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Efficacy of Cytokine Removal by Plasmadiafiltration Using
a Selective Plasma Separator: In Vitro Sepsis Model
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Abstract: More effective removal of pro- and anti-
inflammatory cytokines may play an important role in the
treatment of sepsis. Plasmadiafiltration (PDF) with a larger
selective plasma separator was performed to study the
cytokine and plasma protein permeability profiles of the
membrane in an in vitro sepsis model. The in vitro sepsis
model was constructed by exposure of human whole blood
to bacterial lipopolysaccharide. EVACURE 2A, a selective
plasma separator, was placed in the blood circuit of PDF.
Sieving coefficients of cytokines and plasma protein were
tested in post-dilution PDF mode at the following operat-
ing parameters: blood flow rate 150 mL/min; dialysate flow
rate 33.33 mL/min; replacing fluid flow rate 6.67 mL/min;
ultrafiltration rate 5 mL/min. An enzyme linked immu-
noadsorbent assay was used to measure the concentrations
of tumor necrosis factor-a (TNF-a), high-mobility group

box 1 protein (HMGB1), interleukin-1b (IL-1b),
interleukin-1 receptor antagonist (IL-1ra), interleukin-2
(IL-2), interleukin-2 receptor (IL-2r), interleukin-6 (IL-6),
interleukin-8 (IL-8), interleukin-10 (IL-10) in plasma and
ultrafiltrate. Sieving coefficients of different solutes ranged
from 0.1 to 1.0 at first, decreased 10%–60% after 1 h of
PDF, and then remained stable. Total clearance rates of
cytokines ranged from 15 to 80 mL/min. The concentra-
tions of cytokines decreased 20–80% after 1 hour of PDF.
The sieving coefficient of albumin was 0.1 at first and then
decreased to 0.05 after 1 hour of therapy. Plasmadiafiltra-
tion with Evacure 2A plasma separator can effectively
remove almost all of the inflammatory mediators with low
albumin loss. Key Words: Cytokine, Inflammation, Plas-
madiafiltration, Sepsis, Sieving coefficient.

Inflammatory mediators spilling into the circula-
tion from local sites of inflammation can cause
remote tissue injury and organ dysfunction in sepsis.
It is widely accepted today that cytokines play pivotal
roles in the course of sepsis (1–3). Both pro-
inflammatory [tumor necrosis factor (TNF)-a, inter-
leukin (IL)-1, IL-6] and anti-inflammatory (IL-10,
IL-1ra) cytokines are over-expressed even in the
early phase of lethal sepsis. Modulation of the inflam-
matory response has been considered an important
way to improve survival in sepsis. However, anti-
inflammatory interventions have failed to show any
success in phase III clinical trials in the face of the
intense activation of the inflammatory mediator
network in sepsis despite promising results of anti-
inflammatory interventions in animal models (4,5).

Blood purification techniques are applied to treat
severe sepsis and septic shock by removing excess
humoral mediators and maintaining homeostasis.
Blood purification, which can remove cytokines by
sieving and or by adsorption, began to show its clini-
cal efficacy in the treatment of septic shock while the
cytokine-removing effects of blood purification are
still controversial (6–8). The pores of the filtration
membrane should be large enough to meet the clini-
cal needs of sufficient removal of inflammatory
mediators. But, filtration with a larger pore filter may
attain higher clearances of cytokines at the expense
of a higher loss of albumin and plasma proteins
(9–11).

A newly designed high-cut-off EVAL membrane
(Kuraray Medical Inc., Tokyo, Japan) with in vitro
albumin sieving coefficient of 0.2–0.3 which was
tested by the 10–100 mL/min blood flow, 10–100 mL/
min dialysate flow and 0 mL/min ultrafiltration rate
(provided by Kuraray Medical), should filter suffi-
ciently a wide range of inflammatory mediators, and
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also the membrane requires additional plasma to
compensate the albumin loss. This has been used suc-
cessfully to treat acute liver dysfunction (12,13). At
the first step, we performed plasmadiafiltration
(PDF) in an in vitro sepsis model to test whether the
membrane could provide an acceptable balance
between high cytokine and low albumin clearances,
meanwhile defining a suitable treatment index for
further in vivo sepsis models.

MATERIALS AND METHODS

In vitro sepsis model
Human whole blood was spiked with bacterial

lipopolysaccharide (LPS) to establish an in vitro
sepsis model (14). Four hundred milliliters of fresh
blood, stored in sterile blood standard acid citrate
dextrose (ACD)-containing collection bags, were
heparinized at a concentration of 62.5 IU/mL
(5000 IU heparin, Shanghai No.1 Biochemical Phar-
macy, Shanghai, China), and recalcified (calcium
chloride 10%, 44 mL/mL blood) and diluted with
400 mL isotonic saline solution (Baxter, Guangzhou,
China). One milligram of LPS (from Pseudomonas
aeruginosa serotype 0; Shanghai Qianchen Biotech-
nology Company, Shanghai, China) and 40 grams of
creatinine (Shanghai Yixin Biotechnology Company,
Shanghai, China) were added to the blood. After
that, the blood was incubated for 4 h in a 37°C water
bath and then overnight at room temperature.

In vitro PDF
Plasmadiafiltration was performed with a selec-

tive plasma separator EVACURE EC-2A made of
EVAL hollow fibers (inside diameter 175 mm, wall
thickness 40 mm, effective surface area 1.0 m2,
volume 80 mL, highest TMP 250 mm Hg, sterilized
by g radiation ray, made by Kuraray Medical), con-
nected to a flow-controlled blood roller pump
(BSM22-VPM, Kuraray Medical). The in vitro
albumin sieving coefficient of EVACURE EC-2A is
0.2–0.3.

The post-dilution PDF circuit was a closed loop
with four sampling sites: arterial site (Ci), before the
plasma separator; venous site 1 (Co1), after the
plasma separator and before the replacing pump;
venous site 2 (Co2), after the replacing pump; and
ultrafiltrate site (Cuf), after the ultrafiltration pump
(see Fig. 1).

Blood flow rate was maintained at 150 mL/min
while the following three parameters were combined.
Replacing fluid consisted of isotonic saline solution
and plasma at the ratio of 2:1 and was infused in a

post-dilution mode at the desired rate of 6.7 mL/min
(400 mL/h). Dialysate flow rate was set at 33.3 mL/
min (2000 mL/h) and net ultrafiltration rate 5 mL/
min (300 mL/h) (which was only turned on at 10, 60
and 120 min, respectively, and was kept stable for
10 min for the taking of samples.). The circuit was
anticoagulated with a bolus heparin infusion
(1250 IU) in the afferent limb.

Samples were collected in tubes containing ethyl-
enediaminetetraacetate and transported immediately
on ice to the laboratory, where they were centrifuged
at 3000 rpm for 5 min and the supernatants removed,
frozen, and stored at -70°C until assay.

Laboratory assays
Levels of TNF-a, IL-1b, IL-1 ra, IL-2, sIL-2R, IL-6,

IL-8, IL-10, and high-mobility group box 1 protein
(HMGB1) were measured by an enzyme-linked
immunoadsorbent assay (ELISA, Shanghai West-
Tang Bio-tech, Shanghai, China) according to the
manufacturer’s specifications. All samples were
tested twice.The lowest detectable value of cytokines
in the sample were TNF-a 9.0 pg/mL, IL-1b 5.0 pg/
mL, IL-1ra 10 pg/mL, IL-2 15 pg/mL, sIL-2R 15 pg/
mL, IL-6 3.0 pg/mL, IL-8 14 pg/mL, IL-10 15 pg/mL,
HMGB1 3 ng/mL. Calibration curves were con-
structed for plasma and ultrafiltrate samples, respec-
tively. The intra- and inter-assay variation of the
assays were <6% for all tested cytokines.

Creatinine and albumin were measured in plasma
and ultrafiltrate by automatic biochemical detector
(Urit-8000, Baiwei Science and Technology, Jiangsu,
China). The intra- and inter-assay coefficients of
variation were 3.0%.

Parameter calculations
The following formula was used to calculate the

sieving coefficient (SC) of each cytokine (14):

SC Cuf Ci Co1= +( )2

where Ci is the concentration in the inlet plasma
(pg/mL), Co1 is the concentration in outlet plasma
(pg/mL) before infusion of replacing fluid, and Cuf is
the concentration in ultrafiltrate (pg/mL).

Total clearance rate (TCR) was calculated by the
following formula,

TCR Ci Co2 150 Ci= −( ) ×

where Ci is the concentration in the inlet plasma, Co2
is the concentration in outlet plasma (pg/mL) after
infusion of replacing fluid, and 150 mL/min is flow
rate of blood.
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Clearance rate due to convection and dialysis was
calculated by the following formula,

CR Cuf F Ci= ×
where CR represents clearance rate due to convec-
tion and dialysis, Cuf is the concentration in ultrafil-
trate, F is the flow rate of dialysate and replacing
fluid, Ci is the concentration in the inlet plasma.

Statistical analysis
The data for each combination of operating

parameters and each time point were expressed as
mean � SD. For the evaluation of the operating
parameters, one-way repeated measures anova and
the Student–Newman–Keuls test for pairwise mul-
tiple comparisons were performed. For significance
analysis of a variable over time, one-way anova for
repeated measures was used. P-values of <0.05 were
considered statistically significant. All statistical
analysis was performed using the SPSS statistical
software for windows 12.0 (SPSS Inc, Chicago, IL,
USA).

RESULTS

In vitro sepsis model characteristics
The plasma concentrations of cytokines before and

after the blood was exposed to LPS are shown in
Table 1. After exposure to LPS, each of the cytokines
in the blood increased significantly (P < 0.05) com-
pared to the baseline.

Timely changed concentrations of different solutes
during the course of PDF

As PDF was going on, all serum levels of the tested
cytokines decreased significantly. This was also the
case for serum creatinine. After 60 and 120 min
PDF, all concentrations of these mentioned solutes
decreased by at least 50%, whereas serum creatinine
decreased by 90%. The serum level of albumin,
however, increased (Table 2, Fig. 2).

Sieving coefficient
The sieving coefficient decreased significantly after

one hour of PDF, and then remained stable during

FIG. 1. Schematic diagram of plasmadiafiltration (PDF) circuit.
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the next 60 min. The reduction rate of sieving coeffi-
cient after one hour of PDF ranged from 10% to 60%
(Fig. 3).

Clearances in PDF
Although all total clearance rates decreased after a

2 h PDF treatment, they did not reach a statistically
significant difference. This was also the case for most
clearance rates by convection and diffusion (Table 3).

DISCUSSION

Sepsis refers to a systemic inflammatory response
syndrome resulting from a microbial infection.
Despite recent advances in antibiotic therapy and
intensive care, sepsis is still the most common cause
of death in intensive care units. The prevailing theo-
ries of sepsis is an uncontrolled inflammatory
response, as manifested by excessive release of
inflammatory mediators such as TNF, IL-1b, IL-2,
IL-6 (15–20) and HMGB1. Not only that, but
increased levels of anti-inflammatory cytokines, such

TABLE 1. Characteristics of in vitro model of sepsis

Baseline
After exposure

to LPS
P-

value

TNF-a (pg/mL) 21.5 � 0.7 84.9 � 0.9 0.012
HMGB1 (pg/mL) 3.4 � 0.1 15.6 � 0.4 0.008
IL-1b (pg/mL) 9.8 � 0.5 77.7 � 0.4 0.006
IL-1ra (pg/mL) 23.0 � 1.4 1430.6 � 24.6 0.007
IL-2 (pg/mL) 16.9 � 0.1 129.5 � 1.3 0.005
IL-2r (pg/mL) 19.0 � 0.1 283.6 � 6.2 0.010
IL-6 (pg/mL) 16.2 � 0.4 80.6 � 1.4 0.008
IL-8 (pg/mL) 26.0 � 1.4 778.7 � 13.1 0.007
IL-10 (pg/mL) 16.1 � 0.9 44.2 � 1.5 0.039
SCr (mmol/L) 451.0 � 22.630 455.5 � 20.510 0.726
Alb (g/L) 20.321 � 0.563 19.874 � 0.438 0.572

TNF-a, tumor necrosis factor-a (monomer 17 kD, trimer
54 kD); HMGB1, high-mobility group box 1 protein (30 kD);
IL-1b, interleukin-1b (17 kD); IL-1ra, interleukin-1 receptor
antagonist (17-22 kD); IL-2, interleukin-2 (15 kD); IL-2r,
interleukin-2 receptor (75 kD); IL-6, interleukin-6 (26 kD); IL-8,
interleukin-8 (8 kD); IL-10, interleukin-10 (39 kD); SCr, serum
creatinine (113 D); Alb, albumin (67 kD), respectively. LPS,
lipopolysaccharide.

FIG. 2. Time changed concentrations of
different solutes. Their concentrations at
10, 60, 120 min after PDF were as follows,
respectively: TNF-a (84.93 � 0.96, 32.46 �
14.63, 22.37 � 10.28 pg/mL), HMGB1
(15.62 � 0.36, 7.81 � 0.18, 4.13 � 0.21 pg/
mL), IL-1b(77.70 � 0.42, 38.85 � 0.21,
10.55 � 0.78 pg/mL), IL-1ra(1430.60 �
24.61, 357.65 � 6.15, 169.60 � 0.57 pg/mL),
IL-2 (129.50 � 1.28,64.75 � 0.64, 29.10 �
0.42 pg/mL), IL-2r(283.60 � 6.22, 70.90
� 1.56, 56.15 � 1.63 pg/mL), IL-6(80.58 �
1.45, 40.29 � 0.72, 7.09 � 0.21 pg/mL),
IL-8(778.74 � 13.10, 389.37 � 6.55, 175.70
� 0.44 pg/mL), IL-10(44.24 � 1.47, 22.11 �
0.75, 16.80 � 0.54 pg/mL), SCr(455.50 �
20.51, 38.50 � 0.71, 3.00 � 0 mmol/L),
albumin(20.15 � 1.20, 21.75 � 0.49, 24.00�
0.28 g/L).

TABLE 2. The decline rate of different solutes during
the course of plasmadiafiltration (PDF)

After 60 min PDF(%)* After 120 min PDF(%)*

TNF-a 61.87 � 16.79 73.73 � 11.80
HMGB1 50.00 � 0.00 73.57 � 1.37
IL-1b 50.00 � 0.00 86.42 � 1.08
IL-ra 75.12 � 0.96 88.14 � 0.16
IL-2 55.62 � 3.39 77.61 � 0.11
IL-2r 74.99 � 2.44 80.20 � 0.14
IL-6 54.64 � 6.96 91.20 � 0.10
IL-8 54.24 � 1.86 77.44 � 0.32
IL-10 51.95 � 2.68 62.03 � 0.05
SCr 91.54 � 5.40 99.34 � 0.03
Alb -7.99 � -2.47 -19.26 � -6.84

*The rate was calculated as compared to the baseline. Alb,
albumin; IL, interleukin; HMGB1, high-mobility group box 1
protein; SCr, serum creatinine; TNF, tumor necrosis factor.
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as IL-8 (21) and IL-10 (22) are found in the circula-
tion of septic patients. The early kinetics of systemic
TNF accumulation in sepsis makes it a difficult thera-
peutic target in clinical settings, prompting a search
for other, late pro-inflammatory mediators, such as
HMGB1, that may offer a wider therapeutic window.
Accumulating evidence indicates that HMGB1 can
stimulate migration of cells, facilitate recognition of
bacterial products, activate innate immune cells, and
inhibit phagocytotic elimination of apoptotic neutro-
phils (23). These mediators have therefore received
attention as potential targets in the treatment of
sepsis (24–26). Blockade of only one mediator,
however, may be insufficient to down-regulate the
inflammatory response, since clinical trials with
monoclonal antibodies have failed to show a survival
benefit (27). Blood purification, which can remove

excess proinflammatory and anti-inflammatory
mediators by sieving and or by adsorption, is being
applied to treat severe sepsis and is beginning to
show its clinical efficacy (28–32).

Although blood purification strategies for unselec-
tive cytokine removal were suggested, it has never
been demonstrated in experimental models or in the
clinical setting that plasma cytokine reduction per se
leads to survival benefit. One explanation would be
that the cut-off point of the membrane was not large
enough to allow the entire pathogenic solutes pass
across the membrane by means of convection. On the
other hand, the balance between cytokine clearances
and albumin loss during the application of high-cut-
off membranes should be taken into consideration.
Plasmadiafiltration with the EVACURE-2A had
been successfully treated on severe liver dysfunction.

FIG. 3. Time changed sieving coefficient.

TABLE 3. Time changed clearance rates

Total clearance rate (mL/min) Clearance by convection and diffusion (mL/min)

10 min 120 min P value 10 min 120 min P-value

TNF-a 65.54 � 5.81 55.60 � 6.53 0.779 10.365 � 1.53 37.31 � 5.18 0.779
HMGB1 23.46 � 1.10 11.46 � 2.45 0.425 10.37 � 2.95 7.69 � 1.24 0.425
IL-1b 21.56 � 4.40 18.45 � 2.38 0.968 19.65 � 1.25 17.66 � 2.50 0.968
IL-1ra 14.77 � 1.46 8.87 � 1.26 0.798 13.43 � 2.75 7.58 � 1.46 0.798
IL-2 75.47 � 6.81 66.54 � 8.20 0.780 22.60 � 2.53 21.00 � 3.01 0.780
IL-2r 42.71 � 2.94 29.61 � 3.86 0.487 40.46 � 6.72 26.65 � 6.92 0.487
IL-6 79.55 � 12.25 59.53 � 5.28 0.155 50.64 � 3.01 28.73 � 4.33 0.155
IL-8 18.31 � 1.48 5.70 � 2.84 0.215 10.72 � 2.46 4.49 � 1.61 0.215
IL-10 66.77 � 8.55 56.75 � 8.65 0.073 60.51 � 6.97 37.20 � 4.05 0.073
Scr 127.50 � 6.36 117.50 � 10.61 0.186 124.50 � 6.36 117.50 � 12.02 0.330
Alb 2.02 � 1.39 0.28 � 0.15 0.045 1.88 � 0.59 0.26 � 0.11 0.343

Alb, albumin; IL, interleukin; HMGB1, high-mobility group box 1 protein; SCr, serum creatinine; TNF, tumor necrosis factor.
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So, in this study, we chose a selective plasma separa-
tor EVACURE-2A as a hemofilter to test whether it
could ensure high clearances for the different cytok-
ines, with an acceptable loss of albumin.

Our data showed that the concentration of proi-
nflammatory and anti-inflammatory mediators
reduced about 60%–70% after one hour of PDF.
There were two phenomenon observed: firstly, the
ratio between the clearance of diafiltration and the
total clearance was around 60%–70%; secondly,
the sieving coefficient decreased significantly after
one hour’s PDF and remained stable thereafter. The
first point implicates convection and diffusion as being
predominant in deleting cytokines compared to
absorption.The second phenomena may be explained
by the sieving coefficient lowering as the filter
absorbed more and more substance that would reduce
the pore size and block some pores.As adsorption was
saturated, usually in no more than 60 min, the sieving
coefficient stopped decreasing and then diafiltration
became the dominant way of clearance.

Convective removal of a solute depends not only
on pore size, but also on molecular weight (MW) and
structure of the solute. Tumor necrosis factor-a is
present in the circulation as a biologically active
trimer with a MW of 54 kD, together with the nonac-
tive monomer of 17 kD. Although MW of both the
trimer and monomer are lower than the cut-off point
of the EVAL membrane, and their average sieving
coefficient reached 0.642 � 0.014, similar to that in
the European study with polysulphone membrane of
100 kD cut-off point (14), is it surprising that so large
a trimeric TNF-a had so high a clearance? We sup-
posed that ELISA may have measured the split prod-
ucts of trimeric TNF-a. Similar to 75 kD IL-2r, which
is a heterotrimeric protein that consists of three sub-
units, alpha, beta and gamma chain, the sieving coef-
ficient was unexpectedly high probably because of
the single chain largely detected in the ultrafiltrate by
the immuno-assay. Only this form could pass the
average pore size of the EVAL membrane. The MW
values of HMGB1 (30 kD), IL-1b (17 kD), IL-1ra (17
to 22 kD), IL-2 (15 kD), IL-6 (26 kD), IL-8 (8 kD),
IL-10 (39 kD) were allowed across the EVACURE
hemofilter, but, not all of the solute with a lower MW
had a higher sieving coefficient due to the different
physical and chemical characteristics.This may be the
case for IL-8, possibly in relation to its high cationic-
ity and its consequent binding to heparin (33). In in
vitro model of sepsis, PDF was associated with about
70% reduction of the concentration of cytokines. The
results indicate that optimal cytokine removal with
PDF with EVAL membrane could be achieved with a
combination of ultrafiltration and dialysate rate.

Albumin loss should be monitored when perform-
ing PDF with a filter of 60 kD cut-off point. Our data
showed that the PDF sieving coefficient of albumin
was 0.1 at first and then decreased to 0.05 after one
hour’s therapy. The clearance rate of albumin was
2.02 � 1.39, 0.28 � 0.15 mL/min at 10, 120 min,
respectively. The total albumin loss was 0.5 g after
one hour’s therapy (dialysate rate 2000 mL/h, net
ultrafiltration rate 300 mL/h). Replacing with plasma
diluted with two times volume of normal saline
would compensate for the loss of plasma. If the flow
rate of the replacing fluid were set at 400 mL/h, 2
liters of plasma would be sufficient for a 24 hour
therapy session, and PDF can be accepted as a con-
tinuous therapy.

CONCLUSION

Performed with a high cut-off point the EVAL
membrane provides a new approach to removing
sepsis-associated mediators more effectively with a
relatively low loss of albumin. Whether PDF has a
role in improving the survival of septic patients with
multi-organ failure needs further studies.
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