Effect of age on human neutrophil function
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Abstract: Neutrophil phagocytosis, reactive oxy-
gen intermediate production (intra- and extracellu-
lar), neutrophil bactericidal activity, and chemo-
taxis/chemokinesis were assessed in three age
groups: 21-36, 38-56, and 62-83 years. A signifi-
cant age-dependent reduction in the number of
phagocytized Escherichia coli per neutrophil (mea-
sured by acridine orange staining) and Staphylococ-
cus aureus phagocytosis (measured by flow cytome-
try) was seen (r = 0.669 and r = 0.684., P < 0.001
for both). These findings correlated with an age-
dependent increase in intracellular calcium concen-
trations in resting neutrophils (r = 0.698, P <
0.001) and a reduced hexose uptake (r = 0.591,
P < 0.01). In addition, a significant reduction in
the intracellular reactive oxygen production was
seen after stimulation with S. aureus (P < 0.001)
with increasing age. In contrast, no differences
between the groups in reactive oxygen production
was seen after stimulation with E. coli. The neutro-
phil bactericidal activity was impaired with increas-
ing age (64 * 4% of the phagocytized bacteria
were killed in group 1; 66 * 2 in group 2, and 59 *
6 in group 3; P < 0.01). In addition, a trend
toward a reduced neutrophil chemotaxis was seen
with increasing age (P = 0.022). The findings
suggest that increased intracellular calcium concen-
trations in resting neutrophils and/or a reduced
hexose uptake result in reduced phagocytic ability
and decreased bactericidal activity of neutrophils

in the elderly. J. Leukoc. Biol. 67: 40-45;2000.
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INTRODUCTION

Elderly subjects suffer higher rates of morbidity and mortality
from infectious diseases [1]. Because neutrophils are the
leukocytes that respond most rapidly to invasion by pathogens,
an age-related decline in neutrophil function may be partially
responsible for this increased susceptibility to infections.
Although the elderly possess a normal number of neutrophils, a
decrease of their function has been demonstrated. Using a
variety of stimuli, age-related decreases have been demon-
strated in superoxide production, phagocytic ability [2—4],
cytotoxicity, and enzyme release [5-10]. In addition, reduced
neutrophil adhesion and age-dependent reductions of Fe¢ gamma
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receptor-mediated neutrophil effector function have been de-
scribed [11-15]. The cytosolic concentration of free calcium
({Ca%™];) plays an important role in the control of many
neutrophil functions. A wave of elevated cytosolic calcium
usually spreads through human neutrophils during phagocyto-
sis [16], mediating the phagosome-lysosome fusion [17] by
control of the actin network [18]. In addition, increases in
paraphagosomal [Ca?"]; were closely related to neutrophil
superoxide production [19, 20]. A diminished ability of calcium
mobilization in stimulated neutrophils has been linked to
reduced chemotaxis, superoxide anion production, and lytic
enzyme activity [21]. In addition to calcium concentrations the
carbohydrate metabolism of neutrophils was shown to affect
their function [22, 23].

In this study we analyzed the effect of age on cytosolic free
calcium concentration and hexose transport in relation to
neutrophil phagocytosis, intra-, and extracellular reactive oxy-
gen production, neutrophil bactericidal ability, and chemokine-
sis/chemotaxis.

METHODS

Subjects

Thirty-four healthy subjects from three age groups were studied for percent
phagocytosis, number of Escherichia coli per neutrophil, bactericidal ability, extracel-
lular reactive oxygen production, hexose and calcium metabolism, and chemotaxis/
chemokinesis: group 1 (21-36 years; mean * sp 27 = 5;n = 11, 5 female, 6
male); group 2 (38-56 years; mean * sp 45 * 7; 6 female, 6 male; n = 12); and
group 3 (62-83 years; mean = SD 71 = 7; 5 female, 6 male; n = 11).

In addition, 47 healthy subjects [group 1 (22-36 years; mean * sp 27 * 4;
n = 12, 6 female, 6 male); group 2 (38-57 years; mean = sp 46 = 6; 8 female, 8
male; n = 16); and group 3 (64-92 years; mean * sD 74 * 6; 9 female, 10 male;
n = 19)] had phagocytosis and intracellular reactive oxygen production
assessed by flow cytometry after stimulus with E. coli or Staphylococcus aureus.
These two pathogens were chosen as stimuli to elucidate potential differences
between the neutrophil response to gram-negative and gram-positive bacteria.
All subjects were free of diseases affecting the immune system, cancer, or
infections and were taking no antiinflammatory drugs, corticosteroids, or calcium
antagonists, and were selected according to the SENIEUR protocol [24].

Neutrophil isolation

Neutrophils were isolated from venous blood of healthy subjects according to
Nauseef et al. [25] and Metcalf et al. [26]. Ten milliliters of Ficoll-Paque
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(Pharmacia LKB Biotechnology, Uppsala, Sweden) were overlaid by 10 mL of
whole blood anticoagulated with 10 pL of heparin sodium (Liquemin Roche iv.,
Hoffmann-La Roche, Basel, Switzerland). After approximately 45 min, most of
the erythrocytes sedimented into the Ficoll layer. Granulocytes, monocytes,
lymphocytes, and thrombocytes in the plasma supernatant were separated on a
Percoll (Pharmacia) density gradient. After isolation of the neutrophil band, the
cells were washed twice with the buffer used in the in vitro test and counted
under the microscope. The viability of the neutrophil population obtained by
this procedure was greater than 95%, as determined by the trypan blue (Sigma,
St. Louis, MO) exclusion test.

Phagocytosis and intracellular killing
(microscopy assay)

Phagocytosis and intracellular killing of opsonized E. coli were performed as
described by Moiola [27]. The E. coli strain ATCC 25922 was grown overnight
in 3 mL of Columbia Broth (Life Technologies, Paisley, UK). After harvesting
and washing the cells with Hanks’ buffer (with Ca/Mg), 10% E. coli/mL were
opsonized by incubation with 1/10 volume of autologous serum for 30 min at
37°C. Four hundred microliters containing 2 X 10° neutrophils were incubated
with 2 X 107 E. coli for 30 min at 37°C. Thereafter, 1 mL of ice-cold Hanks’
buffer was added, centrifuged for 7 min at 160 g, and the supernatant removed.
The pellet was stained by addition of 200 pL acridine orange (1.44 mg/100 mL
Hanks’ buffer) for 1 min. After addition of 1 mL ice-cold Hanks’ buffer, 500 pL.
of this suspension was centrifuged (cytocentrifuge, 5 min, 10,000 rpm) and the
supernatant was removed. Phagocytosis and intracellular killing were evaluated
under the fluorescence microscope: the DNA of living E. coli cells react with
acridine orange to fluoresce green, whereas killed cells appear orange. All tests
were performed in duplicate. Data are expressed as percentage of bacteria
phagocytized and killed by neutrophils.

Oxidative metabolism (cytochrome c reductase)

Reactive oxygen intermediate (ROI) production by neutrophils was determined
by measuring superoxide dismutase-inhibitable reduction of cytochrome ¢
according to Nauseef et al. [25]. Neutrophils were resuspended in Hanks’ buffer
at a concentration of 3 X 10° cells/mL. One 250-pL cell suspension per tube
was preincubated for 5 min at 37°C. Thereafter 10 pL of buffer or phorbol
myristate in a final concentration of 1.3 X 10 M was added at 37°C for 15 min.
Fifty microliters of cytochrome ¢ (80 pmol) and 150 pL of Hanks’ buffer were
added and further incubated for 30 min at 37°C in a shaking water bath. The
tubes were centrifuged at 300 g for 15 min at 4°C. The supernatant was
decanted and read at 550 nm. Data are expressed as nmol/L Oy~ produced by
the 2 X 10° cells. The calculation was made using the molar extinction
coefficient of 29.9 X 10% mol/L.

Intracellular Ca2* concentrations
and hexose transport

The basal levels of intracellular [Ca?*]; in neutrophils were measured with
Fura-2/AM, using a Perkin-Elmer fluorometer, model LS 5B (Perkin-Elmer,
Norwalk, CT). The details of this method have been reported by Alexiewicz et
al. [28]. The dissociation constant for Ca?*-Fura-2 was assumed to be 225 mM,
and the calculation of [Ca?"]; was made using the Grykiewicz equation [29].
The hexose transport was determined before and after stimulation of the
neutrophils as described [22]. In addition, the percentage increase was
calculated. All tests were performed in duplicate. Data are expressed as
nanomoles per liter.

Chemotaxis and chemokinesis assay

Neutrophils were resuspended in Hanks’ buffer at a concentration of 1 X 10°
cells/10 pL. N-formyl-methionyl-leucyl-phenylalanine (fMLP; Sigma) was used
as a chemoattractant. The assay was performed using the under-agarose method
[29]. The agarose plates were incubated for 100 min at 37°C. Then the cells
were fixed with methanol and paraformaldehyde and stained with Giemsa. The
distance the cells migrated under the agarose was measured under the
microscope. Chemotaxis, chemokinesis, and effective chemotaxis (chemotaxis-
chemokinesis) were assessed.

Phagocytosis and oxidative metabolism
(FACS-analysis)

Phagocytosis and ROI production by neutrophils was determined by flow
cytometry according to Wenisch et al. [30]. Briefly, heat-killed Staphylococcus
aureus ATCC 25923 or E. coli ATCC 25922 (10%/ml) were labeled with
fluorescein isothiocyanate (FITC) as previously described [30]. DHR 123 was
purchased from Molecular Probes Inc. (Eugene, OR) and dissolved in
N,N-dimethyl formamide (Sigma Chemicals, Munich, Germany) at a concentra-
tion of 3 pg/mL. Phagocytic capacity was assessed by adding 10 pL of
pre-cooled FITC-labeled S. aureus or E. coli to 100 pL of heparinized whole
blood incubated for 10 min at 37°C. Thereafter the samples were washed twice
in phosphate-buffered saline (PBS, pH 7.4). Finally, 2 mL FACS-lysing solution
(Becton Dickinson) were added. After 20 min the samples were washed again
and resuspended in 100 pL of PBS containing propidium iodide (PI) at a
concentration of 50 pg/mL for DNA staining and kept on ice until analysis. For
analysis of ROI production blood samples were stimulated with 25 pL of E. coli
or S. aureus (10%/mL; ATCC 25922 or ATCC 25923, respectively, not labeled) at
37°C. After 10 min 25 pL of the DHR solution was added. After another 10 min
at 37°C 2 mL of FACS-lysing solution was added and incubated for 20 min at
room temperature. Thereafter the samples were washed with PBS and
resuspended with 100 pL of PBS containing PI at a final concentration of 50
pg/mL for DNA staining. The cells were analyzed on a standard FACScan flow
cytometer (Becton Dickinson). For each measurement, 10,000 events were
collected. To exclude cell debris and non-phagocytized bacteria, a live gate was
set on Pl-stained leukocytes during acquisition in FL2. For analysis of the ROI
production, the shift to the right in FL1 (green) was determined. The amount of
cleaved substrate was estimated by the mean fluorescence using the statistical
option of the FACScan software. Similarly, the amount of phagocytized bacteria
was assessed by a shift in mean fluorescence to the right (FL1). The mean
fluorescence of both assays was compared with unstimulated controls. Daily
alignment and calibration of the instrument was done using fluorescence beads
(Calibrite, Becton Dickinson). The beads were put into the same histogram
channel every day.

Statistical analysis

Differences between groups were calculated using one-way analysis of variance
(ANOVA). Pearson’s correlation was used for correlations. All the analyses were
two-sided and differences with a P value less than 0.01 were considered
significant.

RESULTS

Neutrophil phagocytosis and bactericidal function

The effect of age on neutrophil phagocytosis and bactericidal
ability (fluorescence microscopy assay and flow cytometry
assay) is depicted in Table 1.

In the fluorescence microscopy assay (n = 34), the percent of
phagocytizing cells and the number of E. coli per neutrophil
were significantly reduced (P < 0.001 and P = 0.002,
respectively) with increasing age. This reduction correlated
with the age of the participants (- = 0.669 and 0.762,
respectively, Fig. 1, P < 0.01 for both).

In addition, an age-dependent reduction in neutrophil bacte-
ricidal ability was seen (n = 34, P = 0.000, Table 1).

By flow cytometry (n = 47), a significant reduction was seen
in the phagocytosis of S. aureus (P < 0.001, Table 2) as well as
a trend following stimulation with E. coli (P = 0.068, Table 2).
In addition, the reduction in neutrophil phagocytosis of S.
aureus correlated with the age of the participants (r = 0.684,
Fig. 2, P < 0.01).
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TABLE 1. Age and Indices of Neutrophil Function
Phagocytosis Phagocytosis Bactericidal activity Burst Burst Burst
(percent (E. coli per (percent killed (basal, (stimulated, (percent
Age group phagocytizing cells) neutrophil) bacteria) nmol/L) nmol/L) increase)
1(21-36,n =11) 91 £25 7.1+ 1.7 04 £ 4 0.37 £0.2 14.9 = 0.8 97 £ 1
2 (38-56, n = 12) 39 £ 2.6 6.4+ 0.9 66 = 2 0.34 = 0.2 15.6 = 1.5 97+ 1.6
3(62-83,n = 11) 74+ 1.2 49 *+ 1.1 59*+6 0.51 £0.2 15.0 = 0.9 96 + 1.3
P (ANOVA) <0.001 0.002 0.006 0.131 0.392 0.134

Neutrophil function indices are: neutrophil phagocytosis of E. coli and bactericidal ability (percent killed E. coli) analyzed by fluorescence microscopy

(mean * sp); and extracellular respiratory burst (cytochrome ¢ reduction assay, mean = Sp).

Reactive oxygen production

A significant reduction in neutrophil intracellular respiratory
burst was seen after stimulation with S. aureus with increasing
age (flow cytometry, n = 47, P < 0.001, Table 2). In contrast,
no differences between the age groups were observed in the
extracellular (basal, stimulated, and percentage increase, cyto-
chrome reduction assay, n = 34, Table 1) or intracellular
reactive oxygen intermediate production assessed by flow
cytometry after stimulation with E. coli (n = 47, Table 2). In
addition, no relation between extracellular reactive oxygen
production and neutrophil bactericidal ability was seen (P >
0.05 for all comparisons).

Intracellular calcium concentrations
and hexose transport

The results of intracellular calcium concentrations and hexose
transport in the three age groups are shown in Table 3. A
significant age-dependent increase in intracellular calcium
concentrations was seen in resting neutrophils (n = 34, P <
0.001 by ANOVA, Table 3; and r = 0.698, by Pearson
correlation, Fig. 3, P < 0.01). After stimulation with fIMLP, the
influx of intracellular calcium (percentage increase) was re-
duced by increasing age (P = 0.003) and a trend toward a
diminished intracellular calcium concentration after stimula-
tion was seen with increasing age (n = 34, P = 0.057 by
ANOVA, Table 3). Basal intracellular calcium concentrations
were inversely related to the number of phagocytized E. coli per
neutrophil (r = 0.557, n = 34, P < 0.01 by Pearson’s
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Fig. 1. The correlation between age and number of phagocytized E. coli per
neutrophil analyzed by fluorescence microscopy (P < 0.01, Pearson’s correla-
tion) is shown.
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correlation) and percent phagocytosis (r = 0.622, n = 34, P <
0.01 by Pearson’s correlation).

Basal, stimulated (fMLP), and percentage increase of intracel-
lular hexose was reduced in an age-dependent manner (n = 34,
P < 0.001, P < 0.001, and P = 0.0006, respectively, by
ANOVA, Table 3). In addition, the basal and stimulated hexose
uptake correlated with age (r = 0.503 and 0.592 by Pearson’s
correlation, respectively, P < 0.01 for both). In addition,
significant correlations between basal and stimulated hexose
transport and percent phagocytosis and number of phagocytized
E. coli was observed (n = 34, P < 0.01 for all comparisons,
respectively). In addition, the trend to a relation between the
hexose transport and neutrophil bactericidal ability (r = 0.469,
P = 0.054) was seen.

Chemokinesis/chemotaxis

The results of the chemokinesis/chemotaxis assays are shown in
Table 4. No differences between the age groups were seen in
neutrophil chemokinesis. However, a trend toward a reduction
in neutrophil chemotaxis and effective chemotaxis was seen
with increasing age (n = 34, P = 0.022 and P = 0.023,
respectively, by ANOVA, Table 4).

DISCUSSION

Age-related decreases in cellular function have been attrib-
uted to reductions in transmembrane signaling efficiency in a
variety of cell types, including lymphocytes [31-35], parotid
cells [36-38], neurons [39], and pituitary cells [40]. Previously,
in neutrophils from aged individuals, reduced chemotactic
peptide-induced transmembrane signaling was shown to lead to
a reduction in chemotaxis [41], superoxide anion production
[42], and lytic enzyme activity [42]. These results have been

TABLE 2. Age and Indices of Neutrophil Function
Phagocytosis Respiratory burst
FACS
age group S. aureus E. coli S. aureus E. coli

1(22-36,n = 12) 3071 =613 240 =63 122+ 1.3 434 £178
2(38-57,n = 16) 2341 =705 226 =84 14.3 = 1.2 459 £ 13.1
3(64-92,n =19) 1845 =421 177 =84 11.9 = 0.7 48.9 = 14.8
P (ANOVA) <0.001 0.068 <0.001 0.652

Indices of neutrophil function are: phagocytosis of S. aureus and E. coli and
intracellular reactive oxygen production after stimulation with S. aureus or E.
coli analyzed by flow cytometry (the mean fluorescence channel = sp are
shown).
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Fig. 2. The correlation between age and neutrophil phagocytosis of FITC-
labeled S. aureus analyzed by flow cytometry (P < 0.01, Pearson’s correlation)
is shown.

linked to a diminished ability of calcium mobilization in
fMLP-stimulated neutrophils from aged persons [21].

We found an age-dependent decrease in neutrophil phago-
cytic ability, which was related to both increased basal levels of
intracellular calcium and an age-dependent reduced hexose
transport. In addition, we found a trend toward reduced
chemotaxis with increasing age, which corresponds to previous
findings [41]. A significant reduction in the intracellular
reactive oxygen production was seen after stimulation with S.
aureus. In contrast, we did not see adverse affects of aging on
the intra- or extracellular production of reactive oxygen species
after stimulation with E. coli.

The latter corresponds to the findings of Lipschitz et al. [43],
Rossi et al. [44], and Peveri et al. [45], who demonstrated that
aging had no effect on the reduction of the second messenger
phosphatic acid, which has been shown to serve as the major
activator of the NADPH oxidase. However, after stimulation by
fMLP, neutrophils from elderly individuals generated signifi-
cantly less diacylglycerol and inositol triphosphate than neutro-
phils from young donors [43]. The missing age-related decre-
ment in superoxide generation could thus be related to the
compensation by adequate amounts of phosphatic acid produc-
tion, which is not significantly compromised with age [43]. The
difference in the response to the different organisms (E. coli and
S. aureus) with respect to reactive oxygen production might
relate to differences in bacterial cell wall components and their
interaction with neutrophil surface receptors. In contrast to
S. aureus, the internalization of E. coli by a CD14-dependent,
calcium-independent mechanism [46], which is not affected by
aging, could be an explanation for the age-independent reactive
oxygen production in neutrophils after phagocytosis of E. coli.
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Fig. 3. The correlation between age and an increase of intracellular calcium
levels in resting neutrophils (P < 0.01, Pearson’s correlation) is shown.

In addition, other studies suggest that the response of the aged
host to gram-negative bacteria might be increased and associ-
ated with a poor outcome. This could be related to the priming
effect of bacterial lipopolysaccharide involving heterogeneity in
calcium-mediated signal transduction [47].

A negative effect of elevated intracellular calcium on
neutrophil phagocytic ability has previously been demonstrated
in patients with diabetes mellitus and/or patients receiving
long-term hemodialysis [48, 49]. Herein, neutrophils evince a
smaller increase in calcium levels after cellular stimulation
[48]. In our study, the individuals of all age groups had no
evidence for renal impairment and/or diabetes mellitus. How-
ever, the effect of increased basal concentrations of intracellu-
lar calcium on neutrophil phagocytosis in the elderly corre-
sponds to the findings in patients with diabetes and/or
hemodialysis. From a clinical point of view, it could be
speculated that the reduced S. aureus-stimulated intracellular
reactive oxygen production in patients with elevated intracellu-
lar calcium concentrations leads to the particular susceptibility
to infections with S. aureus in these patients.

How might increased intracellular calcium levels in neutro-
phils impair their function? Normally, neutrophil activation is
dependent on a rapid, phospholipase C-mediated increase in
intracellular calcium levels from less than 50 nmol/L to
micromolar concentrations [50]. Thus an intriguing hypothesis
is that increased calcium levels in resting neutrophils is also
associated with a lesser increase of intracellular calcium levels
after cellular stimulation. In addition, it has been shown that
fMLP-triggered calcium extrusion is decreased with aging [51].

Indeed, in another study nifedipine partially corrected
intracellular calcium levels in neutrophils from patients with

TABLE 3.  Age and Indices of Neutrophil Function

Calcium Calcium Calcium Hexose Hexose Hexose

(basal, (stimulated, (percent (basal, (stimulated, (percent
Age group nmol/L) nmol/L) basal/stimulated) nmol/L) nmol/L) basal/stimulated)
1.:21-36a,n =11 29 = 4.4 452 £ 156 93 =20 12,038 = 3104 35,260 £ 9796 65+ 7
2.:38-56 a,n = 12 39 *4.8 522 = 111 92 + 25 14,539 *+ 3857 31,468 £ 8510 52+ 11
3.:62-83 a,n =11 44 * 8.6 425 * 60 89+ 26 6917 £ 1355 20,363 £ 3299 65+ 7
p-value (ANOVA) <0.001 0.057 0.003 <0.001 <0.001 0.006

Indices of neutrophil function are: intracellular calcium and hexose transport (mean = sD).
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TABLE 4.  Age and Indices of Neutrophil Function
Effective
Age group Chemokinesis Chemotaxis chemotaxis
1(21-36,n = 11) 0.64 £0.2 5.06 = 0.76 4.42 £ 0.65
2 (38-56,n = 12) 0.49 £ 0.1 4.39 = 0.65 3.9 £0.62
3(62-83,n =11) 0.56 £ 0.14 4.08 = 0.76 3.52 £0.74
P (ANOVA) 0.087 0.022 0.023

Indices of neutrophil function are: chemokinesis, chemotaxis, and effective
chemokinesis (um, mean = SD).

and without diabetes who were receiving hemodialysis and
substantially improved the cellular phagocytic ability [52].
However, because increased calcium levels in patients who
receive hemodialysis are largely attributable to abnormalities
in parathyroid hormone metabolism, extrapolation of these
findings to neutrophils from elderly patients may not be
appropriate. Furthermore, caution is in order because verapa-
mil not only inhibits neutrophil calcium influx but also inhibits
activation of neutrophil oxidative metabolism [53].

In addition to altered intracellular calcium levels, decreased
hexose transport has been seen with aging in both resting and
stimulated neutrophils in this study. Again, a decreased hexose
uptake has been described in patients receiving long-term
hemodialysis [22]. In this study [22], the elimination of
dialyzable factors improved, but did not restore, neutrophil
hexose uptake. Because neutrophil phagocytosis is an energy-
dependent process, a decreased hexose uptake in the elderly
could in part explain the reduced phagocytic ability. This
hypothesis is supported by the demonstration of a reduced
activity of the hexose monophosphate shunt pathway in patients
with end-stage renal disease leading to decreased neutrophil
phagocytosis [54].

In conclusion, we found an age-related decreased hexose
uptake and intracellular calcium levels in resting neutrophils,
which were related to an impairment of neutrophil phagocytosis
and bactericidal ability. These findings were similar to previous
findings in patients with diabetes mellitus and/or patients
receiving hemodialysis [48, 54]. In addition, a diminished S.
aureus-stimulated intracellular reactive oxygen was found that
could explain the particular susceptibility to this pathogen in
these patients. It may be tantalizing to speculate that pharmaco-
logical modulation of intracellular calcium levels and/or hexose
uptake may improve neutrophil function and reduce the risk for
infection in elderly patients.
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