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ABSTRACT
A drug targeting both the inflammatory initiators (lipopolysac-
charide; LPS) and mediators [tumor necrosis factor-� (TNF-�)]
should have advantage over a “single-factor targeting strategy”
in sepsis prevention trials. We have prepared conjugates of
polymyxin B (PMB) and the cytokine binding protein �2-mac-
roglobulin (A2M). The conjugate binds TNF-� as well as LPS as
studied by electrophoresis and phase partitioning. Compared
with free PMB, the conjugate is nontoxic to cells and does not
affect the viability of human monocytes. The A2M-PMB conju-
gate binds to the A2M receptor (CD91/low-density lipoprotein
receptor-related protein 1) with affinity similar to that of the
nonmodified protein. Fluorescein isothiocyanate-labeled LPS in
the presence of A2M-PMB is rapidly transported into fibro-
blasts for degradation via receptor-mediated endocytosis. In
vitro, A2M-PMB demonstrated inhibition of LPS-induced se-

cretion of TNF-� from isolated monocytes as well as in the
whole blood assay. The efficacy of the drug was tested in mice
after induction of acute inflammation (LPS model) and after
induction of a polymicrobial sepsis by cecal ligation and punc-
ture (CLP) model. Treatment of mice with A2M-PMB up to 250
�g/g body weight was not toxic to the animal. When the drug
was administered 30 min before or 30 min after the LPS chal-
lenge, a survival rate of 90 and 70%, respectively, was obtained
compared with the placebo control group (5%). A2M-PMB also
protected mice after induction of polymicrobial sepsis when
administered 30 min before CLP. These results support our
hypothesis that A2M-PMB acts as a polyvalent drug to target
different host mediators as well as sepsis inducer at the same
time.

In the past several years, mortality in patients with sepsis
syndrome has decreased somewhat, but in those patients
with septic shock and multiple organ failure, mortality still
exceeds 50% (Danai and Martin, 2005). This high mortality is
observed despite ventilatory, hemodynamic, metabolic, and
renal support. Some patients—in particular, patients with
genetic polymorphisms associated with low or moderate TNF
response—survive the ordeal more often, but it remains frus-

trating not being able to stop the downhill course leading to
multiple organ failure and death in other patients that re-
sults from overwhelming inflammation. New therapies have
been sought and tested, including those preventing the bio-
logical activity of pathogen-associated molecular patterns,
such as endotoxin or the downhill host response, most nota-
bly TNF-�. Based on a wealth of animal studies, anti-inflam-
matory strategies, such as neutralizing TNF-�, have been
advocated to provide adjunctive therapy to the patient who
continues to deteriorate in the face of considerable support in
the intensive care unit. Unfortunately, these anticytokine
therapies have not dramatically reduced mortality in double-
blind, placebo-controlled trials involving thousands of
patients, although there is a consistent but statistically non-

This research was supported by Saxon State Agency for Environment and
Geology Grant AZ 56-8811.61/85). A.M. is supported by the Deutsche Akade-
mische Austauschdienst.

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.

doi:10.1124/jpet.106.104265.

ABBREVIATIONS: TNF, tumor necrosis factor; LPS, lipopolysaccharide; PMB, polymyxin B; A2M, �2-macroglobulin; IL, interleukin; FITC,
fluorescein isothiocyanate; LAL, Limulus amebocyte lysate; WST-1, 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfon-
ate; PBS, phosphate-buffered saline; MA, methylamine; TBS, Tris-buffered saline; PBST-T, phosphate-buffered saline/Tween 20; PEG, polyeth-
ylene glycol; FCS, fetal calf serum; CLP, cecal ligation and puncture; HMGB1, high mobility group box 1.

0022-3565/06/3182-762–771$20.00
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS Vol. 318, No. 2
Copyright © 2006 by The American Society for Pharmacology and Experimental Therapeutics 104265/3128549
JPET 318:762–771, 2006 Printed in U.S.A.

762



significant decrease in mortality associated with anti-inflam-
matory therapies for the individual phase II and III studies
and some benefit in meta-analyses. It seems that systemic
inflammation in sepsis requires more than anticytokine
monotherapy to significantly reduce mortality in the acute
phase of hyperinflammation or possibly also immune-recon-
stituting therapies in the later phase of overt immune paral-
ysis based on the individual immune status of the patient.
One intuitively promising avenue in the treatment of sepsis
would be targeting the biological activity of LPS by either
neutralization or enhancement of the rate of its clearance
(Yethon and Whitfield, 2001; Lake et al., 2004). However,
monoclonal antibodies against the active lipid A moiety of
endotoxin have been developed and therapeutically applied
in clinical trials without convincing success (Llewelyn and
Cohon, 1999).

Another important compound capable of neutralizing lipid
A is polymyxin B (PMB) (Neter, 1956). This cationic am-
phiphilic cyclic decapeptide antibiotic has been shown to
neutralize the toxicity of lipid A in vitro and in animal models
of endotoxemia (Lake et al., 2004). Because soluble PMB was
found to be nephrotoxic and neurotoxic, attempts have been
made to decrease the toxicity of PMB without compromising
its anti-LPS effect. One approach to capitalize on the poten-
tial neutralizing properties of PMB is the conjugation of PMB
to polymers such as dextran (Bucklin et al., 1995) or immu-
noglobulin G (Drabick et al., 1998).

Another potential agent that may broaden the therapeutic
window of sepsis is the protease inhibitor �2-macroglobulin
(A2M), a tetrameric glycoprotein (720 kDa) present in human
plasma (2–4 mg/ml), which is produced by hepatocytes,
monocytes, and macrophages (Sottrup-Jensen, 1989). Upon
reaction with proteases or reactive amines, A2M changes its
conformation, which initiates high-affinity binding of several
cytokines involved in the pathogenesis of sepsis, such as
TNF-�, IL-1�, IL-6 as well as transforming growth factor-�
(LaMarre et al., 1991; Birkenmeier, 2001; Gourine et al.,
2002). Simultaneously, receptor recognition sites are exca-
vated, which mediate binding of the so called “transformed”
inhibitor to its cellular receptor, CD91 or low-density lipopro-
tein receptor-related protein 1 (Herz et al., 1988). Thus, A2M
may act as a universal carrier to enhance uptake and degra-
dation of substances into/within cells. It is proposed that the
A2M-CD91 axis has a great potential to the regulation of
cytokine homeostasis in blood and tissue (Gonias et al., 1994;
Birkenmeier, 2001). Recently, Webb and Gonias (1998) dem-
onstrated the preventive effect of chemically modified A2M in
a mouse model of sepsis. They suggested that the mechanism
of action of A2M is due to binding and neutralization of
inflammatory cytokines.

In the present study, which is the first in its type, we
combined the A2M-based cytokine clearance activity with the
LPS-neutralizing activity of PMB by the preparation of an
A2M-PMB conjugate. The obtained conjugate demonstrates
unique properties such as 1) binding and clearance of inflam-
matory cytokines, 2) receptor-mediated uptake and degrada-
tion of LPS, and 3) abolition of PMB toxicity. The results
indicate that an A2M-PMB conjugate exceeds the activity of
a dextran-PMB antidote currently used in clinical trials and
offers a new approach to control inflammatory disorders.

Materials and Methods
Materials. All buffers and solutions were prepared of endotoxin-

free water. Glass ware was sterilized at 200°C for 4 h. Polymyxin B
(5291; lot B42430) was purchased from Calbiochem (Schwalbach,
Germany). 1-ethyl-3-(3-Dimethylaminopropyl)carbodiimide (E-7750;
lot 25H0024), fluorescein-5-isothiocyanate-lipopolysaccharide
(FITC-LPS) (F-3665; lot. 80k4136), LPS (Escherichia coli Serotype
O111:B4), and methylamine (M-0505; lot. 091K2613) were pur-
chased from Sigma (Taufkirchen, Germany).

CD91 (04-03), MacroNat (06-02), MacroTrans (06-01), and A2M-
methylamine (MA) (05-01) were obtained from BioMac GmbH
(Leipzig, Germany). The Limulus amebocyte lysate assay (LAL)
(CCL-1000; 50-647U) was obtained from BioWhittaker (Taufkirchen,
Germany). Mouse anti-PMB-IgM (2047) was a gift from HyCult
(Uden, The Netherlands); biotin-labeled goat anti-mouse-IgM
(E0465; lot 129), and HRP-labeled streptavidin (P0397; lot. 059) were
purchased from Dako (Hamburg, Germany). Cell proliferation re-
agent WST-1 (1644807) was obtained from Roche Diagnostics
(Mannheim, Germany). D-Galactosamine-HCl (48250) was pur-
chased from Fluka (Seelze, Germany).

125I-TNF-� (43.5 mBq/mmol) was obtained from GE Healthcare
(Freiburg, Germany). All culture media used were purchased from
Invitrogen (Karlsruhe, Germany).

Mouse anti-human TNF-� (551220), biotin-labeled mouse anti-
human TNF-� (554511), recombinant TNF-� (554618), and the BD
CBA mouse inflammatory kit (552364) were obtained from BD Bio-
sciences PharMingen (Heidelberg, Germany).

Endotoxin Removal. LPS-free plastic and glass materials were
used consistently. To ensure that there was no significant LPS con-
tamination in the final protein preparation, the protein solutions
were passed over EndTrap columns as described by the manufac-
turer (311063; EndoTrap 5/1; Profos AG, Regensburg, Germany).

Preparation of Human A2M. Fresh human citrated plasma was
obtained from healthy volunteers. Plasma was dialyzed against LPS-
free water overnight at 4°C. Precipitations were removed by centrif-
ugation (10,000g), the clear supernatant was mixed with zinc-chelate
(iminodiacetate)-Sepharose gel (plasma/gel ratio of 1:1) in binding
buffer (50 mM sodium phosphate and 150 mM NaCl, pH 6.5) for 2 h
at 4°C under continuous shaking. The suspension was transferred to
a column (3.5 � 20 cm) and washed with 10 gel volumes of binding
buffer. To remove weakly bound proteins, the column was washed
with 90 mM imidazole in binding buffer (10� gel volumes), and
elution was performed with 50 mM sodium phosphate and 50 mM
EDTA, pH 8.0. The pooled fractions containing A2M were concen-
trated by ultrafiltration (cut-off of 30,000; Vivaspin concentrator;
Vivascience, Hannover, Germany), to approximately 20 mg/ml. Final
purification was achieved by size-exclusion chromatography (High-
Load 16/60; Superdex 200) in PBS using the ÄKTA-Purifier (GE
Healthcare). The obtained A2M was 98% pure with a degree of
transformation of less than 3%. The LPS content of the final A2M
preparation as measured by the Limulus amebocyte lysate assay was
1.5 � 0.6 pg/mg.

Coupling of PMB to A2M. Three different methods of coupling
were tested.

Covalent binding of PMB to A2M. Twenty-five milligrams of A2M
was dialyzed against 20 mM NaCl and dissolved in 25 ml of dialyzing
buffer. PMB (26 mg) was added, and the pH was adjusted to pH 5.5
with 0.01 N HCl. Under mild stirring, 370 mg of 1-ethyl-3-(3-dim-
ethylaminopropyl)carbodiimide was added, and incubation was
continued for 1 h at 22°C. Then, additional 370 mg of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide was added and stirring contin-
ued for 1 h. The pH was kept constant at pH 5.5 by titration through-
out the coupling. The solution was ultrafiltrated using a Vivaspin
Concentrator (cut-off 100,000) and simultaneously washed with 100
ml of buffer (50 mM sodium phosphate and 300 mM NaCl, pH 6.0) to
remove free PMB. Final washing was with 100 mM sodium phos-
phate, pH 8.0, followed by concentrating the protein solution to 2 ml.

A2M-Polymyxin B Conjugate for Sepsis Therapy 763



The A2M-PMB complex was then treated with 0.2 M MA to induce
transformation of A2M (2 h at 22°C). After dialysis against PBS, the
PMB/A2M ratio was determined immunologically. The degree of
transformation was quantified using the MacroNat and MacroTrans
test kits.

Noncovalent entrapment of PMB by A2M. This method is based on
the finding that during transformation of A2M by methylamine,
small, soluble peptides are entrapped by the cavities of the inhibitor.
Thus, A2M (25 mg/ml) was mixed with 500 M excess of PMB in 2 ml
of 0.1 M sodium phosphate, pH 8.0, and treated with 0.2 M MA for
4 h at 22°C. Free PMB and excess of MA were removed by extensive
ultrafiltration as described above. The degree of transformation and
the PMB/A2M ratio were determined immunologically by immuno-
assays and dot blots.

Adsorption by thermal treatment. According to Adlakha et al.
(2001), small peptides can adsorb to A2M by long-time incubation at
higher temperature. Thus, A2M (5 mg/ml) and 500 M excess of PMB
were dissolved in 0.1 M sodium phosphate, pH 8.0, and incubated for
16 h at 37°C. After reaction, the free PMB was removed by ultrafil-
tration.

Binding of TNF-� to A2M and A2M-PMB. Binding studies
were accomplished by incubation of 37 pmol A2M-MA or A2M-PMB
with 50,000 cpm 125I-TNF-� in a total volume 20 �l of PBS-T for 4 h
at 37°C. The samples were loaded onto the top of a polyacrylamide
gradient gel (4–20%) and run under nondenaturing conditions as
described previously (Lauer et al., 2001). The gel was stained by
Coomassie Brilliant Blue R-250, dried and exposed to Hyperfilm MP
(GE Healthcare) for 6 h at �80°C using an intensifying screen.

Preparation of Dextran-PMB Conjugates. Dextran T70-PMB
conjugate was prepared using the periodate method according to
Bocher et al. (1997). The bound PMB was determined by elementary
analysis yielding a coupling of 180 �g of PMB/1 mg of dextran (w/w).

Detection of Bound PMB by Western Blot. A2M-PMB conju-
gates were separated by SDS-polyacrylamide gel electrophoresis
(Laemmli, 1970) and transferred to a blotting nitrocellulose mem-
brane (Protran BA85, 104096; Whatman Schleicher & Schuell, Das-
sel, Germany). After blocking (5% defatted milk in TBS) for 2 h, the
membrane was incubated with mouse anti-PMB IgM (1:1000) in 5%
defatted milk in TBS-T for 2 h. Following washing, biotin-labeled
goat anti-mouse-IgM (1:5000) was added (2 h), and then the mem-
brane was incubated with streptavidin-HRP (1:3000) in 5% defatted
milk, TBS-T, for 1 h. Color development was achieved with diami-
nobenzidine and H2O2.

Quantification of PMB by Dot Blot. Different concentrations of
A2M-PMB or a standard dextran-PMB (180 �g of PMB/mg of dex-
tran) solution, respectively, were transferred onto a blotting mem-
brane using a dot blot chamber (Bio-Rad, Hercules, Germany). The
membrane was blocked by 5% defatted milk in TBS and incubated
with mouse anti-PMB-IgM (1:1000; 1 h), with biotin-labeled goat
anti-mouse-IgM (1:5000; 1 h), and finally with HRP-labeled strepta-
vidin (1:3000; 1 h). After washing, the membrane was developed
using the ECL Plus Western blotting detection system (RPN2132;
GE Healthcare). The concentration of PMB bound to A2M was de-
termined after scanning the dot densities and areas by comparison
with standard samples of dextran-PMB.

Receptor Binding Analysis. Ninety-six-well titer plates (NUNC
GmbH & Co. KG, Wiesbaden, Germany) were coated with 2 �g/ml
CD91 in 0.1 M NaHCO3 overnight. Plates were washed and incu-
bated with 200 �l of buffer (20 mM HEPES, 150 mM NaCl, 5 mM
CaCl2, 1 mM MgCl2, and 0.05% Tween 20) containing increasing
concentrations of A2M-MA and A2M-PMB conjugate for 3 h at 37°C.
The plates were washed and incubated in parallel settings either
with polyclonal HRP-labeled rabbit anti-human A2M (1:2000) or
with mouse anti-PMB-IgM (1:1000) in conjunction with biotin-la-
beled goat anti-mouse IgM (1:3000) and HRP-labeled streptavidin
(1:3000). Substrate development was achieved with o-phenylene dia-
mine and H2O2.

Two-Phase Partitioning. A simple and fast method to study
ligand-protein interaction in solution is partitioning in aqueous two-
phase systems composed of polyethylene glycol (PEG) and dextran
(Birkenmeier et al., 1989a). This method can usefully be applied
when the interacting species due to different surface properties
partition in favor of opposite phases of a two-phase system. To study
binding of LPS to A2M-PMB, we applied two-phase partitioning in
aqueous two-phase systems (1 g) composed of 5% (w/w) PEG 6000
and 7.5% (w/w) dextran T70 containing 10 mM sodium phosphate
and 20 mM NaCl, pH 7.2 (Birkenmeier et al., 1989a). A constant
amount of 20 �l of a FITC-LPS stock solution (0.1 mg/ml) were
preincubated with increasing concentrations of A2M-MA or A2M-
PMB, respectively, in a total volume of 100 �l for 1 h at 37°C. A
volume of 100 �l of these samples was then added to 900 �l of a
premixed two-phase system, mixed again by 30 inversions, and cen-
trifuged (13,000 rpm; 1 min) for phase separation. Aliquots of 100 �l
were withdrawn from the top and bottom phases and analyzed for
fluorescence intensity to record partition of FITC-LPS (PerkinElmer
LS50B apparatus). The concentration of A2M in both phases was
determined immunologically. The partition of a substance between
the two phases is described by the partition coefficient, K, deter-
mined as the ratio of the concentrations of the substance in the top
and the bottom phase.

Cytokine Analysis. Human TNF-� was analyzed by sandwich-
enzyme-linked immunosorbent assay in 96-well titer plates (Max-
isorb 446469; NUNC GmbH & Co. KG) using the mouse anti-human
TNF-� as capture antibody, the biotin-labeled mouse anti-human
TNF-� as detecting antibody, and recombinant TNF-� as standard
according to manufacturer’s instructions. Measurement of inflam-
matory cytokines in mouse blood was accomplished by flow cytom-
etry using the cytokine bead array kit from BD Biosciences (San
Jose, CA).

LAL Assay. A quantitative chromogenic version of the LAL assay
was used to calculate the LPS content in different samples.

Immunocytochemical Staining of Fibroblasts. Fibroblasts
were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% FCS as described previously (Birkenmeier et al., 1989b).
A2M-PMB (2 mg) was incubated with 5 �g of FITC-LPS for 30 min
at 22°C in the dark. The sample was separated onto NAP 0.5 Seph-
adex column eluted with TBS containing 5 mM CaCl2 and 1 mM
MgCl2. The breakthrough faction was collected, and aliquots were
placed on chamber slides grown with human fibroblasts to 40%
confluence. The cells were incubated with the A2M-PMB-FITC-LPS
complex at 37°C to allow endocytosis of the complex. After 20 min,
the cells were washed with medium and finally fixed with 2% para-
formaldehyde. Nuclei were counterstained with 4,6-diamidino-2-
phenylindole. Fluorescence was measured using an Axiolab micro-
scope (Carl Zeiss, Jena, Germany)

Monocyte Isolation and Culture. Human monocytes were iso-
lated by elutriation as described previously (Gerth et al., 2005).
Isolated monocytes (purity of 96%) were cultivated in RPMI 1640
medium (Invitrogen, Carlsbad, CA) supplemented with 1% antibiot-
ics (100 �g/ml streptomycin and 100 U/ml penicillin) 1% glutamine,
and 10% heat-inactivated FCS (Invitrogen). The cells were cultured
at 37°C with 5% CO2. In total, 105 cells in 200 �l of culture medium
was added to each well of a 96-well cell culture plate (Bio-One GmbH,
Frickenhausen, Germany) and incubated overnight. Cells were
treated with substances to be analyzed, and the incubation was
continued for definite time. The plates were centrifuged, and the
cell-free supernatant was stored at �80°C until analysis.

For toxicity measurement, cultured monocytes were pretreated for
4 h with free or immobilized PMB followed by adding 20 �l of WST-1
reagent. The absorbance was read after 2 h at 450/620 nm.

Whole-Blood Assay. Whole-blood assay was established to sim-
ulate in vivo conditions (Wilson et al., 1991; De Groote et al., 1992).
In preliminary experiments, optimum conditions with respect to the
stimulatory concentration of LPS and incubation time were estab-
lished. Stimulation by 10 ng/ml LPS and an incubation time of 6 h
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were used throughout all whole-blood assay experiments. In detail, a
volume of 200 �l of freshly drawn heparinized blood was diluted with
culture medium up to a total volume of 1 ml in 24-well culture plates.
LPS, test substances, and blood were mixed and coincubated for 6 h
at 37°C with 5% CO2. At the end of incubation, samples were cen-
trifuged at 13,000g for 15 min, and the supernatant was stored at
�80°C for further cytokine analysis.

LPS Mouse Model. The animal model of acute inflammation
involved administration of 30 �g/kg LPS along with the sensitizing
agent D-galactosamine (1 g/kg) to inbred female BALB/c mice (6–8
weeks old; 15–25 g) given before or after administration of either
A2M-PMB, dextran-PMB, or PMB, respectively. All injections were
made intraperitoneally in a volume of 250 �l. In this model, mice
died within 6 to 10 h after LPS challenge. Lethality was monitored
for the subsequent 48 h.

Cecal Ligature and Puncture Model. The cecal ligation and
puncture model induces polymicrobial sepsis due to an abscess in the
peritoneal cavity of mice. In brief, mice were anesthetized with
ketamine (83 mg/kg i.p.; Pfizer, Karlsruhe, Germany), and abdomi-
nal midline incision was made under sterile conditions, and the
cecum was exposed, ligated to approximately 40% of length with 4-0
suture (Ethicon Vicryl; Johnson & Johnson, St-Stevers-Waluve, Bel-
gium), and punctured using a 20-gauge needle (Singleton and Wis-
chmeyer, 2003). Bowl content was extruded through the puncture
hole to ascertain polymicrobial infection. The abdomen was closed in
two layers, i.e., peritoneum and skin, separately using 4-0 suture.
Sham-operated control mice underwent the same surgical procedure,
but the cecum was neither ligated nor punctured. Signs of sepsis
were observed 6 to 8 h after operation. Test substances were injected
intraperitoneally in a volume of 250 �l either before or after CLP.
Survival and mortality rates were recorded on 7-day follow-up. Care
of mice followed institutional guidelines, and all animal experiments
were approved by the local ethics committee.

Cytokine Analysis in Mouse Blood after LPS Challenge.
Control mice (four in each group) were injected intraperitoneally
with LPS/D-galactosamine as described above, and blood was ob-
tained by heart puncture 2, 4, and 6 h after challenge. In comparison
with controls, nine mice (three in each group) were treated with 250
�g/g A2M-PMB 30 min before LPS administration. Ten minutes
before blood sampling, mice were injected with heparin (1 U/g body
weight). Blood plasma was obtained and subjected to cytokine anal-
ysis by flow cytometry.

Statistics. Experimental results are expressed as mean � S.E.M.
Statistical significance was determined using Student’s t test. Sur-
vival data are presented as a percentage, and Fisher’s exact test was
used to compare survival rate of the treated and control groups.

Results
Preparation of A2M-PMB Conjugates

A2M purified from plasma moves as slow-migrating pro-
tein in rate electrophoresis (Fig. 1A). For comparison, meth-
ylamine-transformed A2M displays increasing mobility and
migrates as fast-moving band. The purified A2M was used to
prepare PMB conjugates applicable in cell culture experi-
ments and animal studies. The final conjugate was expected
to exhibit high LPS binding capacity and strong affinity for
TNF-� as well as for CD91.

Conjugates of PMB and A2M were prepared by three dif-
ferent methods. Covalent coupling of PMB to A2M by means
of carbodiimide yielded a conjugate containing 4 mol of PMB/
mol of A2M, corresponding to approximately 7 �g of PMB/mg
of A2M. Bound PMB resisted SDS treatment under reducing
conditions and was immunologically colocalized with the 360-
kDa dimer, with higher A2M aggregates (nonreduced) and

with A2M fragments (reduced), respectively (Fig. 1B). No
free PMB was detected by Western blot.

To avoid possible masking of functional groups within the
receptor binding domain at the C terminus of A2M due to
covalent modification, a second method of conjugation was
applied based on the induction of a conformation change by
interruption of the internal thiol esters of the inhibitor. This
was accomplished by treating A2M with methylamine in the
presence of excess of PMB. During the reaction the cavities of
A2M become closed and small molecules such as PMB are
trapped physically. Surprisingly, the trapped PMB was also
resistant to SDS treatment and was found to be associated
with the 360-kDa nonreduced band and the 180-kDa reduced
band, respectively. The final product yielded a molar ratio
(PMB/A2M) of only 0.8.

Thermal activation was used to adsorb antigenic peptides
to A2M as described recently (Adlakha et al., 2001). This
coupling method gave insufficient results (0.5 mol of PMB/
mol of A2M), and the complex did not resist SDS treatment
under reducing conditions. PMB was stripped out of the
complex and moved in the position of free PMB (Fig. 1B). It
is to be expected that PMB could be liberated from the com-
plex in vivo. Thus, we preferred to use the covalent attach-
ment of PMB to A2M to yield stable and highly substituted
complexes.

Fig. 1. A, separation of purified native A2M and methylamine-trans-
formed A2M by rate electrophoresis. An amount of 10 �g of purified A2M
(lane 1, slow-migrating form) and methylamine-treated A2M-MA (lane 2,
fast-migrating form), respectively, was separated by rate electrophoresis
and stained by Coomassie Brilliant Blue R-250 as described previously
(Birkenmeier et al., 2003). B, Western blot of different A2M-PMB conju-
gates separated by nonreduced and reduced SDS-polyacrylamide gel elec-
trophoresis. Lane 1, 10 �g of A2M; lanes 2 and 5, 10 �g of A2M-PMB
prepared according to coupling method A; lanes 3 and 6, 10 �g of A2M-
PMB prepared according coupling method B; and lanes 4 and 7, 10 �g
of A2M-PMB prepared according to coupling method C. Immunological
detection of PMB was performed as described under Materials and
Methods.
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Analysis of Receptor Binding

A precondition of our assumption was that the generated
A2M-PMB complex has retained its high-affinity binding to
the cellular receptor of A2M, CD91, to mediate clearance of
coabsorbed LPS in addition to A2M-associated inflammatory
cytokines. Therefore, we studied the binding of A2M-PMB to
immobilized CD91 by enzyme-linked immunosorbent assay
(Fig. 2). The conjugate was found to bind with comparable
affinity for CD91 as unmodified A2M-MA (Kaff A2M-MA �
1.83 � 0.3 nM versus Kaff A2M-PMB � 0.5 � 0.2 nM). When
we analyzed the binding of the A2M-PMB conjugate by an-
tibodies directed against the PMB moiety, the affinity was
only slightly different from the previous affinity (Kaff A2M-
PMB � 3.62 � 0.7 nM), indicating the absence of nonspecific
binding of the positively charged PMB to CD91. As expected,
dextran-PMB did not bind to CD91, corroborating the speci-
ficity of A2M-receptor interaction.

Analysis of LPS Binding to A2M-PMB Conjugates

To follow-up on the interaction between A2M-PMB and
LPS, an aqueous two-phase system composed of 5% PEG
6000/7.5% dextran T70 was used. A2M-PMB partitioned in
favor of the lower dextran-rich phase with a partition coeffi-
cient of K � 0.59, and FITC-LPS partitioned in favor of the
PEG-rich upper phase (K � 2.05). In case of an interaction
between the substances, the K value of FITC-LPS was
changed as the concentration of A2M-PMB in the system
increased (Fig. 3A). Because, the partition of particles is
governed mainly by the property and area of their surface
exposed to the medium, it was expected that A2M-PMB af-
fects the partition of FITC-LPS and not vice versa. As shown
in Fig. 3A, the K value of FITC-LPS approaches the value for
A2M-PMB. As expected, A2M-MA did not significantly affect
the partition of FITC-LPS. Unspecific binding of the FITC

moiety to the inhibitor could be eliminated by control exper-
iments using FITC alone in conjunction with A2M-MA.

Receptor-Mediated Endocytosis of FITC-LPS Bound to
A2M-PMB

To show that FITC-LPS enters cells in conjunction with
A2M-PMB, fibroblasts were incubated with preformed com-
plexes of FITC-LPS and A2M-PMB. Fibroblasts were chosen
because of their high expression level of CD91. The faint
intracellular staining comprises cytoplasmic vesicles or gran-
ules, indicating that FITC-LPS was internalized via CD91
(Fig. 3B). The uptake could be blocked by addition of 500 nM
receptor-associated protein known to compete binding of all
ligands to CD91 (Williams et al., 1992), indicating specificity
of receptor binding (data not shown).

Fig. 2. Binding of A2M-PMB conjugate to immobilized CD91. Titer plates
(96-well) were coated with 2 �g/ml CD91 overnight. After washing with
PBS-T, increasing concentrations of A2M-PMB were incubated with the
receptor in 10 mM HEPES, 150 mM NaCl, 5 mM CaCl2, 2.5 mM MgCl2,
and 0.05% Triton X-100 (incubation buffer) at 37°C for 3 h. After repeated
washing with incubation buffer, bound A2M was detected with rabbit
HRP-labeled-anti-A2M (1:2000) (F, �), and PMB was detected with
mouse anti-PMB-IgM (1:1000) in conjunction with biotin-labeled goat
anti-mouse IgM (1:3000) followed by incubation with HRP-labeled
streptavidin (1:3000) (E, �). For comparison, the binding of A2M-MA is
shown (F).

Fig. 3. A, two-phase systems (1 g) used were composed of 5% (w/w) PEG
6000 and 7.5% (w/w) dextran T70 containing 10 mM sodium phosphate
and 20 mM NaCl, pH 7.2. A constant amount of FITC-LPS was parti-
tioned in the presence of increasing concentrations of A2M-MA or A2M-
PMB, respectively, at 22°C. After mixing and centrifugation, aliquots of
100 �l were removed from the top and bottom phases and analyzed for
fluorescence (at 490 nmexcitation/520 nmemission) and for protein (immuno-
assay). Œ, partition of FITC-LPS in presence of A2M-PMB, and �, par-
tition of FITC-LPS in the presence of A2M-MA. B, immunocytochemical
staining of intracellular FITC-LPS in culture fibroblasts. Fibroblasts
were incubated with A2M-PMB-FITC-LPS complexes at 37°C to allow
CD91-mediated endocytosis of the complex. After 20 min, the cells were
washed with medium and finally fixed with 2% paraformaldehyde. Nuclei
were counterstained with 4,6-diamidino-2-phenylindole. The arrow
shows stained granules in the cytoplasm.
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A2M-PMB Retained Binding of TNF-�

We have recently shown that TNF-� binds preferably to
transformed A2M rather than to the native inhibitor (Birken-
meier et al., 2003). Whether the covalent modification of A2M
by PMB interferes with TNF-� binding was a question of
interest. Figure 4 shows that A2M-MA and A2M-PMB bound
radiolabeled TNF-� with comparable affinity. This indicates
that covalent attachment of PMB did not affect binding of
TNF-� to A2M.

Functional Characterization of the PMB Conjugates in
Cell Cultures

A2M-PMB Is Not Toxic to Cells. It is known that free
nonconjugated PMB is toxic to cells (Danner et al., 1989). We
therefore tested the effect of PMB, PMB-conjugates, and free
carriers on vitality of human monocytes by measuring the
mitochondrial dehydrogenase activity in the WST-1 assay.
PMB showed no toxicity at low concentrations (�10 �g/ml),
but cell toxicity considerably increased at higher PMB con-
centrations (Fig. 5). As anticipated, immobilization of PMB to
A2M abolished toxicity. Similar effects were seen when dex-
tran-PMB was used. For control, the carriers alone did not
affect cell viability (data not shown).

A2M-PMB Diminishes LPS-Induced TNF-� Release
in Monocyte Cultures. To test the effect of PMB conjugates
on LPS-induced TNF-� release in monocytes cultures, differ-
ent control experiments had to be conducted. First, we stud-
ied whether the different conjugates and carrier may evoke
TNF-� release in nonstimulated cells. Neither the conjugates
nor free carriers were found to induce significant TNF-�
release from monocytes (Fig. 6). This finding indicated that
the conjugates were not contaminated by LPS during the
different steps of preparation.

In a second set of controls, we tested whether A2M may
affect TNF-� measurement in the immunoassay by inducing
sequestration of the cytokine, restricting the accessibility of
antibodies to TNF-�. This would result in nonreliable deter-
minations of TNF-� levels. We therefore, incubated TNF-�
standards without and with 50 nM and 500 nM A2M-MA,
respectively. The results indicate that even at high concen-
trations of A2M-MA, the outcome of the TNF-� assay was not
altered (Fig. 7). After completion these necessary control experiments, we

studied the effect of PMB and PMB conjugates on LPS-
induced TNF-� release from monocytes. The results shown in
Fig. 8 depict the relative efficacy of PMB, A2M-PMB, and
dextran-PMB normalized to the absolute concentrations of
PMB in the sample.

After stimulation of cells with 10 ng/ml LPS, A2M-PMB
significantly reduced the TNF-� level by approximately 90%
at 1 �M A2M-PMB, which approximately corresponds to a
PMB content of 7 �g/ml. This indicates that the prepared
conjugate is an effective means to block monocyte activation
under in vitro conditions of cell cultures.

The effectiveness of our conjugate was compared with a
dextran-PMB conjugate used in previous sepsis treatment
trials (Lake at al., 2004). As seen, that conjugate was less
effective compared with A2M-PMB. Convincingly, no inhibi-
tion was observed at a dextran-PMB concentration that cor-
responds to a PMB content of 7 �g/ml. This clearly shows
that A2M-PMB exceeds inhibitory capacity of dextran-PMB
by approximately 2 orders of magnitudes and is as effective
as free PMB but without toxic side effects.

Fig. 4. Binding of 125I-TNF-� to A2M-MA and A2M-PMB. An amount of
37 pmol of A2M-MA or A2M-PMB, respectively, was incubated with
50,000 cpm 125I-TNF-� in a total volume of 20 �l of PBS-T for 4 h at 37°C.
The samples were loaded onto the top of a polyacrylamide gradient gel
(4–20%) and run under nondenaturing conditions. The gel was stained by
Coomassie Brilliant Blue R-250 (lanes 1, 3, and 5), dried, and exposed to
Hyperfilm MP for 6 h at �80°C (lanes 2, 4, and 6). Lanes 1 and 2,
125I-TNF-�; lanes 3 and 4, 125I-TNF-� � A2M-MA; and lanes 5 and 6,
125I-TNF-� � A2M-PMB. Albumin added to 125I-TNF-� for stabilization
occurs in different polymeric forms.

Fig. 5. Cytotoxicity of free PMB and PMB conjugates. For toxicity mea-
surement, monocytes (105 cells) were cultured in 96-well culture plates in
RPMI 1640 medium containing 10% FCS in the presence of free or
immobilized PMB for 4 h at 37°C with 5% CO2. After addition of 20 �l of
WST-1 reagent, the absorbance was read after 2 h at 450/620 nm.

Fig. 6. Control of stimulatory activity of free PMB, PMB conjugates, and
free carrier on TNF-� release from cultured human monocytes. Mono-
cytes (105 cells) were cultured 96-well culture plates in RPMI 1640
medium containing 10% fetal calf serum for 4 h at 37°C in the presence
of different additives. TNF-� was measured in the supernatant by im-
munoassay. For comparison, monocytes were stimulated with 10 ng/ml
LPS.
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A2M-PMB Decreases LPS-Induced TNF-� Release in
Whole Human Blood. Similar to monocyte cell culture ex-
periments, nonconjugated carrier and PMB-carrier conju-
gates were tested in whole blood assays. No significant basal
stimulation of TNF-� secretion was observed when the sub-
stances were tested at different concentrations in absence of
LPS (data not shown). After stimulation with 10 ng/ml LPS,
A2M-PMB effectively blocks TNF-� secretion by more than
95% at 1 �M (Fig. 9A). Nonconjugated A2M also inhibited
cytokine release but with lower efficacy compared with the
PMB conjugate. The effect of dextran-PMB conjugate on
TNF-� release was also tested for comparative purposes and
was found to be less inhibitory (Fig. 9B). Surprisingly, non-
conjugated dextran is almost as potent as dextran-PMB,
indicating that additional effects of the carrier should be
taken into consideration. Because dextran obviously does not
bind cytokines and is not rapidly cleared by receptor-medi-
ated endocytosis, this observation illuminates an unknown
effect of the polysaccharide.

A2M-PMB Protects Mice from LPS-Induced Lethal-
ity. First, we determined the toxicity of free PMB and A2M-

PMB in mice. Intraperitoneal administration to mice of PMB
(0.5, 1, 2.5, 5, and 10 �g/g body weight) (five mice in each
group) and A2M-PMB (25, 50, and 250 �g/g body weight)
(three mice in each group), respectively, caused no deaths,
indicating that PMB eventually released from the carrier in
the body did not induce toxicity in animals. To induce sepsis,
mice received by intraperitoneal injection LPS (30 �g/kg body
weight) in conjunction with D-galactosamine (1g/kg body
weight). The lethality of this dose of LPS was found to be 95%
within 15 h after challenge. The protective effect of A2M-
PMB against LPS-induced lethality is shown in Table 1.
Dose-dependent administration of A2M-PMB (50–250 �g/g
body weight) provided almost complete protection. Indiscern-
ible less protection was observed when the conjugate was
given after LPS challenge. The effect of dextran-PMB was
less compared with A2M-PMB, which reflects the results of
cell culture experiments shown in Figs. 8 and 9.

Time-dependent analysis of cytokines in the blood of LPS-
challenged untreated and treated mice revealed reduction in
blood levels of TNF-�, IL-6, and monocyte chemoattractant
protein-1 by treatment with A2M-PMB (Table 2). Small but
nonsignificant effects were seen with IL-10, and no changes
were found with interferon-� and IL-12p70.

Fig. 7. Effect of A2M-MA on TNF-� measurement by immunoassay.
Standard dilutions of recombinant TNF-� (15–2000 pg/ml) were mixed
with buffer (PBS-T and 1% bovine serum albumin) containing 50 nM
A2M-MA or 500 nM A2M-MA, respectively, incubated for 3 h at 22°C, and
processed for analysis according to the protocol of the manufacturer.

Fig. 8. Effect of A2M-PMB, dextran-PMB, and PMB on LPS-stimulated
secretion of TNF-� in cultured monocytes. Human monocytes were cul-
tured in RPMI 1640 medium containing 10% FCS. Cells were stimulated
with LPS (10 ng/ml; 4 h) at 37°C in the absence or presence of increasing
concentrations of different additives. The cell supernatant was harvested
and analyzed for TNF-�. The figure shows comparative inhibitory effects
of PMB, A2M-PMB, and dextran-PMB based on calculation of the total
PMB content.

Fig. 9. Inhibition of TNF-� release by PMB conjugates studied by whole
blood assays. Two hundred microliters of freshly drawn heparinized blood
was diluted with culture medium up to a total volume of 1 ml in 24-well
culture plates. LPS (10 ng/ml) and increasing concentrations of sub-
stances to be tested were added, and the incubation was continued for 6 h
at 37°C with 5% CO2. The samples were removed, centrifuged at 13,000g
for 15 min, and the supernatant was analyzed for TNF-� or stored at
�80°C. A, inhibiting effect of A2M-PMB compared with the free carrier
(mean � S.D. of three measurements). B, inhibiting effect of dextran-
PMB compared with the free carrier (mean � S.D. of three measure-
ments).
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A2M-PMB Protects Mice from Polymicrobial Infec-
tion. Three different cohorts of animals were studied. Six-
teen mice were CLP-operated from which eight received the
drug and eight PBS 30 min before operation. Another eight
mice were sham-operated without administration of any so-
lution. Properly sham-operated mice should have been
treated as CLP mice; however, results from the foregoing
paragraph showed neither toxicity of A2M-PMB nor any
effect on lethality of mice. Therefore, we decided to omit
treatment of sham-operated mice.

A2M-PMB (250 �g/g body weight) as well as PBS were
given in a total volume of 250 �l as intraperitoneal bolus
injection. In addition, a further eight mice were administered
50 �g/g dextran-PMB 30 min before operation. Usually, first
symptoms of disease developed 8 h after surgery, and death
occurred in control mice within 24 to 60 h. As shown in Table
3, 100% survival has been achieved in case of sham-operated

mice compared with controls injected with normal PBS. Ad-
ministration of A2M-PMB 30 min before CLP resulted in a
remarkable survival rate (63% versus 0% in controls). In
contrast, administration of equivalent amounts of dextran-
PMB showed less protection. Thus, the A2M-PMB conjugate
turned out to be effective even in case of polymicrobial infec-
tion mimicking clinical sepsis.

Discussion
During the onset of sepsis, the inflammatory system be-

comes hyperactivated, involving both humoral and cellular
defense mechanisms. Different cells, including endothelial
and epithelial cells as well as neutrophils and macrophages,
produce powerful proinflammatory mediators. The early re-
lease of cytokines such as TNF-� and IL-1� from target cells
is stimulated by bacterial LPS. Therefore, it is understand-
able that most therapeutic strategies have targeted TNF-�
and LPS (for review, see Riedemann et al., 2003). Unfortu-
nately, most of these strategies did not improve survival of
patients when studied in large clinical trials (Deans et al.,
2005).

One reason might be that the therapeutic tools applied are
directed to only a single pathogenetic factor, such as blocking
of TNF-� by soluble TNF-� receptors (Reinhart and Karzai,
2001) or monoclonal antibodies (Tracey et al., 1987), neutral-
ization of LPS by anti-endotoxin antibodies (Warren et al.,
1993) or polymyxin B (Danner et al., 1989) as well as antag-
onizing IL-1� (McNamara et al., 1993) or migration inhibi-
tory factor (Bernhagen et al., 1994). Second, exact timing of
the therapeutic intervention seems to be crucial, because
levels of TNF-� and IL-1� after an initial burst decline as the
process proceeds. Sustainment of signs of sepsis at later
stage is probably due to the release from the nucleus of
HMGB1 (Yang et al., 2005). This is a highly conserved pro-
tein capable of binding primarily to cruciform DNA. LPS-
activated monocytes release HMGB1 at late stages of disease
between 8 and 32 h. HMGB1 itself can stimulate monocytes
to produce inflammatory cytokines. Third, TNF-� is an es-
sential component of normal inflammatory responses, and
prolonged neutralization of its activity may have potent im-
munosuppressive effects. Although the approach taken in
many clinical trials has been to block completely the action of
mediators, it is suggested to be more appropriate to modulate
rather than to ablate the host response.

The proteinase inhibitor A2M is suggested to regulate cy-
tokine homeostasis in blood and tissue (Birkenmeier, 2001).
By bridging protease and cytokine metabolism, A2M is sug-

TABLE 1
Efficacy of A2M-PMB in protection of mice against LPS lethality

Dose/Time of Administration No. Dead Mice/Total Survival

%

A2M-PMB: 25 �g/g; 30 min before LPS 6/10 40
A2M-PMB: 50 �g/g; 30 min before LPS 0/10* 100
A2M-PMB: 250 �g/g; 30 min before LPS 1/10* 90
A2M-PMB: 25 �g/g; 30 min after LPS 5/10 50
A2M-PMB: 50 �g/g; 30 min after LPS 4/10 60
A2M-PMB: 250 �g/g; 30 min after LPS 3/10 70
Controla 20/21 5
Dextran-PMBb: 26 �g/g; 30 min before LPS 7/12 42

* A2M-PMB versus control (P � 0.05).
a Control mice were given 250 �l of PBS intraperitoneally 30 min before LPS.
b This amount is equivalent to 250 �g/g A2M-PMB on basis of the PMB content.

TABLE 2
Effect of A2M-PMB on LPS-induced cytokine release in mice blood

Cytokine
Time of Blood
Sampling after
LPS Challenge

Control Mice Mice Treated
with A2M-PMB

h

TNF-� (pg/ml) 2 949 � 188 672 � 218
4 201 � 56 77 � 40*
6 144 � 45 50 � 19*

IL-6 (pg/ml) 2 3829 � 804 4215 � 824
4 1521 � 340 1282 � 377
6 554 � 195 79 � 27*

MCP-1 (pg/ml) 2 4650 � 560 4055 � 1002
4 4685 � 952 2037 � 386*
6 4742 � 1136 1856 � 663*

IL-10 (pg/ml) 2 61 � 14 45 � 19
4 43 � 20 15 � 9
6 66 � 26 35 � 19

* A2M-PMB versus control mice at same time of blood sampling (P � 0.05).

TABLE 3
Efficacy of A2M-PMB in protection of mice against polymicrobial
infection

Dose/Time of Administration No. Dead
Mice/Total Survival

%

Sham-operated mice 0/8 100
A2M-PMB: 250 �g/g; 30 min

before CLP
3/8 63

PBSa; 30 min before CLP 8/8 0
Dextran-PMBb: 26 �g/g; 30 min

before CLP
6/8 25

a Control mice were given 250 � l of PBS intraperitoneally 30 min before CLP.
b This amount is equivalent to 250 � g/g A2M-PMB on basis of the PMB content.
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gested to down-regulate excessive levels of cytokines, leaving
physiological cytokine levels untouched. Furthermore, trig-
gered by proteases liberated during inflammatory reaction,
A2M may act as a regulatory switch between inflammatory
and anti-inflammatory processes (Wu et al., 1998). Both in-
flammatory cytokines such as TNF-�, IL-1�, and IL-6 as well
as anti-inflammatory cytokines, such as transforming growth
factor-�1, are bound to A2M with high affinity. In most cases,
binding occurs to transformed A2M as a result of a preceding
interaction with a protease or reaction with small nucleo-
philic substances such as methylamine. Furthermore, oxida-
tive stress molecules and radicals can modify the cytokine
binding properties of the inhibitor (Wu et al., 1998). The state
of conformation then decides whether inflammatory or anti-
inflammatory cytokines are released or bound and elimi-
nated by receptor-mediated endocytosis via CD91. Clearance
of CD91 ligands is fast with a half-time of 7 min. Thus, the
A2M and CD91 form an excellent clearance couple to flatten
temporally elevated growth factor and cytokine spikes. This
mechanism may provide an advantage that can be exploited
for the treatment of inflammatory disorders.

Here, we reported for the first time the application of a
conjugate composed of transformed A2M and PMB for treat-
ment of sepsis. Previous studies showed that transformed
A2M is capable of binding TNF-� (Wollenberg et al., 1991).
On the other hand, the endotoxin-neutralizing activity of
PMB is well known. But it was unknown whether a conjugate
of both entities could be used in vivo to improve survival in
sepsis. Because binding to the cellular receptor is essential
for the efficacy of our drug, care had to be taken not to destroy
the receptor-binding domains of the inhibitor located at the C
terminus of each subunit. We therefore, studied different
methods of coupling and analyzed the conjugate afterward
with respect to interaction with LPS, TNF-�, and CD91. The
conjugate was found stable in terms of release of free PMB.
This is an important question, because free PMB is assumed
to be toxic to cells. After coupling, we treated the conjugate
with methylamine to induce transformation, which is a pre-
condition for cytokine and receptor binding. When we
changed the protocol and conjugated PMB to methylamine-
treated A2M, the receptor binding of the conjugate was im-
paired. This goes back to the fact that the receptor binding
domains are hidden in the native A2M and are obviously not
modified by PMB coupling. The conjugate was capable of
recognizing LPS studied by phase partitioning in aqueous
two-phase systems. This is an excellent method for studying
interacting species in an almost complete aqueous solution
avoiding unspecific adsorption to solid phases. Thus, we
could clearly show that LPS binds to the PMB moiety and not
to the carrier. Further tests revealed that covalent coupling
of PMB did not significantly alter the affinity of A2M to its
receptor. That ensures speedy removal of PMB-bound LPS
from the circulation by receptor-mediated endocytosis. This
is an important feature of the novel conjugate, which distin-
guishes the drug from other PMB derivatives. In those stud-
ies, PMB was chemically conjugated to dextran-70 used as
plasma expander in the treatment of sepsis (Bucklin et al.,
1995). Others have prepared PMB-soluble starch or PMB-
immunoglobulin conjugates (Drabick et al., 1998). The well
characterized PMB-dextran conjugate (PMX622) has been
tested in different animal models of sepsis and in phase I
trials in humans with success. However, clear efficacy was

not demonstrated in a phase II trial of septic patients (Lake
et al., 2004). Common to all these PMB-conjugates is their
capability of neutralizing LPS. But what is the fate of ad-
sorbed LPS? Obviously, dextran does not penetrate into tis-
sue, and the half-life is long, between 5 and 20 h (Bucklin et
al., 1995; Lukyanov et al., 2004). Likewise, immunoglobulin
given intravenously for replacement therapy has a half-life of
20 to 35 days (Berger and Pinciaro, 2004). Thus, these con-
jugates accumulate LPS within the circulation, and it cannot
be ruled out that it slowly releases from the complex and may
stimulate cells. Furthermore, there are no studies abnegat-
ing the possibility that LPS immobilized to carrier-bound
PMB is capable of stimulating cellular responses. Thus, a
carrier that permanently removes LPS from circulation
should be the better choice to counteract the LPS challenge.
We could show that LPS is endocytosed via CD91 entering
the lysosomal pathway for degradation. It is of interest to
note that microinjected LPS did not induce nuclear factor-�B
translocation, indicating that intracellular LPS fails to in-
duce an inflammatory response (Gerth et al., 2005). There-
fore, internalization of LPS is an attractive way to abolish
LPS toxicity in vivo.

A further point of consideration is that CD91 mediates
transcytosis of its ligands through endothelial cell barriers
(Burgess and Stanley, 1997). This could be of interest with
respect to targeting also that part of LPS and TNF-� that
entered the tissue. In contrast, dextran-PMB or immunoglob-
ulin-PMB conjugates are not expected to penetrate into
tissue.

LPS as well as TNF-� are considered as important factors
that induce endothelial permeability, leading to circulatory
collapse (Nooteboom et al., 2002). Compared with TNF-� and
IL-1�, no other cytokine has been shown to reproduce the
dramatic hypotension and pathophysiological changes asso-
ciated with septic shock. Thus, multifactorial inhibition of
inflammatory initiators and mediators should have advan-
tage over “a single-factor targeting strategy” in sepsis pre-
vention trials. A recently published study has demonstrated
that intraperitoneal injection of modified human A2M im-
proves survival of mice after LPS challenge (Webb and Go-
nias, 1998). It was convincingly shown that the beneficial
effect of A2M is due to binding and elimination of cytokines.

Our results clearly showed that the A2M-PMB conjugate
was superior to dextran-PMB in inhibiting TNF-� release.
When the inhibitory effect was calculated on total amount of
PMB in the conjugates, the efficacy of A2M-PMB was approx-
imately 2 orders of magnitude higher than that of dextran-
PMB. This dramatic improvement most probably results
from the supportive clearance effect via CD91 of neutralized
LPS, which presumably is a potential therapeutic advantage.

In addition to monocyte cultures, we tested A2M-PMB also
in the whole blood assay. This was to create conditions close
to in vivo that means in the presence of LPS binding proteins
and other cellular components of the blood that communicate
to each other after LPS challenge. These results were pre-
cisely corroborated by measurement of inflammatory cyto-
kines in the blood of mice stimulated and treated with LPS
and A2M-PMB, respectively. An inhibitory effect of A2M-
PMB on secretion of mouse TNF-�, IL-6, and monocyte che-
moattractant protein-1 was demonstrated. The results man-
ifest the high efficacy of our conjugate in human and mouse
blood, even in the presence of endogenous A2M. In the light
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of these findings, it is important to note that A2M-PMB was
able to abrogate the deleterious effects of CLP-induced sys-
temic polymicrobial infection and the resulting deleterious
host response. The latter model is now considered “gold-
standard” to develop adjunct therapies for sepsis (Esmon,
2004).

Together, these results support our hypothesis that A2M-
PMB acts as a polyvalent drug to target different host medi-
ators as well as sepsis inducer at the same time. It offers new
hope for sepsis treatment exploiting the physiological role of
a human plasma protein.
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