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Abstract
Alterations in the peripheral immune system are associated with dementia and the neuropathology
of Alzheimer’s disease, but have yet to be studied early in the disease process. To test the hypothesis
that the balance of immune cell phenotypes is disrupted in the early progression of memory
deterioration, patients with mild cognitive impairment (MCI) and healthy elderly controls were
examined for the distribution of subpopulations of leukocytes (lymphocytes, granulocytes, and
monocytes) and lymphocyte subtypes (helper/inducer and suppressor/cytotoxic T lymphocytes and
B lymphocytes) in blood. MCI subjects had a significantly higher percentage of total lymphocytes
and a lower percentage of granulocytes compared to elderly controls. Furthermore, the expression
of cell surface amyloid precursor protein (APP) and intracellular amyloid-β peptide (Aβ) in
lymphocytes and monocytes were determined. We found lymphocyte APP expression to be
significantly increased in MCI subjects compared to controls. Our data indicate that changes in
immunological parameters may be detected early in MCI, and an alteration of the immune response
may precede clinical AD.
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1. Introduction
Age-associated neural and circulatory alterations in the immune system have been reported in
Alzheimer’s disease (AD), the most common form of dementia in the elderly (McGeer
&McGeer, 1998;Richartz et al., 2005). Inflammatory cytokines, activated microglia, and
immigration of certain T lymphocytes are found in association with AD neuropathologies,
including amyloid plaques and neurofibrillary tangles (McGeer et al., 1989;Griffin et al.,
1995;Singh, 1997; Neuroinflammation Working Group, 2000), and alterations in peripheral
immune cells are also reported in patients with AD. The proportion of both CD4+ (Lombardi
et al,. 1999) and CD8+ lymphocytes have been shown to be decreased in AD relative to healthy
aged-matched controls (Pirttila et al., 1992). Furthermore, Shalit et al. (1995)have
demonstrated that in moderately severe, but not mild AD patients, there was a significant
decrease in lymphocyte proliferation compared to controls. A decrease in proliferation in
peripheral blood mononuclear cells (PBMCs) of AD patients has also been found (Lombardi
et al., 1999). However, other reports indicate no differences in either CD4/CD8 ratios (Ikeda
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et al., 1991), total lymphocytes (Dysken et al., 1992) or the percentage of CD3+ lymphocytes
(total T lymphocytes) (Lombardi et al,. 1999) between AD and controls. Differences in
methodology or heterogeneity in the selection of patients with respect to the severity of
dementia may partly account for these differences.

Changes in functional responses by peripheral leukocytes have been linked to pathological
processes that occur in the AD brain. Trieb et al. (1996)have shown that lymphocyte
proliferation is stimulated by amyloid precursor protein (APP), the processing of which
produces amyloid-β (Aβ) peptide, the major component of amyloid plaques (Mott et al.,
2005), in control but not AD patients. Leukocytes also express APP mRNA and protein (Allen
et al., 1991;Schlossmacher et al., 1992;Bullido et al., 1996), and APP expression on
lymphocytes and monocytes can be increased with activating signals (Li et al., 1999;Bullido
et al., 1996). Moreover, APP mRNA in PBMCs and APP protein in lymphocytes and
monocytes have been found to be elevated in AD patients compared to controls (Jiang et al.,
2003). Functional changes in APP production and processing in peripheral immune cells may
reflect dysregulation of APP metabolism in the brain (Pallister et al., 1997;Jung et al., 1999).
Recently Migliore et al. (2005)demonstrated increased DNA damage in peripheral leukocytes
of subjects with mild cognitive impairment (MCI) and AD patients compared to controls,
suggesting the possibility that alterations in peripheral blood cells may be an early event in
AD. MCI is a pre-clinical stage of AD representing a transition state between normal aging
and early AD (Petersen, 2004). However, no study has examined peripheral blood cells in
subjects with MCI even though a significant proportion of these patients eventually transition
into mild AD.

Development of early biomarkers for diagnosis and potential intervention in patients with MCI
has promise for providing a definite diagnosis of people at risk for developing AD. Thus, the
main hypothesis addressed by the present study is that dysregulation of peripheral immune
responses are early events in AD pathogenesis and can be detected in subjects with MCI. The
approach was to determine if alterations in leukocyte immunophenotypes and peripheral blood
cell expression of APP and Aβ, critical markers for AD, occur in MCI subjects.

2. Materials and methods
2.1. Subjects

In this study, we investigated 48 subjects that met criteria described below for MCI (mean age
77.3 ± 5.2, male/female = 28/20, years of education = 14.3 ± 2.3) and 24 healthy aged controls
(mean age 73.6 ± 7.2, male/female = 9/15, years of education = 13.7 ± 2.7). MCI and controls
subjects were recruited by referrals from neurologists, internists, geriatricians, and family
practitioners and through advertisement in the local media in the Southern California area. The
investigation was carried out in accordance with the Declaration of Helsinki, informed consent
was obtained from all subjects, and protocols for collecting blood samples were approved by
the Institutional Review Board of Loma Linda University School of Medicine. Following initial
screening with the mini-mental state examination (MMSE) and Logical Memory I and II tests,
all subjects selected for inclusion in the study underwent a full neuropsychological battery of
tests including clinical dementia rating (CDR), North American Reading Test, Verbal Fluency:
Phonological and Semantic tests, Wisconsin Card Sorting Test, Trailmaking Test A & B,
Boston Naming Test, Depressive Features Battery Version II and the Geriatric Depression
Scale. Physical evaluations were also performed including blood tests and MRI. MCI was
diagnosed following the guidelines byGrundman et al. (2004). MCI was defined as either
abnormal memory determined by scoring below the education adjusted cutoff on the delayed
paragraph recall Logical Memory II subtest of the Wechsler Memory Scale – Revised
(Wechsler, 1987) (maximum score = 25, cutoff scores: less than or equal to 8 for 16 or more
years of education, less than or equal to 4 for 8-15 years of education, less than or equal to 2
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for 0-7 years of education) or a CDR memory score of 0.5-1.0 which is based on both
performance and informant data. All MCI cases were subtyped as amnestic MCI. In brief, all
MCI subjects have memory complaints confirmed by either logical memory or CDR informant
scoring (CDR = 0.5), global CDR of 0.5, abnormal memory for age, normal activities of daily
living, normal general cognitive function, and no dementia. All control subjects were without
objective memory impairment, have a CDR memory component of 0, global CDR of 0, and
were within normal ranges in neuropsychological tests. All subjects had normal thyroid
function and vitamin B12 levels. Subjects were excluded from the study when clinical
symptoms of other dementias, neurological diseases, history of major head trauma, or DSM-
IV major depression were present within the preceding 12-month period. Individuals with an
unstable medical condition, history of schizophrenia, and history of alcohol or substance abuse,
medicated with neuroleptics, chronic anxiolytics, or sedative hypnotics were also excluded.
There was no evidence of acute illness at the time of clinical evaluation or blood drawing and
no significant difference in the incidence of medical comorbidities, including hypertension,
diabetes and coronary heart disease (CHD) between controls and MCI subjects (percentage of
subjects previously diagnosed with hypertension: 17% control and 25% MCI; diabetes: 0%
control and 4% MCI; and CHD: 4% control and 6% MCI).

2.2. Immunophenotyping
Blood was drawn from each subject into ACD Vacutainer tubes (8.5ml; containing 1.5 mL of
trisodium citrate [22.0g / L], citric acid [8.0 g / L], and dextrose [24.5 g / L]) between 8 am
and 12 pm in the morning to avoid the influence of circadian rhythm on lymphocyte
subpopulations. The immunophenotyping panel consisted of the following labeled monoclonal
antibody (mAb) combinations: IgG1-FITC/IgG1-PE/CD45-Cy5PE (leukocytes), CD45-FITC/
CD14-PE/CD3-Cy5PE (total T lymphocytes), CD3-FITC/CD4-PE/CD45-Cy5PE (helper/
inducer T lymphocytes), CD3-FITC/CD8-PE/CD45-Cy5PE (suppressor/cytotoxic T
lymphocytes), and CD3-FITC/CD19-PE/CD45-Cy5PE (B lymphocytes). A 0.1 ml aliquot of
blood was incubated with each mAb combination for 20 min in the dark at room temperature
(RT). Erythrocytes were lysed with 2 ml of 1× VitaLyse (BioE, St. Paul, MN) for 60 min in
the dark at RT, and centrifuged at 1000 ×g for 1 min. Lysate was decanted, cells were vortexed
vigorously to resuspend the pellet, and then washed with 2 mL of 1× PBS, repeating the
centrifugation and decanting. Cells were resuspended in 0.5 ml 1× PBS and immediately
analyzed on a FACSort flow cytometer. CellQuest software (Becton Dickinson, Sunnyvale,
CA) was used for data analysis. Electronic gates were set to define total leukocytes: forward
scatter (FS, relative cell size) /side scatter (SS, cell granularity) and SS/CD45. Regions within
the SS vs. CD14 gates determined the subpopulations of granulocytes, monocytes, and
lymphocytes: CD14neg/SSlow (lymphocytes), CD14bright/ SSlow (monocytes), and CD14pos/
SShigh (granulocytes). Lymphocyte subsets were determined using the FS/SS (total leukocyte)
gate along with a CD45pos/SSlow gate. The instrument was calibrated with CaliBrite beads
(Becton Dickinson) using FACSComp software (Becton Dickinson) before each analysis. Cells
were identified by mouse monoclonal antibodies directly conjugated to either fluorescein
isothiocyanate (FITC) or R-phycoerythrin (PE), purchased from BD Biosciences, or Cy5-
phycoerythrin (Cy5PE), acquired from Caltag Laboratories (Burlingame, CA). Non-specific
staining was determined using the isotype controls, mouse mIgG1-FITC and mIgG1-PE, and
5000 lymphocyte events were analyzed per sample.

2.3. Amyloid precursor protein (APP) and amyloid-β peptide (Aβ)
Surface expression of APP and intracellular expression of Aβ in lymphocytes and monocytes
were determined using a mouse IgG1 monoclonal antibody directed against the epitope within
amino acids L18-R288 or P365-R411 of APP (R&D Systems, Minneapolis, MN), and a mouse
IgG1 monoclonal antibody recognizing an epitope within amino acid residues 1-12 of the Aβ
peptide (clone BAM-10, Sigma, Saint Louis, MO). FITC labeled goat anti-mouse IgG antibody
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(GAM-FITC; Pierce, Rockford, IL) was used as the secondary fluorescent label for both surface
APP and intracellular Aβ. For surface APP staining, whole blood (0.1 ml) was incubated with
primary antibody (0.5 mg/ml) for 20 min. Then cells were washed twice with 2 ml of 1× PBS,
followed by incubation with GAM-FITC (1:50 dilution) for 20 min in the dark at RT.
Erythrocytes were lysed with 2 ml of 1× VitaLyse for 60 min in the dark at RT and centrifuged
at 1000×g for 1 min. Lysate was decanted, cells were vortexed vigorously to resuspend the
pellet, and then washed with 2 ml of 1× PBS, repeating the centrifugation and decanting. Cells
were resuspended in 0.5 ml 1× PBS and immediately analyzed by flow cytometry. For staining
of intracellular Aβ peptide, following erythrocyte lysis, cells were fixed and permeabilized
using 0.1 ml of 1× PermaCyte-FP (BioE) for 2 h. After fixation, cells were centrifuged (1000
xg for 1 min) and supernatant decanted. Cells were incubated with the primary antibody for
20 min, washed twice with 2 ml of 1× PermaCyte-FP, and incubated with the secondary, GAM-
FITC, for 20 min. Cells were washed twice with 2 ml of 1× PermaCyte, centrifuged,
resuspended in 0.5 ml 1× PBS, and analyzed by flow cytometry. Electronic gates (FS/SS) were
used for analysis of lymphocytes and monocytes, and a minimum of 1000 monocyte events
were required for analysis.

2.4. Statistics
Data for immunophenotypes were evaluated with the non-parametric Mann-Whitney U test
since cell markers are known to have a non-Gaussian distribution (Lombardi et al., 1999). The
flow cytometry data for APP and Aβ expression were analyzed by both comparing the
percentage of cells of a certain population expressing the marker of interest and comparing the
mean fluorescence units of each population. Since lymphocyte APP expression is known to
have a normal distribution (Ledoux et a., 1993;Pallister et al., 1997), comparison of APP and
Aβ expression between groups was done using the student’s t test. Data are presented as means
± SEM, and a P value of < 0.05 was chosen to indicate statistical significance. There was no
significant difference in gender distribution as determined by chi square analysis or in age or
education as determined by the student’s t test between MCI subjects and controls. All statistics
were performed using the SPSS 12.0.1 software.

3. Results
3.1. Immunophenotyping

We analyzed the relative percentage of leukocyte subpopulations in circulation, i.e.,
lymphocytes, monocytes, and granulocytes, as well as lymphocyte subsets, including T helper/
inducer, T suppressor/cytotoxic, and B lymphocytes in subjects with MCI. Compared to
healthy elderly controls, the percentage of total lymphocytes was significantly lower in MCI
subjects (p = 0.02, Table 1). By contrast, the proportion of granulocytes was significantly higher
in MCI patients versus controls (p = 0.04). No difference was seen in the percentage of
monocytes between the groups. The relative proportion of lymphocyte subsets (T and B cells)
indicated a trend that approached statistical significance toward lower percentages of CD3+

cells and CD3+CD4+ cells in MCI subjects compared to controls. Similarly, the percentage of
CD8+ cells and the ratio of CD4+/CD8+ cells did not significantly differ between the two
groups. No correlation between the proportion of lymphocytes and granulocytes and patient
age was seen. Thus, the percentage of lymphocytes and granulocytes, but not lymphocyte
subtypes studied, were altered in MCI subjects compared to that in controls.

3.2. APP and Aβ
We also analyzed APP and Aβ expression on lymphocytes and monocytes from subjects with
MCI compared to elderly controls. Although a small proportion of lymphocytes were positive
for surface APP expression, both the percentage (9.42% ± 0.79 in controls versus 12.83% ±
1.37 in MCI, p = 0.01) and mean fluorescence (115.9 ± 5.0 in controls versus 138.9 ± 7.3 in
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MCI, p = 0.001) of lymphocytes expressing surface APP were significantly higher in MCI
subjects compared to controls (Figure 1). By contrast, Aβ expression in lymphocytes did not
differ between the two groups. Monocytes represented approximately 4-11% of PBMCs in
both MCI subjects and controls, and approximately 50% of the monocytes gated showed
expression of APP while nearly 100% had Aβ expression in both subject groups. However,
there were no significant differences in the expression of APP or Aβ peptide in monocytes
between MCI subjects and elderly controls. Thus, APP expression was increased in
lymphocytes but not monocytes in MCI relative to controls, and Aβ expression did not differ
between the two patient groups in either cell type.

4. Discussion
The purpose of this study was to characterize leukocyte phenotypes and determine differences
in the expression of APP and Aβ in peripheral blood cells from MCI subjects relative to elderly
controls. We have found a decrease in the percentage of total lymphocytes and a concomitant
increase in granulocytes, with no change in monocytes, in MCI subjects compared to controls.
The findings support the hypothesis that changes in certain peripheral immunophenotypes
occur in MCI patients. The decrease in lymphocytes in MCI subjects is consistent with reports
of a decrease in the proliferative ability of lymphocytes from AD patients compared to controls
(Shalit et al., 1995). Furthermore, our results of increased granulocytes in MCI subjects are in
agreement with the findings of Licastro et al. (1994)who found granulocyte activity to be
increased in AD but not in Parkinson’s disease patients, suggesting an inflammatory state
specific to AD. An increase in oxidative stress and the expression of CD11b, important in
transendothelial migration, in neutrophils from AD patients compared to controls has also been
reported (Scali et al., 2002;Vitte et al., 2004). We do not know if the increase in granulocytes
we found in our MCI subjects was accompanied by an increase in their activity since we did
not measure granulocyte activity, but our findings of increased granulocytes give evidence for
an early inflammatory state in AD. Therefore, the decrease in lymphocytes and elevation in
granulocytes in MCI subjects may indicate changes in the relative balance of immune responses
in MCI that could be predictive of clinical manifestations of the progression to AD.

In another important aspect, the distribution of lymphocyte subpopulations was similar
between MCI and elderly controls. MCI subjects tended to have a lower percentage of CD3+
cells (total T lymphocytes) and CD3+CD4+ cells (helper/inducer T lymphocytes) compared
to controls but these did not reach significance. Moreover, although MCI subjects had a slightly
lower proportion of CD4+ cells, we saw no differences in the percentage of CD8+ cells and
the ratio of CD4+/CD8+ cells between MCI and controls. These results are in agreement with
other investigators who have found no differences in the distribution of CD4+ and CD8+ cells
and CD4+/CD8+ ratios in AD patients compared to controls (Richartz-Salzburger et al.,
2006;Ikeda et al., 1991).

Findings that leukocytes express APP have led to studies of amyloid metabolism in AD
patients. Increased expression of APP mRNA and protein in lymphocytes and monocytes has
been demonstrated in AD patients, suggesting that the same alterations in APP expression
leading to amyloid deposition in the brain may be reflected in peripheral immune cells (Pallister
et al., 1997;Jung et al., 1999;Jiang et a., 2003) and/or potentially be a source for abnormal
amyloid deposited in the brain (Allen et al., 1991;Reale et al., 2005). We investigated APP and
Aβ expression in lymphocytes and monocytes from subjects with MCI to determine if similar
alterations could be observed in a preclinical stage of AD. Compared to controls, we found
significantly higher lymphocyte APP expression in MCI subjects. However, the expression of
APP and Aβ in monocytes did not differ between the two groups. Only a small proportion of
lymphocytes were positive for surface APP for both patient groups which is consistent with
findings by Bullido et al. (1996)who demonstrated that B lymphocytes express surface APP
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while no APP expression is observed in T lymphocytes. Thus, the lymphocytes staining for
APP in our study are likely to be B lymphocytes, but since we examined total lymphocyte
staining for APP, the determination of the subpopulation of lymphocytes expressing APP must
be confirmed by costaining for cell specific markers. Increased APP could be a source for
circulating Aβ that may be linked to Aβ deposited in CNS vasculature. In addition to APP, we
also examined intracellular Aβ as increasing evidence suggests that intracellular Aβ
accumulation precedes plaque and neurofibrillary tangle formation and is an early event in the
disease process (Wilson et al., 1999;Gouras et al., 2000;Gouras et al., 2005). Kienlen-Campard
et al. (2002)have shown that long term expression of human APP in rat cortical neurons induce
neuronal apoptosis that is dependent on intracellular but not extracellular Aβ. In this study, no
differences in intracellular Aβ expression in lymphocytes or monocytes were found. Increased
APP without a concomitant elevation in Aβ could indicate changes in the processing of APP
or an increase in the secreted form of Aβ although this would need to be confirmed as we did
not measure secreted Aβ. Moreover, APP and Aβ were also measured in granulocytes, as this
population showed an increase in MCI, but no differences were seen between controls and
MCI subjects (data not shown). It remains unclear whether increased APP expression in
lymphocytes from MCI subjects reflects an emerging dysfunction in APP metabolism seen in
APP expressing cells in general, including neurons, in AD or is a causative factor in the disease.
Either way, alterations in peripheral blood cells may prove to be an accessible biomarker for
diagnosis and study as to the mechanisms underlying AD (Jung et al., 1999).

A limitation to this study is the presence of confounding factors such as hypertension, diabetes
and CHD which have been associated with both dementia (Qiu et al., 2005; Bergmann & Sano,
2006) and peripheral immune dysregulation (Aukrust et al., 2005;Kempf et al., 2006;Zuliani
et al., 2006) although no differences in their incidence between controls and MCI subjects were
found. Furthermore, the changes in the proportions of lymphocytes and granulocytes, and
lymphocyte APP expression are relatively small and may not have immediately apparent
clinical consequences in MCI. However, a chronic imbalance in granulocytes and lymphocytes
may predispose to increased inflammatory responses, and overexpression of APP in
lymphocytes, which may reflect similar processes in the brain, could lead to increased
deposition of Aβ and promote the development of AD pathology. The detection of these
changes at a pre-clinical stage of AD could also aid in the development of biomarkers for AD.
However, the second limitation to this study is the heterogeneity of the MCI subjects as not all
of them will transition into AD. Progression rates from MCI to AD of 10-15% per year have
been reported in several studies (Grundman et al., 2004) but other groups have reported varying
progression rates, such as 5% (Thal et al., 2005). Future studies will be necessary to determine
the specificity of these immune changes in MCI subjects that progress to AD versus those who
remain as MCI.

In conclusion, our results show an alteration in the peripheral immune response in MCI.
Decreased lymphocytes and increased granulocytes in MCI patients compared to elderly
controls may indicate a disturbance in the balance of the immune response in the preclinical
stages of AD. Furthermore, we detected increases in peripheral APP expression in MCI, a
change previously reported in AD. Whether both alterations are a cause or consequence of
disease progression remains to be investigated. These results have implications in elucidating
the role of peripheral immune factors in the pathogenesis of AD and allowing for monitoring
of disease progression and response to therapeutics.
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Figure 1.
Cell surface amyloid precursor protein (APP) and intracellular amyloid beta peptide (Aβ)
expression in lymphocytes and monocytes as percentage of positively-labeled cells or as mean
fluorescence levels in MCI subjects (n = 48) and healthy elderly controls (n =24). Data are
shown as mean (± SEM). * statistically significant, p < 0.05 compared to controls.
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Table 1
Peripheral blood leukocyte subpopulations expressed as a percentage of total leukocytes (SD) and lymphocyte
subpopulations (T lymphocyte subsets and B lymphocytes) expressed as a percentage of total lymphocytes (SD) in
MCI subjects (n = 48) and elderly controls (n =24).

MCI subjects Mean (SD) Elderly controls Mean
(SD)

P values

CD45bright/SSlow (Lymphocytes) 25.06 (9.05)* 28.87(7.97) p= 0.02
CD45dim/SShigh (Granulocytes) 67.28(9.61)* 64.07(8.23) p= 0.04
CD45bright/CD14+ (Monocytes) 7.33(2.01) 6.72 (1.86) ns
CD3 (T lymphocytes) 64.64(10.14) 68.64(8.00) p= 0.06
CD3CD4 (Helper/inducer T lymphocytes) 42.12(14.26) 48.81(9.79) p= 0.06
CD3CD8 (Suppressor/cytotoxic T lymphocytes) 24.55(17.77) 24.31(11.74) ns
CD4/CD8 ratio (Helper/Cytotoxic T
lymphocytes)

2.25(1.58) 2.53(1.39) ns

CD19(B lymphocytes) 11.26(9.58) 10.26(4.60) ns

*
statistically significant, p < 0.05 vs. controls; ns, not significant.
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