
Abstract. Neutrophil (PMNL) function is influenced by
factors released by other immune cells during the course of
the immune response. We investigated the effect of
neutrophil cell density and the effect of supernatant of the
phagocytosis assay on the phagocytosis activity of PMNLs.
The measurements were carried out with naive (control)
PMNLs of healthy donors and with PMNLs obtained from
patients with severe tissue injury. Phagocytosis index (FI) of
PMNLs was determined at cell densities of 7.5x105/ml and
15x105/ml. E. coli phagocytosis of heparinized whole blood
from healthy donors and patients with severe tissue injury
was measured and evaluated at three different cell densities
(normal, half, and double densities) by flow cytometry.
Supernatants of phagocytosis assays of either control or
trauma (ISS >18) patient PMNLs were added to the assay
suspensions of control and trauma PMNLs. An increase in cell
density of healthy donor PMNLs increased yeast phagocytic
activity. In cases of tissue injury, PMNLs showed increased
phagocytic activity at lower cell densities. E. coli phagocytosis
was increased with the increase of cell density, and tissue
injury PMNLs were more active at each cell concentration
compared to naive cells. Polytrauma supernatants in most
cases inhibited, while healthy supernatants mostly increased
the yeast phagocytosis of healthy and trauma PMNLs. These
results reinforce the idea that primed PMNLs in the presence
of microbial agents produce factor(s) which inhibit some of
the cell's antimicrobial functions contributing to immune-
dysfunction, while unprimed PMNLs produce factor(s) which
facilitate antimicrobial countermeasure. These results also

demonstrate that reduced phagocytosis of tissue injury primed
PMNLs is not due to cytoskeletal changes but to the humoral
environment.

Introduction

Severe tissue injuries, like multiple trauma, acute pancreatitis
or major operations almost immediately induce the activation
of the immune system. Tissue damage activates first the
humoral systems followed by the activation of tissue masto-
cytes, macrophages, granulocytes and thrombocytes by
mediators released from the injured cells. Activation of the
immune cells results in further mediator release which attracts
a plethora of inflammatory cells to the site of injury (1-8).

While circulating leukocytes led by chemotactic factors
adhere to and migrate into tissues, their local cell concentration
may change and their contacts to the endothelium or to other
tissue components and to each other may influence their
functions. Finally, the functions of leukocytes are greatly
determined by humoral agents excreted by various cell types
in the given micro-environment of the invaded tissue (9).
Components of this micro-environment are also the solubile
factors that are released by the activated neutrophils. The cell
density of the present PMNLs therefore corresponds with the
amount of solubile factors released and respectively whether
these factors have a facilitating or inhibitory effect on various
neutrophil functions, the PMNL density in the tissue itself may
influence PMNL function (10,11). However, these functions
cannot be measured easily, hence their modelling is only partly
possible (12-16). Only a few studies have been made to
analyze the effect of neutrophils on each others' functions at
different cell densities (17-21).

Polymorphonuclear leukocytes (PMNLs) have a major role
in the elimination of pathogenes and also in the development
of SIRS and MODS (22,23). In SIRS and MODS neutrophils
may fail to eliminate pathogens compared to what is expected
under healthy conditions, although they release large amounts
of oxygen free radicals and destructive enzymes.

In our current investigation we studied two models of
phagocytosis. For the first setting we chose the yeast
phagocytosis assay, where due to the size of the inactivated
yeast particles, the process of phagocytosis takes more time,
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and assumably more energy, than the engulfment of bacteria.
In our pilot studies we have found that 30-60 min were
sufficient for the control neutrophils to incorporate the yeast
cells. During this interval autocrine/paracrine functions may
have an effect (24). Starting from the hypothesis that the
concentration of the released factors effect cell function
correlating with the density of the releasing cells, our aim
was to investigate how yeast phagocytosis by neutrophils
from healthy subjects and patients with severe trauma or with
acute pancreatitis varies in assays with different cell densities
and, how yeast phagocytosis changes during the course of
illness. We also examined whether neutrophils produce
humoral factors during yeast phagocytosis that influence the
phagocytosis of healthy neutrophils.

Esherichia coli, may also be a natural contributor to
infective disease, and has often been used to study neutrophil
function, with varying outcomes (24-28). In the Esherichia
coli phagocytosis model 5-10 min of incubation is enough to
measure neutrophil phagocytosis, which time may be
insufficient for the factors to alter cell function that are
released during phagocytosis. Therefore, in our second setting
we tested whether varying cell densities in the samples have
an effect on the Esherichia coli phagocytosis of neutrophils
taken from healthy subjects and patients with different severe
tissue injuries.

Materials and methods

Subject selection
Control group. Seventeen healthy volunteers (7 women and
10 men) were selected for control measurements. Their ages
ranged from 20 to 67 years, none of them had taken any
medication in the previous 2 days that was known to influence
neutrophil function (pain killers, anti-inflammatory or anti-
pyretic drugs). Blood (10 ml) was taken from each subject in
the morning hours.

Multiple trauma group. Sixteen patients (4 women and 12
men) with multiple trauma (ISS >15) were enrolled in the
study within a 1-year period. Their age ranged from 21 to 60
years. None of the involved women were pregnant. Blood
(10 ml) was taken from the patients in the morning on the
1st, 3rd and 14th days following trauma. Patients were
treated according to the appropriate protocols of the hospital.

Acute pancreatitis group. Fourteen patients with the diagnosis
of acute pancreatitis (3 women and 11 men) were selected
within a 15-month period. Their age ranged from 29 to 77
years. Exclusion criteria were: childhood, pregnancy, history
of recurrent acute pancreatitis within 3 months, chronic
pancreatitis, trauma or operation associated to pancreatitis,
the use of immune suppressive drugs including steroids in
the previous 1 month. Blood (10 ml) was taken from the
patients in the morning on the 1st, 3rd and 10th days of their
hospitalisation.

Knowing that age and gender have influence on immune
functions, due to our limited possibilities we have included in
our studies all patients with multiple trauma with ISS >15
and all patients with acute pancreatitis fulfilling the above
exclusion criteria, regardless to age and gender (11,25,27-31).

Separation of neutrophils. Blood (10 ml) was collected in
(Vacuette, Greiner) tubes containing 3.8% Na-citrate as anti-
coagulant. Erythrocytes were sedimented by adding 1 ml 6%
Dextrane T-500 (Pharmacia) solution for 30 min in a 37˚C
water bath. The buffy coat was centrifuged (200 g, 10 min),
the white blood cells were suspended in PBS, layered onto
Ficoll-Paque (Pharmacia) and centrifuged (800 g, 20 min).
The remaining erythrocytes were lyzed by suspending the
cells in destilled water for 45 sec followed by the addition
of the same volume of 1.8% NaCl to normalise the osmotic
pressure. Cells were washed three times and suspended in
RPMI (Pharmacia) culture medium. Cell viability was assessed
by tripan-blue exclusion test and only the suspensions with at
least 95% viability were accepted for further examination.
Cell density was set to 6x106/ml neutrophils.

Yeast cell phagocytosis assay. Phagocytosis assays were
performed in parallel at two different PMNL concentrations:
7.5x105/ml and 15x105/ml. A suspension of 6x107/ml, heat
killed yeast cells was used for the assays. The yeast sus-
pension (200 μl) was centrifuged and resuspended in 0.5%
methylen blue solution. Two hundred μl of PBS and 200 μl
of RPMI cell culture medium containing 10% pooled human
serum as opsonin collected from healthy subjects was added
to the yeast suspension. After 10-min opsonisation either
100 μl PMNL suspension plus 100 μl RPMI, or 200 μl of
PMNL suspension was added and incubated for 1 h in a 37˚C
water bath. The incubation mixture contained 7.5x105 or
15x105/ml PMNLs and 15x106/ml opsonised yeast cells in a
volume of 800 μl. At the end of the incubation, 200 μl of
0.1 mol/l Na-EDTA was added to stop phagocytosis.

Microscopic evaluation of the assay: 10 μl of the suspension
was mixed with 7 μl 1% eosin on a glass slide and covered
by a glass cover plate. Internalised yeast cells in the living
PMNLs remained blue, while dead PMNLs and yeast cells
outside the PMNLs were stained red. Phagocytosis activity
(FA), the percentage of PNMLs that performed phagocytosis,
and phagocytosis index (FI), the number of yeast cells
internalized by 100 PMNLs were calculated (23).

Effect of supernatants on yeast phagocytosis of polymorpho-
nuclear leukocytes. Phagocytosis assays were performed
with isolated healthy and trauma PMNLs at cell densities
of 15x105/ml. After 1 h of incubation the suspension was
centrifuged (250 g, 5 min). The supernatant was frozen and
kept at -18˚C until further use. After thawing, 400 μl
supernatant was added to 200 μl methylene blue stained
yeast cells (6x107/ml). Suspension (200 μl) of 6x106/ml
healthy or trauma PMNLs was also added to the mixture and
phagocytosis activity and index were evaluated after 1 h of
incubation. Each time, parallel assays with 200 μl PBS and
200 μl RPMI containing 10% pooled human serum instead of
the 400 μl supernatant were performed as controls.

Examination of PMNL phagocytosis with flow cytometry. The
tests were carried out using the PhagoTest (Opregen Pharma)
kit. Blood was taken from 6 healthy donors and 6 patients
with severe tissue injury, 1 case with polytrauma, 3 with
sepsis, and 2 underwent severe elective surgery, all between
their 3rd and 10th day of their indicated severe status. All
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patients were treated at the intensive care unit. The samples
were anticoagulated with heparin as prescribed in the operations
manual of the kit. The blood was pipetted into three plastic
tubes in the amounts of 200 (tube 1), 100 (tube 2) and 50 μl
(tube 3). The samples were centrifuged (240 g, 5 min, 20˚C).
Half of the supernatant of the 200 μl sample was removed
and 50 μl of RPMI was added to the 50 μl sample, thus the
tubes contained leukocytes at the ratio of 2:1:0.5. The tubes
were vortexed and placed into ice-bath for 10 min. Forty, 20
and 10 μl of a suspension of 109/ml heat killed, opsonized,
FITC conjugated Esherichia coli were added, then the samples
were placed into a 37˚C water bath for 10 min. Phagocytosis
was terminated by putting the tubes into an ice-bath and icy
quenching solution was added to quench the flourescence of
the E. coli particles outside the leukocytes. After washing
the samples twice (‘washing solution’, 250 g, 5 min, 4˚C),
erythrocyte lysis and fixation (‘lysing-fixation solution’,
for 20 min, room temperature and washing once more), the
cells were stained by ‘DNA staining solution’ (10 min, 4˚C).

The samples were evaluated with a Becton-Dickinson
FACScan flow cytometer (excitation at 488 nm). Each time
10000 cells in the gate set for positive DNA staining on the
FL 2 (Phycoerythrin) detector were evaluated. A population
of neutrophils showing rapid phagocytosis was detected during
a series of previous measurements with increasing incubation
times. It was found that there were cells already after 5 min,
which reached the maximum of their phagocytosis capacity,
however, most of the PMNLs reached high bacterial
engulfment later and it did not increase between 30 and 60
min. On the bases of five control measurements with
incubation time of 60 min a gate - R2, was set so that at least
75% of the neutrophils fit inside, and this gate was used for
the assessment of percentage of high FITC fluorescence -
high phagocytosis intensity PMNLs. The percentage of FITC
positive cells and the mean channel value of FITC positive
cells were also measured. PMN cells were identified on the
side scatter - forward scatter dot plot by their size and
granularity.

Statistical analysis. Data are presented with boxes indicating
25-75 percentiles, mean as a line in the box, 10-90 percentiles
with error bars and outliers with dots. Differences were
evaluated by analysis of variance (ANOVA) followed by the
post-hoc multiple comparison according to the Dunnett's test
for comparison of phagocytosis activity and phagocytosis
index of PMNLs from multiple trauma patients compared to
that of control PMNLs; with the Student's t-test for comparison
of FI of PMNLs from acute pancreatitis patients and of control
PMNLs; the Tukey's test to compare the E. coli phagocytosis
tests of PMNLs of healthy subjects and patients with severe
tissue injury. Data of the effects of supernatants on the phago-
cytosis of control and trauma PMNLs were evaluated with the
Tukey's test and the Dunn's test. Differences were considered
significant when p<0.05.

Results

Comparison of leukocyte yeast phagocytosis of healthy subjects
and patients with multiple trauma or acute pancreatitis -
dependence of phagocytosis on cell density. PMNLs separated

from the blood of healthy subjects showed increased FI values
at higher cell densities, but statistical significance could not
be shown (Fig. 1).

FI of the multiple trauma group was significantly higher
on the 1st and 3rd days of injury compared to the control if
cell density was set to 7.5x105/ml. FI at the higher cell density
was also higher, but the difference was always less than that
of the lower cell density assays, and statistical significance
could not be shown (Fig. 1).

In the acute pancreatitis group, FI of the lower cell density
assay on day 3 was found to be higher than that of the control,
but statistical significance could not be shown (Fig. 2).

In both the multiple trauma and acute pancreatitis
groups the FA values did not show any considerable
changes throughout the studies.

Effects of supernatants of phagocytosis assays performed
with PMNLs from healthy subjects and patients with multiple
trauma on yeast phagocytosis of ‘healthy’ PMNLs. ‘Healthy’
supernatants in 7 cases increased and in 4 cases decreased,
trauma supernatants of day one slightly decreased and trauma
supernatants of day 3 and 14 uniformly and significantly
decreased the FI values of control neutrophils (Fig. 3). Control
supernatants significantly increased the phagocytosis of trauma
PMNLs (Fig. 3).

Examination of E. coli phagocytosis of polymorphonuclear
leukocytes (PMNL) by flow cytometry (Fig. 4). PMNLs both
from healthy volunteers and patients with severe tissue injury
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Figure 1. Change of phagocytosis index (FI) of PMNLs from multiple trauma
patients (n=16) compared to that of control PMNLs (n=17). Data are presented
with boxes indicating 25-75 percentiles, mean as a line in the box, 10-90
percentiles with error bars and outliers with dots. Difference was significant
(p<0.05) between columns day 1 and 3 after trauma, 7.5x105/ml PMNLs vs.
control 7.5x105/ml PMNLs. Statistical analysis was performed with two-way
ANOVA followed by Dunnett's test.
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showed increasing E. coli phagocytosis with increasing cell
densities. The differences were statistically significant between
the two groups when comparing the values at the three different
blood concentrations (p≤0.01).

Discussion

A high individual variability in yeast phagocytosis of PMNLs
can be seen from the measurements in all cases (controls,
trauma and acute pancreatitis). This variability can be due to
the mixed gender of patients and the wide age range, as shown
previously in examinations on endotoxic rat neutrophils and
patient neutrophils (31,32). Statistically significant effect of
changing the cell density within the control, the trauma and
the pancreatitis group cannot be shown between most of the
groups, however, the following tendencies can be observed: a)
PMNLs of healthy subjects facilitate each other's yeast
phagocytosis when they are present in higher numbers, while
b) this increase with growing cell density is absent when the
cells are taken from patients with severe tissue injury. Injury
of the organism increases the intensity of yeast phagocytosis
greatly at the settings with the lower cell densities, however,
this increase is absent at the settings with the higher cell
densities.

From these results we conclude, that ‘healthy’ neutrophils
may produce factors during the first hour of yeast phago-
cytosis assay, which facilitate their own function, and the
more neutrophils are present, the more of these factors are
released resulting in a stronger facilitating effect. On the
other hand it seems possible, that PMNLs stimulated by
tissue injury produce factors that inhibit yeast phagocytosis
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Figure 2. Change of FI of PMNLs from acute pancreatitis patients (n=14)
compared to that of control PMNLs (n=17). Data are presented with boxes
indicating 25-75 percentiles, mean as a line in the box, 10-90 percentiles with
error bars and outliers with dots. No statistically significant difference can be
shown among the groups.

Figure 3. Effects of supernatants on the phagocytosis of control and trauma
PMNLs. Effect of healthy control and trauma supernatants of day 1, 3 and 14
of hospitalisation on the FI of naive control PMNLs is expressed in percentage
of FI of untreated parallels. Data are presented with boxes indicating 25-75
percentiles, mean as a line in the box, 10-90 percentiles with error bars and
outliers with dots. Difference was found to be significant (p<0.05) comparing
day 3 and 14 vs. control. Statistical analysis was performed using two-way
ANOVA followed by Tukey's test. This figure also presents the result of effect
of control supernatant on trauma PMNLs and it was significantly different from
the effects of day 3 and 14 trauma supernatants on ‘healthy’ PMNLs. Statistical
analysis was performed with two-way ANOVA followed by Dunn's test.

Figure 4. E. coli phagocytosis tests of PMNLs of healthy subjects and patients
with severe tissue injury between the 3rd and 10th day of their indicated
severe status. X axis indicates blood density, broken line with rhombi
represents values of healthy control PMNLs, continuous line with rectangles
represents values of tissue injury PMNLs. Y axis indicates the percentage of
high fluorescence cells that performed rapid phagocytosis. Difference was
statistically significant when comparing the values at the three different
blood concentrations within the two investigational groups (p≤0.01). The
percentages of high intensity PMNLs were significantly higher in cases
of neutrophils from patients compared to healthy donors at each blood
concentration. Statistical analysis was performed using two-way ANOVA
followed by Tukey's test.
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and the PMNLs can incorporate yeast in higher numbers only
when their local cell concentration in the particular
environment is low enough and the inhibitory factors cannot
be produced in satisfactory amounts.

The theory about the facilitating and inhibitory factors led
us to treat ‘healthy’ PMNLs with the supernatants of the
phagocytosis assays of control and ‘injured’ neutrophils. These
experiments clearly show the inhibitory effects of trauma
supernatants on the phagocytosis of healthy neutrophils. On
the other hand the facilitating effect of control supernatants
on the ‘trauma’ PMNLs suggest that the decreased phago-
cytosis of these primed cells is not due to cytoskeletal changes,
which might be irreversible, but to the humoral environment.
Ayala et al (22) found trauma-induced suppression of several
steps of antigen presentation by macrophages. They reported
on the possible role of autocrine mechanisms (22). A similar
phenomenon, that supernatants of control neutrophils in one
part of the cases inhibited and in one part facilitated
phagocytosis of control PMNLs, was described by Mózes (33).
He investigated serum TNF-· levels of 10 healthy volunteers.
The average serum levels of 4 subjects was 1490±185 U/ml
while it was 402±320 U/ml in 6 others.

The examinations with E. coli phagocytosis gave different
results. The percentage of rapidly phagocyting PMNLs showed
an elevation with the increase of cell density, both in case of
controls and tissue injury samples, but the ‘injured’ cells
showed significantly higher values. It might be possible that
the primed PMNLs start phagocytosis from a level of more
increased activity than the naive ones. The production and
release of the inhibitory factors may be time-consuming and
the inhibitory effect develops only some time after the cells
are activated by the presence of the yeast cells. This can party
explain the difference in the results of the yeast and E. coli
phagocytosis experiments. Further explanation may lay in the
different receptor pathways and also in the size of particles to
be incorporated, since yeast cells can be as large as a quarter
to one third of a neutrophil acquiring more time, energy, and
cell membrane for the phagocytosis compared to E. coli phago-
cytosis. Thirdly, the E. coli phagocytosis tests were in our case,
and are usually being performed using anticoagulated whole
blood, which may contain other substances that neutralize the
effect of the released factors. The whole blood E. coli phago-
cytosis model therefore may present only a ‘momentary’
ability of phagocytosis in the blood, excluding the possibility
of autocrine/paracrine mechanisms to develop. The blood is
not the ‘natural environment’ of neutrophils for phago-
cytosis (4,9,24,26). The yeast phagocytosis tests were in each
case carried out in a humoral environment, the constitution of
which was, apart of the factors released by the neutrophils
themselves, well known.

The finding that the FA, that is the percentage of PMNL
phagocyting yeast, did not change in any of the groups,
suggests that always only an equal proportion of the neutro-
phils take an active part in yeast phagocytosis. Injury or the
change in cell density only influence the phagocytosis of
these cells. Bielefeldt and Babiuk (2) similarly found that
bovine alveolar macrophages are composed of two sub-
populations regarding reactive oxygen species production.

Previously a small number of studies were conducted to
investigate the connection between cell functions and cell

density. Ciz and Lojek (3) found increased chemiluminescence
activity with rising cell density during the investigation of
reactive oxygen species produced by murine splenocytes and
bone marrow cells. Sud'ina et al (21) studied the dependence
of neutrophil activation on cell density with human PMNLs
in suspensions and adhered cells. They reported decreased
superoxyde formation per cell and a decrease in the total
amount of 5-lipoxygenase products per cell after various
stimuli. Tanigawa et al (16) also reported an inverse relation
between superoxide and hydrogen peroxide production and
cell density in adherent human neutrophils. Raulf et al (20)
described that human neutrophils released leukotrien D4-
dipeptidase in a cell number-dependent fashion. Peters et al
(34) in their study on the autoregulation of human neutro-
phils found decreased reactive oxygen intermedier production
per cell, attenuated arachidonic acid mobilisation and
phospholipid metabolism in assays at higher cell densities.
They concluded that multiple structural and functional
aspects of PMNL activation response are modulated by the
cell density.

The connection between cell density and phagocytosis
has not been examined before, however, it is believed to be a
major component of antimicrobial countermeasure. Our results
correspond with the former observations and further emphasize
the importance of the micro-environment of the cells studied.

The suppressive effect of the higher cell density in injury
might also contribute to the neutrophil disfunction which can
be observed in SIRS, MODS, and sepsis. The depression of
the immune system in the early post-traumatic phase is
already well understood (5,14,15,19,33,35). Our results show
that this period of low immune-reactivity might be prolonged
even further.
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