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Alzheimer disease (AD) is the most prevalent form of dementia although the underlying 
cause(s) remains unknown at this time. However, neuroinflammation is believed to play 
an important role and suspected contributing immune parameters can be revealed in 
studies comparing patients at the stage of amnestic mild cognitive impairment (aMCI) 
to healthy age-matched individuals. A network of immune regulatory cells including 
regulatory T  cells (Tregs) and myeloid-derived suppressor cells (MDSCs) maintains 
immune homeostasis but there are very few data on the role of these cells in AD. Here, 
we investigated the presence of these cells in the blood of subjects with aMCI and 
mild AD (mAD) in comparison with healthy age-matched controls. We also quantitated 
several pro- and anti-inflammatory cytokines in sera which can influence the develop-
ment and activation of these cells. We found significantly higher levels of MDSCs and 
Tregs in aMCI but not in mAD patients, as well as higher serum IL-1β levels. Stratifying 
the subjects based on CMV serostatus that is known to influence multiple immune 
parameters showed an absence of differences between aMCI subjects compared to 
mAD patients and healthy controls. We suggest that the increase in MDSCs and Tregs 
number in aMCI subjects may have a beneficial role in modulating inflammatory pro-
cesses. However, this protective mechanism may have failed in mAD patients, allowing 
progression of the disease. This working hypothesis obviously requires testing in future 
studies.
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inTrODUcTiOn

Alzheimer disease (AD) is the most frequent neurodegenerative 
disease for which aging is the most important risk factor (1, 2). 
The pathogenesis of AD remains unknown. The paradigmatic 
amyloid beta hypothesis (3) is being increasingly challenged 
(4). Although AD is a chronic inflammatory disease that mainly 
involves the brain in its clinical manifestations, it is also a 
systemic disease (5). The preclinical stages of AD may last for 
decades before overt manifestations of the first symptoms are 
recognized. For instance, this is the case of amnestic mild cogni-
tive impairment (aMCI) that is now termed mild neurocognitive 
disorder according to The Diagnostic and Statistical Manual of 
Mental Disorders (DSM 5) (6, 7). Thus, the first clinical step is 
the condition of aMCI which progresses to full clinical manifesta-
tions of AD in a number but not all individuals. Noticeably, the 
progression to full-blown AD is also relatively slow, occurring 
over a number of years (8).

Several immune alterations have recently been reported in 
AD patients (9). It was shown that the number of naïve T cells 
was relatively decreased, whereas the number of effector memory 
T  cells was increased (10). We have reported that cells of the 
innate immune system were differentially altered in patients with 
aMCI compared to mild AD (mAD) (11). These data suggested 
that there was an upregulated inflammatory activity associated 
with some type of innate cells such as NK cells and neutrophils 
in aMCI. We have previously postulated that in the case of aMCI 
subjects, these cells respond to some still unidentified challenge 
that may originate from chronic viral, bacterial, or fungal infec-
tions. The recent demonstration that beta amyloid peptides, the 
most important component of the characteristic amyloid plaques 
in AD, possess antimicrobial properties (12–14) is consistent with 
this notion. Overall, these observations have raised the level of 
interest in immune changes associated with the development and 
progression of AD (9).

The activity of the immune system needs to be tightly con-
trolled to provide a fast and targeted response to challenges, fol-
lowed by inhibition of the response during the resolution phase 
to prevent chronic inflammation and tissue damage. Several types 
of immune regulatory cells participate to this essential regulatory 
mechanism and these include myeloid-derived suppressor cells 
(MDSCs) (15–17) and regulatory T cells (Tregs) (18–21). These 
cells suppress the immune response to prevent chronic inflamma-
tion and autoimmune processes (22, 23) although, in some cases, 
the response may be diverted in favor of a pathological process 
such as cancer (23–27).

Myeloid-derived suppressor cells are the most important 
immune modulatory cells of the innate immune system (28). 
These are essentially immature myeloid cells which may be either 
neutrophilic (CD15+) or monocytic (CD14+) (29, 30) and they 
composed a very heterogeneous population of cells (15). In 
humans, MDSCs are defined by the phenotype CD33+HLA-DR− 
and are lineage (CD3, CD19, CD56)-negative (31). MDSCs sup-
press innate and acquired immune responses in cancer (31) and 
are elevated in chronic inflammation and malignancies (25, 32). It 
is of note that MDSCs have been found to be increased in healthy 
elderly subjects (28). In aging as well as in the case of chronic 

inflammatory states such as cardiovascular disease, cognitive 
decline, and frailty, pro-inflammatory mediators (TNF, IL-6, and 
IL-1β) production is commonly increased and is related to the 
differentiation of suppressor cells (33, 34). The role of MDSCs 
in normal physiology is complex. It has been reported that these 
cells impair the functions of T cells, NK cells, and dendritic cells 
through several pathways that include expression of arginase I, 
inducible nitric oxide synthase and Gp91phox and, the release 
of reactive oxygen species and peroxynitrite during antitumor 
immunity (26, 35, 36). MDSCs mainly suppress T cell function 
and NK cell cytotoxicity and they may also modulate macrophage 
polarization and, chemotaxis and functions of neutrophils  
(15, 16). MDSCs have been implicated not only in cancer but also in 
psoriasis (36), inflammatory bowel disease, traumatic stress, rheu-
matoid arthritis, and infections (37–44). It has also been shown 
that MDSCs may induce Tregs possessing a CD4+CD25+FoxP3+ 
phenotype in cancer settings such as hepatocellular carcinoma  
(45, 46).

Regulatory T  cells (defined phenotypically in humans as 
CD4+FoxP3+) are essential to control immunity and self-
tolerance. Accordingly, their dysregulation leads to unbalanced 
immune responsiveness, tissue damage and autoimmunity (23). 
Tregs are recognized as suppressors of host immune responses 
in antiviral immunity and promoters of tumor growth (18). 
Similarly to MDSCs, they consist of very heterogeneous cell 
populations in their origin and expression of different cell sur-
face markers (47, 48). Their suppressive activity involves either 
or both cell-cell contact-dependent and cytokine-dependent 
(especially through secretion of IL-10 and TGFβ) action (21). 
Furthermore, they play a role in homeostasis and damage repair 
in non-lymphoid organs (47).

In addition to their essential role in lymphocyte homeostasis, 
Tregs play either detrimental or favorable roles in certain viral 
infections. Whereas Tregs have a detrimental role in chronic hepa-
titis C virus infection by contributing to viral pathogenicity (49), 
their role in HIV infection is equivocal, depending mostly on the 
clinical stage (50). Similarly, accumulation of Tregs is correlated 
with poor prognosis in many types of cancer including breast 
cancer and hepatocellular carcinoma (51). Tregs participation 
may be beneficial for reducing tumor progression and improving 
prognosis by suppressing the inflammatory activities of Th17 cells 
in colorectal cancers (52).

There are few reports on the role of Tregs in neurodegenera-
tion and AD (53–55). In this connection, two studies in humans 
have reported an increase of Tregs in AD (54, 55). One of these 
studies reported that Tregs of aMCI patients were increased 
relative to AD patients (54). The authors concluded that the 
inflammatory process plays a major role in AD pathogenesis and 
that alterations of Tregs in AD patients may contribute to this 
pathology. However, the fundamental role of Tregs in AD has not 
been yet defined and it is not known whether they are beneficial 
by suppressing a specific immune-inflammatory response or 
whether they are harmful by suppressing a potentially beneficial 
immune response (56).

Accordingly, the role of MDSCs or Tregs in immune modu-
lation may vary considering their development, phenotype, 
functions, and the pathological conditions under which they are 
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TaBle 1 | Patients’ clinical data.

Parameters healthy subjects 
(c) (n = 13)

amnestic 
mild cognitive 

impairment (aMci) 
patients (n = 13)

Mild aD (maD) 
patients (n = 15)

p Values (Tukey’s posttest)

Type Units  Mean sD Mean sD Mean sD aMci maD aMci

versus c versus c versus maD

Age Years 71.1 5.22 72.8 3.64 78.1 4.37 0.50 <0.001 <0.01

Sex Women (%) 77 – 70 – 80 – – – –

Men (%) 23 – 30 – 20 – – – –

MMSE Score/30 29.31 0.75 26.75 1.50 25.00 2.00 <0.05 <0.0001 <0.05

MoCA Score/30 27.54 2.19 24.00 2.95 17.69 2.59 0.08 <0.0001 <0.0001

ApoE4 Frequency 0.35 – 0.67 – 0.39 – – – –

WBC 109/L 5.63 0.81 5.72 1.22 6.75 1.80 0.99 0.20 0.27

Lymphocytes (ab) 109/L 1.72 0.36 1.62 0.38 1.90 0.66 0.92 0.72 0.48

Monocytes (ab) 109/L 0.38 0.08 0.47 0.13 0.60 0.16 0.36 <0.01 0.11

PMN (ab) 109/L 3.37 0.72 3.33 0.85 3.96 1.08 0.99 0.36 0.32

NLR – 2.12 0.77 2.29 0.68 2.22 0.53 0.87 0.94 0.98

Hemoglobin g/L 133.8 7.53 135.4 8.49 133.5 9.43 0.93 0.99 0.89

Total cholesterol mmol/L 4.53 0.96 5.21 0.95 4.44 0.74 0.35 0.98 0.26

Triglycerides mmol/L 1.72 0.79 1.72 0.79 1.71 0.50 0.99 0.99 0.99

HDL mmol/L 1.49 0.39 1.69 0.40 1.48 0.49 0.68 0.99 0.64

LDL mmol/L 2.41 0.56 3.01 0.66 2.27 0.60 0.20 0.90 0.10

TC/HDL Ratio 3.13 0.58 3.22 0.70 3.50 1.18 0.98 0.68 0.83

CMV Frequency 0.38 – 0.54 – 0.53 – – – –

CRP mg/L 1.20 1.85 0.79 1.45 0.99 1.55 0.90 0.97 0.98

Serological parameters are from the clinical laboratories of the Centre Hospitalier Universitaire de l’Université de Sherbrooke (CHUS) and are analyzed by one-way analysis of 
variance and Tukey’s post-test. Absolute number is defined as the percentage of cells counted multiplied by the total number of white blood cells.
ab, absolute number; ApoE, apolipoprotein E; C, healthy (control) subjects; CMV Cytomegalovirus seropositivity; CRP, C-reactive protein; TC, total cholesterol; HDL, high-density 
lipoprotein; LDL, low-density lipoprotein; MMSE, mini-mental state evaluation; MoCA, Montreal cognitive assessment; NLR, neutrophil leukocyte ratio; PMN, polymorphonuclear 
neutrophils; WBC, white blood cells.
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activated (57). In the case of AD, it can be suggested that their 
activity may contribute to development and progression of a 
neuroinflammatory process by suppressing protective innate 
and adaptive immune functions mainly at the early stage of 
the disease. The fact that chronic inflammation is a progressive 
process in AD led us to investigate whether there were changes 
in the number of MDSCs and Tregs in aMCI or mAD patients. 
Modifications of the involvement of MDSCs and Tregs in AD may 
contribute to the suppression/modulation of the innate and adap-
tive immune responses. To answer this question, we quantitated 
the number of MDSCs and Tregs in the periphery of aMCI and 
mAD patients and compared the results to age-matched healthy 
elderly subjects. In addition, we quantitated the levels of various 
circulating cytokines, as potential drivers of the development of 
these cells. Results showed differential increases in the number 
of neutrophilic MDSCs and Tregs in aMCI subjects in contrast 
to healthy controls and mAD patients. IL-1β was the only pro-
inflammatory cytokine that was increased in aMCI whereas IL-10 
was decreased in both aMCI and mAD patients. Our data suggest 
that the increase in MDSCs and Tregs number in aMCI subjects 
may have a beneficial role in modulating inflammatory processes. 
However, this protective mechanism may have failed in mAD 
patients, allowing progression of the disease.

MaTerials anD MeThODs

subjects
Amnestic mild cognitive impairment and mAD diagnosis was 
made according to NINCDS-ADRDA criteria (57, 58) and the 
guidelines of Grundman et al. (59). Healthy elderly individuals 
satisfied the SENIEUR standard protocol for immuno-geronto-
logical studies (60). Subjects who had a history or physical signs 
of atherosclerosis or inflammation were excluded. Evaluation 
and classification of subjects followed the standard protocol of 
our memory clinic including clinical, neuropsychological, and 
imaging assessment. Mini-mental state evaluation and Montreal 
cognitive assessment were performed, as we have previously 
described in details (11). The study included 11 healthy controls, 
11 aMCI subjects, and 15 mAD patients. All subjects gave writ-
ten informed consent in accordance with the Declaration of 
Helsinki. The protocol was approved by the Ethics Committee of 
the Faculty of Medicine and Health Sciences of the University of 
Sherbrooke (protocol # 2010-21/Fülöp). Cytomegalovirus (CMV) 
seropositivity was determined at the clinical laboratories of the 
Centre Hospitalier Universitaire de l’Université de Sherbrooke 
(CHUS) hospital. Additional details of the patients’ clinical data 
are summarized in Table 1.
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cell Purification and culture
Human peripheral blood mononuclear cells (PBMCs) were 
obtained from heparinized blood (80  ml) by density gradient 
centrifugation over Ficoll-Paque plus medium (GE Healthcare 
Life Sciences, Baie d’Urfé, QC) (10, 61). PBMCs were washed 
three times in phosphate-buffered saline (PBS) (Wisent, St. 
Bruno, QC) and resuspended in culture medium consisting of 
RPMI 1640, 10% fetal bovine serum and penicillin G (2.5 IU/ml)  
and streptomycin (50  µg/ml) (Wisent). PBMC viability was 
assessed by FACS analysis using near-IR LIVE/DEAD fixable kit 
(Life Technologies, Burlington, ON, Canada).

Tregs and MDsc analysis by Facs
Peripheral blood mononuclear cells (1 × 106 cells) were washed 
twice with PBS (500 µl), suspended in PBS (1 ml) and stained 
with a LIVE/DEAD fixable Far Red IR Dead cells kit (1  µl) 
(Life Technologies Thermo Fisher Scientific, Waltham, MA) for 
25 min at room temperature, in the dark for viability staining 
(data not shown). After washing twice (PBS 200 µl), cells were 
fixed using a fixation buffer (BioLegend, San Diego, CA, USA) 
containing 1% (w/v) paraformaldehyde (PFA) for 10  min at 
4°C. Cells were treated for 10 min at 4°C with PBS containing 
10% FBS to reduce non-specific binding. After washing twice 
with PBS, cells were incubated with the relevant antibody mix 
for 30  min at 4°C, in the dark. The antibody mix contained: 
CD3 brilliant violet 510 (BV510) (BD Biosciences), CD4 bril-
liant violet 421 (BV421) (BD Biosciences, San Jose, CA, USA), 
CD8 peridinin chlorophyll protein (PerCP) (BioLegend), CD25 
allophycocyanin 7 (APC-Cy7) (BD Biosciences), CD28 alexa 
700 (A700) (BioLegend), and CCR4 phycoerythrin-cyanin 7 
(Pe-Cy7) (BD Bioscience). Permeabilization was performed 
according to the supplier’s instructions (eBioscience, Thermo 
Fisher Scientific) for Foxp3 and transcription factor permeabi-
lization buffer kit, starting with incubation for 30  min in the 
dark with 200 µl of fixation and permeabilization buffer. After 
one wash with the permeabilization buffer (200  µl), intracel-
lular staining with Foxp3 phycoerythrin (PE) (eBioscience) was 
performed for 30 min in permeabilization buffer. The last step 
of the staining procedure consisted in two washings with 200 µl 
of permeabilization buffer.

Myeloid-derived suppressor cell staining was performed on 
total blood freed of erythrocytes by hypotonic lysis (NH4Cl). 
Samples were fixed and saturated as described in the section 
above, then a staining step of 30 min with the antibody mix was 
done. The antibody mix contained the following antibodies: 
lineage allophycocyanin (APC) (BioLegend), CD33 fluorescein 
isothiocyanate (FITC) (BD Biosciences), CD11b phycoerythrin-
CF594 (Pe-CF594) (BD Biosciences), HLA-DR brilliant violet 
786 (BV786) (BD Biosciences), CD15 brilliant violet (BV510) 
(BD Biosciences). Then, two washings with 200 µl of PBS were 
performed. Cells were suspended in PBS, filtered through a nylon 
filter cloth (70 µm mesh size, Morgans Screening & Filters Ltd., 
Pickering, ON, Canada) to remove cell clumps and processed for 
analysis. Data were acquired on a FACSAria III (BD Biosciences) 
instrument using the FACSDiva v. 6.1 software. Analysis was 
performed using the FlowJo version 7.6.1 software (TreeStar, 
Ashland, OR, USA). Mean fluorescence intensity refers to the 

geometric mean of fluorescence intensity. An APC anti-human 
lineage cocktail (Lin 1) consisting of fluorescence-labeled mono-
clonal antibodies directed globally against CD3, CD19, CD20, and 
CD56 (BioLegend, product # 363601) was used to exclude these 
cells from MDSCs analysis. Examples of the strategy for cyto-
fluorometric analysis are shown in Figure S1 in Supplementary 
Material.

cytokine Quantification in sera
Sera were collected following centrifugation of heparinized 
blood (1,300 × g, 10 min). Samples were frozen at -80°C until 
the day of analysis using the Luminex technology (62). Levels of 
TNFα, IL-6, IL-1β, IL-10, IP-10, and IFNα in sera were quanti-
fied using a human cytokine magnetic bead assay (Milliplex® 
MAP Multiplex Assays; EMD Millipore, Billerica, MA, USA). 
Quantification was performed according to the manufacturer’s 
instructions with a sample incubation step overnight, at 4°C. 
Data were acquired on a Luminex® 200TM System using the 
Luminex xPonent® software and analyzed using the Milliplex® 
Analyst 5.1 software (EMD Millipore).

statistical analysis
One-way analysis of variance (ANOVA) was used to test for dif-
ferences among the three experimental groups. The single-step 
multiple comparison Tukey’s test was used in conjunction with 
ANOVA to assess differences in the means between the three 
experimental groups. Data were processed using the GraphPad 
Prism v 6.02 software (GraphPad Software, La Jolla, CA, USA).

resUlTs

Myeloid-Derived suppressor cells
Myeloid-derived suppressor cells are immune regulatory cells 
of the myeloid lineage. They express CD33 but do not express 
HLA-DR. They are further characterized as originating from the 
neutrophil lineage by the expression of CD11 and CD15. We 
had found a complex differential change in innate cell functions 
(NK  cells and neutrophils) in earlier studies. As a follow-up, 
we were interested to determine the phenotype of the common 
MDSC lineages and, more specifically, those derived from 
neutrophils since there is no data in the literature concerning 
the number of these cells in aMCI or mAD. Results showed a 
significant increase of MDSCs in the peripheral blood of aMCI 
subjects in contrast to healthy controls and mAD patients 
(Figure 1). For example, the number of CD33+HLA-DR− cells 
in whole blood was significantly (p  <  0.05) higher in aMCI 
subjects than mAD and control individuals (Figure  1A). In 
addition, the percentage of CD33+HLA-DR− cells in whole 
blood was significantly (p  <  0.05) higher in the aMCI group 
than the mAD and control groups (Figure 1B). Similar obser-
vations were made in the number (Figure 1C) and percentage 
(Figure  1D) of CD33+HLA-DR−CD11b+CD15+ cells in whole 
blood. Furthermore, these cells were nearly all of the neutrophil 
lineage. These observations clearly showed that aMCI subjects 
are characterized by increased levels of MDSCs, suggesting 
that an inflammatory condition may be downregulated in these 
individuals.
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FigUre 1 | Determination of myeloid-derived suppressor cells number and percentage in whole blood of healthy, amnestic mild cognitive impairment (aMCI), and 
mild AD (mAD) subjects. (a) Number of CD33+HLA-DR− cells in whole blood. (B) Percentage of CD33+HLA-DR− cells in whole blood. (c) Number of CD33+HLA-
DR−CD11b+CD15+ cells in whole blood. (D) Percentage of CD33+HLA-DR−CD11b+CD15+ cells in whole blood. Each group was composed of five independent 
subjects with determinations made in triplicate. Data are shown as the mean ± SEM. The asterisks (*) correspond to p < 0.05.
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regulatory T cells
Regulatory T cells are immunomodulatory cell derived from the 
CD4+ Th1 lineage. They originate from thymus-derived CD4+ 
T cells. They are characterized by expression of FoxP3 and CD25. 
Classically, Tregs express high levels of CD25, although the pos-
sibility cannot be excluded that this characteristic reflects a state 
of activation. Whereas Tregs suppress the hyperreactivity of the 
immune system by inhibiting autoimmune reactions, they also 
interfere with dysregulation of the effective immune response 
in aging. Here, results showed that the number of FoxP3+ CD4+ 
T  cells was significantly increased in aMCI subjects compared 
to healthy controls and mAD patients (Figures 2A,B). However, 
double labeling using the additional CD25 marker showed an 
absence of differences between the three experimental groups 
(Figures  2C,D), suggesting that CD25 was only a marker of 
activation in these cells. In this connection, a newly discovered 
Treg subtype which is Foxp3+ but CD25− has been reported to be 
increased in elderly subjects (48) and found here to be increased 
in aMCI subjects (Figures 2E,F).

Regulatory T cells also express other markers which may be 
useful in distinguishing their nature and activity. The chemokine 
receptor CCR4 has been reported be increased in mAD patients, 
potentially facilitating homing of these cells in the brain. Here, 
CCR4 (Figures 3A,B) and CD28 (Figures 3C,D) expression was 
similar in the three experimental groups. Analysis of potentially 
suppressive FoxP3+CD8+ T cells showed that expression did not 
differ between the three experimental groups (Figures 4A,B).

circulating cytokine levels
Alzheimer disease may be viewed as a chronic inflammatory 
state with increased pro-inflammatory cytokines in circulation 

(63). To test the possibility that these cytokines influenced immu-
nomodulatory activity of MDSCs and Tregs, we quantified the 
circulating levels of the pro-inflammatory cytokines TNFα, IL-6, 
IL-1β, IFNα, and IP-10. Results showed that the serum levels of 
TNFα and IL-6 were similar in the three experimental groups 
(Figures  5A,B). In marked contrast, the circulating levels of 
IL-1β were significantly higher (p < 0.01) in aMCI subjects than 
healthy controls and mAD patients (Figure 5C). With respect to 
the levels of the anti-inflammatory cytokine IL-10, data showed 
that these were higher in healthy subjects than in aMCI and 
mAD patients (Figure 5D). Whereas the concentration of IP-10 
did not significantly differed between the three experimental 
groups (Figure  5E), it was significantly (p  <  0.01) higher in 
healthy controls than in aMCI and mAD patients (Figure 5F). 
The bulk of these observations suggested that IL-1β, an important 
pro-inflammatory cytokine resulting from the inflammasome 
stimulation via pathogen recognition receptor stimulation, is 
specifically increased in aMCI. Furthermore, this observation 
suggested that IL-1β may play a beneficial role in aMCI but 
its increased production could also detrimental as it has been 
reported at the AD stage. In this connection, it has been shown 
that IL-1β specifically impairs microglial clearance of Aβ in AD 
(64, 65).

We stratified the subjects according to CMV-seropostivity. 
It has been reported that latent infection with this herpesvirus 
influences several peripheral immune parameters (66). There 
was nearly the same number of subjects CMV+ or CMV− in 
each group. Data revealed significant (p < 0.01) increases in the 
levels of pro-inflammatory cytokines TNFα (Figure 6A) and IL-6 
(Figure 6B) in CMV-positive aMCI and mAD subjects. However, 
levels of pro-inflammatory cytokine IL-1β were significantly 
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FigUre 4 | Quantification of the percentage of CD8+ regulatory T cells 
(Tregs) in healthy, amnestic mild cognitive impairment (aMCI), and mild AD 
(mAD) subjects. (a) Percentage of CD8+FoxP3+ Tregs in individual 
participants. (B) Corresponding histograms. Each group was composed of at 
least five independent subjects with determinations made in triplicate. Data 
are shown as the mean ± SEM.

FigUre 3 | Expression of CCR4 and CD28 on regulatory T cells (Tregs) of 
healthy, amnestic mild cognitive impairment (aMCI), and mild AD (mAD) 
subjects. (a) CCR4 number in Tregs defined by the CD4+FoxP3+ marker in 
individual participants. (B) Corresponding histograms. (c) CD28 number in 
Tregs defined by the CD4+Foxp3+CD25high marker in individual participants. 
(D) Corresponding histograms. Each group was composed of at least five 
independent subjects with determinations made in triplicate. Data are shown 
as the mean ± SEM.

FigUre 2 | Determination of the percentage of regulatory T cells (Tregs) in 
peripheral blood mononuclear cell of healthy, amnestic mild cognitive 
impairment (aMCI), and mild AD (mAD) subjects. (a) Tregs percentages 
defined by the CD4+FoxP3+ markers in individual participants. 
(B) Corresponding histograms. (c) Tregs percentages defined by the 
CD4+Foxp3+CD25high markers in individual participant. (D) Corresponding 
histograms. (e) T regs percentages defined by CD4+Foxp3+CD25− markers 
in individual participants. (F) Corresponding histograms. Each group was 
composed of at least five independent subjects with determinations made in 
triplicate. Data are shown as the mean ± SEM. The asterisks (*) correspond 
to p < 0.05.
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higher (p < 0.01) only in the case of CMV-positive aMCI subjects 
(Figure 6C). In contrast, the serum concentration of IL-10 was 
significantly (p < 0.01) elevated only in the case of CMV-positive 
mAD patients (Figure 6D). The levels of IP-10 were not influenced 
by CMV serostatus (Figure 6E). Whereas the levels of IFNα were 
lower in CMV-positive healthy subjects, they were significantly 
(p < 0.01) higher in CMV-positive aMCI subjects but similar in 
mAD patients (Figure 6F). Overall, the bulk of the results sug-
gested that CMV seropositivity influenced the production of pro- 
and anti-inflammatory cytokines in aMCI and mAD patients.

DiscUssiOn

Although the cause(s) of the AD remains controversial, several 
immune-related alterations have been documented (9–11). 
The contribution of neuroinflammation to the pathogenesis of  
the disease has been acknowledged for some time, although 
the trigger(s) that sustains a state of inflammation is still 
uncertain (63). Recent observations have put forward convinc-
ing evidence that amyloid beta peptides possess antimicrobial 
activity (12–14, 67–69), suggesting that AD may have an infec-
tious origin (69). In addition, there are data regarding the role 

of effector cell functions in AD (11, 70) but, to the best of our 
knowledge, the frequency of circulating MDSCs has not been 
reported. Here, we found an increase in total MDSCs, espe-
cially in the neutrophilic subset (PMN-MDSCs) in the aMCI 
group but not in the mAD and healthy groups (Figure  1). It 
is of note that the number of monocytic MDSCs were similar 
in the three experimental groups (data not shown). In these 
cases, percentages of monocytic MDSCs in whole blood or in 
PBMCs were similar between the three experimental groups, as 
reported by others in whole blood or PBMCs (16). It is of note 
that an increase in the number of MDSCs has been reported 
in peripheral blood of healthy aged and frail elderly patients 
(28). In many cancer patients, similar increases in MDSCs have 
been observed and their number correlated with the clinical 
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FigUre 6 | Quantification of cytokine concentrations in sera according to 
CMV serostatus. (a) TNFα. (B) IL-6. (c) IL-1β. (D) Il-10. (e) IP-10. (F) IFNα. 
Each group (healthy controls, amnestic mild cognitive impairment [aMCI], and 
mild AD [mAD]) was composed of at least 10 independent subjects with 
determinations made in triplicate. Cytokine quantification was done using the 
Luminex technology. Data are shown as the mean ± SEM. The asterisks (*) 
corresponds to p < 0.01. Empty rectangle, CMV-positive cells, filled 
rectangle, CMV-negative cells.

FigUre 5 | Quantification of cytokine concentrations in sera of healthy, 
amnestic mild cognitive impairment (aMCI), and mild AD (mAD) subjects. 
(a) TNFα. (B) IL-6. (c) IL-1β. (D) Il-10. (e) IP-10. (F) IFNα. Each group was 
composed of at least 10 independent subjects with determinations made in 
triplicate. Cytokine quantification was done using the Luminex technology. 
Data are shown as the mean ± SEM. The asterisks (*) correspond to 
p < 0.01.
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outcomes as well as response to immunotherapy (68, 69, 71, 72). 
Similar increases have been reported in various bacterial and 
viral infections, mainly in the maintenance of chronicity (31). 
In these settings, the increased differentiation of these cells was 
correlated with increased levels of circulating pro-inflammatory 
cytokines (39). Here, we found only an increase in the levels 
of IL-1β in aMCI patients which may partly explain these 
observations, since IL-1 may mediate its effects by stimulating 
NO production as a result of increased iNOS expression (73). 
Our findings correlate with those that showed that IL-1β was 
increased in the AD brain as well as after Aβ stimulation and 
has a clinical stage dependent effect however mainly described 
as mediating neurotoxicity (74, 75). Furthermore, Il-1β has 
been shown to induce MDCSs accumulation and differentiation  
(16, 33, 76). It is also of interest, as infection was raised as a pos-
sible cause of AD, immunocompetent individuals rarely develop 
pro-inflammatory antifungal immune responses because as 
among many other pro-inflammatory IL1-β mediates MDSCs 
recruitment and modulate antifungal immune response (77). It 
is of note that no other pro-inflammatory cytokines were found 
to be increased in any of the experimental groups (Figure 5). 
The anti-inflammatory cytokine effect could not be established 
here, but may not be sufficient to compensate for the increase 
of IL-1β. We investigated the influence of CMV serostatus on 
cytokine production. We observed an upregulated production 
of pro-inflammatory cytokines (TNFα, IL-6, and IL-1β) in the 
aMCI and mAD groups. These observations suggested that CMV 

serostatus did not allow a distinction regarding production of 
pro-inflammatory cytokines between the two clinical stages of 
the disease studied here.

We observed an increase in Tregs in the aMCI group compared 
to healthy and mAD subjects (Figure 2). These observations are 
in agreement with the report of higher frequency of Tregs in 
elderly individuals and suppressive activity in neurodegeneration 
(55). However, when analysis of expression of the CD25 surface 
marker was done as a marker of CD4+FoxP3+CD25high in the 
antibody staining panel, results showed the absence of significant 
differences among the three experimental groups. This observation 
suggested that CD25 is an activation marker which cannot further 
distinguish between Tregs subpopulations. Interestingly, the 
newly characterized CD25-negative Treg subpopulation has been 
reported to be increased in aMCI subjects (48, 78). Of interest, this 
Treg subpopulation has also been found to be increased in SLE 
and in aging mice and shown to correlate with decreased T cell 
responses (78). Here, the expression of the surface markers CD28, 
CCR4 was found to be similar between the three groups of sub-
jects. Together, the differences reported between aMCI and mAD 
patients concerning Tregs confirmed previous data with respect 
to the increased Treg specifically in aMCI (54). In this report, the 
authors further showed that in aMCI subjects, the increase in Tregs 
numbers was associated with upregulated suppressive activity 
toward T cell functions, which was decreased in AD patients. In 
the present study, we could not investigate the functions of Tregs 
because of an insufficient number of cells from each donor. This 
hurdle prevented us investigate, at this time, the influence of Tregs 
increase in aMCI subjects. However, it is to be noted that the 
increase of MDSCs was paralleled by the increase of Tregs as well.
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There is no clear functional explanation for the increased 
number of MDSCs in aMCI subjects and the decrease in mAD 
patients. However, in the case of autoimmune diseases, their 
number has been reported to be increased, presumably as a mean 
to compensate for uncontrolled immune responses (36). This 
behavior can be a self-regulatory mechanism whereby a chronic 
inflammatory response induces the increase of immunoregula-
tory cells in an attempt to downregulate the hyper-response, even 
if an effector immunoparalysis appears concomitantly (11, 79). In 
cases of aMCI where there is still a strong inflammatory response, 
as demonstrated for NK  cells and neutrophils, the increase in 
MDSCs may appear to be a compensatory mecha nism. However, 
this situation may create a vicious cycle resulting in the increase 
of inflammation, along with progression of the disease toward 
AD where the immune response is already less inflammatory (9, 
11). This possibility has been put forward in the case of Tregs 
by Saresella et  al. (54). These authors have suggested that the 
increase in Tregs in aMCI subjects occurs as a mean to decrease 
uncontrolled inflammation, whereas the decrease in AD favors 
uncontrolled progression of the disease. Our recent studies on 
the immune response in aging and in various stress situations of 
elderly also support this hypothesis (79). However, an alternative 
explanation cannot be excluded, namely, that inflammation in 
aMCI subjects is still a necessary process to retard the deleterious 
effect of progression toward AD as was proposed in a murine 
model of AD (53). If this were the case, the involvement of 
MDSCs and Tregs may be harmful. More investigations are obvi-
ously needed to explore the mutual balanced effects of MDSCs 
and Tregs on the intrinsic and extrinsic disease environment. 
Until this question is resolved, all tentative efforts to modulate 
these cells in aMCI may be counterproductive or even dangerous.
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FigUre s1 | Gating strategy used for analysis of regulatory T cells (Tregs) and 
myeloid-derived suppressor cells (MDSCs) by cytofluorometry. Far Red is a dye 
used to stain live cells (see Section “Materials and Methods” in the main text). Lin 
refers to an APC anti-human lineage cocktail (Lin 1) consisting of fluorescence-
labeled monoclonal antibodies directed globally against CD3, CD19, CD20 and 
CD56 (see Section “Materials and Methods” in the main text). Abbreviations are: 
FSC, forward side scatter; SSC, size side scatter.

reFerences

1. Tam JH, Pasternak SH. Amyloid and Alzheimer’s disease: inside and out. Can 
J Neurol Sci (2012) 9:286–98. doi:10.1017/S0317167100013408 

2. Kern A, Behl C. The unsolved relationship of brain aging and late-onset 
Alzheimer disease. Biochim Biophys Acta (2009) 10:1124–32. doi:10.1016/j.
bbagen.2009.07.016 

3. Barage SH, Sonawane KD. Amyloid cascade hypothesis: pathogenesis and 
therapeutic strategies in Alzheimer’s disease. Neuropeptides (2015) 52:1–18. 
doi:10.1016/j.npep.2015.06.008 

4. Herrup K. The case for rejecting the amyloid cascade hypothesis. Nat Neurosci 
(2015) 18:794–9. doi:10.1038/nn.4017 

5. Fulop T, Lacombe G, Cunnane S, Le Page A, Dupuis G, Frost EH, et al. Elusive 
Alzheimer’s disease: can immune signatures help our understanding of this 
challenging disease? Part 2: new immune paradigm. Discov Med (2013) 
15:33–42. 

6. Hampel H, O’Bryant SE, Castrillo JI, Ritchie C, Rojkova K, Broich K, et al. 
Precision medicine – the golden gate for detection, treatment and prevention 
of Alzheimer’s disease. J Prev Alzheimers Dis (2016) 3:243–59. doi:10.14283/
jpad.2016.112 

7. Papp KV, Rentz DM, Mormino EC, Schultz AP, Amariglio RE, 
Quiroz Y, et  al. Cued memory decline in biomarker-defined preclin-
ical Alzheimer disease. Neurology (2017) 88:1431–8. doi:10.1212/
WNL.0000000000003812 

8. Cheng YW, Chen TF, Chiu MJ. From mild cognitive impairment to subjective 
cognitive decline: conceptual and methodological evolution. Neuropsychiatr 
Dis Treat (2017) 13:491–8. doi:10.2147/NDT.S123428 

9. Goldeck D, Witkowski JM, Fülop T, Pawelec G. Peripheral immune signatures 
in Alzheimer disease. Curr Alzheimer Res (2016) 13:739–49. doi:10.2174/156
7205013666160222112444 

10. Larbi A, Pawelec G, Witkowski JM, Schipper HM, Derhovanessian E,  
Goldeck D, et al. Dramatic shifts in circulating CD4 but not CD8 T cell subsets 
in mild Alzheimer’s disease. J Alzheimers Dis (2009) 17:91–103. doi:10.3233/
JAD-2009-1015 

11. Le Page A, Bourgade K, Lamoureux J, Frost E, Pawelec G, Larbi A, et  al. 
NK cells are activated in amnestic mild cognitive impairment but not in mild 
Alzheimer’s disease patients. J Alzheimers Dis (2015) 46:93–107. doi:10.3233/
JAD-143054 

12. Soscia SJ, Kirby JE, Washicosky KJ, Tucker SM, Ingelsson M, Hyman B, et al. 
The Alzheimer’s disease-associated amyloid beta-protein is an antimicrobial 
peptide. PLoS One (2010) 5:e9505. doi:10.1371/journal.pone.0009505 

13. Bourgade K, Garneau H, Giroux G, Le Page AY, Bocti C, Dupuis G, et  al. 
β-Amyloid peptides display protective activity against the human Alzheimer’s 
disease-associated herpes simplex virus-1. Biogerontology (2015) 16:85–98. 
doi:10.1007/s10522-014-9538-8 

14. Bourgade K, Le Page A, Bocti C, Witkowski JM, Dupuis G, Frost EH, et al. 
Protective effect of amyloid-β peptides against herpes simplex virus-1 
 infection in a neuronal cell culture model. J Alzheimers Dis (2016) 50:1227–41. 
doi:10.3233/JAD-150652 

15. Gabrilovich DI. Myeloid-derived suppressor cells. Cancer Immunol Res (2017) 
5:3–8. doi:10.1158/2326-6066.CIR-16-0297 

16. Zhao Y, Wu T, Shao S, Shi B, Zhao Y. Phenotype, development, and biolog-
ical function of myeloid-derived suppressor cells. Oncoimmunology (2015) 
5:e1004983. doi:10.1080/2162402X.2015.1004983 

17. Sica A, Strauss L. Energy metabolism drives myeloid-derived suppressor cell 
differentiation and functions in pathology. J Leukoc Biol (2017). doi:10.1189/
jlb.4MR1116-476R 

18. Payne KK. Lymphocyte-mediated immune regulation in health and disease: 
the Treg and γδ T cell co-conspiracy. Immunol Invest (2016) 45:767–75. doi:1
0.1080/08820139.2016.1213278 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00783/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00783/full#supplementary-material
https://doi.org/10.1017/S0317167100013408
https://doi.org/10.1016/j.bbagen.2009.07.016
https://doi.org/10.1016/j.bbagen.2009.07.016
https://doi.org/10.1016/j.npep.2015.06.008
https://doi.org/10.1038/nn.4017
https://doi.org/10.14283/jpad.2016.112
https://doi.org/10.14283/jpad.2016.112
https://doi.org/10.1212/WNL.0000000000003812
https://doi.org/10.1212/WNL.0000000000003812
https://doi.org/10.2147/NDT.S123428
https://doi.org/10.2174/1567205013666160222112444
https://doi.org/10.2174/1567205013666160222112444
https://doi.org/10.3233/JAD-2009-1015
https://doi.org/10.3233/JAD-2009-1015
https://doi.org/10.3233/JAD-143054
https://doi.org/10.3233/JAD-143054
https://doi.org/10.1371/journal.pone.0009505
https://doi.org/10.1007/s10522-014-9538-8
https://doi.org/10.3233/JAD-150652
https://doi.org/10.1158/2326-6066.CIR-16-0297
https://doi.org/10.1080/2162402X.2015.1004983
https://doi.org/10.1189/jlb.4MR1116-476R
https://doi.org/10.1189/jlb.4MR1116-476R
https://doi.org/10.1080/08820139.2016.1213278
https://doi.org/10.1080/08820139.2016.1213278


9

Le Page et al. Regulatory Immune Cells in Alzheimer’s Disease

Frontiers in Immunology | www.frontiersin.org July 2017 | Volume 8 | Article 783

19. Garib FY, Rizopulu AP. T-regulatory cells as part of strategy of immune 
evasion by pathogens. Biochemistry (Mosc) (2015) 80:957–71. doi:10.1134/
S0006297915080015 

20. Chen X, Oppenheim JJ. The phenotypic and functional consequences of 
tumour necrosis factor receptor type 2 expression on CD4+ FoxP3+ regulatory 
T cells. Immunology (2011) 133:426–33. doi:10.1111/j.1365-2567.2011.03460.x 

21. Wang YM, Ghali J, Zhang GY, Hu M, Wang Y, Sawyer A, et al. Development 
and function of Foxp3+ regulatory T  cells. Nephrology (2016) 21:81–5. 
doi:10.1111/nep.12652 

22. Wieckiewicz J, Goto R, Wood KJ. T regulatory cells and the control of allo-
immunity: from characterisation to clinical application. Curr Opin Immunol 
(2010) 22:662–8. doi:10.1016/j.coi.2010.08.011 

23. Rothstein DM, Camirand G. New insights into the mechanisms of Treg 
function. Curr Opin Organ Transplant (2015) 20:376–84. doi:10.1097/
MOT.0000000000000212 

24. Thevenot PT, Sierra RA, Raber PL, Al-Khami AA, Trillo-Tinoco J, Zarreii P, 
et al. The stress-response sensor chop regulates the function and accumulation 
of myeloid-derived suppressor cells in tumors. Immunity (2014) 41:389–401. 
doi:10.1016/j.immuni.2014.08.015 

25. Kalathil S, Lugade AA, Miller A, Iyer R, Thanavala Y. Higher frequencies of 
GARP+CTLA-4+Foxp3+ T  regulatory cells and myeloid-derived suppressor 
cells in hepatocellular carcinoma patients are associated with impaired 
T-cell functionality. Cancer Res (2013) 73:2435–44. doi:10.1158/0008-5472.
CAN-12-3381 

26. Qu P, Wang LZ, Lin PC. Expansion and functions of myeloid-derived sup-
pressor cells in the tumor microenvironment. Cancer Lett (2016) 380:253–6. 
doi:10.1016/j.canlet.2015.10.022 

27. Idorn M, Køllgaard T, Kongsted P, Sengeløv L, Thor Straten P. Correlation 
between frequencies of blood monocytic myeloid-derived suppressor cells, 
regulatory T cells and negative prognostic markers in patients with castra-
tion-resistant metastatic prostate cancer. Cancer Immunol Immunother (2014) 
63:1177–87. doi:10.1007/s00262-014-1591-2 

28. Verschoor CP, Johnstone J, Millar J, Dorrington MG, Habibagahi M, Lelic A, 
et al. Blood CD33+HLA-DR- myeloid-derived suppressor cells are increased 
with age and a history of cancer. J Leukoc Biol (2013) 93:633–7. doi:10.1189/
jlb.0912461 

29. Greten TF, Manns MP, Korangy F. Myeloid derived suppressor cells in 
human diseases. Int Immunopharmacol (2011) 11:802–7. doi:10.1016/j.
intimp.2011.01.003 

30. Kotsakis A, Harasymczuk M, Schilling B, Georgoulias V, Argiris A,  
Whiteside TL. Myeloid-derived suppressor cell measurements in fresh and cryo-
preserved blood samples. J Immunol Methods (2012) 381:14–22. doi:10.1016/j. 
jim.2012.04.004 

31. Lechner MG, Liebertz DJ, Epstein AL. Characterization of cytokine-in-
duced myeloid-derived suppressor cells from normal human peripheral 
blood mononuclear cells. J Immunol (2010) 185:2273–84. doi:10.4049/
jimmunol.1000901 

32. Filipazzi P, Valenti R, Huber V, Pilla L, Canese P, Iero M, et al. Identification 
of a new subset of myeloid suppressor cells in peripheral blood of melanoma 
patients with modulation by a granulocyte-macrophage colony-stimulation 
factor-based antitumor vaccine. J Clin Oncol (2007) 25:2546–53. doi:10.1200/
JCO.2006.08.5829 

33. Lechner MG, Megiel C, Russell SM, Bingham B, Arger N, Woo T, et  al. 
Functional characterization of human Cd33+ and Cd11b+ myeloid-derived 
suppressor cell subsets induced from peripheral blood mononuclear cells 
co-cultured with a diverse set of human tumor cell lines. J Transl Med (2011) 
9:90. doi:10.1186/1479-5876-9-90 

34. Bunt SK, Clements VK, Hanson EM, Sinha P, Ostrand-Rosenberg S. 
Inflammation enhances myeloid-derived suppressor cell cross-talk by 
signaling through toll-like receptor 4. J Leukoc Biol (2009) 85:996–1004. 
doi:10.1189/jlb.0708446 

35. Raber PL, Thevenot P, Sierra R, Wyczechowska D, Halle D, Ramirez ME, et al. 
Subpopulations of myeloid-derived suppressor cells impair T cell responses 
through independent nitric oxide-related pathways. Int J Cancer (2014) 
134:2853–64. doi:10.1002/ijc.28622 

36. Ilkovitch D, Ferris LK. Myeloid-derived suppressor cells are elevated in 
patients with psoriasis and produce various molecules. Mol Med Rep (2016) 
14:3935–40. doi:10.3892/mmr.2016.5685 

37. Kurkó J, Vida A, Glant TT, Scanzello CR, Katz RS, Nair A, et al. Identification 
of myeloid-derived suppressor cells in the synovial fluid of patients with 
rheumatoid arthritis: a pilot study. BMC Musculoskelet Disord (2014) 15:281. 
doi:10.1186/1471-2474-15-281 

38. Janols H, Bergenfelz C, Allaoui R, Larsson AM, Rydén L, Björnsson S, 
et al. A high frequency of MDSCs in sepsis patients, with the granulocytic 
subtype dominating in Gram-positive cases. J Leukoc Biol (2014) 96:685–93. 
doi:10.1189/jlb.5HI0214-074R 

39. Ost M, Singh A, Peschel A, Mehling R, Rieber N, Hartl D. Myeloid-derived 
suppressor cells in bacterial infections. Front Cell Infect Microbiol (2016) 6:37. 
doi:10.3389/fcimb.2016.00037 

40. Maini MK, Gehring AJ. The role of innate immunity in the immunopathol-
ogy and treatment of HBV infection. J Hepatol (2016) 64(1 Suppl):S60–70. 
doi:10.1016/j.jhep.2016.01.028 

41. Uhel F, Azzaoui I, Grégoire M, Pangault C, Dulong J, Tadié JM, et al. Early 
expansion of circulating granulocytic myeloid-derived suppressor cells 
predicts development of nosocomial infections in septic patients. Am J Respir 
Crit Care Med (2017). doi:10.1164/rccm.201606-1143OC 

42. Mathias B, Delmas AL, Ozrazgat-Baslanti T, Vanzant EL, Szpila BE,  
Mohr AM, et  al. Human myeloid-derived suppressor cells are associated  
with chronic immune suppression after severe sepsis/septic shock. Ann Surg 
(2017) 265:827–34. doi:10.1097/SLA.0000000000001783 

43. Darcy CJ, Minigo G, Piera KA, Davis JS, McNeil YR, Chen Y, et al. Neutrophils 
with myeloid derived suppressor function deplete arginine and constrain 
T cell function in septic shock patients. Crit Care (2014) 18:R163. doi:10.1186/
cc14003 

44. Garg A, Trout R, Spector SA. Human immunodeficiency virus type-1 myeloid 
derived suppressor cells inhibit cytomegalovirus inflammation through  
interleukin-27 and B7-H4. Sci Rep (2017) 7:44485. doi:10.1038/srep44485 

45. Hoechst B, Ormandy LA, Ballmaier M, Lehner F, Krüger C, Manns MP, et al. 
A new population of myeloid-derived suppressor cells in hepatocellular car-
cinoma patients induces CD4+CD25+Foxp3+ T cells. Gastroenterology (2008) 
135:234–43. doi:10.1053/j.gastro.2008.03.020 

46. Wang L, Zhao J, Ren JP, Wu XY, Morrison ZD, El Gazzar M, et al. Expansion 
of myeloid-derived suppressor cells promotes differentiation of regulatory 
T  cells in HIV-1+ individuals. AIDS (2016) 30:1521–31. doi:10.1097/
QAD.0000000000001083 

47. Spitz C, Winkels H, Bürger C, Weber C, Lutgens E, Hansson GK, et  al. 
Regulatory T  cells in atherosclerosis: critical immune regulatory function 
and therapeutic potential. Cell Mol Life Sci (2016) 73:901–22. doi:10.1007/
s00018-015-2080-2 

48. Holcar M, Goropevšek A, Ihan A, Avčin T. Age-related differences in 
percentages of regulatory and effector T lymphocytes and their subsets in 
healthy individuals and characteristic STAT1/STAT5 signalling response 
in helper T lymphocytes. J Immunol Res (2015) 2015:352934. doi:10.1155/ 
2015/352934 

49. Ren JP, Wang L, Zhao J, Wang L, Ning SB, El Gazzar M, et  al. Decline of 
miR-124 in myeloid cells promotes regulatory T-cell development in hepatitis 
C virus infection. Immunology (2017) 150:213–20. doi:10.1111/imm.12680 

50. Chevalier MF, Weiss L. The split personality of regulatory T  cells in HIV 
infection. Blood (2013) 121:29–37. doi:10.1182/blood-2012-07-409755 

51. Generali D, Bates G, Berruti A, Brizzi MP, Campo L, Bonardi S, et  al. 
Immunomodulation of FOXP3+ regulatory T cells by the aromatase inhib-
itor letrozole in breast cancer patients. Clin Cancer Res (2009) 15:1046–51. 
doi:10.1158/1078-0432.CCR-08-1507 

52. Ladoire S, Martin F, Ghiringhelli F. Prognostic role of FOXP3+ regulatory 
T cells infiltrating human carcinomas: the paradox of colorectal cancer. Cancer 
Immunol Immunother (2011) 60:909–18. doi:10.1007/s00262-011-1046-y 

53. Baruch K, Rosenzweig N, Kertser A, Deczkowska A, Sharif AM, Spinrad A, 
et al. Breaking immune tolerance by targeting Foxp3+ regulatory T cells miti-
gates Alzheimer’s disease pathology. Nat Commun (2015) 6:7967. doi:10.1038/
ncomms8967 

54. Saresella M, Calabrese E, Marventano I, Piancone F, Gatti A, Calvo MG, et al. 
PD1 negative and PD1 positive CD4+ T  regulatory cells in mild cognitive 
impairment and Alzheimer’s disease. J Alzheimers Dis (2010) 21:927–38. 
doi:10.3233/JAD-2010-091696 

55. Rosenkranz D, Weyer S, Tolosa E, Gaenslen A, Berg D, Leyhe T, et al. Higher 
frequency of regulatory T cells in the elderly and increased suppressive activity 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1134/S0006297915080015
https://doi.org/10.1134/S0006297915080015
https://doi.org/10.1111/j.1365-2567.2011.03460.x
https://doi.org/10.1111/nep.12652
https://doi.org/10.1016/j.coi.2010.08.011
https://doi.org/10.1097/MOT.0000000000000212
https://doi.org/10.1097/MOT.0000000000000212
https://doi.org/10.1016/j.immuni.2014.08.015
https://doi.org/10.1158/0008-5472.CAN-12-3381
https://doi.org/10.1158/0008-5472.CAN-12-3381
https://doi.org/10.1016/j.canlet.2015.10.022
https://doi.org/10.1007/s00262-014-1591-2
https://doi.org/10.1189/jlb.0912461
https://doi.org/10.1189/jlb.0912461
https://doi.org/10.1016/j.intimp.2011.01.003
https://doi.org/10.1016/j.intimp.2011.01.003
https://doi.org/10.1016/j.
jim.2012.04.004
https://doi.org/10.1016/j.
jim.2012.04.004
https://doi.org/10.4049/jimmunol.1000901
https://doi.org/10.4049/jimmunol.1000901
https://doi.org/10.1200/JCO.2006.08.5829
https://doi.org/10.1200/JCO.2006.08.5829
https://doi.org/10.1186/1479-5876-9-90
https://doi.org/10.1189/jlb.0708446
https://doi.org/10.1002/ijc.28622
https://doi.org/10.3892/mmr.2016.5685
https://doi.org/10.1186/1471-2474-15-281
https://doi.org/10.1189/jlb.5HI0214-074R
https://doi.org/10.3389/fcimb.2016.00037
https://doi.org/10.1016/j.jhep.2016.01.028
https://doi.org/10.1164/rccm.201606-1143OC
https://doi.org/10.1097/SLA.0000000000001783
https://doi.org/10.1186/cc14003
https://doi.org/10.1186/cc14003
https://doi.org/10.1038/srep44485
https://doi.org/10.1053/j.gastro.2008.03.020
https://doi.org/10.1097/QAD.0000000000001083
https://doi.org/10.1097/QAD.0000000000001083
https://doi.org/10.1007/s00018-015-2080-2
https://doi.org/10.1007/s00018-015-2080-2
https://doi.org/10.1155/2015/352934
https://doi.org/10.1155/2015/352934
https://doi.org/10.1111/imm.12680
https://doi.org/10.1182/blood-2012-07-409755
https://doi.org/10.1158/1078-0432.CCR-08-1507
https://doi.org/10.1007/s00262-011-1046-y
https://doi.org/10.1038/ncomms8967
https://doi.org/10.1038/ncomms8967
https://doi.org/10.3233/JAD-2010-091696


10

Le Page et al. Regulatory Immune Cells in Alzheimer’s Disease

Frontiers in Immunology | www.frontiersin.org July 2017 | Volume 8 | Article 783

in neurodegeneration. J Neuroimmunol (2007) 188:117–27. doi:10.1016/j.
jneuroim.2007.05.011 

56. Bermejo-Martin JF, Andaluz-Ojeda D, Almansa R, Gandía F,  
Gómez-Herreras JI, Gomez-Sanchez E, et al. Defining immunological dysfunc-
tion in sepsis: a requisite tool for precision medicine. J Infect (2016) 72:525–36.  
doi:10.1016/j.jinf.2016.01.010 

57. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas CH, 
et al. 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) 
7:263–9. doi:10.1016/j.jalz.2011.03.005 

58. Small GW, Rabins PV, Barry PP, Buckholtz NS, DeKosky ST, Ferris SH, 
et  al. Diagnosis and treatment of Alzheimer disease and related disorders. 
Consensus statement of the American Association for Geriatric Psychiatry, 
the Alzheimer’s association, and the American Geriatrics Society. JAMA 
(1997) 278:1363–71. doi:10.1001/jama.278.16.1363 

59. Grundman M, Petersen RC, Ferris SH, Thomas RG, Aisen PS, Bennett DA, 
et al. Mild cognitive impairment can be distinguished from Alzheimer disease 
and normal aging for clinical trials. Arch Neurol (2004) 61:59–66. doi:10.1001/
archneur.61.1.59 

60. Pawelec G, Ferguson FG, Wikby A. The SENIEUR protocol after 16 years. 
Mech Ageing Dev (2001) 122:132–44. doi:10.1016/S0047-6374(00)00240-2 

61. Le Page A, Fortin C, Garneau H, Allard N, Tsvetkova K, Tan CT, et  al. 
Downregulation of inhibitory SRC homology 2 domain-containing phospha-
tase-1 (SHP-1) leads to recovery of T cell responses in elderly. Cell Commun 
Signal (2014) 12:2. doi:10.1186/1478-811X-12-2 

62. Baëhl S, Garneau H, Le Page A, Lorrain D, Viens I, Svotelis A, et al. Altered neu-
trophil functions in elderly patients during a 6-month follow-up period after 
a hip fracture. Exp Gerontol (2015) 65:58–68. doi:10.1016/j.exger.2015.03.009 

63. Bolós M, Perea JR, Avila J. Alzheimer’s disease as an inflammatory disease. 
Biomol Concepts (2017) 8:37–43. doi:10.1515/bmc-2016-0029 

64. Heneka MT. Inflammasome activation and innate immunity in Alzheimer’s 
disease. Brain Pathol (2017) 27:220–2. doi:10.1111/bpa.12483 

65. Bagyinszky E, Giau VV, Shim K, Suk K, An SSA, Kim S. Role of inflammatory 
molecules in the Alzheimer’s disease progression and diagnosis. J Neurol Sci 
(2017) 376:242–54. doi:10.1016/j.jns.2017.03.031 

66. Sansoni P, Vescovini R, Fagnoni FF, Akbar A, Arens R, Chiu YL, et al. New 
advances in CMV and immunosenescence. Exp Gerontol (2014) 55:54–62. 
doi:10.1016/j.exger.2014.03.020 

67. White MR, Kandel R, Tripathi S, Condon D, Qi L, Taubenberger J, et  al. 
Alzheimer’s associated β-amyloid protein inhibits influenza A virus and 
modulates viral interactions with phagocytes. PLoS One (2014) 9:e101364. 
doi:10.1371/journal.pone.0101364 

68. Kumar DK, Choi SH, Washicosky KJ, Eimer WA, Tucker S, Ghofrani J, et al. 
Amyloid-β peptide protects against microbial infection in mouse and worm 
models of Alzheimer’s disease. Sci Transl Med (2016) 8:340ra72. doi:10.1126/
scitranslmed.aaf1059 

69. Itzhaki RF, Lathe R, Balin BJ, Ball MJ, Bearer EL, Braak H, et al. Microbes 
and Alzheimer’s disease. J Alzheimers Dis (2016) 51:979–84. doi:10.3233/
JAD-160152 

70. Zaghi J, Goldenson B, Inayathullah M, Lossinsky AS, Masoumi A,  
Avagyan H, et al. Alzheimer disease macrophages shuttle amyloid-beta from 
neurons to vessels, contributing to amyloid angiopathy. Acta Neuropathol 
(2009) 117:111–24. doi:10.1007/s00401-008-0481-0 

71. Diaz-Montero CM, Salem ML, Nishimura MI, Garrett-Mayer E, Cole DJ, 
Montero AJ. Increased circulating myeloid-derived suppressor cells correlate 
with clinical cancer stage, metastatic tumor burden, and doxorubicin-cyclo-
phosphamide chemotherapy. Cancer Immunol Immunother (2009) 58:49–59. 
doi:10.1007/s00262-008-0523-4 

72. Sun HL, Zhou X, Xue YF, Wang K, Shen YF, Mao JJ, et al. Increased frequency 
and clinical significance of myeloid-derived suppressor cells in human col-
orectal carcinoma. World J Gastroenterol (2012) 18:3303–9. doi:10.3748/wjg.
v18.i25.3303 

73. Tsujino M, Hirata Y, Imai T, Kanno K, Eguchi S, Ito H, et  al. Induction of 
nitric oxide synthase gene by interleukin-1 beta in cultured rat cardiocytes. 
Circulation (1994) 90:375–83. doi:10.1161/01.CIR.90.1.375 

74. Shaftel SS, Kyrkanides S, Olschowka JA, Miller JN, Johnson RE, O’Banion MK. 
Sustained hippocampal IL-1 beta overexpression mediates chronic neuroin-
flammation and ameliorates Alzheimer plaque pathology. J Clin Invest (2007) 
117:1595–604. doi:10.1172/JCI31450 

75. Parajuli B, Sonobe Y, Horiuchi H, Takeuchi H, Mizuno T, Suzumura A. 
Oligomeric amyloid β induces IL-1β processing via production of ROS: 
implication in Alzheimer’s disease. Cell Death Dis (2013) 4:e975. doi:10.1038/
cddis.2013.503 

76. Elkabets M, Ribeiro VS, Dinarello CA, Ostrand-Rosenberg S, Di Santo JP,  
Apte RN, et  al. IL-1β regulates a novel myeloid-derived suppressor cell 
subset that impairs NK cell development and function. Eur J Immunol (2010) 
40:3347–57. doi:10.1002/eji.201041037 

77. Rieber N, Singh A, Öz H, Carevic M, Bouzani M, Amich J, et al. Pathogenic 
fungi regulate immunity by inducing neutrophilic myeloid-derived 
suppressor cells. Cell Host Microbe (2015) 17:507–14. doi:10.1016/j.chom. 
2015.02.007 

78. Bonelli M, Göschl L, Blüml S, Karonitsch T, Steiner CW, Steiner G, et al. CD4-

CD25-Foxp3- T cells: a marker for lupus nephritis? Arthritis Res Ther (2014) 
16:R104. doi:10.1186/ar4553 

79. Fulop T, Dupuis G, Baëhl S, Le Page A, Bourgade K, Frost E, et  al. From 
inflamm-aging to immune-paralysis: a slippery slope during aging for 
immune-adaptation. Biogerontology (2016) 17:147–57. doi:10.1007/s10522- 
015-9615-7 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Le Page, Garneau, Dupuis, Frost, Larbi, Witkowski, Pawelec and 
Fülöp. This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.jneuroim.2007.05.011
https://doi.org/10.1016/j.jneuroim.2007.05.011
https://doi.org/10.1016/j.jinf.2016.01.010
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1001/jama.278.16.1363
https://doi.org/10.1001/archneur.61.1.59
https://doi.org/10.1001/archneur.61.1.59
https://doi.org/10.1016/S0047-6374(00)00240-2
https://doi.org/10.1186/1478-811X-12-2
https://doi.org/10.1016/j.exger.2015.
03.009
https://doi.org/10.1515/bmc-2016-0029
https://doi.org/10.1111/bpa.12483
https://doi.org/10.1016/j.jns.2017.03.031
https://doi.org/10.1016/j.exger.2014.03.020
https://doi.org/10.1371/journal.pone.0101364
https://doi.org/10.1126/scitranslmed.aaf1059
https://doi.org/10.1126/scitranslmed.aaf1059
https://doi.org/10.3233/JAD-160152
https://doi.org/10.3233/JAD-160152
https://doi.org/10.1007/s00401-008-0481-0
https://doi.org/10.1007/s00262-008-0523-4
https://doi.org/10.3748/wjg.v18.i25.3303
https://doi.org/10.3748/wjg.v18.i25.3303
https://doi.org/10.1161/01.CIR.90.1.375
https://doi.org/10.1172/JCI31450
https://doi.org/10.1038/cddis.2013.503
https://doi.org/10.1038/cddis.2013.503
https://doi.org/10.1002/eji.201041037
https://doi.org/10.1016/j.chom.2015.02.007
https://doi.org/10.1016/j.chom.2015.02.007
https://doi.org/10.1186/ar4553
https://doi.org/10.1007/s10522-
015-9615-7
https://doi.org/10.1007/s10522-
015-9615-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	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
	Introduction
	Materials and Methods
	Subjects
	Cell Purification and Culture
	Tregs and MDSC Analysis by FACS
	Cytokine Quantification in Sera
	Statistical Analysis

	Results
	Myeloid-Derived Suppressor Cells
	Regulatory T Cells
	Circulating Cytokine Levels

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


