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Since aging is considered the most risk factor for sporadic Alzheimer’s Disease (AD),
the age-related impairment of the immune system (immunosenescence), based on a
chronic oxidative-inflammatory stress situation, could play a key role in the development
and progression of AD. Although AD is accompanied by systemic disturbance, reflecting
the damage in the brain, the changes in immune response and redox-state in different
types of blood cells in AD patients have been scarcely studied. The aim was to analyze
the variations in several immune functions and oxidative-inflamsnmatory stress and dam-
age parameters in both isolated peripheral neutrophils and mononuclear blood cells,
as well as in whole blood cells, from patients diagnosed with mild (mMAD) and severe
AD, and of age-matched controls (elderly healthy subjects) as well as of adult controls.
The cognitive decline of all subjects was determined by Mini-Mental State Examination
(MMSE) test (MAD stage was established at 20 < MMSE < 23 score; AD stage at <18
MMSE; elderly subjects >27 MMSE). The results showed an impairment of the immune
functions of human peripheral blood neutrophils and mononuclear cells of mAD and AD
patients in relation to healthy elderly subjects, who showed the typical immunosenes-
cence in comparison with the adult individuals. However, several alterations were only
observed in severe AD patients (lower chemotaxis, lipopolysaccharide lymphoprolifer-
ation, and interleukin (IL)-10 release; higher basal proliferation, tumor necrosis factor
(TNF)-a release, and IL-10/TNF-a ratio), others only in mAD subjects (higher adherence),
meanwhile others appeared in both mAD and AD patients (lower phytohemaglutinin
lymphoproliferation and higher IL-6 release). This impairment of immune functions could
be mediated by: (1) the higher oxidative stress and damage also observed in blood cells
from mAD and AD patients and in isolated neutrophils [lower glutathione (GSH) levels,
high oxidized glutathione (GSSG)/GSH ratio, and GSSG and malondialdehyde contents],
and (2) the higher release of basal pro-inflammatory cytokines (IL-6 and TNF-a) found in
AD patients. Because the immune system parameters studied are markers of health and
rate of aging, our results supported an accelerated immunosenescence in AD patients.
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We suggest the assessment of oxidative stress and function parameters in peripheral
blood cells as well as in isolated neutrophils and mononuclear cells, respectively, as
possible markers of AD progression.

Keywords: Alzheimer’s disease, immunosenescence, immune function, oxidative stress, inflammation, blood

cells, neutrophils, mononuclear cells

INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative
disorder and one of the major causes of senile dementia in later life.
Epidemiological studies have revealed that AD is a multifactorial
disease, with a complex interplay of environmental and genetics
factors, which helps explain its variable clinical presentation (1,
2). Traditionally, AD has been classified into hereditary and spo-
radic forms. The hereditary form is linked with several genes and
typically presents an earlier age of onset. By contrast, the sporadic
form, which is the most common cause of AD (>95% of cases), has
alater age of onset and a stronger association with aging, the major
risk-incurring variable (1, 2). Due to the increase in mean life span,
this pathology is exponentially increasing and is estimated that the
prevalence of AD may reach >115 million worldwide by 2050 (3).
Despite the enormous social, economic and health care impact,
public health care systems do not have the medical therapies
necessary to address AD. Moreover, the diagnosis of individual
with early AD is not easy, and it is usually diagnosed in late stages
(even postmortem), by which time the available treatments are not
effective (4). For this reason, it is crucial to identify biomarkers of
early diagnosis of AD that can help in the development of effective
therapeutics and prevention methods.

Neuropathologically, AD is a progressive and irreversible
brain disorder characterized by the extracellular accumulation of
amyloid-p (AP) plaques and intracellular neurofibrillary tangles
(NFTs) of hyperphosphorylated tau protein, associated with neu-
ronal cell death and synaptotoxicity (5). Additional changes such
as brain atrophy, mitochondrial dysfunction, increase in oxidative
stress, and neuroinflammation can also occur in the brains of peo-
ple with AD (6, 7). However, the mechanism of AD pathogenesis
and progression still remain unclear. During the last few years,
a higher number of studies have demonstrated that AD is also
accompanied by a systemic disturbance, reflecting the damage in
the brain (8-10). Thus, several studies support the involvement
of an immune-related systemic alteration in AD, which includes
changes in both innate and adaptive immune systems (11-15).
Given the bidirectional communication between the immune and
the nervous systems, and due to how the mediators of peripheral
immune cells can influence the central nervous system (CNS)
(16), it is not surprising that the age-related immunological vari-
ations can modify this neuroimmune communication network,
contributing to the progressive cognitive impairment in AD (16).
Indeed, numerous studies have shown changes in the distribu-
tion and reactivity of immune cells in the blood of AD patients
(12, 17-21). This seems to cause a chronic inflammation in the
periphery, which can be propagated through CNS immune cells,
leading to neuroinflammation, which contributes to the cognitive
deficits associated with AD (16, 22, 23).

Given that aging is accompanied by a decline of the nervous
and the immune systems, as well as of their communication
(24), which contributes to the deterioration of homeostasis and
health, AD can be understood in the context of aging (25). Since
advanced age is considered the most consistent risk factor for
sporadic AD (1), the age-related dysregulation of the immune
system, which is denominated immunosenescence, should be
considered to understand the development of this pathology
(11, 16, 17, 25-27). Immunosenescence involves restructur-
ing changes in both innate and adaptive immune functions,
which negatively affect the health of older adults, increasing
susceptibility to infections and mortality (24, 28). Thus, there
is an age-related decrease in several leukocytes functions, such
as phagocytosis, chemotaxis, or stimulated proliferation, as well
as an increase in other functions, such as adherence capacity to
tissues and spontaneous lymphoproliferations, among others
(24, 28-30). In AD patients, several immune functions are
hampered in relation to healthy individuals with the same
chronological age (8, 11, 19, 31-34), suggesting that this immune
deterioration may be considered as a pathogenically relevant
factor in this disease (33). Thus, it is assumed the advanced
immunosenescence in AD patients, with remarkable immuno-
logical changes compared to healthy elderly subjects, which could
contribute to AD pathology (11, 16, 17, 26, 33). Among these
changes in AD patients the most relevant have been observed in
the adaptive immune system. In fact, as also occurs in immu-
nosenescence, several authors have reported changes in T and
B lymphocyte differentiation and subpopulation distribution in
peripheral blood of AD subjects, as well as an altered proliferative
T lymphocytes response (11, 33, 34). Nevertheless, the results are
inconsistent since increased or decreased lymphoproliferation
and percentages in T and B lymphocytes, as well as no alterations
in these immune parameters have been detected in AD patients
(11, 33, 34). Regarding innate immunity, abnormalities in the
function of natural killer (NK) cells (31, 32), a decreased phago-
cytosis of AP in peripheral macrophages (19), and an altered
release of pro-inflammatory cytokines [e.g. interleukin-(IL)-6,
tumor necrosis factor (TNF)-a, etc.] (8) have been shown in AD
patients in relation to age-matched controls. However, the data
of human studies are still scarce, preliminary, and contradictory.

According to the oxidation-inflammation theory of aging, the
basis of immunosenescence is a chronic oxidative-inflammatory
stress situation (a progressive imbalance between higher endog-
enous levels of oxidant and inflammatory compounds and lower
antioxidant and anti-inflammatory defenses) (24, 28). In fact,
immune cells continuously generate oxidants and inflammatory
compounds to carry out their defensive functions; however, if
the overproduction of oxidant compounds is not well-controlled
by the antioxidant defenses, an alteration occurs in the redox
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balance, leading to an oxidative stress situation, which causes
oxidative damage in biomolecules (e.g., lipids, proteins, etc.),
inducing remarkable negative consequences on cellular func-
tioning (24, 28). In addition, the chronic inflammation, which
is characterized by excessive production and release of pro-
inflammatory cytokines and chemokines, also leads to signaling
cascades that trigger the production of oxidant compounds and
depletion of antioxidants (35, 36). Therefore, since oxidation and
inflammation are interlinked processes, an active inflammatory
response by immune cells can lead to cellular damage due to
oxidant overproduction, which can also recruit other inflamma-
tory cells amplifying the cellular damage (35, 36). In this context,
there is much evidence that indicates the strong involvement
of inflammation and oxidative stress and damage in the onset,
progression, and pathogenesis of AD (37-40). Thus, as occurs
in aging, an enhanced oxidative stress has been observed in the
brain (39, 40), as well as in peripheral tissues and cells (e.g., blood
cells) (27, 41, 42) from AD patients. Indeed, many studies show
both overproduction of oxidant compounds and impairment of
antioxidant systems, as well as increased of oxidative damage
(e.g., lipid peroxidation, proteins and DNA oxidation) in several
brain regions of patients with both severe AD and mild cogni-
tive impairment (MCI) (40, 43, 44). These markers of oxidative
damage were also detected in high levels in peripheral blood
and cerebrospinal fluid (CSF) obtained from both MCI and AD
patients, together with decreased plasma levels of non-enzymatic
antioxidants and impaired activity of antioxidant enzymes.
Moreover, peripheral levels of the pro-inflammatory cytokines
(e.g., IL-6 or TNF-a) have been described to be higher, whereas
anti-inflammatory cytokine levels (e.g., IL-10 and IL-4) are lower
in patients with AD compared to age-matched controls (27, 42,
43, 45-47). Interestingly, the fact that high levels of peripheral
markers of oxidative-inflammatory stress were also detected in
individuals with MCI, support the hypothesis that oxidative stress
and inflammation are early events in the pathogenesis of AD,
and precede AP deposit and onset of AD symptoms, as has been
seen in experimental models of AD (48, 49). However, although
several studies have evaluated oxidative stress parameters in both
the early and advanced stages of human AD, the findings are
controversial, as well as the relation between oxidative stress and
cognitive performance, in mild and severe AD subjects, not yet
being fully understood.

The use of animal models is particularly useful to study the
molecular mechanisms involved in the development of AD and
to identify potential therapeutic targets. In the last few decades,
several transgenic animal models of AD have been developed
to reproduce the neuronal pathology and behavioral symp-
tomatology of human AD. The triple-transgenic mouse model
(3xTg-AD) represents a unique animal model that closely mim-
ics neuropathological manifestations, Ap-plaques, and NFTs, in
an age-dependent and region-specific manner like those in the
human AD brain (50). Interestingly, as occurs in aging, it has been
described that 3xTg-AD mice also suffer a pronounced and accel-
erated impairment in the neuroimmune network (16, 26), as well
as a marked deterioration of several immune functions and an
increased oxidative stress in different types of immune cells (e.g.,
peritoneal leukocytes) in comparison to control mice (16, 26, 51,

52). These alterations were observed in both early and advanced
stages of the AD neuropathology, as well as before the onset
establishment of AD (16, 26, 51, 52). Given that these changes are
characteristics of prematurely and chronologically aged subjects
(28, 30, 53), the premature immunosenescence observed in the
3xTg-AD mice at early stages of AD could explain the shorter
life span also observed in these animals (52). Interestingly, the
immune functions of peritoneal leukocytes of mice have been
found to possess similar age-related evolutions to those observed
in human circulating immune cells (30). Therefore, since immune
functions are good markers of the rate of aging, and their analysis
allows the early identification of premature and accelerated aging
in humans (28, 30), the assessment of these parameters could be
useful peripheral markers of the prodromal and preclinical states
of AD (52).

It is also important to note that the most of studies performed
in peripheral blood cells, have been carried out using mainly
isolated peripheral mononuclear cells (95% lymphocytes and
5% monocytes), which are the most commonly used cells in
the clinical setting. However, there are a few studies in which
changes in immune function and redox status have been assessed
in isolated phagocytes. Since these cells (e.g., neutrophils and
macrophages) have been suggested to be the main cells responsi-
ble for the chronic oxidative-inflammatory stress associated with
immunosenescence (28, 54), they could provide a helpful sample
to clarify the molecular mechanisms underlying the impairment
of the immune system throughout of AD progression. Moreover,
blood, and particularly circulating leukocytes, reflects the major
physiological changes in various body organs and systems (47).
Therefore, the use of blood cells seems to be more useful in assess-
ing markers that are analyzed in CSEF, as well as identifying new
markers that could be predictive of AD. Thus, it is possible that
the assessment of these immune function parameters in the dif-
ferent types of peripheral blood immune cells, together with the
evaluation of their oxidative-inflammatory state, could be useful
early peripheral markers of the progression of AD in humans.
However, this kind of study in different stages of human AD is
still a subject that has scarcely been explored.

With the above in mind, the aim of the present work was to
study the changes in several immune functions and inflamma-
tory-oxidative stress and damage parameters in different types
of human blood immune cells at early and advance stages of AD
progression. To address this study, we performed assays on both
isolated peripheral polymorphonuclear (PMN) and mononuclear
blood leukocytes, as well as in whole blood (WB) cells, from
patients diagnosed with mild and severe AD, and age-matched
controls (elderly healthy subjects) as well as adult controls.

MATERIALS AND METHODS

Subjects and Clinical Classification

For this cross-sectional study, a total of 102 volunteers were selected
and divided into four experimental groups: adult healthy subjects
(n = 20), elderly healthy individuals (n = 38), mild AD (mAD)
patients (n = 26), and severe AD patients (n = 18). All subjects
were recruited by the Neurology Department of the Hospital, 12
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Octubre of Madrid, and were tested by a standardized neuropsy-
chological battery. The AD diagnosis was established according to
the guidelines of the National Institute on Neurological Disorders
and Stroke and the Alzheimer’s Disease and Related Disorders
Association (55). Disease severity and normal cognitive function
was determined by a clinician’s judgment based on a structured
interview with the patient and the results of the Clinical Dementia
Rating and the Mini-Mental State Examination (MMSE) tests (56).
The mAD stage was established at 20 < MMSE < 23 score and AD
stage at <18 MMSE score. Inclusion criteria for cognitively nor-
mal elderly healthy subjects were MMSE scores > 27, no history
or clinical signs of neurological or psychiatric disease or cognitive
symptoms. Demographic details and MMSE test results of the dif-
ferent study groups are summarized in Table 1. All subjects were
subjected to a clinical survey and physical examination. Those
with a history of cardiovascular disease, cancer, or chronic inflam-
matory diseases, as well as individuals with current inflammatory
alterations (findings of clinical significance in general laboratory
parameters) were not included in this study. The consent of the
subjects was obtained according to the Declaration of Helsinki,
and approval was obtained from the corresponding Research
Ethic Committees. Written informed consent was obtained from
all participants or representatives.

Collection of Peripheral WB Cells and
Isolation of Blood Neutrophil and
Lymphocytes Cells

Human samples (10 mL) of peripheral blood were collected using
vein puncture and sodium citrate-buffered Vacutainer tubes (BD
Diagnostic, Spain). Blood extraction was performed between
9:00 a.m. and 10:00 a.m. to avoid circadian variations in immune
parameters. On the one hand, 8 mL of peripheral blood was used
for isolation of both PMNs (mainly neutrophils) and mononu-
clear (mainly lymphocytes) leukocytes following a previously
described method (57). Thus, neutrophil and lymphocyte cells
were isolated using 1.119 and 1.077 g/cm’ density Histopaque
(Sigma-Aldrich, Spain) separation, respectively. Collected cells
were counted (95% of viability determined using trypan blue
staining) and adjusted to the corresponding final concentra-
tions for the development of the different assays of redox state
and immune functions. The immune functions assays were
performed with fresh cells, whereas the redox state assays were

TABLE 1 | Demographic data and neuropsychological test results of adult and
elderly healthy subjects, as well as of mild Alzheimer’s disease (MAD) and severe
Alzheimer’s disease (AD) patients.

Adult Elderly mAD AD
n (F/M) 20 (10/10) 38 (28/10) 26 (15/11) 18 (13/5)
Age (years) 40.32 + 8.54 7434 +9.22 76.08 +7.46 79.10 £ 6.53
MMSE n.e. 29.02 + 0.7 21.02 £ 0.86 16.44 + 0.84
CDR n.e. 0 2 3

F, female; M, male; MMSE, Mini-Mental State Examination Score; CDR, Clinical
Dementia Rating; n.e., not evaluated.

The data of age and of MMSE score are expressed as mean + SD, but those of CDR
scores are presented as range values.

assessed in aliquots of frozen cells. These aliquots were stored
at —80°C until used. On the other hand, samples of WB cells,
which contain the total red blood cells (RBC) together with the
total leukocyte populations, were obtained following a previ-
ously described procedure (58). For this, 500 uL of the peripheral
blood sample was diluted with 500 pL of RPMI 1640 medium
without glutamine (Gibco, Burlington, ON, Canada) and 10 pL
of gentamicin (0.1 mg/mL in tube). The samples were incubated
for 4 h at 37°C in a saturated atmosphere of CO, and humidity.
Then, samples were centrifuged at 900 X g for 10 min to obtain the
WB cell pellets after plasma removal. RPMI 1640 with glutamine
(Gibco) was added to the blood cells to make 1 mL, and then
several aliquots were prepared for the determination of redox
state parameters. These aliquots were stored at —80°C until used.

Adherent Capacity Assay

For the measurement of adherence capacity of human peripheral
blood neutrophils and lymphocytes, we followed a method
previously described (59) with some slight modifications. This
method mimics, in vitro, cellular adherence to endothelium
in vivo. Briefly, 500 pL of WB diluted 1:1with Hank’s medium
was placed in adherence columns consisting of a Pasteur pipet,
in which 50 mg of nylon fibers was packed to a height of 1.25 cm.
After 10 min, the effluent had drained by gravity, and neutro-
phils and lymphocytes were counted in this effluent using the
Neubauer hemocytometer (microscope, 40x). Aliquots of 100 puL
of 50% diluted WB effluent were mixed with 900 uL of Tiirk’s
solution, which has the ability to lyse RBC and differentiate the
morphology of PMNs and mononuclear leukocytes. Results were
expressed as the number of cells per mm?®. In addition, another
aliquot of 500 uL of WB diluted 1:1 with Hank’s medium was used
to count the total number of neutrophils and lymphocytes present
in WB, as described earlier. The difference between the number
of leukocytes present in the initial mixture and in the effluent,
after passing through the adherence column, gives the number
of adherent cells. The percentage of adherent neutrophils and
lymphocytes, expressed as Adherence Index (AI), was calculated
according to the equation:

IA= [(leukocytes / mm’total — leukocytes / mm’ efﬂuent)
/ (leukocytes / mm3t0tal] x100.

Chemotaxis Assay

The induced mobility or chemotaxis of peripheral blood isolated
neutrophils and lymphocytes was carried out following a method
previously described (57). Boyden chambers with two compart-
ments separated by a polycarbonate filter (3 um of diameter;
Millipore, Ireland) were used to evaluate the chemotactic index
(CI). Aliquots of 300 pL of neutrophil and lymphocyte suspen-
sions (10° cells/mL) in HankK’s medium were deposited in the
upper compartment, and aliquots of 400 uL of the chemoattract-
ant agent N-formylmethionine-leucyl-phenylalanine (Sigma-
Aldrich) at a concentration of 10~* M in the lower compartment
of the chambers. The chambers were incubated for 3 h at 37°C,
and the filters were fixed and stained with Giemsa’s solution
(Sigma-Aldrich). The number of neutrophils and lymphocytes
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on the lower face of the filter was counted in 20 microscope fields
using an immersion objective (x100) and recorded as CI.

Phagocytosis Assay

Phagocytosis of inert particles (latex beads, 1.1 pm diameter,
Sigma- Aldrich) was assayed in phagocytes (isolated blood neutro-
phils) following a method previously described (57). Neutrophils
adjusted to 10° cells/mL were incubated on migration inhibition
factor plates (Kartell, Noviglio, Italy) for 30 min at 37°C in a
humidified atmosphere. The adherent monolayers obtained were
washed with prewarmed PBS solution, and then 200 pL of Hank’s
solution and 20 pL of latex beads (1.1 pm diluted to 1% PBS,
Sigma-Aldrich) were added. After 30 min of incubation under
the same conditions, the plates were washed, fixed with methanol
(50%), and stained with Giemsa’s solution (Sigma-Aldrich). The
number of particles ingested by 100 neutrophils was counted
using an immersion objective (X100) and this was expressed as
phagocytic index, while the number of ingesting neutrophils per
100 neutrophils was expressed as phagocytic efficiency.

NK Cytotoxicity Assay

The NK cell cytotoxicity, which is the main antitumoral protec-
tion of the organism, was measured by an enzymatic colorimetric
assay (Cytotox 96 TM Promega, Boehringer Ingelheim, Germany)
based on the determination of lactate dehydrogenase (LDH)
released by the cytolysis of targets cells (human K562 lymphoma
cells), using tetrazolium salts (57). Briefly, target cells were seeded
in 96-well U-bottom culture plates (Nunclon, Denmark) at 10*
cells/well in 1640 RPMI without phenol red (Gibco). Effector
cells (mononuclear leukocyte suspensions adjusted to 10° cells/
mL) were added at 10° cells/well, obtaining an effector/target
rate of 10/1. The plates were centrifuged at 250 X g for 5 min to
facilitate cell-to-cell contacts and were incubated for 4 h at 37°C.
After incubation, LDH activity was measured in 50 pL/well by
addition of the enzyme substrate with absorbance recording at
490 nm. The results were expressed as the percentage of tumor
cells killed (% lysis).

Lymphoproliferation Assay

Theproliferation capacity oflymphocytes was evaluated by a stand-
ard method, previously described (57). The assay was assessed in
basal and stimulated conditions using the mitogens phytohema-
glutinin (PHA) and lipopolysaccharide (LPS). Aliquots of 200 uL
of isolated mononuclear leukocyte suspensions adjusted to 10°
cells/mL of complete medium [containing RPMI 1640 enriched
with L-glutamine and phenol red and supplemented with 10%
heat-inactivated (56°C, 30 min) fetal calf serum (Hyclone, GE
Healthcare, USA) and gentamicin (100 mg/mL, Sigma-Aldrich)]
were dispensed into 96-well plates (Nunclon, Denmark). 20 puL
of complete medium (basal lymphoproliferation), PHA, or LPS
(1 pg/mL, Sigma-Aldrich) was added to each well. After 48 h
of incubation at 37°C in a sterile and humidified atmosphere of
5% CO,, 2.5 pCi *H-thymidine (Hartmann Analytic, Germany)
was added to each well. Previously, 100 pL of culture supernatant
from each well was collected and stored at —80°C until used for
cytokine analysis. After another incubation of 24 h, cells were

harvested in a semiautomatic harvester (Skatron Instruments,
Norway), and thymidine uptake was measured in a beta counter
(LKB, Uppsala, Sweden) for 1 min. The results were calculated
as *H-thymidine uptake (counts per minute, cpm) for basal and
stimulated (with mitogens) conditions and also were expressed
as lymphoproliferation capacity (%) giving 100% to the cpm in
basal conditions.

Glutathione Content Assay

Both reduced [glutathione (GSH)], the main non-enzymatic
reducing agent of the organism, and oxidized [oxidized glu-
tathione (GSSG)] forms of glutathione were determined using
a fluorometric assay previously described (60). This method
is based on the capacity of reaction that GSSG and GSH show
with o-phthalaldehyde (OPT, Sigma-Aldrich), at pH 12 and
pH 8, respectively, resulting in the formation of a fluorescent
compound. The assay was evaluated in WB cells (containing total
RBC and leukocyte populations), as well as in isolated peripheral
blood neutrophils and mononuclear leukocytes. For this, aliquots
of frozen WB cells (50 uL) were resuspended in phosphate buffer
0.1 M, pH 7.4 (200 pL) (Sigma-Aldrich), whereas aliquots of
isolated neutrophils and lymphocytes adjusted to 10° cells/mL in
HanK’s solution were centrifuged at 1,200 X g for 10 min at 4°C. All
samples were resuspended in phosphate buffer 50 mM containing
EDTA 0.1 M, pH 8 (600 pL) (Sigma-Aldrich). Then, samples were
sonicated, and after the addition of HCIO, (60%, Sigma-Aldrich;
7.5 pL), they were centrifuged at 9,500 X g for 10 min at 4°C.
Aliquots of supernatants (10 pL) were dispensed into 96-well
black plates (Nunc). For GSH measurement, 190 uL of phosphate
buffer and 20 uL of OPT (1 mg/mL in methanol) were dispensed
in the wells, and the plate was incubated for 15 min in the dark
and at room temperature. For the measurement of GSSG, 8 pL of
N-ethylmaleimide (0.04 M; Sigma-Aldrich) was added to each
well to prevent interference of GSH with GSSG. The plate was
incubated for 30 min under the same conditions. Then, 186 pL
of NaOH (0.1 N) and 20 pL of OPT were incorporated, and the
plate was incubated for 15 min in similar conditions. In both
GSH and GSSG measurements, the fluorescence emitted by each
well was measured at 350 nm excitation and 420 nm emission.
Protein content of the samples was determined following the
bicinchoninic acid protein assay kit protocol (Sigma-Aldrich),
using serum albumin (BSA, Sigma-Aldrich) as standard. Results
were expressed as nanomoles of GSH or GSSG per milligram of
protein. Moreover, the GSSG/GSH ratio was calculated for each
sample.

Lipid Peroxidation (MDA) Assay

The estimation of MDA, in both blood cellsand isolated peripheral
blood neutrophils and mononuclear leukocytes, was evaluated
using the commercial kit “MDA Assay Kit” (Biovision, Mountain
View, CA, USA), which measures the reaction of MDA with
thiobarbituric acid (TBA) and the MDA-TBA adduct formation.
For this, aliquots of frozen WB cells (100 puL) were resuspended
in phosphate buffer 0.05 M, pH 7.4 (200 pL), whereas aliquots
of isolated neutrophils and lymphocytes adjusted to 10° cells/
mL in HanK’s solution were centrifuged at 1,200 X g for 10 min
at 4°C. All samples were resuspended in lysis buffer (300 pL)
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containing butylated hydroxytoluene (0.1 mM, 3 uL), sonicated,
and centrifuged again at 13,000 X g for 10 min. The supernatants
(200 uL) from each sample were added to TBA (600 pL) and
incubated at 95°C for 60 min. Samples were cooled in ice for
10 min, and 200 pL of reaction mixture was mixed with 300 pL
of n-butanol (Sigma-Aldrich) to create an organic phase in which
the MDA molecules were to be placed. Samples were centrifuged
10 min at 13,000 X g at room temperature, and 200 pL of the
supernatants (upper organic phase) was collected and dispensed
into a 96-well microplate for spectrophotometric measurement at
532 nm. MDA supplied in the kit was used as standard, and MDA
levels were determined by comparing the absorbance of samples
with that of the standards. Protein concentration of the samples
was measured as described earlier. Results were expressed as
nanomoles of MDA per milligram of protein.

Cytokine Measurement

The IL-6, TNF-a, and IL-10 release was measured in culture
supernatants of WB in the absence or presence of LPS follow-
ing a method previously described (58). Briefly, 500 pL of blood
was diluted 1:1 with RPMI 1640 medium without L-glutamine
(Gibco) and incubated for 4 h with 10 pL gentamicin (1 mg/
mL, Sigma-Aldrich) and 10 puL LPS (250 ng/mL, Sigma-Aldrich)
or 10 pL RPMI 1640 medium (basal conditions). Samples were
centrifuged, and supernatants were collected and frozen at —20°C
until assay. Levels of IL-6, TNF-a, and IL-10 were measured
simultaneously by multiplex luminometry (Beadlyte human mul-
tiplex cytokine detection system, HCYTOMAG-60K, Millipore,
Billerica, MA, USA), with minimum detectable doses of IL-6,
TNF-a, and IL-10 under 0.9, 0.7, and 1.1 pg/mL, respectively. The
results were expressed as picograms per milliliter.

Statistical Analysis

Statistical analysis was performed in SPSS IBM, version 21.0
(SPSS, Chicago, USA). All tests were two-tailed, with a sig-
nificant level of a = 0.05. Data are presented as mean =+ standard
deviation (SD). Normality of the samples and homogeneity of
the variances were checked by the Kolmogorov-Smirnov test and
Levene test, respectively. Differences due to age and AD pathol-
ogy were studied using a one-way analysis of variance followed
by post hoc tests analysis or the non-parametric Kruskal-Wallis
test. The Tukey test was used for post hoc comparisons when
variances were homogeneous, whereas its counterpart analysis
Games-Howell was used with unequal variances when they were
not homogeneous. Figures were built using GraphPad Prism 6.

RESULTS

Immune Functions in Peripheral Blood
Neutrophils and Mononuclear Leukocytes
of mAD and AD Patients As Well As
Healthy Controls

The results obtained in the immune functions studied in isolated
human blood neutrophils and mononuclear cells obtained from
adult and older healthy subjects, as well as from mAD and AD

patients are shown in Figure 1 and Table 2. In general, all the
immune parameters analyzed in the present work (adherence,
chemotaxis, and phagocytosis of neutrophils as well as adherence,
chemotaxis and proliferative response of lymphocytes in both basal
and stimulated conditions, and the antitumor cytotoxic activity of
NK cells) have been shown to deteriorate in aging and AD pathol-
ogy. However, a different pattern of impaired immune function
has been observed between the early and advanced stages of AD.

In elderly healthy subjects, in comparison with healthy adults,
statistically significant lower values in neutrophil chemotaxis
(P < 0.001; Figure 1C) and phagocytosis (176 + 13 and 488 =+ 25
PL, older vs adult, respectively; P < 0.001), as well as in the activ-
ity of NK cells (P < 0.01; Figure 1E), lymphocyte chemotaxis
(P < 0.05; Figure 1D) and PHA- and LPS-lymphoproliferative
response (P < 0.001; Figures 1G,H; Table 2) were obtained. In
contrast, higher values were also shown in old subjects in neutro-
phil and lymphocyte adherence (P < 0.01; Figures 1A,B), as well
as in basal proliferation (P < 0.01; Figure 1F).

Regarding AD pathology, there were significant differences
in AD patients relative to elderly healthy controls of the same
chronological age, as well as in mAD compared to the same
controls. Thus, AD patients exhibited higher basal proliferation
(P < 0.05; Figure 1F) and lower neutrophil and lymphocyte
chemotaxis (P < 0.05; Figures 1C,D), as well as PHA- and
LPS-lymphoproliferative response (P < 0.05; Figures 1G,H;
Table 2) in comparison to elderly subjects. Interestingly, at the
early stage of the disease, mAD patients also showed lower PHA-
lymphoproliferation (P < 0.01; Figure 1G; Table 2) than elderly
subjects. However, mAD exhibited a significant increase in neutro-
phil (P < 0.01; Figure 1A) and lymphocyte (P < 0.001; Figure 1B)
adherence in relation to elderly subjects, which was not observed at
the advanced stage of AD. Finally, it should be noted that immune
function differences between the early and advanced stages of AD
were also observed. Thus, AD patients showed significantly lower
neutrophil and lymphocyte adherence (P < 0.05; Figures 1A,B), as
well as lower chemotaxis of lymphocytes and lower NK cytotoxic
activity (P < 0.05; Figures 1D,E) than mAD patients.

Cytokine Production in Response to LPS
Stimulation in Blood Leukocytes of mAD
and AD Patients As Well As Healthy
Controls

Cytokines are major mediators of the complex interactions
among immune cells, being responsible for the development
and resolve of immune response. Aging is characterized by a
chronic low-grade inflammatory state (61), and the maintenance
of health relies on the adequate balance of anti-inflammatory
and pro-inflammatory compounds (28). For this reason, we
analyzed the levels of pro-inflammatory (IL-6 and TNF-a) and
anti-inflammatory (IL-10) cytokines secreted ex vivo by blood
cells incubated for 4 h under LPS-stimulated conditions, in mAD
and AD patients, as well as in adult and elderly healthy subjects.
The IL-10/TNF-« ratios, which are a good indicator of successful
aging and longevity (30), were also calculated.

In general, the results of our study showed that the release
of these cytokines suffers impairments with aging. Moreover,

Frontiers in Immunology | www.frontiersin.org

January 2018 | Volume 8 | Article 1974


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Vida et al. Peripheral Immunosenescence and Redox-State in AD

A Adherence B Adherence
100+ aa 100+ aaa
bb
A aaa bbb
o 80 A C o 80 PR a
o aa A = =
& 60 A‘A v b & 60 o as v
4 v A
s T Y s — o/ Yy
£ ® e £ ¥ < TT ‘Tﬁ— v
T 404 A T 404 o L A
© 2e® F L A YA v © ° Xy
32 N AN A 32 %eg00’ A AAA Yv.ov
S 20{ ®¢ . vey  ° 204 5'."—“ Sty v
o 0 v e Tam
Lod v
o ‘l' T T o \l T T T
S & KY & S ¥
< <
c Chemotaxis D Chemotaxis
1000+ 800+
800 e
A aaa 600{ o a aaa
A aaa - aa b
i aaa b : - A c
o ‘e’ A v G400 e u® .
400{ —& .:. 2 :v;w A, A vy
o LT, 28 200 .o.. v it
200 %0 vy o A shsl Tt
” A ud AL Yyv
0 T T 6 T 0 T T T T
> ) Y » Ry QL QO
B N \g s » N R N
v & <€ ¥ & <€
(o] NK cytotoxicity F Basal proliferation
100- 10000 aga
a v
° aaa
g 8000
80 o, aa ah aa aa A, v?
» °®e ] A, L A v
= 60 AAa C 6000 - B v
g« e = at E - ‘: A M
v ) a Yyvyy & A v
32 40+ ° A © 4000+ —AA— Vyy
(14 . RYS "'v_f_ Aa
A v A LS4 v yY
204 L 2 Y 2000 4 V AAAA v'
o
] A
o T T T T o ‘l' T T T
&
S » 6‘79 ® > D @é) ®
vl v
G PHA-proliferation H LPS-proliferation
50000 4 50000 -
40000 L] 400001 o _g
°
e
aaa
g 300001 o® aaa 555 g 300004 o
3 o ® b 3 . aaa
o L] . bb 2 . aaa daq b
© 200004 o . v © 200004 %o
.:‘ . A o o -.- A
%% e v
10000{ ®*** $ YUY 10000 Gege Yoyy??
Voo : = Ly
o T T T 'I o ‘I' T QI T
» 3 O QO 3 ) Y
(S N \a ¥ » Q F w
s & € v & ®
FIGURE 1 | Function parameters in isolated peripheral blood neutrophils and mononuclear cells of mild Alzheimer’s disease (MAD) and Alzheimer's disease (AD)
patients, as well as of adult and elderly healthy subjects. Adherence (%) of neutrophils (A) and lymphocytes (B); chemotaxis index (C.1.) of neutrophils (C) and
lymphocytes (D); natural killer (NK) cytotoxicity (% lysis) (E); proliferation of lymphocytes in basal conditions [48 h incubation; counts per minute (cpm)] (F);
proliferation of lymphocytes (48 h incubation; cpm) in response to phytohemagglutinin (PHA, 1 ug/mL) (G) and in response to lipopolysaccharide (LPS, 1 ug/mL) (H).
Data are shown as the mean (horizontal bar) of 18-38 values corresponding to the number of subjects analyzed in each group (20 adult, 38 elderly, 26 mAD, and 18
AD). Each value is the mean of duplicate assays. a: P < 0.05, aa: P < 0.01, and aaa: P < 0.001 with respect to the value in adult subjects; b: P < 0.05, bb:
P < 0.01, and bbb: P < 0.001 with respect to the value in elderly subjects; c: P < 0.05 with respect to the value in mAD patients.
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a similar pattern of altered secretion was observed for all
investigated cytokines, in AD patients. As shown in Figure 2,
under LPS-stimulated conditions, increased levels of IL-6 and
TNF-a (P < 0.05 and P < 0.001, respectively; Figures 2A,B) were
observed in the elderly subjects in comparison to adults. This was

TABLE 2 | Stimulation of proliferation (%) in response to phytohemagglutinin and
lipopolysaccharide (1 pg/mL), in isolated peripheral mononuclear cells of adult
and elderly healthy subjects, as well as of mild Alzheimer’s disease (MAD) and
severe Alzheimer’s disease (AD) patients.

Lymphoproliferation Adult Elderly mAD AD

(% stimulation)

PHA (%) 1,950 £ 232 391 £56° 198+ 192> 218 + 36%°
LPS (%) 346 + 25 176 + 139 166 + 12°¢ 167 +17°

Data are expressed as mean + SD of the values corresponding to 20 adult, 38 elderly,
26 mAD, and 18 AD subjects. Each value is the mean of duplicate assays.

2P < 0.001 with respect to the value in adult subjects.

bP < 0.01 with respect to the value in elderly subjects.

°P < 0.05 with respect to the value in elderly subjects.

9P < 0.05 with respect to the value in adult subjects.

°P < 0.01 with respect to the value in adult subjects.

also accompanied by a marked decrease in IL-10 and the IL-10/
TNF-a ratio (P < 0.001; Figures 2C,D). A similar cytokine profile
was also observed in AD patients in relation to older subjects.
Thus, AD patients had higher levels of IL-6 and TNF-a (P < 0.01;
Figures 2A,B), as well as lower IL-10 release and IL-10/TNF-a
ratios (P < 0.05; Figures 2C,D) than elderly controls. However,
mAD patients only showed a significant increase in the levels of
IL-6 (P < 0.05; Figure 2A). No differences were observed in TNF-a
and IL-10 release and IL-10/TNF-a ratios between mAD and
older subjects. Regarding the differences between the different
stages of AD, it is important to note that AD patient exhibited a
higher IL-6 LPS-induced release (P < 0.05; Figure 2A) and a lower
IL-10/TNF-a ratio (P < 0.05; Figure 4D) than mAD patients.

Oxidative Stress and Damage Parameters
in Isolated Peripheral Blood Neutrophils
and Mononuclear Cells of mAD and AD
Patients As Well As Healthy Controls

A good maintenance of the redox state is vital for the proper
functioning of immune cells, and thus the oxidative stress, which
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FIGURE 2 | Levels (pg/mL) of cytokines released after 4 h of culture in the presence of lipopolysaccharide (1 ug/mL) by peripheral whole blood cells of mild
Alzheimer’s disease (MAD) and Alzheimer’s disease (AD) patients, as well as of adult and elderly healthy subjects. Interleukin (IL)-6 (A), tumor necrosis factor (TNF)-a
(B), and IL-10 (C), as well as IL-10/TNF-a ratios (D). Data are shown as the mean (horizontal bar) of the values corresponding to the number of subjects analyzed in
each group (20 adult, 18 elderly, 18 mAD, and 18 AD). Each value is the mean of duplicate assays. a: P < 0.05, aa: P < 0.01, and aaa: P < 0.001 with respect to
the value in adult subjects; b: P < 0.05 and bb: P < 0.01 with respect to the value in elderly subjects; and c: P < 0.05 and cc: P < 0.01 with respect to the value in
mAD patients.
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is the basis of aging and age-related diseases, is detrimental for
leukocyte functions (28). Hence, the decline in immune response
observed in mAD and AD patients could be mediated by an
increase in oxidative stress and the consequent oxidative damage.
To test this possibility, the intracellular content of GSH and GSSG,
the GSSG/GSH ratio (one of the best markers of oxidative stress),
as well as the MDA levels (one of the major lipid peroxidation
products) were assessed in isolated human blood neutrophils and
mononuclear cells obtained from mAD and AD patients, as well
as from adult and elderly healthy subjects. The results are shown
in Figure 3. In general, in both leukocyte populations a higher
oxidative stress and damage have been shown in elderly subjects
and AD patients than in adult controls. However, a different pat-
tern of impaired redox state has been observed between the early
and advanced stages of AD, the neutrophils showing a greater
oxidative stress and damage than the lymphocytes.

Regarding aging, elderly healthy controls showed in their
neutrophils and lymphocytes significantly lower GSH contents
(P < 0.05 and P < 0.01, respectively; Figures 3A,B), as well as
higher GSSG amounts (P < 0.01; Figures 3C,D), higher GSSG/
GSH ratios (P < 0.01 and P < 0.05, respectively; Figures 3E,F),and
MDA levels (P < 0.01 and P < 0.05, respectively; Figures 3G,H)
in relation to adult subjects.

Regarding the AD pathology, AD patients had in their neu-
trophils a marked increase in both GSSG and MDA contents
(P<0.01; Figures 3C,G), as well as in GSSG/GSH ratios (P < 0.05;
Figure 3E) in comparison to elderly subjects, accompanied also
by a marked decrease in the levels of GSH (P < 0.05; Figure 3A).
However, in the case of lymphocytes, AD patients showed higher
GSH contents (P < 0.05; Figure 3B) than elderly controls, whereas
no differences were observed in the other parameters analyzed.
Likewise, similar results were observed in mAD patients, who
showed higher GSSG contents, GSSG/GSH ratios, and MDA
levels (P < 0.05; Figures 3C,E,G) in neutrophils as well as higher
GSH contents (P < 0.01; Figure 3B) in lymphocytes, than the
corresponding values in elderly controls. In relation to the dif-
ferent stages of AD, it is important to note that AD patients had
in their neutrophils markedly increased GSSG/GSH ratios and
MDA levels (P < 0.05; Figures 3E,G) as well as decreased GSH
contents in their lymphocytes (P < 0.05; Figure 3B) in relation
to mAD patients.

Oxidative Stress and Damage Parameters
in Human Peripheral Blood Cells of mAD
and AD Patients as well as of Healthy

Controls

It is known that there is a significant difference between the
use of WB and purified and isolated PMNs and mononuclear
leukocytes (62). Moreover, various peripheral blood cell types
and their proportions can affect the immune response, as well
as the inflammatory and oxidative stress conditions (54, 62). For
this reason, the same parameters of oxidative stress and damage
analyzed in isolated neutrophils and lymphocytes from mAD and
AD patients, and adult and elderly healthy subjects, were also
evaluated using samples of WB cells, containing both total RBC
and leukocyte populations. This kind of sample better reproduces

the in vivo conditions. The results are shown in Figure 4. There
were higher values of oxidative stress and damage in blood cells
of elderly subjects than in those of adults. Thus, GSH values
were lower (P < 0.001; Figure 4A) and GSSG/GSH ratios higher
(P < 0.05; Figure 4C), as well as both GSSG (P < 0.01; Figure 4B
and MDA (P < 0.001; Figure 4D) levels, than those in adult
subjects.

Regarding AD pathology, AD patients exhibited, in their blood
cells, significantly lower GSH contents (P < 0.05; Figure 4A),
higher GSSG and MDA contents (P < 0.05 and P < 0.001, respec-
tively; Figures 4B,D), and GSSG/GSH ratios (P < 0.05; Figure 4C)
than elderly subjects. Similar results were also observed in mAD
patients in relation to elderly subjects, which also showed lower
GSH levels (P < 0.01; Figure 4A) and higher GSSG/GSH ratios
(P < 0.05; Figure 4C) and MDA contents (P < 0.01; Figure 4D)
than elderly controls. However, no differences were observed
in GSSG contents between mAD and elderly subjects. Finally,
regarding the differences between early and advanced stages
of AD, it is important to note that AD patients showed higher
levels of GSSG and MDA (P < 0.05 and P < 0.01, respectively;
Figures 4B,D) than mAD patients.

Basal Cytokine Production in Blood
Leukocytes of mAD and AD Patients as
well as of Healthy Controls

Since an age-related increase in release of pro-inflammatory
cytokines in resting cells leads to a sterile inflammation (30), and
this alteration of the inflammatory status in aging (“inflamm-
aging”) could lead to a chronic situation causing neuronal
impairment and loss associated with AD (63), we also assessed
extracellular release of IL-6, TNF-a, and IL-10 secreted ex vivo by
blood cells cultured (4 h) under resting conditions, from mAD
and AD patients, as well as from adult and elderly healthy controls.

As shown in Table 3, under basal conditions, in elderly
subjects the values of IL-6 and TNF-a released were higher
(P < 0.01 and P < 0.05, respectively) than in adults. Regarding
AD pathology, a similar cytokine profile was also observed in AD
patients in relation to both adults and elderly subjects. Thus, AD
patients showed higher levels of IL-6 and TNF-a (P < 0.05) than
elderly controls, whereas mAD patients only showed statistically
significant higher values (P < 0.05) in the TNF-a levels. Basal
IL-10 release was not detectable by the multiplex, so the IL-10/
TNF-a ratio could not be calculated. Interestingly, regarding dif-
ferences between early and advanced stages of AD, AD patients
showed higher basal IL-6 release (P < 0.05) than the individuals
with mAD.

DISCUSSION

To ourknowledge, thisis the first study thatanalyzed the changesin
several parameters of function and oxidative-inflammatory stress
state in different types of peripheral blood immune cells, such as
neutrophils and mononuclear cells, from patients with mild and
severe AD, compared with a healthy age-matched control group
of subjects without cognitive impairment. Additionally, all these
parameters were also studied in healthy adult subjects to evaluate
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FIGURE 3 | Oxidative stress parameters and lipid peroxidation in isolated peripheral blood neutrophils and mononuclear cells of mild Alzheimer’s disease (MAD) and
Alzheimer’s disease (AD) patients, as well as of adult and elderly healthy subjects. Intracellular reduced glutathione (GSH) contents (nmol/mg protein) in neutrophils
(A) and lymphocytes (B); intracellular oxidized glutathione (GSSG) contents (nmol/mg protein) in neutrophils (C) and lymphocytes (D); GSSG/GSH ratios in
neutrophils (E) and lymphocytes (F); and intracellular malondialdehyde (MDA) contents (nmol/mg protein) in neutrophils (G) and lymphocytes (H). Data are shown as
the mean (horizontal bar) of 9-12 values corresponding to the number of subjects analyzed in each group (9 adult, 10 elderly, 11 mAD, and 12 AD). Each value is
the mean of duplicate assays. a: P < 0.05 and aa: P < 0.01 with respect to the value in adult subjects; b: P < 0.05 and bb: P < 0.01 with respect to the value in
elderly subjects; and c: P < 0.05 with respect to the value in mAD patients.
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FIGURE 4 | Oxidative stress parameters and lipid peroxidation in whole blood cells (containing both total red blood cells and leukocyte populations) of mild
Alzheimer’s disease (MAD) and Alzheimer’s disease (AD) patients, as well as of adult and elderly healthy subjects. Intracellular reduced glutathione (GSH) contents
(nmol/mg protein) (A); intracellular oxidized glutathione (GSSG) contents (nmol/mg protein) (B); GSSG/GSH ratios (C); and intracellular malondialdehyde (MDA)
contents (hmol/mg protein) (D). Data are shown as the mean (horizontal bar) of 11-15 values corresponding to the number of subjects analyzed in each group (13
adult, 15 elderly, 13 mAD, and 13 AD). Each value is the mean of duplicate assays. a: P < 0.05, aa: P < 0.01, and aaa: P < 0.001 with respect to the value in adult
subjects; b: P < 0.05, bb: P < 0.01, and bbb: P < 0.001 with respect to the value in elderly subjects; and c¢: P < 0.05 and cc: P < 0.01 with respect to the value in
mAD patients.

TABLE 3 | Levels of interleukin (IL)-6 and tumor necrosis factor (TNF)-a (pg/mL)
released by peripheral whole blood cells of adult and elderly healthy subjects, as
well as of mild Alzheimer’s disease (MAD) and severe Alzheimer’s disease (AD)
patients, after 4 h of culture in basal conditions.

Basal Adult Elderly mAD AD
cytokines

IL-6 8.89+1.93 16.23 +4.722 16.21 + 3.842 2160+ 5174
(pg/mL)

TNF-a 2476 +6.14  40.30 + 14.89° 90.76 + 26*° 105.8 + 22.5%°
(pg/mL)

Data are expressed as mean + SD of the values corresponding to 10 adult, 10 elderly,
8 mAD, and 8 AD subjects. Each value is the mean of duplicate assays.

4P < 0.01 with respect to the value in adult subjects.

bP < 0.001 with respect to the value in adult subjects.

°P < 0.05 with respect to the value in elderly subjects.

9P < 0.05 with respect to the value in mAD patients.

¢P < 0.05 with respect to the value in adult subjects.

the differences due to the aging process. Our results revealed an
impairment of the immune functions of both neutrophils and
mononuclear cells at different stages of AD. Several alterations
were only observed in severe AD patients and some only in

mAD patients. Furthermore, our results also demonstrated that
immune blood cells from mAD and AD patients, and especially
neutrophils, showed an increased oxidative stress and oxidative
damage in relation to elderly subjects. This altered redox balance
could be mediated by the higher production of pro-inflammatory
cytokines, which has been also observed in AD patients.

The immune system has a profound implication in the pathol-
ogy of AD, not only at the central level but also at the peripheral
level (8-10, 17, 19). Although several studies have reported altera-
tion of both innate and acquired immunity at different stages of
AD (12), there are many contradictory results (11-15, 17).
Moreover, most of these studies in human and animal models
have focused on the alteration of the adaptive immune response.
However, little is known about the changes in innate immunity,
especially those carried out by phagocytes (e.g., neutrophils). Our
findings revealed that severe AD patients show lower neutrophil
and lymphocyte chemotaxis, PHA- and LPS-lymphoproliferation,
as well as higher basal lymphoproliferation in comparison to
elderly healthy subjects. These AD-related changes are similar to
those with aging (28, 30), which was also observed in the present
study, although more exacerbated. This shows the presence of a
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lesser competent immune system in severe AD patients than in
elderly subjects, which could contribute to the high mortality of
these individuals. Our results agree with some of those observed
in humans and experimental animals with AD (11, 16, 17, 26,
33, 52). Thus, leukocytes of 3xTg-AD mice presented an
impairment of chemotaxis capacity (16, 26, 52). In relation to
lymphoproliferative response in stimulated conditions some
studies also report a decrease in this function in cells obtained
from patients with severe AD (11, 17, 33, 64).

Surprisingly, mAD patients, but not severe AD patients,
showed higher values in neutrophil and lymphocyte adherence
than elderly subjects. This increase in adherence is a characteristic
of aging (24, 28). Although at this moment we cannot explain the
possible regulation mechanisms that severe AD patients use to
present similar values to age-matched controls, this parameter
could be an early marker of the appearance of AD. In mAD
patients, a lower proliferative response of lymphocytes to the
mitogen PHA than in elderly subjects also occurred. Thus, this
function of lymphoproliferative response to mitogens, which
typically decreases with aging (24, 28, 30) appeared even lower
in cells of mAD and AD.

Alzheimer’s disease patients in comparison to mAD showed
lower lymphocyte chemotaxis and antitumoral NK activity. In this
regard, although limited in number, several studies in human and
3xTg-AD mice revealed that these immune function parameters
were altered in AD (16, 26, 32, 52). Thus, NK cell activity, which
has been proposed as one biomarker of immune alterations in
the progression of AD (32) and which was decreased in cells of
3xTg-AD mice in advanced stages of AD (16, 26), was lower in
severe AD than in mAD patients. In the case of chemotaxis of
lymphocytes, a function that decreases with aging (28, 30), our
results reflect a clear deterioration of this activity in AD patients,
even higher than shown by cells of elderly subjects and of mAD.
Thus, this parameter could be considered as a possible marker of
the progression of the disease.

Interestingly, it should be noted that although the decline of
the immune functions showed with aging were also observed in
mAD and AD patients, several of these immunological altera-
tions were greatly exacerbated in individuals with severe AD in
comparison to healthy elderly subjects of the same chronological
age. This suggests that AD patients suffer an accelerated immu-
nosenescence. Thus, since these immune function parameters are
good markers of health and predictors of longevity (28, 30), these
could be used as peripheral biomarkers of the progression of AD.

A chronic oxidative-inflammatory stress, a condition in
which oxidant and pro-inflammatory compounds overwhelm
antioxidant and anti-inflammatory defenses, is associated with
aging and several age-related pathologies (26, 28). Indeed, several
studies in human and animal models, including some by our
group, have demonstrated that increased peripheral oxidative
stress markers are associated with aging and, more specifically,
with AD (16, 26, 30, 47, 52, 54). In AD, oxidative stress has been
recognized as an essential contributor to the pathogenesis and
progression of the disease (38, 40, 52, 65). As occurs in the brain
(7, 40), an enhanced oxidative stress during AD is also present
in peripheral blood cells (27, 41-43). Most studies have focused
on mononuclear cells, mainly in lymphocytes, which reflect the

pathological oxidative stress conditions observed in the brains of
AD patients. These studies found an elevated production of oxi-
dative compounds, lipid oxidation, DNA damage, mitochondrial
susceptibility, basal apoptosis as well as altered levels of antioxi-
dant enzymes in lymphocytes of AD patients, as well as even in
those of MCI subjects, in comparison with these cells of healthy
subjects (27, 66-68). These results suggest that some of these
parameters could be prodromal markers of AD. However, little
is known about the changes in the redox balance of neutrophils
during the progression of AD. Therefore, since phagocytes may
be the immune cells that contribute most to the oxidative stress
and damage associated with immunosenescence (28, 54), we also
analyzed different redox state and oxidative damage parameters
in both isolated peripheral blood neutrophils and mononuclear
cells, in order to elucidate possible differences between them.
Interestingly, our results showed that neutrophils suffer a marked
increased oxidative stress and damage during the progression of
AD. In particular, the neutrophils of both mAD and AD patients
had lower antioxidant GSH contents and higher oxidant markers,
such as GSSG and MDA contents, as well as GSSG/GSH ratios,
than elderly subjects. Nevertheless, this redox state alteration was
not observed in mononuclear cells, which paradoxically showed
higher GSH levels in individuals with mild and severe AD than
those observed in age-matched controls. In this context, it has
been suggested that in early states of the disease, individuals
developing AD can suffer a situation of “reductive stress” as a
result of the activation of a compensatory response to cope with
a high exposure of oxidant compounds (40). Therefore, target-
ing reductive stress may be a strategy to delay and prevent the
onset and progression of AD (69). Thus, it is plausible that an
overexpression and high levels of GSH could be induced by an
increased oxidant production in lymphocytes of mAD patients.
Nevertheless, these levels were lower in severe AD patients in
comparison to mAD subjects. The glutathione cycle is one of the
main intracellular mechanisms to preserve a competent intracel-
lular redox state (70). The role of this has been extensively studied
in AD, in both humans and animal models, where a depletion in
GSH contents and an imbalance in GSSG/GSH ratios in favor
of GSSG have been noted at central (39) and peripheral levels,
such as in plasma, peritoneal leukocytes, and blood cells (47,
52, 71). Moreover, it has been described that the altered levels
of these circulating compounds are also directly related to the
severity of cognitive impairment (47, 67). The imbalance in
GSSG/GSH ratios could be the result of a defective respiratory
chain caused by the activation of AP peptide on its complexes,
which leads to overproduction of oxidant compounds, which has
also been observed in peripheral leukocytes (72). In addition, an
adequate immune response will require optimal levels of GSH
(70). Therefore, the lower GSH observed in neutrophils of AD
could contribute to the impairment of the functions of these cells.

Since the brain is very susceptible to oxidative damage (36),
lipid peroxidation is one of the most promising procedures in
AD diagnosis (47). Thus, higher MDA content has been reported
in the brain and the peripheral levels (e.g., plasma/serum, eryth-
rocytes, and peripheral leukocytes) of not only AD patients but
also MCI subjects (42, 46, 47). Some authors suggested that lipid
peroxidation could be one of the main factors responsible for
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cognitive deterioration and that there was a negative correlation
between MDA and MMSE scores (43). Others reported that the
differences depended on the stage of AD (42, 43, 47). However,
although no difference between moderate and advanced AD was
detected (46), our results showed that MDA levels in neutrophils
were higher in patients at the advanced stage of the disease than
in elderly controls and even in mAD. Thus, this parameter could
be a useful marker of early stage of AD as well as progression of
the disease.

Given the different pattern observed in the oxidative stress and
damage parameters between neutrophils and mononuclear cells
in the progression of AD, we have also analyzed these parameters
in WB cells. This kind of sample better reproduces the in vivo
conditions of immune response. Interestingly, a similarly altered
redox state and oxidative damage pattern were observed in
WB cells to that in neutrophils. Thus, mAD and AD patients, in
general, showed lower GSH and higher GSSG contents and GSSG/
GSH ratios, together with a marked increase in MDA levels, than
cells from elderly subjects. Moreover, it is important to highlight
that AD patients had a higher GSSG/GSH ratios, as well as GSSG
and MDA contents, in their neutrophils and WB cells than mAD
patients. The results suggest that the estimation of these param-
eters in WB cells would be a useful biomarker in the assessment
of AD progression. Moreover, WB samples are clinically more
feasible, reproducible, cost effective, easy to implement and apply,
compared to purified and isolated neutrophils and mononuclear
blood leukocytes.

In addition, since oxidation and inflammation processes are
able to induce and exacerbate one another (36), the higher oxida-
tive stress and damage observed in WB cells from mAD and AD
patients could also be triggered by an increase in basal inflam-
mation. Given that previous works supported the importance of
cytokines in mediating the activity of peripheral immune cells
in AD (73, 74), we also assessed the release of IL-6, TNF-a, and
IL-10 ex vivo by blood cells cultured under resting conditions.
Our results showed that mAD and AD patients had a higher
basal TNF-« than elderly subjects, whereas basal IL-6 levels only
were significantly higher in severe AD. Basal IL-10 release was
not detectable. Even though cytokine levels are hard to detect
at basal conditions, due to their short half-life, several studies
also investigated these inflammatory markers in CSF, serum and
plasma at different stages of the AD patients (73-76). Although
the results are controversial, a strong upregulation of pro-
inflammatory cytokines has been observed in these patients, but
also in MCI (73, 74, 76, 77). Furthermore, these patients showed
higher plasma levels of IL-6 than those at an early stage of disease
and healthy controls (77). This agrees with our results, in which
severe AD patients also showed higher IL-6 release than mAD.
Interestingly, given that increased basal IL-6 levels in plasma have
been shown to be a risk for decline in cognitive functions (73),
as well as being described as one the most powerful predictors of
morbidity and mortality in the elderly (30), these results suggest
the possibility of using peripheral IL-6 production as a helpful
tool to characterize immune dysfunction during AD progression.

The chronic oxidative-inflammatory stress situation observed
in blood cells of AD patients could be involved in the impairment
of their functions. Thus, the higher oxidative stress in severe AD

patients could be the underlying mechanism for the decrease in
PHA- and LPS-induced lymphoproliferation, as well as for the
increase in the basal proliferation. This basal proliferation, which
has scarcely been studied, was also increased with aging (30), as
well as in the leukocytes of 3xTg-AD mice (52). The higher levels
of basal proliferation in AD lymphocytes show an overactiva-
tion of these cells. This could be due to the increase age-related
accumulation of damage-associated molecular patterns, which,
through the production of pro-inflammatory cytokines, may
be responsible for the activation of the immune system and the
establishment of “sterile inflammation” (78). In addition, after a
mitogenic LPS-stimulus, immune blood cells from AD patients
also produced a higher release of IL-6 and TNF-a, as well as
lower IL-10 levels and, consequently, a lower IL-10/TNF-a ratio,
compared to age-matched controls. This reaffirms the existence of
an altered immune response in advanced stages of AD. Although
data on peripheral cytokines in AD patients are controversial
(73, 74), several authors also found an upregulation of these
cytokines in LPS-stimulated WB in AD patients in relation to
elderly controls (75), as also occurred in samples of brain, serum,
and other cell cultures (79). A possible explanation would be
that PA peptide, which can activate the overproduction of pro-
inflammatory cytokines (e.g., TNF-a, IL-1p, etc.) in peripheral
blood monocytes (80, 81), could lead to an abnormal inflam-
matory response. This could be attributed either to an adaptive
control on innate immunity and/or a compensatory mechanism
for the lack of effectiveness of adaptive immunity (81). Our
results also demonstrated an altered balance in the IL-10/TNF-«
ratios, which showed similar values in mAD patients and elderly
subjects, whereas the values were lower in AD patients. Since
this IL-10/TNF-a ratio has been proposed as an indicator of suc-
cessful aging and longevity (30), its determination also may be
a helpful parameter for evaluating the progression of AD. Since
the decline in PHA-lymphoproliferation and the high release of
IL-6 after LPS stimulation not only occur in severe AD patients
but also begin to decline in mAD patients, this suggests that both
parameters could be used as possible early peripheral biomarkers
of AD.

In conclusion, the present study shows the impairment of
several immune functions of human peripheral blood neutro-
phils and mononuclear cells at different stages of AD. However,
a different pattern of altered immune response was observed
between mild and severe AD patients. Thus, several alterations
were only observed in severe AD patients (e.g., chemotaxis,
basal, and LPS lymphoproliferation) and others (e.g., adherence)
only in individuals with mAD. Other alterations detected in the
mild stage of the disease increased in the late stage (e.g., PHA
lymphoproliferation and IL-6 release). As occurs in aging, this
impairment of immune cell functions could have as their basis an
oxidative-inflammatory stress situation. Thus, our findings also
demonstrated that several peripheral oxidative stress and dam-
age markers were increased in immune blood cells from mAD
and AD patients, especially in neutrophils (e.g., low GSH levels,
high GSSG/GSH ratios, and GSSG and MDA contents), in rela-
tion to elderly subjects. However, this increased oxidative stress
and damage were higher in severe AD patients than in mAD
and could be mediated by the higher production of peripheral

Frontiers in Immunology | www.frontiersin.org

January 2018 | Volume 8 | Article 1974


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Vida et al.

Peripheral Immunosenescence and Redox-State in AD

pro-inflammatory cytokines in these patients. Furthermore, the
fact that neutrophils showed higher oxidative stress and damage
than mononuclear leukocytes supports the idea that phagocytes
are the immune cells that most contribute to the peripheral
chronic oxidative stress and damage associated with AD, espe-
cially in the advance stages of the disease. Therefore, our results
support the idea that severe AD patients show an accelerated
immunosenescence due to the parameters of function and redox
state studied, these being greatly deteriorated in these patients
in comparison to elderly subjects of the same chronological age.
Therefore, since WB cells are very easy to obtain and reproduce
the results observed in neutrophils, the assessment of oxidative
stress and damage parameters, as well as peripheral cytokine
release, together with the analysis of several functions in isolated
neutrophils and mononuclear cells, would be useful markers of
AD progression. Nevertheless, additional studies are needed to
identify function and oxidative-inflammatory stress alterations
in peripheral blood phagocytes and lymphocytes, especially in
subjects with mild cognitive deterioration in order to identify
potential prodromal and preclinical biomarkers of AD.

ETHICS STATEMENT

All procedures were carried out according to the Declaration
of Helsinki, and approval was obtained from the corresponding
Research Ethic Committees.

REFERENCES

1. Mattson MP. Pathways towards and away from Alzheimer’s disease. Nature
(2004) 430:631-9. doi:10.1038/nature02621
2. Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA, Berg S, et al.
Role of genes and environments for explaining Alzheimer disease. Arch Gen
Psychiatry (2006) 63:168-74. doi:10.1001/archpsyc.63.2.168
3. Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferrt CP. The global
prevalence of dementia: a systematic review and metaanalysis. Alzheimers
Dement (2013) 9:63-75. d0i:10.1016/j.jalz.2012.11.007
4. Garcia-Blanco A, Baquero M, Vento M, Gil E, Bataller L, Chafer-Pericés C.
Potential oxidative stress biomarkers of mild cognitive impairment due
to Alzheimer disease. ] Neurol Sci (2017) 373:295-302. doi:10.1016/j.jns.
2017.01.020
5. Selkoe DJ. Alzheimer’s disease: genes, proteins, and therapy. Physiol Rev
(2001) 81(2):741-66. doi:10.1152/physrev.2001.81.2.741
6. Ghiso J, Frangion B. Amyloidosis and Alzheimer’s disease. Adv Drug Deliv Rev
(2002) 54:1539-51. doi:10.1016/S0169-409X(02)00149-7
7. Gibson GE, Huang HM. Oxidative stress in Alzheimer’s disease. Neurobiol
Aging (2005) 26:575-8. doi:10.1016/j.neurobiolaging.2004.07.017
8. Bonotis K, Krikki E, Holeva V, Aggouridaki C, Costa V. Systemic immune
aberrations in Alzheimer’s disease patients. ] Neuroimmunol (2008) 193:183-7.
doi:10.1016/j.jneuroim.2007.10.020
9. HolmesC.Review:systemicinflammationand Alzheimer’sdisease. Neuropathol
Appl Neurobiol (2013) 39:51-68. doi:10.1111/j.1365-2990.2012.01307.x
10. Morris JK, Honea RA, Vidoni ED, Swerdlow RH, Burns JM. Is Alzheimer’s
disease a systemic disease? Biochim Biophys Acta (2014) 1842:1340-9.
doi:10.1016/j.bbadis.2014.04.012
11. Richartz E, Stransky E, Batra A, Simon P, Lewczuk P, Buchkremer G, et al.
Decline of immune responsiveness: a pathogenic factor in Alzheimer’s
disease? ] Psychiatr Res (2005) 39:535-43. doi:10.1016/j.jpsychires.
2004.12.005
12. Britschgi M, Wyss-Coray T. Systemic and acquired immune responses
in Alzheimer’s disease. Int Rev Neurobiol (2007) 82:205-33. d0i:10.1016/
80074-7742(07)82011-3

AUTHOR CONTRIBUTIONS

MF—formulated the original problem, designed the work, pro-
vided direction and guidance, wrote the manuscript and critically
reviewed the final version of the manuscript. CV—provided
input for experimental design, carried out experiments with
patient samples, analyzed data results, and wrote the manuscript;
IT—provided input for experimental design and carried out
experiments with patient samples; AG—carried out experiments
with patient samples; EC and JM provided the samples for the
experimental study; and JM made the clinical diagnosis of
Alzheimer’s disease patients and control’s selection.

ACKNOWLEDGMENTS

We gratefully acknowledge the participants in this study and the
medical staff at Neurology Service Hospital Universitario 12 de
Octubre.

FUNDING

This work was supported by the grants of the Research group of
UCM (910379) and FIS (P115/01787) and FIS (P115/00780) from
the ISCIII-FEDER of the European Union, as well as was partially
supported by “Fundacién Neurociencias y Envejecimiento”

13. Boutajangout A, Wisniewski T. The innate immune system in Alzheimer’s
disease. Int J Cell Biol (2013) 2013:576383. doi:10.1155/2013/576383

14. Heneka MT, Kummer MP, Latz E. Innate immune activation in neurodegener-
ative disease. Nat Rev Immunol (2014) 14:463-77. doi:10.1038/nri3705

15. Marsha SE, Abuda EM, Lakatosc A, Karimzadehb A, Yeungc ST, Davtyane H,
et al. The adaptive immune system restrains Alzheimer’s disease pathogen-
esis by modulating microglial function. PNAS (2016) 113(9):E1316-25.
doi:10.1073/pnas.1525466113

16. Giménez-Llort L, Maté I, Manassra R, Vida C, De la Fuente M. Peripheral
immune system and neuroimmune communication impairment in a
mouse model of Alzheimer’s disease. Ann N Y Acad Sci (2012) 1262:74-84.
doi:10.1111/j.1749-6632.2012.06639.x

17. Martorana A, Bulati M, Buffa S, Pellicano M, Caruso C, Candore G, et al.
Immunosenescence,inflammationand Alzheimer’sdisease. Longev Healthspan
(2012) 1:8. doi:10.1186/2046-2395-1-8

18. Monsonego A, Zota V, Karni A, Krieger JI, Bar-Or A, Bitan G, et al. Increased
T cell reactivity to amyloid beta protein in older humans and patients
with Alzheimer’s disease. ] Clin Invest (2003) 112:415-22. doi:10.1172/
JCI200318104

19. Fiala M, Lin J, Ringman J, Kermani-Arab V, Tsao G, Patel A, et al. Ineffective
phagocytosis of amyloid-beta by macrophages of Alzheimer’s disease patients.
] Alzheimers Dis (2005) 7:221-32. doi:10.3233/JAD-2005-7304

20. Man SM, Ma YR, Shang DS, Zhao WD, Li B, Guo DW, et al. Peripheral
T cells overexpress MIP-1a to enhance its transendothelial migration in
Alzheimer’s disease. Neurobiol Aging (2007) 28:485-96. doi:10.1016/j.
neurobiolaging.2006.02.013

21. Liu Y], Guo DW, Tian L, Shang DS, Zhao WD. Peripheral T cells derived
from Alzheimer’s disease patients overexpress CXCR2 contributing to its
transendothelial migration, which is microglial TNF-a-dependent. Neurobiol
Aging (2010) 31:175-88. doi:10.1016/j.neurobiolaging.2008.03.024

22. Von Bernhardi R. Glial cell dysregulation: a new perspective on Alzheimer
disease. Neurotox Res (2007) 12:215-32. doi:10.1007/BF03033906

23. Corona AW, Fenn AM, Godbout JP. Cognitive and behavioural consequences
of impaired immunoregulation in aging. ] Neuroimmune Pharmacol (2009)
7:7-23. d0i:10.1007/s11481-011-9313-4

Frontiers in Immunology | www.frontiersin.org

January 2018 | Volume 8 | Article 1974


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nature02621
https://doi.org/10.1001/archpsyc.63.2.168
https://doi.org/10.1016/j.jalz.2012.11.007
https://doi.org/10.1016/j.jns.
2017.01.020
https://doi.org/10.1016/j.jns.
2017.01.020
https://doi.org/10.1152/physrev.2001.81.2.741
https://doi.org/10.1016/S0169-409X(02)00149-7
https://doi.org/10.1016/j.neurobiolaging.2004.07.017
https://doi.org/10.1016/j.jneuroim.2007.10.020
https://doi.org/10.1111/j.1365-2990.2012.01307.x
https://doi.org/10.1016/j.bbadis.2014.04.012
https://doi.org/10.1016/j.jpsychires.
2004.12.005
https://doi.org/10.1016/j.jpsychires.
2004.12.005
https://doi.org/10.1016/S0074-7742(07)82011-3
https://doi.org/10.1016/S0074-7742(07)82011-3
https://doi.org/10.1155/2013/576383
https://doi.org/10.1038/nri3705
https://doi.org/10.1073/pnas.1525466113
https://doi.org/10.1111/j.1749-6632.2012.06639.x
https://doi.org/10.1186/2046-2395-1-8
https://doi.org/10.1172/JCI200318104
https://doi.org/10.1172/JCI200318104
https://doi.org/10.3233/JAD-2005-7304
https://doi.org/10.1016/j.neurobiolaging.2006.02.013
https://doi.org/10.1016/j.neurobiolaging.2006.02.013
https://doi.org/10.1016/j.neurobiolaging.2008.03.024
https://doi.org/10.1007/BF03033906
https://doi.org/10.1007/s11481-011-9313-4

Vida et al.

Peripheral Immunosenescence and Redox-State in AD

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

De la Fuente M. Role of neuroimmunomodulation in aging. Neuroimmuno-
modulation (2008) 15:213-23. doi:10.1159/000156465

Giménez-Llort L, Torres-Lista V, De la Fuente M. Crosstalk between behavior
and immune system during the prodromal stages of Alzheimer’s disease. Curr
Pharm Des (2014) 20(29):4723-32. doi:10.2174/1381612820666140130205500
Giménez-Llort L, Arranz L, Maté I, De la Fuente M. Gender-specific neu-
roimmunoendocrine aging in a triple-transgenic 3xXTgAD mouse model for
Alzheimer’s disease and its relation with longevity. Neuroimmunomodulation
(2008) 15:331-43. doi:10.1159/000156475

Chen SH, Bu XL, Jin WS, Shen LL, Wang ], Zhuang ZQ, et al. Altered
peripheral profile of blood cells in Alzheimer disease. A hospital-based
case-control study. Medicine (Baltimore) (2017) 96(21):e6843. doi:10.1097/
MD.0000000000006843

De la Fuente M, Miquel J. An update of the oxidation-Inflammation theory
of aging: the involvement of the immune system in oxi-inflamm-aging. Curr
Pharm Des (2009) 15:3003-26. doi:10.2174/138161209789058110

De la Fuente M. Crosstalk between the nervous and the immune systems in
health and sickness. Curr Pharm Des (2014) 20(29):4605-7. doi:10.2174/138
1612820666140130213734

Martinez de Toda I, Maté I, Vida C, Cruces J, De la Fuente M. Immune func-
tion parameters as markers of biological age and predictors of longevity. Aging
(Albany NY) (2017) 28(11):3110-9. doi:10.18632/aging. 101116

Araga S, Kagimoto H, Funamoto K, Takahashi K. Reduced natural killer cell
activity in patients with dementia of Alzheimer type. Acta Neurol Scand (1991)
844:259-63. doi:10.1111/j.1600-0404.1991.tb04948.x

Le Page A, Bourgade K, Lamoureux ], 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. ] Alzheimers Dis (2015) 46(1):93-107.
doi:10.3233/JAD-143054

Richartz-Salzburger E, Batra A, Stransky E, Laske C, Kéhler N, Bartels M, et al.
Altered lymphocyte distribution in Alzheimer’s disease. J Psychiatr Res (2007)
41(1-2):174-8. doi:10.1016/j.jpsychires.2006.01.010

Rezai-Zadeh K, Gate D, Szekely CA, Town T. Can peripheral leukocytes
be used as Alzheimer’s disease biomarkers? Expert Rev Neurother (2009)
9(11):1623-33. doi:10.1586/ern.09.118

Khansari N, Shakiba Y, Mahmoudi M. Chronic inflammation and oxidative
stress as a major cause of age-related diseases and cancer. Recent Pat Inflamm
Allergy Drug Discov (2009) 3:73-80. doi:10.2174/187221309787158371

Vida C, Gonzélez EM, De la Fuente M. Increase of oxidation and inflamma-
tion in nervous and immune systems with aging and anxiety. Curr Pharm Des
(2014) 20(29):4656-78. doi:10.2174/1381612820666140130201734
Butterfield DA. B-Amiloid-associated free radical oxidative stress and
neurotoxicity: implications for Alzheimer’s disease. Chem Res Toxicol (1997)
10:495-506. doi:10.1021/tx960130e

Zhu X, Su B, Wang X, Smith MA, Perry G. Causes of oxidative stress
in Alzheimer disease. Cell Mol Life Sci (2007) 64:2202-10. doi:10.1007/
s00018-007-7218-4

Venkateshappa C, Harish G, Mahadevan A. Elevated oxidative stress
and decreased antioxidant function in the human hippocampus and
frontal cortex with increasing age: implications for neurodegeneration in
Alzheimer’s disease. Neurochem Res (2012) 37:1601-14. doi:10.1007/s11064-
012-0755-8

Luca M, Luca A, Calandra C. The role of oxidative damage in the pathogenesis
and progression of Alzheimer’s disease and vascular dementia. Oxid Med Cell
Longev (2015) 2015:504678. doi:10.1155/2015/504678

Leutner S, Schindowski K, Frolich L, Maurer K, Kratzsch T, Eckert A, et al.
Enhanced ROS-generation in lymphocytes from Alzheimer’s patients.
Pharmacopsychiatry (2005) 38:312-5. doi:10.1055/s-2005-916186
Skoumalova A, Hort J. Blood markers of oxidative stress in Alzheimer’s
disease. ] Cell Mol Med (2012) 16:2291-300. doi:10.1111/j.1582-4934.
2012.01585.x

Torres LL, Quaglio NB, de Souza GT, Garcia RT, Dati LM, Moreira WL,
et al. Peripheral oxidative stress biomarkers in mild cognitive impairment
and Alzheimer’s disease. J Alzheimers Dis (2011) 26:59-68. doi:10.3233/
JAD-2011-110284

Sliwinska A, Kwiatkowski D, Czarny P, Toma M, Wigner P, Drzewoski J, et al.
The levels of 7,8-dihydrodeoxyguanosine (8-0xoG) and 8-oxoguanine DNA
glycosylase 1 (OGG1) - a potential diagnostic biomarkers of Alzheimer’s
disease. ] Neurol Sci (2016) 368:155-9. d0i:10.1016/j.jns.2016.07.008

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Migliore L, Fontana I, Trippi E Colognato R, Coppedé¢ E, Tognoni G, et al.
Oxidative DNA damage in peripheral leukocytes of mild cognitive impair-
ment and AD patients. Neurobiol Aging (2005) 26:567-73. doi:10.1016/j.
neurobiolaging.2004.07.016

Marcourakis T, Camarini R, Kawamoto EK, Rodrigue-Scorsi L,
Scavone C. Peripheral biomarkers of oxidative stress in aging and
Alzheimer’s disease. Dement Neuropsychol (2008) 2(1):2-8. doi:10.1590/
$1980-57642009DN20100002

Rani P, Krishnan S, Rani C. Study on analysis of peripheral biomarkers
for Alzheimer’s disease diagnosis. Front Neurol (2017) 8:328. doi:10.3389/
fneur.2017.00328

Ferretti MT, Bruno MA, Ducatenzeiler A, Klein WL, Cuello AC. Intracellular
Abeta-oligomers and early inflammation in a model of Alzheimer’s dis-
ease. Neurobiol Aging (2012) 33:1329-42. doi:10.1016/j.neurobiolaging.
2011.01.007

Wright AL, Zinn R, Hohensinn B, Konen LM, Beynon SB, Tan RP, et al.
Neuroinflammation and neuronal loss precede Abeta plaque deposition in
the hAPP-J20 mouse model of Alzheimer’s disease. PLoS One (2013) 8:€59586.
doi:10.1371/journal.pone.0059586

Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed R.
Tripletransgenic model of Alzheimer’s disease with plaques and tangles:
intracelular AP and synaptic dysfunction. Neuron (2003) 39:409-21.
doi:10.1016/S0896-6273(03)00434-3

Arranz L, De Castro NM, Baeza I, Giménez-Llort L, De la Fuente M. Effect
of environmental enrichment on the immunoendocrine aging of male and
female triple-transgenic 3xTg-AD mice for Alzheimer’s disease. ] Alzheimers
Dis (2011) 25(4):727-37. doi:10.3233/JAD-2011-110236

Maté I, Cruces J, Giménez-Llort L, De la Fuente M. Function and redox state of
peritoneal leukocytes as preclinical and prodromic markers in a longitudinal
study of triple-transgenic mice for Alzheimer’s disease. J Alzheimers Dis
(2015) 43(1):213-26. doi:10.3233/JAD-140861

Arranz L, Caamafio JH, Lord JM, De la Fuente M. Preserved immune func-
tions and controlled leukocyte oxidative stress in naturally long-lived mice:
possible role of nuclear factor kappa B. ] Gerontol A Biol Sci Med Sci (2010)
65(9):941-50. doi:10.1093/gerona/glq101

Vida C, de Toda IM, Cruces ], Garrido A, Gonzalez-Sanchez M, De la
Fuente M. Role of macrophages in age-related oxidative stress and lipofuscin
accumulation in mice. Redox Biol (2017) 12:423-37. doi:10.1016/j.redox.
2017.03.005

McKhanna 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

Folstein ME, Folstein SE, McHugh PR. Mini-mental state. A practical method
for grading the cognitive state of patients for the clinician. J Psychiatr Res
(1975) 12:189-98. d0i:10.1016/0022-3956(75)90026-6

De la Fuente M, Hernanz A, Guayerbas N, Victor VM, Arnalich E. Vitamin E
ingestion improves several immune functions in elderly men and women. Free
Radic Res (2008) 42:272-80. doi:10.1080/10715760801898838

Hernanz A, Tato E, De la Fuente M, De Miguel E, Arnalich E Differential
effects of gastrin-releasing peptide, neuropeptide Y, somatostatin and vasoac-
tive intestinal peptide on interleukin-1p, interleukin-6 and tumour necrosis
factor-a production by whole blood cells from healthy young and old subjects.
J Neuroimmunol (1996) 71:25-30. doi:10.1016/S0165-5728(96)00118-X

De la Fuente M, Carrasco M, Hernanz A. Modulation of human neutrophil
function in vitro by gastrin. J Endocrinol (1997) 153:475-83. doi:10.1677/
joe.0.1530475

Hissin PJ, Hilf R. A fluorometric method for determination of oxidized
and reduced glutathione in tissues. Anal Biochem (1976) 74:214-26.
doi:10.1016/0003-2697(76)90326-2

Franceschi C, Bonafé M, Valensin S, Olivieri E De Luca M, Ottaviani E, et al.
Inflamm-aging. An evolutionary perspective on immunosenescence. Ann N'Y
Acad Sci (2000) 908:244-54. d0i:10.1111/§.1749-6632.2000.tb06651.x
Bondar G, Cadeiras M, Wisniewski N, Maque ], Chittoor J, Chang E, et al.
Comparison of whole blood and peripheral blood mononuclear cell gene
expression for evaluation of the perioperative inflammatory response in
patients with advanced heart failure. PLoS One (2014) 9(12):e115097.
doi:10.1371/journal.pone.0115097

Frontiers in Immunology | www.frontiersin.org

January 2018 | Volume 8 | Article 1974


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1159/000156465
https://doi.org/10.2174/1381612820666140130205500
https://doi.org/10.1159/000156475
https://doi.org/10.1097/MD.0000000000006843
https://doi.org/10.1097/MD.0000000000006843
https://doi.org/10.2174/138161209789058110
https://doi.org/10.2174/1381612820666140130213734
https://doi.org/10.2174/1381612820666140130213734
https://doi.org/10.18632/aging.101116
https://doi.org/10.1111/j.1600-0404.1991.tb04948.x
https://doi.org/10.3233/JAD-143054
https://doi.org/10.1016/j.jpsychires.2006.01.010
https://doi.org/10.1586/ern.09.118
https://doi.org/10.2174/187221309787158371
https://doi.org/10.2174/1381612820666140130201734
https://doi.org/10.1021/tx960130e
https://doi.org/10.1007/s00018-007-7218-4
https://doi.org/10.1007/s00018-007-7218-4
https://doi.org/10.1007/s11064-
012-0755-8
https://doi.org/10.1007/s11064-
012-0755-8
https://doi.org/10.1155/2015/504678
https://doi.org/10.1055/s-2005-916186
https://doi.org/10.1111/j.1582-4934.
2012.01585.x
https://doi.org/10.1111/j.1582-4934.
2012.01585.x
https://doi.org/10.3233/JAD-2011-110284
https://doi.org/10.3233/JAD-2011-110284
https://doi.org/10.1016/j.jns.2016.07.008
https://doi.org/10.1016/j.neurobiolaging.2004.07.016
https://doi.org/10.1016/j.neurobiolaging.2004.07.016
https://doi.org/10.1590/S1980-57642009DN20100002
https://doi.org/10.1590/S1980-57642009DN20100002
https://doi.org/10.3389/fneur.2017.00328
https://doi.org/10.3389/fneur.2017.00328
https://doi.org/10.1016/j.neurobiolaging.
2011.01.007
https://doi.org/10.1016/j.neurobiolaging.
2011.01.007
https://doi.org/10.1371/journal.pone.0059586
https://doi.org/10.1016/S0896-6273(03)00434-3
https://doi.org/10.3233/JAD-2011-110236
https://doi.org/10.3233/JAD-140861
https://doi.org/10.1093/gerona/glq101
https://doi.org/10.1016/j.redox.
2017.03.005
https://doi.org/10.1016/j.redox.
2017.03.005
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1080/10715760801898838
https://doi.org/10.1016/S0165-5728(96)00118-X
https://doi.org/10.1677/joe.0.1530475
https://doi.org/10.1677/joe.0.1530475
https://doi.org/10.1016/0003-2697(76)90326-2
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1371/journal.pone.0115097

Vida et al.

Peripheral Immunosenescence and Redox-State in AD

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Deleidi M, Jaggle M, Rubino G. Immune aging, dysmetabolism, and inflam-
mation in neurological diseases. Front Neurosci (2015) 9:172. doi:10.3389/
fnins.2015.00172

Yoon SC, Kwon YA, Kim H, Kim S, Ahn Jo S, Kim DK. Altered cell viability and
proliferation activity of peripheral lymphocytes in patients with Alzheimer’s
disease. Psychiatry Investig (2010) 7(1):68-71. doi:10.4306/pi.2010.7.1.68
Nunomura A, Perry G, Aliev G, Hirai K, Takeda A, Balraj EK, et al. Oxidative
damage is the earliest event in Alzheimer disease. ] Neuropathol Exp Neurol
(2001) 60:759-67. doi:10.1093/jnen/60.8.759

Wojda U. Alzheimer’s disease lymphocytes: potential for biomarkers? Biomark
Med (2016) 10:1-4. d0i:10.2217/bmm.15.79

Ponce PD, Felipe Salech E, San Martin C, Silva M, Xiong C, Roe CM, et al.
Increased susceptibility to oxidative death of lymphocytes from Alzheimer
patients correlates with dementia severity. Curr Alzheimer Res (2014)
11(9):892-8. doi:10.2174/1567205011666141001113135

Mecocci P, Polidori MC, Ingegni T, Cherubini A, Chionne E Cecchetti R,
et al. Oxidative damage to DNA in lymphocytes from AD patients. Neurology
(1998) 51(4):1014-7. d0i:10.1212/WNL.51.4.1014

Badia MC, Giraldo E, Dasi E, Alonso D, Lainez JM, Lloret A, et al. Reductive
stress in young healthy individuals at risk of Alzheimer disease. Free Radic Biol
Med (2013) 63:274-9. doi:10.1016/j.freeradbiomed.2013.05.003

Drégue W, Breitkreutz R. Glutathione and immune function. Proc Nutr Soc
(2000) 59(4):595-600. doi:10.1017/50029665100000847

Bermejo P, Martin-Aragon S, Benedi ], Susin C, Felici E, Gil P, et al. Peripheral
levels of glutathione and protein oxidation as markers in the development of
Alzheimer’s disease from mild cognitive impairment. Free Radic Res (2008)
42:162-70. doi:10.1080/10715760701861373

Leuner K, Schulz K, Schiitt T, Pantel ], Prvulovic D, Rhein V, et al. Peripheral
mitochondrial dysfuncion in Alzheimer’s disease: focus on lymphocytes. Mol
Neurobiol (2012) 46:194-204. doi:10.1007/s12035-012-8300-y

SalaG, Galimberti G, CanevariC,Raggi ME, Isella V, Facheris M, etal. Peripheral
cytokine release in Alzheimer patients: correlation with disease severity.
Neurobiol Aging (2003) 24(7):909-14. doi:10.1016/S0197-4580(03)00010-1
Guerreiro RJ, Santana I, Bras JM, Santiago B, Paiva A, Oliveira C. Peripheral
inflammatory cytokines as biomarkers in Alzheimer’s disease and mil cognitive
impairment. Neurodegener Dis (2007) 4(6):406-12. doi:10.1159/000107700
Lombardi VR, Garcia M, Rey L, Cacabelos R. Characterization of cytokine
production, screening of lymphocyte subset patterns and in vitro apoptosis

76.

77.

78.

79.

80.

81.

in healthy and Alzheimer’s disease (AD) individuals. ] Neuroimmunol (1999)
97(1/2):163-71. doi:10.1016/S0165-5728(99)00046-6

Licastro E, Pedrini S, Caputo L, Annoni G, Davis LJ, Ferri C, et al. Increased
plasma levels of interleukin-1, interleukin-6 and alpha-1-antichymo-
trypsin in patients with Alzheimer’s disease: peripheral inflammation or
signals from the brain? ] Neuroimmunol (2000) 103:97-102. doi:10.1016/
S0165-5728(99)00226-X

Kélmén J, Juhash A, Laird G, Dickens P, Jarddnhdzy T, Rimandczy A, et al.
Serum interleukin-6 levels correlate with the severity of dementia in Down
syndrome and in Alzheimer’s disease. Acta Neurol Scand (1997) 96(4):236-40.
doi:10.1111/j.1600-0404.1997.tb00275.x

Martinez de Toda I, Vida C, De la Fuente M. An appropriate modulation of
lymphoproliferative response and cytokine release as possible contributors to
longevity. Int ] Mol Sci (2017) 18(7):E1598. d0i:10.3390/ijms18071598
Akiyama H, Barger S, Barnum S, Bradt B, Bauer ], Cole GM, et al. Inflammation
and Alzheimer’s disease. Neurobiol Aging (2000) 21:383-421. doi:10.1016/
S0197-4580(00)00124-X

Meda L, Bonaiuto C, Szendrei GI, Ceska M, Rossi F, Cassatella MA.
B-Amyloid(25-35) induces the production of interleukin-8 from human mono-
cytes. ] Neuroimmunol (1995) 59:29-33. doi:10.1016/0165-5728(95)00021-S
Rocha NP, Teixeira AL, Coelho FM, Caramelli P, Guimaraes HC, Barbosa IG,
et al. Peripheral blood mono-nuclear cells derived from Alzheimer’s disease
patients show elevated baseline levels of secreted cytokines but resist stimula-
tion with B-amyloid peptide. Mol Cell Neurosci (2012) 49(1):77-84.

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

The reviewer IT and handling Editor declared their shared affiliation.

Copyright © 2018 Vida, Martinez de Toda, Garrido, Carro, Molina and De la Fuente.
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.

Frontiers in Immunology | www.frontiersin.org

16

January 2018 | Volume 8 | Article 1974


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fnins.2015.00172
https://doi.org/10.3389/fnins.2015.00172
https://doi.org/10.4306/pi.2010.7.1.68
https://doi.org/10.1093/jnen/60.8.759
https://doi.org/10.2217/bmm.15.79
https://doi.org/10.2174/1567205011666141001113135
https://doi.org/10.1212/WNL.51.4.1014
https://doi.org/10.1016/j.freeradbiomed.2013.05.003
https://doi.org/10.1017/S0029665100000847
https://doi.org/10.1080/10715760701861373
https://doi.org/10.1007/s12035-012-8300-y
https://doi.org/10.1016/S0197-4580(03)00010-1
https://doi.org/10.1159/000107700
https://doi.org/10.1016/S0165-5728(99)00046-6
https://doi.org/10.1016/S0165-5728(99)00226-X
https://doi.org/10.1016/S0165-5728(99)00226-X
https://doi.org/10.1111/j.1600-0404.1997.tb00275.x
https://doi.org/10.3390/ijms18071598
https://doi.org/10.1016/S0197-4580(00)00124-X
https://doi.org/10.1016/S0197-4580(00)00124-X
https://doi.org/10.1016/0165-5728(95)00021-S
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Impairment of Several Immune Functions and Redox State in Blood Cells of Alzheimer’s Disease Patients. Relevant Role of Neutrophils in Oxidative Stress
	Introduction
	Materials and Methods
	Subjects and Clinical Classification
	Collection of Peripheral WB Cells and Isolation of Blood Neutrophil and Lymphocytes Cells
	Adherent Capacity Assay
	Chemotaxis Assay
	Phagocytosis Assay
	NK Cytotoxicity Assay
	Lymphoproliferation Assay
	Glutathione Content Assay
	Lipid Peroxidation (MDA) Assay
	Cytokine Measurement
	Statistical Analysis

	Results
	Immune Functions in Peripheral Blood Neutrophils and Mononuclear Leukocytes of mAD and AD Patients As Well As Healthy Controls
	Cytokine Production in Response to LPS Stimulation in Blood Leukocytes of mAD and AD Patients As Well As Healthy Controls
	Oxidative Stress and Damage Parameters in Isolated Peripheral Blood Neutrophils and Mononuclear Cells of mAD and AD Patients As Well As Healthy Controls
	Oxidative Stress and Damage Parameters in Human Peripheral Blood Cells of mAD and AD Patients as well as of Healthy Controls
	Basal Cytokine Production in Blood Leukocytes of mAD and AD Patients as well as of Healthy Controls

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References


