FLOW CYTOMETRIC PARAMETERS OF
NEUTROPHIL FUNCTION AS EARLY
INDICATORS OF SEPSIS- OR
TRAUMA-RELATED PULMONARY OR
CARDIOVASCULAR ORGAN FAILURE

GREGOR ROTHE,
WOLFGANG KELLERMANN,
and
GUNTER VALET
Martinsried and Munich, Federal Republic of
Germany

From the Mildred-Scheel-Labor fiir Krebszellforschung, Max-
Planck-Institut fir Biochemie, Martinsried, and Institut fur
Aniasthesiologie der Ludwig-Maximilians-Universitat,
Klinikum GroBhadern, Munich.

Reprinted from
THE JOURNAL OF LABORATORY AND CLINICAL
MEDICINE,
St. Louis

Vol. 115, No. 1, pp. 52-61, Jan., 1990
(Copyright © 1990, by The C.V. Mosby Company)
(Printed in the U.S.A.)




Flow cytometric parameters of neutrophil function as
early indicators of sepsis- or frauma-related
pulmonary or cardiovascular organ failure

GREGOR ROTHE, WOLFGANG KELLERMANN, and GUNTER VALET
MARTINSRIED AND MUNICH, FEDERAL REPUBLIC OF GERMANY

Flow cytometric parameters of neutrophil function, such as phagocytosis and
degradation of Escherichia coli, intracellular pH value, esterase activity, and
cell volume, were evaluated as risk indicators for sepsis- and trauma-related
pulmonary and cardiovascular organ failure in intensive care patients. Serial
blood samples (n = 201) were obtained from 47 prospectively identified pa-
tients. Each patient’s condition was classified daily within four categories: post-
traumatic (n = 22) or septic (n = 28) organ failure, transition state (n = 119), and
stable organ function afterrecovery (n = 27). Thirty-two parameters of neutrophil
function were automatically calculated for each blood sample from several
flow cytometric list mode measurements of cell samples vitally stained with
acridine orange for intact and denatured DNA or with 1,4-diacetoxy-2,3-
dicyanobenzene for intracellular pH and esterase activity. The DNA of dead
cells was simultaneously counterstained with propidium iodide. The cell bio-
chemical parameter pattern was significantly different among samples of pa-
tients from the four clinical categories (p < 0.05). Hyperergic phagocytosis was
observed after trauma, in contrast to hypoergic phagocytosis, increased neu-
trophil cell volume, and elevated intracellular pH during sepsis. The clinical
categories were correctly identified in 82% of the samples by automated clas-
sification with the DIAGNOS1/SPSS program sysiem from the flow cytometrically
determined cell functions. The course of the disease was correctly predicted 3
days in advance to the clinical manifestation of pulmonary or cardiovascular
organ failure in 92% of the samples. The multifunctional analysis of neutrophils
by flow cytometry seems of interest for early medical intervention in preseptic
and preshock patients. (J Las Cun Mep 1990;115:52-61)

Abbreviations: ADB = 1,4-diacetoxy-2,3-dicyanobenzene; AO = acridine orange; DCH = 2,3-
dicyanohydroquinone; DMF = na-dimethylformamide; E. coli = Escherichia colii HBS = 5-mmol/L
HEPES-buffered saline (pH 7.35); ICU = intensive care unit; Pl = propidium iodide
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osttraumatic and septic multiple organ failure

are intimately related to changes of neutrophil

function. A decreased chemotactic and phago-
cytic activity of neutrophils leads to bacterial infection,
whereas increased activation of neutrophils may induce
microvascular endothelial damage.' The abundant pul-
monary sequestration of neutrophils and the release of
large quantities of proteolytic enzymes and reactive
oxygen metabolites are associated with the devel-
opment of the sepsis- and trauma-related adult respi-
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ratory distress syndrome.”® Neutrophil functions are
altered during infection,*” after thermal injury,* or
after trauma,'™'" and high neutrophil or band neutrophil
counts in peripheral blood are well-known indicators
of infectious complications in compromised patients.

The functional analysis of neutrophils is not per-
formed in the routine clinical laboratory because of the
lack of fast, sensitive, and reproducible methods for
the analysis of variations of neutrophil function.

We recently developed two multiparametric flow cy-
tometric assays for the analysis of neutrophil function.'?
High reproducibility is achieved by minimal sample
manipulation, standardized measurement, and auto-
mated data evaluation. Buffy coat leukocytes are in-
cubated with viable E. coli K12 bacteria in autologous
plasma. The phagocytosis and degradation of bacteria,
the increase of neutrophil cell volume, and the extent
of cell death during phagocytosis are measured after
staining with AO and simultaneous counterstaining of
dead cells with PI. The esterase activity and the intra-
cellular pH of viable phagocytosing neutrophils are de-
termined after simultaneous staining with ADB and PI.

The goal of this study was to evaluate the potential
of these assays as indicators of risk and course of sepsis-
and trauma-related pulmonary and cardiovascular organ
function in ICU patients.

METHODS

Patients. Patients of an operative ICU with a high risk for
pulmanary or cardiovascular organ failure were selected by
two ctiteria: a severe trauma with a trauma score >15" or
unstable pulmonary or cardiovascular organ function after
complicated surgery. Patients with hematologic malignancies,
chronic renal failure, liver disease, diabetes mellitus, or dur-
ing immunosuppressive treatment were excluded from the
study. After informed consent, blood samples were drawn
serially in 24-hour or 48-hour intervals, until discharge to
normal care or patient death.

Control blood samples (n = 24) from 14 healthy individ-
uals were analyzed in parallel to define the normal range.

Research with patients and control persons was carried out
according to the principles of the declaration of Helsinki, with
approval by the Human Studies Committee of the University
of Munich.

Leukocytes. Buffy coat leukocytes were prepared from
5 ml of heparinized (10 U/ml) venous blood by sedimentation
at 200 g and 4° C for 10 minutes. The leukocytes were col-
lected at the erythrocyte/plasma interface and resuspended in
the supernatant plasma at a final concentration of 3.5 X 107
leukocytes/ml. The pH value of the blood plasma rose to pH
7.80 through loss of CO, during equilibration of the blood
with the ambient air and was readjusted to pH 7.40 by addition
of approximately 10 pl of 1 N HCI per ml plasma.

Bacteria. Stationary cultures of E. coli K12 (Sigma
Chemie, Deisenhofen, FRG) were obtained after 2 days of
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incubation of the bacteria in HEPES-buffered RPMI-1640
(Gibco BRL, Eggenstein, FRG) at 37° C with-95% air and
5% CO,. The bacteria (5 ml) were washed twice with 10 ml
HBS (0.15 mol/L NaCl, 5 mmol/L HEPES, pH 7.35; SERVA
Feinbiochemica, Heidelberg, FRG) and resuspended in HBS
at a concentration of 7 X 10° bacteria/ml.

Phagocytosis. The leukocyte suspension in autologous
heparinized plasma (50 pl) was incubated with 5 ul of
E. coli suspension (7 X 10° bacteria/ml HBS) at 37° C. A
control sample was incubated with 5 pl HBS in parallel.
Aliquots (10 pl) were taken after 0, 30, and 90 minutes,
diluted with 1 ml cold HBS and stored on ice for a maximum
of 2 hours. ‘

Fluorescent staining. Phagocytosis and degradation of
bacteria by neutrophils were measured after staining with AQ
(Sigma). The diluted cell suspension (250 1) was incubated
for 15 minutes at 4° C with 5 pl of a dye cocktail containing
0.96 mmol/L of AO and 3 mmol/L Pl (Sigma) in DMF
(E. Merck, Darmstadt, FRG). AO stains the DNA of leu-
kocytes and viable bacteria green and neutrophil granule con-
tent, single-stranded nucleic acids, and degraded nucleic acids
of dead bacteria red."”* The increase of AO green fluorescence
during phagocytosis of E. coli indicates the amount of in-
gested bacterial DNA. The initial decrease of neutrophil AO
red fluorescence at 30 minutes is caused by degranulation and
the increase of AO red fluorescence of phagocytosing neu-
trophils between 30 and 90 minutes is a measure of the in-
tracellular degradation of bacteria. The DNA of dead leu-
kocytes was counterstained by the Pl of the dye cocktail.

Intracellular pH and esterase activity were determined after
staining with ADB (Paesel, Frankfurt/Main, FRG). The di-
luted cell suspension (250 wl) was incubated for 15 min at
20° C with 5 pl of a dye cocktail containing 4.1 mmol/L
ADB and 3 mmol/L Plin DMF. ADB is cleaved intracellulary
by esterases into the fluorescent pH indicator DCH and non-
tluorescent acetate. The total fluorescence of the cells is a
measure of esterase activity. The ratio of cellular blue to green
fluorescence indicates the intracellular pH according to a cal-
ibration curve.

Flow cytometry. The electrical cell volume and two flu-
orescences of more than 2000 leukocytes per sample were
measured simultaneously with a FLUVO-1I flow cytometer
(HEKA-Elektronik, Lambrecht/Pfalz, FRG). The electrical
cell volume was measured with HBS as sheath fluid after
hydrodynamic focusing of the cells through the center of a
cylindrical orifice of 80-pm diameter and 80-pwm length at an
electrical current of 0.15 mA and a suction of 10° Nm~2.
Fluorescence was excited with an HBO-100 high-pressure
mercury arc lamp (Osram, Augsburg, FRG). The fluorescence
of AO was excited between 450 and 500 nm and measured
between 500 and 530 nm (AO green fluorescence) and above
550 nm (AO and Pl red fluorescence). DCH fluorescence was
excited between 340 and 400 nm and the emission was col-
lected between 420 and 440 nm (DCH blue fluorescence) and
above 500 nm (DCH green fluorescence and Pl red fluores-
cence). The flow cytometer was calibrated with porous, NH,-
group~bearing particles (Paesel) of 5 pum diameter stained
with DCH (Paesel) or fluorescein isothiocyanate (Sigma). The
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Fig. 1. Increase of neutrophil AO green fluorescence and cell volume as indicators for phagocytosis of bacteria.
Buffy coat leukocytes were incubated for 30 minutes, with (A) or without (B) viable E. coli at 37° C, followed
by staining with AO. Increase of AO green fluorescence is a measure of ingested bacterial DNA. Increase of
neutrophil cell volume is a measure of cellular activation during phagocytosis. Dead cells were excluded from

the analysis by simultaneous counterstaining with PI.

three signals of each cell were amplified logarithmically, dig-
itized at maximum pulse height by 4096-step analog to digital
converters and stored as list-mode data on magnetic tape.

Flow cytometric data evaluation. A graphic represen-
tation and a database of 32 parameters per sample were cal-
culated from the flow cytometric list-mode data with the
DIAGNOS1 program system' (HEKA) on an IBM-AT com-
patible personal computer. Vital cells and dead cells were
analyzed separately by gating the list mode data in a first step
for vital cells by their AO green fluorescence or by their DCH
blue fluorescence, and in a second step for dead cells by their
high Pl red fluorescence.” The mean values of cell volume
(1), AO green (2) and red (3) fluorescence, intracellular pH
(4), and esterase activity (5) of viable neutrophils, and the
percentage of dead cells (6) were calculated for each of the
five incubations (control at 0, 30, and 90 minutes, and
E. coli at 30 and 90 minutes) from fixed windows in the two
parameter histograms obtained after gating on vital or dead
cells by the program system giving 30 parameters of neutro-
phil function. In addition, the percentage of neutrophils was
either calculated on the basis of higher AO red fluorescence
of neutrophils as compared to monocytes and lymphocytes
or on the basis of higher cell volume of neutrophils and
monocytes than Iymphocytes and the 32 parameters were
transferred to the database. Monocyte activity was not eval-
uated separately because of considerable overlap of the mono-
cyte cluster with lymphocytes and neutrophils.*

Clinical data evaluation. Age, sex, diagnosis, trauma
score according to Oestern et al.,' length of ICU stay, and
health status at hospital discharge were recorded for each

patient. The patient’s current pulmonary and cardiovascular
organ function was classified daily into one of four categories:
posttraumatic organ failure, septic organ failure, transition
state, or normal function after recovery. A patient was clas-
sified into the category organ failure when at least one of the
following parameters was above or below the following
thresholds: a ratio of the arterial oxygen partial pressure to
the fraction of inspired oxygen (Pao,/Fio,) < 280 according
to Pepe et al.,"” a Fio, > 0.5, mechanical ventilation with a
positive endexpiratory pressure > 5 cm H,O, a mean arterial
pressure below 70 mm Hg, or the requirement of positive
inotropic support (dopamine hydrochloride =5 pg kg
min~") according to Skau et al.”® If pulmonary and/or car-
diovascular organ failure occurred within 6 days after the
trauma and in the absence of infection, it was classified as
posttraumatic organ failure. Pulmonary and/or cardiovascular
organ failure during sepsis as defined by Montgomery et al.,"
with the additional demonstration of an infectious focus or a
positive blood culture, was classified as septic organ failure.
The transition state was assumed when the patients did not
fulfill the criteria for organ failure, but either required oxygen
supply, ventilation, inotropic support, or intravenous volume
therapy. A patient was classified as a recovered ICU patient
when no pulmonary or cardiovascular support was required.

Statistics. Data are presented as the mean and the standard
error of the mean. A statistical analysis of the flow cytometric
data was calculated with the SPSS/PC + V2.0 program sys-
tem for personal computers (SPSS, Chicago, Ill.). Signifi-
cance of differences between the four clinical groups of pa-
tients was tested by the Kruskal-Wallis one-way analysis of
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Fig. 2. Decrease of intracellular pH and increase of cell volume of neutrophils during phagocytosis of bacteria.
Buffy coat leukocytes were incubated for 30 minutes, with (A) or without (B) viable E. coli at 37° C, followed
by staining with ADB. ADB is cleaved intracellularly by esterases to the fluorescent pH indicator DCH and
acetate. Intracellular pH was calculated from the ratio of cellular blue to green fluorescence, according to a
calibration curve in the computer program. Dead cells were excluded from the analysis by simultaneous
counterstaining with PI.

Table 1. Functional parameters of neutrophils in septic and posttraumatic ICU patients

. Neutrophils ~ All leukocyles
AO green
fluorescence s Cell volume Percentage of
(arbitrary units) Intracellular pH (m?3) neutrophils
Posttraumatic 1.099 = 0.067 7.46 = 0.06 373.5 + 23.8* 76.8 = 2.4*
organ failure
(n = 22)
Septic organ 0.935 + 0.049 7.64 = 0.05* 381.3 = 13.8* 73.6 £ 1.9*
failure
(n = 28) :
- Transition state 0.981 = 0.026* 7.56 = 0.02* 350.4 = 4.8* 69.9 = 1.0°
(n = 119)
ICU patients 0.854 + 0.037 7.37 = 0.06 305.9 = 57 507 = 23
after recovery
(n = 27)
p Value 0.031 0.001t < 0.001% < 0.001F
Al ICU patients 0.970 = 0.020 754 = 0.02 3511 =47 68.5 = 1.0
(n = 201)
Healthy normals 1.082 = 0.067 7.55 + 0.03 ‘ 358.6 = 9.9 34.6 + 3.2%
(n = 24)

Values are expressed as mean = SEM. .

“p < 0.05, significant differences of values of posttraumatic, septic, or transition state patients when compared to values of ICU patients after recovery
(Kruskal-Wallis one-way analysis of variance).

Tp < 0.05, significant differences between values of the four groups of patients (Kruskal-Wallis one-way analysis of variance).

o < 0.05, significant differences of values between all ICU patients and healthy normal patients (Kruskal-Wallis one-way analysis of

variance).

R
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Table Il Effect of £ coli'on neutrophils of septic and posttraumatic ICU patients and healthy individuals

Increase of AO green
fluorescence (% of control)

Change of intraceliular pH (A pH)

Increase of cell volume
(% of control)

30 min 9G min 90 min 30 min 90 min
Posttraumatic 1254 = 49 135.1 = 6.0 ~0.12 = 0.04 -0.02 = 0.03 1589 = 7.8* 1403 £ 7.3
organ failure
(n=22) .
Septic organ 1222 £ 50 1304 = 51 —-0.04 = 0.02 —-0.07 £ 0.04 1405 = 35 129.0 = 4.0
failure
(n = 28)
Transition state 1221+ 21 1329 = 21 —-0.06 = 0.01 —-0.04 = 0.01 1406 = 2.0 127.3 + 19
(n = 119)
ICU patients 1295 + 7.8 1412 + 59 ~-0.04 = 0.03 -0.04 = 0.02 133.3 = 3.8 1225 + 2.6
after recovery
(n = 27)
p Value 0.894 0.411 0.836 0.026% 0.411
Al ICU patients 1235 £ 1.9 1339 + 1.8 —0.06 = 0.01 —-0.04 = 0.01 1415 217 1283 + 1.6
(n = 201)
Healthy normals 134.2 = 5.8 156.9 + 6.6F ~0.07 = 0.02 —-0.04 = 0.02 150.7 = 3.2% 160.9 = 5.0f
(n = 24)

Values are expressed as mean = SEM.

*p < 0.05, significant differences of values of posttraumatic, septic, or transition state patients when compared to values of ICU patients after recovery

(Kruskal-Wallis one-way analysis of variance).

tp < 0.05, significant differences between values of the four groups of patients (Kruskal-Wallis one-way analysis of variance).
$p < 0.05, significant differences of values between all ICU patients and healthy normals (Kruskal-Wallis one-way analysis of variance),

variance (p < 0.05).* In a first classification scheme, the
sensitivity and specificity of the 32-flow cytometric parameter
pattern for correct recognition of the present clinical state of
the patient was analyzed by a discriminant analysis (stepwise
reduction of Wilk’s lambda).*' Each cell sample was classified
by thfee discriminant scores using Bayes’ rule. The predictive
sensitivity and specificity of the cell biochemical parameter
pattern for the patient’s clinical state on the third day after
the flow cytometric measurement was tested with a second
classification scheme, derived from the combination of the
flow cytometric data of each sample, with the clinical rating
of the patient on the third day after measurement of the
sample.

RESULTS

Incidence of pulmonary or cardiovascular organ
failure. Posttraumatic (n = 13) or septic (n = 19) pul-
monary and/or cardiovascular organ failure occurred
in 59.6% of the 47 patients. Sepsis developed in four
patients after trauma. A total of 28 of the 201 samples
were obtained during episodes of sepsis and 22 samples
were obtained during posttraumatic organ failure.

Neutrophil function of normal individuals. The phago-
cytic response of neutrophils from healthy individuals
was characterized by three parameters: increase of cell
volume (Fig. 1), increase of AO green fluorescence
(Fig. 1), and decrease of the intracellular pH value
(Fig. 2). The neutrophil cell volume increased from a
mean value of 358.6 um’ before incubation (Table I)
to 150.7% of this value after 30 minutes of incubation
with E. coli K12 (Table II). The AO green fluorescence

increased from 1.082 arbitrary green fluorescence units
in control cells (Table I) to 134.2% of this value after
30 minutes of phagocytosis (Table II). During incu-
bation with E. coli for 90 minutes, the cell volume
increased to 160.9% and AO green fluorescence to
156.9% of controls. The intracellular pH of normal
neutrophils was 7.55 before incubation (Table I) and
decreased by 0.07 and 0.04 pH units after 30 and 90
minutes, respectively, of incubation with bacteria
(Table 1I).

Neutrophil function of ICU patients. Significant dif-
ferences occurred when neutrophils from ICU patients
were incubated with E. coli bacteria. The ingestion of
bacteria and the increase of cell volume were signifi-
cantly lower in neutrophils from ICU patients than in
normal neutrophils. The mean cell volume of ICU pa-
tient neutrophils increased to only 141.5% of controls
after 30 minutes of incubation with E. coli and de-
creased again to 128.3% after 90 minutes (Table II).
The mean AO green fluorescence reached only 123.5%
and 133.9% of controls after 30 minutes and 90 min-
utes, respectively. The intracellular pH during phago-
cytosis of E. coli decreased by 0.06 pH units and 0.04
pH units after 30 minutes and 90 minutes, respectively.

Blood samples from all ICU patients together showed
a significantly higher percentage of neutrophils, but the
cell volume, AO green fluorescence, or intracellular pH
of the neutrophils before incubation with E. coli (Table
I) was not significantly different from neutrophils of
healthy individuals.
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Table IlA. Flow cytometric discriminants of current septic and posttraumatic organ failure

Posttraumatic organ failure

Septic organ failure

Stand. Stand.
Rank Parameter Incubation coeff. Parameter Incubation coeff.
1 Increase of AO green E. coli, 90 min 1.502 Cell volume Control, 90 min 0.953
fluorescence.
2 Percentage of neutrophils Control, 0 min 1.225 Percentage of neutrophils Control, 0 min 0.797
3 Increase of AO green E. coli, 30 min 0.994 Cell volume Control, 30 min  0.603
fluorescence. .
4 Cell volume Control, 0 min 0.513 Increase of AO green fluores-  E. coli, 90 min 0.549
cence.
5 Cell volume Control, 90 min 0.446 Increase of cell volume E. coli, 90 min 0.337

Table HIB. Flow cytometric discriminants of imminent septic and postraumatic organ failure

Posttraumatic organ failure

Septic organ failure

Stand. Stand.
Rank Parameter Incubation coeff. Parameter Incubation coeff.
1 Percentage of neutrophils Control, 0 min 1.239 Increase of AO green fluores-  F. cofi, 30 min 1.819

cence
2 Cell volume Control, 90 min 1.124 Cell volume Control, 90 min 1.436
3 Cell volume Control, 30 min 0.867 Decrease of intracellular pH E. coli, 90 min 1.307
4 Increase of AO green E. coli, 30 min 0.720 Increase of cell death E. coli, 90 min 1.175
fluorescence

5 Intracellular pH Control, 0 min 0.603 AQ green fluorescence Control, 30 min  0.799

List of five flow cytometric parameters with highest standardized discriminant coefficients in a multifactorial analysis. All 32 flow cytometric parameters
were considered for automated discrimination of either current or imminent postiraumatic or septic organ failure. Samples from recovered ICU patients

served as control group.

Longitudinal study of neutrophils in individual pa-
tients. Typical posttraumatic time courses of the phago-
cytic response of neutrophils in individual patients
showed high increases of neutrophil cell volume during
phagocytosis in the early posttraumatic phase, followed
by rapid declines of cell volume increase already several
days before the onset of septic periods (Fig. 3, A). The
intracellular pH of control neutrophils and neutrophils
incubated with E. coli also exhibited a typical pattern
with acidic intracellular pH values after trauma and
alkaline pH during septic episodes (Fig. 3, B).

Significance of disease-related cell biochemical pa-
rameter pattems. The grouping of the blood samples
according to the daily classification of the patients’ pul-
monary and vascular organ function revealed significant
disease-related parameter patterns for resting (Table )
and phagocytosing (Table II) neutrophils. Blood sam-
ples obtained from septic or posttraumatic patients dur-
ing pulmonary or cardiovascular dysfunction contained
neutrophils with a larger mean cell volume and a higher
percentage of neutrophils (Table I). An alkaline intra-
cellular pH was associated with sepsis and a high ac-
cumulation of AO green fluorescence by neutrophils
was observed in the posttraumatic state.

The increase of cell volume during incubation with
E. coli was significantly higher during posttraumatic
organ failure (Table II). The lower phagocytosis of bac-
teria in septic samples, measured by the increase of AQ
green fluorescence, and the higher decrease of the in-
tracellular pH in posttraumatic samples were not sig-
nificantly different from samples obtained from ICU
patients after recovery.

Extracellular pH and carbon dioxide tension in ICU
patients. In order to correlate intracellular pH values
with respiratory acid-base disturbances, the extracel-
lular pH and carbon dioxide tension of arterial blood
were determined. The mean arterial pH value in the
four groups of patients did not differ significantly, with
arange from 7.38 to 7.41 pH units. The arterial carbon
dioxide tension had a mean of 41.7 + 1.0 mm Hg for
all patients and was significantly different between the
four groups of patients, with the lowest values in re-
covered ICU patient samples (34.1 = 1.8 mm Hg), the
highest values in transition state samples (43.6 = 1.4
mm Hg), and intermediate values during posttrau-
matic (39.8 + 2.2 mm Hg) or septic organ failure
(41.8 = 1.5 mm Hg).

Automated classification by flow cytometric param-
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Table IV. Automated classification of infensive care patients with flow cytometric parameters of neutrophil

function for current clinical condition

DIAGNOS1/SPSS-classification*

Clinical Posttraumatic Septic organ Transition Normat ICU
diagnosis n - organ failure failure state patients
Posttraumatic 20 90.0 0.0 10.0 0.0
organ failure
Septic organ 27 0.0 77.8 22.2 0.0
failure
Transition state 113 7.1 14.2 752 35
ICU patients af- 26 0.0 0.0 11.5 88.5

ter recovery

Classification by three discriminant scores was derived by a stepwise minimization of Wilks’ lambda from 32 flow cytometric parameters of neutrophils

function.
*Values are expressed in percentage.

Table V. Automated three day in advance classification of infensive care patients with flow cytometric
parameters of neutrophil function for imminent clinical condition

DIAGNOS1/SPSS-classification*

Clinical
diagnosis Posttraumatic Septic organ Transition Normal ICU
3 days later n organ failure failure state patients
Posttraumatic 8 100.0 0.0 0.0 0.0
organ failure
Septic organ 12 0.0 91.7 8.3 0.0
failure
Transition state 94 1.1 7.4 87.2 4.3
ICU patient af- 23 0.0 4.3 0.0 95.7

ter recovery

Classification by three discriminant scores was derived by a stepwise minimization of Wilks' lambda from 32 flow cytometric parameters of neutrophil

function.
*Values are expressed in percentage.

eters. The sensitivity and specificity of the flow cyto-
metric parameters for the identification of the patient’s
current disease status were analyzed by a discriminant
analysis. This stepwise procedure combined the various
flow cytometric parameters in increasing number with
the aim to improve the discrimination of the four clinical
groups of samples (i.e., to minimize the variability of
the three discriminant scores within each clinical group,
as compared to the variability of the three scores for
all patients). The increase of AO-green fluorescence
during phagocytosis, the cell volume of resting neutro-
phils, and the percentage of neutrophils were the most
significant discriminators when either posttraumatic or
septic samples were compared with samples obtained
from recovered ICU patients (Table IIIA and 11IB).
Ultimately, the combination of 26 of the 32 deter-
mined flow cytometric parameters to three discriminant
scores was optimal, with the correct identification of
90.0% of the posttraumatic samples and 77.8% of the
septic samples (Table IV). The remainder of the post-

traumatic and septic samples were misclassified as tran-
sition state. No sample from a recovered ICU patient
was misclassified as a posttraumatic or septic sample.

The predictive sensitivity of the flow cytometric pat-
terns of neutrophil function was analyzed by combining
the flow cytometric data of each sample with the clinical
rating of the same patient on the third day after mea-
surement of the sample. The discriminant analysis of
these data led to a second classification algorithm
(Tables IIIA and IIIB), which correctly predicted pul-
monary or cardiovascular organ failure in posttraumatic
or septic patients by 100.0% or 91.7%, respectively
(Table V).

DISCUSSION

Flow cytometric parameters of neutrophil function,
such as DNA content, intracellular pH, and cell vol-
ume during phagocytosis and degradation of E. coli,
showed significant differences between samples from
posttraumatic or septic ICU patients and a healthy con-
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trol group (Tables I and II). The combination of several
of these parameters to a multifunctional parameter pat-
tern allowed the discrimination of patients with post-
traumatic pulmonary or cardiovascular organ failure
from patients with septic organ failure and patients in
transition state or with stable organ function (Tables
IITA, B, and 1V). Furthermore, the course of the
disease was predicted 3 days in advance (Table V).

The ingestion and intracellular degradation of bac-
teria was measured by staining vital cells with the meta-
chromatic dye AO. AO fluoresces green when inter-
calating into double-stranded nucleic acids and flu-
oresces red when complexing with single-stranded or
denatured nucleic acids.”® The ingestion of bacterial
DNA by neutrophils was lower in blood samples from
ICU patients than in blood samples from a healthy ref-
erence group (Table I). The four groups of ICU patients
did not differ significantly in the increase of AO green
fluorescence, indicating no trauma- or sepsis-associated
alterations of the capability of neutrophils to ingest bac-
teria, a property of neutrophils that is already developed
at the metamyelocyte state.” The incubation of unsep-
arated leukocytes in autologous plasma with a twenty-
fold excess of E. coli in our assay neither limited phago-
cytosis by low opsonization nor by low numbers of
bacteria."

The vital staining of resting neutrophils with AO also
allowed the quantitative analysis of their nuclear struc-
ture, as changes of chromatin condensation affect the
intercalative binding of AO to DNA.* The AO green
fluorescence of neutrophils was 29% higher in samples
from patients with posttraumatic pulmonary or cardio-
vascular organ failure than in samples from patients
with stabilized organ function (Table I), suggesting sig-
nificant disease-related alterations of the nuclear struc-
ture of neutrophils.

The intracellular pH of resting and phagocytosing
neutrophils was analyzed as a parameter of the cellular
metabolic activity.” The intracellular pH is regulated
by an electroneutral Na*/H* exchange in neutrophils
and is tightly related to cell activation. An alkaline
intracellular pH increases receptor-coupled reactions
leading to the expression of NADPH oxidase, which
releases superoxide anion in stimulated neutrophils.**%
Upon cellular activation, the electron-transiocating
NADPH oxidase induces an initial cytoplasmic acidi-
fication through the generation of large amounts of pro-
tons. The protons are transferred to the granules and to
the exterior of the cells by Zn*>"- or Cd**-sensitive
proton-conducting channels.?® In addition, the Na* /H*
exchange is activated. This leads to a sustained intra-
cellular alkalinization.” It also induces chemotaxis®
and an increase of the cell volume of neutrophils.>

The intracellular pH values of resting neutrophils
from the four groups of patients were significantly dif-
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Fig. 3. Longitudinal study of neutrophil function in a posttraumatic
patient. A, increase of neutrophil cell volume during phagocytosis
of E. coli. Buffy coat leukocytes were incubated with E. coli for 30
minutes at 37° C, stained with AO, and analyzed as described in
Fig. 1. Cell volume of E. coli-incubated neutrophils is given as
percentage of cell volume of neutrophils incubated without bacteria.
B, intracellular pH of neutrophils. Buffy coat leukocytes were in-
cubated with (®--®) or without (A—A) E. coli for 30 minutes at
37°C, stained with ADB, and analyzed as described in Fig. 2. Straight
lines indicate the mean values for a reference group of healthy in-
dividuals (n = 14).

ferent. Alkaline pH values were observed during septic
pulmonary or cardiovascular organ failure and acidic
pH values during stable organ function after patients’
recovery (Table I). No differences of the extracellular
blood arterial pH were observed in the four groups of
patients. The alkaline intracellular pH and the large cell
volume of neutrophils observed during septic organ
failure reflected metabolic activation of the neutrophils
because they were accompanied by a normal arterial
carbon dioxide tension. Despite the different intracel-
lular pH values of resting neutrophils, the slight acid-
ification of the intracellular pH after phagocytosis was
similar in all patient groups (Table II), indicating intact
regulation of the acid-balance during the respiratory
burst.

The increase of neutrophil cell volume during phago-
cytosis of E. coli was a more sensitive indicator of the
activation of the phagocytic process after trauma than
the ingestion of E. coli as measured by increase of AO
green fluorescence (Table II). Furthermore, in all
groups of patients—but not in healthy normals—the
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increased cell volume of phagocytosing neutrophils de-
clined after 90 minutes of incubation with E. coli, de-
spite continuous ingestion of E. coli as indicated by
increasing AO green fluorescence (Table II). This shows
that the change of cell volume during phagocytosis was
not only caused by the volume of the ingested bacteria,
but in addition indicated active cellular processes, like
the reversible cell swelling induced by activated com-
plement,’>** phorbol esters, or chemotactic peptides.*

The resting cell volume of neutrophils was also a
sensitive indicator for both posttraumatic and septic
organ failure (Tables 1, IIIA, and IIIB). This confirms
centrifugal elutriation studies that showed that the rest-
ing cell volume of human peripheral blood neutrophils
is not correlated with cell age, but associated with in-
creased NADPH oxidase activity,* possibly as a con-
sequence of earlier activation of the cell.”

The multifunctional flow cytometric analysis of
phagocytosing and control-incubated neutrophils re-
vealed two patterns of abnormal neutrophil function in
ICU patients (Tables IIIA and IIIB). The posttraumatic
activation of neutrophils was associated with an in-
creased functional response to phagocytosis of E. coli,
as measured by increased cell swelling and increased
acidification, whereas neutrophils from septic patients
exhibited pre-existing high cell volume and alkaline pH
(Table I) and showed low responses when incubated
with E. coli (Table I). The increase of neutrophil counts
and the increase of their resting cell volume and their
AQO green fluorescence were indicators of neutrophil
activation during the transition state of patients.

The activated functional state of neutrophils during
posttraumatic pulmonary or cardiovascular organ fail-
ure may result from the recruitment of neutrophils from
the marginated blood vessel cell pool or from the bone
marrow cell pool. Neutrophils derived from the bone
marrow have been reported to be functionally different
from peripheral blood neutrophils in some studies,’>*’
but not in others.*® Alternatively, the hyperergic phago-
cytosis of neutrophils trauma may result from activation
of normal peripheral blood neutrophils (e.g., by com-
plement cleavage products). During septic organ fail-
ure, bacterial products like endotoxin,”*** or che-
motactic bacterial peptides,* or immune-mediators
released from monocytes” and macrophages” like
interleukin-1 or tumor necrosis factor alpha**® are lib-
erated and may be responsible for the alkaline pH and
large cell volume of neutrophils and their lower re-
sponses to incubation with E. coli.

The results of this study suggest that systemic alter-
ations of neutrophil function—rather than only an al-
teration of the local milieu—are associated with the
imminence of posttraumatic or septic multiple organ
failure. The longitudinal analysis of such alterations of
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neutrophil function with sensitive multiparametric cell-
biochemical techniques is important not only for the
early recognition of imminent sepsis, but also for the
understanding of the mechanisms of the alterations of
neutrophil function during posttraumatic and septic or-
gan failure in ICU patients.
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