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ABSTRACT—Despite the advances in therapeutic approaches in the management of inflammatory conditions, the
incidence of sepsis is on increase in the intensive care units (ICU). In a pilot study, we investigated whether the use of an
apheresis system based on DEAE-cellulose is capable of reducing the plasma concentration of endotoxin in patients with
severe sepsis. We enrolled 15 intensive care patients with severe sepsis and plasma endotoxin concentrations >0.3 EU/mL.
In addition to standard ICU therapy, a total of 83 apheresis treatments were performed. About 1.7 volumes of plasma (6000 mL)
were treated at each apheresis session. A significant reduction in plasma endotoxin levels from a median of 0.61 to 0.39 EU/mL
(—35%) could be achieved (P < 0.001). Long-term comparison of the initial and post-treatment levels after a series of five to
six individual apheresis treatments also showed a statistically significant decline in circulating endotoxin, interleukin (IL)-6,
C-reactive protein (CRP), fibrinogen, and an increase in cholesterol levels. Except for a transient and reversible increase of
prothrombin time, no adverse events were observed in patients undergoing this new adsorption apheresis treatment. Our
data show that reduction of endotoxin by extracorporeal DEAE-cellulose-based plasma treatment may prove a promising

therapeutic tool for patients suffering from bacterial sepsis and proven endotoxemia.
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INTRODUCTION

Severe sepsis associated with multiple organ dysfunction
leads to high morbidity and mortality in intensive care units
despite the advances in therapeutic approaches (1). Gram-
negative bacteria cause about one-half of all serious human
infections, and complications of severe sepsis account for as
many as 200,000 deaths per year in the United States (2).
Moreover, in the past two decades, many bacteria, including
gram-negative species, have acquired resistance to diverse
antibiotics (3). Even when antibiotics are effective in a severe
gram-negative infection, the lipid A moiety, which is the active
substructure of the lipopolysaccharide (LPS), may be shed
from dying bacteria and cause overt activation of macrophages
and endothelial cells (4, 5), thereby triggering the systemic
immunological response (SIRS) (6, 7). LPS concentrations at
the beginning of sepsis correlate with the acute physiology and
chronic health evaluation (APACHE) II score, inflammatory
markers, and inversely with circulating cholesterol levels (8-
10). Modulations of these markers are closely correlated with
the prognosis and outcome of the disease (11). Newer thera-
peutic strategies attempting to reduce activation of coagulation
and thus avoid disseminated intravascular coagulation were
more successful (12, 13). Clinical studies using antibodies to
endotoxin proved disappointing (14, 15), possibly due to the
time of administration or to their inability to neutralize LPS
activity sufficiently. A different approach using extracorporeal
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adsorption apheresis for elimination of endotoxin from plasma
is currently under investigation in clinical studies (16-18).

A cartridge containing polymyxin B-immobilized fibers
(PMX-F) for the selective binding and removal of LPS directly
from whole blood was investigated in Japan for the treatment of
septic shock (8, 16, 19-24). Data from in vitro experiments
demonstrate a high adsorption rate of LPS from whole blood by
this system (16). In a sepsis model, treated rats survived,
whereas controls died (21). Also, in patients with sepsis, a 45%
reduction of circulating LPS concentrations and a decrease in
28-day mortality has been reported (8). This elegant approach
seems to be a promising strategy for the treatment of patients
with sepsis.

In the Matisse® system, the binding ability of LPS to human
albumin is used for its elimination from whole blood (18, 25).
A 25% to 36% reduction of LPS was achieved after perfusion
of 1.5 volumes of patients’ blood. However, in a controlled
study, including 145 patients with gram-negative sepsis, the
APACHE I score did not decrease significantly during serial
apheresis treatment in comparison with the control group and
the survival rate showed no difference (17). On the other hand,
in a subgroup of 104 patients suffering from peritonitis, the
SOFA score declined clearly in patients undergoing hemo-
perfusion.

In vitro experiments carried out in our laboratory demon-
strated that recirculation of plasma through DEAE-cellulose
mats, an adsorber material that not only possesses anion-
exchange groups, but also hydrophobic properties (26, 27),
effectively removed LPS from plasma at pH 5.12 (28). The
combination of electrostatic and hydrophobic interaction
potentiates the selectivity and affinity of this adsorber material
for the binding of LPS. Such an adsorber is part of the H.E.L.P.
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system (B. Braun, Melsungen, Germany) that is in clinical use
for the treatment of severe hypercholesterolemia for more than
a decade. In a preliminary pilot study, we showed that the
H.E.L.P. treatment reduces LPS levels in patients suffering from
sepsis (28). Recently, Wang et al. (29) showed that this therapy
efficiently also reduces proinflammatory and prothrombotic
markers from the circulation of patients with chronic heart
disease. In this study, we addressed the question of whether the
DEAE-cellulose adsorber material effectively reduces LPS
concentration also under physiological pH conditions in in vitro
studies and in patients with sepsis without undesired side
effects.

MATERIALS AND METHODS

In vitro experiments

The binding capacity of the DEAE-cellulose adsorber (H.E.L.P. Heparin Adsorber;
B. Braun) for endotoxin from plasma was evaluated in vitro using tritium-labeled
endotoxin from Escherichia coli K12 strain LCD 25 (3H—LPS; List Biological
Laboratories, Quadratech, Surrey, UK) with a specific activity of 4 X 10°> dpm/ug.
The labeled endotoxin was added to 200 mL of heparinized plasma obtained
from healthy volunteers to a final concentration of 25 ng/mL. After recirculating
three plasma volumes at a flow rate of 20 mL/min through the adsorber cartridge,
reduction of radioactivity from plasma and concentration of LPS (LAL assay)
were measured.

Clinical study

The study protocol was reviewed and approved by the local institutional review
board. Informed consent of patients or their next relative was obtained before the
therapy.

We prospectively included 15 patients at the intensive care unit of the
Department of Surgery (University Hospital Grosshadern, Munich, Germany) with
clinically established severe sepsis (ACCP/SCCM) (30) and a plasma concentration
of LPS > 0.30 EU/mL. The presence of at least two of the four criteria for SIRS and
at least one sepsis-induced organ dysfunction were criteria for inclusion. The
following indices were used for organ failure: lungs, artificial ventilation >1 day
after admission; circulation, catecholamine therapy despite adequate fluid support;
coagulation, prothrombin time <60% of normal value or partial thromboplastin time
>45 s or platelet count <100 G/L; kidneys, acute increase of creatinine >2mg/dL or
continuous veno-venous hemofiltration (CVVH); liver, bilirubin >2 mg/dL plus
prothrombin time <60% of control or cholinesterase <1500 U/L; and central nervous
system, acute disorientation, stupor, or coma. The clinical characteristics are summa-
rized in Table 1. Exclusion criteria were an age less than 18 years, pregnancy,
presence of an acute cerebrovascular event, acute coronary syndrome, severe cardiac
arrhythmia, bradycardia, prothrombin time <60%, gastrointestinal hemorrhage, or an
indication for imminent surgery.

EXTRACORPOREAL PLASMA TREATMENT AND Sepsis 495

The standard therapy included administration of antibiotics, vasoactive drugs,
mechanical ventilatory support, hemofiltration, corrective measures for metabolic
abnormalities, and other supportive therapy that appeared to be necessary.
Conventional therapy was maintained during the DEAE-cellulose apheresis. None
of the patients received steroids or other immunosuppressive drugs. The APACHE II
score was evaluated daily for each patient (31).

Adsorption apheresis procedure

The apheresis therapy was initiated when patients with severe sepsis did not
respond to conventional therapy and fulfilled the inclusion criteria on at least 2
consecutive days. A double-lumen catheter was inserted into the femoral vein or
vena cava superior by the Seldinger technique. DEAE-cellulose adsorption apheresis
was performed with a continuous plasma separation unit (Diapact CRRT; B. Braun)
for 2 to 4 h at a blood flow rate of 60 to 120 mL/min through the venovenous
catheter. Plasma was separated from blood by a passage through a 0.55-um hollow
fiber (Haemoselect 0.2 m%; B. Braun) and was then passed through a cartridge (11 X
6 cm 1.D.), at a flow rate of 25 mL/min, packed with the anion exchange material,
i.e., DEAE-modified cellulose (H.E.L.P Heparin Adsorber; B. Braun). Endotoxin-
depleted plasma was continuously mixed with the cellular blood components and
reinfused into the patient. In general, patients received five serial aphereses within 1
week. The time interval between two apheresis treatments was at least 24 h.
Anticoagulation was achieved by intravenous infusion of the prostacyclin analog
epoprostenol (Flolan) at a rate of 20 ug/h during apheresis treatment. Two patients
were given heparin during the apheresis treatment (500 I.U./h) to maintain flow
through the filter.

Clinical chemical analysis and assay procedures

Peripheral blood samples were collected before, immediately after, and on the
morning of each day after the apheresis procedure. All laboratory tests were
performed at the Institute of Clinical Chemistry (University Hospital Grosshadern)
according to standard procedures. Serum IL-6 concentrations were measured by an
enzyme-linked immunoabsorbant assay method (Biosource Europe, Nivelles,
Belgium). For bacterial endotoxin measurement, blood samples were aseptically
taken from an arterial vascular access at 8:00 a.m. and immediately before and after
apheresis treatment. LPS was measured using a kinetic limulus amebocyte lysate
assay (LAL-QCL; Cambrex, Walkersville, MD). Briefly, whole blood was collected
in 4-mL LPS-free vacutainers containing heparin (Chromogenix, Mdlndal, Sweden)
and centrifuged at 1800g for 10 min to separate the plasma from cellular
components. Plasma was collected with an LPS-free micropipette and aliquoted into
a 1.8-mL LPS-free Cryotube (Nunc, Wiesbaden, Germany). Lyophilized polyphemus
amebocyte lysate (LAL solution, Kinetic-QCL; Cambrex), was dissolved in 2.6 mL
of buffered solution. The lyophilized LPS standard (200 EU, E. coli 055:B5) was
aseptically dissolved in 4 mL of LPS-free purified water. The standard LPS solution
was diluted to a concentration of 50, 5, 0.5, 0.05, and 0.025 EU/mL. Plasma was
diluted 10-fold by adding 10 mM LPS-free MgCl, (Cambrex). The diluted plasma
was heated in water for 10 min at 75°C and was centrifuged at 1800g for 1 min, and
the resulting supernatant was further diluted (1:5)_Finally, 100 uL of 50-fold diluted
plasma and 100 uL of prepared LAL solution were pipetted into a microplate
(Nunc). The activation of the Limulus clotting enzyme by LPS catalyzes the cleavage
of p-nitroaniline from the substrate (Ac-Ile-Glu-Ala-Arg-pNa), and adsorbance was
measured photometrically at 405 nm. Positive product control as a monitor for

TasLE 1. Characteristics of the patients

Patient Age (years)/gender Diagnosis Septic focus Bacteria (gram) LPS* (EU/mL)
1 76 men Rupture of aortic aneurysm Pneumonia (=) 0.80
2 60 women lleus Peritonitis Pneumonia (+) 0.59
3 58 women Diverticulitis Colon (+) 1.75
4 58 men None Abscesses Pneumonia (+) 0.71
5 70 women Thyroid carcinoma Mediastinitis (+/-) 0.49
6 66 men Thoracic aneurysm of the aorta Pneumonia (+/-) 0.42
7 53 men Carcinoma of papilla vateri Peritonitis Pneumonia (+/-) 0.63
8 62 men Abdominal hernia Peritonitis Pneumonia (+/-) 0.33
9 62 men lleus Pneumonia Pleura empyema (+) 0.53

10 62 women Liver carcinoma Peritonitis (+) 0.80
11 55 men Pleura mesothelioma Pneumonia (+) 0.52
12 78 men Colon perforation Peritonitis (+/-) 1.84
13 64 men Bronchus carcinoma Pleura empyema (+/-) 0.57
14 50 women Rectum carcinoma Peritonitis Pneumonia () 1.84
15 57 men Pleura mesothelioma Pleura empyema Pneumonia (+) 0.38

*LPS concentration on day 1 (8 a.m.) before the first apheresis treatment. The primary septic focus is printed in italics.

—, gram-negative strain.
+, gram-positive strain.
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plasma LPS inhibition or enhancement was determined by LPS measurement in a
vial containing 100 uL of prepared LAL solution, 100 nL of diluted plasma sample
(1:50), and 10 uL of LPS standard solution (diluted to a concentration of 5 EU/mL).
The LPS recovery was 100% + 25%. The limit of detection for LPS determination
using this method was 0.13 EU/mL.

Statistical analysis

Results are expressed as the median and 75th percentile. The difference in
median values was examined by Wilcoxon’s signed rank test for paired subjects.
Values of P < 0.05 were considered statistically significant.

RESULTS

Elimination of LPS from human plasma after passage
through the DEAE-cellulose adsorber

In vitro experiments established a high efficiency for LPS
adsorption by the DEAE-cellulose adsorber (Fig. 1). The initial
plasma concentration of *H-LPS was 25 ng/mL (250 EU/mL),
corresponding to a specific activity of 96 dpm/ng LPS. After
recirculating three plasma volumes, a reduction in LPS concen-
tration and *H activity of 99% and 79% (P < 0.05), respectively,
was noted.

To confirm the quantitative adsorption of *H-LPS, the frac-
tions of treated plasma were incubated with Polymyxin-B gel
(Polymyxin-B gel; Pierce, Rockford, IL). Neither *H radioac-
tivity nor LPS concentration were further reduced, indicating
that the DEAE-cellulose material had eliminated LPS from
plasma in a quantitative manner.

Elimination of endotoxin in patients

The application of our study inclusion criteria (severe sepsis
and LPS >0.3 EU/mL) resulted in the selection of patients with
multiple organ dysfunction syndrome. Organ functions were
affected as follows: lungs, 15/15 (all patients were mechan-
ically ventilated); circulation, 15/15; coagulation, 14/15;
central nervous system, 14/15; kidneys, 13/15; liver, 11/15.
Ten patients received continuous veno-venous hemofiltration
because of acute renal failure, 5/15 during the 5 study days.
However, during apheresis therapy, CVVH was interrupted.

All patients required catecholamine therapy due to septic
shock during the study, days 1 to 6, and 59 of 83 apheresis
procedures were done under norepinephrine therapy. The
median norepinephrine doses before and postapheresis were
not different (0.7 vs. 0.8 mg/h, P > 0.05). We performed a total
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Fic. 1. In vitro removal of LPS by perfusion of three plasma volumes
through the DEAE-cellulose cartridge. Median pre- and postperfusion
levels of LPS (dpm/mL, left and LAL test in EU/mL, right), n = 6, *P < 0.05
(Student’s t test).
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of 83 apheresis treatments, i.e., 5.5 treatments per patient. On
average, the 1.7-fold plasma volume (6000 mL) was treated
during each apheresis. Median values of hematocrit before and
after apheresis did not differ (median before apheresis: 0.26,
25th percentile: 0.24, 75th percentile: 0.28 and after apheresis:
median 0.26, 25th percentile: 0.24, 75th percentile: 0.28).

All patients in this study had high plasma concentrations
of LPS 1 day before the first apheresis treatment (median:
0.61 EU/mL, 25th percentile: 0.45 EU/mL 75th percentile:
0.75 EU/mL). There was a significant reduction of LPS
concentrations after each apheresis treatment (median concentra-
tion before and after the first apheresis: 0.62 and 0.38 EU/mL
[P < 0.001], second apheresis: 0.58 and 0.37 EU/mL [P <
0.001], third apheresis 0.57 and 0.43 EU/mL [P < 0.001],
fourth aphe-resis: 0.71 and 0.39 EU/mL [P < 0.001], and fifth
apheresis: 0.54 and 0.39 EU/mL [P < 0.001], respectively). The
median LPS concentration before apheresis treatment was
0.61 EU/mL and post-treatment was 0.39 EU/mL (35% reduc-
tion, P < 0.001). Figure 2 shows pre- and post-treatment levels of
LPS (EU/mL) in plasma during a series of five apheresis
treatments in all patients. The long-term LPS profile was
monitored by measuring LPS plasma levels every morning on
the first day of the apheresis until day 13. Plasma LPS concen-
trations decreased slowly during the treatment period from
0.59 EU/mL (range 0.33-1.84 EU/mL) on day 1 to 0.49 EU/mL
on day 6 (n.s.) and further to 0.33 EU/mL on day 13 (P < 0.05).

APACHE Il score and mortality

Before the apheresis treatment, the patients had a median
APACHE 1II score of 22 points (25th percentile, 20 points; 75th
percentile, 28 points). The score decreased to 18 points after the
treatment series (day six, 25th percentile: 11 points; 75th
percentile: 23 points) and to 17 points (25th percentile, 12 points;
75th percentile, 21 points) on day 13. However, this decrease
was not statistically significant. Heart rate, mean arterial
pressure, and body temperature showed no significant changes
during the therapy. Table 2 shows the median norepinephrine
doses and mean arterial pressure before and after apheresis
treatments. No instability of the circulation and no deteri-
oration of organ functions were observed during apheresis. One
patient died, due to a refractory septic shock on day 2 before the
second apheresis treatment was started. The 28-day mortality
after apheresis therapy was 26.7% (4/15 patients).

Inflammatory and coagulatory markers

Clinical chemical and hematological parameters are presented
in Table 3. All patients showed a pronounced leukocytosis of
14.8 G/L on the day before the first apheresis treatment, which in
the long term was not affected by the treatments (Table 3).
However, a transitory increase in leukocyte count (median +5.9
G/L) was generally observed at the end of each apheresis
procedure, which returned to base level values by the following
morning. None of the patients showed leukopenia at any time
of the study period. IL-6 (146.5 pg/mL) and C-reactive protein
(CRP) (15.6 mg/dL) plasma concentrations were significantly
decreased after DEAE adsorber apheresis treatment, whereas
the changes in LBP were statistically insignificant. Figure 3 shows
long-term results of IL-6 and CRP in 15 patients over 13 days.
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Fic. 2. Pre- and posttreatment levels of LPS (EU/mL) in plasma of 15
patients during a series of five apheresis treatments. LPS reduction by
multiple aphereses (bottom right), median and interquartile range, *P < 0.001.

Five patients were treated with CVVH during the apheresis
period (days 1-5). The plasma concentration of CRP, IL-6, and
LPS of these five patients and those 10 patients without CVVH
are shown in Table 4.

In addition, circulating cholesterol levels, which are a sensi-
tive indicator of severe inflammation (11) and were signifi-
cantly below normal levels before apheresis, also increased
after the apheresis treatments (Table 3).

We noted a significant reduction of prothrombin time after
each therapy. Prothrombin time (percentage of control) decreased
from a pretreatment median of 70% of normal value to a post-
treatment median value of 41% (P < 0.05). However, it returned
to normal values by the next day. Transitory reduction of
prothrombin time was possibly due to adsorption of clotting
factors (32). However, there were no significant changes in
aPTT and D-Dimer levels over time (Table 3). Lipoproteins and
immunoglobulin concentrations did not change.

DISCUSSION

Although the pathogenesis of sepsis is complex, it is now
generally accepted that LPS-induced overproduction of proin-
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flammatory factors, including TNF-«, IL-1, IL-6, and IL-8,
released from the septic focus, amplify the cascade of inflam-
matory response (33, 34). This concept is supported by clinical
observations and studies in experimental animals. Administration
of endotoxin leads to increased production of cytokines, and
injection of purified cytokines such as TNF-a and IL-1 provokes
a sepsis-like response (35).

During recent years, many strategies have been developed to
minimize or to interrupt the influence of LPS in the pathogenesis
of sepsis. In the present investigation, we treated 15 patients
with circulating LPS concentrations above 0.30 EU/mL using
a DEAE-cellulose adsorber apheresis module. This cut-off
concentration for LPS cannot be directly compared with data
from other studies because of methodological differences in the
analysis of LPS in plasma.

Our in vitro experiments with *H-labeled LPS conclusively
showed that LPS is quantitatively adsorbed from human plasma
during perfusion of the DEAE-cellulose adsorber investigated.
This finding was further confirmed by the LAL test and the use
of the LPS-specific adsorber Polymyxin B.

From the literature, it is known that only in 70% to 80% of
patients suffering from gram-negative sepsis LPS could be
detected (10, 24). Gram-negative bacteria were isolated from
the septic focus in eight patients enrolled in this study, and in
seven patients, only gram-positive bacteria were isolated from
the septic focus. LPS, however, was detected in all patients. An
explanation for this finding could be the translocation of LPS
from the gastrointestinal tract into the circulation.

All patients in this study were suffering from septic shock
for several days and were treated according to intensive care
unit standards for a relatively long period of 12.7 + 14.1 days
(mean + SD) before the apheresis treatments started. All of our
patients tolerated the apheresis therapy well and no severe
adverse event occurred. There was no deterioration of hemo-
dynamic parameters and no significant changes of norepi-
nephrine dosage was necessary during apheresis treatment.

The pre- and post-treatment plasma levels of LPS clearly
demonstrate the potential of extracorporeal apheresis using
the DEAE-cellulose adsorber investigated in reducing circu-
lating LPS effectively (~35%, P < 0.001). The high signifi-
cance of this reduction makes it extremely unlikely that it is
caused by normal fluctuation. Thus, the median LPS
concentration increased significantly from the post-treatment
level of 0.39 to 0.57 EU/mL in the morning of the next day
and further to 0.61 EU/mL before the next apheresis. This
spontaneous increase in endotoxin concentration during this
time period can only be explained by continuous endotoxin
release into the circulation and the discontinued extracorporeal
treatment.

Because isovolemic infusion therapy has been performed
during each apheresis therapy and no change in hematocrit has
been occurred, a dilutional effect can be excluded.

It is almost impossible to measure serum concentrations of
all components that can be theoretically removed by this
treatment modality. We measured specific clinically relevant
inflammatory, coagulation parameters, and other parameters
of liver function. LPS reduction was correlated with a signifi-
cant decline of IL-6, CRP, and fibrinogen levels. Serial
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TasLe 2. Median norepinephrine doses (n = 59) and mean
arterial pressure (n = 83) before and after apheresis treatments

Mean arterial pressure

Norepinephrine (mg/h) (mmHg)

Patient Preapheresis Postapheresis Preapheresis Postapheresis
1 0.40 1.20 73 74
2 2.80 2.80 86 81
3 0.40 0.36 82 89
4 1.23 1.25 87 92
5 1.40 1.05 98 80
6 0.24 0.30 99 89
7 0.15 0.10 91 80
8 0.30 0.35 73 79
9 0.46 0.60 75 90

10 2.00 2.00 81 82
11 0.28 0.35 78 79
12 1.40 1.40 67 82
13 0.40 0.40 72 82
14 0.40 0.40 71 66
15 2.80 2.40 84 84

TasLe 3. Clinical chemical and hematological parameters

Day 1 (preapheresis) Day 6 Day 13

Erythrocytes (T/L) 3.18 (3.35) 3.03 (3.36) 3.17 (3.40)
Hemoglobin (g/dL) 9.60 (10.50) 9.65 (10.70) 10.20 (10.60)
Thrombocytes (G/L) 163 (351) 214 (275) 150 (261)
Leukocytes (G/L) 14.8 (18.3) 16.3 (26.6) 13 7 (18.9)
CRP (mg/dL) 15.6 (18.4) 7.0 (9.4)* 4 (12.2)
IL-6 (pg/mL) 146.5 (245) 96.8 (207)* 57 0 (189)*
LBP (ng/mL) 47.4 (57.3) 31.0 (50.7) 30.0 (39.5)
Amylase (U/L) 90.0 (193) 87.5(243)  79.5 (270)
Lipase (U/L) 77.0 (169) 57.0 (153) 97 0 (267)
Bilirubin (mg/dL) 1.98 (3.2) 2.0 (3.4) 5 (5.8)
Creatinine (mg/dL) 1.9 (2.1) 1.3 (2.0) 1.2 (1.7)
Total protein (g/dL) 4.80 (5.00) 4.40 (4.80) n.d.
Cholesterol (mg/dL) 96.0 (116) 104.0 (123) 128.0 (162)*
Prothrombin time

(% of control) 75.0 (80) 60.0 (70)* 80.0 (85)
aPTT 38.5 (45.0) 39.0 (42.0) 38.0 (42.0)
Fibrinogen (mg/dL) 566 0 (680) 397.0 (529)* n.d.
D-Dimer (ng/mL) 3 (6.8) 3.2 (6.1) n.d.

Laboratory data (8 a.m.) on days 1, 6, and 13 in 15 patients treated with
DEAE cellulose apheresis.

Median and 75th percentile are in parentheses; *, day 6 vs. day 1, P <
0.05; *, day 13 vs. day 1, P < 0.05; n.d., not determined.

measurements of serum bilirubin levels did not indicate
a relevant change in liver function that could explain the
observed decrease in IL-6 and CRP. Cholesterol levels, which
are closely related with liver function, even increased over
time, a finding that renders deterioration of liver function
highly unlikely. Also, fibrinogen levels decreased over time.
Serum fibrinogen reduction over time may also reflect a change
in the proinflammatory state secondary to LPS elimination
because fibrinogen represents an acute phase reactant. This
hypothesis is also strengthened by missing changes in PTT and
d-Dimers. Both parameters would be expected to decrease
during consumption coagulopathy.

To investigate whether continuous hemofiltration can modify
the efficacy of our LPS elimination system, we analyzed
patient groups with and without concomitant hemofiltration
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Fic. 3. Long-term profile of daily CRP and IL-6 plasma levels in 15
patients (median and 75th percentile). Posttreatment values were
measured each morning (8 a.m.) after the day of treatment.

TasLe 4. Comparison of CRP, IL-6, and LPS levels (8 a.m.) on
days 1 and 6 in 15 patients treated with and without CVVH

+CVVH (n =5) —CVVH (n =10)
Day 1 Day 1
Parameters (preapheresis) Day 6 (preapheresis) Day 6
CRP (mg/dL) 17.9 (18.4) 5.9 (12.5) 15.0 (17.6) 7.0 (9.4)*
IL-6 (pg/mL) 217 (245) 171 (2507) 114 (245)* 47 (142)*
LPS (EU/mL) 1.75(1.84) 0.51(1.65) 0.53 (0.71) 0.44 (0.56)"

Median and 75th percentile are in parentheses.
*, Day 1 (+CVVH) vs. day 1 (-CVVH), P < 0.05.
# Day 6 vs. day 1, P < 0.05.

therapy in terms of elimination efficacy. There was no obvious
difference between either patient groups. This finding is in line
with several reports in the literature showing that, e.g., IL-6 and
other inflammatory cytokines may be eliminated into the
ultrafiltrate, but without effectively influencing plasma concen-
trations of these mediators (37, 38).

From a theoretical point of view, anticoagulation of the
extracorporeal elimination system with prostacyclin could per se
modulate the proinflammatory response. In vitro and in animal
models prostacyclin is known to modulate leukocyte-endothelial
cell interaction and modulate the monocytic proinflammatory
response to endotoxin (39, 40). An anti-inflammatory effect of
prostacyclin infusion per se cannot be excluded by our study
design because prostacyclin application was part of the elimi-
nation procedure. However the profound reduction in LPS
concentration cannot be explained by prostacyclin infusion
per se. There are no data from the literature showing that
prostacyclin infusion can reduce LPS or IL-6 concentrations in
humans. Moreover, two study patients without prostacyclin
infusion who received heparin as an anticoagulant showed
a similar response to treatment. The reduction in CRP concen-
trations may be in part mediated by prostacyclin effects. We
can also not exclude that the reduction of CRP in part is due to
the binding to the DEAE-cellulose adsorber. It has been shown
that under acidic conditions (pH 5.12), H.E.L.P. apheresis
eliminates CRP very effectively (29).
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Because of the pilot nature of the present study and small
number of patients, no attempts were made to provide informa-
tion about the improvement of organ dysfunction and long-term
prognosis. However, it is worth it to note that 28-day mortality
in our patients was 26.7% in comparison with 55% to 72% in
a recent multicenter study in patients with septic shock (36).

We noted a significant increase of prothrombin time after
each apheresis. This could be due to the adsorption of clotting
factors as shown for H.E.L.P. apheresis (32). However,
prothrombin time returned to normal values at the next day
and we observed no bleeding complications during DEAE-
cellulose apheresis treatment. Yet, it is important to monitor
coagulation parameters during each treatment to avoid the risk
of bleeding.

Our in vitro investigations with the DEAE adsorber using
tritium-labeled endotoxin revealed that endotoxin can be reduced
to almost zero level when processing three plasma volumes.
The performed treatment of 1.7 plasma volumes only resulted
in 35% reduction of LPS. We processed only a limited plasma
volume to avoid potentially detrimental changes in coagulation
parameters in this first pilot trial. By simultaneous supple-
mentation of coagulation factors (fresh frozen plasma and
prothrombin complex), it should be possible to treat larger
plasma volumes and thereby increase the efficacy with regard
to LPS elimination.

In conclusion, therapeutic apheresis can be safely applied in
patients with severe sepsis to reduce endotoxin plasma concen-
trations and thus the endotoxin load over time. Studies in
a bigger cohort of patients are necessary to evaluate the impact
of apheresis treatment on clinical outcome in endotoxemic
patients.

ACKNOWLEDGMENTS

The authors thank Mrs. Maria Mezger for her excellent and skillful technical
assistance, and Prof. A. Walli and Dr. J.N. Hoffmann (Munich, Germany) for critical
discussions and help in preparing the manuscript. They also gratefully acknowledge
the financial support of B. Braun, Melsungen, AG, Melsungen, Germany.

REFERENCES

1. Wichmann WM, Inthorn D, Andress HJ, Schildberg FW: Incidence and
mortality of severe sepsis in surgical intensive care patients: the influence of
patient gender on disease process and outcome. Intensive Care Med 26:167—
172, 2000.

2. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR:
Epidemiology of severe sepsis in the United States: analysis of incidence,
outcome, and associated costs of care. Crit Care Med 29:1303-1310, 2001.

. Neu HC: The crisis in antibiotic resistance. Science 257:1064-1073, 1992.

4. Lepper PM, Held TK, Schneider EM, Bolke E, Gerlach H, Trautmann M:
Clinical implications of antibiotic-induced endotoxin release in septic shock.
Intensive Care Med 28:824-833, 2002.

5. Shenep J, Barton R, Moragn K: Role of antibiotic class in the rate of liberation
of endotoxin during therapy of endotoxin during therapy for experimental
Gram-negative bacterial sepsis. J Infect Dis 151:1012-1018, 1985.

6. Glauser MP, Zanetti G, Baumgartner JD, Cohen J: Septic shock: pathogenesis.
Lancet 338:732-736, 1991.

7. Dinarello CA: Cytokines as mediators in the pathogenesis of septic shock. Curr
Top Microbiol Immunol 216:134-165, 1996.

8. Nemoto H, Nakamota H, Okada H, Sugahara S, Moriwaki K, Arai M, Kanno Y,
Suzuki H: Newly developed immobilized polymyxin B fibers improve the
survival of patients with sepsis. Blood Purif 19:361-369, 2001.

9. Casey L, Balk RA, Bone RC: Plasma cytokine and endotoxin levels correlate
with survival in patients with sepsis syndrome. Ann Intern Med 119:771-778,
1993.

{95]

13.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

499

EXTRACORPOREAL PLASMA TREATMENT AND SEPSIS

. Opal SM, Scannon P, Vincent JL, White M, Carroll SF, Palardy JE, Parejo JE,

Pribble JP, Lemke JH: Relationship between plasma levels of lipopolysaccha-
ride (LPS) and LPS-binding protein in patients with severe sepsis and septic
shock. J Infect Dis 180:1584-1589, 1999.

. Fraunberger P, Nagel D, Walli AK, Seidel D: Serum cholesterol and mortality in

patients with multiple organ failure. Crit Care Med 28:3574-3575, 2000.

. Bernard GR, Vicent JL, Laterre PF, LaRosa SP, Dhainaut JF, Lopez-Rodriguez

A, Steingrub JS, Garber GE, Helterbrand JD, Ely EW, Fisher CJ, Recombinant
Human Protein C Worldwide Evaluation in Severe Sepsis (PROWESS) Study
Group: Efficacy and safety of recombinant human activated protein C for severe
sepsis. N Engl J Med 344:699-709, 2001.

Inthorn D, Hoffmann JN, Hartl WH, Miihlbayer D, Jochum M: Antithrombin III
supplementation in severe sepsis: beneficial effects on organ dysfunction. Shock
8:328-334, 1997.

. Greenman RL, Schein RM, Martin MA, Wenzel RP, MacIntyre NR, Emmanuel

G, Chmel H, Kohler RB, McCarthy M, Plouffe J: A controlled clinical trial of ES
murine monoclonal IgM antibody to endotoxin in the treatment of gram-
negative sepsis. J Am Med Assoc 266:1097-1102, 1991.

Ziegler EJ, Fisher C, Sprung CL, Straube RC, Sadoff JC, Foulke GE, Wortel CH,
Fink MP, Dellinger RP, Teng NN: Treatment of gram-negative bacteremia and
septic shock with HA-1A human monoclonal antibody against endotoxin. A
randomized, double-blind, placebo-controlled trial. The HA-1A Sepsis Study
Group et al. N Engl J Med 14:429-436, 1991.

. Teramoto K, Nakamoto Y, Kunitomo T, Shoji H, Tani T, Hanazawa K, Kodama

M: Removal of endotoxin in blood by polymyxin B immobilized polystyrene-
derivative fiber. Ther Apher 6:103-108, 2002.

Staubach KH, Boehme M, Zimmermann M, Otto V: A new endotoxin
adsorption device in Gram-negative sepsis: use of immobilized albumin with the
MATISSE adsorber. Transfus Apheresis Sci 29:93-98, 2003.

Ullrich H, Jakob W, Frohlich D, Rothe G, Prasser C, Drobnik W, Taeger K,
Meier-Hellmann A, Reinhart K, Zimmermann M, Schmitz G: A new endotoxin
adsorber: first clinical application. Ther Apher 5:326-334, 2001.

Aoki H, Kadoma M, Tani T, Hanasawa K: Treatment of sepsis by extracorporeal
elimination of endotoxin by using polymyxin B-immobilized fiber. Am J Surg
167:412-417, 1994.

Hanasawa K: Extracorporeal treatment for septic patients: new adsorption
technologies and their clinical application. Ther Apher 6:290-295, 2002.
Kodama M, Hanasawa K, Tani T: New therapeutic method against septic shock:
removal of endotoxin using extracorporeal circulation. Adv Exp Med Biol
256:653-664, 1990.

Nakamura T, Ebihara I, Shimada N, Koide H: Changes in plasma erythropoietin
and interleukin-6 concentrations in patients with septic shock after hemoperfu-
sion with polymyxin B-immobilized fiber. Intensive Care Med 24:1272-1276,
1998.

Tani T, Hanasawa K, Kodama M, Imaizumi H, Yonekawa M, Saito M, Ikeda T,
Yagi Y, Takayama K, Amano I, Shimaoka H, Ohta M, Okahisa T, Koga N, Fujita
N, Yamasa H: Correlation between plasma endotoxin, plasma cytokines, and
plasminogen activator inhibitor-1 activities in septic patients. World J Surg
25:660-668, 2001.

Tani T, Hanasawa K, Endo Y, Yoshioka T, Kodama M, Kaneko M, Uchiyama Y,
Akizawa T, Takahasi K, Sugai K: Therapeutic apheresis for septic patients with
organ dysfunction: hemoperfusion using a polymyxin B immobilized column.
Artif Organs 22:1038-1044, 1998.

Zimmermann M, Busch K, Kuhn S, Zeppezauer M: Endotoxin adsorbent based
on immobilized human serum albumin. Clin Chem Lab 37:373-379, 1999.
Hou K, Zaniewski R: Endotoxin removal by anion-exchange polymeric matrix.
Biotechnol Appl Biochem 12:315-324, 1990.

Hou K, Zaniewski R: The effect of hydrophobic interaction on endotoxin adsorp-
tion by polymeric affinity matrix. Biochem Biophys Acta 1073:149-154, 1991.
Samtleben W, Bengsch S, Boos KS, Seidel D: H.E.L.P. apheresis in the
treatment of sepsis. Artif Organs 22:43-46, 1998.

Wang Y, Blessing F, Walli AK, Uberfuhr P, Fraunberger P, Seidel D: Effects
of heparin-mediated extracorporeal low-density lipoprotein precipitation
beyond lowering proatherogenic lipoproteins-reduction of circulating pro-
inflammatory and procoagulatory markers. Atherosclerosis 175:145-150,
2004.

Bone R, Balk R, Cerra F, Dellinger R, Fein A, Knaus W, Schein R, Sibbald W:
Definitions for sepsis and organ failure and guidelines for the uses of innovative
therapies in Sepsis. The ACCP/SCCM Consensus Conference Committee.
American College of Chest Physicians/Society of Critical Care Medicine. Chest
101:1644-1655, 1992.

Knaus WA, Draper EA, Wagner DP, Zimmerman JE: APACHE II: a severity of
disease classification system. Crit Care Med 13:818-829, 1985.

Jaeger BR, Goehring P, Schirmer J, Uhrig S, Lohse P, Kreutzer E, Reichart B,
Seidel D: Consistent lowering of clotting factors for the treatment of acute
cardiovascular syndromes and hypercoagulability: a different pathophysiolog-
ical approach. Ther Apher 5:252-259, 2001.



500 SHOCK voL. 23, No. 6

33.

34.

35.

36.

Hotchkiss RS, Karl IE: The pathophysiology and treatment of sepsis. N Engl J
Med 348:138-150, 2003.

Beutler B, Cerami A: The biology of cachectin/TNF-a primary mediator of the
host. Annu Rev Immun 7:625-655, 1989.

Cannon JG, Tompkins RG, Gelfand JA, Michie HR, Stanford GG, van der Meer
JW, Endres S, Lonnemann G, Corsetti J, Chernow B: Circulating interleukin-1
and tumor necrosis factor in septic shock and experimental endotoxin fever.
J Infect Dis 61:79-84, 1990.

Annane D, Sebille V, Charpentier C, Bollaert PE, Francois B, Korach JM,
Capellier G, Cohen Y, Azoulay E, Troche G, Chaumet-Riffaut P, Bellissant E:
Effect of treatment with low doses of hydrocortisone and fludrocortisone on
mortality in patients with septic shock. J Am Med Assoc 288:862-871, 2002.

37.

38.

39.

40.

BENGSCH ET AL.

Hoffmann JN, Hartl WH, Deppisch R, Faist E, Jochum M, Inthorn D:
Hemofiltration in human sepsis: evidence for elimination of immunomodulatory
substances. Kidney Int 48:1563-1570, 1995.

Hoffmann JN, Hartl WH, Deppisch R, Faist E, Jochum M, Inthorn D: Effect of
hemofiltration on hemodynamics and systemic concentrations of anaphyla-
toxins and cytokines in human sepsis. Intensive Care Med 22:1360-1367, 1996.
Czeslick EG, Simm A, Grond S, Silber R-E, Sablotzki A: Inhibition of
intracellular tumour necrosis factor (TNF)-a and interleukin (IL)-6 production
in human monocytes by iloprost. Eur J Clin Invest 33:1013-1017, 2003.
Uchiba M, Okajima K, Murakami K, Okabe H, Takatsuki K: Attenuation of
endotoxin-induced pulmonary vascular injury by antithrombin III. Am J Physiol
270:921-930, 1996.




