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Low-dose polymyxin: an option for
therapy of Gram-negative sepsis

Stephan Harm'?2, Franz Gabor? and Jens Hartmann'

Abstract

Endotoxins are the major components of the outer membrane of most Gram-negative bacteria and are one of the main
targets in inflammatory diseases. The presence of endotoxins in blood can provoke septic shock in case of pronounced
immune response. Here we show in vitro inactivation of endotoxins by polymyxin B (PMB). The inflammatory activity of
the LPS—PMB complex in blood was examined in vitro in freshly drawn blood samples. Plasma protein binding of PMB was
determined by ultracentrifugation using membranes with different molecular cut-offs, and PMB clearance during dialysis
was calculated after in vitro experiments using the AV 1000S filter. The formed LPS-PMB complex has lower inflammatory
activity in blood, which results in highly reduced cytokine secretion. According to in vitro measurements, the appropriate
plasma level of PMB for LPS inactivation is between 100 and 200 ng/ml. Furthermore, the combination of cytokine
removal by adsorbent treatment with LPS inactivation by PMB dosage leads to strong suppression of inflammatory effects
in blood in an in vitro model. Inactivation of endotoxins by low-dose intravenous PMB infusion or infusion into the
extracorporeal circuit during blood purification can be applied to overcome the urgent need for endotoxin elimination

not only in treatment of sepsis, but also in liver failure.
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Introduction

In recent years, endotoxins (LPS) have increasingly
become the focus of interest for therapy of diseases
that are treated with extracorporeal blood purification.
LPS is a major constituent of the outer cell envelope of
most Gram-negative bacteria and may strongly trigger
inflammatory responses in humans, even at doses as
low as 1ng/kg body mass/h.! LPS is released from the
cell envelope of growing bacteria, as well as by lysis via
antibiotics or complement.** Endotoxins that enter the
circulatory system bind to the soluble lipopolysacchar-
ide binding protein (LBP). This complex initiates the
inflammatory response by binding to the CD14 mem-
brane protein of monocytes and macrophages, subse-
quently triggering the production of cytokines via TLR.
LPS activation of TLR4 triggers the biosynthesis of
diverse mediators of inflammation, such as TNF-a
and IL-1P,* and activates the production of co-stimu-
latory molecules required for the adaptive immune
response.” In mononuclear and endothelial cells, LPS
also stimulates tissue factor production,® and can there-
fore trigger the extrinsic coagulation pathway. As long

as this process is limited to a local increase of pro- or
anti-inflammatory cytokines, this is a normal response
of the patient’s immune reaction against pathogens.
However, in severe cases, the production of cytokines
gets out of control leading to the more severe medical
conditions such as systemic inflammatory response syn-
drome (SIRS) or sepsis. Thus, the effective removal of
endotoxins is essential in order to reduce cytokine pro-
duction in the case of Gram-negative sepsis.
Furthermore, endotoxins play an important role in
liver failure. Endotoxins from patients’ intestines can
pass the liver owing to reduced endotoxin removal via
the reticuloendothelial system, which can lead to
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endotoxemia and, finally, to the symptoms described
above.”®

Different approaches have been followed to remove
or inactivate endotoxins upon inflammation and sepsis.
Antimicrobial peptides (AMPs) can block the endo-
toxin-initiated inflammatory cascade, which leads to a
reduction of cytokine production. These AMPs are cur-
rently intensively investigated and provide, to some
extent, promising results.”'" While polymyxins are
well known to inactivate the biological activity of
LPS by shutting down the NF-kB pathway, owing to
direct binding of LPS,'? the mechanisms of action for
some other AMPs are not yet fully understood. There is
some evidence that they enter another mode of action
by inserting into CD14-positive cells and reducing the
endotoxin activity by competitive inhibition due to
their high affinity to LPS."

Polymyxin B (PMB) is an antibiotic preferably
applied to treat infections provoked by multidrug
resistant Gram-negative bacteria. It is a cyclic, highly
cationic decapeptide derived from Bacillus polymyxa.'*
PMB has been applied for in vitro investigations, as well
as intravenously in animal models, to demonstrate its
capacity to inactivate endotoxins and to break down
endotoxin aggregates in Gram-negative septicemia
models.!>2° The bactericidal activity of the antibiotic
PMB against Gram-negative bacteria relies on the abil-
ity to destabilize the outer bacterial wall by direct inter-
action with the lipid A moiety of LPS molecule. The
model for action of PMB involves interaction of the
positively charged diaminobutyric acid residues and
the negatively charged phosphate groups of lipid A.
This initial electrostatic interaction temporarily stabil-
izes the LPS-PMB complex and facilitates the inter-
action of the N-terminal fatty acyl chain of the PMB
molecule into proximity with the lipid A fatty acyl
chains.?! The LPS-PMB complex is very stable and
has an association constant (Ka) according to the
LPS type between 1.8x107° and 2.3 x107°M.?
However, although these studies were rather focused
on endotoxins than on bacteria, the applied PMB
amounts mostly exceeded the minimal inhibitory con-
centration (MIC) of this antibiotic.

Currently, knowledge about pharmacokinetics and
pharmacodynamics of polymyxins is very limited as
intravenous administration was avoided within the
last 50yrs. Furthermore, nephro- and neurotoxicity
restricted clinical application. Because of increasing
numbers of multidrug-resistant Gram-negative patho-
gens and limited development of new antimicrobials,
PMB experiences a revival as a therapeutic option for
Gram-negative infections.”® In particular, the use of
affinity chromatographic sorbents based on PMB lig-
ands is reported as an appropriate method to remove
endotoxins from protein solutions without denatur-
ation and loss of products.?* Here we show that endo-
toxin inactivation by PMB or polymyxin E (PME;

colistin) in patients with Gram-negative sepsis or endo-
toxemia could be an additional therapeutic option.

Materials and methods
Materials

PMB and endotoxins (LPS) from Pseudomonas
aeruginosa and Escherichia coli were purchased from
Sigma-Aldrich (Vienna, Austria). The PMB analyses
were conducted using the Colistin & Polymyxin
ELISA kit from Kwinbon Biotechnology Co. LTD
(Beijing, China). The analyses of endotoxins were per-
formed in pyrogen-free tubes and the kinetic chromo-
genic Limulus amebocyte lysate (LAL) test from
Charles River Laboratories (Wilmington, MA, USA).
Tubes (Vacuettes) for blood donation were obtained
from Greiner (Kremsmiinster, Austria). The Amicon
Ultra-2 centrifugal filter devices with molecular cut-
offs of 10, 30, 50 and 100kDa were from Merck
(Darmstadt, Germany). The ALBplus reagent set for
albumin quantification and the TP set for measurement
of total protein level was purchased from Roche
(Mannheim, Germany).

LPS inactivation as a function of PMB concentration

To elucidate the dependency of LPS inactivation on
the PMB concentration, fresh human heparinized
plasma containing Sng/ml or 0.5ng/ml LPS from
either P. aeruginosa or E. coli were incubated with
increasing amounts of PMB (0, 10, 100, 250, 500
and 1000ng/ml) for 60min at 37°C. The tests were
performed in pyrogen-free 3-ml glass vials and LPS
activity was determined using the LAL test. In order
to compare the endotoxin neutralizing capability of
PMB, the endotoxin neutralizing concentration
(ENCso) was calculated. This is the PMB concentra-
tion that is capable of reducing the endotoxin activity
compared with the LPS-spiked plasma control without
PMB, by 50%.

Influence of PMB—LPS complex on cytokine induction

The PMB-dependent reduction of the LPS activity, as
indicated by the LAL test, is not necessarily associated
with a reduced inflammatory effect of LPS, namely the
induction of the cytokine production. Therefore, fur-
ther experiments were conducted in order to check if
cytokine induction can be modulated by PMB-depen-
dent inactivation of LPS. For these experiments, freshly
drawn human heparinized blood was spiked with PMB
to yield 0, 250, 500 and 1000 ng/ml PMB. Then, 0.5 ng/
ml LPS from E. coli was added. The negative control
was blood without LPS, spiked with 1000 ng/ml PMB
to assess the influence of PMB alone on cytokine
release. The samples were incubated in sterile
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polypropylene tubes (Greiner) for 4h at 37°C on a
roller mixer and stored at —80°C until the cytokines
were quantified by ELISA. All assays were conducted
at least in triplicates.

Combined use of PMB and cytokine adsorbent

To verify whether the combination of adsorptive cyto-
kine removal and PMB infusion is more effective than
one of these treatments, an experiment as schematically
displayed in Figure 1 was conducted. This experiment
was carried out with blood from three different
volunteers.

Binding of PMB to plasma proteins

Depending on the affinity to plasma proteins, which is a
specific characteristic of a drug, one part of the drug is
transported by plasma proteins and another part is
freely distributed throughout the circulation. If protein
binding is reversible, an equilibrium will exist between
the bound and unbound proportion. To evaluate
plasma protein binding, fresh citrate anticoagulated
plasma from three donors was spiked with 1 pg/ml
PMB. Five hundred pl PMB containing plasma was
centrifuged (10,000 g, 20 min) through different ultrafil-
tration membranes with a molecular mass cut-off
(MMCO) of 10, 30, 50 or 100 kDa. The filtrates were
stored at —20°C until quantification of PMB by ELISA
and total protein content by an automated analyser
(Hitachi 902; Hitachi, Tokyo, Japan). The positive con-
trol was unfiltered plasma spiked with 1pg/ml PMB
and the negative control was plasma without PMB.
To detect any PMB-binding to the filter material, the
same experiment was performed in 0.9% sodium chlor-
ide solution.

Clearance measurement of PMB

Since sepsis patients with acute kidney injury are trea-
ted with renal replacement therapy, a dialysis experi-
ment was performed to estimate the clearance of PMB
during a treatment. As intensive care treatment sessions
usually take several hours, it can be assumed that most
of the non-protein-bound fraction of PMB is removed
during treatment. In order to avoid that the inflamma-
tory activity of LPS is restored by PMB removal, PMB
monitoring would be useful. To check the PMB clear-
ance by a conventional dialysis filter, 1500 ml plasma
spiked with 5 ug/ml PMB was circulated through a dia-
lyzer (AV1000S, FMC, Bad Homburg, Germany) using
the multiFiltrate device from Fresenius Medical Care
(Bad Homburg, Germany). The schematic setup of this
experiment is shown in Figure 2. The plasma flow rate
(Qp) was 100ml/min and dialysate (Qp) flow rates of
2000ml/h and 4800ml/h were chosen. Samples for
PMB quantification were collected pre- and postfilter

after 5, 10, 15, 20, 25 and 30 min. The experiment was
performed three times with different plasma and dialy-
zers and the PMB clearance was calculated according
to the following formula:

Cin(PMB) — Cout(PMB)
x Op
Cin(PMB)

Clipmp) =

PMB quantification

The blood and plasma levels of PMB were determined
by use of a competitive enzyme immunoassay kit for
analysis of PMB and PME with a detection limit of
I ng/ml. If necessary, the samples were diluted with
dilution reagent provided with the ELISA kit to reach
the measuring range between 0 and 100 ng/ml PMB.

Cytokine quantification

The analysis of cytokines was conducted by ELISA with
a Bio-Plex cytokine array system (Biorad, Vienna,
Austria).

Statistics

Mean and SD were calculated with Excel 2010
(Microsoft, Redmond, WA, USA). The tests for
normal distribution and the r-tests were conducted
with SigmaStat for Windows 2.03.

Results

LPS inactivation as a function of PMB concentration
and ENC50

To estimate the plasma level of PMB required to
decrease the LPS activity to a certain level, the LPS
inactivation in plasma was measured as a function of
PMB concentration. At 0.5ng/ml LPS, the ENCs is 84
and 63 ng/ml for LPS from P. aeruginosa and E. coli,
respectively. For 5ng/ml LPS, the ENCs, is 219 and
381 ng/ml for LPS from P. aeruginosa and E. coli,
respectively (Figures 3 and 4). The differences in the
ENCs for LPS from E. coli and P. aeruginosa, how-
ever, are not significant (¢-test, P=0.88 and P=0.26,
respectively) at both concentration levels.

Influence of PMB—LPS complex on cytokine induction

Although the LAL test revealed inactivation of LPS by
PMB in a concentration-dependent manner, the influ-
ence on inflammation was tested by stimulating leuko-
cytes from human blood with increasing amounts of
PMB. The results of cytokine release show clearly
that the formed LPS-PMB complex exerts a by far
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Figure 1I.

Scheme of the experiment where three different treatment options: (i) adsorbent combined with PMB; (ii) adsorbent

treatment only; (iii) PMB treatment only. The influence on inflammation was tested by determination of the cytokine levels after

incubation of differently pre-treated plasma samples with native

lower stimulating effect on blood cells than the native
LPS molecule (Table 1; Figure 5). Among all cytokines
under investigation, the highest impact was observed
on TNF-a release. Only 50ng PMB per ml blood
reduced TNF-ao secretion from leukocytes by
87.4+£5.9%. Increasing the PMB 2.5-fold to 125ng/
ml decreased the TNF-a level by about 94.8 +2.3%.
A further increase of PMB caused no considerable

blood cells.

decrease of cytokine concentrations (Table 1). The
lowest impact of PMB was observed on IL-8 secretion.
However, even the negative control without LPS
showed high levels of IL-8. In general, the IL-10 level
was very low (23 £8pg/ml) because IL-10 is a late-
related cytokine and a high level can only be reached
if stimulation of the blood cells is prolonged to 12h.
The secretion of IL-18 was reduced by 75.1 £10.8%
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Figure 2. Setup for determination of PMB clearance during
hemodialysis using the multiFiltrate. The experiment was per-
formed with (A) 1500 ml plasma, (B) a blood pump with (Qg)
flow rates between 50 and 200 ml and (C) the dialyzer AV1000 S
(Fresenius Medical Care). Samples were taken pre- (C;,) and
post- (Coye) filter after 5, 10, 15, 20, 25 and 30 min.
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Figure 3. PMB-dependent inactivation of endotoxins from P.
aeruginosa in human plasma.
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Figure 4. PMB-dependent inactivation of endotoxins from E.
coli in human plasma.

and that of IL-6 by 78.0+12.0% in the presence of
125ng PMB per ml blood.

Combined use of PMB and cytokine adsorbent

As pre-existing cytokines cannot be reduced by PMB
infusion and the inflammatory acting LPS cannot be

removed from blood by adsorption techniques suffi-
ciently, these two types of treatments were simulated
in an in vitro model (see Figure 1). Plasma that con-
tained inflammatory mediators like LPS and secreted
cytokines was pre-treated with adsorbent or PMB or
both. Then, the treated plasma samples were incubated
with blood cells from the same donor for 4h and the
cytokine levels were determined. Untreated plasma
containing the inflammatory mediators served as a
positive control and native blood as a negative control.
According to the results, the addition of PMB after
LPS stimulation scarcely reduced the cytokine secretion
compared with the untreated plasma. The cytokine
levels, however, were still high because of the presence
of cytokines like TNF-o that still act as stimulating
agents. Interestingly, the adsorbent CG161c decreased
the cytokine level in plasma considerably to 30+9%
(TNF-a), 6 + 5% (IL-1pB), 2 +2% (IL-6), 1 £+ 1% (IL-8)
and 9+ 13% (IL-10) compared with the untreated posi-
tive control. The styrene-divinylbenzene based CG161c
adsorbent has a particle size of 120 pm and pores with
an average diameter of 15nm. In earlier studies, we
have shown that CG1l6lc is very effective in removing
cytokines from plasma.?>**® After incubation of the dif-
ferent plasma samples with blood cells only the com-
bination of adsorbent with PMB exhibited cytokine
levels similar to the negative control where no LPS
was added (see Table 2 and Figure 6). Obviously,
PMB inactivates LPS and reduces leukocyte stimula-
tion. The results show high SDs of the cytokine level
due to the fact that blood from different donors was
used.

Binding of PMB to plasma proteins

Most drugs bind to plasma proteins such as albumin,
al-acid glycoprotein, lipoproteins, a-, f- and y-globu-
lins, and to erythrocytes. Ultracentrifugation of PMB-
spiked plasma through membranes with different
MMCOs for separation of protein-bound PMB from
free PMB revealed that this drug with a molecular
weight of 1.3kDa is mostly bound to plasma contents.
Only the membrane with 100 kDa MMCO was perme-
able for higher amounts of PMB (25+13%). The
PMB-content of filtrates obtained from centrifugation
through membranes with smaller pores was <10%
compared with a PMB-solution without plasma
(Figure 7). Thus, >90% of PMB is bound to plasma
proteins and not even one-tenth exists in its free form in
circulation.

Clearance measurement of PMB

The PMB clearance (Clpyg) for the AV1000S filter was
determined using the multiFiltrate device (FMC) at a
blood flow rate of 100 ml/min. The PMB clearance was
129+ 5. 1ml/min (n=18) at a dialysate flow rate of
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Table 1. The cytokine release in LPS-stimulated (E. coli) blood in presence of increasing amounts of PMB.

TNF-o IL-18 IL-6 IL-8 IL-10
— Control 03+02 l.6£1.8 0.2+0.1 20.1 £13.2 189+10.9
+ Control 100+ 17.6 100£73.3 100+ 19.1 100 £ 54.3 100 +32.8
50 ng/ml PMB 126 +5.9 31.1+£9.6 40.0+18.6 59.1 £19.4 53.1t£1638
125 ng/ml PMB 52+23 249+10.8 220+ 12.0 53.6 £ 145 385+16.2
250 ng/ml PMB 42+23 184+11.2 190+ 13.8 49.1£11.0 349+ 167
500 ng/ml PMB 2.1+£07 10.2+5.5 84+45 40.6 +10.5 325+158

The results are % SD of the positive control without PMB.
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Figure 5. The effect of LPS inactivation by PMB on cytokine release in whole blood from three different donors (mean 4= SD; n = 3).
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Table 2. Cytokine release from blood cells after incubation with differently treated inflammatory plasma. The plasma treatments
were (i) addition of PMB, (ii) adsorbent to remove cytokines or (iii) the combination of both (see also Figure I).

TNF-o IL-1B IL-6 IL-8 IL-10
Donators A/B/C A/B/C A/B/C A/B/C A/B/C
Positive control 100 100 100 100 100
Negative control 73/2/0 69/58/1 20/3/0 11713713 54/56/14
PMB 92/38/95 98/80/82 101/80/88 91/91/92 91/41/67
Adsorbent 62/11/19 712317 2/2/3 8/8/29 0/0/22
PMB/adsorbent 36/10/11 7/22/2 2/2/0 8/8/16 0/0/6

The results of each donator (A, B and C) are given in % as referred to the positive control without any treatment set at 100%.
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Figure 6. Comparison of the cytokine release pattern from blood cells after different ways of plasma pre-treatments: adsorbent
combined with PMB (Ads/PMB); only adsorbent (Ads); only PMB (PMB); untreated plasma (+ control); native blood (— control).

2000 ml/h, and at a dialysate flow rate of 4800 ml/h the
PMB clearance increased to 17.2 +8.5ml/min (n=13).

Discussion

In sepsis therapy, adsorption-based removal of LPS is
still a challenge. The LPS molecule consists of a con-
served hydrophobic domain known as lipid A, a non-
repeating ‘core’ oligosaccharide and a highly variable
distal polysaccharide. Until now, specific adsorption
based on immobilized Abs did not offer promising
results.”” *® In the case of Abs against the lipid A
region, this was attributed to the low affinity of anti-

lipid A Abs to lipid A and to cross-reactivity to plasma
proteins.>'*> Adsorption based on Abs against the
polysaccharide chain (O-antigen) is not feasible as the
polysaccharide domain is highly variable. Although
anion-exchanger resins efficiently remove endotoxins
from aqueous solutions, as well as from protein solu-
tions, they cannot be used in blood purification because
of insufficient biocompatibility.* Since 1994, a PMB-
based extracorporeal hemoperfusion device, called
Toraymyxin, has been commercially available and is
now approved as a therapeutic device by the health
insurance system in Japan.** It is recommended for
selective blood purification from endotoxins via direct
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hemoperfusion. Toraymyxin consists of polystyrene-
derivative fibres with covalently immobilized PMB at
a mass ratio of 0.5%.%> Direct hemoperfusion using
such a PMB-immobilized fiber column (PMX-F) has
been used for about 15 yrs for the treatment of septic
shock.*® Direct hemoperfusion with PMX-F can be
applied in patients with endotoxemia or suspected
Gram-negative infection, who fulfill the conditions of
SIRS and suffer from a septic shock requiring admin-
istration of vasoactive agents. Several studies claim that
endotoxins are efficiently removed by PMX-F,¥-37-%
and, concurrently, Staphylococcus aureus lipoteichoic
acid-induced TNF-o production is suppressed.*® Even
in clinical practice, adsorption techniques using
Toraymyxin cartridges have been successfully applied
in Japan since 1994 in more than 60,000 patients with
severe sepsis.”> The fact that polymyxins bind endo-
toxins in blood very effectively and that PMB or
PME in the form of colistin is a clinically approved
drug for intravenous application reveals the idea of
using them not as an antibiotic, but as an LPS neutra-
lizing agent. We showed that PMB concentrations
<100 ng/ml in plasma for 0.5ng/ml LPS and <400 ng/
ml for Sng/ml LPS from P. aeruginosa and E. coli are
required to reduce the LAL activity to 50% of the con-
trol serum without PMB. These ENCs, are in the range
of AMPs with the highest endotoxin inactivation cap-
abilities that are currently known, namely peptides
derived from the recombinant factor ¢ of the LAL cas-
cade.*' While LPS from P. aeruginosa is usually an
order of magnitude less active than LPS from entero-
bacterial strains such as Escherichia, the inactivation
ratio is similar. A potential explanation for this finding
is that PMB directly interacts with the conserved lipid
A region of the LPS molecule. In vitro, the formed
LPS-PMB complex in blood exhibits lower inflamma-
tory activity than the free LPS. Moreover, in presence
of LPS the cytokine secretion of blood cells is clearly

reduced when the PMB level in blood is >50ng/ml
(Figure 5). Although polymyxins are shown to reduce
significantly the cytokine storm in endotoxemia, it has
to be considered that patients developing or even suf-
fering from sepsis already show high cytokine levels
before starting any therapy. As polymyxins cannot
reduce pre-existing cytokine levels, the administration
of polymyxins should be supported by effective
approaches for cytokine removal, such as adsorption
or hemofiltration.**** Combining adsorptive cytokine
removal with PMB administration (Figure 1) is pro-
posed to be an effective approach to suppress inflam-
matory effects of Gram-negative infections (Figures 1
and 6; Table 2). The concentration of PMB necessary
for effective inactivation of LPS is in a very low range
but still close to the MIC.** To minimize the risk of
generating resistant germs, low-dose PMB for LPS
inactivation should be applied only together with con-
ventional antibiotic treatment. This procedure offers
the advantage that endotoxins, which are released by
antibiotic-induced bacterial lysis, are effectively inacti-
vated by PMB."** Furthermore, the half-lives of the
different polymyxins have to be considered upon
application for inactivation of LPS. However, the
data available from the literature are inconsistent, and
depend on the type of polymyxin and on the renal func-
tion of the patients, especially for the PME prodrug
colistin methanonsulfonate.*** As polymyxins are
removed by hemodialysis and adsorption,*®>! the clear-
ance of the dialyzer and/or the adsorption unit has to
be taken into account when PMB is applied concomi-
tantly with extracorporeal blood purification. An
in vitro simulation with a commercially available dialy-
ser at dialysate flow rates between 2000 and 4800 ml/h
yielded a PMB plasma clearance between 12% and
17%. This clearance rate agrees with data from the lit-
erature.’>>® Considering the small molecular mass of
the PMB molecule (1.3 kDa), the calculated clearance



282

Innate Immunity 22(4)

rate is relatively low, which can be explained by binding
of PMB molecules to plasma proteins. Plasma protein
binding of PMB was assumed to be up to 90%,>* which
is confirmed by our experiments (Figure 7). Titration
calorimetry experiments show that in aqueous solution
with 1-3 molecules of PMB are necessary to inactivate
one LPS molecule.”? The association constant (K,) of
this interaction is between 1.8 x 107% and 2.3 x 107°M,
which explains why very low amounts of free PMB
inactivate LPS.

Conclusions

As endotoxins induce a strong host immune response,
there is an urgent therapeutic need to reduce their activ-
ity. As a promising alternative or add-on to endotoxin
adsorbents, endotoxin inactivation by low-dose PMB
intravenous infusion or infusion into the extracorporeal
circuit during blood purification is proposed to reduce
considerably endotoxin activity not only in treatment
of sepsis, but also in liver failure. However, the findings
presented here are based on in vitro experiments. For an
optimal and safe endotoxin inactivation therapy by
polymyxin administration, further systematic investiga-
tions regarding drug monitoring and pharmacokinetic
studies, especially in vivo studies, should be conducted.
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