxy into temporal

changes of the hippocampal neurogenic process during disease progression.
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[Main Text:]

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative condition without any
effective treatment options. While researchers have traditionally focused on examining methods
to avert neuronal loss in AD, adult new-born neuron generation, i.e. neurogenesis, is emerging as
a target for prevention and therapeutic interventions as well as a potential biomarker for early
disease detection. Human neurogenesis is a lifelong process, persisting in adulthood predominantly
in the subgranular zone (SGZ) of the hippocampal dentate gyrus (/). The SGZ creates a permissive
microenvironment, the so-called neurogenesis niche, for hippocampal progenitor cells to
proliferate and differentiate (2). The niche provides cues for the survival and fate of the
hippocampal progenitor cells, determining whether they will divide and generate neuroblasts. The
neuroblasts migrate to the granule cell layer and differentiate into dentate granule neurons, which
will project dendrites into the molecular layer of the hippocampus and axons toward the CA3
region of the hippocampus (/, 3).

The process of hippocampal neurogenesis (HN) is fundamental for hippocampal-
dependent learning and memory (4). Therefore, HN dysfunction appears especially relevant to
dementias and in particular to AD. The hippocampus is indeed one of the first affected brain
structures in AD and its atrophy is associated with memory and learning impairment (5, 6). There
is extensive evidence showing that altered HN is one of the early AD hallmarks (7, &), although
neither rodent models of AD studies nor human autopsy analyses have been in agreement and
therefore collectively failed to provide conclusive information with regard to directionality and
magnitude of these changes (7, §). Moreover, there have been no studies looking at longitudinal

changes in HN during AD progression. This approach is partially hampered by the fact that so far
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there are no neuroimaging techniques to visualise HN in the living human brain. However, an
insight into the temporal sequence of HN changes over AD progression would enable the design
and evaluation of interventions aimed at slowing down the disease progression or maintaining
cognitive functions in the elderly.

The neurogenic niche comprises not only hippocampal progenitor cells but also their
progeny - neurons, glia, endothelial cells and extracellular matrix integrating cell-to-cell contacts
and cell signaling , all localized around blood vessels (9). Because the niche is highly vascularized,
it allows potential communication with the systemic environment, a feature critical in the context
of aging (/0-12). Parabiosis experiments, in which the circulatory systems of two mice are
surgically conjoined, demonstrated that blood from young mice has a cognitive rejuvenating effect
on the old animals, which benefited from improved HN (10, 13, 14). Injecting plasma from the
young to the old mice had similar effect and increased HN (70, /3). These studies highlighted for
the first time the direct ability of the systemic environment in modulating HN. Moreover, several
systemic interventions (i.e. drugs, exercise, diet) have been shown to modulate HN (/5-17) and
some, such as exercise (/8) and particular diet components to decrease AD risk (7, 719).

The considerable abnormalities in the blood-brain barrier (BBB) in the hippocampi of AD
patients (20) create a gateway for an altered exchange of nutrients, inflammatory molecules, drugs,
hormones, growth factors, and other blood-derived factors, affecting the brain milieu and resulting
in altered HN. Using dynamic contrast-enhanced MRI, Montagne et al. demonstrated that BBB
damage in aging starts in CA1 and DG, and these changes are significantly more pronounced in
mild cognitive impairment (MCI), the early symptomatic stage of AD (20). These findings suggest

a route whereby the systematic environment might alter neurogenesis.
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MCI is a heterogeneous condition and does not constitute a precise diagnosis as not all
individuals with MCI develop AD, or indeed any neurodegenerative disease. Annual conversion
rate to AD of individuals diagnosed with MCI (10-15% in clinical studies; 5-10% in population
studies) is higher than of elderly healthy persons (1-2%) (21-24). Therefore, an accurate estimation
of individual’s likelihood of conversion could be used to target interventions to treat or prevent
disease progression, and applied in the design of clinical trials.

The consensus is that any putative AD-modifying therapies would be most beneficial if
administered before the clinical onset of dementia or during the preclinical stage. Without an
accurate predictor of the risk of conversion of MCI to AD, therefore, pharmacological and lifestyle
interventions cannot be correctly targeted.

While the majority of AD research has utilized cross-sectional data, evidence from the
Dominantly Inherited Alzheimer Network (DIAN) study indicates that longitudinal analyses
provide a more accurate picture of disease progression (23, 26). Owing to the longitudinal, within-
person assessments performed in the framework of the DIAN study, a temporal separation between
first amyloid-f accumulation and later hippocampal atrophy could be established (26). This
suggested that between these two pathological events there is room for neuroprotective
mechanisms to preserve brain function. We believe that changes in HN level might be acting as
compensatory response to the early pathological AD events. By utilising human hippocampal
progenitor cells and longitudinal serum samples from MCI patients who either converted to AD
(MCI converters) or remained cognitively stable (MCI non-converters), we aimed to establish the
role of the human systemic environment during disease progression in an in vitro model of human

HN (Fig.1). We also sought to determine if our HN assay could be used in predicting conversion
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from MCI to AD. Our study presents the first attempt to look at human hippocampal neurogenesis

as a dynamic process and to apply it to prediction of conversion to AD.

MCI/AD PROGRESSION DENTATE GYRUS

LONGITIDINAL SERUM SAMPLES

AN IN VITRO MODEL OF THE MCI/AD

SYSTEMIC ENVIRONMENT INFLUENCE

ON THE HUMAN HIPPOCAMPAL
NEUROGENIC PROCESS

HIPPOCAMPAL PROGENITOR CELL PSS-S

ASTROCYTE
CELLS, derived NEUROBLASTS,

NEURONS and ASTROCYTES treated
with 1% SERUM

Fig. 1. The proposed in vitro model to study the role of the systemic environment on the human hippocampal neurogenenic
process in the context of Mild Cognitive Impairment (MCI) and Alzheimer’s disease (AD). Hippocampal neurogenesis is
regulated by a complex microenvironment of hippocampal progenitor cells, i.e. neurogenic niche, composed not only of
hippocampal progenitor cells but also neurons, glia and blood vessels. Recently, parabiosis studies demonstrated the fundamental
role of the blood-derived factors (systemic environment), delivered to the niche by its rich vasculature, in modulating hippocampal
neurogenesis. Our assay, in which we subject a human hippocampal progenitor cell line at different stages of proliferation and
differentiation to 1% longitudinal patients’ serum during disease progression, aims to model in vitro the role of the systemic

environment on the hippocampal neurogenic process, during AD progression.

Results
Effect of longitudinal serum samples from MCI converters on proliferation, differentiation and
cell death of human hippocampal progenitor cells

To investigate the role of the human systemic environment (i.e. serum) on HN during AD
progression, the HPCOA07/03C human hippocampal progenitor cell line (15, 27) was exposed to

1% serum collected up to 6 times for up to 6 years from the same patient progressing or not to AD.


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Fifty-six patients initially diagnosed with MCI were individually followed up. Thirty-eight of 56
MCI patients later developed dementia due to AD (MCI converters), whereas 18 did not progress
either to AD or other disease (MCI non-converters) (Fig.2A). Serum was added to the cell culture
during both proliferation and differentiation (Fig.2B). Cellular phenotyping with all sequential
serum samples was characterized by immunohistochemistry and high content cellular imaging for

proliferation, cell death and neurogenesis.
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Fig. 2. Outline of the patients’ sample collection (A) and the cellular assay (B). A) Longitudinal serum samples were collected
during annual follow-up visits from 56 study participants diagnosed with MCI at baseline. 38 converted to AD, 18 remained
cognitively stable. A minimum of three serum (S) samples, collected at annual assessment, was required for MCI non-converters
(indicated with letters “nc.S” and a number corresponding to the visit), and two samples, one prior to conversion and one post-
conversion, for MCI converters (indicated with letters “c.S” and a number corresponding to the visit). B) The in vitro assay of the
human hippocampal neurogenic process to model the systemic environment influence on human hippocampal neurogenesis in the

context of AD - overview of the proliferation and differentiation conditions of the HPCOA07/03C cell line in medium supplemented
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with 1% serum collected during sequential follow-up visits of MCI converters and non-converters. Proliferation medium comprised
4-hydroxytamoxifen (4-OHT), epidermal growth factor (EGF) and basic fibroblast growth factor (FGF). 24 hours after seeding,
cell medium was replaced and supplemented with 1% serum. HPCOA07/03C were left to proliferate for further 48 hours. To analyse
serum effects on proliferation, after 72 hours in culture, the cells were fixed in 4% PFA and next subjected to immunocytochemistry
(ICC) labelling. In order to analyse the effects of serum on differentiation, 1% serum had to be present in cell medium during both
proliferation and differentiation. Serum was added only once during each stage. After 72 hours of proliferation, medium was
removed and replaced by one devoid of EGF, FGF, 4-OHT and supplemented with 1% serum. After a 7 day-differentiation the
HPCO0AOQ07/03C cells were fixed and subjected to ICC. Medium supplemented with 1% serum was never changed during either
proliferation or differentiation stage. Control conditions consisted of medium + ve (1:100 PenStrep, Thermo Fisher Scientific).
Proliferation was evaluated with Ki67, apoptotic cell death with Cleaved Caspase 3 (CC3), neuroblasts with doublecortin (Dcx)
and neurons with microtubule-associated protein 2 (Map2) labelling. Each experiment was run in three biological replicates (cells

of three different passage numbers) and for each biological replicate there were technical triplicates.

First, using the longitudinal serum samples from the MCI converters and the presented assay, we
modelled the effect of systemic environment on HN from baseline diagnosis until conversion to
AD. We sought to investigate if disease progression could be monitored using a serum sample
from each follow-up visit and our in vitro assay. We obtained a neurogenesis readout
corresponding to each follow-up visit and performed modelling of the intra- and inter-individual
differences in the systemic effects on human HN. Mixed-effects models for repeated measures
were fitted to identify factors affecting trajectories of HN changes. Since age did not significantly
predict HN level (p>0.05), we used another measure enabling longitudinal analysis - time to
conversion, i.e. time in years to the clinical diagnosis of dementia due to AD. Because the last
serum sample used in our study was obtained at the time of conversion to AD, it was assigned the
value of 0, and time before conversion assigned negative values (i.e. one year before conversion

is -1 year).
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Decreased proliferation and increased apoptotic hippocampal progenitor cell death

characterize progression from MCI to AD

The model with random intercept predicts that over the disease progression there is an
increase in the number of hippocampal progenitor cells (p=0.002, Fig.3A and B, Table 1). This is
not related to an increase in proliferation, as conversely, decreasing level of proliferation (%Ki67+
cells, p<0.0001, Fig.3A and D, Table 1) of hippocampal progenitor cells across all analysed time
points was detected. Time to conversion was the only significant predictor of proliferation and cell

number in both random intercept models (see Table 1) for average cell count and %Ki67+ cells.
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Fig.3. Exposure to 1% serum from MCI converters leads to decreased proliferation and increased cell death of the HPCOA07/03C

cells. (A) Representative images of human hippocampal neurogenesis when the HPCOA07/03C cells are treated with serum from
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the same individual —on the left with serum sample from one year before conversion (MCI) and on the right with serum sample
taken at the conversion to AD. Increase in cell number (DAPI), decrease in proliferation (Ki67 labelling) and increased apoptotic
cell death (Cleaved Caspase 3, CC3 labelling) of hippocampal progenitor cells were detected. (B-D) The graphs present results of
fitting mixed-effects models for repeated measures for MCI converters. For the average cell number and Ki67 models with random
intercept were the best fit. For CC3 random slope. Trajectories of hippocampal neurogenesis as a function of time to conversion
are shown. On the x-axis conversion event is depicted as year=0 and time before conversion is assigned negative values.
Longitudinal serum samples from MCI converters increased cell count (B), cell death (%CC3+ cells) (C) and decreased
proliferation (%Ki67+ cells) (D) of the HPCOA07/03C cells. All fitted regression lines were calculated from models presented in

Table 1.

In addition, the mixed effects model with a random slope predicts that the level of apoptotic
cell death (%CC3+ cells, p<0.0001, Fig.3, Table 1) increases with decreasing time to conversion
to AD. For individuals with higher education that increase was smaller as compared to those with
less than 10.5 years of education, suggesting that environmental factors related to education level,
such as diet, might significantly impact on cell death during disease progression.

The percentage of variance that accounted for the average cell count was 66.9%, 88.92% for Ki67

and 88.3% for CC3, indicating excellent fit of the models.

Increased hippocampal neurogenesis characterizes progression from MCI to AD

Human hippocampal progenitor cells were also exposed to the serum samples during
differentiation to investigate neurogenesis (Fig. 4). Mixed effects models with random intercept
(for cell count and %Dcx) or random slope (for %Map2) predict that there is an increased cell
number (p=0.037, Table 1) and increased level of neuroblast (%Dcx, p=0.021, Table 1) and more
mature neurons (%Map2, p=0.044, Table 1) with disease progression. We did not detect significant

alterations in the number of apoptotic human hippocampal progenitor cells during differentiation.
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Fig. 4. Exposure to 1% serum from the converters to Alzheimer’s disease leads to increased human hippocampal neurogenesis in
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vitro. (A) Representative images showing changes in human hippocampal progenitor cell number (DAPI) and neurogenesis
(neuroblast marker doublecortin (Dcx) and neuronal marker microtubule-associated protein 2 (Map2)) when the HPCOA07/03C
cells are cultured in the presence of 1% serum from an individual that converted to dementia due to AD (right panel, labelled
Alzheimer’s disease) or serum from the same donor, collected 1 year before conversion (left panel, labelled MCI). (B-D)
Trajectories of human hippocampal neurogenesis changes were fitted using mixed-effects models. Predicted mean scores are
presented on the graphs, with the x axis representing time to conversion, with conversion assigned year=0 value and time before
conversion assigned negative values for respective years. Longitudinal serum samples from MCI converters lead to (B) increased
average cell count, (C) increased number of immature (%Dcx-positive cells) and (D) mature (%Map2-positive cells) neurons. All

fitted regression lines were calculated from models presented in Table 1.
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Time to conversion was the only significant predictor of the average cell number during the
differentiation stage of the assay (see Table 1). Mini—-Mental State Examination (MMSE) score at
baseline and time to conversion predicted the number of immature neurons, i.e. the higher MMSE
score at baseline, the lower number of Dcx-positive neurons. Gender of the serum donors was
significantly influencing the predicted level of mature neurons, with females having on average
3.34% fewer Map2-positive cells as compared to males, when controlling for the time to
conversion.

The percentage of variance that accounted for average cell count was 72.47%, 58.31% for Dcx,
55.83 % for Map2, indicating a moderate fit of the models.

Variables such as APOE4 status and comorbidities (as listed in Table 2) were not significant when
included in the mixed-effects models with respect to proliferation and differentiation stages of the

assay. No significant interaction effects were determined.

Hippocampal cellular readout can distinguish MCI converters from MCI non-converters

Next, we asked whether serum from MCI converters compared to serum from MCI non-
converters impacted differentially on proliferation and differentiation of human hippocampal
progenitor cells. Using fitted models we demonstrated that during the proliferation stage of the
assay the number of hippocampal progenitor cells exposed to serum increases with consecutive
follow-up visits. Nonetheless, the number of cells treated with serum from MCI converters was
higher as compared to the effect of serum from MCI non-converters (p<0.0001, Fig. 5, Table 3).
On the other hand, we observed that the number of Ki67-positive cells decreases with time,
however significantly less so when they were subjected to serum from MCI converters (p=0.0001,

Fig. 5).
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Fig. 5. Significant differences in the effects of longitudinal serum samples from MCI converters and MCI non-converters
on human hippocampal cells proliferation (A, B) and differentiation (C, D). Trajectories of human hippocampal neurogenesis
changes with follow-up visits were fitted using mixed-effects models for repeated measures. Predicted mean scores are presented
on the graphs, with the x-axis representing time to conversion (with conversion assigned year=0 value and time before conversion
assigned negative values for respective years for the MCI converters) or time to last visit from baseline (for the non-converters).
Longitudinal serum samples lead to higher average cell count during both proliferation (A) and differentiation (C), as well as to
smaller decrease in proliferation (B) and increased neurogenesis (D). All fitted regression lines were calculated from models

presented in Table 3.
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In addition, serum from MCI converters leads to higher apoptotic cell death during both
proliferation (p=0.0001, R*= 0.099, Adj R*= 0.093) and differentiation (p<0.0001, R*= 0.263, Adj
R’= 0.258). This effect, however, is time-independent.

Fitted models indicated that during the differentiation stage of the assay there was an
overall decrease in the number of cells treated with serum, and human hippocampal progenitor
cells treated with serum from MCI converters were characterized by significantly higher drop in
number compared to cells treated with serum from MCI non-converters (p=0.0001, Fig. 5, Table
3). Moreover, the number of mature neurons (Map2-positive cells) significantly increased when

cells were treated with serum from MCI converters (p=0.0005, Fig. 5).

Prediction of conversion to AD using baseline data

Our next research question was whether the baseline cellular readouts together with
baseline patients’ data could predict conversion to AD. Using stepwise logistic regression, the best
predictors of conversion from MCI to AD were determined, i.e. education (years) and cellular
readouts from both proliferation and differentiation stages of the assay - average cell count during

proliferation, %Ki67-positive cells and %CC3-positive cells during differentiation (Table 4).

The fit of the model was confirmed using Hosmer-Lemeshov goodness of fit (p=0.324) and Stata
linktest, demonstrating no specification errors (_hat=0.001, hatsq=0.110). To assess the accuracy
of the selected predictors in assigning individuals into MCI converters or non-converters groups,
receiver operating characteristic (ROC) analysis was performed. ROC curve (Fig. 6) demonstrated

excellent discriminatory power (area under the curve, AUC=96.75 %) of the model to distinguish
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between future converters and non-converters. The model correctly classified 92.11% converters

and 94.12% MCI non-converters were correctly discriminated.
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Fig. 4. Receiver-operator characteristic-curve for predicting conversion to Alzheimer’s disease. The prediction model

(AUC=0.9675) indicates an excellent discriminative performance of the model. Sensitivity = 92.11%, Specificity = 94.12%,

Positive predictive value = 97.22%, Negative predictive value = 84.21%.

In supplementary Table S1, AUC for each predictor alone is presented, showing that the model

built of all four predictors is characterized by better parameters.

Machine learning cross-validation of the prediction model of conversion to AD

To validate the ROC curve described above, internal validation using machine learning was

performed. Support Vector Machine Classifiers using the Radial-Based Kernel were trained to
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predict conversion status using data from the 38 MCI converters and 18 MCI non-converters. Four
predictors were used, including the neurogenesis factors (average cell count during proliferation,
%Ki67-positive cells and %CC3-positive cells during differentiation) and education. Performance
of the classifier was assessed using 1000 repeats of 5-fold cross-validation. The ‘€1071° package
in R was used to train and test the classifiers. We found that a classifier using these three
neurogenesis factors as predictors achieved an area under the curve of 0.93, with sensitivity 90.3%

and specificity 79.0% (Fig. S1).

Molecular pathways involved in hippocampal neurogenesis and AD differentially expressed in
baseline serum of MCI converters and non-converters

A proteomic analysis using the SOMAScan assay followed by Ingenuity Pathway analysis
was applied to gain insights into molecular pathways and networks by which proteins in serum
might regulate the hippocampal stem cell fate and conversion to AD. The serum levels of 207
proteins (Table S2) were found to be significantly differentially expressed between MCI
converters and non-converters. A classifier trained on 207 proteins was able to distinguish between
serum samples from MCI converters and non-converters with excellent diagnostic performance

(AUC=0.943), with sensitivity of 91.65% and specificity of 81.68% (Fig. S2).

Among the differentially expressed proteins between MCI converters and non-converters,
there were proteins involved either in the neurogenic process (e.g. GDF11) or in AD (e.g. CA2,
DKK1, MAPT), or in both (e.g. CREBBP, SFRP1, DKK1, APOE, ILIRAP).

We applied Ingenuity Pathway Analysis (IPA) to analyse the differentially expressed proteins
between MCI converters and non-converters. The identified canonical pathways included p38
MAPK Signalling (p=3.28E-02, ratio 7/55), PPAR Signalling (p=3.48E-02, ratio 6/44), Wnt/j-
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catenin Signalling (p=5.48E-02, ratio 6/49), Granulocyte Adhesion and Diapedesis (p-
value=2.82E-02, ratio 10/90), Agranulocyte Adhesion and Diapedesis (p=4.18E-02, ratio 9/83).
The two top generated networks had a score of 36 (Cell-To-Cell Signalling and Interaction,
Cellular Movement, Immune Cell Trafficking, and Cellular Movement, Cell Death and Survival,
Embryonic Development, presented in Fig. 7). Both top networks were characterized by molecules
central to HN and AD as their major hubs (NFkPB and Jnk in Cell-To-Cell Signalling and
Interaction, Cellular Movement, Immune Cell Trafficking, and ERK1/2, ERK and p38 MAPK in

Cellular Movement, Cell Death and Survival, Embryonic Development).
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B)

Fig. 5. The two top scoring networks generated by IPA, Cell-to-Cell Signalling and Interaction, Cellular Movement,
Immune Cell Trafficking (A); Cellular Movement, Cell Death and Survival, Embryonic Development (B). Networks were
generated 207 differentially expressed proteins by MCI converters, out of which 199 were identified by IPA. A) Cell-to-Cell
Signalling and Interaction, Cellular Movement, Immune Cell Trafficking network (score 36) comprises 23 focus molecules
analysed in the SomaScan panel; B) Cellular Movement, Cell Death and Survival, Embryonic Development (score 36) comprises
23 focus molecules analysed in the SomaScan panel. Proteins are represented by nodes, with up-regulated proteins displayed in
red, and the down-regulated proteins are in green, and additional interacting molecules not included in the SomaScan are marked
in white. Each network is displayed as a series of nodes (proteins) and edges (i.e. lines, corresponding to biological relationships
between nodes). The solid lines indicate direct interactions, whereas the dotted lines represent indirect interactions between the

proteins represented in the networks.
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Discussion

This study has introduced a new “in vitro parabiosis” assay employing a human
hippocampal progenitor cell line exposed to longitudinal human serum samples. This assay enables
studying the effects of the changing systemic milieu on neural stem cells overtime. Using this
unique model, we provide potential insights into temporal changes of the hippocampal neurogenic
process during AD progression, with baseline data predicting with excellent accuracy conversion

from MCI to AD up to 3.5 years before clinical diagnosis.

Previous in vivo rodent parabiosis experiments demonstrated significant role of the systemic
environment in determining the fate of hippocampal progenitor cells (/0, 13). More recently,
Middeldorp et al. reported that plasma from young mice restored some aspects of hippocampal
plasticity and associated learning in AD mouse models (28). Here, we show for the first time the
ability of the MCI and AD human systemic environment to differentially regulate human neural
stem cell fate along disease progression and conversion.

We report an increase in HN induced by serum obtained at around conversion time from
MCI to AD. Human autopsy studies demonstrated dysregulation of HN in AD, however it has been
debated whether HN is increased (29), decreased (30) or unchanged in AD (37). AD animal models
brought similarly contradictory results (for review see (7)). Importantly, the majority of the
autopsy and rodent reports describe HN at the late stage of AD, thus it is impossible to extrapolate
these results to the early stage of the disease. Although our in vitro measures are only potential

proxy of in vivo HN, our data is in line with a recent rodent study investigating HN in prodromal
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AD showing that proliferation of hippocampal DCX expressing neuroblasts was significantly and
specifically elevated during the pre-plaque stage in the APP-PS1 AD model (8).

The functional role of HN is not simply to replace dying neurons, but instead, to add
immature neurons to the existing circuits in the hippocampus and reshape these in response to new
stimuli (32). The immature neurons do not only have distinct properties from those of mature
neurons, but are also more plastic and excitable as compared to the mature granule neurons. HN
plays a critical role in reducing interference between similar memories (pattern separation,
temporal separation of memories (33)), conjunctive encoding (integrating spatial and non-spatial
information into memory), consolidation of contextual memories (34), emotional regulation and
in response/adaptation to stress (4, 33-36). On the other hand, decreased HN is associated with
cognitive impairment (37, 38). It remains uncertain if and how changes in HN are relevant for
human cognition, and we do not understand yet if increased HN plays a compensatory role,
provides cognitive resilience or might contribute to the ongoing pathology. Despite the fact that
increased neurogenesis after an injury such as stroke or traumatic brain injury improves cognition,
it appears that in general it does not always result in an improved function. For instance, aberrant
neurogenesis has been implicated in epilepsy pathogenesis (39-42). Neuronal hyperactivation
leads to long-term impairment of HN, with an increase in neurogenesis followed by inappropriate
migration, differentiation and integration of many of new neurons (43, 44).

Interestingly, increased hippocampal activity has been reported in MCI individuals and
was not linked with significant hippocampal volume changes (45-52). This hyperactivation occurs
in the DG and CA3 subfields of the hippocampus (50). Bakker et al. demonstrated that reducing
hippocampal hyperactivation with an antiepileptic drug, levetiracetam, has a therapeutic potential

as it improves pattern separation in the individuals with MCI (52). In the future, it would be
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interesting to investigate patterns of hippocampal activity alongside the presented in vitro assay,
where changes in HN might correspond to hyperactivation in the individuals with MCI who will
eventually convert to AD.

Interestingly, increased HN might interfere with retrieval of old memories (34, 35, 53) and
ablation of neurogenesis improves hippocampal-dependant working memory by reducing
interference (54, 55). For instance, it was reported that too much neurogenesis might be detrimental
for the hippocampus-dependent working memory, involving both the hippocampus and the
prefrontal cortex (54).

Further, the CaM/Tet-DTs mice which are characterized by a selective neuronal loss in the
hippocampus, have increased neurogenesis and angiogenesis, correlating with behavioural
recovery, suggestive of a compensatory response (56). Despite increased neurogenesis in this
mouse model, cognitive deficits were ameliorated only in the young (6-month old) (56) but not
old (14-month old) mice (57). That might suggest that during age-related neurodegeneration, as in
AD, increased HN might not be sufficient for cognitive recovery. It is likely that a permissive
systemic milieu is indispensable to complement increased HN to induce cognitive improvement.
A balance between age- and neurodegeneration-related factors and decreasing with age pro-
youthful circulatory molecules determines HN level, and our study demonstrates that this

phenomenon extends beyond rodents.

The presented prediction model identifies MCI converters and non-converters using
baseline serum samples, combining education and relevant cellular readouts. That is in line with
Tang et al. recommendation that the best prediction models should contain factors across different

variable categories (58). Education attainment, an important factor in the presented prediction
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model, coincides with brain development, thus it can be a significant deterministic factor in
adulthood cognition. Further, our model is concordant with previous studies, showing that lower
education is associated with higher risk of AD (59). We show that the odds of converting to AD
decrease by factor 0.72 with each additional year of education (see Table 4).
We believe that education attainment is a proxy of lifestyle and this concept extends beyond just
purely the formal years of education. It might impact choice of occupation, socioeconomic status
and may affect exposure to AD risk factors. Several animal studies demonstrated that both diet
and environmental enrichment are significant factors affecting HN (4, 60). Therefore, in the future,
collecting detailed information about individual’s lifestyle activities such as social and cognitive
engagement, physical activity and diet might turn out to provide even better prediction of HN than
education.

We did not find a relationship between available lifestyle-related factors or drug intake and
HN. Similarly, only in the analysis of AD converters over time, we observed that some
demographic characteristics, such as years of education, age at baseline, gender, and
neuropsychological assessment tests such as MMSE at baseline, were predictors for cellular
readouts. However, when comparing MCI converters vs non-converters over time, none of the
cognitive or demographic measures significantly influenced HN. In our analyses, we did not detect
any role for the APOE4 status. The role of APOE4 in mediating hippocampal volume and rate of
hippocampal atrophy is debatable (67/-63), thus we were not alarmed that it was excluded from our

models.

Our findings suggest that the baseline serum sample is sufficient to predict conversion to AD

with excellent accuracy. We also demonstrate that a panel of 207 serum proteins is nearly as good
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in predicting conversion as the proposed model. The activation of one of the canonical pathways
revealed by IPA, p38 MAPK, might partially explain the neurogenesis readouts observed in our
study. Activation of this pathway might trigger inhibition of proliferation, induce apoptosis and
stimulate differentiation (64). Although the 207-protein panel comprised proteins of well-
described role in neurogenesis and AD, one must interpret its components with caution, given that

serum will also contains important factors other than proteins.

We recognize that our study has limitations. First, AD diagnosis was clinical only and none
of the study participants had a post-mortem AD diagnosis. Secondly, there was no neuroimaging
data available for some of the follow-up visits and our study cohort did not encompass an
additional AD cohort with hippocampal sparing. Thirdly, despite the MCI converter and non-
converter groups being both composed of a combination of patients/samples drawn from two
independent cohorts, and having cross-validated our model with machine learning, we will need
to validate our model in a third independent cohort. Future studies should also explore the
generalisability of our results to familial AD.

Furthermore, we recognize that we do not reconstitute the neurogenic niche in its entirety,
and future experiments should see the expansion of this in vitro model to include other key players
in AD such as microglia, or extend the duration of the assay to monitor synaptic formation and
plasticity. Finally, the effects observed in vitro might not mirror those in vivo. Yet, the assay could
be used as a platform to explore longitudinal changes in HN and predict conversion to AD. Given
that there are no methods to quantify or image HN in living individuals, our assay presents a

powerful tool.
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All together, we demonstrate that factors in the human systemic environment (i.e. serum)
modulate human hippocampal progenitor cell fate. This novel in vitro assay enables monitoring
disease progression and predicting conversion to AD up to 3.5 years before clinical diagnosis.
Education and baseline in vitro assay readouts (proliferation: average cell count, Ki67;
differentiation: cell death) serve as predictors in the model (AUC=0.9675).

The proposed assay has potential to facilitate early diagnosis and stratification in clinical trials.
Early diagnosis of AD enables earlier implementation of interventions aimed at delaying symptom
progression and making decisions regarding lifestyle changes. Finally, we believe that by
understanding further the mechanisms underlying hippocampal progenitor cell alterations one

could identify novel targets to prevent or delay AD onset and to slow down disease progression.

Materials and Methods

Cell line

All experiments were performed using the Multipotent Human Hippocampal
Progenitor/Stem Cell Line HPCOA07/03C (ReNeuron, UK), derived from the first trimester female
foetal hippocampal tissue following medical termination and in accordance with UK and USA
ethical and legal guidelines, and obtained from Advanced Bioscience Resources (Alameda CA,
USA). HPCOA07/03C cells were conditionally immortalised by introducing c-myc-ER™M
transgene which enables them to proliferate indefinitely in presence of epidermal growth factor
(EGF), basic fibroblast growth factor (bFGF) and 4-hydroxy-tamoxifen (4-OHT) (65). Removal

of these factors induces spontaneous differentiation into neurons, astrocytes or oligodendrocytes

(15, 27, 66).
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Serum samples
Serum samples were collected from 56 individuals initially diagnosed with MCI. Thirty-

eight of 56 MCI patients later developed dementia due to AD (MCI converters, with a minimum

of two up to five yearly follow-up visits with cognitive assessment and blood collection), whereas

18 did not progress either to AD or other disease, had transient memory problems but remained

cognitively stable over a period of at least 3 years from diagnosis (MCI non-converters, with up to

six yearly follow-up visits with cognitive assessment and blood collection).

The serum samples were sourced from two independent cohorts:

1. EU AddNeuroMed Consortium, a multi-centre European study (67, 68), with six
participating medical centres: University of Kuopio (Finland), University of Perugia
(Italy), Aristotle University of Thessaloniki (Greece), King's College London (United
Kingdom), Medical University of Lodz (Poland) and University of Toulouse (France).
Consensus diagnosis was made according to published criteria (21, 69, 70). Clinical
diagnosis was confirmed during consecutive follow-up visits.

2. King’s Health Partners-Dementia Case Register (KHP-DCR), a UK clinic and population
based study (67). Diagnosis of probable AD was made according to (69) and (70) criteria.
MCI was diagnosed according to (217) criteria. Clinical diagnosis was confirmed during
consecutive follow-up visits.

Informed written consent was obtained from all serum donors or their carers according to the

Declaration of Helsinki (1991) and protocols and procedures were approved by the relevant

Institutional Review Board at each collection site.

Longitudinal serum samples from the study participants were used to obtain a cellular

readout corresponding to each follow-up visit and to analyse within- and between-subjects
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variability in how serum collected at different time-points affects HN in vitro. A minimum of three
serum samples, collected at annual assessment, were required for MCI non-converters, and two
samples, one prior to conversion and one post-conversion, for MCI converters. Serum was
collected at the time of cognitive assessments and the samples were stored at -80°C, and underwent

one freeze/thaw cycle before performing experiments.

Baseline and longitudinal characteristics of serum donors

Baseline characteristics of serum donors are presented in Table 2. All participants were age-
(p=0.320) and gender-matched (p=0.129, see Table 4). MCI converters completed significantly
fewer years of education compared with MCI non-converters (p=0.002). They also scored
significantly lower in MMSE (p=0.031). There was no difference in the number of the APOE4

allele carriers (APOE4+) between MCI converters and MCI non-converters (p=0.625).

In vitro assay to investigate the impact of the systemic environment on human hippocampal
neurogenesis

To study how the systemic environment (i.e. serum) influences human HN, we developed
and optimized an in vitro assay, in which HPCOA07/03C cells (see (/5) for medium composition)
were treated with 1% serum. Control conditions consisted of medium + 1:100 PenStrep (Thermo
Fisher Scientific). Serum was added to the cell culture during both proliferation (48 hours) and
differentiation (7 days) (Fig.2). Proliferation medium comprised 4-hydroxytamoxifen (4-OHT),
epidermal growth factor (EGF) and basic fibroblast growth factor (FGF). 24 hours after seeding,
cell medium was replaced with medium containing 1% serum. To analyse proliferation markers,

cells were fixed in 4% paraformaldehyde after the total of 72 hours of cell proliferation.
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In order to investigate systemic effects on differentiation of HPCOAO07/03C cells, after 48
hours of proliferation in the presence of 1% serum (as described above), cells were enabled to
spontaneously differentiate by culturing them in medium devoid of 4-OHT, EGF and FGF.
Experiments were terminated after 7 days of differentiation to avoid medium change and another
serum supplementation. In addition, one week of differentiation is sufficient to detect changes in
the number of immature and mature neurons (75, 27, 66). Medium supplemented with 1% serum
was added only once during both proliferation and differentiation of the HPCOAO07/03C cells.
Serum samples were never pooled. For each experiment three biological replicates (cells of three
different passage numbers) were used and for each biological replicate there were technical
triplicates. All experiments were performed using the HPCOAO07/03C cells of passage number

ranging from 15 to 24.

Immunohistochemistry and semi-automatic analysis

Rabbit polyclonal anti-Ki67 (Abcam) antibody was used to assess proliferation; rabbit
monoclonal anti-CC3 to assess apoptosis; rabbit polyclonal anti-Dcx (Abcam) and mouse
monoclonal anti-Map2 (Abcam) to assess neuronal differentiation. Secondary antibodies were
conjugated with Alexa 488 or Alexa 555 (Invitrogen) and nuclei were counterstained with DAPI.
Semi-automatic quantification of cell numbers and phenotypes was performed in 96-well plates,
using the high-throughput instrument Cellinsight Personal Cell Imager CX5 (ThermoFisher

Scientific).

Somascan analysis
3620 unique proteins or 4006 different protein epitopes were quantified using the SOMAScan

assay (Somalogic Inc.,.Boulder, CO, U.S.A.) from 150 ul of baseline serum samples. The
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SOMAScan assay is an aptamer-based technology that uses protein-capture SOMAmers (Slow
Off-rate Modified Aptamer) to quantify proteins in a biofluid. SOMAmers are chemically
modified oligonucleotides with specific affinity to their protein targets, developed by SELEX. The
identities of all proteins quantified are listed in Supplementary Appendix 1 and the SOMAScan

assay is described in detail at www.somalogic.com. The normalized and calibrated signal for each

SOMAmer reflects the relative amount of each cognate protein present in the original sample,
quantifications are reported in relative fluorescence units (RFU) and all data was first logl0

transformed prior to analysis.

Ingenuity pathway analysis
IPA (Ingenuity Pathway Analysis, IPA®, QIAGEN Redwood City) generated a list of canonical
pathways and networks for proteins within detection limit of the SomaScan. Only proteins

differentially expressed with p<0.05 were considered for analysis.

Statistical analysis
Analyses of cellular readouts

All statistical analyses were performed using Prism 5.0 software (GraphPad Software), R
or STATA 13. For univariate analyses two-tailed paired t-student test, one- and two-way ANOVA
with post hoc comparisons using the Bonferroni correction were used. The chi-square test was
carried out to test for differences in categorical outcomes such as gender and the APOE4 allele.

Due to the longitudinal aspect of our dataset, we used linear mixed-effects regression
models for repeated measures as they enable inclusion of varying number of assessment

information available for each individual and do not require equal time intervals between the
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follow-up visits. Random intercept and random slope models were fitted with restricted maximum
likelihood as the method of estimation. All analyses were adjusted for the effect of age, gender,
education and carrying APOE4 allele(s).

Each serum donor was assigned an ID in order to specify random effects in the models.
The age of the individuals was centred at the cohort median (77 years) to aid interpretation of the
models. Time to conversion was measured in years and centred at zero, which indicated conversion
from MCI to AD. Time before conversion was assigned negative values and time after conversion
positive values. APOE4 allele carrier status was dichotomized — carriers of at least one APOE4
allele were assigned 1, carriers of other APOE alleles — 0. Education was entered in the models
either as years of education or it was dichotomized at the median (low <10, high >10 years of
education). Classification to MCI converters or non-converters was dichotomous (MCI converters
were assigned 1, non-converters -0).

Given that many individual characteristics or comorbidities might affect HN and/or AD
risk, among the potential predictors considered in the models were: AD risk factors (gender,
APOEA4 status, age centred around median and time to conversion (or time from baseline for MCI
non-converters)), education level, solitary living and MMSE score (baseline MMSE, MMSE score
change/year); comorbidities (diabetes, arthritis, hypertension, hypothyroidism, depression, cancer,
stroke, angina, infections and allergies); drug intake (antidepressants, statins, nonsteroidal anti-
inflammatory drugs); dietary supplements (vitamins, omega-3 fatty acids); life-style related factors
(alcoholism, smoking). In addition, we also tested some biologically plausible interactions of
different predictors. All mixed-effects regression models were assessed using Akaike Information

Criterion (AIC), likelihood-ratio test and deviance.
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Logistic regression prediction

Stepwise logistic regression analysis was carried out to assess the effect of selected
predictors on probability of conversion to AD by 3.5-year follow up from baseline. It was preceded
by analysis of multicollinearity. Receiver operating characteristic (ROC) curve was conducted to
determine the classification accuracy of selected variables in predicting conversion to AD. Area
under the curve was used to estimate the discrimination between MCI converters and non-

converters.

Machine-learning classification
The ‘1071 package in R was used to train and test the machine learning classifiers based
upon Support Vector Machine using the Radial Based Kernel. ROC curves were drawn using the
“ROCR” package in R. ROC curves were drawn using the “ROCR” package in R. Performance of

the classifier was assessed using 1000 repeats of 5-fold cross-validation.

Supplementary Materials

Fig. S1. Receiver-operator characteristic-curve for the cross-validation model predicting
conversion to Alzheimer’s disease.

Fig. S2. Receiver-operator characteristic-curve for predicting conversion to Alzheimer’s disease
using a panel of 207 proteins.

Table S1. Comparison of AUC for logistic regression models for individual predictors.

Table S2. 207 proteins significantly differentially expressed between MCI converters and non-

converters.

30


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

References

1. K. L. Spalding, O. Bergmann, K. Alkass, S. Bernard, M. Salehpour, H. B. Huttner, E.
Bostrom, 1. Westerlund, C. Vial, B. A. Buchholz, G. Possnert, D. C. Mash, H. Druid, J.
Frisen, Dynamics of hippocampal neurogenesis in adult humans. Cell 153, 1219-1227
(2013).

2. C. S. Bjornsson, M. Apostolopoulou, Y. Tian, S. Temple, It takes a village: constructing
the neurogenic niche. Dev Cell 32, 435-446 (2015).

3. M. A. Bonaguidi, M. A. Wheeler, J. S. Shapiro, R. P. Stadel, G. J. Sun, G. L. Ming, H.
Song, In vivo clonal analysis reveals self-renewing and multipotent adult neural stem cell
characteristics. Cell 145, 1142-1155 (2011).

4, W. Deng, J. B. Aimone, F. H. Gage, New neurons and new memories: how does adult
hippocampal neurogenesis affect learning and memory? Nat Rev Neurosci 11, 339-350
(2010).

5. A. Maruszak, S. Thuret, Why looking at the whole hippocampus is not enough-a critical
role for anteroposterior axis, subfield and activation analyses to enhance predictive value
of hippocampal changes for Alzheimer's disease diagnosis. Front Cell Neurosci 8, 95
(2014).

6. L. G. Apostolova, R. A. Dutton, I. D. Dinov, K. M. Hayashi, A. W. Toga, J. L. Cummings,
P. M. Thompson, Conversion of mild cognitive impairment to Alzheimer disease predicted

by hippocampal atrophy maps. Arch Neurol 63, 693-699 (2006).

31


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

7. A. Maruszak, A. Pilarski, T. Murphy, N. Branch, S. Thuret, Hippocampal neurogenesis in
Alzheimer's disease: is there a role for dietary modulation? J Alzheimers Dis 38, 11-38
(2014).

8. M. S. Unger, J. Marschallinger, J. Kaindl, C. Hofling, S. Rossner, M. T. Heneka, A. Van
der Linden, L. Aigner, Early Changes in Hippocampal Neurogenesis in Transgenic Mouse
Models for Alzheimer’s Disease. Molecular Neurobiology 53, 5796-5806 (2016).

0. G. Kempermann, H. Song, F. H. Gage, Neurogenesis in the Adult Hippocampus. Cold
Spring Harb Perspect Med 5, a018812 (2015).

10. S. A. Villeda, J. Luo, K. I. Mosher, B. Zou, M. Britschgi, G. Bieri, T. M. Stan, N. Fainberg,
Z. Ding, A. Eggel, K. M. Lucin, E. Czirr, J. S. Park, S. Couillard-Despres, L. Aigner, G.
Li, E. R. Peskind, J. A. Kaye, J. F. Quinn, D. R. Galasko, X. S. Xie, T. A. Rando, T. Wyss-
Coray, The ageing systemic milieu negatively regulates neurogenesis and cognitive
function. Nature 477, 90-94 (2011).

11. L. K. Smith, Y. He, J. S. Park, G. Bieri, C. E. Snethlage, K. Lin, G. Gontier, R. Wabl, K.
E. Plambeck, J. Udeochu, E. G. Wheatley, J. Bouchard, A. Eggel, R. Narasimha, J. L.
Grant, J. Luo, T. Wyss-Coray, S. A. Villeda, beta2-microglobulin is a systemic pro-aging
factor that impairs cognitive function and neurogenesis. Nat Med, (2015).

12. T. D. Palmer, A. R. Willhoite, F. H. Gage, Vascular niche for adult hippocampal
neurogenesis. The Journal of comparative neurology 425, 479-494 (2000).

13. S. A. Villeda, K. E. Plambeck, J. Middeldorp, J. M. Castellano, K. I. Mosher, J. Luo, L. K.
Smith, G. Bieri, K. Lin, D. Berdnik, R. Wabl, J. Udeochu, E. G. Wheatley, B. Zou, D. A.

Simmons, X. S. Xie, F. M. Longo, T. Wyss-Coray, Young blood reverses age-related

32


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

impairments in cognitive function and synaptic plasticity in mice. Nat Med 20, 659-663
(2014).

14. L. Katsimpardi, N. K. Litterman, P. A. Schein, C. M. Miller, F. S. Loffredo, G. R.
Wojtkiewicz, J. W. Chen, R. T. Lee, A. J. Wagers, L. L. Rubin, Vascular and neurogenic
rejuvenation of the aging mouse brain by young systemic factors. Science 344, 630-634
(2014).

15. C. Anacker, P. A. Zunszain, A. Cattaneo, L. A. Carvalho, M. J. Garabedian, S. Thuret, J.
Price, C. M. Pariante, Antidepressants increase human hippocampal neurogenesis by
activating the glucocorticoid receptor. Mol Psychiatry 16, 738-750 (2011).

16.  D. Stangl, S. Thuret, Impact of diet on adult hippocampal neurogenesis. Genes Nutr 4,271-
282 (2009).

17. H. van Praag, G. Kempermann, F. H. Gage, Running increases cell proliferation and
neurogenesis in the adult mouse dentate gyrus. Nat Neurosci 2, 266-270 (1999).

18.  E. Maliszewska-Cyna, K. Xhima, I. Aubert, A Comparative Study Evaluating the Impact
of Physical Exercise on Disease Progression in a Mouse Model of Alzheimer's Disease. J
Alzheimers Dis 53, 243-257 (2016).

19. T. Paillard, Preventive effects of regular physical exercise against cognitive decline and
the risk of dementia with age advancement. Sports Med Open 1, 4 (2015).

20. A. Montagne, S. R. Barnes, M. D. Sweeney, M. R. Halliday, A. P. Sagare, Z. Zhao, A. W.
Toga, R. E. Jacobs, C. Y. Liu, L. Amezcua, M. G. Harrington, H. C. Chui, M. Law, B. V.
Zlokovic, Blood-brain barrier breakdown in the aging human hippocampus. Neuron 85,

296-302 (2015).

33


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

21.

22.

23.

24.

25.

26.

27.

aCC-BY 4.0 International license.

R. C. Petersen, G. E. Smith, S. C. Waring, R. J. Ivnik, E. G. Tangalos, E. Kokmen, Mild
cognitive impairment: clinical characterization and outcome. Arch Neurol 56, 303-308
(1999).

R. C. Petersen, R. Doody, A. Kurz, R. C. Mohs, J. C. Morris, P. V. Rabins, K. Ritchie, M.
Rossor, L. Thal, B. Winblad, Current concepts in mild cognitive impairment. Arch Neurol
58, 1985-1992 (2001).

C. DeCarli, Mild cognitive impairment: prevalence, prognosis, aetiology, and treatment.
Lancet Neurol 2, 15-21 (2003).

K. Ritchie, S. Artero, J. Touchon, Classification criteria for mild cognitive impairment: a
population-based validation study. Neurology 56, 37-42 (2001).

A. M. Fagan, C. Xiong, M. S. Jasielec, R. J. Bateman, A. M. Goate, T. L. Benzinger, B.
Ghetti, R. N. Martins, C. L. Masters, R. Mayeux, J. M. Ringman, M. N. Rossor, S.
Salloway, P. R. Schofield, R. A. Sperling, D. Marcus, N. J. Cairns, V. D. Buckles, J. H.
Ladenson, J. C. Morris, D. M. Holtzman, Longitudinal change in CSF biomarkers in
autosomal-dominant Alzheimer's disease. Science translational medicine 6, 226ra230
(2014).

W.Y. Yau, D. L. Tudorascu, E. M. McDade, S. Ikonomovic, J. A. James, D. Minhas, W.
Mowrey, L. K. Sheu, B. E. Snitz, L. Weissfeld, P. J. Gianaros, H. J. Aizenstein, J. C. Price,
C. A. Mathis, O. L. Lopez, W. E. Klunk, Longitudinal assessment of neuroimaging and
clinical markers in autosomal dominant Alzheimer's disease: a prospective cohort study.
Lancet neurology 14, 804-813 (2015).

C. Anacker, A. Cattaneo, K. Musaelyan, P. A. Zunszain, M. Horowitz, R. Molteni, A.

Luoni, F. Calabrese, K. Tansey, M. Gennarelli, S. Thuret, J. Price, R. Uher, M. A. Riva, C.

34


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

M. Pariante, Role for the kinase SGK1 in stress, depression, and glucocorticoid effects on
hippocampal neurogenesis. Proc Natl Acad Sci U S A 110, 8708-8713 (2013).

28. J. Middeldorp, B. Lehallier, S. A. Villeda, S. S. Miedema, E. Evans, E. Czirr, H. Zhang, J.
Luo, T. Stan, K. I. Mosher, E. Masliah, T. Wyss-Coray, Preclinical Assessment of Young
Blood Plasma for Alzheimer Disease. JAMA Neurol, (2016).

29. K. Jin, A. L. Peel, X. O. Mao, L. Xie, B. A. Cottrell, D. C. Henshall, D. A. Greenberg,
Increased hippocampal neurogenesis in Alzheimer's disease. Proc Natl Acad Sci U S A 101,
343-347 (2004).

30. B. Li, H. Yamamori, Y. Tatebayashi, B. Shafit-Zagardo, H. Tanimukai, S. Chen, K. Igbal,
I. Grundke-Igbal, Failure of neuronal maturation in Alzheimer disease dentate gyrus. J
Neuropathol Exp Neurol 67, 78-84 (2008).

31. A. Ekonomou, G. M. Savva, C. Brayne, G. Forster, P. T. Francis, M. Johnson, E. K. Perry,
J. Attems, A. Somani, S. L. Minger, C. G. Ballard, Stage-specific changes in neurogenic
and glial markers in Alzheimer's disease. Biol Psychiatry 77, 711-719 (2015).

32. S. Ge, K. A. Sailor, G. L. Ming, H. Song, Synaptic integration and plasticity of new neurons
in the adult hippocampus. J Physiol 586, 3759-3765 (2008).

33. L. M. Rangel, L. K. Quinn, A. A. Chiba, F. H. Gage, J. B. Aimone, A hypothesis for
temporal coding of young and mature granule cells. Front Neurosci 7, 75 (2013).

34, K. G. Akers, A. Martinez-Canabal, L. Restivo, A. P. Yiu, A. De Cristofaro, H. L. Hsiang,
A. L. Wheeler, A. Guskjolen, Y. Niibori, H. Shoji, K. Ohira, B. A. Richards, T. Miyakawa,
S. A. Josselyn, P. W. Frankland, Hippocampal neurogenesis regulates forgetting during

adulthood and infancy. Science 344, 598-602 (2014).

35


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

35.  P. W. Frankland, S. Kohler, S. A. Josselyn, Hippocampal neurogenesis and forgetting.
Trends Neurosci 36, 497-503 (2013).

36. J. S. Snyder, A. Soumier, M. Brewer, J. Pickel, H. A. Cameron, Adult hippocampal
neurogenesis buffers stress responses and depressive behaviour. Nature 476, 458-461
(2011).

37. E. Drapeau, W. Mayo, C. Aurousseau, M. Le Moal, P. V. Piazza, D. N. Abrous, Spatial
memory performances of aged rats in the water maze predict levels of hippocampal
neurogenesis. Proc Natl Acad Sci U S A 100, 14385-14390 (2003).

38. J. S. Snyder, N. S. Hong, R. J. McDonald, J. M. Wojtowicz, A role for adult neurogenesis
in spatial long-term memory. Neuroscience 130, 843-852 (2005).

39. J. Bengzon, Z. Kokaia, E. Elmer, A. Nanobashvili, M. Kokaia, O. Lindvall, Apoptosis and
proliferation of dentate gyrus neurons after single and intermittent limbic seizures. Proc
Natl Acad Sci U S 4 94, 10432-10437 (1997).

40. S. Jessberger, N. Toni, G. D. Clemenson, Jr., J. Ray, F. H. Gage, Directed differentiation
of hippocampal stem/progenitor cells in the adult brain. Nat Neurosci 11, 888-893 (2008).

41. X. H. Chen, A. Iwata, M. Nonaka, K. D. Browne, D. H. Smith, Neurogenesis and glial
proliferation persist for at least one year in the subventricular zone following brain trauma
in rats. J Neurotrauma 20, 623-631 (2003).

42.  P.K. Dash, S. A. Mach, A. N. Moore, Enhanced neurogenesis in the rodent hippocampus
following traumatic brain injury. J Neurosci Res 63, 313-319 (2001).

43, A. Sierra, S. Martin-Suarez, R. Valcarcel-Martin, J. Pascual-Brazo, S. A. Aelvoet, O.

Abiega, J. J. Deudero, A. L. Brewster, I. Bernales, A. E. Anderson, V. Baekelandt, M.

36


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Maletic-Savatic, J. M. Encinas, Neuronal hyperactivity accelerates depletion of neural stem
cells and impairs hippocampal neurogenesis. Cell Stem Cell 16, 488-503 (2015).

44.  H. E. Scharfman, Functional implications of seizure-induced neurogenesis. Adv Exp Med
Biol 548, 192-212 (2004).

45, B. C. Dickerson, D. H. Salat, D. N. Greve, E. F. Chua, E. Rand-Giovannetti, D. M. Rentz,
L. Bertram, K. Mullin, R. E. Tanzi, D. Blacker, M. S. Albert, R. A. Sperling, Increased
hippocampal activation in mild cognitive impairment compared to normal aging and AD.
Neurology 65, 404-411 (2005).

46.  B. C. Dickerson, R. A. Sperling, Functional abnormalities of the medial temporal lobe
memory system in mild cognitive impairment and Alzheimer's disease: insights from
functional MRI studies. Neuropsychologia 46, 1624-1635 (2008).

47. K. A. Celone, V. D. Calhoun, B. C. Dickerson, A. Atri, E. F. Chua, S. L. Miller, K. DePeau,
D. M. Rentz, D. J. Selkoe, D. Blacker, M. S. Albert, R. A. Sperling, Alterations in memory
networks in mild cognitive impairment and Alzheimer's disease: an independent
component analysis. J Neurosci 26, 10222-10231 (2006).

48. A. Hamalainen, M. Pihlajamaki, H. Tanila, T. Hanninen, E. Niskanen, S. Tervo, P. A.
Karjalainen, R. L. Vanninen, H. Soininen, Increased fMRI responses during encoding in
mild cognitive impairment. Neurobiol Aging 28, 1889-1903 (2007).

49, T. T. Kircher, S. Weis, K. Freymann, M. Erb, F. Jessen, W. Grodd, R. Heun, D. T. Leube,
Hippocampal activation in patients with mild cognitive impairment is necessary for

successful memory encoding. J Neurol Neurosurg Psychiatry 78, 812-818 (2007).

37


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

50.

51.

52.

53.

54.

55.

56.

aCC-BY 4.0 International license.

M. A. Yassa, S. M. Stark, A. Bakker, M. S. Albert, M. Gallagher, C. E. Stark, High-
resolution structural and functional MRI of hippocampal CA3 and dentate gyrus in patients
with amnestic Mild Cognitive Impairment. Neuroimage 51, 1242-1252 (2010).

D. Putcha, M. Brickhouse, K. O'Keefe, C. Sullivan, D. Rentz, G. Marshall, B. Dickerson,
R. Sperling, Hippocampal hyperactivation associated with cortical thinning in Alzheimer's
disease signature regions in non-demented elderly adults. J Neurosci 31, 17680-17688
(2011).

A. Bakker, G. L. Krauss, M. S. Albert, C. L. Speck, L. R. Jones, C. E. Stark, M. A. Yassa,
S. S. Bassett, A. L. Shelton, M. Gallagher, Reduction of hippocampal hyperactivity
improves cognition in amnestic mild cognitive impairment. Neuron 74, 467-474 (2012).
J. R. Epp, R. Silva Mera, S. Kohler, S. A. Josselyn, P. W. Frankland, Neurogenesis-
mediated forgetting minimizes proactive interference. Nat Commun 7, 10838 (2016).

M. D. Saxe, G. Malleret, S. Vronskaya, I. Mendez, A. D. Garcia, M. V. Sofroniew, E. R.
Kandel, R. Hen, Paradoxical influence of hippocampal neurogenesis on working memory.
Proc Natl Acad Sci U S A 104, 4642-4646 (2007).

M. A. Joseph, N. Fraize, J. Ansoud-Lerouge, E. Sapin, C. Peyron, S. Arthaud, P. A.
Libourel, R. Parmentier, P. A. Salin, G. Malleret, Differential Involvement of the Dentate
Gyrus in Adaptive Forgetting in the Rat. PLoS One 10, e0142065 (2015).

K. Myczek, S. T. Yeung, N. Castello, D. Baglietto-Vargas, F. M. LaFerla, Hippocampal
adaptive response following extensive neuronal loss in an inducible transgenic mouse

model. PLoS One 9, €106009 (2014).

38


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

57. S. T. Yeung, K. Myczek, A. P. Kang, M. A. Chabrier, D. Baglietto-Vargas, F. M. Laferla,
Impact of hippocampal neuronal ablation on neurogenesis and cognition in the aged brain.
Neuroscience 259, 214-222 (2014).

58. E. Y. Tang, S. L. Harrison, L. Errington, M. F. Gordon, P. J. Visser, G. Novak, C. Dufouil,
C. Brayne, L. Robinson, L. J. Launer, B. C. Stephan, Current Developments in Dementia
Risk Prediction Modelling: An Updated Systematic Review. PLoS One 10, e0136181
(2015).

59.  E.S. Sharp, M. Gatz, Relationship between education and dementia: an updated systematic
review. Alzheimer Dis Assoc Disord 25, 289-304 (2011).

60.  A.Maruszak, A. Pilarski, T. Murphy, N. Branch, S. Thuret, Hippocampal Neurogenesis in
Alzheimer's Disease: Is There a Role for Dietary Modulation? J Alzheimers Dis, (2013).

61. A. J. Jak, W. S. Houston, B. J. Nagel, J. Corey-Bloom, M. W. Bondi, Differential cross-
sectional and longitudinal impact of APOE genotype on hippocampal volumes in
nondemented older adults. Dement Geriatr Cogn Disord 23, 382-389 (2007).

62. C. R. Jack, Jr., R. C. Petersen, Y. C. Xu, P. C. O'Brien, S. C. Waring, E. G. Tangalos, G.
E. Smith, R. J. Ivnik, S. N. Thibodeau, E. Kokmen, Hippocampal atrophy and
apolipoprotein E genotype are independently associated with Alzheimer's disease. Ann
Neurol 43, 303-310 (1998).

63. P. Vemuri, T. G. Lesnick, S. A. Przybelski, D. S. Knopman, M. Machulda, V. J. Lowe, M.
M. Mielke, R. O. Roberts, J. L. Gunter, M. L. Senjem, Y. E. Geda, W. A. Rocca, R. C.
Petersen, C. R. Jack, Jr., Effect of intellectual enrichment on AD biomarker trajectories:

Longitudinal imaging study. Neurology, (2016).

39


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

64.  F.Oeztuerk-Winder, J. J. Ventura, The many faces of p38 mitogen-activated protein kinase
in progenitor/stem cell differentiation. Biochem J 445, 1-10 (2012).

65. K. Pollock, P. Stroemer, S. Patel, L. Stevanato, A. Hope, E. Miljan, Z. Dong, H. Hodges,
J. Price, J. D. Sinden, A conditionally immortal clonal stem cell line from human cortical
neuroepithelium for the treatment of ischemic stroke. Exp Neurol 199, 143-155 (2006).

66. P. A. Zunszain, C. Anacker, A. Cattaneo, S. Choudhury, K. Musaelyan, A. M. Myint, S.
Thuret, J. Price, C. M. Pariante, Interleukin-lbeta: a new regulator of the kynurenine
pathway affecting human hippocampal neurogenesis. Neuropsychopharmacology 37, 939-
949 (2012).

67. S. Lovestone, P. Francis, I. Kloszewska, P. Mecocci, A. Simmons, H. Soininen, C.
Spenger, M. Tsolaki, B. Vellas, L. O. Wahlund, M. Ward, AddNeuroMed--the European
collaboration for the discovery of novel biomarkers for Alzheimer's disease. Ann N Y Acad
Sci 1180, 36-46 (2009).

68. G. B. Frisoni, Alzheimer's disease neuroimaging initiative in Europe. Alzheimers Dement
6, 280-285 (2010).

69.  A. P. Association", Diagnostic and Statistical Manual for Mental Diagnosis, 4th edition.
A. P. Association, Ed., (Washington, DC, 1994).

70. G. McKhann, D. Drachman, M. Folstein, R. Katzman, D. Price, E. M. Stadlan, Clinical
diagnosis of Alzheimer's disease: report of the NINCDS-ADRDA Work Group under the
auspices of Department of Health and Human Services Task Force on Alzheimer's Disease.

Neurology 34, 939-944 (1984).

40


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Acknowledgements

We would like to thank the many research teams across Europe collecting samples for this and
other AddNeuroMed studies’. We would also like to thank Rufina Leung for managing sample
collection and distribution at the London site. AD acknowledge financial support from the National
Institute for Health Research (NIHR) Biomedical Research and from the NIHR Collaboration for
Leadership in Applied Health Research and Care South London at King's College Hospital NHS
Foundation Trust CLAHRC. The views expressed are those of the authors and not necessarily
those of the NHS, the NIHR or the Department of Health

Author contributions

AM and ST designed the experiments and wrote the paper. AM, TM, CDL carried out the in vitro
cellular experiments, data collection and analyses. AM, BL, AD, AJN carried out the statistical
analyses and the prediction models. BL and AJN performed the machine learning cross-validation.
AM and BL carried out the proteomics analyses. CET and PJV collected patients’ samples and
data. AM, JP, SL and ST designed the study. ST conceptualized the study. All authors read and
revised the manuscript.

Funding statement

This work has been funded by grants provided by the John and Lucille van Geest Foundation
(AM), the Medical Research Council UK (MR/K500811/1) and the Cohen Charitable Trust (TM),
the Research Councils UK (ST) and the Rhodes Trust (BL). This study received support for sample
collection, biomarker studies and data analysis from Alzheimer’s Research UK (SL), through the
AddNeuroMed programme funded by EU FP6 program (SL) and with support from the Innovative
Medicines Initiative Joint Undertaking under EMIF grant agreement n 115372 (SL), resources of

which are composed of financial contribution from the European Union’s Seventh Framework

41


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/175604; this version posted August 13, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Programme (FP7/2007-2013) and EFPIA companies’ in kind contribution. The funders had no role

in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing interests
Part of the work presented here is subject to a patent application GB1616691.0 with AM, TM, JP,
SL and ST listed as inventors. JP is a consultant at ReNeuron. BL is CEO and co-founder of

Trialspark.

42


https://doi.org/10.1101/175604
http://creativecommons.org/licenses/by/4.0/

Tables

Table 1. Factors affecting changes in the human hippocampal neurogenesis (dependent variable) when the HPCOA07/03C cells are

exposed to 1% serum from the MCI converters. Models with the lowest Akaike Information Criterion (AIC) and deviance were

selected as the best fit. Coefficient estimates (), standard errors SE(f), 95% confidence intervals (CI) around the regression

coefficient and significance levels for all predictors in the analysis are provided.

Model outcome

Model measure

Random intercept (model 0)

Random intercept (model 1)

Random intercept (model 2)

Random slope (model 3)

B SE (B) 95%Cl  p B SE (B) 95%Cl  p B SE (B) 95%Cl p B SE (B) 95%Cl  p
Average cell Intercept effect | 562.25 9.14 544.35-  <0.001 573.04 9.78 553.86-  <0.001
number (Bo) 580.16 592.21
(proliferation) Time to 15.83 5.21 5.61- 0.002
conversion effect 26.03
(B1)
p-value for the 0.002
model
-log-likelihood | -461.86 -454.98
Deviance | 923.72 909.96
AIC | 929.73 917.97
%Ki67 Intercept effect | 72.53 0.92 70.72- <0.001 71.59 0.93 69.77- <0.001
(proliferation) (Bo) 74.33 73.42
Time to -1.39 0.29 -1.95--  <0.001
conversion effect 0.83
(B1)
-log-likelihood | -242.15 -232.60
p-value for the | . <0.000
model 1
Deviance | 484.3 465.2
AIC | 490.31 473.20
%CC3 Intercept effect | 2.16 0.15 1.86- <0.001 2.24 0.15 1.94- <0.001 2.45 0.18 2.10- <0.001 2.50 0.18 2.15- <0.001
(proliferation) (Bo) 2.45 2.54 2.79 2.86
Time to 0.12 0.05 0.02- 0.023 0.12 0.05 0.02- 0.024 0.19 0.05 0.089- <0.001
conversion effect 0.22 0.22 0.29
(B1)
>=10 years of -.60 0.30 -1.19--  0.042 -0.70 0.26 -1.21--  0.007
education effect 0.02 0.19
(B2)
p-value for the 0.023 0.009 <0.0001
model
-log-likelihood | -86.71 -86.19 -84.48 -81.66
Deviance | 173.42 172.38 168.96
AIC | 179.42 180.38 178.97 177.31
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Average cell Intercept effect | 647.56 10.68 626.63- <0.001 654.58 10.92 633.18-  <0.001 891.63 96.61 702.29-  <0.001
number (Bo) 668.49 675.99 1080.9
(differentiation) 8
Time to 10.43 5.00 0.62- 0.037 10.25 5.00 0.44- 0.041
conversion effect 20.24 20.06
(B1)
Age at baseline -3.12 1.26 -5.60--  0.014
(B2) 0.64
p-value for the 0.037 0.005
model
-log-likelihood | -462.24 -457.57 -453.54
Deviance | 924.48 915.14 907.08
AIC | 93047 923.14 917.10
%Dcx Intercept effect | 15.02 0.77 13.52- <0.001 15.73 0.81 14.14- <0.001 42.76 9.55 24.04- <0.001
(differentiation) (Bo) 16.53 17.32 61.49
Time to 1.04 0.45 0.15- 0.021 1.00 0.46 0.08- 0.032
conversion effect 1.92 1.91
(B1)
MMSE at -1.01 0.35 -1.70--  0.005
baseline effect 0.31
(B2)
p-value for the 0.021 0.001
model
-log-likelihood | -250.51 -247.80 -241.84
Deviance | 501.02 495.6 483.68
AIC | 507.03 503.59 493.68
%Map2 Intercept effect | 16.06 0.68 14.73- <0.001 16.63 0.72 15.22- <0.001 18.67 1.02 16.67- <0.001
(differentiation) (Bo) 17.39 18.05 20.66
Time to 0.84 0.42 0.02- 0.044 0.86 0.42 0.04- 0.039
conversion effect 1.66 1.68
(B1)
Female effect -3.34 1.25 -5.80- 0.008
(B2) -0.88
p-value for the 0.044 0.003
model
-log-likelihood | -241.76 -239.71 -235.26
Deviance | 483.52 479.42 470.52
AIC | 489.52 487.42 480.52
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Table 2. Baseline characteristics and epidemiological history of the study participants.

Comorbidities represent either history of disease or being presently affected. Drug intake means

either history of medications or current intake. All data is presented as number (%) or mean (xSD).

Baseline characteristics

MCI converters

MCI non-converters

Gender (%, female; F/M) 60.52% 38.89%
APOE4+ status (%) 54.29% 47.06%
Age at baseline (years£SD) 76.02+7.81 78.05+5.08
MMSE at baseline (+SD) 26.78+1.97 27.94+1.43
Education (years+SD) 8.95+4.53 12.83+3.09

Years from baseline until
conversion/last assessment (£SD;

range)

2.35+0.79; 2-5.08

4.86+1.35; 2.92-7

Comorbidities (Objective and Self-

MCI converters

MCI non-converters

reported)

Hypertension 12 (31.58%) 10 (55.55%)
Heart attack ever 1 (2.63%) 4 (22.22%)
Angina 4 (10.53%) 3 (16.67%)
Depression 20 (52.63%) 9 (50%)
Arthritis 1 (2.63%) 3 (16.67%)
Asthma 2 (5.26%) 1 (5.55%)
Cancer 5(13.16%) 6 (33.33%)
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Glaucoma

2 (5.26%)

1 (5.55%)

Hypothyroidism

2 (5.26%)

3 (16.67%)

Infections, allergies

5(13.16%)

2 (11.11%)

Stroke/TIA 4 (10.53%) 2 (11.11%)

Diabetes 7 (18.42%) 2 (11.11%)

Drug intake MCI converters MCI non-converters
Antidepressants 13 (34.21%) 3(16.67%)

NSAIDs 1 (2.63%) 0 (0%)

Analgesics 7 (18.42%) 5(27.78%)

AD drugs 11 (28.95%) 0 (0%)

Metformin 4 (10.53%) 1 (5.55%)

Sleeping pills 3 (7.89%) 2 (11.11%)

Statins 15 (39.47%) 8 (44.44%)

Lifestyle factors MCI converters MCI non-converters
Excessive alcohol intake 1 (2.63%) 3(16.67%)

Smoking (ever) 4 (10.53%) 7 (38.89%)

Solitary living

16 (42.10%)

9 (50%)

Supplements intake

7 (18.42%)

5(27.78%)

* Vitamins (incl. folic acid) and omega-3 fatty acids
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Table 3. Significant factors affecting human hippocampal neurogenesis (dependent variable) when the HPCOA07/03C cells are exposed
to 1% serum from either MCI converters or MCI non-converters. Models with the lowest Akaike Information Criterion (AIC) and
deviance were selected as the best fit. Coefficient estimates (), standard errors SE(B), 95% confidence intervals (CI) around the

regression coefficient and significance levels for all predictors in the analysis are provided.

Model outcome Model measure | Random intercept (model 0) Random intercept (model 1) Random slope (model 2)
B SE (B) 95% CI p B SE (B) 95% CI p B SE (B) 95% CI p
Average cell
509.36- 465.86- 467.80-
] nurn.ber Intercept effect (B,) | 530.78 10.93 55220 <0.001 498.54 16.67 53122 <0.001 499.05 15.95 530.31 <0.001
(proliferation)
Conversion effect (1) | - - - - 74.79 1983 3992 <001 7490 19.16 T3 <0001
Time to Conve’SiOZ’f'faef;‘t‘(’;fi; - - - - 17.08 2.71 yre <0001 1824 3.91 1059 <0001
2 . .
p-value for the model | . <0.0001 <0.0001
-log-likelihood | -900.10 -867.74 -864.25
Deviance | 1800.2 1735.48 1728.5
AIC | 1806.21 1745.49 1740.49
Average cell
number Intercept effect (B,) | 658.60 9.13 g;‘ggg- <0.001 701.94 16.06 %23?- <0.001
(differentiation) ’ ’
Conversion effect (8:) 47 64 18.98 '1%4423‘ T 0012
Time to conversion/last visit 5.69-
effect (By) 11.48 2.95 17 27 <0.001
p-value for the model 0.0001
-log-likelihood | -889.37 -874.64
Deviance | 1778.74 1749.28
AIC | 1784.73 1759.28
%Map2 13.65 11.46-
(differentiation) Intercept effect (Bo) | 14.82 0.60 15.99- <0.001 13.45 1.02 1544 <0.001
Conversion effect (841) 2.96 1.19 0.64-5.29 0.012
Time to conversion/last visit 0.56 0.23 0.12-1.01 0.014
effect (B,)
p-value for the model | . 0.0005
-log-likelihood | -457.37 -449.54
Deviance | 914.74 899.08
AIC | 920.73 909.08
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Table 4. Predictors of conversion to Alzheimer’s disease from stepwise logistic regression analysis. Predictors: Education
(measured in years), average cell count during proliferation, proliferation marker (Ki67), and apoptosis during differentiation (cleaved

caspase 3, CC3). Model parameters: R*=0.6672, p>0.0001.

Predictor Odds Ratio P>z
Education (years) 0.72 0.040
Average cell count (proliferation) 1.03 0.001
%Ki67+ cells (proliferation) 1.35 0.038
%CC3+ cells (differentiation) 3.49 0.016
Intercept 1.68e-15 0.012
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