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Abstract 

Background: Alzheimer’s disease (AD) is the most common neurodegenerative disease ultimately 
manifesting as clinical dementia. Despite considerable effort and ample experimental data, the role 
of neuroinflammation related to systemic inflammation is still unsettled. While the implication of 
microglia is well recognized, the exact contribution of peripheral monocytes/macrophages is still 
largely unknown, especially concerning their role in the various stages of  AD.  

Objectives: AD develops over decades and its clinical manifestation is preceded by subjective 
memory complaints (SMC) and mild cognitive impairment (MCI); thus, the question arises how 
the peripheral innate immune response changes with the progression of the disease. Therefore, to 
further investigate the roles of monocytes/macrophages in the progression of AD we assessed their 
phenotypes and functions in patients at SMC, MCI and AD stages and compared them with 
cognitively healthy controls. We also conceptualised an idealised mathematical model to explain 
the functionality of monocytes/macrophages along the progression of the disease. 

Results: We show that there are distinct phenotypic and functional changes in monocyte and 
macrophage populations as the disease progresses. Higher free radical production upon stimulation 
could already be observed for the monocytes of SMC patients. The most striking results show that 
activation of peripheral monocytes (hyperactivation) is the strongest in the MCI group, at the 
prodromal stage of the disease. Monocytes exhibit significantly increased chemotaxis, free radical 
production, and cytokine production in response to TLR2 and TLR4 stimulation.  

Conclusion: Our data suggest that the peripheral innate immune system is activated during the 
progression from SMC through MCI to AD, with the highest levels of activation being in MCI 
subjects and the lowest in AD patients. Some of these parameters may be used as biomarkers, but 
more holistic immune studies are needed to find the best period of the disease for clinical 
intervention. 

 

 

 

 

 

 

 

 

 



4 
 

Introduction 

Alzheimer’s disease (AD) is the most common neurodegenerative disease ultimately manifesting 
as clinical dementia [1]. Currently, the most common explanation for the origin of AD involves the 
deposition of amyloid-beta (Aβ) in senile plaques leading to inflammation and death of neurons 
[2-4]. However, attempts to decrease the Aβ load or to prevent its formation have had no effect on 
AD [5-8], questioning the validity of this mainstream hypothesis [9-11]. New and bold avenues of 
research are required to unravel new pathomechanisms that would include the Aβ cascade 
hypothesis, but not as the only etiology of AD [12,13]. It is certain that AD is initiated decades 
before its clinical diagnosis, suggesting that the driving pathological processes occur well before 
the appearance of symptoms [14]. It has been observed that AD patients display signs of systemic 
inflammation [2,15-23], suggesting that systemic inflammation could precede the well-established 
AD hallmarks i.e. deposit of Aβ plaques, neurofibrillary tangles and neuroinflammation [24,25]. 
Recent data indeed confirm that AD results from the chronic progression of these noxious 
inflammatory events in the brain, notably via Aβ production and accumulation [26]. This local 
neuroinflammation continues at a low level throughout life with little negative effect, but repeated 
stimulations by infections, dysbiosis, vascular (ischemia), metabolic (glucose, lipids) or other 
insults (including free radicals) result each time in an acute inflammatory response which is 
particularly severe in the elderly [27-31]. These insults gradually cause damage to the blood-brain-
barrier (BBB) [32-36], allowing brain inflammatory mediators to reach the periphery and trigger 
peripheral innate and adaptive inflammatory responses [37-40]. Consequently, the peripheral 
monocytes/macrophages stimulated by inflammatory mediators migrate through chemokine 
receptor guidance across this permeabilized BBB and purposefully infiltrate the inflammatory sites 
in the brain [41,42]. 

The innate immune system is an ancestral response that assures the first line of defence against 
external and internal challenges, such as pathogenic microorganisms and damaged cells [43]. In its 
prime, the innate immune system is able to return to a quiescent state after neutralizing the 
aggressions, but with the time-dependent accumulation of stressors, the innate immune cells 
become more permanently activated even at their “resting” state, constituting the “trained innate 
memory” [28,44-48]. This permanent or recurrent antigenic stimulation contributes to low but 
significant secretion of pro-inflammatory mediators creating an activation/inhibition 
disequilibrium and progression to inflammaging [49,50] as well as possibly to AD [28,51]. 
Inflammaging is characterized by an inflammatory status that is chronic, systemic and low grade 
[49,52-54]. Aging, associated with inflammaging, is the most important risk factor for late onset 
AD [24,55,56]. This progressive pro-inflammatory situation, exacerbated with advancing age, 
creates local and systemic inflammatory responses that activate cytotoxic microglia, unbalanced 
cytokine production, Aβ accumulation and irreversible brain damage [51,57]. 

It is now well established that the innate immune system contributes to the development and 
progression of AD; however, established and state-of-the-art research considers that the main 
culprits are the brain’ microglia and astrocytes [58-60]. This view is based on scientific 
developments that enabled the characterization of the phenotype, functions, and connectivity of 
brain microglia [61]. Microglia are instrumental in mitigating or chronically sustaining 
neuroinflammation, leading on a chronic basis to neuron destruction and the clinical appearance of 
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AD [62-65]. On the other hand, there is still a debate regarding the contribution of the peripheral 
innate immune system (especially monocytes/macrophages) in the development and progression 
of AD [23]. In this context, Zhang W et al. reported increased expression of Toll-like receptor 2 
(TLR2) and TLR4 on peripheral blood mononuclear cells from AD patients [66]; further works 
have confirmed that TLRs play a key role in inflammatory neurodegeneration by binding the highly 
hydrophobic amyloid peptides or LPS in AD [67,68]. Since the discovery of the damage to the 
BBB that accompanies AD, this has resolved the question and answered that they indeed contribute 
[69], but still the question remained to determine how and to what extent these cells contribute [70] 
and is there any progression during the advancement of the disease [71]. 

The phenotypes and the functionality of peripheral monocytes through the developmental spectrum 
of AD has not been extensively studied. There are some studies which have demonstrated changes 
[70,72]. These studies have shown that both PBMCs and macrophages have reduced phagocytic 
activity towards Aβ in AD [70], as well as to some extent in MCI [73]. Moreover, studies have 
shown that the production of free radicals was increased, especially under Aβ stimulation [74] 
contributing to the pathogenesis of AD. However, the cellular origin of the free radicals, as well as 
the levels of quiescent production were not clearly established. Furthermore, the production of 
either pro-inflammatory or anti-inflammatory cytokines was described either to be increased or 
decreased depending on the stage of the disease and the corresponding cytokines [75,76]. A certain 
consensus seems to exist that pro-inflammatory cytokines such as IL-1β and TNFα are increased, 
however their origin is not clearly established [77]. One important observation described was the 
increased secretion of CCL-2 (MCP-1) chemokine from innate cells. MCP-1 plays an essential role 
in the permeability of the BBB and the passage of monocytes into the AD brain [69,78,79]. Since 
the discovery of the damage to the BBB accompanying AD this has resolved the question by 
demonstrating that peripheral innate cells indeed contribute [69], but still the question remained to 
determine how these cells could contribute [70] and if there is any progression during the 
advancement of the disease [71]. Together, all these data, show that microglia and 
monocyte/macrophages contribute to a different extent to AD pathogenesis [80,81]; however, the 
exact mechanisms of their contribution still remain to be clarified. 

Therefore, to further elucidate the roles of phenotypes and functions of monocytes/macrophages in 
the progression of AD we determined the functional state of these peripheral innate immune cells 
at various stages of AD such as SMC, MCI, and manifest/symptomatic AD. Together our data 
show that monocytes are in a hyperactivated state. Some signs of activation may already be 
observed at the SMC stage and peak during the MCI stage of the disease and vanish when AD 
becomes clinically manifest. Therefore, clinical AD presents signs of the eclipse of peripheral 
monocytes/macrophages activity which suggest that the body has lost the “battle” and that the 
disease will inexorably progress to the severe stage. 

Materials and Methods 

Subject recruitment and characteristics 

Recruitment: subjective memory complaint (SMC: n=10), amnestic Mild Cognitive Impairment 
(MCI: n=14) and mild AD (mAD: n=14) in the age range of 60-85 years were recruited from the 
registry of the memory clinic of the University Geriatric Institute of Sherbrooke. Healthy subjects 
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(Healthy elderly Controls, HC, n=15) were recruited from our healthy subject database at the 
Research Center on aging and by advertisement. All subjects gave written informed consent. The 
project was approved by the IRB of the CIUSSS-CHUS (Projet #2019-2877 – ADAUDACE - 
Fulop). Briefly: HC: No history or overt physical signs of atherosclerosis or inflammation that 
satisfy the SENIEUR protocol criteria for immuno-gerontological research [82]. Cognitive 
evaluation: MMSE, MoCA, BREF, extensive neuropsychological examination. Imaging: CT-scan. 
mAD: Diagnosis of probable AD consistent with the Diagnostic and Statistical Manual of Mental 
Disorders (DSM 5) as recommended by the American Psychiatric Association, the Dubois criteria 
and the National Institutes of Aging - Alzheimer Association and extensive neuropsychological 
assessment [83]. SMC: first degree family history of AD, as well as obtaining a positive response 
to the following question: ‘are you worried about your memory? [84-86]. MCI: Diagnosed 
according to the Mayo Clinic criteria [87,88] and already published [89-92]. A MMSE score of 24 
to 30, an informant or self-reported history of cognitive difficulties and status of Activity of Daily 
Living (ADL) and Instrumental ADL, as well as performance at or below 1.5 SD of the mean for 
age and education according to the published norms in one or more of the 
memory/neuropsychological screening tests [89]. After adjustment for age, sex and education, both 
MCI and SMC essentially had normal scores on – (i) evaluations of global cognition (Montreal 
Cognitive Assessment [MoCA; ≥26/30]) and Dementia Rating Scale-II; score <0.5) [93], and (ii) 
the following neurocognitive tests: logical memory paragraph recall test, executive function 
(‘animal’ fluency category, Trail making test A & B, digit symbol substitution Test), and language 
(Boston naming test). Separation of MCI from SMC: Separation of MCI from SMC was based on 
scores on the RI-48 test which is a verbal memory task (originally Grober-Buschke test) [94]. Those 
scoring ≥2.0 SD below the normative mean for the RI-48 were excluded; scores 1.0-2.0 SD below 
the norm were classified as MCI; <1.0 SD below the norm were classified as SMC. Atherosclerosis 
was assessed by ECG, carotid and lower leg ultrasound. Biochemical tests included renal and 
hepatic function, lipid status, blood cell count, albumin, thyroid hormones and cortisol, vitamin 
B12 and folate in erythrocytes. APOE was genotyped using real-time PCR as already published 
[89] (Table 1). 

Blood Collection and Isolation of PBMCs 

After overnight fasting, 80mL of blood was collected in heparinized tubes by venipuncture and 
diluted two-fold with phosphate buffered saline (PBS). PBMCs were isolated by Ficoll–Paque™ 
Plus (GE Healthcare, Piscataway, NJ) density sedimentation, as described in [89.95,96]. Briefly, 
diluted blood was carefully layered onto the Ficoll-Paque density gradient and centrifuged for 20 
min at 400 x g with slow acceleration and with the brake off at room temperature. After 
centrifugation, the leukocytes resolve into one band with red blood cells at the bottom of the tube. 
Plasma were collected, aliquoted and stored at -80°C for further assays. PBMC’s consisting of 
monocytes and lymphocytes were obtained from the band and re-suspended in 1x PBS. All the 
tubes were centrifuged at 250 x g for 5 min, and the pellets resuspended in complete medium 
consisting of RPMI-1640 medium supplemented with 2 mmol/L L-glutamine, 100 U/ml penicillin, 
100 µg/ml streptomycin and 10% foetal calf serum (Wisent Inc., St Bruno, QC). Cell viability was 
> 95% (Trypan blue exclusion). Identical numbers of cells from all groups were used in each 
comparative experiment. Cells were maintained in a complete medium for further assays. 
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Cell viability 

Cell viability was determined using the Trypan blue cell exclusion method and only samples with 
viability of 95% or more were further processed. A solution (0.04 % w/v) of Trypan blue was 
purchased from Life Technologies Inc. (Burlington, ON). 

Serum separation 

For serum separation, 10 ml of blood was collected in Becton Dickinson (BD) Vacutainer tube and 
allowed to clot for 30 min at room temperature. After centrifugation (2,000 – 3,000 x g for 10 min 
at room temperature), resulting serum was carefully removed and stored in aliquots in pre-labelled 
sterile Eppendorf tubes and frozen at -80°C for further assays.    

Lymphocyte Isolation 

To isolate lymphocytes from PBMCs, culture dishes (Sigma-Aldrich, Cleveland, OH, USA) were 
coated with neat autologous plasma for 30 min at 37°C, under an atmosphere of 5% CO2 air mixture 
as already published [95. After coating, the plasma was discarded and PBMCs (at 5 x 106/mL) were 
plated in complete media for 1 hr at 37°C, 5% CO2 air mixture. After plating for 1 h, non-adherent 
cells (T and B lymphocytes) were decanted and centrifuged at 250 x g for 5 min. Supernatants were 
discarded and the cell pellets were re-suspended in complete medium for the extraction of DNA, 
RNA, and protein. 

Monocyte purification 

PBMC’s were washed once and re-suspended in complete medium. PBMC exhibiting purity >98% 
as judged by their ability to exclude trypan blue were used for monocyte purification. The non-
adherent lymphocytes were isolated and collected as described above, while adherent monocytes 
were harvested from the autologous plasma-coated culture dishes by gentle scraping (using rubber 
policeman) (Thermo Fisher Scientific, Nepean, ON, Canada) or by carefully dislodging the cells 
by 15 min incubation in detachment buffer (EDTA/PBS) [97] on ice and followed by repeated 
pipetting over the monolayer. The cell suspension was centrifuged at 250 x g for 5 min and cell 
pellet was re-suspended in complete medium for the extraction of DNA, RNA and protein. 
Viability of the monocytes was >99% as judged by their ability to exclude trypan blue. Monocytes 
were >95% pure (95 - 98%) as judged by standard Giemsa staining and CD14+ staining by flow 
cytometry.  

Preparation of monocyte-derived human macrophages (MDM) 

MDM were prepared as described previously [98]. Briefly when the monocytes were separated 
through the adherence method as discussed above, the cells were cultured for 7 days with complete 
medium and allowed to differentiate into macrophages in an incubator at 37°C, 5% CO2 air mixture 
at a density of 1 x 106 cells/ml. Macrophages were harvested as already described [98]. 
Macrophages were then washed three times with 1x PBS (250 x g for 5 min at room temperature) 
and re-suspended in complete medium for further assays or pelleted and stored at -80ºC for later 
use. The suspension consisted of approximately 99% MDM. Viability of the macrophages was 
>95% as judged by their ability to exclude trypan blue. 
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Monocyte Phenotyping 

Freshly isolated PBMCs were suspended in complete medium at a concentration of 1 × 106 cells/ml. 
After centrifugation at 250 x g for 5 min, supernatant was discarded and the cell pellet was re-
suspended in 4% paraformaldehyde (BioLegend, Dedham, MA, USA) for 10 min at 4°C [89]. After 
incubation, the cell suspension was centrifuged at 250 x g for 5 min, and then the pellet was washed 
once with 1x PBS + 0.5% BSA at 250 x g for 5 min. Cells were suspended in 1x PBS (100 µl) and 
incubated for 30 min on ice in the dark with a mixture of fluorochrome-conjugated monoclonal 
antibodies purchased from BD Biosciences: PE anti human CD14 (clone: M5E2), Alexa Fluor 488 
anti-human CD16 antibody (clone: 3G8). Membrane expression of Toll-like receptors was also 
determined for TLR2 by anti-h TLR2 (CD282) FITC TL2.1 BioLegend, 309706 and for TLR4 by 
anti-h TLR4 (CD284) PE HTA125 BioLegend, 312806 as described previously [99]. Appropriate 
isotype controls, PE Mouse IgG2, ĸ Isotype control antibody (clone: MOPC-173); Alexa Fluor 488 
Mouse IgG1, ĸ Isotype control CFC antibody (clone: MOPC-21) were used to assess the non-
specific background signal. After incubation, cells were washed (1x PBS + 0.5% BSA) and then 
suspended in PBS for flow cytometry analysis. Data were acquired on a Canto II (BD Biosciences) 
instrument using the FACSDiva v. 6.1 software. Analyses were performed using the FlowJo 
version 7.6.1 software (TreeStar, Ashland, OR). Mean fluorescence intensity (MFI) refers to the 
geometric mean of fluorescence intensity. Gating strategies have been already published [97].  

Macrophage Characterization at basal state and after conditioning with heterologous sera 

Human monocytes were allowed to develop into macrophages by in vitro culture system of 7 days 
in the presence of autologous sera as described above [98]. Cells were also conditioned with 
heterologous serum (5 ml) at day 0 and incubated for 7 days at 37°C, 5% CO2 air mixture. 
Monocytes from healthy elderly were treated with the sera of SMC, MCI, and AD patients; 
similarly, monocytes from SMC subjects were treated with the sera of healthy, MCI, and AD; 
monocytes form MCI subjects were treated with the sera of healthy, SMC, and AD and monocytes 
from AD patients were treated with the sera of healthy, SMC, and MCI. Cells were harvested and 
re-suspended in complete medium. Viability of the macrophages was >95% as judged by their 
ability to exclude trypan blue. Briefly, cells were centrifuged at 250 x g for 5 min, the supernatant 
was discarded, and cells were fixed in 4% paraformaldehyde (BioLegend, Dedham, MA, USA) for 
10 min at 4°C. To block non-specific immunoglobulin binding to Fc receptors, present at the cell 
surface, cells were incubated in Human Seroblock for 10 min at room temperature in the dark. The 
cells were centrifuged at 250 x g for 5 min and re-suspended in wash buffer (1 x PBS + 0.5% BSA). 
After one wash, 1xPBS (100 µl) was added and the samples incubated for 30 min on ice in the dark 
with a mixture of fluorochrome-conjugated monoclonal antibodies purchased from Bio-Legend: 
FITC anti-human CD68 (Clone Y1/82A), PerCP/Cy5.5 anti-human CD86 (Clone IT2.2), PE anti 
human CD 206/MMR (Clone 15-2), and from R&D (Minneapolis, MN, USA): Human/Mouse 
Arginase 1-anti h/m Allophycocyanin conjugated Sheep IgG. Appropriate isotype controls; FITC 
Mouse IgG2b k Isotype Ctrl Antibody (Clone MPC-11), PerCP/Cy5.5 IgG2b k Isotype Ctrl 
Antibody (Clone MPC-11), PE Mouse IgG1 k Isotype Ctrl Antibody (Clone MOPC-21), and from 
R & D: APC-conjugated Sheep IgG was used to assess non-specific background signal. Cells were 
then washed (1 x PBS+ 0.5% BSA) and suspended in 1x PBS+ 0.5% BSA for flow cytometry 
analysis. Data were acquired on a Canto II (BD Biosciences) instrument using the FACSDiva v. 



9 
 

6.1 software. Analyses were performed using the FlowJo version 7.6.1 software (TreeStar, 
Ashland, OR). Mean fluorescence intensity (MFI) refers to the geometric mean of fluorescence 
intensity.  

Chemotaxis assay of monocytes 

Chemotaxis of freshly isolated monocytes was assessed using 48-Well Micro Chemotaxis Boyden 
Chambers (Neuro Probe Inc, Gaithersburg, MD, USA), as already described [96,100]. Briefly, 
chemo-attractant (MCP-1 at 50ng/ml or 100ng/ml) in serum-free RPMI-1640 medium 
supplemented with 2 mmol/L L-glutamine was added to the lower chamber (30 μl) whereas 
monocytes (3.1 × 105 cells/per well or 2.8 x 106 cells in 9 wells) suspended in serum-free RPMI-
1640 medium were added to the upper chamber (50 μl). Migration was allowed to proceed for 3 
hours at 37°C under an atmosphere of 5% CO2 air mixture. The polycarbonate membrane of 5.0 
µm (Poretics Products, Livermore, CA, USA) between the two compartments was than fixed with 
methanol (100%) and stained by Shandon Kwik-Diff stains (Thermofisher Scientific, Nepean, ON, 
Canada). To proceed with the cell count we took the pictures at 40x with a Zeiss Axioskop 2 
microscope. 

Oxidative burst assay of monocytes 

Quantification of oxidative burst activity was determined using a commercial kit (Phagoburst, 
Glycotope Biotechnology, Heidelberg, Germany) as described [97,101]. Heparinized whole blood 
was collected and cooled to 0°C for 10 min to measure the basic oxidative burst activity, according 
to the manufacturer’s instructions. Briefly, 100 µl of whole blood was incubated with 20 µl of wash 
solution-reagent A (negative control), 20 µl of unlabelled opsonized E. coli bacteria-reagent B 
(physiologically strong stimulant for monocyte ROS production), 20 µl of chemotactic peptide N-
formyl-Met-Leu-Phe-reagent C (fMLP, low control or physiologically less relevant for 
monocytes), and 20 µl of phorbol 12-myristate 13-acetate-reagent D (PMA, high control, as by-
passing the membrane receptors and directly stimulating PKC) as stimulants for 10 min at 37°C in 
four separate tubes in a water bath. Fluorogenic substrate dihydrorhodamine-reagent E (DHR) (20 
µl) was then added to all four tubes and incubated for 10 min at 37°C for oxidization. The cells 
were centrifuged at 250 x g for 5 min at 4°C, and supernatant aspirated and discarded. The cells in 
each tube were then washed with 3 ml wash solution-reagent A at 250 x g for 5 min at 4°C. 
Supernatant was aspirated and 200µl DNA staining solution-reagent G was added to each sample 
and incubated on ice for 10 min, protected from light. Samples were analysed within 30 min of 
staining incubation by flow cytometry (FACS Canto instrument, BD Biosciences) following the 
kit protocol and expressed as percent of positive cells.  

Bacterial strain and culture 

Porphyromonas gingivalis strain ATCC 33277 was obtained from Daniel Grenier (Université 
Laval, Québec, Canada) and cultivated in Tryptic Soy Broth (TSB) supplemented with Hemin (5 
μg/mL) and Vitamin K1 (0.1 μg/mL). Cultures were maintained in a vinyl anaerobic chamber 
(COY, Grass Lake, MI, USA) with 10% H2, 5% CO2 and 85% N2. Cells were cultivated for 36 
hours in fresh media before being washed twice in PBS. Resuspended cells were then homogenized 
at 3000 rpm for 10 minutes using 10 μm beads (MP Bioscience, Hilton, Derby, UK). 
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Intracellular cytokine measurement in monocytes and macrophages at basal level and after 
stimulation 

Freshly isolated monocytes were suspended in complete medium, at a concentration of 1 × 106 
cells/10 ml in culture dishes. Human monocytes were developed into macrophages by in vitro 
culture system of 7 days as described above [98].  Cells were resuspended in complete medium. 
Viability of monocytes or macrophages was determined by their ability to exclude trypan blue 
>95%. Cells were stimulated with or without LPS (100 ng/ml), or dry mass extract of whole 
Porphyromonas gingivalis (20 µg) in the presence of monensin (0.7 µl/mL) and brefeldin (0.7 
µl/ml) and incubated for 5 hours at 37°C, 5% CO2 air mixture. Monocytes or macrophages were 
harvested by gentle scraping (using rubber policeman) and centrifuged at 250 x g for 5 min. The 
supernatant was discarded, and the cell pellets were re-suspended in 4% paraformaldehyde fixation 
buffer (BioLegend, Dedham, MA, USA) for 10 min at 4°C. After incubation, the cell suspensions 
were centrifuged at 250 x g for 5 min, and the cell pellets washed once with 1x PBS + 0.5% BSA 
at 250 x g for 5 min. After discarding the supernatants, the cells were then permeabilized using BD 
Perm/Wash™ buffer (BD Biosciences, CA, USA) for 30 min at room temperature in the dark. 
After incubation, samples were centrifuged at 250 x g for 5 min. Supernatants were discarded and 
the cells washed once with 1x PBS + 0.5% BSA at 250 x g for 5 min, then re-suspended in 1x PBS 
(100 µl). To block non-specific immunoglobulin binding to Fc and other receptors, cells were 
incubated with Human Seroblock (BIO-RAD, Mississauga, ON, Canada) for 10 min at room 
temperature in the dark. Cells were then incubated for 30 min on ice in the dark with a mixture of 
fluorochrome-conjugated monoclonal antibodies purchased from BioLegend (Dedham, MA, 
USA): Alexa Fluor 700 anti-human TNF-α Antibody (clone MAB11-RUO), PE anti-human IL-10 
Antibody (clone JES3-19F1), PE-Cy7 anti-human IL-4 (clone MP4-25D2), FITC anti-human IL-
1β (clone JK1B1), and APC anti-human IL-6 (clone MQ2-13A5). Appropriate isotype controls 
were used to assess non-specific background signals; Alexa Fluor 700 Mouse IgG1, ĸ isotype 
control antibody (clone: MOPC-21); PE Rat IgG2a, ĸ isotype control antibody (clone: RTK2758); 
PE-Cy7 Rat IgG1, ĸ isotype control antibody (clone: RTK2071); FITC Mouse IgG1, ĸ isotype 
control antibody ICFC (clone: MOPC-21); APC Rat IgG1, ĸ isotype control antibody (clone: 
RTK2071). After incubation, cells were washed (1x PBS + 0.5% BSA) and analyzed by flow 
cytometry (FACS Canto instrument) as already described [102]. The mean fluorescence intensity 
(MFI) was normalized to MFI of unstimulated cells. 

Luminex measurement of cytokines in monocyte and macrophage supernatants 

Human cytokine MILLIPLEX® MAP Kit (customized for IFNγ, IL-1β, IL-4, IL-6, IL-8, IL-12 
(p40), IL-12 (p70), IL-13, IL-27, MCP-1, MCP-3, TNFα) was purchased from Millipore-Sigma 
(Merck KGaA) and used as described [97,100]. The assay was performed in a 96-well plate and all 
reagents were prepared according to the manufacturer’s instructions. Each well was cleaned and 
pre-wet with 200 μL of wash buffer by agitating at 450 rpm for 10 min at RT. Wash buffer was 
removed by inverting the plate. Assay buffer, matrix solution or culture medium was used as a 
blank, each standard from a range of concentrations (different for each analyte), quality controls 
and samples were added to the appropriate wells. The mixed magnetic microbead solution was 
sonicated and vortexed prior to adding 25 μL each well. The plates were sealed and incubated with 
agitation on a plate shaker at 750 rpm overnight at 4°C in a darkroom. Plates were put on the 
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magnetic support to retain microbeads, then fluid was removed by inverting the plate to avoid 
touching the beads. Each well was washed three times with 200 μL of wash buffer with a plate 
shaker at 450 rpm for 30 sec at RT. 25 μL of biotinylated detection antibodies were added per well, 
and plates were incubated in a dark room at RT on a plate shaker at 750 rpm for one hour. Then, 
25 μL of streptavidin–phycoerythrin solution was added to each well, and plates were incubated 
on a plate shaker at 750 rpm for 30 min at RT and protected from light. Plates were washed three 
times with 200 μL of wash buffer. Microbeads were resuspended in 150 μL/well of sheath fluid on 
a plate shaker at 450 rpm for 5 min at RT. Data were acquired on a Luminex® 200TM System 
using the Luminex xPonent® software. An acquisition gate of between 8,000 and 15,000 was set 
to discriminate against any doublet events and ensure that only single microbeads were measured. 
50 beads/assay were collected and median fluorescence intensities (MFIs) were measured. 
Sensitivity limits (in pg/mL) were 0.86 for IFNγ; 0.52 for IL-1β; 0.2 for IL-4; 0.14 for IL-6; 0.52 
for IL-8; 2.24 for IL-12 (p40); 0.88 for IL-12 (p70); 2.58 for IL-13; 50.78 for IL-27; 3.05 for MCP-
1; 8.61 for MCP-3 and 5.39 for TNFα. MFIs were converted to concentrations using the equation 
of standard range of the appropriate cytokine using Milliplex® Analyst 5.1 Software. 

Protein extraction by RIPA Buffer and Western blot analyses in monocytes 

Proteins were extracted using Radio Immuno Precipitation Assay (RIPA) buffer (50mM Tris 
buffer, pH 8, 150 mM NaCl, 0.1% SDS, 1% Igepal®, 1% sodium deoxycholate (Na-DOC), 5 mM 
EDTA, and 1% protease and phosphatase inhibitor cocktails) as published [95,97]. Briefly, cell 
samples were centrifuged at 250 x g for 5 min at room temperature. After centrifugation, the 
supernatants were discarded, and the pellets were resuspended in an appropriate volume of RIPA 
buffer. The samples were vortexed and incubated on ice for 5 min to allow complete lysis. The 
samples were centrifuged at 10,000 x g for 20 min at 4°C, and the supernatants, containing the 
soluble protein, were stored in pre-labelled Eppendorf tubes and frozen at −80°C for later use. 

The expression of NOD2, MyD88, p42/44, p-p42/44, IRF-3, p-IRF3, STING, p-STING, NF-κB 
and p-NF-κB in monocyte lysates was assessed by Western blot analysis, as described [95,102]. 
Monocyte lysates in RIPA buffer prepared as described above, were thawed, sonicated and 
centrifuged at 13,000 x g for 10 seconds at 4°C. The resulting supernatants were transferred into 
new tubes, and protein content was determined by bicinchoninic acid (BCA) assay (Pierce™ BCA 
Protein Assay Kit, ThermoFisher Scientific, Inc). The samples were then boiled at 95°C for 5 min 
after dilution with 4X Laemmli Sample Buffer (Bio-Rad Laboratories Inc., Hercules, CA, USA). 
For Western blot analysis, equivalent amounts of extract from all samples were electrophoresed in 
12% acrylamide gel under reducing conditions, then electroblotted onto PVDF membranes (Sigma 
Aldrich, Merck KGaA, Darmstadt, Germany), blocked for 1 h with 5% w/v non-fat milk in Tris-
buffered saline (TBS) containing 0.1% Tween 20 (TBS-T), and incubated overnight at 4°C with 
primary antibodies diluted in 5% w/v non-fat milk in TBS-T. The proteins were detected using 
primary antibodies diluted at 1:1000. Detection was carried out by incubation with secondary 
horseradish peroxidase-conjugated antibodies (1:5000) diluted in 5% w/v non-fat milk in TBS-T 
for 1 hour at room temperature (Bio-Rad, Richmond, CA and Fisher Scientific, Montreal, QC). 
The immunoreactive bands were visualized by chemiluminescence using an enhanced 
chemiluminescent reagent (Pierce, Rockford, IL, USA) and an automatized digital imaging system 
(Odyssey® Fc, Li-Cor Inc., Lincoln, NE, USA). The primary antibodies were purchased from Cell 
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Signaling (MyD88; p42/44, p-p42/44, IRF-3, p-IRF3, STING, p-STING, NF-κB and p-NF-κB; 
Cell Signaling Technology, Danvers, MA, USA), Novus (NOD2; Biotechne, Minneapolis USA) 
or Abcam (Actin, Abcam plc., Cambridge, UK).  

Fluorescence-labeled Aβ42 phagocytosis 

The purified monocytes were washed with PBS and stained with fluorochrome-conjugated anti-
CD14-APC. The phagocytic capacity of purified monocytes from HC and MCI subjects and human 
SV40 immortalized primary microglia (ABI-TC417, ACCEGEN, Biotechnology) was evaluated 
by measuring Alexa Fluor 555-labeled Aβ42 uptake [103]. The phagocytic assay was performed 
in the presence or absence of glucose (5mM) or beta-hydroxybutyrate (5mM) as well as in the 
presence of LPS (100ng/ml). Fluorescence was analysed using flow cytometry (CytoFlex; 
Beckman Coulter Life Sciences). The phagocytic activity was defined by mean fluorescence 
intensity (MFI). Fluorescent Phycoerythrin (PE) E.coli (pHrodo Red E.coli Bio-Particles; Life 
Technologies Inc., Burlington, Ont.,Canada) were used as controls, as in phagoburst (assays were 
performed according to the manufacturer’s instructions) [97,101] and also controlled by 
fluorescent microscopy as described by a Nikon Eclipse TE2000-S fluorescence microscope 
(Melville, NY) equipped with a CCD camera (Qimaging 32-0116A-122 Retiga 1300R Fast Cooled 
Mono 12bit, Surrey, BC, Canada).. 

Mathematical and Computational model 

We propose to mathematically model the activation and evolution of the proinflammatory cells 
across all stages of AD. The resulting idealised model follows the rule set by the Markov state 
diagram and associated differential equations, a mathematical formalism that describes the time 
evolution of processes; the law of these processes are formulated in the terms of the Markov state 
model. It has two state variables modeling the bone marrow resources in proinflammatory cells in 
time (m(t)) and its capacity (c(t)) of readily producing such cells. We performed numerical 
simulations of the model using a 4th order Runge-Kutta discretization scheme. 

Statistical Analysis 

One-way ANOVA with an appropriate multiple comparison test was performed to assess 
differences between patient groups. Data were processed using GraphPad Prism 8 software 
(GraphPad Software, La Jolla, CA). 

Results 

Patients characteristics 

In Table 1 we present the demographic data, the cognitive test results, the hematological and 
biochemical values of the four groups of subjects. The significant differences in these parameters 
may be found for the cognitive tests (MMSE an MoCA), the age of the AD patients compared to 
HC. We should also mention that 90% of the subjects in the MCI group were women, while in the 
other groups the distribution was more equal. Therefore we did not separate the groups according 
to the sex.  

Monocyte subpopulations 
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First, we characterized the monocyte subpopulations by evaluating CD14 and CD16 expression in 
the total monocyte population from diverse groups of subjects. These markers identify the classical 
subset (CD14++CD16−), the intermediate subset (CD14++CD16+) and the non-classical subset 
(CD14+CD16++) of monocytes (Fig 1A). The intermediate subpopulation increased slightly in the 
SMC group but this increase reached significance in the MCI and AD groups (H: 3%; SMC: 5%; 
MCI: 6%; AD: 7%). In contrast the proportion of non-classical monocytes was significantly 
increased already at the SMC stage and remained significant, without any further difference 
between the SMC, MCI and AD groups (H: 4%; SMC and MCI: 8%; AD: 9%). Concomitantly, 
classical monocytes representing the vast majority of monocytes (between 80% and 90%) were 
significantly decreased in these three latter populations compared to the healthy group (H: 88%; 
SMC and MCI: 80%; AD: 74%). These results indicate that there was an increase in pro-
inflammatory monocyte subgroups (intermediate and non-classical) already in the SMC group 
continuing to AD without being significantly different between the three patient groups.  

Monocyte migration capacity 

We next assessed the migration capacity of the peripheral monocytes across the disease spectrum 
from SMC to full blown AD in comparison to aged-matched healthy individuals. Chemotaxis data 
demonstrated that there was a significant reduction in the spontaneous chemotactic capacity of 
patients’ monocytes from these subjects evolving toward AD (SMC to AD) compared to healthy 
older subjects (p<0.0001) (Fig 1B first panel). However, there were differences between the three 
groups of patients with cognitive problems. The decrease was seen initially in the SMC group and 
did not decline further compared to the MCI group. In contrast there was a further decrease in AD 
patients not only compared to Healthy patients but also compared to the two other groups (SMC 
and MCI) (p<0.05) (Fig 1B first panel). These data indicate that the basic chemotactic capacity 
decreased through the spectrum of cognitive progression toward AD. To further elaborate on the 
relationship between monocytes and chemoattractant activity, we extended our studies to one of 
the key chemokines, a monocyte chemoattractant protein -1 (MCP-1/CCL2), which is known to 
regulate migration and the infiltration capacity of monocytes. When evaluating the monocytes’ 
reaction to the chemoattractant MCP-1 (50 ng/ml or 100 ng/ml for 3 hours), we observed an  
increase compared to the basal level in all subject groups, however it always remained higher in 
healthy subjects. Incubation with 50 ng/ml of MCP (Fig 1B second panel) or 100 ng/ml (Fig 1B 
third panel) resulted in similar decreases in chemotaxis in SMC and MCI patients’ monocytes 
with further statistically significant decreases in chemotaxis in the AD group. Together these data 
further suggest that the most reactive monocytes are those of MCI and SMC subjects in accordance 
with the higher inflammatory nature of monocytes in these patient groups, however they never 
reached the activation levels of monocytes from the healthy elderly. 

Production of free radicals by monocytes 

Another important function of phagocytic cells is the production of free radicals. Circulating 
monocytes from SMC, MCI and AD patients produced significantly higher levels of free radicals 
at the basal level than those of healthy subjects, without significant differences among the patient 
groups nevertheless a tendency of steady increase of production from SMC to AD was observed 
(Fig 1C). When stimulating with fMLP, a neutral substance used as a negative control, there was 
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no difference in the proportion of monocytes producing free radicals among the patient groups (Fig 
1D). In contrast, when a killed E. coli bacterium was used, there was a significant increase in the 
percentage of monocytes responding by free radical production compared to the basal level (60% 
vs 2.5%) in all groups but especially in the healthy group compared to all patient groups (Fig1C 
vs 1D). Thus, the defense of the organism against a microbial challenge was not as robust in SMC 
patients and even lower in MCI and AD patients.  Stimulation with PMA was also performed as 
this substance bypasses receptors such as TLR4 related to E. coli by stimulating directly the 
intracellular signaling machinery such as PKC (Fig 1F). Our results demonstrated that there was 
an increase in the proportion of ROS-producing monocytes when stimulated by PMA, a stimulant 
by-passing the membrane receptors, compared to the basal proportion in healthy subjects (Fig 1 F 
20% vs Fig 1C 2.5%) but much less than that elicited by E coli (Fig 1E 60% vs. Fig 1F 20%). In 
the healthy elderly the production probably relied on both receptor and non-receptor stimulations 
while in SMC and more in the MCI group there was a net tendency to increased free radical 
production under PMA stimulation compared to healthy subjects probably derived largely from 
non-receptor stimulation. In AD, there was a decrease signifying that in AD patients both direct 
and indirect signaling pathways may be altered. Together these data demonstrated that, at the basal 
level, free radical production was increased in monocytes from patients with cognitive problems 
but receptor stimulation did not increase their free radical production as much as in the healthy 
subjects. 

Phagocytic activity of monocytes 

Next, we compared the phagocytosis of fluorescent Ab between human microglia and monocytes 
from healthy and MCI individuals to confirm some of our earlier published data concerning the 
phagocytosis of E. coli by neutrophils of MCI subjects [90] and the fluorescent Aβ by microglia 
culture [103] and those from the literature [99] suggesting that decreased phagocytic activity of 
innate immune cells in the brain and at the periphery contributes to the pathogenesis of AD. We 
used two culture media: one containing normal glucose and another containing the ketone 
metabolite, beta-hydroxybutyrate (BHB: inhibitor of inflammasome). We compared the basal level 
to the LPS stimulated state among the various cell types and from various subject groups (HC and 
MCI) (Supplementary Fig 1A). Under basal conditions, monocytes from healthy subjects 
phagocytosed significantly more Ab than microglia (p<0.001). When cultured in a BHB milieu all 
three cell types increased significantly their phagocytic capacity (Supplementary Fig 1A). 
Furthermore (Supplementary Fig 1B: comparing the various conditions for each cell type), when 
LPS was added (known to stimulate microglia and monocytes through TLR4 receptors in the 
glucose media), it did not change the phagocytic capacity of microglia and monocytes. In contrast 
when LPS was used in a BHB media, microglia and monocytes of healthy subjects showed their 
highest phagocytic capacity compared to the other conditions (Supplementary Fig 1B). It is of 
note that the monocytes of the healthy elderly showed the most efficient phagocytosis compared 
to microglia and monocytes from MCI patients. This indicated that even if monocytes of MCI 
patients were activated, they had less capacity to phagocytose Ab. However, BHB was able to 
increase the capacity of all types, but most notably also the capacity of monocytes from MCI 
patients (Supplementary Fig 1A and 1B).  
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Cytokine production  

Cytokine production is a fundamental function of monocytes either basically or under appropriate 
stimulation. We measured the pro- and anti-inflammatory cytokine production both intracellularly 
(Fig 2) or released into the supernatant (Supplementary Fig 2) from monocytes of the 4 groups of 
patients. Without stimulation, we found that the basic levels of the pro-inflammatory cytokines IL-
1β in the cytoplasm was increased only in AD (p<0.0001) (Fig 2A), while IL-6 and TNFa were 
increased in all patient groups (p< 0.0001); however, the smallest increase was observed in the 
MCI group (NS) (Fig. 2B and C). Concerning the anti-inflammatory cytokines, IL-4 was lower at 
basal levels in all three patient groups compared to the healthy subjects (p< 0.0001) (Fig 2D), while 
IL-10 was increased in SMC and AD and decreased in MCI (p< 0.001) (Fig 2E).  

Next, cytokine production from monocytes of healthy and Alzheimer patient groups was analyzed 
after stimulation either with lipopolysaccharide (LPS) or P. gingivalis. The same cytokines were 
measured intracellularly (Fig. 2). As it has been suggested that chronic P gingivalis (Pg) infection 
through periodontitis may play a role in AD development and progression. We used an extract from 
Pg to stimulate monocytes from the 4 groups of subjects in comparison to the well-known LPS. It 
is of interest that we obtained similar tendencies with Pg (Fig 2 F through J) and LPS (Fig 2 A 
through E). All cytokines had the same behavior as that described for non-stimulated monocytes.  

Considering healthy subjects, results showed that IL-1β and IL-6 cytokine levels remain 
unchanged, while TNF (p<0.001) and IL-10 (p<0.01) levels increased significantly, and IL-4 levels 
were significantly decreased in the presence of LPS (p<0.01) (Fig. 2A through E). When we 
examined cytokine production in the SMC patient group, IL-1β, IL-6, IL-4, and IL-10 were 
significantly increased in the presence of LPS stimuli (p<0.0001), however, the TNF levels 
remained the same (Fig. 2A through E). Results of the MCI and AD patient groups revealed that 
LPS caused a marked decrease in pro-inflammatory cytokines, IL-1β, IL-6 and TNF, while anti-
inflammatory cytokines, IL-4 and IL-10 showed no changes in the MCI patient group, and an 
increase in AD subjects (Fig. 2A through E).  

Upon stimulation with Pg the cytokines IL-6, TNFα and IL-10 showed a substantial increase, while 
pro-inflammatory IL-1β and anti-inflammatory IL-4 decreased in the healthy group in comparison 
with the basal level (Fig. 2F through J). Furthermore, when monocytes were stimulated with Pg 
extracts, pro-inflammatory cytokines such as IL-1β, IL-6 and TNFa showed an increased 
production in the SMC group but significant decrease in AD group, whereas in MCI group there is 
no change in IL-1β and TNFα levels except for IL-6 which showed significant reduction (Fig 2 F 
through H). Concerning the production of anti-inflammatory cytokines IL-4 under Pg stimulation, 
the SMC and AD patients increased their production (Fig 2I). When we measured IL-10, all patient 
groups could be stimulated except MCI (Fig 2J). These data suggest that the intracellular 
production of pro-inflammatory cytokines depended predominantly on the progress of the disease 
and was less influenced by stimuli. Taken together, these results demonstrated that at the SMC 
stage pro and anti-inflammatory cytokine production was increased, while it is faded in MCI and 
shifted towards anti-inflammatory cytokines in AD.    
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We next examined how this intracellular production could be translated into cytokine secretion by 
monocytes under the same stimuli. In these experiments, due to cell availability constraints, we 
could not include the SMC group. At the basal level, we observed a decrease in IL-1β in AD 
compared to healthy subjects, and an increase in IL-8 production in AD compared to healthy 
subjects (Supplementary Fig 2A and C). The other measured cytokines (IL-6, TNFα, MCP-1 and 
IL-10) did not show any basal differences between the studied groups (Supplementary Fig 2B, D, 
E, F). When monocytes were stimulated by LPS, we found that the monocytes from healthy 
individuals could significantly increase secretion of all the cytokines except IL-1β and MCP-1 
(Supplementary Fig 2A and E). In the case of the MCI and AD groups, secretion of TNFα (and 
IL-6 in AD patients) could be significantly stimulated up to the level of the healthy subjects 
(Supplementary Fig 2D). Together these data signify that monocytes either at the basal state or 
after stimulation by LPS did not show increased production of cytokines except TNFα (and IL-6 
in AD). It indicates that monocytes in MCI and AD patients maintained their capacity to modulate 
the secretion of this essential cytokine. If we compare these results with the secreted cytokines 
under LPS (Fig 2A through E), it is clear that there was a discordance between intracellular 
cytokines and those in the supernatant where there were more IL-6, TNFα and IL-10 than the 
intracellular measures would have predicted especially in the MCI group.  

TLR2 and TLR4 expression on monocytes 

Toll like receptors (TLRs) belong to a group of cell surface proteins that recognize pathogen-
associated molecular patterns and then induce innate immune responses. As we have used ligands 
which stimulate monocytes through receptors, we also measured the expression of the surface 
receptor TLR4 and also, as a comparison, that of TLR2. The TLR4 expression did not change from 
healthy to MCI subjects, but had a tendency to decrease in AD patients at basal state 
(Supplementary Fig 3A). When stimulated with LPS, we observed a significant decrease in TLR4 
expression in all subject groups except the AD group where we had an increase (Fig 3A). There 
was no difference in TLR4 levels between the SMC and the MCI group, however there was a 
tendency to decrease in monocytes from MCI patients. When Pg was used as a stimulus (Fig 3B), 
no change was observed in healthy subjects and in AD, however in both SMC and MCI patients, 
expression decreased significantly especially in SMC subjects, indicating that monocytes in SMC 
patients protect themselves from overstimulation by decreasing TLR4 expression. 

We also examined the expression of TLR2, which is the privileged receptor for Gram positive 
bacteria. At the basal level, no change was observed except in the SMC group where TLR2 
expression was significantly increased (p<0.001) (Supplementary Fig 3B). When stimulated with 
LPS there was a down regulation in SMC and MCI but an increase in AD (Fig 3C). When 
stimulated with Pg, a significant increase was observed in healthy and MCI subjects, while a 
significant decrease was observed in SMC and AD subjects. These data indicated a differential 
change in TLR2 expression depending on the ligand, however none of these ligands were supposed 
to modulate its expression (Fig 3D). A cross reactivity between TLR4 or other receptors and TLR2 
cannot be excluded, however.  

Signaling pathways in monocytes 
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We measured at the basal level the major signaling molecules involved in the transmission of pro-
inflammatory signals such as p42-p44 ERK and NF-kB, as well as molecules which are important 
for fighting viral infection. We found that the basal activation of p-p42-p44 was significantly 
increased in monocytes from MCI patients compared to healthy subjects and AD patients (Fig 4A). 
We also demonstrated that NF³-kB in the basal state was also significantly activated in monocytes 
of MCI patients compared to the other groups and significantly decreased in AD following disease 
progression (Fig 4B). Concerning the anti-viral defense molecules, IRF3 and STING, we did not 
observe any significant activation of IRF3 and STING compared to the basal state and between the 
patient groups (Fig 4C and 4D). These data corroborate the fact that monocytes from MCI patients 
are in an activated, pro-inflammatory state. We also measured the expression of MyD88 (Fig 4E) 
and NOD2 (Fig 4F) which are important either for TLR signal transduction or for NOD signaling. 
In both cases we found a decrease in their expression in MCI patients compared to healthy controls, 
but significant only in case of MyD88. These data together suggest differential pathways activation 
by PRR in monocytes of various subject groups, the MAPK and NF-kB being significantly 
activated at the basal state, whereas the cGASS̸TINGI̸RF3 pathway is less.  

Macrophage characterization under autologous and heterologous sera culture conditions  

Monocytes possess a flexible differentiation potential, and a fraction of circulating monocytes 
undergoes a series of changes and modifications to become resident and tissue-specific 
macrophages. Macrophages are heterogeneous and cytokines can direct monocyte differentiation 
to different macrophages subtypes, such as classically activated macrophages (M1), or alternatively 
activated macrophages (M2). We differentiated monocytes into macrophages without any external 
stimulus but only with the autologous sera of each subject. In the case of healthy subjects, there 
was an almost equal differentiation between M1 (CD86+) and M2 (CD206+ Arginase-1+) 
macrophages. It is of note that higher proportions of the monocytes differentiated spontaneously 
into M2 subsets in SMC, MCI and AD patients, reaching the maximal proportion of M2 already in 
SMC patients. (Fig 5A).  

We performed macrophage characterization (M1 and M2) in healthy and patient groups 
conditioned with cross utilization of heterologous sera to gain further insight concerning the origin 
of this differentiation. The data obtained demonstrated that monocytes of healthy subjects showed 
a significant shift from M1 to M2 macrophages when cultured in heterologous serum from SMC, 
MCI, and AD. Culturing monocytes isolated from any of the patient groups (SMC, MCI, AD) in 
the presence of heterologous serum of healthy, MCI, and AD increased, however not significantly, 
the differentiation towards the M2 phenotype to the detriment of the M1 subtype (data not shown). 
Taken together, healthy subjects showed a substantial decrease in pro-inflammatory/M1 
macrophages, and a marked increase in anti-inflammatory/M2 macrophages, in the presence of 
heterologous sera of SMC, MCI, and AD, and resembled the Alzheimer’s patient groups. Thus, it 
shows that monocytes have flexible differentiation potential depending on the insight programming 
and also on microenvironmental stimuli depending on the disease state.  

Intracellular and extracellular cytokine production in macrophages  

Macrophages are strategically placed in many tissues of the body and secrete cytokines and other 
mediators into tissues. We measured the intracellular and secreted levels of pro-inflammatory and 
anti-inflammatory cytokines from macrophages generated from human purified monocytes 
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(MDM) under the influence of complete medium. Healthy individuals’ macrophages at basal state 
possessed significantly higher levels of intracellular pro- and anti-inflammatory cytokines 
(Supplementary Fig 4). In contrast, SMC, MCI and AD patient subjects have shown significantly 
less pro- and anti-inflammatory cytokine levels, with the exception only of IL-6 levels in the SMC 
group which remained the same as per healthy subjects (Supplementary Fig 4). 

Furthermore, MDM were then challenged with LPS (100 ng/ml) or Pg (20 µg/ml) under appropriate 
culture conditions. LPS or Pg treatment of MDM altered the production of IL-10, IL-4, IL-1β, IL-
6, and TNFα. These cytokines were significantly reduced in comparison to their basal levels. 

Finally, we measured the cytokines released by macrophages into the supernatants (Fig 5B to K).  
At the basal level, there was a significant increase in the production of IL-1β and MCP-1 in SMC 
and MCI patients, while IL-6, TNFa, IL12p40 increased significantly only in MCI patients. No 
real differences were observed for IFNγ, IL-8, IL-12p70, MCP-3 and IL-10 (Fig 5). When 
macrophages were stimulated with LPS or Pg, we found that these stimulations could further 
increase the already high production of IL-1β, IL-6, TNFa, IL12p40 and MCP-1. These data 
confirm that macrophages from MCI patients are in an activated state already at the basal state. 
This activation is possibly a reaction to some still unknown challenges but most probably results 
from a mix of infectious agents and the consequently produced Ab peptide. 

Mathematical model 

Although the complete causes and mechanisms behind our empirical experimental and clinical 
observations remain elusive, we can attempt to mathematically model the activation and evolution 
of the proinflammatory cells across all stages of the disease. To model the hyperactivation of 
proinflammatory cells, we begin by assuming that the bone marrow acts as a finite reservoir capable 
producing monocytes and macrophages on demand due to an unknown exogenous signal (that 
eventually cascades and activates the bone marrow), I(t) (Fig 6A). The bone marrow’s reservoir 
contains resources responsible for producing proinflammatory cells (m(t)) and the time evolution 
of proinflammatory cells follow the rule set by the Markov state diagram and associated differential 
equations (see Fig 6A). The contents of the reservoir and subsequent synthesis of proinflammatory 
cells are measured in fraction and thus initially the reservoir is almost full (i.e. 1- m(t), with m(t) 
being small but not zero since there is always a baseline of proinflammatory cells circulating in 
healthy condition and m(t) is always between 0 and 1). An unknown exogenous signal m(t) triggers 
the production of proinflammatory cells, with its time evolution given by the differential equation 
dm(t)/dt, and these cells are eventually released into the blood stream. The synthesis of 
proinflammatory cells diminishes the bone marrow’s resources and as a consequence it also 
reduces its capacity (c(t)) of readily producing proinflammatory cells. Note that even if c(t) were 
to be constant, the rate of synthesised proinflammatory cells decreases over time for a continuous 
exogenous signal. The bone marrow has a natural time constant tm that allows it to replenish the 
resources required for the production of proinflammatory cells. Thus, there is a competition 
between the bone marrow’s natural time constant tm and its capacity c(t). On the other hand, our 
empirical observations show that migration capacity of monocytes decreases along the evolution 
of the disease. For simplicity, in our model we assume that there is an indirect coupling (not 
explicitly mathematically characterised) between the bone marrow’s production capacity of 
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proinflammatory cells (c(t)) and migration capacity of monocytes. That is, a reduction of the bone 
marrow’s capacity induces a loss of migration capacity of monocytes. This effect is described via 
the second differential equation (dc(t)/dt), where the migration capacity is diminished due to some 
unknown factor a. However, there is a natural time constant tc that allows it to recover to its healthy 
baseline (c0). To show the validity of the proposed idealised model, we simulate for two scenarios 
(see Fig 6B). The first scenario corresponds to the pathological case in which an unknown 
exogenous signal (possibly recurrent or constant) causes the progression of the disease through all 
the phases, from healthy, SMC, MCI to AD. Indeed, the simulation shows an increased rate of 
production of proinflammatory cells in the SMC, it diminishes during MCI and is zero at AD (i.e. 
m(t) saturates). This agrees with the empirical observation shown in Fig 1A. Moreover, the 
migration capacity (in the pathological scenario) decreases (see Fig 6B) which bears some 
similarity with Fig 1B. In the second scenario we assume that we identify the unknown exogenous 
signal and we are able to therapeutically eliminate it. Under these circumstances we observe the 
time trajectory of proinflammatory cells initially increases but a subsequent therapeutic 
intervention enables to bring to its healthy baseline. Equally, we observe that the migration capacity 
initially decreases but after the therapeutic intervention it returns back to it is healthy state. 

Discussion 

It is currently well accepted that in addition to amyloid plaques and neurofibrillary tangles, another 
main hallmark of AD is neuroinflammation [5-10]. There may still be a debate about whether 
neuroinflammation is the cause or the consequence that triggers the basic pathology associated 
with infection, mitochondrial dysfunction, vascular damage or trauma, but the most recent data 
point to its implication as a causal process occurring some decades before the appearance of 
amyloid plaques and the consequent clinical full-blown AD. In support of this idea, it was recently 
shown that expression of the innate immune protein IFITM3, either constitutively or as a 
consequence of virus infection, directly modulates γ-secretase to produce higher amounts of Aβ 
[104,105]. Furthermore, it is now also well accepted that peripheral innate and adaptive immune 
cells infiltrate the AD brain [37,106,107] as a result of the increased permeability of the BBB 
accompanying AD [32-36]. The main aim of the present study was to assess the phenotypes, 
functions and signaling of peripheral monocytes and subsequently differentiated macrophages 
across the spectrum of AD (i.e. from healthy to SMC and MCI and eventually clinically 
diagnosable AD).  

The main findings of this study are that some markers of monocyte/macrophage activation were 
found already in SMC subjects; however, the most important monocyte reactivities were found in 
MCI patients. These important findings suggest that the presence of triggering processes for 
activating the innate and adaptive immune effectors may lead to the appearance of the clinical 
manifestations after decades of progression. These continuous dynamic perturbations induce the 
formation of Aβ which is initially without any consequence (even after decades of progression of 
the disease) but eventually the brain becomes overburdened and unable to cope with it [108]. 
Accumulating data suggest that in SMC subjects, at a very early stage of the disease, this 
monocyte/macrophage activation could be beneficial; its role would be to mitigate the harmful 
accumulation of Aβ after various aggressions by facilitating Aβ clearance [62]. This inflammatory 
reaction may shift from being somehow beneficial to becoming mostly detrimental as 



20 
 

monocytes/macrophages are unable to function normally [70] at the MCI stage of the disease. 
Finally, in AD almost all reaction is shut down which facilitates the neuronal destruction/death and 
consequent neurodegeneration thus leading to the clinical symptoms [109]. 

In humans, monocytes are divided into three main subsets based on their CD14 and CD16 
expression levels, which are the classical subset (CD14++CD16−) producing ROS, IL-6, IL-8, 
CCL2 after stimulation, the intermediate subset (CD14++CD16+) producing large amount of ROS, 
IL-1β, TNF-α upon DAMP and LPS stimulations and the non-classical subset (CD14+CD16++) 
producing variable amount of IL-1β, TNF-αIL-6, IL-8 upon specific conditions [62,110]. We found 
that the proportions of non-classical monocytes increased through the spectrum of AD from SMC 
to AD, while the intermediate monocyte subset increased only in MCI and AD patients at the 
expense of classical monocytes. The intermediate and non-classical monocytes seem to be more 
inflammatory [111-113] as has been shown also in other inflammatory diseases (e.g., heart failure 
[110,114,115]), as well as in aging per se [116-120], however this was not the case in each study 
where no change at the basal level was found [121]. This higher propension to higher inflammatory 
phenotype has been attributed to the expression of CD16 by both intermediate and non-classical 
monocytes suggested which were suggested to resemble to a senescent monocyte population with 
increased inflammatory potential due to their SASP state [118-120]. The increase of these more 
inflammation prone monocytes has been shown in reaction to Aβ in AD patients compared to MCI 
or healthy subjects [122], but this is the first time that this shift from less-inflammatory monocytes 
towards more proinflammatory cells among the resting, isolated human blood monocytes has been 
shown to occur through the spectrum of consecutive clinical stages of AD. One other study has 
also shown an increase in the intermediate and non-classical monocytes in AD at the expense of 
patrolling non-classical monocytes [71]. These resident monocytes express higher levels of the 
CCR2 receptor which reacts, as we have already demonstrated [123], with MCP-1 which was found 
to be highly expressed in the AD brain [124,125]. The trigger of this activation is most probably 
multiple, including Aβ, microbes, and altered self proteins [126], however one study suggested that 
this is specific to Aβ [122]. Independently of the trigger, these monocytes are able to get into the 
brain and their beneficial vs detrimental role will depend on the time, the progression state, and the 
brain tissue properties [127]. This contention is supported by the increased chemotaxis in SMC and 
MCI monocytes in contrast to AD monocytes. Increased chemotaxis may be elicited by the higher 
concentrations of CCR2 in accordance with the increased MCP-1 level as may be found in SMC 
and MCI. It is of note that already at the resting state, chemotaxis of monocytes was significantly 
increased compared to AD reflecting the higher inflammatory phenotype of these monocytes. Thus, 
at the early stages such as SMC, we can expect a protective role of these inflammatory monocytes, 
but with disease progression, their phenotypes and function will shift towards promotion of 
neurodegeneration. This pattern has also been demonstrated in other brain diseases such as multiple 
sclerosis [128]. 

This pro-inflammatory state of monocytes is mirrored by the higher production even at the basal 
state of free radicals in all three groups of patients, confirming that a continuous undefined 
challenge or trained innate memory is exerted on these monocytes [44-48,129]. Even if the 
differences between these three patient groups were not significant (they are, of course, 
significantly different form healthy subjects), however, there was a steady trend towards an 
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increase from SMC to MCI and AD, being most probably biologically significant. This is in 
accordance with several studies showing an increase in free radical production in AD, likely in 
response to stimulation of several different pattern recognition receptors (PRR) [74,130,131]. This 
is in line with the observation that the oxidative damage under stimulation is greater at the early 
stages of the disease and decreases thereafter as the disease progresses and Aβ deposition has 
increased [132]. Furthermore, it was shown that in MCI and very early AD, oxidation products 
were increased while the antioxidant defense decreased [133]. It has only now been suggested that 
monocytes are the potential sources. This increase did not appear to be mediated through MyD88 
stimulation at the basal state, but through the activation of the p-p42/p44 signaling MAPK molecule 
as well as the NF-kB transcription factor [134,135]. Our present data seem also to suggest that the 
activation state of these signaling pathways depends most probably on the levels of TLR2 and 
TLR4 receptors which are higher in monocytes of MCI patients than in AD patients. This is in 
accordance with the concept that monocytes/macrophages activate the innate immune response via 
their PRR which induce pro-inflammatory responses including free radicals via downstream 
nuclear factor kappa B (NFkB) and mitogen associated protein kinase (MAPK) signaling [136]. It 
is also worth to mention that these basal changes explain why under specific stimulation such as 
E. coli the stimulability of ROS production was less in all subject groups compared to HC further 
decreasing the defense of the organism when specifically needed. This mirrors what is seen in aging 
and other age-related diseases [48,100,120,121]. The role of free radicals can thus be considered 
double; both to eliminate aggressors but also to pave the way by intracellular signalling to pro-
inflammatory mediators promoting chronic neuroinflammation [137].  

One of the most important functions of monocytes in exerting their protective role is phagocytosis 
[138]. The decrease in monocyte phagocytosis of Aβ has been demonstrated mainly in fully 
developed AD [139,140]. In contrast, data have shown that various types of monocytes and 
microglia isolated from patients at early stages of AD phagocytose Aβ better than those from 
healthy subjects [81,141,142]. This was considered one of the causes of the Aβ-induced 
neurodegeneration and the foundation of the amyloid beta cascade hypothesis [63,138,143]. As Aβ 
could not be efficiently phagocytosed it changed its conformation and resulted in amyloid plaque 
deposition [138,144-146] and neurodegeneration. Our data also show that in a normal milieu, 
resident microglia are able to phagocytose Aβ, but much less efficiently than monocytes from either 
healthy or MCI subjects [62]. However, the phagocytic capacity of monocytes from MCI subjects 
was significantly decreased compared to healthy subjects [122]. The LPS stimulation through 
TLR4 significantly increased the monocytes’ capacity to phagocytose, indicating that an infectious 
challenge may have an important triggering effect; however, the microglia did not show this effect 
of LPS stimulation. The inflammasome was shown to be activated in AD [147,148]. Ketone bodies 
as modulators of the inflammasome [149] were able to significantly increase the phagocytic 
capacity of all three types of phagocytic cells which were even higher in the presence of LPS which 
may underline their beneficial effects on cognitive functions in MCI subjects under a 6-month 
ketogenic diet [150]. Our data corroborate the above, indicating that the phagocytic capacity of 
monocytes of MCI subjects can still be increased in the presence of BHB, although it remains much 
less than that of healthy subjects. Together this suggests a decreased phagocytic capacity of 
monocytes most probably contributing also to the progression of the pathology of the disease, 
specifically amyloid plaques.  
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The other important players of neuroinflammation are the chemokines and especially the pro-
inflammatory cytokines. There is a huge literature on cytokines in MCI and AD showing that there 
is an increase in pro-inflammatory cytokines such as IL-1, IL-6 and TNFα [151-154]. However, 
data about the extent of this increase at different stages of the disease are incomplete and 
controversial [80,81]. Our present work shows that in the basal state there is an intracellular 
increase in some pro-inflammatory cytokines such as IL-6, TNFα in all three patient groups 
compared to the healthy. Interestingly IL-10 was also increased in SMC and AD, but not in MCI, 
suggesting that the inflammatory state was not balanced by an anti-inflammatory production [155]. 
Considering an eventual infectious origin of the disease [156-158] we have used an extract from 
Pg, the cornerstone bacteria involved in periodontitis and in AD, in addition to traditional LPS 
[13,159]. The obtained results were quite similar for both stimuli. Furthermore, to confirm the fate 
of overproduced intracellular cytokines, we determined their level in supernatants from the 
stimulated monocytes. Our data showed that instead of increased pro-inflammatory cytokine 
production described in most of studies [153] there was a decrease in IL-1β and TNFα at the basal 
state while LPS stimulation elicited an increase compared to the basal state but not different among 
the patient groups. This is in accordance with the observation that TLR4 expression on monocytes 
decreased during LPS or Pg stimulation compared to the basal state except for AD patients 
[122,160]. This could be a protective mechanism (e.g., shedding or internalization) for decreasing 
pro-inflammatory cytokine production during overstimulation [61]. Similar results were obtained 
for TLR2 expression, except at the basal state of SMC subjects [161,162]. This is in line with data 
which found that the genomic deletion of TLR2 markedly deteriorated the neurobehavioral 
functions in a mouse model of AD [163]. This suggests that a functional balance should exist 
between the hyper- and hypoactivation of the TLRs [163]. Conversely this decrease may also 
contribute further during infection to the deposition of Aβ by the decreased TLR2 expression [140]. 
This is further corroborated by the fact that specific signaling, e.g. MyD88, is already compromised 
at the basal state of these monocytes which would decrease the possible reactivity of these cells in 
MCI patients when needed to combat specific challenges. Furthermore, it was also demonstrated 
that AD patients showed decreased levels of inflammatory markers [109,164,165], which could be 
the consequence of trained innate immunity leading to tolerance which follows the repeated and 
unresolved continuous stimulation of the innate immune system [51]. 

Monocytes are spontaneously differentiated into various types of tissue macrophages and have 
been shown to participate to a variable extent in the pathogenesis of AD [166-168]. We studied 
their spontaneous differentiation in the patient groups. We observed that in healthy subjects the 
proportions of M1 and M2 macrophages were almost equal in healthy subjects as we have already 
demonstrated [169], however, when the monocytes of the three patient groups were studied, they 
predominantly differentiated into M2 macrophages. Others have suggested that besides the 
dichotomous classification of macrophages into M1 and M2, many different intermediate stages 
may also exist [170]. This could also be the case for our observations, as we did not use a deeper 
classification. An altered macrophage differentiation from monocytes in AD subjects has been 
shown earlier by Filala et al [70]. It was shown in mice [171] that activated bone marrow-derived 
macrophages are able to clear Aβ oligomers and consequently protect synapses. These 
macrophages seem to have characteristics closer to the human M2 macrophage. It is plausible that 
for some unknown, but to be explored, reason the shift to M2 may be to favor the phagocytosis of 
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Aβ but concomitantly keeping some inflammatory characteristics of M1 [172,173]. It is also of 
note that perivascular macrophages regularly replenished from peripheral monocytes present 
mainly the surface markers CD163 and CD206 typical of M2, possessing high phagocytic activity 
and inflammatory reactivity [62]. These results were further supported by incubating monocytes 
of each group with heterologous sera from the other groups. When monocytes from the healthy 
were incubated with sera from patients we observed a shift towards M2 macrophages suggesting 
that the intrinsic program commitment of differentiation toward M2 is reinforced by the sera of the 
diseased groups. Nevertheless, the production of cytokines seemed more to originate from the M1 
cells which are pro-inflammatory [174]. This suggests that the M1 macrophages, even if they are 
less numerous in patient blood, are in such an activated state that they produce large amounts of 
pro-inflammatory cytokines. In contrast, it could also indicate that M2 macrophages are also able, 
to some extent, to contribute to this pro-inflammatory state in MCI. Together, independently of the 
origin of the pro-inflammatory cytokines, the macrophages are in an activated state especially in 
MCI contributing concomitantly to the defense of the organism and to the initiation of a chronic 
inflammatory reaction.  

The hope is that the development of mathematical and computational models could provide 
explorative grounds to test various hypotheses about causes and mechanisms leading to AD. 
Therefore, we proposed a very idealised model to explain the functionality of 
monocytes/macrophages across the progression of the disease, which does not account for every 
aspect of our empirical data. At this stage the model has not been developed with the intention of 
providing profound predictions (beyond the observed data) but rather to initiate a discussion where 
we can engage collaborations across various research fields (including mathematics) to solve 
outstanding problems in AD. For instance, we envisage that it is possible to improve and further 
enhance the proposed model to a stage that it would be possible for the model to distinguish 
between SMC, MCI and AD stages of the disease and also guide future clinical and experimental 
studies. 

In summary, these data demonstrate that the innate immune system, especially the 
monocytes/macrophages are in an activated state already at the basal level especially in MCI even 
if not all our data may entirely support this conclusion. This may be a response to an, as yet 
undefined aggressor but most probably of infectious origin. Thus, this hyperactivation is likely 
beneficial at the SMC level to make a strong innate reaction and set the stage for the innate immune 
memory and adequate adaptive response. This continues probably for decades during the MCI 
stage, but due to the maintenance of the possible aggression, inflammation may become chronic 
and finally results in clinical AD. The activation markers may serve as biomarkers to better 
characterize the different stages and indicate who will eventually progress to clinical AD. However, 
such targeting may be difficult as we do not know when this beneficial reaction may become 
detrimental. Indeed, the complex role of the immune system in AD pathogenesis requires further 
deeper, nuanced multi-omics investigation including single-cell level exploration. Our work once 
more highlights the role of the innate immune system in the pathogenesis and progression of AD 
as being a systematic inflammatory disorder resulting in brain-related cognitive dysfunctions 
aggravated by aging. These changes in the monocytes/macrophage system seem to mirror what we 
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experience nowadays with COVID-19 infecting the periphery but causing damage to the brain 
leading to cognitive problems [175,176]. 

 

Ethics approval and consent to participate 

The study was approved by the local ethic committee: Projet #2019-2877 – ADAUDACE – Fulop 

Consent for publication 

Not applicable 

Availability of data and material 

The datasets during and/or analysed during the current study available from the corresponding 
author on reasonable request. 

Conflict of interest 

The authors declare that they have no conflict of interest related to this article. 

Funding 

This work was supported by grants from the Canadian Institutes of Health Research (CIHR) (No. 
106634 and No. PJT-162366) to AK and TF, the Société des médecins de l’Université de 
Sherbrooke and the Research Center on Aging of the CIUSSS-CHUS, Sherbrooke to TF and EF. 
and the FRQS Audace grant (2019-AUDC-263669) to TF, PBB, JPB, and EF; the Research center 
of the University Hospital of Sherbrooke to EF; by the Polish Ministry of Science and Higher 
Education statutory grant 02-0058/07/262 to JMW; by Agency for Science Technology and 
Research (A*STAR) to AL, by Ikerbasque (The Basque Foundation for Science), by GV-AI-
HEALTH, the Basque Government through the BERC 2018-2021 program, by the Spanish State 
Research Agency through BCAM Severo Ochoa excellence accreditation SEV-2017-0718 and 
through project RTI2018-093860B-C21 funded by (AEI/FEDER, UE) with acronym 
``MathNEURO'' to SR. AB’s work was supported by the National Institutes of Health, National 
Institute on Aging, Grant # 1 DP1 AG072438-01. 

Authors' contributions 

UM, MC, WX, CT, SL carried out the experiments and contributed to the data analysis. 

TF, EHF, PBB, JPB, KH, BL, NB, SC, AEB, CR, JMW conceptualised the study, the experiments 
and analyzed the data. 

DD, AK, AL, WX analysed the data. 

SR, MD made all the mathematical modelling. 

All authors contributed to the redaction of the article. 

All authors read and approved the final manuscript. 



25 
 

 

 

 

References 

1. Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferri CP. The global prevalence of 
dementia: a systematic review and metaanalysis. Alzheimers Dement. 2013;9:63-75.e2. 

2. McGeer PL, McGeer EG. The amyloid cascade-inflammatory hypothesis of Alzheimerdisease: 
implications for therapy. Acta Neuropathol. 2013;126(4):479-97. 

3. Hardy J, Allsop D, Amyloid deposition as the central event in the aetiology of Alzheimer's 
disease. Trends Pharmacol Sci 1991 Oct;12(10):383-8. 

4. Beyreuther K, Masters CL Amyloid precursor protein (APP) and beta A4 amyloid in the etiology 
of Alzheimer's disease: precursor-product relationships in the derangement of neuronal function. 
Brain Pathol 1991 Jul;1(4):241-51. 

5. Sacks CA, Avorn J, Kesselheim AS. The Failure of Solanezumab - How the FDA Saved 
Taxpayers Billions. N Engl J Med. 2017;376(18):1706-1708.. 

6. Cummings J, Ritter A, Zhong K. Clinical Trials for Disease-Modifying Therapies in Alzheimer's 
Disease: A Primer, Lessons Learned, and a Blueprint for the Future. J Alzheimers Dis. 
2018;64(s1):S3-S22.. 

7. Mehta D, Jackson R, Paul G, Shi J, Sabbagh M. Why do trials for Alzheimer's disease drugs 
keep failing? A discontinued drug perspective for 2010-2015. Expert Opin Investig Drugs. 
2017;26(6):735-739.. 

8. Long JM, Holtzman DM. Alzheimer Disease: An Update on Pathobiology and Treatment 
Strategies. Cell. 2019;179(2):312-339. 

9. Itzhaki RF, Lathe R, Balin BJ, Ball MJ, Bearer EL, Braak H, Bullido MJ, Carter C, Clerici M, 
Cosby SL, Del Tredici K, Field H, Fulop T, Grassi C, Griffin WS, Haas J, Hudson AP, Kamer AR, 
Kell DB, Licastro F, Letenneur L, Lövheim H, Mancuso R, Miklossy J, Otth C, Palamara AT, 
Perry G, Preston C, Pretorius E, Strandberg T, Tabet N, Taylor-Robinson SD, Whittum-Hudson 
JA. Microbes and Alzheimer's Disease. J Alzheimers Dis. 2016;51(4):979-84. 

10. Herrup K. The case for rejecting the amyloid cascade hypothesis. Nat Neurosci. 
2015;18(6):794-9.. 

11. Ricciarelli R, Fedele E. The amyloid cascade hypothesis in Alzheimer's disease: it's time to 
change our mind. Curr Neuropharmacol. 2017;15(6):926-935. 

12. Fulop T, Witkowski JM, Bourgade K, Khalil A, Zerif E, Larbi A, Hirokawa K, Pawelec G, 
Bocti C, Lacombe G, Dupuis G, Frost EH. Can an Infection Hypothesis Explain the Beta Amyloid 
Hypothesis of Alzheimer's Disease?  Front Aging Neurosci. 2018;10:224. 



26 
 

13. Bulgart HR, Neczypor EW, Wold LE, Mackos AR. Microbial involvement in Alzheimer 
disease development and progression. Mol Neurodegener. 2020;15:42. 

14. Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL. Alzheimer's 
disease. Nat Rev Dis Primers. 2015;1:15056. 

15. McManus R. M., Heneka M. T. Role of neuroinflammation in neurodegeneration: new insights. 
Alzheimers Res. Ther. 2017 Mar 4;9(1):14.. 

16. Bolós M., Perea J. R., Avila J. Alzheimer’s disease as an inflammatory disease. Biomol. 
Concepts.  2017;8(1):37-43. 

17. Yang SH. Cellular and Molecular Mediators of Neuroinflammation in Alzheimer Disease. Int 
Neurourol J. 2019;23(Suppl 2):S54-62.. 

18. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein DL, Jacobs AH, 
Wyss-Coray T, Vitorica J, Ransohoff RM, Herrup K, Frautschy SA, Finsen B, Brown GC, 
Verkhratsky A, Yamanaka K, Koistinaho J, Latz E, Halle A, Petzold GC, Town T, Morgan D, 
Shinohara ML, Perry VH, Holmes C, Bazan NG, Brooks DJ, Hunot S, Joseph B, Deigendesch N, 
Garaschuk O, Boddeke E, Dinarello CA, Breitner JC, Cole GM, Golenbock DT, Kummer MP. 
Neuroinflammation in Alzheimer's disease. Lancet Neurol. 2015;14(4):388-405. 

19. Takeda S, Sato N, Morishita R. Systemic inflammation, blood-brain barrier vulnerability and 
cognitive/non-cognitive symptoms in Alzheimer disease: relevance to pathogenesis and therapy. 
Front Aging Neurosci 2014;6:171. 

20. Holmes C, Butchart J. Systemic inflammation and Alzheimer's disease. Biochem Soc Trans 
2011;39(4):898-901. 

21. Paouri E, Georgopoulos S. Systemic and CNS Inflammation Crosstalk: Implications for 
Alzheimer's Disease. Curr Alzheimer Res.2019;16(6):559-574. 

22. Walker KA, Ficek BN, Westbrook R. Understanding the Role of Systemic Inflammation in 
Alzheimer's Disease. ACS Chem Neurosci. 2019;10(8):3340-3342. 

23. Zhang R, Miller RG, Madison C, Jin X, Honrada R, Harris W, Katz J, Forshew DA, McGrath 
MS. Systemic immune system alterations in early stages of Alzheimer's disease. J Neuroimmunol. 
2013;256(1-2):38-42. 

24. Giunta B, Fernandez F, Nikolic WV, Obregon D, Rrapo E, Town T, Tan J. Inflammaging as a 
prodrome to Alzheimer's disease. J Neuroinflamm 2008;5:51. 

25. Tarkowski E, Andreasen N, Tarkowski A, Blennow K. Intrathecal inflammation precedes 
development of Alzheimer's disease. J Neurol Neurosurg Psychiatry. 2003;74(9):1200-5. 

26. Webers A, Heneka MT, Gleeson PA. The role of innate immune responses and 
neuroinflammation in amyloid accumulation and progression of Alzheimer's disease. Immunol 
Cell Biol. 2020;98(1):28-41. 



27 
 

27. Fulop T, Lacombe G, Cunnane S, Le Page A, Dupuis G, Frost EH, Bourgade-Navarro K, 
Goldeck D, Larbi A, Pawelec G. Elusive Alzheimer's disease: can immune signatures help our 
understanding of this challenging disease? Part 2: new immune paradigm. Discov Med.  
2013;15(80):33-42. 

28. Fulop T, Dupuis G, Baehl S, Le Page A, Bourgade K, Frost E, Witkowski JM, Pawelec G, 
Larbi A, Cunnane S. From inflamm-aging to immune-paralysis: a slippery slope during aging for 
immune-adaptation. Biogerontology. 2016;17(1):147-57. 

29. Liang Z, Zhao Y, Ruan L, Zhu L, Jin K, Zhuge Q, Su DM, Zhao Y. Impact of aging immune 
system on neurodegeneration and potential immunotherapies. Prog Neurobiol. 2017;157:2-28. 

30. Reitz C, Mayeux R. Alzheimer disease: epidemiology, diagnostic criteria, risk factors and 
biomarkers. Biochem Pharmacol. 2014;88(4):640-51. 

31. Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, Bohr VA. Ageing as a risk 
factor for neurodegenerative disease. Nat Rev Neurol. 2019;15(10):565-581. 

32. Nation DA, Sweeney MD, Montagne A, Sagare AP, D'Orazio LM, Pachicano M, Sepehrband 
F, Nelson AR, Buennagel DP, Harrington MG, Benzinger TLS, Fagan AM, Ringman JM, 
Schneider LS, Morris JC, Chui HC, Law M, Toga AW, Zlokovic BV. Blood-brain barrier 
breakdown is an early biomarker of human cognitive dysfunction. Nat Med. 2019;25(2):270-276. 

33. Joseph CR. Novel MRI Techniques Identifying Vascular Leak and Paravascular Flow 
Reduction in Early Alzheimer Disease. Biomedicines. 2020;8(7):228. 

34. Halliday MR, Rege SV, Ma Q, Zhao Z, Miller CA, Winkler EA, Zlokovic BV. Accelerated 
pericyte degeneration and blood-brain barrier breakdown in apolipoprotein E4 carriers with 
Alzheimer's disease. J Cereb Blood Flow Metab. 2016;36(1):216-27. 

35. Noe CR, Noe-Letschnig M, Handschuh P, Noe CA, Lanzenberger R. Dysfunction of the Blood-
Brain Barrier-A Key Step in Neurodegeneration and Dementia. Front Aging Neurosci. 
2020;12:18539. 

36. Ryu JK, McLarnon JG. A leaky blood-brain barrier: Fibrinogen infiltration and microglial 
reactivity in inflamed Alzheimer’s disease brain. J Cell Mol Med. 2009;13(9A):2911-25. 

37. Le Page A, Dupuis G, Frost EH, Larbi A, Pawelec G, Witkowski JM, Fulop T. Role of the 
peripheral innate immune system in the development of Alzheimer's disease. Exp Gerontol. 
2018;107:59-66. 

38. Ellwardt E, Walsh JT, Kipnis J, Zipp F. Understanding the Role of T Cells in CNS Homeostasis. 
Trends Immunol. 2016;37(2):154-165. 

39. Šimić G, Španić E, Langer Horvat L, Hof PR. Blood-brain barrier and innate immunity in the 
pathogenesis of Alzheimer's disease. Prog Mol Biol Transl Sci. 2019;168:99-145. 

40. Dionisio-Santos DA, Olschowka JA, O'Banion MK. Exploiting microglial and peripheral 
immune cell crosstalk to treat Alzheimer's disease. J Neuroinflammation. 2019;16(1):74.48. 



28 
 

41. Rezai-Zadeh K, Gate D, Gowing G, Town T. How to get from here to there: macrophage 
recruitment in Alzheimer's disease. Curr Alzheimer Res. 201;8(2):156-63. 

42. Fiala M, Liu QN, Sayre J, Pop V, Brahmandam V, Graves MC, Vinters HV. Cyclooxygenase-
2-positive macrophages infiltrate the Alzheimer's disease brain and damage the blood-brain barrier. 
Eur J Clin Invest. 2002;32(5):360-71. 

43. Karlmark KR, Tacke F, Dunay IR. Monocytes in health and disease - Minireview. Eur J 
Microbiol Immunol (Bp). 2012;2(2):97-102. 

44. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Ifrim DC, Saeed S, Jacobs C, van Loenhout 
J, de Jong D, Stunnenberg HG, Xavier RJ, van der Meer JW, van Crevel R, Netea MG. Bacille 
Calmette-Guerin induces NOD2-dependent nonspecific protection from reinfection via epigenetic 
reprogramming of monocytes. Proc Natl Acad Sci U S A 2012;109(43):17537-42. 

45. van der Heijden CDCC, Noz MP, Joosten LAB, Netea MG, Riksen NP, Keating ST. 
Epigenetics and Trained Immunity. Antioxid Redox Signal. 2017;29(11):1023-1040. 

46. Domínguez-Andrés J, Fanucchi S, Joosten LAB, Mhlanga MM, Netea MG. Advances in 
understanding molecular regulation of innate immune memory. Curr Opin Cell Biol. 2020;63:68-
75. 

47. Ciarlo E, Heinonen T, Théroude C, Asgari F, Le Roy D, Netea MG, Roger T. Trained immunity 
confers broad-spectrum protection against bacterial infections. J Infect Dis. 2020;222(11):1869-
1881. 

48. Franceschi C Salvioli S, Garagnani P, de Eguileor M, Monti D, Capri M. (2017)  
Immunobiography and the Heterogeneity of Immune Responses in the Elderly: A Focus on 
Inflammaging and Trained Immunity. Front Immunol. 2017;8:982. 

49. Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E, De Benedictis G. 
Inflamm-aging. An evolutionary perspective on immunosenescence. Ann N Y Acad Sci. 
2000;908:244-54. 

50. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: a new immune-
metabolic viewpoint for age-related diseases. Nat Rev Endocrinol.2018;14(10):576-590. 

51. Salani F, Sterbini V, Sacchinelli E, Garramone M, Bossù P. Is Innate Memory a Double-Edge 
Sword in Alzheimer's Disease? A Reappraisal of New Concepts and Old Data. Front Immunol. 
2019;10:1768. 

52. Sanada F, Taniyama Y, Muratsu J, Otsu R, Shimizu H, Rakugi H, Morishita R. Source of 
Chronic Inflammation in Aging. Front Cardiovasc Med. 2018;5:12. 

53. Frasca D, Blomberg BB, Paganelli R. Aging, Obesity, and Inflammatory Age-Related Diseases. 
Front Immunol. 2017;8:1745. 



29 
 

54. van Beek AA, Van den Bossche J, Mastroberardino PG, de Winther MPJ, Leenen PJM. 
Metabolic Alterations in Aging Macrophages: Ingredients for Inflammaging? Trends Immunol. 
2019;40(2):113-127. 

55. Kern A, Behl C.The unsolved relationship of brain aging and late-onset Alzheimer disease. 
Biochim Biophys Acta. 2009;1790(10):1124-32. 

56. Castellani RJ, Rolston RK, Smith MA. Alzheimer disease. Disease-a-Month. 2010;56(9):484-
546. 

57. Naert G, Rivest S. Age-related changes in synaptic markers and monocyte subsets link the 
cognitive decline of APP(Swe)/PS1 mice. Front Cell Neurosci. 2012;1;6:51. 

58. Hanisch UK, Kettenmann H. Microglia: active sensor and versatile effector cells in the normal 
and pathologic brain. Nat Neurosci. 2007;10(11):1387-94. 

59. Mathys H, Adaikkan C, Gao F, Young JZ, Manet E, Hemberg M, De Jager PL, Ransohoff RM, 
Regev A, Tsai LH. Temporal Tracking of Microglia Activation in Neurodegeneration at Single-
Cell Resolution. Cell Rep. 2017;21(2):366-380. 

60. González-Scarano F, Baltuch G. Microglia as mediators of inflammatory and degenerative 
diseases. Annu Rev Neurosci. 1999;22:219-40. 

61. Ennerfelt HE, Lukens JR. The role of innate immunity in Alzheimer's disease. Immunol Rev. 
2020;297(1):225-246. 

62. Thériault P, ElAli A, Rivest S. The dynamics of monocytes and microglia in Alzheimer's 
disease. Alzheimers Res Ther. 2015;7(1):41. 

63. Simard AR, Soulet D, Gowing G, Julien JP, Rivest S. Bone marrow-derived microglia play a 
critical role in restricting senile plaque formation in Alzheimer's disease. Neuron. 2006;49(4):489-
502. 

64. Schenk DB, Yednock T. The role of microglia in Alzheimer's disease: friend or foe? Neurobiol 
Aging. 2002;23(5):677-9; 

65. Mosher KI, Wyss-Coray T. Microglial dysfunction in brain aging and Alzheimer's disease. 
Biochem Pharmacol. 2014;88(4):594-604. 

66. Zhang W, Wang LZ, Yu JT, Chi ZF, Tan L. Increased expressions of TLR2 and TLR4 on 
peripheral blood mononuclear cells from patients with Alzheimer’s disease. Journal of the 
neurological sciences. 2012; 315:67–71.  

67. Tahara K, Kim HD, Jin JJ, Maxwell JA, Li L, Fukuchi K. Role of toll-like receptor signalling 
in Abeta uptake and clearance.  Brain. 2006;129(Pt 11):3006-19. 

68. Walter S, Letiembre M, Liu Y, Heine H, Penke B, Hao W, Bode B, Manietta N, Walter J, 
Schulz-Schuffer W, Fassbender K. Role of the toll-like receptor 4 in neuroinflammation in 
Alzheimer's disease. Cell Physiol Biochem. 2007;20(6):947-56. 



30 
 

69. Fiala M, Zhang L, Gan X, Sherry B, Taub D, Graves MC, Hama S, Way D, Weinand M, Witte 
M, Lorton D, Kuo YM, Roher AE. Amyloid-beta induces chemokine secretion and monocyte 
migration across a human blood--brain barrier model. Mol Med. 1998;4(7):480-9. 

70. Fiala M, Lin J, Ringman J, Kermani-Arab V, Tsao G, Patel A, Lossinsky AS, Graves MC, 
Gustavson A, Sayre J, Sofroni E, Suarez T, Chiappelli F, Bernard G. Ineffective phagocytosis of 
amyloid-beta by macrophages of Alzheimer's disease patients. J Alzheimers Dis. 2005;7(3):221-
32; 

71. Thome AD, Faridar A, Beers DR, Thonhoff JR, Zhao W, Wen S, Pascual B, Masdeu JC, Appel 
SH. Functional alterations of myeloid cells during the course of Alzheimer's disease. Mol 
Neurodegener. 2018;13(1):61. 

72. Zhao M, Tuo H, Wang S, Zhao L. The Roles of Monocyte and Monocyte-Derived Macrophages 
in Common Brain Disorders. Biomed Res Int. 2020;2020:9396021. 

73. Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, Szoeke C, Macaulay 
SL, Martins R, Maruff P, Ames D, Rowe CC, Masters CL; Australian Imaging Biomarkers and 
Lifestyle (AIBL) Research Group. Amyloid β deposition, neurodegeneration, and cognitive decline 
in sporadic Alzheimer's disease: a prospective cohort study. Lancet Neurol. 2013;12(4):357-67. 

74. Klegeris A, McGeer PL. beta-amyloid protein enhances macrophage production of oxygen free 
radicals and glutamate. J Neurosci Res. 1997;49(2):229-35. 

75. Jóźwik A, Landowski J, Bidzan L, Fülop T, Bryl E, Witkowski JM. Beta-amyloid peptides 
enhance the proliferative response of activated CD4CD28 lymphocytes from Alzheimer disease 
patients and from healthy elderly. PLoS One. 2012;7(3):e33276.  

76. McGeer PL, McGeer EG. Inflammation of the brain in Alzheimer's disease: implications for 
therapy. J Leukoc Biol. 1999;65(4):409-15. 

77. Su C, Zhao K, Xia H, Xu Y. Peripheral inflammatory biomarkers in Alzheimer's disease and 
mild cognitive impairment: a systematic review and meta-analysis. Psychogeriatrics. 
2019;19(4):300-309. 

78. El Khoury J, Toft M, Hickman SE, Means TK, Terada K, Geula C, Luster AD. Ccr2 deficiency 
impairs microglial accumulation and accelerates progression of Alzheimer-like disease. Nat Med. 
2007;13(4):432-8. 

79. Naert G, Rivest S. A deficiency in CCR2+ monocytes: the hidden side of Alzheimer's disease. 
J Mol Cell Biol. 2013;5(5):284-93. 

80. Dionisio-Santos DA, Olschowka JA, O'Banion MK. Exploiting microglial and peripheral 
immune cell crosstalk to treat Alzheimer's disease. J Neuroinflammation. 2019;16(1):74. 

81. Martin E, Boucher C, Fontaine B, Delarasse C. Distinct inflammatory phenotypes of microglia 
and monocyte-derived macrophages in Alzheimer's disease models: effects of aging and amyloid 
pathology. Aging Cell. 2017;16(1):27-38. 



31 
 

82. Ligthart GJ, Corberand JX, Geertzen HG, Meinders AE, Knook DL, Hijmans W. Necessity of 
the assessment of health status in human immunogerontological studies: evaluation of the 
SENIEUR protocol. Mech Age Dev. 1990;55(1):89-105. 

83. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas CH, Klunk WE, 
Koroshetz WJ, Manly JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, Scheltens P, Carrillo MC, 
Thies B, Weintraub S, Phelps CH. The diagnosis of dementia due to Alzheimer's disease: 
recommendations from the National Institute on Aging-Alzheimer's Association workgroups on 
diagnostic guidelines for Alzheimer's disease. Alzheimers Dement. 2011;7(3):263-9. 

84. Jessen F, Amariglio RE, Buckley RF, van der Flier WM, Han Y, Molinuevo JL, Rabin L, Rentz 
DM, Rodriguez-Gomez O, Saykin AJ, Sikkes SAM, Smart CM, Wolfsgruber S, Wagner M. The 
characterisation of subjective cognitive decline.  Lancet Neurol. 2020;19(3):271-278. 

85. Koppara A, Wagner M, Lange C, Ernst A, Wiese B, König HH, Brettschneider C, Riedel-
Heller S, Luppa M, Weyerer S, Werle J, Bickel H, Mösch E, Pentzek M, Fuchs A, Wolfsgruber S, 
Beauducel A, Scherer M, Maier W, Jessen F. Cognitive performance before and after the onset of 
subjective cognitive decline in old age.  Alzheimers Dement (Amst). 2015;1(2):194-205. 

86. Perrotin A, La Joie R, de La Sayette V, Barré L, Mézenge F, Mutlu J, Guilloteau D, Egret S, 
Eustache F, Chételat G. Subjective cognitive decline in cognitively normal elders from the 
community or from a memory clinic: Differential affective and imaging correlates. Alzheimers 
Dement. 2017;13(5):550-560. 

87. Petersen RC. Mild cognitive impairment as a diagnostic entity. J Intern Med. 2004;256(3):183-
94 

88. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, Gamst A, Holtzman 
DM, Jagust WJ, Petersen RC, Snyder PJ, Carrillo MC, Thies B, Phelps CH.The diagnosis of mild 
cognitive impairment due to Alzheimer's disease: recommendations from the National Institute on 
Aging-Alzheimer's Association workgroups on diagnostic guidelines for  Alzheimer's disease. 
Alzheimers Dement. 2011;7(3):270-9. 

89. Le Page A, Bourgade K, Lamoureux J, Frost E, Pawelec G, Larbi A, Witkowski JM, Dupuis 
G, Fülöp T. NK Cells are Activated in Amnestic Mild Cognitive Impairment but not in Mild 
Alzheimer's Disease Patients. J Alzheimers Dis. 2015;46(1):93-107. 

90. Le Page A, Lamoureux J, Bourgade K, Frost EH, Pawelec G, Witkowski JM, Larbi A, Dupuis 
G, Fülöp T. Polymorphonuclear Neutrophil Functions are Differentially Altered in Amnestic Mild 
Cognitive Impairment and Mild Alzheimer's Disease Patients. J Alzheimers Dis. 2017;60(1):23-
42. 

91. Le Page A, Garneau H, Dupuis G, Frost EH, Larbi A, Witkowski JM, Pawelec G, Fülöp T. 
Differential Phenotypes of Myeloid-Derived Suppressor and T Regulatory Cells and Cytokine 
Levels in Amnestic Mild Cognitive Impairment Subjects Compared to Mild Alzheimer Diseased 
Patients. Front Immunol. 2017;8:783. 



32 
 

92. Larbi A, Pawelec G, Witkowski JM, Schipper HM, Derhovanessian E, Goldeck D, Fulop T. 
Dramatic shifts in circulating CD4 but not CD8 T cell subsets in mild Alzheimer's disease. J 
Alzheimers Dis. 2009;17(1):91-103. 

93. Morris JC. The Clinical Dementia Rating (CDR): current version and scoring rules. Neurology. 
1993;43(11):2412-4 

94. Hanseeuw B, Ivanoiu A. Performance on the RI-48 Cued Recall Test Best Predicts Conversion 
to Dementia at the 5- and 10-Year Follow-Ups. Dement Geriatr Cogn Dis Extra. 2011;1(1):258-66 

95. Le Page A, Fortin C, Garneau H, Allard N, Tsvetkova K, Tan CT, Larbi A, Dupuis G, Fülöp 
T. Downregulation of inhibitory SRC homology 2 domain-containing phosphatase-1 (SHP-1) leads 
to recovery of T cell responses in elderly. Cell Commun Signal. 2014 ;12:2. 

96. Fortin CF, Lesur O, Fulop T Jr. Effects of TREM-1 activation in human neutrophils: activation 
of signaling pathways, recruitment into lipid rafts and association with TLR4. Int Immunol. 
2007;19(1):41-50. 

97. Baëhl S, Garneau H, Lorrain D, Viens I, Svotelis A, Lord JM, Cabana F, Larbi A, Dupuis G, 
Fülöp T. Alterations in Monocyte Phenotypes and Functions after a Hip Fracture in Elderly 
Individuals: A 6-Month Longitudinal Study. Gerontology. 2016;62(5):477-90. 

98. Herbein G, Varin A, Larbi A, Fortin C, Mahlknecht U, Fulop T, Aggarwal BB. Nef and 
TNFalpha are coplayers that favor HIV-1 replication in monocytic cells and primary macrophages. 
Curr HIV Res. 2008;6(2):117-29. 

99. Fulop T, Larbi A, Douziech N, Fortin C, Guérard KP, Lesur O, Khalil A, Dupuis G. Signal 
transduction and functional changes in neutrophils with aging. Aging Cell. 2004;3(4):217-26. 

100. Fortin CF, Larbi A, Lesur O, Douziech N, Fulop T Jr. Impairment of SHP-1 down-regulation 
in the lipid rafts of human neutrophils under GM-CSF stimulation contributes to their age-related, 
altered functions. J Leukoc Biol. 2006 May;79(5):1061-72. 

101. Baëhl S, Garneau H, Le Page A, Lorrain D, Viens I, Svotelis A, Lord JM, Phillips AC, Cabana 
F, Larbi A, Dupuis G, Fülöp T. Altered neutrophil functions in elderly patients during a 6-month 
follow-up period after a hip fracture. Exp Gerontol. 2015;65:58-68. 

102. Fagiani F, Catanzaro M, Buoso E, Basagni F, Di Marino D, Raniolo S, Amadio M, Frost EH, 
Corsini E, Racchi M, Fulop T, Govoni S, Rosini M, Lanni C. Targeting Cytokine Release Through 
the Differential Modulation of Nrf2 and NF-κB Pathways by Electrophilic/Non-Electrophilic 
Compounds. Front Pharmacol. 2020;11:1256. 

103. Bourgade K, Le Page A, Bocti C, Witkowski JM, Dupuis G, Frost EH, Fülöp T Jr. Protective 
Effect of Amyloid-β Peptides Against Herpes Simplex Virus-1 Infection in a Neuronal Cell Culture 
Model. J Alzheimers Dis. 2016;50(4):1227-41. 

104. Hur JY, Frost GR, Wu X, Crump C, Pan SJ, Wong E, Barros M, Li T, Nie P, Zhai Y, Wang 
JC, Tcw J, Guo L, McKenzie A, Ming C, Zhou X, Wang M, Sagi Y, Renton AE, Esposito BT, Kim 
Y, Sadleir KR, Trinh I, Rissman RA, Vassar R, Zhang B, Johnson DS, Masliah E, Greengard P, 



33 
 

Goate A, Li YM. The innate immunity protein IFITM3 modulates γ-secretase in Alzheimer's 
disease. Nature. 2020;586(7831):735-740. 

105. Yao AY, Yan R. Activity of Alzheimer's γ-secretase is linked to changes of interferon-induced 
transmembrane proteins (IFITM) in innate immunity. Mol Neurodegener. 2020;15(1):69. 

106. Kipnis J. Multifaceted interactions between adaptive immunity and the central nervous 
system.  Science. 2016;353(6301):766-71. 

107. Goldeck D, Witkowski JM, Fülop T, Pawelec G. Peripheral Immune Signatures in Alzheimer 
Disease. Curr Alzheimer Res. 2016;13(7):739-49. 

108. Fülöp T, Larbi A, Witkowski JM. Human Inflammaging. Gerontology. 2019;65(5):495-504. 

109. Yang Y, Mufson EJ, Herrup K. Neuronal cell death is preceded by cell cycle events at all 
stages of Alzheimer's disease. J Neurosci. 2003;23(7):2557-63. 

110. Ożańska A, Szymczak D, Rybka J. Pattern of human monocyte subpopulations in health and 
disease. Scand J Immunol. 2020;92(1):e12883. 

111. Wong KL, Tai JJ, Wong WC, Han H, Sem X, Yeap WH, Kourilsky P, Wong SC. Gene 
expression profiling reveals the defining features of the classical, intermediate, and nonclassical 
human monocyte subsets.  Blood. 2011;118(5):e16-31. 

112. Puchta A, Naidoo A, Verschoor CP, Loukov D, Thevaranjan N, Mandur TS, Nguyen PS, 
Jordana M, Loeb M, Xing Z, Kobzik L, Larché MJ, Bowdish DM. TNF Drives Monocyte 
Dysfunction with Age and Results in Impaired Anti-pneumococcal Immunity. PLoS Pathog. 
2016;12(1):e1005368. 

113. Busse S, Steiner J, Alter J, Dobrowolny H, Mawrin C, Bogerts B, Hartig R, Busse M. 
Expression of HLA-DR, CD80, and CD86 in Healthy Aging and Alzheimer's Disease.  J 
Alzheimers Dis. 2015;47(1):177-84. 

114. Charach G, Rogowski O, Karniel E, Charach L, Grosskopf I, Novikov I. Monocytes may be 
favorable biomarker and predictor of long-term outcome in patients with chronic heart failure: A 
cohort study. Medicine (Baltimore). 2019;98(38):e17108. 

115. Vlacil AK, Schuett J, Schieffer B, Grote K. Variety matters: diverse functions of monocyte 
subtypes in vascular inflammation and atherogenesis. Vascul Pharmacol. 2019;113:9-19. 

116. Hearps AC, Martin GE, Angelovich TA, Cheng WJ, Maisa A, Landay AL, Jaworowski A, 
Crowe SM. Aging is associated with chronic innate immune activation and dysregulation of 
monocyte phenotype and function. Aging Cell. 2012;11(5):867-75. 

117. Nyugen J, Agrawal S, Gollapudi S, Gupta S. Impaired functions of peripheral blood monocyte 
subpopulations in aged humans. J Clin Immunol. 2010 Nov;30(6):806-13. 

118. Merino A, Buendia P, Martin-Malo A, Aljama P, Ramirez R, Carracedo J. Senescent 
CD14+CD16+ monocytes exhibit proinflammatory and proatherosclerotic activity. J Immunol. 
2011 Feb 1;186(3):1809-15. 



34 
 

119. Ong SM, Hadadi E, Dang TM, Yeap WH, Tan CT, Ng TP, Larbi A, Wong SC. The pro-
inflammatory phenotype of the human non-classical monocyte subset is attributed to senescence. 
Cell Death Dis. 2018 Feb 15;9(3):266. 

120. De Maeyer RPH, Chambers ES. The impact of ageing on monocytes and macrophages. 
Immunol Lett. 2021 Feb;230:1-10. 

121. Metcalf TA, Wilkinson PA, Cameron MJ, Ghneim K, Cindy Chiang C, Wertheimer AM, 
Hiscott JB, Nikolich-Zugich J, Haddad EK. Human Monocyte Subsets Are Transcriptionally and 
Functionally Altered in Aging in Response to Pattern Recognition Receptor Agonists. J Immunol. 
2017 Aug 15;199(4):1405-1417. 

122. Saresella M, Marventano I, Calabrese E, Piancone F, Rainone V, Gatti A, Alberoni M, Nemni 
R, Clerici M. A complex proinflammatory role for peripheral monocytes in Alzheimer's disease. J 
Alzheimers Dis. 2014;38(2):403-13. 

123. Goldeck D, Larbi A, Pellicanó M, Alam I, Zerr I, Schmidt C, Fulop T, Pawelec G. Enhanced 
Chemokine Receptor Expression on Leukocytes of Patients with Alzheimer's Disease. PLoS One. 
2013;8(6):e66664. 

124. Ishizuka K, Kimura T, Igata-yi R, Katsuragi S, Takamatsu J, Miyakawa T. Identification of 
monocyte chemoattractant protein-1 in senile plaques and reactive microglia of Alzheimer's 
disease. Psychiatry Clin Neurosci. 1997;51(3):135-8. 

125. Zhang K, Tian L, Liu L, Feng Y, Dong YB, Li B, Shang DS, Fang WG, Cao YP, Chen YH. 
CXCL1 contributes to beta-amyloid-induced transendothelial migration of monocytes in 
Alzheimer's disease.  PLoS One. 2013;8(8):e72744. 

126. Kusdra L, Rempel H, Yaffe K, Pulliam L. Elevation of CD69+ monocyte/macrophages in 
patients with Alzheimer's disease. Immunobiology. 2000;202(1):26-33. 

127. Naert G, Rivest S. The role of microglial cell subsets in Alzheimer's disease. Curr Alzheimer 
Res. 2011;8(2):151-5.  

128. Chuluundorj D, Harding SA, Abernethy D, La Flamme AC. Expansion and preferential 
activation of the CD14(+)CD16(+) monocyte subset during multiple sclerosis. Immunol Cell Biol. 
2014;92(6):509-17. 

129. Fulop T, Larbi A, Dupuis G, Le Page A, Frost EH, Cohen AA, Witkowski JM, Franceschi C. 
Immunosenescence and Inflamm-Aging As Two Sides of the Same Coin: Friends or Foes?  Front 
Immunol. 2018;8:1960. 

130. Di Bona D, Scapagnini G, Candore G, Castiglia L, Colonna-Romano G, Duro G, Nuzzo D, 
Iemolo F, Lio D, Pellicanò M, Scafidi V, Caruso C, Vasto S. Immune-inflammatory responses and 
oxidative stress in Alzheimer's disease: therapeutic implications. Curr Pharm Des. 2010;16(6):684-
91. 



35 
 

131. Smits HA, de Vos NM, Wat JW, van der Bruggen T, Verhoef J, Nottet HS. Intracellular 
pathways involved in TNF-alpha and superoxide anion release by Abeta(1-42)-stimulated primary 
human macrophages. J Neuroimmunol. 2001;115(1-2):144-51. 

132. Nunomura A, Perry G, Aliev G, Hirai K, Takeda A, Balraj EK, Jones PK, Ghanbari H, Wataya 
T, Shimohama S, Chiba S, Atwood CS, Petersen RB, Smith MA. Oxidative damage is the earliest 
event in Alzheimer disease. J Neuropathol Exp Neurol. 2001;60(8):759-67. 

133. Butterfield DA, Poon HF, St Clair D, Keller JN, Pierce WM, Klein JB, Markesbery WR. 
Redox proteomics identification of oxidatively modified hippocampal proteins in mild cognitive 
impairment: insights into the development of Alzheimer's disease. Neurobiol Dis. 2006;22(2):223-
32. 

134. Grilli M, Memo M. Nuclear factor-kappaB/Rel proteins: a point of convergence of signalling 
pathways relevant in neuronal function and dysfunction. Biochem Pharmacol. 1999;57(1):1-7. 

135. Terai K, Matsuo A, McGeer EG, McGeer PL. Enhancement of immunoreactivity for NF-
kappa B in human cerebral infarctions. Brain Res. 1996;739(1-2):343-9. 

136. Guha M, Mackman N. LPS induction of gene expression in human monocytes. Cell Signal. 
2001;13(2):85-94. 

137. Wyss-Coray T. Inflammation in Alzheimer disease: driving force, bystander or beneficial 
response? Nat Med. 2006;12(9):1005-15. 

138. Gu BJ, Huang X, Ou A, Rembach A, Fowler C, Avula PK, Horton A, Doecke JD, Villemagne 
VL, Macaulay SL, Maruff P, Fletcher EL, Guymer R, Wiley JS, Masters CL; Australian Imaging, 
Biomarkers and Lifestyle (AIBL) Study. Innate phagocytosis by peripheral blood monocytes is 
altered in Alzheimer's disease. Acta Neuropathol. 2016;132(3):377-89. 

139. Guo H, Zhao Z, Zhang R, Chen P, Zhang X, Cheng F, Gou X. Monocytes in the Peripheral 
Clearance of Amyloid-β and Alzheimer's Disease. J Alzheimers Dis. 2019;68(4):1391-1400. 

140. Chen SH, Tian DY, Shen YY, Cheng Y, Fan DY, Sun HL, He CY, Sun PY, Bu XL, Zeng F, 
Liu J, Deng J, Xu ZQ, Chen Y, Wang YJ. Amyloid-beta uptake by blood monocytes is reduced 
with ageing and Alzheimer's disease. Transl Psychiatry. 2020;10(1):423. 

141. Koronyo-Hamaoui M, Ko MK, Koronyo Y, Azoulay D, Seksenyan A, Kunis G, Pham M, 
Bakhsheshian J, Rogeri P, Black KL, Farkas DL, Schwartz M. Attenuation of AD-like 
neuropathology by harnessing peripheral immune cells: local elevation of IL-10 and MMP-9. J 
Neurochem. 2009;111(6):1409-24. 

142. Yamasaki R, Lu H, Butovsky O, Ohno N, Rietsch AM, Cialic R, Wu PM, Doykan CE, Lin J, 
Cotleur AC, Kidd G, Zorlu MM, Sun N, Hu W, Liu L, Lee JC, Taylor SE, Uehlein L, Dixon D, Gu 
J, Floruta CM, Zhu M, Charo IF, Weiner HL, Ransohoff RM. Differential roles of microglia and 
monocytes in the inflamed central nervous system. J Exp Med. 2014;211(8):1533-49. 

143. Grathwohl SA, Kälin RE, Bolmont T, Prokop S, Winkelmann G, Kaeser SA, Odenthal J, 
Radde R, Eldh T, Gandy S, Aguzzi A, Staufenbiel M, Mathews PM, Wolburg H, Heppner FL, 



36 
 

Jucker M. Formation and maintenance of Alzheimer's disease beta-amyloid plaques in the absence 
of microglia. Nat Neurosci. 2009;12(11):1361-3. 

144. Zuroff, L., Daley, D., Black, K. L. & Koronyo-Hamaoui, M. Clearance of cerebral Abeta in 
Alzheimer’s disease: reassessing the role of microglia and monocytes. Cell Mol. Life Sci. 2017;74, 
2167–2201. 

145. Reed-Geaghan EG, Croxford AL, Becher B, Landreth GE. Plaque-associated myeloid cells 
derive from resident microglia in an Alzheimer's disease model. J Exp Med. 
2020;217(4):e20191374. 

146. Tejera D, Heneka MT. Microglia in Neurodegenerative Disorders. Methods Mol Biol. 
2019;2034:57-67. 

147. Yin J, Zhao F, Chojnacki JE, Fulp J, Klein WL, Zhang S, Zhu X. NLRP3 Inflammasome 
Inhibitor Ameliorates Amyloid Pathology in a Mouse Model of Alzheimer's Disease. Mol 
Neurobiol. 2018;55(3):1977-1987. 

148. Saresella M, La Rosa F, Piancone F, Zoppis M, Marventano I, Calabrese E, Rainone V, Nemni 
R, Mancuso R, Clerici M. The NLRP3 and NLRP1 inflammasomes are activated in Alzheimer's 
disease. Mol Neurodegener. 2016;11:23. 

149. Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim D, D'Agostino D, 
Planavsky N, Lupfer C, Kanneganti TD, Kang S, Horvath TL, Fahmy TM, Crawford PA, Biragyn 
A, Alnemri E, Dixit VD. The ketone metabolite beta-hydroxybutyrate blocks NLRP3 
inflammasome-mediated inflammatory disease. Nat Med. 2015;21(3):263-9. 

150. Fortier M, Castellano CA, St-Pierre V, Myette-Côté É, Langlois F, Roy M, Morin MC, Bocti 
C, Fulop T, Godin JP, Delannoy C, Cuenoud B, Cunnane SC. A ketogenic drink improves 
cognition in mild cognitive impairment: Results of a 6-month RCT.  Alzheimers Dement. 2020 Oct 
26. 

151. Wyss-Coray T, Rogers J. Inflammation in Alzheimer disease-a brief review of the basic 
science and clinical literature.  Cold Spring Harb Perspect Med. 2012;2(1):a006346. 

152. Cuello AC. Early and Late CNS Inflammation in Alzheimer's Disease: Two Extremes of a 
Continuum? Trends Pharmacol Sci. 2017;38(11):956-966. 

153. Rocha NP, Teixeira AL, Coelho FM, Caramelli P, Guimarães HC, Barbosa IG, da Silva TA, 
Mukhamedyarov MA, Zefirov AL, Rizvanov AA, Kiyasov AP, Vieira LB, Janka Z, Palotás A, 
Reis HJ. Peripheral blood mono-nuclear cells derived from Alzheimer's disease patients show 
elevated baseline levels of secreted cytokines but resist stimulation with β-amyloid peptide. Mol 
Cell Neurosci. 2012;49(1):77-84. 

154. Park JC, Han SH, Mook-Jung I. Peripheral inflammatory biomarkers in Alzheimer's disease: 
a brief review. BMB Rep. 2020;53(1):10-19. 

155. Schwarz MJ, Chiang S, Müller N, Ackenheil M. T-helper-1 and T-helper-2 responses in 
psychiatric disorders. Brain Behav Immun. 2001;15(4):340-70. 



37 
 

156. Naughton SX, Raval U, Pasinetti GM. The Viral Hypothesis in Alzheimer's Disease: Novel 
Insights and Pathogen-Based Biomarkers. J Pers Med. 2020;10(3):74. 

157. Dominy SS, Lynch C, Ermini F, Benedyk M, Marczyk A, Konradi A, Nguyen M, Haditsch 
U, Raha D, Griffin C, Holsinger LJ, Arastu-Kapur S, Kaba S, Lee A, Ryder MI, Potempa B, Mydel 
P, Hellvard A, Adamowicz K, Hasturk H, Walker GD, Reynolds EC, Faull RLM, Curtis MA, 
Dragunow M, Potempa J. Porphyromonas gingivalis in Alzheimer's disease brains: Evidence for 
disease causation and treatment with small-molecule inhibitors. Sci Adv. 2019;5(1):eaau3333. 

158. Itzhaki RF, Golde TE, Heneka MT, Readhead B. Do infections have a role in the pathogenesis 
of Alzheimer disease? Nat Rev Neurol. 2020;16(4):193-197. 

159. Matsushita K, Yamada-Furukawa M, Kurosawa M, Shikama Y. Periodontal Disease and 
Periodontal Disease-Related Bacteria Involved in the Pathogenesis of Alzheimer's Disease. J 
Inflamm Res. 2020;13:275-283. 

160. Fiala M, Liu PT, Espinosa-Jeffrey A, Rosenthal MJ, Bernard G, Ringman JM, Sayre J, Zhang 
L, Zaghi J, Dejbakhsh S, Chiang B, Hui J, Mahanian M, Baghaee A, Hong P, Cashman J. Innate 
immunity and transcription of MGAT-III and Toll-like receptors in Alzheimer's disease patients 
are improved by bisdemethoxycurcumin. Proc Natl Acad Sci U S A. 2007;104(31):12849-54. 

161. Suh EC, Jung YJ, Kim YA, Park EM, Lee SJ, Lee KE. Knockout of Toll-like receptor 2 
attenuates Aβ25-35-induced neurotoxicity in organotypic hippocampal slice cultures. Neurochem 
Int. 2013; 63:818–25.  

162. Rangasamy SB, Jana M, Roy A, Corbett GT, Kundu M, Chandra S, Mondal S, Dasarathi S, 
Mufson EJ, Mishra RK, Luan CH, Bennett DA, Pahan K. Selective disruption of TLR2-MyD88 
interaction inhibits inflammation and attenuates Alzheimer’s pathology. J Clin Invest. 2018; 
128:4297–312.  

163. Zhou C, Sun X, Hu Y, Song J, Dong S, Kong D, Wang Y, Hua X, Han J, Zhou Y, Jin G, Yang 
X, Shi H, Zhang Z, Hua F. Genomic deletion of TLR2 induces aggravated white matter damage 
and deteriorated neurobehavioral functions in mouse models of Alzheimer's disease.  Aging 
(Albany NY). 2019;11(17):7257-7273. 

164. Sala G, Galimberti G, Canevari C, Raggi ME, Isella V, Facheris M, Appollonio I, Ferrarese 
C. Peripheral cytokine release in Alzheimer patients: correlation with disease severity. Neurobiol 
Aging. 2003;24(7):909-14. 

165. Motta M, Imbesi R, Di Rosa M, Stivala F, Malaguarnera L. Altered plasma cytokine levels in 
Alzheimer's disease: correlation with the disease progression. Immunol Lett. 2007;114(1):46-51. 

166. Mammana S, Fagone P, Cavalli E, Basile MS, Petralia MC, Nicoletti F, Bramanti P, Mazzon 
E. The Role of Macrophages in Neuroinflammatory and Neurodegenerative Pathways of 
Alzheimer's Disease, Amyotrophic Lateral Sclerosis, and Multiple Sclerosis: Pathogenetic Cellular 
Effectors and Potential Therapeutic Targets. Int J Mol Sci. 2018;19(3):831. 



38 
 

167. Carlini V, Verduci I, Cianci F, Cannavale G, Fenoglio C, Galimberti D, Mazzanti M. CLIC1 
Protein Accumulates in Circulating Monocyte Membrane during Neurodegeneration. Int J Mol Sci. 
2020;21(4):1484. 

168. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA, Mardani 
F, Seifi B, Mohammadi A, Afshari JT, Sahebkar A. Macrophage plasticity, polarization, and 
function in health and disease. J Cell Physiol. 2018;233(9):6425-6440. 

169. Herbein G, Varin A, Larbi A, Fortin C, Mahlknecht U, Fulop T, Aggarwal BB. Nef and 
TNFalpha are coplayers that favor HIV-1 replication in monocytic cells and primary macrophages. 
Curr HIV Res. 2008;6(2):117-29. 

170. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for 
reassessment. F1000Prime Rep. 2014;6:13.  

171. Li S, Hayden EY, Garcia VJ, Fuchs DT, Sheyn J, Daley DA, Rentsendorj A, Torbati T, Black 
KL, Rutishauser U, Teplow DB, Koronyo Y, Koronyo-Hamaoui M. Activated Bone Marrow-
Derived Macrophages Eradicate Alzheimer's-Related Abeta(42) Oligomers and Protect Synapses.  
Front Immunol. 2020;11:49. 

172. Gaikwad SM, Heneka MT. Studying M1 and M2 states in adult microglia. Methods Mol Biol. 
2013;1041:185-97. 

173. Famenini S, Rigali EA, Olivera-Perez HM, Dang J, Chang MT, Halder R, Rao RV, Pellegrini 
M, Porter V, Bredesen D, Fiala M. Increased intermediate M1-M2 macrophage polarization and 
improved cognition in mild cognitive impairment patients on ω-3 supplementation. FASEB J. 
2017;31(1):148-160. 

174. Lam RS, O'Brien-Simpson NM, Holden JA, Lenzo JC, Fong SB, Reynolds EC. Unprimed, 
M1 and M2 Macrophages Differentially Interact with Porphyromonas gingivalis. PLoS One. 
2016;11(7):e0158629. 

175. Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a key role for 
monocytes and macrophages. Nat Rev Immunol. 2020;20(6):355-362. 

176. Martinez FO, Combes TW, Orsenigo F, Gordon S. Monocyte activation in systemic Covid-
19 infection: Assay and rationale. EBioMedicine. 2020;59:102964. 

 

 

 

 

 

 

 



39 
 

 

Legends to Figures 

Figure 1:  

Proportions of classical, intermediate and non-classical populations (A), the chemotaxis 
function (B) and free radical production (C,D,E,F) of human monocytes from healthy 
subjects, SMC, MCI and AD patients. (A) the determination of the phenotypic proportion was 
based on CD14 and CD16 marker expression assessed by flow cytometry. Data are a combination 
of 40 independent experiments (10 in each groups) and are shown as the mean (vertical bars) ± SD. 
The asterisk corresponds to *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, and ns non-
significant. (B) Comparison of the ability of monocytes from healthy, SMC, MCI and AD 
individuals to migrate in vitro spontaneously or upon chemotactic stimulation with MCP-1. 
48-well micro chemotaxis chambers were used to assess the migration activity of cells by using 
MCP-1 as a chemoattractant. Data are a combination of 32 independent experiments and are shown 
as the mean of migrated monocyte numbers ± SD. (C to F) Proportion of monocytes producing 
reactive oxygen species in the blood of healthy elderly, SMC, MCI and AD patients. C) at rest 
(control reagent); D) upon stimulation by fMLP. E) upon stimulation with opsonized E. coli. F) 
upon PMA stimulation. Data are a combination of 34 independent experiments and are presented 
as the mean of percentage of monocytes (horizontal bars) ± SD. Each dot corresponds to one 
individual. Statistical analyses were performed by one-way ANOVA with Tukey’s multiple 
comparison test to assess differences between patient groups. The asterisks correspond to *p < 0.05 
and **p < 0.01, ***p < 0.001, ****p < 0.0001, whilst ns indicates non-significance. 

Figure 2:  

Effect of LPS and Pg on intracellular pro- and anti-inflammatory cytokine production in 
human monocytes. (A to E) Flow Cytometry analysis of human monocytes in healthy subjects, 
SMC, MCI, and AD patients conditioned with or without LPS, to measure IL-1β, IL-6, and TNF, 
IL-4, and IL-10 expression patterns. Monocytes were cultured in the absence ( - ) or presence ( + ) 
of LPS (100ng/ml) for 1 hr at 37°C, 5% CO2 air mixture. A) IL-1β expression B) IL-6 expression 
C) TNF expression. D) IL-4 expression. E). IL-10 expression Each dot corresponds to one 
individual. The results were calculated in every group by comparing the production of cytokines at 
their basal level and after stimulation with LPS. The data are presented as MFI ± SD. Statistical 
analyses were performed by Student t-testing to assess differences within each patient group. The 
asterisk corresponds to *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, whilst ns indicates non-
significance. (F to J) Flow Cytometry analysis of human monocytes in healthy subjects, SMC, 
MCI, and AD patients conditioned with or without Pg, to measure IL-1β, IL-6, and TNF, IL-4, and 
IL-10 expression patterns. Monocytes were cultured in the absence ( - ) or presence ( + ) of Pg 
supernatant (20 µg) for 1 hr at 37°C, 5% CO2 air mixture. F) IL-1β expression, G) IL-6 expression, 
H) TNF expression, I) IL-4 expression., J). IL-10 expression. Each dot corresponds to one 
individual. The results were calculated in every group by comparing the production of cytokines at 
their basal level and after stimulation with Pg supernatant. The data are presented as a mean of MFI 
± SD. Statistical analyses were performed by Student t-testing (Unpaired) to assess differences 
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within each patient group. The asterisks correspond to *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001, whilst ns indicates non-significance. 

Figure 3. 

Effect of LPS and P. gingivalis on TLR4 (CD284) and TLR2 (CD282) expression in 
monocytes of healthy, SMC, MCI and AD individuals. Monocytes were cultured in the absence 
( - ) or presence ( + ) of LPS (100ng/ml) or Pg supernatant (20µg) for 1 hr at 37°C, 5% CO2 air 
mixture, stained for TLR4 (CD284) TLR2 (CD282) and analyzed by flow cytometry as in M&M. 
A) TLR4 ± LPS. B) TLR4 ± Pg. C) TLR2 ± LPS. D) TLR2 ± Pg. Each dot corresponds to one 
individual. Statistical analyses were performed by Student t-testing to assess differences within 
each patient group. Data are a combination of 18 independent experiments and are shown as mean 
of MFI ± SD. The asterisks correspond to *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, whilst 
ns indicates non-significance. 

Figure 4. 

Signaling in monocytes in the resting state obtained from various patient groups. A) p42/44 
ERK and p-p42/44 expression was determined in total protein extracts by Western blot analysis, 
using anti-p42/44 and anti-p-p42/44 antibodies. Results are shown as means of p-p42-44/p42-44 
ratio ± SEM and normalized to the total expression at healthy individuals. Dunnett’s multiple 
comparison test; *p < 0.05. NS: non-significant, n=5. B) NF-kB and p-NF-kB expression was 
determined in total protein extracts by Western blot analysis, using anti-NF-kB and anti-p-NF-κB 
antibodies. Results are shown as means of p-NF-κB/NF-κB ratio ± SEM and normalized to the 
total expression of healthy individuals. Dunnett’s multiple comparison test; *p < 0.05. NS: non-
significant; n=5. C) IRF3 and p-IRF3 expression was determined in total protein extracts by 
Western blot analysis, using anti-IRF3 and anti-p-IRF3 antibodies. Results are shown as means of 
p-IRF3/IRF3 ratio ± SEM and normalized to the total expression of healthy individuals. Dunnett’s 
multiple comparison test; NS: nonsignificant; n=5. D)  STING and p-STING expression was 
determined in total protein extracts by Western blot analysis, using anti-STING and anti-p-STING 
antibodies. Results are shown as means of p-STING/STING ratio ± SEM. Dunnett’s multiple 
comparison test; NS: nonsignificant; n=5. E) MyD88 expression was determined in total protein 
extracts by Western blot analysis, using an anti-MyD88 antibodies. Actin (total) was used to 
normalize the data. Dunnett’s multiple comparison test; NS: nonsignificant; n=5. F) NOD2 
expression was determined in total protein extracts by Western blot analysis, using anti-NOD2 
antibodies. Actin (total) was used to normalize the data. Dunnett’s multiple comparison test; NS: 
nonsignificant; n=5. E) MyD88 expression was determined in total protein extracts by Western 
blot analysis, using an anti-MyD88 antibodies. Actin (total) was used to normalize the data. 
Dunnett’s multiple comparison test; NS: nonsignificant; n=5. F) NOD2 expression was determined 
in total protein extracts by Western blot analysis, using anti-NOD2 antibodies. Actin (total) was 
used to normalize the data. Dunnett’s multiple comparison test; NS: nonsignificant; n=5. 

Figure 5. 

Flow Cytometry analysis of monocyte-derived human macrophage (MDM) subsets in healthy 
subjects, SMC, MCI, and AD patients based on the CD86, CD206 and Arginase-1 expression 
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patterns. A) Percentages of distribution of the two different subsets (M1 macrophages (CD86) and 
M2 macrophages (CD206 + Arginase-1)) at basal level with autologous sera are shown. The data 
are presented as the mean percentage (horizontal bars) ± SD of each macrophage subset according 
to CD86 and CD206+Arginase-1 expression. Data are a combination of 34 independent 
experiments and each dot corresponds to one individual. Statistical analyses were performed by 
one-way ANOVA with Tukey’s multiple comparison test to assess differences between patient 
groups. The asterisk corresponds to *p<0.05, ****p<0.0001, whilst ns indicates non-significance. 
B to K) Comparison of cytokine secretion by macrophages of healthy, SMC, MCI and AD 
individuals stimulated by LPS and Pg. Macrophages were treated with 10 ng/mL LPS or Pg 
extracts (20 µg/ml) for 3 h. B) IFNγ, C) IL-1β, D) IL-6, E) IL-8, F) MCP-3, G) TNFα, H)IL-10, 
I) MCP-1, J) IL-12 (p40), K) IL-12 (p70) protein release was measured in macrophage 
supernatants by Luminex xMAP® Technology as in M&M. Data are presented as means of 
released picograms per mL (pg/mL) ± SEM as a combination of 12 independent experiments. 
Dunnett’s multiple comparison test; *p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001 
versus LPS or Pg. 

Figure 6.  

Idealised mathematical model and simulations. A: The conceptual formulation of the idealised 
model from known physiology. Specifically, the bone marrow produces proinflammatory cells on 
demand, which is triggered by some unknown exogenous signal I(t). The bone marrow can be seen 
as having a finite reservoir of readily available resources which enables production of 
proinflammatory cells m(t). The underlying law for the production of proinflammatory cells is 
given by the Markov state diagram and the time evolution given by the differential equation 
(idealised model). B: Simulations of the idealized model for two scenarios. The left-top inset panel 
depicts the pathological case in which an exogenous signal triggers the production of 
proinflammatory cells across all disease stages (SMC, MCI, AD), however due to finite resources 
the production saturates. The left-bottom shows that the migration capacity of monocytes decreases 
during the progression of the disease. The right-top inset panel depicts a rescue scenario where the 
exogenous signal causative of AD is identified and therapeutically targeted. In this case, 
proinflammatory cells and migration capacity return to healthy values. 
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Legends to Supplementary figures 

 

Supplementary Figure 1:  

The effect of LPS and BHB on phagocytosis of fluorescent amyloid-beta (Aβ1-42). Monocytes 
from healthy and MCI patients and microglia cell line HMC3 were cultured as described in the M 
& M.  A) Comparison of resting phagocytosis of fluorescent Aβ1-42 and the effect of BHB, LPS 
and their combination on fluorescent Aβ1-42 phagocytosis between the microglia, healthy (H) and 
MCI monocytes. N=7 for each group in duplicate. The exact p values are shown for significant 
differences. B) Comparison of the effect of BHB, LPS and their combination on fluorescent Aβ1-
42 phagocytosis in the microglia, healthy (H) and MCI monocytes. N=7 for each group in duplicate. 
**** - p<0.00005, *** - p<0.0005, ** - p<0.005, * - p<0.05. Gluc – Glucose, BHB – beta-
hydroxybutyric acid, LPS – lipopolysaccharide 

Supplementary Figure 2. 

Cytokines released from peripheral blood monocytes of healthy, MCI and AD individuals 
upon stimulation with LPS. Monocytes were treated with 10 ng/mL LPS for 3 h. A.  IL-1β, B. 
IL-6, C. IL-8, D. TNFα, E. MCP-1 and F. IL-10, protein release was measured in monocyte 
supernatants by Luminex xMAP® Technology as in M&M. Data are presented as means of 
released picograms per mL (pg/mL) ± SEM. Dunnett’s multiple comparison test; *p < 0.05; ***p 
< 0.001 and ****p < 0.0001 versus LPS; n = 5. 

Supplementary Figure 3: 

TLR4 and TLR2 expression in human monocytes at basal level. Flow cytometry analysis of 
human monocytes in healthy subjects, SMC, MCI, and AD patients, based on the CD284 and 
CD282 expression pattern. A) TLR4. B) TLR2. Statistical analyses were performed by one-way 
ANOVA with Dunnett’s multiple comparison tests to assess differences between patient groups. 
Data are a combination of 18 independent experiments and are shown as mean of MFI ± SD. The 
ns indicate non-significance. 

 

Supplementary Figure 4: 

Intracellular pro- and anti-inflammatory cytokine production in MDM at basal level. Flow 
cytometry analysis of human MDM in healthy subjects, SMC, MCI, and AD patients, based on the 
IL-10, IL-4, IL-1β, IL-6, and TNFα expression pattern. A) IL-10 expression. B) IL-4 expression. 
C) IL-1β expression. D) IL-6 expression. E) TNFα expression. The data are presented as a mean 
of MFI ± SD. Data at the basal level are a combination of 12 independent experiments. Statistical 
analyses were performed by one-way ANOVA with Dunnett’s multiple comparison tests to assess 
differences between patient groups. The asterisk corresponds to *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001, whilst ns indicates non-significance. 
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Table 1 

Patients’ clinical data 
   Healthy subjects  SMC Subjects)   MCI patients       mAD patients              p Values 
Parameters   (C) (n = 15)   (S) (n=10)  (M) (n = 14)        (A) (n = 14)      (Tukey’s post-test) 
type       units   mean  SD   mean  SD  mean  SD        mean      SD            SMC      MCI     mAD      MCI 
                     vs C       vs C      vs C      vs A 
Age       years  71.1  5.07   68.50 5.757  72.9  6.42        78.1   5.79            0.58      0.77      0.03         0.12 
Gender       women (%)     70.0  –   60 -  90.0  –         55.0       –            -      –           –              – 
          men (%)  30.0  –   40 -  10.0  –         46.0       –            -      –           –              – 
MMSE       score/30  29.7  0.67   28.88 1.553  27.8  1.99         22.42      4.316          0.96      0.20      <0.0001 <0.002 
MoCA       score/30  27.0  2.80   28.25 1.585  24.3  2.06         15.7   4.42            0.88     0.20      <0.0001<0.0001 
ApoE4       frequency  0.22   –   0.30 -  0.40  –         0.25       –             -            –            –              – 
WBC       109/L  5.86  0.75   6.386 1.267  5.11  1.08         6.32   1.93             0.28      0.45      0.73         0.13 
Lymphocytes (ab) 109/L  1.79  0.41   1.72 0.81  1.55  0.33         1.69         0.78            0.96      0.60      0.91         0.83 
Monocytes (ab) 109/L  0.42  0.12   0.58 0.10  0.43  0.15         0.51   0.16            0.76      0.99      0.36         0.45 
PMN (ab) 109/L   3.46  0.70   3.86 1.08  2.95  0.85         3.90   1.18            0.84      0.46      0.54         0.07 
NLR      –   2.08  0.73   2.24 1.33  1.93  0.53         2.93         2.48            0.88      0.98     0.44          0.33 
Hemoglobin g/L   135.6  9.12   137.0 14.83  128.8  9.34         127.3      11.4            0.76      0.30     0.16          0.94 
Total cholesterol mmol/L  4.21  1.27   5.090 1.746  3.69  1.36         3.98    1.75            0.83      0.71     0.93         0.90 
Triglycerides mmol/L  2.19  1.32   2.23 1.45  2.59  1.84         2.82         1.60            0.75      0.85     0.65          0.95 
HDL mmol/L   1.31  0.36   1.35 0.52  1.70  0.57         1.35         0.49            0.89      0.19     0.98          0.26 
LDL mmol/L   2.24  0.73   2.67 0.95  1.86  0.82         2.47        1.04             0.43      0.61     0.83          0.30 
TC/HDL ratio   3.20  0.76   3.74 1.02  2.31  0.76               3.13        1.49            056      0.19     0.99          0.24 
CMV frequency   0.40  –   0.48 -  0.30  –          0.36        –                 -      –          –               – 
CRP mg/L   3.49  1.04   3.09 0.67  3.00  0.05   3.44        0.08            0.60      0.33    0.99          0.40 
ALT (IU/L)  13.55 5.854  15.29 3.946  17.50 3.491  17.42 5.583       0.48      0.32    0.15          0.76 
AST (U/L)  17.27 6.133  18.00 2.708  20.92 3.068  21.33 2.934           0.35       0.28    0.54          0.83 
Create (µmol/L  63.36 28.28  72.86 10.56  79.77 25.46  76.67 13.74           0.12       0.48    0.08          0.37 
DFG   67.78 27.70  77.27 5.185  78.30 14.96  73.71 9.800           0.13       0.39    0.23          0.48 
Glucose (mmol/L) 4.709 1.839  5.83 1.376  5.669 1.359  5.932 1367            0.37       0.68    0.07          0.54 
TSH (µU/ml)  1.439 0.8498  1.746 1.038  2.073 0.872  2.263 1.459           0.59       0.15    0.28          0.69 
ab, absolute number; ALT: alanine aminotransferase, AST: alanine aminotransferase, ApoE, apolipoprotein E; C, healthy subjects; CMV, cytomegalovirus 
seropositivity; Create: creatinine, CRP, C-reactive protein; DFG: glomerular filtration rate, TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density 
lipoprotein; MMSE, mini-mental state evaluation; MoCA, Montreal cognitive assessment; NLR, neutrophil-to-lymphocyte ratio; PMN, polymorphonuclear 
neutrophils; TSH: thyroid stimulating Hormone, WBC, white blood cells. Serological parameters were obtained from the clinical laboratories of the Centre 
Hospitalier Universitaire de l’Université de Sherbrooke (CHUS) and analyzed by one-way ANOVA and Tukey’s post-test. Absolute number is defined as the 
percentage of cells counted multiplied by the total number of white blood cells. 
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Supplementary Figure 2 
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