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INTRODUCTION

The development of modified cell-free hemoglobin(Hb) as a blood
substitute is of great importance in both military and civilian
settings, and has been identified by the U.S. Army Medical Research,
Development, Acquisition, and Logistics Command as a critical
component of overall combat casualty care. Solutions of modified Hb
have demonstrated adequate properties in regard to oxygen binding
and delivery, in vivo half-life, lack of infectious risk, and in vitro
stability for long-term storage. Therefore, a solution of Hb is a
promising candidate for a red blood cell substitute for the emergency
treatment of acute hemorrhage and probably for other clinical

applications.

The principal limitation for the utilization of Hb for human use is in
vivo toxicity, which has been demonstrated in numerous animal
models. Although some of the data in earlier reports in this area,
which described toxicity of Hb, may have resulted from the
contamination of solutions of Hb with bacterial
endotoxin(lipopolysaccharide, LPS) or erythrocyte stromal lipids, it is
also possible that Hb possesses an intrinsic toxicity when

administered as a solution.

The focus of our investigations has been the role of bacterial
endotoxins(LPS) in the observed toxicities of solutions of Hb. LPS is a

ubiquitous contaminant of the preparation of many protein solutions,
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and probably has been the cause of some of the reported toxicity of
Hb. However, in the course of our initial studies in this area, it
became apparent that significant pathophysiologic consequences can
result from a biochemical interaction(s) between Hb and LPS. Based
on this background, the purpose of the present work is to
characterize the nature of the interaction(s) between Hb and LPS, the
effects of this interaction on the Hb and LPS molecules, and the

pathophysiological effects that result.

Multiple methods have been used to approach this broad problem. A
series of physical measurements have been performed to determine
the effects of Hb on the LPS macromolecule. These include

ultrafiltration, density centrifugation, precipitation, and gel filtration,
as well as investigations specifically designed to evaluate binding of

LPS by Hb and to determine whether complex formation occurs.

These in vitro studies have been complemented by the initiation of
in vivo studies, the purpose of which is to characterize the

distribution of endotoxin among both circulating blood cells and the
major components of blood plasma, and to subsequently determine

the potential effects of infusion of Hb upon the distribution of LPS.
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SCIENTIFIC NARRATIVE*

In order to establish whether significant binding between Hb and
LPS occurred, formal binding studies were performed by quantifying
the binding of 1251-labelled LPS to microtiter wells coated with Hb.
Binding of LPS to Hb was shown to be concentration dependent and
saturable(Figs. 1 and 2). The Kq was 3.1 x 10-8 M, a value which was
closely approximated by calculation of the Kq based on sucrose
centrifugation of LPS and Hb(6.3 x 10-8 M)(Table 1). Binding of LPS
to Hb was more directly assessed using a derivatized LPS containing
a photoactivatable group capable of covalently binding to
proteins(Fig. 3). These key experiments demonstrated that LPS
bound to both the alpha(a) and beta(B) chains of Hb, with greater
affinity for Hb B chains.

Since earlier experiments using ultrafiltration had indicated that
following incubation with Hb, LPS(which in aqueous solution behaves
like a macromolecule) appeared to disaggregate and act like a
molecule with M.W. less than 100,000 Kd, density gradient
centrifugation and polyacrylamide gel electrophoresis were utilized
to extend these observations. 14C-labelled LPS was incubated with
aocHb(Hb cross-linked between o chains with bis(3,5-dibromo-
salicyl)fumarate(DBBF) and then centrifuged through a 4-20%
continuous sucrose gradient. LPS alone rapidly sedimented through

this sucrose gradient, whereas in the presence of Hb, the

* The data summarized in this section are provided in greater detail in the 9

published papers, attached to this Annual Report(see also REFERENCES).
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sedimentation velocity was markedly slowed and the LPS co-
migrated with the Hb(Fig. 4). In another experiment, 14C-labelled
LPS was incubated with aaHb and then electrophoresed in the
absence of SDS, so that LPS/Hb complexes remained intact. In the
absence of aaHb, all of the LPS remained in the stacking gel. In
contrast, in the presence of Hb, from 23-45% of the LPS entered the
gel and co-migrated with the Hb(Table 2). These data supported our
hypothesis that Hb was capable of disaggregating LPS and forming
stable LPS-Hb complexes. The data derived from filtration suggest
that at least some LPS-Hb complexes are composed of a ratio of 2 LPS

molecules: 1 Hb molecule.

The following series of experiments were performed to determine
whether complex formation between LPS and Hb, which apparently
produced disaggregation of LPS, was associated with alteration of the
biological activity of LPS. We were able to document that in the
presence of Hb, the biological activity of a wide variety of LPSs was
increased, as determined by activation of the coagulation cascade of
Limulus amebocyte lysate, i.e., the Limulus amebocyte lysate(LAL)
test. The biological activity of both Proteus and Salmonella LPSs were
increased in the presence of Hb(Figs. 5 & 6). This was true for both
rough and smooth forms of LPS(Figs. 5 & 6). Furthermore, even deep
rough(Re) LPS(S. minnesota 595) and purified Lipid A were
enhanced, further establishing that the carbohydrate moiety of LPS
was not required for the enhancement phenomenon. Singly dephos-
phorylated MPL was enhanced less than the parent R 595 LPS
whereas partially deacylated Re LPS(OH 37) was not enhanced by the
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presence of LPS(Fig. 6). Therefore, the overall results suggested that
phosphate and Kdo residues are less important in the enhancement

process than the ester-linked fatty acids of Lipid A.

Additional physical and biological measurements were
simultaneously performed to shed further insights into the nature of
the interaction between LPS and Hb and its association with
enhanced biological activity. Turbidity and activity in the LAL test
were determined for a group of LPSs, and correlated with a series of
concentrations of Hb. There was a dose/response relationship
between the concentration of Hb, reduction of turbidity(as a measure
of disaggregation) and increase of activity in the LAL test(as a
measure of biological activity)(Fig. 7). Pertinently, S. minnesota MPL,
which did not become disaggregated in the presence of Hb, did not
demonstrate enhanced biological activity(Fig. 7). Additional
experiments demonstrated that enhancement of LPS activity by Hb
was not dependent upon the salt form of the LPS(Table 3). Non-toxic
LPSs derived from Rhodobacter species were not enhanced by
Hb(Table 3). Other evidence of enhancement was provided by studies
which demonstrated that the limit of detection of LPS was lowered

10-fold in the presence of Hb(Table 4).

Although the above series of experiments appeared to clearly
document that the interaction between Hb and LPS resulted in
enhancement of the biological activity of LPS, it was necessary to
establish that this phenomenon was not limited to a single assay

system. Therefore, another group of experiments were performed to
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determine the effects of this interaction on the production of the
procoagulant tissue factor (TF) by human endothelial cells. A culture
system of HUVEC(human umbilical vein endothelial cells) was chosen
as another assay for the biological activity of LPS because endothelial
cells(EC), which normally do not produce TF, can be stimulated by
LPS to produce this important procoagulant activity. In the presence
of Hb, which by itself did not stimulate the production of TF by EC, a
variety of LPSs generated greater amounts of TF activity than did
identical concentrations of LPS in the absence of HB(Figs. 8 & 9).
Furthermore, the enhancement of production of TF by EC in the
presence of LPS and Hb was confirmed using an immunological assay
for TF protein. It was also shown that protein production was
required for this effect, since TF production was blocked by either

cycloheximide or actinomycin D(data not shown).

The ability of other proteins to enhance the biological activity in the
LAL test was evaluated. LBP(lipopolysaccharide binding protein) was
shown to more potently enhance the biological activity of LPS than
did Hb(Fig. 10). However, human serum albumin was less effective
than Hb, and IgG and transferrin failed to enhance the biological
activity(Fig. 11). This series of experiments demonstrated that the

effect of Hb on LPS was not a non-specific effect of protein.

The next major goal of our investigations during the past year was to
initiate studies of the effects of LPS on Hb, to determine if the
interaction between these molecules altered both of the components

of the LPS-Hb complex. Experiments were performed to measure the
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production of free radicals by solutions of Hb, utilizing the FOX
reagent. Although there was Hb concentration-dependent production
of free radicals, the addition of LPS did not increase the amount of

free radicals produced(Fig. 12).

Oxygen equilibrium curves for Hb in the absence and presence of Hb
were then determined. An equilibrium curve in the absence of LPS
was established for aaHb(Fig. 13). In the presence of LPS, the oxygen
equilibrium curve was unchanged(Fig. 14). Other controls were
established with hemolyzed normal blood(Fig. 15) and with non-
crosslinked HbAQ(Fig. 16). In contrast to the lack of effect of- LPS on
the equilibrium curve for crosslinked aaHb, LPS did slightly shift the
curve when incubated with HbA(Q. In this instance, oxygen affinity
was increased(Fig. 17). The effect of LPS on non-crosslinked HbAg
was also demonstrated with singly deacylated S. minnesota 505 LPS,
documenting that this effect was not limited to a single LPS(Fig. 18).
A final group of observations were made to directly compare the
effects of LPS on aoHb and HBA(, Both smooth and rough LPSs were
utilized(Table 5). In this series of experiments, caHb demonstrated
only a slight trend to higher oxygen affinity, whereas HbA(

demonstrated a more marked increase in oxygen affinity.

Preliminary experiments had suggested that LPS produced circular
dichroic(CD) spectral changes in Hb. In order to further characterize
these changes, formal CD spectra were obtained of Hb, in the
presence and absence of LPS. In the presence of LPS, the CD

spectrum of Hb demonstrated decreased intensities of the near
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UV(259 and 265 nm), Soret(420 nm) and visible peaks(545 and 579
nm); and a shift in the Soret peak maximum from 420 nm to 418 nm.
These spectral changes were consistent with production of metHb,
without substantial changes in the protein secondary structure(Fig.
19). a-helical content was estaimated to be 53% for the globin, both
in the absence and presence of LPS. Detailed calculations of
measurements of the protein secondary structure of aoHb in the

absence and presence of Hb are summarized in Table 6.

The above in vitro experiments were complemented by initial in vivo
experiments to determine the effects of Hb on the clearance and
distribution of LPS in rabbit. These experiments were undertaken to
begin evaluation of the potential physiological significance of the
interaction between LPS and Hb that we had demonstrated in vitro.
The relevance of these studies was increased by the likelihood that
some of the recipients of hemoglobin solutions would have
concomitant endotoxemia or would deveiop endotoxemia in
association with trauma, sepsis, hypotension, or translocation of LPS
from the GI tract into the portal circulation. Initial experiments
revealed that the infusion of Hb delayed the intravascular clearance
of 125]-LPS(Fig. 20), but that there was no additional decrease in
white blood cells or platelets when Hb was administered shortly

after the i.v. administration of LPS.
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CONCLUSIONS

The data summarized in the Scientific Narrative support the
conclusion that the interaction between bacterial endotoxin(LPS) and
hemoglobin(Hb) results in the formation of a complex. The formation
of LPS-Hb complexes is associated with disaggregation of the LPS
macromolecule and importantly, with marked enhancement of the
biological activity of LPS. Importantly, enhancement of the biological
activity of LPS has been shown in two independent biological
systems, i.e., activation of the coagulation cascade of Limulus
amebocyte lysate and stimulation of the production of tissue factor
by human endothelial cells. These results have been shown for a
wide variety of clinically relevant LPSs and for both purified, native
HbAQ and ao crosslinked Hb. Therefore, the enhancement of the
biological activity of LPS is not limited to the crosslinked Hb that we

selected for this initial group of experiments.

Since solutions of Hb are likely to be administered to patients who
have suffered trauma, are hypotensive, or are septic, it follows that
many of the recipients of Hb, will either have concomitant
endotoxemia or will develop endotoxemia. Liver disease and damage
to the gastrointestinal tract are also associated with endotoxemia.
Therefore, the possibility that the pathophysiological effects of LPS
will be enhanced in the presence of circulating free Hb must be
seriously considered and the potential clinical consequences

anticipated and evaluated.
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In addition, it is likely that complex formation will also affect Hb, and
therefore, thorough investigation of the effects of LPS-Hb complex
formation on the hemoglobin molecule is required. Accordingly, we
plan to continue studies of the effects of the interaction between LPS
and Hb on the Hb molecule. These studies should be complemented
by an attempt to characterize the biochemical nature of the

interaction between these two molecules.

In addition, the effects of the administration of both LPS and Hb will
be investigated in an animal model, with the goal of determining if
the pathological effects of LPS are increased in the presence of Hb. If
such an effect is detected, we will then seek to determine the

mechanism by which increased mortality is produced.
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FIGURE LEGENDS

Fig. 1. Experiment: Preliminary binding studies were performed to characterize
the interaction of LPS with Hb. aoHb (1 pg/well) was immobilized in microtiter
plate wells, and various concentrations of 125I-LPS were added. Bound LPS was
determined by gamma counting, and specific binding was calculated by
subtracting bound 125I-LPS in wells without Hb.

Conclusion: Concentration-dependent binding of LPS to Hb was demonstrated.

Fig. 2. Experiment: Based on the preliminary binding results (above), additional
studies were performed to more completely characterize the interaction of LPS
with Hb. aoHb (1 pg/well) was immobilized in microtiter plate wells, and various
quantities of 125I-LPS were added. Bound LPS was determined by gamma
counting, and specific binding was calculated by subtracting bound 125I-LPS in
wells without Hb.

Conclusion: Saturable binding of LPS to Hb was demonstrated.

Fig. 3. Experiment: Direct binding of LPS to Hb was assessed using a derivatized
LPS containing a photoactivatable group capable of covalently binding to proteins.
This derivatized LPS (S. minnesota Re595 LPS-(p-azidosalicylamido)-1,3’-dithio-
proprionamide)(125I-LPS-ASD) also was radioiodinated in order to detect its
binding to protein. 125I-LPS-ASD was incubated with aoHb, photolyzed with UV

light, and electrophoresed in SDS and 2-mercaptoethanol. Following
electrophoresis, the gel was stained with Coomassie blue (A), dried, and subjected
to autoradiography (B, left lane). Controls consisted of an incubation mixture
containing 100-fold excess unlabeled LPS as a blocking agent to demonstrate

inhibition of specific binding (B, middle lane) and 125I-LPS-ASD alone (B, right
lane).

Conclusion: Specific binding of the photoaffinity labeled LPS to Hb was
demonstrated, with greater affinity for Hb  chains.
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Fig. 4. Experiment: Binding of LPS (which rapidly sediments in sucrose) to Hb
(which slowly sediments) was analyzed by density gradient centrifugation. 14C-

LPS was incubated with ocoHb (100 mg/ml), and the mixture centrifuged through
a 4-20% continuous sucrose gradient. 0.4 ml fractions were assayed for
hemoglobin by absorbance at 405 nm (closed symbols), and for LPS by scintillation
counting (open symbols).

Conclusion: LPS and Hb co-migrated, with a sedimentation velocity less than that
of LPS alone.

Fig. 5. Experiment: Enhancement by Hb of the biological activity of a variety of
Proteus LPSs (each at 500 ng/ml) was determined by comparison of LPS activities
in the chromogenic LAL test in the absence (-Hb) or presence (+Hb) of Hb (1
mg/ml). To determine relative LAL activities, a standard curve of P. mirabilis
R45 LPS was prepared, which related absorbance to LPS concentration. Using
this standard curve, the absorbance for each sample (LPS alone or LPS-Hb) was
converted into the equivalent R45 LPS concentration. 500 ng/ml R45 LPS was
assigned a relative LAL activity of 1. The fold increase in LAL activity of each
LPS, induced by Hb, is indicated in parentheses. Samples were assayed with
eight replicates, and results are expressed as the mean + 1 S.D.

LPSs studied: smooth (S1959 and 03 LPS); rough Ra (R110); rough Re (R45)

Conclusion: The biological activities of Proteus LPSs were dramatically enhanced
in the presence of Hb.

Fig. 6. Experiment: Enhancement by Hb of the biological activity of a variety of
Salmonella LPSs (each at 500 ng/ml) was determined by comparison of LPS
activities in the chromogenic LAL test in the absence (-Hb) or presence (+Hb) of Hb
(1 mg/ml). To determine relative LAL activities, a standard curve of parent S.
minnesota Re 595 LPS was prepared, which related absorbance to LPS
concentration. Using this standard curve, the absorbance for each sample (LPS
alone or LPS-Hb) was converted into the equivalent Re 595 LPS concentration. 500
ng/ml Re 595 LPS was assigned a relative LAL activity of 1. The fold increase in
LAL activity of each LPS, induced by Hb, is indicated in parentheses. Samples
were assayed with eight replicates, and results are expressed as the mean + 1
S.D.

LPSs studied: native Re LPS (595); singly deacylated 595 LPS (OH37); multiply
deacylated 595 LPS (OH56); lipid A; monophosphoryl lipid A (MPL)

Conclusion: The biological activity of S. minnesota 595 LPS was enhanced in the
presence of Hb. Lipid A and the other LPS partial structures were enhanced by
Hb to a much lesser extent or not at all.
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Fig. 7. Experiment: To determine the relationship between Hb-induced
enhancement of LPS biological activity and LPS disaggregation, turbidity and
biologic activities of LPSs were determined in the absence and presence of Hb.

Various concentrations of coHb (from 0.01 to 1.0 mg/ml) were added to LPS (final
concentration, 1 mg/ml) in microtiter plate wells and absorbances were measured
at 620 nm. The turbidity of each LPS (absorbance at 620 nm) in the absence of Hb
has been designated as 0, and the change in absorbance induced by Hb is shown.
Absorbances due to Hb have been subtracted. Actual baseline LPS absorbances
were as follows: P. mirabilis R110, 0.21; S. minnesota R 595, 0.12; S. minnesota
lipid A, 0.61; and S. minnesota MPL, 0.65. LAL then was added to each well and
chromogenic activity determined at 405 nm.

Conclusion: Hb-induced enhancement of P. mirabilis R110 LPS, S. minnesota 595
LPS and, to a lesser extent, S. minnesota lipid A was associated with a
concomitant decrease in LPS aggregation state. S. minnesota MPL, which did not
become disaggregated in the presence of Hb, did not demonstrate enhanced
biological activity.

Fig. 8. Experiment: Enhancement by Hb of the biological activity of a variety of
Proteus LPSs (each at 10 pg/ml) was determined by comparison of tissue factor
production by cultured human umbilical vein endothelial cells in the absence
(-Hb) or presence (+Hb) of Hb (10 mg/ml). Tissue factor (TF) activities were
determined with a plasma recalcification assay. The fold increase in TF induced
by Hb for each LPS is indicated in parentheses. The means of 4 wells are

presented.
LPSs studied: smooth (S1959 and 03 LPS); rough Ra (R110); rough Re (R45)

Conclusion: The biological activities of several Proteus LPSs were dramatically
enhanced in the presence of Hb.

Fig. 9. Experiment: Enhancement by Hb of the biological activity of a variety of
Salmonella LPSs (each at 10 pg/ml) was determined by comparison of tissue
factor production by cultured human umbilical vein endothelial cells in the
absence (-Hb) or presence (+Hb) of Hb (10 mg/ml). Tissue factor (TF) activities
were determined with a plasma recalcification assay. The fold increase in TF
induced by Hb for each LPS is indicated in parentheses. The means of 4 wells are
presented.

LPSs studied: native Re LPS (595); multiply deacylated 595 LPS (OH56)
monophosphoryl lipid A (MPL).

Conclusion: Tissue factor production induced by 595 LPS and lipid A was

dramatically enhanced by Hb. The biological activity of multiply deacylated OH56
LPS was unaffected by Hb.
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Fig. 10. Experiment: Hb and lipopolysaccharide binding protein (LBP) were
compared for their relative abilities to enhance LPS activation of LAL. S.
minnesota Re 595 LPS (10 pg/ml), in the absence or presence of aoHb (in
concentrations ranging from 1-100 pg/ml) or LBP (in concentrations ranging
from 0.01-10 pg/ml), was assayed with the chromogenic LAL test. Samples were
assayed in triplicate, and results are expressed as the mean + 1S.D.

Conclusion: LPS biological activity was increased in the presence of both LPB and
Hb. Throughout almost the entire range of Hb concentrations tested, equivalent
enhancement of LPS activity was produced by LBP at a much lower protein
concentration.

Fig. 11. Experiment: In order to assess the extent to which enhancement of LPS
biological activity is specific for Hb, the influence of a variety of plasma LPS-
binding proteins on the ability of S. minnesota Re 595 LPS to activate LAL was
examined. S. minnesota Re 595 LPS (30 ng/ml) was incubated for 5 min at 37°C
with native hemoglobin (HbAy), human albumin (HSA), human immunoglobulin
(IgB), or human transferrin (Tf) (each at concentrations from 0.015 to 0.5 mg/ml),
and chromogenic LAL assays were performed. Absorbance at 405 nm for LPS
alone was 0.24. Samples were assayed in duplicate, and mean values are
presented.

Conclusion: Both Hb and HSA enhanced the biological activity of LPS in a dose-
dependent manner, although the enhancement effect of Hb was detectable at 0.03
mg/ml whereas equivalent enhancement by HSA was only observed at >0.25
mg/ml. Neither IgG nor transferrin had any effect on LPS biological activity.

Fig. 12. Experiment: In order to assess the potential for LPS-induced production of

free radicals by Hb, acaHb (0.05 to 1 mg/ml) was incubated at 37°C for 60 min in
the absence (M) or presence (@) of 1 mg/ml OH37 LPS. FOX reagent was then
added, and oxidizing products were detected by absorbance at 570 nm. LPS alone
(1 mg/ml) (A) did not produce detectable oxidants. Each point is the mean of two
determinations. The data are representative of three independent experiments.

Conclusion: Hb concentration-dependent production of free radicals was demonstrated.
This process was not affected by the addition of LPS.

Fig. 13. Experiment: The oxygen equilibrium curve for normal blood was determined with
a Hemox-analyzer.

Conclusion: A normal sigmoid curve was obtained.
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Fig. 14. Experiment: The oxygen equilibrium curve for aaHb, in the absence and presence
of LPS, was determined with a Hemox-analyzer. Hb (10 mg/ml) was analyzed alone, with
1 mg/ml P. mirabilis 03 LPS or with 1 mg/ml S. minnesota 595 LPS.

Conclusion: A normal sigmoid curve was obtained for coHb alone. In the presence of
LPSs, the Hb oxygen affinity curves were essentially unchanged.

Fig. 15. Experiment: The oxygen equilibrium curve for hemolyzed normal blood was
determined with a Hemox-analyzer.

Conclusion: The oxygen equilibrium curve for hemolyzed blood was shifted far to the left
(higher affinity), compared to Hb within intact erythrocytes (Fig. 2, above).

Fig. 16. Experiment: The oxygen equilibrium curve for non-crosslinked HbAg was
determined with a Hemox-analyzer.

Conclusion: The saturation curve for HbAy was shifted far to the left (higher affinity)
compared to crosslinked acaHb (Fig. 3, above).

Fig. 17. Experiment: The oxygen equilibrium curve for non-crosslinked HbA, (10 mg/ml),
in the presence of smooth E. coli 026 LPS (1 mg/ml), was determined with a Hemox-
analyzer.

Conclusion: In the presence of E. coli 026 LPS, HbAo oxygen affinity was slightly
increased compared to HbA, alone (Fig. 5, above).

Fig. 18. Experiment: The oxygen equilibrium curve for non-crosslinked HbAq (10 mg/ml),
in the presence of singly deacylated rough S. minnesota 595 LPS (OH37, 1 mg/ml), was
determined with a Hemox-analyzer.

Conclusion: In the presence of OH37 LPS, HbA, oxygen affinity was slightly increased
compared to HbAy alone (above).
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Fig. 19. Experiment: Preliminary experiments had suggested that LPS induced
circular dichroic (CD) spectral changes in Hb consistent with the formation of
oxidized Hb species. In order to further characterize these changes, additional
CD spectra of Hb were obtained , in the presence and absence of LPS, and of
metHb. CD spectra were measured at room temperature between 200 nm and 600
nm for aoHb alone (13.8 pM heme, ambient oxygenation), coHb/LPS (13.8 uM
heme, 0.5 mg/ml S. minnesota OH37 LPS, obtained after 2-hr incubation at 37°C),
and metHb (31.5 uM heme). Measurements in the far UV region were made with
samples diluted 5 to 10-fold. A 1-cm pathlength cell was utilized for
measurements between 250-400 nm and 430-600 nm, and a 0.2-cm pathlength cell
was utilized for measurements of the major Soret (400-440 nm) and far UV (210-
250 nm) regions. Ellipticities [0] are expressed on a molar heme basis.
Wavelengths for the Soret peak maxima are identified on inset tracings presented
with an expanded X-axis.

Conclusion: In the presence of S. minnesota OH37 LPS, the CD spectrum of Hb
demonstrated decreased intensities of the near UV (259 and 265 nm), Soret (420
nm) and visible peaks (545 and 579 nm), and a shift in the Soret peak maximum
shifted from 420 nm to 418 nm. These spectral changes are consistent with
production of a substantial quantity of metHb, without substantial changes in
protein secondary structure. o-helical content was estimated to be 53% for the
globin in both the absence and presence of LPS. (See Table 6).

Fig. 20. Experiment: The effect of Hb infusion on the intravascular clearance of
1251.LPS in rabbits was examined. Rabbits initially were infused with either
ooHb (O3, n=5) or human serum albumin (HSA) (A, n=6)) equal to 25% of their
blood volume, or received no infusion (O, n=6). All rabbits then were injected
intravenously with1251-LPS (13 pg/kg) and serial blood samples obtained to
determine LPS clearance. Values represent the mean (x SD) percent of the level
of radioactive LPS in whole blood at T.

Conclusion: LPS clearance in rabbits which received Hb was significantly delayed
compared to control rabbits (p=0.0007) or those which received HSA (p=0.03).
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TABLES

Table 1. Experiment: Affinity constants (Kq) were determined for the association

of radiolabeled E. coli LPS with accotHb as measured by (1) a binding assay using
immobilized Hb and (2) co-migration of LPS and Hb through 5% sucrose.

K4
BINDING TO MICROTITER PLATE 4.7x 104 (g/L)
(8.1x 108 M)
REDISTRIBUTION AFTER SUCROSE 6.3x 104 (g/L)
CENTRIFUGATION (6.3x10-8 M)

Conclusion: LPS binds to Hb with moderately high affinity.

Table 2. Experiment: LPS was incubated with aaHb, and the mixtures subjected
to polyacrylamide gel electrophoresis in the absence of SDS. Under these
conditions, LPS-Hb complexes remained intact, and Hb migrated into the gel as a
broad but distinct band. The percent of LPS entering this non-denaturing gel and

co-migrating with aaHb was determined using radiolabeled LPS. In the absence
of aoHb, all LPS remained in the stacking gel.
a Salmonella typhimurium 14C-LPS P E. coli 1251.LPS

% LPS co-migrating with Hb

EXPERIMENT 1 43a
EXPERIMENT 2 454
EXPERIMENT 3 23b

Conclusion: LPS-Hb complexes electrophorese similarly to Hb alone in a non-
denaturing gel. LPS in these complexes has been disaggregated.
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Table 3. Experiment: A variety of LPSs were assayed for LAL activity in the
absence and presence of coHb. LAL reactivity of each LPS alone was designated
as 1. Fold enhancement of each LPS by Hb is reported.

Fold Enhancement

Biologically active LPSs
. coli 026:B6, crude

. coli 026:B6, Na salt
. coli 026:B6, Ca salt
. coli 026:B6, triethylamine salt

HEEHE

E. coli Re F515

® © BRIV

S. abortus equi

Non-toxic LPSs
Rhodobacter spheroides

Rhodobacter capsulatus
Rhodopseudomonas viridis

—

Conclusion: Hb enhancement of LAL activity was a generalized phenomenon for
a variety of biologically-active LPSs. Non-toxic LPSs, which have minimal
endotoxic properties in other biological assays, were unaffected by Hb.

Table 4. Experiment: The effect of Hb on the sensitivity of LPS detection by the LAL
test was investigated. LPSs were assayed by the LAL test in the absence and
presence of aoHb or HbAg, and the lowest detectable LPS concentrations
determined. For both LPSs tested, the fold-increase in sensitivity in the presence
of Hb was calculated from the ratios of the lowest detectable LPS concentrations
(+Hb/-Hb).

Fold increase in
sensitivity for LPS

E. coli LPS + aoHb 15
E. coli LPS + HbA, 17
P. mirabilis LPS + acoHb 11
P. mirabilis LPS + HbA, 9

Conclusion: The limit of LPS detection was lowered >10-fold in the presence of Hb.
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Table 5. Experiment: Oxygen affinity measurements were obtained for crosslinked (aoHb,
and native (HbA(Q) hemoglobins alone or in the presence of LPS after 2-hr incubation at
87°C. Measurements were obtained utilizing both smooth and rough LPSs: @ P. mirabilis
03 (smooth) LPS; b S. minnesota Re 595 (rough) LPS; € E. coli 026 (smooth) LPS; ds.
minnesota OH37 (rough) LPS.

P50
aoHb alone 26.6
aoHb + LPS2 25.1
aoHb + LPSb 25.6
HbA( alone 9.6
HbAg 4+ LPSC 8.7
HbAg 4+ LPSd 7.3

Conclusion: In the presence of LPS, each Hb demonstrated a trend toward higher oxygen
affinity.

Table 6. Experiment: Summary of the effect of S. minnesota OH37 LPS on a.ocHb
secondary structure.

[61222 x 1078 Calculated % a-helix
ooHb -2646 53
ooHb/LPS -2616 52
MetHb -2413 48

Conclusion: There was no effect of LPS on the a-helical content of acHb. (See Fig.
19).
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QOutline of Presentation

Evidence for complex formation between human hemoglobin and bacterial endotoxin
Saturable binding of endotoxin to immobilized hemoglobin
Photoaffinity labeling of hemoglobin with a endotoxin photoaffinity probe
Co-migration of endotoxin and hemoglobin by centrifugation and electrophoresis
Effect of complex formation on the biological activity of bacterial endotoxin
Enhancement of activation of Limulus amebocyte lysate
Enhancement of production of tissue factor by human peripheral blood mononuclear cells
Enhancement of production of tissue factor by human vascular endothelial cells

(Blood Substitutes & Related Products)
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The Effects of Bacterial Endotoxins on Human Hemoglobin

Jack Levin, M.D.

SUMMARY

Previous investigations have demonstrated that hemoglobin
(Hb) is a binding protein for bacterial endotoxin (lipopolysaccharide,
LPS), and that the structure and biological activity of LPS are altered
in the presence of Hb. In the present study, the influence of LPS on
the structure of native human HbAg and covalently crosslinked Hb
(aaHb) has been studied by spectral analysis of Hb in the Soret and
visible regions. Incubation of oxyHb with each of several LPSs
resulted in a decrease in the intensity of the major Soret band at 414
nm with a shift in the maximum peak to 410 nm, decreases in the
intensities of the major visible region peaks at 541 nm and 577 nm,
and the appearance of increased absorbance in the visible region in
the range of 630 nm. The resultant spectra are characteristic of
methemoglobin formation. These spectral changes were time-
dependent and LPS-concentration dependent. Production of
methemoglobin  was prominent with chemically-modified, partially
deacetylated rough LPS, and was observed to a lesser extent both
with native, complete rough and native smooth LPSs. The influence
of LPS on the absorption spectra of methemoglobin also was directly
tested. The conversion of methemoglobin to hemichrome in the
presence of LPS was demonstrated and was shown to be reversible.
In conclusion, analyses of Hb absorption spectra reveal the potential
of LPS to produce a facilitated degradation of both ac-crosslinked
human Hb and native human HbA,.

(Blood Substitutes & Related Products)
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A33 LPS INFUSION IN THE CYNOMOLGUS MONKEY:
EFFECTS OF TNF BLOCKADE ON LEUKOCYTE
DYNAMICS. G. Jesmok*, M. Fournel and R. Gundel
Miles Inc. West Haven Ct USA

Low dose LPS infusion (4-5 ng/kg) in
humans and chimpanzees results in a putalive
systemic inflammatory response which may have
relevance to the development of septic shock. LPS at
these low doses results in moderate. readily
reversible hemodynamic changes (increased HR and
Temp), an elevation of inflammatory cytokines (IL-6,
IL-8) and a rapid leukocytosis reaching 2-3 fold by 5
hrs. In the chimpanzee, TNF blockade with a
neutralizing antibody diminished the production of
IL-6 and IL-8, but had no effect on the leukocytosis.
Since the leukocytosis induced by low dose LPS was
not associated with any pathologic hemodynamic
alteration or residual morbidity, we speculated that a
higher dose of LPS may be needed to induce
physiologic changes which more closely resemble
septic shock. We therefore infused LPS at a higher
dose (1 wug/kg over 15 minutes) and monitored
hemodynamics and leukocyte dynamics over 5 hrs in
the presence and absence of TNF blockade with MAb

(BAY X 1351, 7.5 mg/kg). While low dose LPS (10
ng/kg) was associated with no hemodynamic changes
or morbidity and a profound leukocytosis similar to
the chimpanzee, higher doses of LPS were associated
with hemodynamic instability (hypotension),
morbidity, and leukopenia (2-4 hrs). These
pathogenic changes were abrogated with TNF MAb
treatment.  These results suggest that low dose LPS
infusion in primates may not be an appropriate
model for the development of septic shock
complications since it is the hyperadhesive state of
the vascular endothelium and/or leukocyte as
reflected by the prolonged leukopenia (induced by
higher doses of LPS) which appears to be more
closely associated with hemodynamic instability and
morbidity.  Furthermore, and of therapeutic interest,
it is this pathologic systemic inflammatory response
which is modified by TNF blockade.

4 | |
A34 HEMOGLOBIN: A NEWLY RECOGNIZED LIPOPOLY- kD of 3.1 x 10-8M. Binding of LPS to Hb also was demon- }
SACCHARIDE BINDING PROTEIN strated with a radiolabeled LPS photoaffinity probe.
Ultrafiltration of Hb-LPS mixtures by 300 kDa and 100 kDa
W. Kaca, R.I. Roth* and J. Levin cut-off membranes showed that the majority of LPS in these
mixtures (87-97% and 64-72%, respectively) was detected in
University of California School of Medicine, San the filtrates, in contrast to the lack of filterability of LPS in
Francisco, CA, and the Institute of Microbiology and the absence of Hb. Density centrifugation showed that LPS
Immunology, University of Lodz, Lodz, Poland co-migrated with each of the three Hbs, whereas unbound
LPS had a distinctly greater sedimentation velocity than Hb
Cell-free hemoglobin (Hb) is a purified preparation of hu- or Hb-LPS complexes. Non-denaturing polyacrylamide gel
man hemoglobin that is being developed as a resuscitation electrotrophoresis demonstrated that in the presence of Hb
fluid. In vivo administration of hemoglobin has resulted in LPS migrated into the gel and co-electrophoresed with Hb,
significant toxicity, due in part to contamination with bacte- whereas LPS alone did not appreciably enter the gel.
rial endotoxin (lipopolysaccharide, LPS). To better under- Finally, precipitation by ethanol of each of the three Hb pre-
stand this toxicity, we have studied the interaction between parations was increased in the presence of LPS compared to
Hb and LPS. Mixtures of each of three different Hb prepara- precipitation in the absence of LPS. In conclusion, our data
tions (crosslinked aaHb, crosslinked carbonmonoxy provide several lines of evidence for Hb-LPS complex
aaHbCO, and non-crosslinked (native) HbA,) and LPS (E. formation, and demonstrate that complex formation is
coli 026:B6 or P. mirabilis S1959) were examined by sever- accompanied by disaggregation of the LPS macromolecule.
al independent methods for evidence of Hb-LPS complex
formation. Binding assays in microtiter plates demon-
strated saturable binding of LPS to immobilized Hb, with a
x| L
A3

A35 EFFECTS OF BACTERIAL ENDOTOXIN ON HUMAN
CROSSLINKED AND NATIVE HEMOGLOBINS

W. Kaca, R.I. Roth, K. Vandegriff, and J. Levin*

University of California School of Medicine, San
Francisco, CA, University of California School of
Medicine, San Diego, CA, and the Institute of Microbiology
and Immunology, University of Lodz, Lodz, Poland.

Previous investigations have demonstrated that
hemoglobin (Hb) is a binding protein for bacterial
endotoxin (lipopolysaccharide, LPS), and that the structure
and biological activity of LPS are altered in the presence of
Hb. In the present study, the influence of LPS on the
structure of native human HbAy and covalently
crosslinked Hb (xaHb) has been studied by spectral
analysis of Hb in the Soret and visible regions. Incubation
of oxyHb with each of several LPSs resulted in a decrease in
the intensity of the major Soret band at 414 nm with a shift in
the maximum peak to 410 nm; decreases in the intensities of
the major visible region peaks at 541 nm and 577 nm; and
the appearance of increased absorbance in the visible

region in the range of 630 nm. The resultant spectra are
characteristic of methemoglobin formation. These spectral
changes were time-dependent, clearly appearing within 10
minutes, and LPS concentration dependent between 0.01
mg/ml and 1 mg/m! LPS. After one hr, greater than 50% of
the starting aoHb or HbAg had been converted to methemo-
globin and hemichrome. Production of methemoglobin was
most prominent with chemically-modified, partially
deacylated rough LPS, and was observed to a lesser extent
both with native, complete rough and native smooth LPSs.
The influence of LPS on the absorption spectra of
methemoglobin also was directly tested. The conversion of
methemoglobin to hemichrome in the presence of LPS was
demonstrated, and was shown to be reversible. In conclu-
sion, analyses of Hb absorption spectra reveal the potential
of LPS to produce a facilitated degradation of both ac-
crosslinked human Hb and native human HbAg to
methemoglobin and subsequently hemichrome.
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endothelial cell tissue factor production by Proteus mirabilis
LPS. There were no substantial differences between the en-
hancement effect of Hb on Proteus mirabilis smooth and
rough LPSs, suggesting that the lipid A component of LPS, but
not the O-chain saccharide component, played an important
role in the enhancement process. Rough (Re) Salmonella
minnesota 595 LPS also demonstrated enhanced activation
of LAL and stimulation of endothelial cell tissue factor in the
presence of Hb. In contrast, lipid A and singly dephos-
phorylated or partially deacylated Re595 LPS showed little or
no enhancement of LAL activation by Hb, and partially
deacylated lipid A showed no enhancement of endothelial
cell tissue factor by Hb. These results indicated that the Kdo
moieties, as well as the phosphate residues and fatty acyl
moieties of lipid A, were involved in enhancement of biologi-
cal activity by Hb. Comparison of Hb with other endotoxin
binding proteins for ability to cause enhancement of LPS
biological activity demonstrated more prominent enhance-
ment by lipopolysaccharide binding protein (LBP) than that
observed with Hb, lesser enhancement with albumin, and no
enhancement effect at all by IgG or transferrin.

HUMAN HEMOGLOBIN INCREASES THE ABILITY OF
BACTERIAL ENDOTOXIN TO ACTIVATE LIMULUS
AMEBOCYTE LYSATE AND ENDOTHELIAL CELLS

W. Kaca*, R.I. Roth, A. Ziolkowski and J. Levin

University of California School of Medicine, San Francisco,
CA, and the Institute of Microbiology and Immunology,
University of Lodz, Lodz, Poland

Preparations of human hemoglobin (Hb) are being developed
for use as an oxygen-transporting resuscitation fluid.
Previous studies demonstrated that Hb and bacterial endo-
toxin (lipopolysaccharide, LPS) formed stable complexes, in
which macromolecular LPS had become disaggregated. To
examine the effect of complex formation on LPS biological
activity, we investigated the ability of Hb to alter activation of
the coagulation cascade of Limulus amebocyte lysate (LAL)
by LPS or the LPS-stimulated formation of tissue factor from
endothelial cells. Both native Hb and derivatized (cova-
lently crosslinked) Hb produced prominent, protein concen-
tration dependent enhancement of LAL activation and

-a

A37

SIGNIFICANCE OF SOLUBLE ADHESION
MOLECULES (sICAM-1, sELAM-1, sVCAM-1)
IN SEPSIS AND SEPTIC MULTIPLE ORGAN
FAILURE (MOF)

non-septic MOF group.

The increases of soluble adhesion molecules were not
in agreement with changes of plasma endotoxin level. It
was possible that the release of soluble adhesive molecules
were not stimulated by plasma endotoxin, but endotoxin in
the local infectious region. However, levels of soluble
adhesion molecules were correlated with the levels of

plasma TNF-c., IL-6, and IL-8. These cytokines were
suggested to be involved in the release of these soluble
adhesion molecules.

The SICAM-1 and sVCAM-1 levels in septic patients
closely reflected the severity of the pathophysiological
condition. It was suggested that these soluble adhesive
molecules were released from endothelial cells activated by
stimuli due to infection..

T. Kasail, S. Endo!, K. Inada?, H. Nakael,

T. Takakuwa!, M. Kikuchil, T. Suzuki!, S. Taniguchi!
1pepartment of Bacteriology, 2Critical Care and
Emergency Center, Iwate Medical University, 19-1
Uchimaru, Morioka 020, Japan.

Activated endothelial celis release SICAM-1, SELAM-1,
and sVCAM-1. sICAM-1, sELAM-1, sVCAM-1, TNF-a,
IL-6, and IL-8 in severe injuried patients were measured
by ELISA. Endotoxin was measured by an endotoxin-
specific Endospecy test.

The SICAM-1 and sVCAM-1 levels were significantly
higher in the septic MOF and sepsis groups than in the
non-septic MOF group.

The sELAM-1 level was slightly higher in the septic
MOF group than in the sepsis without MOF group and

-—
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SIMULTANEOUS ASSESSMENT OF KUPFFER CELL
PHAGOCYTIC AND SECRETORY FUNCTION IN
OBSTRUCTIVE JAUNDICE

from the fluorescence ratio of influent and effluent perfusate during
the initial ten minute period. Secretory function was evaluated by
assaying effluent perfusate for TNF (ELISA) and IL6 (bioassay)

sampled at 20 and 60 minutes.
JA Kennedy*, WDB Clements, MI Halliday, SJ Kirk, Results Data expressed as mean (standard error mean)
BJ Rowlands KCCC 20 min 60 min
The Department of Surgery, The Queen's University of Belfast, % TNF pg/mi| IL6 pg/ml | TNF pg/ml IL6 pg/ml
Belfast, N. Ireland S ]41.42.3) ] 8.122.9) 0 112(18) 0
B [22.2(3.4)*] 12.3(12.3) | 4.8(4.8) 1140(133)*| 102(31.4)*
Introduction Impaired Kupffer cell phagocytic function * p<0.05 vs S (Student's { test)

contributes to the pathophysiology of septic complications in
obstructive jaundice. Cytokines (TNF and IL6) produced by the
Kupffer cell may also be important mediators of the septic response.
This study investigates the relationship between Kupffer cell
clearance capacity (KCCC) and secretory function in experimental
obstructive jaundice. _

Methodology Male Wistar rats (o=16, weight 250-300g)
underwent bile duct ligation (B) or sham operation (S). After 21
days Kupffer cell function was assessed using in situ hepatic
perfusion. Livers were perfused (30ml/min) for 10 minutes with
fluorescein labelled endotoxin (1.6 pg/ml) and then for a further
fifty minutes with endotoxin free perfusate. KCCC was determined

s

Conclusions Following three weeks of obstructive jaundice KCCC
is impaired but secretion of pro-inflammatory cytokines is
enhanced. These simultaneous, but paradoxical Kupffer cell
responses may be important contributors to the pathophysiology of
septic complications in obstructive jaundice.
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Bacterial endotoxin (lipopolysaccharide [LPS]) is known to interact with numerous components of blood,
including erythrocytes, mononuclear cells, piatelets, neutrophils, lipoproteins, and plasma proteins. The
relative affinities of LPS for these elements, and the distribution of LPS between them, are unknown.
Cross-linked stroma-free hemoglobin (SFH), a potential substitute for erythrocyte transfusion, produces in
vivo toxicity in animals consistent with significant LPS contamination. Therefore, we studied the distribution
of LPS in human and rabbit blood and examined whether the presence of SFH altered LPS distribution. In
either the presence or absence of SFH, LPS was associated predominantly with high-density lipoproteins and
apoproteins. There was lesser binding to low- and very-iow-density lipoproteins. Examination of the apoprotein
pool by column chromatography and density centrifugation demonstrated that LPS in this fraction was
predominantly protein bound. Binding of LPS to SFH resulted in dissociation of a portion of the LPS into
low-molecular-weight complexes. Cell-bound LPS was only 2 to 16% of the total and was unaffected by SFH. The
distribution among blood cells demonstrated predominant binding to platelets in human blood but predominant

binding to erythrocytes in rabbit blood. Cellular distribution was not significantly aitered by SFH.

Bacterial endotoxin (lipopolysaccharide {LPS]) is the cell
wail component of gram-negative bacteria responsible for
initiation of fever, cardiovascular shock, and disseminated
intravascular coagulation during septicemia. Endotoxin can
enter the peripheral circulation at sites of wounds or the
portal circuiation by absorption and/or translocation tfrom
the gastrointestinal tract (30). When endotoxin is adminis-
tered parenterally to animals, much of the injected LPS is
initially found in the cell-free fraction of plasma, with special
affinity for high-density lipoproteins (HDL) (12). Prominent
binding to HDL has been shown in vitro (28, 46). LPS
association with protein aiso has clearly been demonstrated
(41, 50). Nevertheless, it has been known for several de-
cades that LPS, when introduced into the biood of experi-
mental animals, is rapidly cleared from the circulation (19,
23, 25).

Interactions between LPS and circulating blood cells are
of great interest since many of the deleterious effects of LPS
during septicemia are the result of mediators released from
inflammatory cells. LPS causes the release of a wide range of
cell-derived substances, including cytokines (e.g., tumor
necrosis factor (1, 7, 26, 43}, interleukin-1 {36, 48. 49], and
interleukin-6 [36, 48, 49]), eicosanoids (22), and procoagu-
lants (e.g., tissue factor [34]). However, animal studies have
resulted in substantially discordant descriptions of the dis-
tribution of LPS among the various types of circulating
blood cells. Injected LPS has been reported to associate
preferentially with buffy coat cells (3), platelets (19), piate-
lets, monocytes, and polymorphonuclear leukocytes (4), and
monocytes and polymorphonuclear leukocytes (23) or to be
uniformly distributed between all cellular elements (24). LPS
interaction with ervthrocvtes has been clearly demonstrated
in vitro (38—40), although most in vivo animal studies of LPS
distribution in blood have failed to demonstrate binding to

* Corresponding author.
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erythrocytes. The quantitative distribution of LPS in human
blood has not been reported.

There is experimental evidence that plasma proteins may
influence the binding of LPS to other elements in blood,
possibly by disaggregation of LPS (46) and/or by enhance-
ment of the ability of LPS to bind to HDL (42). Alteration of
LPS by protein binding could potentially affect the clearance
of LPS-and/or the ability of LPS to stimulate the release of
effector molecules from circulating blood cells (37, 47).
Cross-linked stroma-free hemoglobin (SFH) (defined in Ad-
dendum in Proof) is an oXygen-carrying protein being devel-
oped as an erythrocyte substitute for which endotoxin bind-
ing and a resultant synergistic toxicity are major concerns
{51, 52). When used as a resuscitation fluid after trauma, 100
g or more of SFH would potentially be infused into a patient.
Endotoxin is likely to be present in the circulation during
resuscitation after trauma because of skin and gut wounds
and/or ischemia of the gastrointestinal tract. In addition, the
infused SFH may have been contaminated by LPS during its
production (10). Therefore, the effect of SFH on the distri-
bution of LPS in blood is an unknown but important variable
during resuscitation therapy and of potentially great clinical
relevance. The current study was undertaken to quantify the
distribution of LPS in human blood and to determine if the
distribution was altered by the presence of SFH.

MATERIALS AND METHODS

Reagents and labware. Percoll (adjusted tod = 1.07 ord =
1.09 g/ml) and Ficoll (adjusted to d = 1.07 g/ml) were
purchased from Pharmacia LKB (Alameda, Calif.), and
Mono-poly resolving medium was from Flow Laboratories
(ICN Biomedicals, Inc., Costa Mesa, Calif.). Citrated blood
tubes and Falcon centrifuge tubes (sterile, 15 ml) were
obtained from Becton Dickinson (Mountain View, Calif.),
and sterile phosphate-buffered saline (PBS) was from
GIBCO Laboratories (Grand Island, N.Y.).

LPSs. '*C-LPS ([Salmonella typhimurium PR122(Rc),
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1 uCi/mg] was gurchased from List Biologicals, Inc. (Cam-
pbell, Calif.). *=I-LPS (1 uCi/ug) was prepared from Esch-
erichia coli 055:B5 LPS B as described previously (44).
Gamma counting was performed in an automatic gamma
counter (LKB Instruments, Inc., Gaithersburg, Md.), and
!3C scintillation counting was performed, after samples were
diluted 10-fold in fluor (formula A-989; NEN Research
Products, Boston, Mass.), in an analytic liquid scintiliation
system (Tracor Analytic, Elk Grove Village, Ill.). **C was
detected at 1.72 x 10° counts per minute (cpm) of **C per
wCi by this instrument.

SFH. Human cross-linked SFH, prepared as described
previously (53), was provided by coilaborators at the Blood
Research Division of the Letterman Army Institute of Re-
search, San Francisco, Calif. Cross-linking between the
alpha chains was produced by derivatization with bis-(3,5-
dibromosalicyl)fumarate. The SFH (7-g/dl stock solution)
used in these experiments was at a final concentration of 1.2
dl and contained less than 10 pg of endotoxin per mi
{referenced to E. coli O55:B5 LPS B) as determined by the
Limudus amebocyte lysate test (21).

Animals. Two- to three-kilogram New Zealand White
female rabbits were purchased from Western Oregon Rabbit
Co. (Philomath, Oreg.). C57BL mice (25 g) were purchased
from Simonsen Laboratories, Inc. (Gilroy, Calif.).

Radiolabeled plasma protein preparation. Mice were in-
jected intraperitoneally with 90 wCi of [**S]methionine
(NEN Research Products). Cell-free mouse plasma was
obtained by centrifugation of anticoagulant-treated blood
samples (3,000 x g for 20 min) obtained 16 h after injection.
The resuiting plasma contained 8.6 x 10° cpm/mi. By
utilizing this protocol, radioactivity has been shown previ-
ously to be associated with plasma proteins (9).

Leukocyte and platelet counts. Leukocyte and platelet
counts were determined with blood cell counters (Coulter
Electronics, Inc., Hialeah, Fla.). Leukocyte differentials in
human blood samples were obtained with an HI particie
counter (Technicon Instrument Corporation, Tarrytown,
N.Y.). Leukocyte differentials in rabbit blood smears were
determined by 500-ceil manual counts of Wright-Giemsa-
stained blood smears.

Fractionation of whole blood. The following procedure for
the separation of the various types of blood cells was
developed experimentally to provide concomitant (i) maxi-
mum recovery of platelets, mononuclear cells, polymorpho-
nuclear cells, and erythrocytes, (ii) maximum purity of each
cell preparation, and (iii) minimal cell damage. Unless oth-
erwise stated, procedures for fractionation of human and
rabbit blood were identical.

Blood samples were obtained after the subjects had fasted
overnight. Five-milliliter samples of citrated blood were
incubated with 0.6 mi of SFH or NaCl at room temperature
for 10 min. Final SFH concentrations were 1.2 g/dl. These
blood sampies were then incubated with 25 ul of radiola-
beled LPS (approximately 10° cpm) for an additional 15 min
at room temperature and centrifuged in an Accuspin centri-
fuge (Beckman Instruments, Inc., Irvine, Calif.), with an
AH-4 swinging-bucket rotor, at 600 x g for 3 min, to obtain
platelet-rich plasma and a cell pellet. The plasma was then
centrifuged at 1,300 x g for 20 min to obtain platelets. and
the plateiet pellet was washed three times with 5 ml of PBS
at 600 x g for 3 min. The cell pellet from the initial
whole-blood centrifugation was resuspended in PBS to 8 mi,
layered over 3 ml of Ficoll (d = 1.070 g/mli), and centrifuged
at 400 x g for 40 min. Mononuclear cells (monocytes and
lymphocytes) were present in a band at the interface be-
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tween the PBS (top) and the Ficoll (bottom) and were
collected and washed once with 5 ml of PBS (250 x g) for 10
min. The pellet beneath the Ficoll (polymorphonuciear leu-
kocytes and erythrocytes) was fractionated by either of the
following procedures, with comparable resulits for recovery
and purity. The Ficoll pellet was resuspended in an equal
volume of platelet-free plasma and then layered on 3 mi of
Mono-poly resolving medium (d = 1.140 g/ml) and centri-
fuged at 400 x g for 40 min. Polymorphonuclear leukocytes
were present at the interface, and erythrocytes were present
in the pellet at the bottom of the tube. The leukocyte band
was washed with 5 mi of PBS (250 x g for 10 min) and then
recentrifuged on 2 mi of Mono-poly resolving medium to
further remove erythrocytes. Because of the subsequent
unavailability of Flow Mono-poly resolving medium, a
Percoll separation of the Ficoll pellet was also established.
Human Ficoll pellet cells (see above) were layered on 3 mi of
Percoll (d = 1.090 g/ml) and centrifuged at 400 x g for 15
min. Rabbit Ficoll pellet cells were layered on 3 ml of Percoll
{d = 1.070 g/mi) and centrifuged at 400 x g for 15 min.
Polymorphonuciear leukocytes, present at the plasma-
Percoll interface, and erythrocytes in the pellet were washed
once with 8 ml of PBS (250 x g for 10 min).

Erythrocyte-containing fractions exhibited quenching of
both '*I and **C cpm. Therefore, 0.1-mi aliquots of eryth-
rocyte fractions were diluted 10-fold in water (final volume,
1 ml), and 1.0 ml of Solvable (NEN Research Products) was
added. These mixtures were incubated at 60°C for 1 h, and
then 0.3 ml of 25% H,0, was added. After 30 min of
additional incubation at room temperature, samples were
pale yellow in color and could be analyzed for radioactivity.
Recovery of a spiked radioisotope in preliminary experi-
ments demonstrated >98% detection of the previously
added radioactivity.

All cell preparations were cytocentrifuged (Shandon
Southern Instrument Co., Sewickley, Pa.), and 200 to 500
cell differentials were performed to determine purity.

Separation of lipoproteins from cell-free plasma. Separation
of platelets from human or rabbit plasma, as described
above, yielded cell-free plasma which contained less than
0.1% of starting platelets and undetectable numbers of
leukocytes or erythrocytes (determined by Coulter counter
analysis and examination of Wright-Giemsa-stained smears).
The celi-free plasma was subjected to sequential ultracen-
trifugation (35) at 4°C at plasma density (d = 1.006 g/ml), at
a density of 1.063 g/mi (with KBr), and at a density of 1.21
g/ml (with KBr) for isolation of very-low-density lipopro-
teins (VLDL), low-density lipoproteins (LDL), and HDL,
respectively, and for isolation of apoproteins (i.e., plasma
proteins remaining after sequential removal of all lipopro-
teins; d > 1.21 g/ml).

Fractionation of plasma apoproteins. Cell-free, lipoprotein-
free proteins (d > 1.21 g/mi; see above) were dialyzed and
concentrated in a concentration cell (Amicon Division, W.
R. Grace & Co., Danvers, Mass.) with a 12-kDa-cutoff
membrane for gel filtration chromatography on Sephadex
G-150 (100 by 2.6 cm). Chromatography was performed in
PBS at room temperature.

Fractionation of endotoxin complexes. Unbound LPS was
separated from protein-LPS complexes (and free protein) by
centrifugation through a cushion of 20% sucrose. A 1- to
3-mi sample was layered over 4 ml of 20% sucrose and
centrifuged at 25,000 x g for 1 h at 20°C in a Sorvail RC-5
centrifuge (Du Pont Instruments, Wilmington, Del.). Un-
bound LPS predominantly sedimented to the bottom of the
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TABLE 1. Distribution of endotoxin in whole blood®

Endotoxin distribution

WB and endotoxin tvpe 7 Total cpm % cpm in cellular compartment n
Plasma Cells PLTS MNC PMN RBC
Human WB
'1.E. coli 055:B3 9 =1 2=1 7715 10 = 10 3x2 10 = 10 9
HC-S. tvphimurium Yh = 3 43 353=24 =5 14+25 8x6 3
BC-S. nphimurium + SFH (1.2 gdl) 96 = 4 =4 37=120 36 + 14 1523 12=10 9
Rabbit WB
BC-S. nvphimurium = 16 16 = 15 3x3 15+ 14 4+3 78+ 15 14
SFH (1.2 gidl) 90 = 10 10 =11 55 33+31 4=x4 68 + 29 10
49 = 21 14 +10 62 + 30 >99

% Recovery of cells

“ Radiolabeled endotoxin was added to whole blood (WB). and the blood was then fractionated into ceil-free plasma, platelets (PLTS), mononuciear cells
(MNC), poiymorphonuclear leukocytes ( PMN), and ervthrocvtes (RBC). Endotoxin distributions are expressed as means = SD. Recovery of added cpm was 98%

{mean value).
» n. number of independent experiments.

tube under these conditions. whereas protein-I.PS com-
plexes remained above the sucrose layer.

RESULTS

Distribution of endotoxin in human blood. The in vitro
distribution of endotoxin in human blood was studied, in the
presence or absence of SFH (defined in Addendum in Proot),
by using radiolabeled E. coli 055:B5 LPS B or S. rvphimu-
rium LPS. In the absence of SFH, almost all of either of the
radiolabeled endotoxins (96 to 98%) was associated with
cell-free plasma (Table 1). Because of the predominance of
plasma-associated counts. it was necessary to develop a
procedure for isolating blood cells free of piasma to accu-
rately determine cell-bound LPS. The procedure for cell
isolation described in Materials and Methods was tested with
whole blood to which **S-labeled mouse plasma proteins
(0.08 mCi; see Materials and Methods) had been added.
Blood cells were isolated (see Materials and Methods) and
*’S cpm were measured to determine the percentage of
plasma contamination in each cell pool. Plateiets were
shown to be associated with only 0.015% of the total plasma
cpm initially added; mononuclear cells were associated with
0.008%: polymorphonuciear leukocvies were associated
with 0.008%; and erythrocvtes were associated with 0.001%.
This level of plasma contamination was equivalent to only 1
to 3% of the cpm detected in the sampies of isolated blood
cells, thus ensuring that the endotoxin detected with cells
was actually cell bound and did not represent contamination
by plasma endotoxin. This extremely low level of plasma
contamination of blood ceil samples was accomplished by
the extensive washing steps described in Materials and
Methods; consequently, recoveries of cells were diminished
because of the muitiple wash steps. Recoveries of cells, from
a total of 47 individual experiments (23 human and 24 rabbit),
were as follows: platelets, 49% = 21%; mononuclear cells.
14% = 10%; polymorphonuclear leukocytes, 62% = 30%;
and erythrocytes, >99%.

In human blood, with both LPSs, 2 to 4% of the counts
were cell associated (Table 1). In all experiments (n = 23),
the majority of the cell-associated endotoxin cpm was tound
in the piatelet pool. Distribution among the remaining cell
types was quite variable between experiments. Blood from
five normal human volunteers was utilized, and no reproduc-
ible differences in endotoxin distribution among the tvpes of
blood cells were detected between individuals. In addition,

LPS distributions were the same in heparinized and citrate-
treated blood samples from the same individual. Because of
the predominance of platelet-associated cpm blood cell
differentials were determined to ensure that cpm in the
leukocyte and erythrocyte samples did not represent platelet
contamination. Mononuclear cell preparations contained
76% = 15% lymphocytes and monocytes, 1% + 1% poiy-
morphonuclear leukocytes, 17% = 13% erythrocytes, and
6% = 13% platelets (means + standard deviations [SD}, 15
experiments). Polymorphonuclear leukocyte preparations
contained 65% * 17% polymorphonuclear leukocytes, 34%
= 19% erythrocytes, 2% = 7% platelets, and 0.1% + 0.2%
mononuclear ceils (means * SD, 15 experiments). The
crythrocyte preparations contained greater than 99% eryth-
rocytes, with less than 0.01% contamination with platelets.
The low frequencies of platelets in the mononuclear leuko-
cyte, polymorphonuclear leukocyte, and erythrocyte sam-
ples thus ensured that platelet-LPS contamination did not
contribute to the presence of endotoxin in the preparations
of the other types of circulating blood cells. Platelet-associ-
ated cpm contributed oniy 0.1% of the cpm in mononuclear
cell preparations and 0.05% of the cpm in polymorphonu-
clear leukocyte preparations. Platelet preparations con-
tained 99% = 1% platelets (mean + SD, 14 independent
experiments).

The distribution of S. tfyphimurium endotoxin in human
blood also was investigated in the presence of SFH. Almost
all cpm (96%) were detected in cell-free plasma (Table 1),
similar to the distribution observed in the absence of SFH.
The distribution of endotoxin among the various types of
blood cells (Table 1) demonstrated prominent binding to
both platelets and mononuclear celis. In six of the nine
experiments, most of the cell-associated cpm were again
detected in the platelet pool. SFH appeared to produce an
increase in the fraction of cell-bound LPS associated with
mononuclear cells; however, because of the considerable
variation of cellular distributions of endotoxin, differences
between distributions in the presence and absence of SFH
were not statistically significant.

Distribution of endotoxin in rabbit bleod. The distribution
of *C-labeled S. typhimurium endotoxin in rabbit blood, in
the presence and absence of SFH, was determined in vitro,
Almost all cpm were associated with the cell-free plasma
(Table 1), similar to the distribution observed in human
blood, aithough the total ceil-associated endotoxin cpm were
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TABLE 2. Endotoxin distribution in cell-free plasma“

Endotoxin distribution (% total cpm)

Plasma and nb
endotoxin type ; roteins
VLDL LDL HDL (lipoprotein-free pool)
Human plasma
S. typhimurium =1 Tl 68 =9 237 4
S. tvphimurium =1 == 67 =8 2=+3 4
+ SFH (1.2 g/dl)
Rabbit plasma
S. tvphimurium 32 =zl 30 =25 36+3 4
1=x2 4 =4 B3+l 41 = 14 4

S. typhimurium
+ SFH (1.2 gidi)

“ Radiolabeled endotoxin was added to whole blood in the presence or abs

ence of SFH. Cell-free plasma was then prepared and fractionated by sequential

ultracentrifugation steps into VLDL (d < 1.006 gmb), LDL id = 1.006 to 1.063 @ml), HDL (d = 1.063 to 1.21 g/ml), and apoproteins (d > 1.21 g/ml; plasma
proteins remaining after sequential removal of lipoproteins). Recovery ot added cpm from the cell-free plasma was 85% (mean value). Endotoxin distributions

are expressed as means = SD.
" n. number of independent experiments.

in general greater in rabbit blood than in human blood.
Sixteen percent of the total cpm was cell associated in the
absence of hemoglobin (n = 14), and 10% was cell associated
in the presence of hemogtobin (n = 10). However. this
difference was not significant. The distribution among cells
demonstrated that 78% of the endotoxin cpm in the absence
of SFH (n = 14) and 68% of the endotoxin cpm in the
presence of SFH (n = 10) were associated with the ervthro-
cytes, a distinct difference from the predominance of plate-
let-associated endotoxin among the cells in human blood.
The few erythrocytes that contaminated mononuclear cell
preparations (17% of cells) and polymorphonuciear leuko-
Cyte preparations (34% of cells) contributed only 0.01 and
0.03% of the cpm in these cell preparations. respectively.
Cell-associated endotoxin distributions in the presence and
absence of SFH were not significantly different.

Distribution of endotoxin among the components of cell-free
plasma. Cell-free plasma was fractionated by sequential
ultracentrifugation steps, as described in Materials and
Methods, into VLDL, LDL, HDL. and apoproteins {d >
1.21 g/ml). The distributions of **C-labeled S. tvphimurium
endotoxin among these components in both human and
rabbit plasma samples and in the presence and absence of
SFH are shown in Table 2. In both species, the relative
magnitude of the distributions of endotoxin was HDL >
apoproteins > LDL > VLDL.

Apoprotein fractions (d > 1.21 g/ml) from rabbit plasma
samples containing *C-labeled S. typhimurium endotoxin
were then fractionated by G-150 gel permeation chromatog-
raphy. In the absence of SFH, all radioactivity eluted in the
void volume (molecular mass, >200 kDa: Fig. 1). This
pattern was detected in each of five independent samples
chromatographed. Considerable A4.q, also was present in the
void volume, and numerous protein bands were detected in
this material by polyacrylamide gel electrophoresis in so-
dium dodecyl sulfate (data not shown). In four apoprotein
samples containing SFH, the majority of the cpm similarly
was present in the void voiume, although smail amounts of
radioactivity (5 to 24%) also were detected in the included

-volume (Fig. 2). SFH, as measured by A..,, was detected
primarily in the included volume. although a small absor-
bance peak also was detected in the void volume. The
retained peak of '*C-endotoxin coeluted with the peak of
SFH (Fig. 2). In contrast, **C-endotoxin alone eluted exclu-
sively in the void volume (four experiments, data not

shown). Thus, the endotoxin, which eluted in the included
volume derived from samples containing SFH, was partially
disaggregated.

Since the majority of cpm in the fraction of plasma with a
density greater than 1.21 g/ml (i.e., which contained apopro-
teins) eluted in the void volume of Sephadex G-150, as did
endotoxin alone, it was unclear whether endotoxin in this
plasma fraction was protein bound. To distinguish unbound
from bound endotoxin, sedimentation through sucrose was
performed. Preliminary experiments demonstrated that un-
bound endotoxin sedimented through 20% sucrose (Table 3),
under the conditions described in Materials and Methods,
whereas plasma proteins or free SFH was predominantly
less dense than the sucrose solution and, after centrifuga-
tion, remained in the aqueous layer above the sucrose
cushion. Void volume fractions, from two samples to which
SFH had not been added and two which contained SFH,
were centrifuged over 20% sucrose. Endotoxin cpm in each
of the four Sephadex G-150 void volume fractions remained
predominantly in the layer above the sucrose, indicating that
the endotoxin was comigrating with the proteins both in the
presence and absence of SFH (Table 3). Endotoxin cpm
from the included volume peak of a sample containing SFH
similarly demonstrated that the endotoxin was primarily
comigrating with protein in the layer above the sucrose
(presumably SFH; compare Fig. 1 and 2).

To confirm the observation that endotoxin in the fraction
of plasma with a density greater than 1.21 g/ml was protein
bound, 11 additional apoprotein samples (5 without SFH and
6 with SFH) containing “C-LPS were generated. These
fractions were then subjected to sedimentation through 20%
sucrose without prior chromatography. Each of these sam-
ples demonstrated that the majority of endotoxin cpm was
present in the aqueous phase above the sucrose cushion
(Table 3). Most of the plasma proteins, as estimated by A g,
also were present in this top zone. These observations were
consistent with a major decrease in density of endotoxin in
the presence of piasma proteins, most likely due to a
disaggregation of high-molecular-mass endotoxin macromol-
ecules (typically greater than 1,000 kDa in the absence of
protein) secondary to protein binding.

Since endotoxin was detected in the included volume of
Sephadex G-150 chromatography in the presence of SFH
{Fig. 2), it seemed likely that endotoxin had formed a specific
complex with SFH. Therefore, we examined whether endo-
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FIG. 1. Gel permeation chromatography of plasma apoproteins
in absence of SFH. Plasma apoproteins (fraction with & of >1.21
¢/ml from sequential density centrifugations of cell-free rabbit
plasma) were chromatographed in the absence of SFH on Sephadex
G-150. Proteins were monitored at A.g, (closed squares), and
endotoxin was monitored by determination of '“C cpm (open
circles). The void volume (V) is indicated.

toxin and SFH could form a stable complex in the absence of
any other blood components. *C-labeled S. svphimurium
LPS (6.8 x 10* cpm) was incubated with 0.5 mi of SFH (1.2
g/dl) at room temperature for 15 min. The mixture was then
layered above 20% sucrose and centrifuged as described in
Materials and Methods. Ninety-eight percent of the endo-
toxin cpm was detected in the SFH layer above the sucrose.
1.9% of the cpm was in the top three-fourths of the sucrose
layer, and only 0.1% of the cpm was at the bottom of the
sucrose layer. In contrast, a control tube of endotoxin in
PBS demonstrated 97% of the endotoxin in the bottom

fraction.

DISCUSSION

The relative affinities of LPS for specific cellular, lipopro-
tein, and apoprotein components of whole blood have not
been described previously. Therefore, we performed in vitro
studies of the distribution of endotoxin in samples of whole
blood by using two purified, commonily studied enteric
LPSs. In both human and rabbit blood. endotoxin associated
primarily with the noncellular components of blood. Binding
to HDL was greatest, followed by binding to apoproteins.
Appreciable, although lesser, amounts of binding to LDL

1.8+ 500
1.84 450
1400
1.4
150
1.2 Z
3] 300 &
E 14 Q
g:‘ $-250 g
s =
g0t 200 &
< 0.8 150
0.4 -100
0.24 .50
ol B 338888,

2 et 50 80 100 120 o 1 @
ELUTION VOLUME (WL}

FIG. 2. Gel permeation chromatography of plasma apoproteins
in the presence of SFH. Plasma apoproteins (fraction with d of
>1.21 g/ml from sequential density centrifugations of celi-free rabbit
plasma) were chromatographed in the presence of SFH (1.2 z-dl) on
Sephadex G-150. Proteins were monitored at 4.g, (ciosed squares),
SFH was monitored at A., (closed circles), and endotoxin was
monitored by determination of *C cpm (open circles). The void
volume (V) is indicated.
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TABLE 3. Sucrose sedimentation of apoproteins®

Endotquxin distribution (% total
Fraction cpm)
Top Middle Bottom
LPS alone (n = 4) 10+1 4=1 86 + 13
G-150 V;, fraction 77 12 11
(apoproteins; n = 2)
G-150 V,, fraction (apoproteins 82 2 6
+ SFH; n = 2)
G-150 included volume 87 8 3
{apoproteins + SFH; n = 1)
Apoproteins (n = 5) 77+ 10 17+5 6 %2
Apoproteins + SFH (n = 6) 833 +6 132 4+2

* Apoproteins (d > 1.21 g/mi; plasma proteins remaining after sequentiai
removal of lipoproteins) containing '*C-LPS were obtained by centrifugation
of celi-free rabbit piasma to remove blood celis and lipoproteins. These
apoproteins. apoprotein fractions partiaily purified by Sephadex G-150 chro-
matography, and '“C-LPS alone were centrifuged through 4 ml of 20%
sucrose. After centrifugation at 25,000 X g for 1 h, cpm were determined in
the layer above the sucrose cushion (top), the upper 3 mi of sucrose (middle),
and the bottom 1 ml of sucrose (bottom). A.ges, as an estimation of protein
concentration, aiso were measured in these sucrose layers and were 64 * 7
itop), 12 = 2 (middie), and 24 = 5 (bottom). Recovery of cpm layered over
sucrose in these studies was 83% (mean value), Means + SD (when more than
two independent experiments were performed) are shown.

and VLDL were observed. In human blood, cell-associated
endotoxin was detected primarily with platelets. However,
the platelet-bound cpm constituted only 1 to 2% of the total
endotoxin cpm distributed throughout the blood. In rabbit
blood, the cell-associated endotoxin was primarily bound to
ervthrocytes; this constituted 10 to 16% of the total endo-
toxin cpm distributed throughout the blood.

The demonstration of binding of LPS to platelets in
humans, and to erythrocytes in rabbits, is potentially of
relevance to the development of disseminated intravascular
coaguiation during endotoxemia. Several biological conse-
quences of the interaction of LPS with mammalian platelets
have been described previously, including the LPS-induced
aggregation of human platelets (33), activation and secretion
of plateiet factor 3 (20), and secretion of 5-hydroxy-
tryptamine (6). The latter two processes were described in
rabbits (human platelets were not studied). Therefore, it is
interesting that the endotoxins tested in our study had
affinity for human platelets but not for rabbit platelets.
Human platelets are less responsive to endotoxin than are
rabbit platelets (29), but the pyrogenic response of humans
to endotoxin exceeds that of rabbits (17). It is possible that
these differences reflect species-specific cell membrane char-
acteristics. The membranes of human platelets and mega-
karyocytes previously have been shown to differ biochemi-
cally from murine platelets and megakaryocytes by the
presence of Fc receptors (and their absence on murine
platelets and megakaryocytes) (32). In contrast, the murine
cells demonstrate type 1 complement receptors, while the
human cells do not (32). Whereas- LPS binding to human
platelets is likely to resuit in significant physiological effects
on hemostasis, the significance of LPS binding to rabbit
erythrocytes is less clear. However, a glycoprotein receptor
on erythrocyte membranes that binds LPS has been de-
scribed, and its potential role in the etiology of immune
hemolysis during sepsis has been discussed (40).

Previous in vivo studies have demonstrated that much of
administered LPS associates with HDL (12, 28, 46). The
binding of high-molecular-weight LPS particles to HDL
involves the dissociation of LPS (45), a process invoived in
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LPS detoxification, and has been shown to resuit in aitered
electrophoretic behavior of HDL (12). The role of an apo-
protein factor(s) in LPS binding to HDL has been demon-
strated (27, 42). LPS-binding protein appears to be one such
apoprotein that is a mediator of LPS dissociation and binding
to HDL (41). We also have shown prominent binding of LPS
to HDL, as well as demonstrable, aithough lesser, binding to
the other classes of lipoproteins. However, the lipoprotein
binding of exogenously administered, isolated LPS may not
totally mimic the distribution of shed LPS, associated with
bacterial outer member structures. as demonstrated previ-
ously for the LPS of S. nphimurium (28) and Neisseria
meningitidis (2). Shed LPS also may demonstrate variable
lipoprotein binding depending on the presence or absence of
bacterial membrane proteins (13). Although numerically less
impressive, the binding to VLDL in our study also may be
biologically significant. It has been shown previously that
binding of LPS to triglyceride-rich lipoproteins (VLDL and
chylomicrons) diminishes the potency of LPS in activation
of the coagulation svstem in Limulus lysate (8). Further-
more, VLDL and chylomicrons protect mice from LPS-
induced mortality (18). Since hypertrigiyceridemia is one of
the earliest abnormalities observed in blood during sepsis.
this interaction between LPS and the triglyceride-rich li-
poproteins may serve as a defense against endotoxemia.

The presence of SFH at a concentration of 1.2 g/dl did not
appreciably alter the distribution of endotoxin among the
various blood cell types, lipoproteins, and the apoprotein
pool in either human or rabbit blood. However, since we
demonstrated that endotoxin was able to bind to SFH, it is
possible that the distribution of endotoxin among specific
plasma proteins of the apoprotein pool was significantly
altered by the presence of hemogiobin. Furthermore, in
contrast to the binding of LPS to another apoprotein, aggre-
gated immunoglobulin G, after which the density of the
complex was identical to that of LPS alone (16), we have
demonstrated that binding of LPS to SFH involves disaggre-
gation of LPS (unpublished observations). Since the distri-
bution of endotoxin among specific plasma proteins in the
presence and absence of SFH is not known, further fraction-
ation experiments will be required to determine if endotoxin
binds to SFH preferentially. Several mammalian endotoxin-
binding proteins in plasma have been documented previ-
ously, including a rabbit acute-phase LPS-binding protein
(41), lysozyme (31), complement (5, 14), immunogiobulin
(16}, and albumin (15). We are now able to add SFH to this
list of endotoxin-binding proteins.

The capacity of SFH to act as an endotoxin-binding protein
may prove significant for the potential use of SFH as a blood
substitute. Endotoxin contamination of SFH during its pro-
duction and purification has been recognized (11; personal
observations), and even low concentrations of endotoxin in
preparations of SFH may prove clinically significant when
liters of SFH solutions are infused into patients, especially
those who are already hypotensive. It also is likely that
endotoxemia will be present in many patients with trauma and
shock who would be receiving this blood product. Gram-
negative bacteremia associated with infection is another clin-
ical situation in which endotoxin-hemoglobin binding may be
a significant phenomenon. Endotoxin-hemoglobin complexes
also may form as a result of the hemolysis that often occurs
during the process of disseminated intravascular coagulation
associated with gram-negative sepsis.

Importantly, our data indicate that the presence of SFH
does not alter the association of endotoxin with mononuciear
cells, an interaction which appears to play a critical patho-

INFECT. IMMUN.

physiologic role in the production of the sepsis syndrome.
However, further investigation will be required to determine
if endotoxin-hemogiobin complexes differ from endotoxin
alone in their ability to stimulate prodiiction or release of
mononuclear cell factors involved in the response of the host
to sepsis. Additional study also will be required to determine
if endotoxin clearance from either the circulation or internal
organs is altered by complex formation with hemogiobin.
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ADDENDUM IN PROOF

After the submission of this paper, it was determined that
the term SFH (stroma-free hemoglobin) requires further def-
inition in order to avoid confusion with the use of this term in
the older literature. In this report, SFH refers to ceil-free,
ultrafiltered human hemoglobin free of detectabie erythrocyte
stroma and chemically cross-linked in order to improve
intravascular persistence and prevent renal toxicity.
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Production of modified crosslinked cell-free hemoglobin
for human use: the role of quantitative determination

of endotoxin contamination
R.1. RotH, J. LEvIN, K.W. CHAPMAN, M. ScHMEIZL, AND F.R. RICKLES

In vivo toxicity remains a major barrier to the successful use of cell-free hemoglobin
(Hb) as an oxygen carrier in humans. Bacterial endotoxin (lipopolysaccharide, LPS)
is known to contribute to the in vivo toxicity of Hb preparations, and the prevention
of LPS contamination is a critical aspect of the effort to create an efficacious Hb blood
substitute. Limulus amebocyte lysate assays for endotoxin were performed on
multiple Hb samples from 26 independent E'roduction runs for the preparation of
human crosslinked cell-free hemoglobin (aaHb). High levels of LPS contamination
(1->100 ng/mL) of aaHb solutions were detected in multiple samples during many of
theinitial production runs. Itwas observed that LPS contamination of aaHb solutions
could occur at any step during the production sequence. Substantial enhancement
by aaHb of the biologic effects of LPS was demonstrated by two independent assays
forendotoxin (the Limulus amebocyte lysate testand a mononuclear cell procoagulant
assay), whereas LPS biologic activity was onlé slightly increased by human serum
albumin and substantially diminished by IgG. These results su?gest that the
prevention of LPS-related toxicities in vivo may be more important to the clinical use
of Hb solutions than to the use of other intravenous protein products. Therefore, it
was encouraging to note that, with the careful monitoring for LPS in the production
facility and in multiple samples during cell-free Hb production, sources of LPS
contamination were recognized and the appropriate sites were made endotoxin-free.
Numerous subsequent production runs were performed without appreciable LPS
contamination. Therefore, careful monitoring of LPS contamination allows for the
production of Hb solutions that are sufficiently free of LPS for clinical use.
TRANSFUSION 1993;33:919-924.

Abbreviations: aaHb = human crosslinked cell-free hemoglobin; BRD/LAIR = Blood
Research Division/Letterman Army Institute of Research; Hb = hemoglobin; HSA =
human serum albumin; LAL = Limulus amebocyte lysate; LPS = lipopolysaccharide;

MNC(s) = mononuclear cell(s); TF = tissue factor.

A MAJOR FOCUS OF RESEARCH and development in the
field of substitutes for red cell transfusion is the prepara-
tion of cell-free hemoglobin (Hb). Hb preparations
currently under investigation have been shown to possess
adequate oxygen-carrying and -delivery characteristics,’
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and the tetramer form of the Hb molecule has been
successfully stabilized, by chemical crosslinking of the
peptide chains, to provide adequate intravascular reten-
tion.2 A remaining central issue for the clinical use of
modified (i.e., crosslinked) Hb (c.aHb) is toxicity.>* The
administration of Hb solutions has resulted in hyperten-
sion and bradycardia;>® decreased renal blood flow and
glomerular filtration rate; histologic evidence of renal
glomerular and tubular damage;® pulmonary, hepatic and
cerebral thrombosis;*!® hepatocellular and renal epithe-
lial cell damage;'! prolongation of the partial thrombo-
plastin time;® a decrease in the circulating levels of factor
VIIL'2 and thrombocytopenia.>!'2 These toxicities ap-
pear to be caused by the effects of Hb itself,!*red cell stro-
mal phospholipids (when present),'* and/or bacterial
endotoxin contamination. %1415

The potential contamination of Hb preparations by
bacterial endotoxin (lipopolysaccharide, LPS) is of
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particular concern because of the ubiquitous presence of
this molecule in water and chemical reagents and on
surfaces and because of the multiplicity of its deleterious
biologic effects. In addition, the biologic effects of LPS
are typi-cally observed at extremely low concentrations
(pg/mL-ng/mL LPS). Despite a variety of known tech-
niques for the removal of endotoxin from solutions,'¢
prevention of LPS contamination remains the most effec-
tive and economical approach to minimizing this impor-
tant aspect of Hb toxicity. Therefore, we undertook
efforts to produce c.aHb that was devoid of physiologi-
cally significant concentrations of LPS and potentially
suitable for clinical trials. We performed assays to
determine the concentrations of endotoxin in a large
number of Hb and a.aHb solutions, as well as in a variety
of wash solutions used in the Hb production facility at the
Blood Research Division of the Letterman Army Institute
of Research (BRD/LAIR, San Francisco, CA). In this
report, we present the findings of the monitoring for LPS
contamination of Hb solutions and document the utility
of serial quantitative LPS measurements in developing
the ability to successfully produce LPS-free a.otHb.

Materials and Methods
Glassware and reagents

Borosilicate glass test tubes (10 x 75-mm) were obtained
from VWR Scientific (San Francisco, CA). Pyrogen-free
water and 0.15 M (0.15 mol/L) NaCl were obtained from
Travenol Laboratories (Deerfield, IL). Human serum albumin
(HSA) for intravenous use was obtained from Alpha Therapeu-
tics Corp. (Los Angeles, CA) and IgG for intravenous use from
Armour Pharmaceutical Co. (Kankakee, IL).

Culture supplies

We obtained 12 x 75-mm sterile polystyrene plastic culture
tubes from Sardstedt Inc. (Newton, NC). Medium (RPMI-
1640), L-glutamine, penicillin-streptomycin, and phosphate-
buffered saline were obtained from Whittaker Bioproducts,
Inc. (Walkersville, MD). Ficoll-hypaque and Histopaque-
1077 were obtained from Sigma Chemical Company (St.
Louis, MO).

Limulus amebocyte lysates and testing

Amebocyte lysates were prepared from Limulus polyphemus
(the North American horseshoe crab) by lysis of washed
amebocytes in sterile, pyrogen-free water.'”!® Limuli were
obtained from the Department of Marine Resources, Marine
Biological Laboratory (Woods Hole, MA). Lysates were
stored at 4°C.

We assayed all samples for endotoxin concentration with
the Limulus amebocyte lysate (LAL) test, using gelation as the
major endpoint.!”** Lysate sensitivity was 10 pg per mL for
Escherichia coli LPS B, 055:BS.

LPS

We obtained E. coli LPS B, 055:BS5, from Difco Laborato-
ries (Detroit, MI) and used it as the endotoxin standard for both
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endotoxin assays. A concentration of 1 ng permL of this E. coli
endotoxin is equivalent to 4.5 EU (endotoxin units) per mL,
referenced to the endotoxin standard EC-5.!°

Mononuclear cell tissue factor assay for bacterial
endotoxin

Human peripheral blood mononuclear cells (MNCs; mean:
12% monocytes, 83-86% lymphocytes, 2-5% neutrophils)
were prepared and cultured at 1 x 10° cells per mL as described
previously.2’ We incubated MNCs with various preparations
of actHb or with LPS, in the presence or absence of a.a.Hb, for
20 hours at 37°C. The MNC cultures then were sonicated and
assayed for tissue factor (TF) procoagulant activity by a one-
stage coagulation assay, as described previously.2! Units of TF
were established by comparing the clotting times of the cell
sonicates with those of dilutions of human brain tissue factor.
We defined a clotting time of 30 seconds as equal to 100 units
of TF procoagulant activity, as described previously.?? Celi
sonicates with clotting times >130 seconds, which equalled the
clotting times of the buffer blank (i.e., substrate plasma plus
buffer), were judged to have no procoagulant activity.

aoHb

Human cell-free Hb, crosslinked between the two o chains
with bis(3,5-dibromosalicyl) fumarate as described previ-
ously,? was produced by BRD/LAIR. During a 2-year period,
samples were generated from 26 production runs. Also evalu-
ated from many of the runs were samples of starting red cells,
partially purified stroma-free hemolysate, and purified cell-
free Hb before and after crosslinking and before buffering and
concentration of the final products. For experiments in which
bacterial endotoxin was spiked in vitro into a.ocHb, HSA, or
1gG, the protein preparations contained less than 10 pg permL
of endotoxin (referenced to E. coli LPS B, 055:B5), as deter-
mined by the LAL test.

Results

Sequential monitoring of LPS concentrations during
L0Hb production

During a 2-year period, we assayed multiple samples of Hb
solutions during the generation and purification of Hb. Samples
were defined as negative if LPS concentrations were <10 pg per
mL, low-positive if LPS was between 10 pg per mL and 1 ng
permL, and high-positive if LPS was >1 ng per mL. During the
early production runs, the majority of Hb samples gave high-
positive readings for contamination by LPS (Fig. 1). The high-
positive Hb samples were frequently contaminated by >100ng
permL of LPS, as referenced to the E. coli standard. For many
of the production runs, endotoxin contamination was detected
in wash solutions from concentrating tanks or ultrafiltration
membranes used for Hb production. Feedback of our findings
to the BRD/LAIR production facility, along with the identifi-
cation of specific sites that were responsible for LPS contami-
nation during the purification of Hb, led to directed efforts to
re-establish endotoxin-free conditions. As a result, during the
final one-third of the production runs, there were rare high-
positive Hb samples and a greatly reduced number of low-
positive samples (Fig. 1). Hb samples from the final three
production runs (total of 34 Hb samples) all contained <10 pg
permL of LPS, which indicated that endotoxin-free conditions
had been achieved and continuously maintained.
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Fic. 1. Endotoxin concentrations in Hb solutions. Hb-containing
samples were obtained at multiple steps during the production of aaHb
from each of 26 production runs. From 4 to 15 Hb samples from each
run were assayed for LPS concentration by the LAL test. LPS
concentrations are characterized as A) high-positive (>1 ng/mL), B)
low-positive (10 pg/mL-1 ng/mL), or C) negative (<10 pg/mL).

From each of 14 production runs, five or more Hb-contain-
ing samples at various stages of purification were provided for
endotoxin assays. Five of these 14 production runs generated
one or more high-positive (>1 ng/mL LPS) Hb samples. We
examined these five runs to determine if LPS contamination
occurred consistently at one step during production of Hb. We
compared three major groups of production steps: red cell lysis
and filtration of Hb samples to remove stroma (permeates/
filtrates); concentration, buffer exchange, and deoxygenation
of Hb samples (concentrated Hb); and crosslinking, buffer
exchange, reoxygenation, and filtration/concentration to ob-
tain the final product (0aHb). High-positive Hb samples were
distributed among these three groups (Table 1). However, the
frequency of contamination with LPS during the final stage
(24%) was much higher than that during the initial two stages
(5-11%). In some instances, Hb samples with high LPS
contamination became low-positive or negative following
subsequent ultrafiltration steps (in particular, following 500-
kDa membrane ultrafiltrations to remove stroma and aggre-
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Table 1. LAL-positive samples* at the three major stages of-

preparation of aaHb
Permeates/

filtrates Concentrated Hb aaHb
Run 13 (n = 20)t 0 0 1
Run 14 (n = 10) 1 0 0
Run 15 (n = 16) 0 2 6
Run 17 (n = 24) 0 0 1
Run 21 (n=5) 0 0 1

* Hb solutions that contained >1 ng per mL of LPS. Hb-containing
samples were obtained from runs with at least five samples
available for the determination of LPS concentration.

+ Number of Hb-containing samples available from each run for
LPS analysis.

gated protein). However, in many instances, high-positive Hb
samples that had become contaminated by LPS at a step prior
to production of the final aoHb remained high-positive, which
resulted in an unacceptable final product. Surprisingly, from
nine production runs in which starting red cells (prior to lysis)
were provided for assay, two red cell samples contained high
levels (>100 ng/mL) of LPS.

Comparison of two independent in vitro assays for LPS
concentration

To confirm that the positive LAL assays had been produced
by LPS, we assayed 14 Hb samples (including uncrosslinked
Hb and aoHb) for LPS concentration with the LAL test
(activation of an invertebrate proteolytic coagulation cascade)
and by stimulation of the production of procoagulant activity
(TF) from human MNCs. LPS concentrations in the Hb sam-
ples encompassed a 5 log, , range (1 pg/mL-100 ng/mL) and
were categorized within three broad ranges of LPS contamina-
tion: <1 ngpermL of LPS, 1 to 100 ng permL of LPS, and >100
ng per mL of LPS. Thirteen of 14 Hb samples were concor-
dantly characterized by the two assay techniques (Table 2).

Enhancement of LPS biologic activity by Hb

The very high LPS concentrations (=100 ng/mL) that were
detected in several of the Hb samples by the LAL testsuggested
the possibility of an enhancement effect by Hb on the biologic
activity of LPS, a known potential phenomenon in this in vitro
LPS assay. The concordance of the results of the LAL test and
the MNC procoagulant assay strongly suggested that the
biologic activity of LPS in the presence of Hb was, in fact, very
high foranumber of environmentally contaminated Hb samples.
Therefore, we investigated the ability of Hb to enhance the
biologic activity of added LPS. LPS activation of LAL (Fig.

Table 2. Comparison of LPS concentration by the LAL*

and MNC TF assays
MNC TF assay
<1 ng/mL 1-100 ng/mL >100 ng/mL
LAL assay
<1 ng/mbL 10 0 0
1-100 ng/mL 0 0 3
>100 ng/mL 0 0 3

* Fourteen Hb-containing samples each contained demonstrable
LPS (>10 pg/mL) according to the LAL test.

1 This sample contained 1 ng per mL by the LAL assay and >100
ng per mL by the MNC TF assay.
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Fic. 2. Enhancement of the biologic activity of endotoxin by Hb. A)
Limulus lysate was incubated with E. coli LPS (100 ng/mL) at 37°C, in
the presence of various concentrations of endotoxin-free aaHb (1 pg/
mL - 100 mg/mL Hb) (®). In the absence of added Hb (O), gelation of
Limulus lysate by LPS was observed only after 3.5 hours. Gelation time
of Limulus lysate was decreased by the presence of Hbin a concentration-
dependent manner. This resulted in an apparent increase in the con-
centration of endotoxin. The a.aHb alone contained <10 pg per mL of
LPS and did not gel the lysate. B) Human MNCs were incubated with
E. coli LPS (100 ng/mL) in the presence of various concentrations of
aaHb (0.6-60 mg/mL Hb) (®), and TF generated by each LPS/Hb
mixture was then measured. The contribution of aaHb alone, which at
the maximal concentration of 60 mg per mL contained 0.5 ng per mL of
LPS, to the total TF generated by the MNCs was subtracted, at each
concentration, from the measured total. Enhanced generation of TF
activity by LPS was stimulated by Hb in a concentration-dependent
manner. LPS alone (100 ng/mL) (O) generated 13 units of TF in the
MNC assay; concentrated Hb alone (60 mg/mL) generated 95 units of
TF.

N

2A) and generation of MNC procoagulant activity (Fig. 2B)
were enhanced, inaconcentration-dependent fashion, by c.otHb.
Further investigation of this phenomenon, using the LAL test,
demonstrated that the minimum concentration of aotHb re-
quired to produce enhancement of LPS activity was variable
and ranged from 0.05 to 1.0 mg/mL for different preparations
of aaHb (data not shown).

Comparative effects of serum proteins on LPS biologic
activity

The observation that catHb enhanced LPS activity led to the
possibility that LPS contamination of Hb solutions might
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Fic. 3. Effect of serum proteins on the biologic activity of endotoxin.
Limulus lysate was incubated with E. coli LPS (500 ng/mL) alone or in
the presence of 5 mg per mL of endotoxin-free IgG, HSA, or aaHb.
Gelation time of Limulus lysate, compared to that of LPS in NaCl, was
increased 267 percent by IgG, which indicates the inhibition of LPS
biologic activity by IgG. In contrast, gelation times were decreased 25
percent by HSA and 83 percent by aaHb, which indicates slight and
substantial enhancements of LPS activity by HSA and cHb, respectively.

represent a particularly important contribution toward in vivo
toxicity. To determine whether the enhancement effect was a
special property of Hb, we compared LPS biologic activity in
the presence of two other protein solutions (HSA and IgG)
commonly administered at high concentrations and relatively
large volumes. Whereas aaHb greatly increased LPS biologic
activity over that in NaCl, HS A resulted in a minimal enhance-
ment, and IgG resulted in a substantial inhibition (Fig. 3).

Discussion

Our detection of high concentrations of LPS in some
preparations of a.oHb supports previous experimental
evidence®'#!5 that LPS contamination of Hb prepara-
tions can limit the feasibility of administration of this
blood substitute to humans. We have demonstrated that
Hb preparations can be significantly contaminated by
environmental LPS, with several final a.oHb solutions
containing >100 ng per mL of LPS (referenced to E. coli
LPS B, 055:B5). An adult patient requiring Hb for
resuscitation would likely require atleast one-tenth of his
or her blood volume, that is, approximately 500 mL, of
Hb solution. If aaHb were contaminated with >100 ng
permL of LPS, initial plasma LPS levels would be atleast
10 ng per mL. The administration of sufficient LPS
(250,000 ng) to produce LPS plasma concentrations of
this magnitude would be significantly toxic and would
constitute a seriousrisk. Forinstance, approximately 300
ng of E. coli LPS given to human volunteers elicited
fever, tachycardia, nausea, and myalgias.?* Plasma LPS
levels above 10 ng per mL in patients with sepsis have
been associated with death,?® and plasma LPS levels
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above 1 ng per mL during E. coli infusion into primates
similarly were associated with death.?® Finally, the
infusion of E. coli LPS into pigs (resulting in steady-state
LPS levels of 1 ng/mL) caused the activation of coagu-
lation, characterized by the utilization of kallikrein and
prothrombin, and the stimulation of plasmin activity.?’
Physiologic responses to a certain concentration of in-
fused LPS may be augmented by the presence of Hb,
which in our study enhanced LAL activation and MNC
TF production, as is consistent with the previous demon-
stration that Hb produces synergistic toxicity with LPS in
vivo.!®

A major component of the severe pathologic sequelae
of endotoxemia is the stimulation of release of MNC
cytokines, including tumor necrosis factor,?428-30
interleukin 1,253132 interleukin 6,132 and the expres-
sion of cell-associated TF, a potent procoagulant activ-
ity.2% Because of the large volumes of Hb solution that
would be infused into patients receiving a.otHb as a blood
substitute, the endotoxemia resulting from the infusion of
LPS-containing solutions might elicit many of the
cytokine-mediated features of septic shock. Further-
more, recipients of c.oHb probably would already be
experiencing endotoxemia because of trauma or gastro-
intestinal tract ischemia and thus may have increased
sensitivity to the infusion of additional endotoxin.

We have shown that Hb samples that strongly acti-
vated LAL also strongly stimulated human MNCs to
produce TF. This assay was selected to confirm the LAL
assay results because of its sufficient sensitivity,?® in
contrast to chemical and immunologic methods for de-
tection of LPS. The validity of LAL-determined LPS
concentrations in the ng per mL range in plasma recently
has been demonstrated by the use of a gas chromatogra-
phy-mass spectrometry method specific for neisserial
LPS,* further confirming the ability of the LAL assay to
measure biologically significant LPS in protein-contain-
ing solutions. In the MNC TF assay employed in the
present study, several preparations of Hb that were LAL
negative were, correspondingly, not stimulatory. Others
have apparently demonstrated an intrinsic property of Hb
to elicit MNC procoagulantactivity,** although the levels
of procoagulant activity detected by those investigators
appear to be very low. However, our study did not
provide evidence that endotoxin-free (<10 pg/mL LPS)
Hbhad an intrinsic ability to stimulate MNC procoagulant
activity.

We have demonstrated that focal breaks in techniques
designed to maintain endotoxin-free conditions can oc-
cur at any step during the purification of Hb. Because of
the complexity of the Hb purification and crosslinking
processes, it is clearly advantageous to sequentially
monitor multiple Hb samples and buffers for the presence
of LPS during production runs. This is feasible because
of the simplicity and the quantitative characteristics of
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the LAL assay. The high level of sensitivity of the LAL
test, which can be further augmented by recognition of
pregelation changes in lysate'8 or by chemical enhance-
ment of weak chromogenic activities,’> ensures that
solutions described as LAL-negative are essentially en-
dotoxin-free. In addition, the ability of the LAL assay to
determine concentrations of the biologic activity of
contaminating LPS relative to that of a standard LPS
allows the establishment of the magnitude of contamina-
tion. Although data concerning LAL testing of the
physical components of the manufacturing process were
not presented in this report, it was possible in several
instances to document that a specific component of the
production apparatus (e.g., a particular ultrafilter) was
not endotoxin-free prior to its contact with Hb. Determi-
nation of the exact site at which LPS has been introduced
into an Hb sample allows a practical, directed effort to
remove the endotoxin from the system.

As aresult of detailed monitoring of LPS in washes of
the production apparatus and in Hb solutions at multiple
points during purification of Hb, production of endo-
toxin-free aolHb by BRD/LAIR became routine. This is
a critically important result, given the toxicity-related
limitations of Hb infusion that have been observed pre-
viously in human and animal trials.>!* A remaining
concern is our incomplete understanding of the ability of
purified cell-free Hb to alter cardiovascular status. How-
ever, recently reported clinical trials of Hb solutions¢-%
demonstrated that the development of Hb as a blood
substitute has made significant progress. Our evidence
that atHb can be made sufficiently endotoxin-free that
MNCs and coagulation cascades are not activated, de-
spite the ability of Hb to enhance LPS biologic activity,
provides additional confidence that aaHb may be an
acceptable transfusion alternative in the future.
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Liver Hemodynamics During Portal
Venous Endotoxemia in Swine

Lee Halvorsen. Robert Roth, Robert A. Gunther. Eiman Firoozmand.
Anthony M. Buoncristiani. and George C. Kramer
Zepantments of Surgery (L.H.. R.A.G.). and Human Physiology (E.F.. AM.B.. G.C.K.).
-aversity of Califormia at Davis. Dawvis, Califormia: Veterans Administration Medical
~enter ana Depantment cf Laporatory Medicine. University of California School of
fearcine. San Francisco. Califorra (R.R.)

T=e zcute hemoavnamic response of the liver to portal endotoxemia was measured in six
isofiurane anestnetized oigs in which volume support was used to maintain normal cardiac
output. After basetine momitoring. bacterial enaotoxin (LPS) was infused over 1 hr into a
mesenteric vein at a rate of 1 ug-kg '-hr . and monitoring was continued for 1 hr
rosuntusion. Peak vasoconstriction occurred during LPS infusion in both the hepatic artery
(resistance T 349°% of baseune. P < 0.05) and the liver's ponal circulation (resis-
tance © 159% of basenne. P < 0.05). Increased vascular resistance was also detected in
lung ( ~ 433% of baseline) ana intestine ( T 130% of baseline) at the midpoint of the LPS
infusion. The non-sofanchnic circutation. defined for our analysis as ail of the peripheral
circuiation exceot the portal and hepatic artenal circutation. generaily exhibited little change
in vascular resistance auring LPS infusion. LPS was incompletely cleared by the liver. but
seccnaary clearance Cy the lung prevented large increases in the LPS concentration of
arenal blood. During tne first hour postinfusion, the systemic vascular resistances subse-
Guently decreased to near normal in all vascuiar beds. with the exception of the fiver's portal
circuiation. A sustaineg and secondary increase in vascuiar resistance of the liver's portal
circuiation ana portal vein pressure occurred during the first hour after LPS infusion. We
conciude that most of the vasoconstriction in the acute response to portal endotoxemia

occurs In the tiver ana lung, organs agirectly exposed to elevated leveis of endotoxins.

© 1283 Wiley-Liss. Inc.
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INTRODUCTION

Septic shock is a .ate. and often fatal. complication of
trauma and criticai tilness. The extent to which septic
shock results from a systemic response to whole bacteria
or endotoxin remains controversial [1]. Infusion of the
lipopolvsaccharide :bacterial endotoxin. LPS) of cell
walls of gram-negauve bacteria into experimental ani-
mals and man c:n. however. be used to mimic most of
the eariy and sustained cardiovascular alterations of clin-
ical sepsis [2—]. Although vascular entry of bacterial
L.PS may occur via several potential routes. recent studies
support the hypothesis that gut ischemia leads to an alter-
ation in the gut’s mucosal barrier and that. s a result.
both bacteria and LPS can enter the circulation via the
portal circulation and intestinal lvmphatics {3-8]. The
presence of detectable endotoxin in the piasma of patients
correlates positivelv with bacteremia. ciinical sepsis. and
increased mortality | 1.9].

The liver and lung are in an anatomical position to

provide the secondary defenses that limit the extent of

svstemic endotoxemia after translocation of gastrointesti-
S 1993 Wiley-Liss. inc.

nal tract endotoxin. These organs have large intrinsic
macrophage populations that may effectively clear most
bacteria and LPS that enter their circulations under nor-
mal circumstances. Activation of macrophages stimu-
lates release of various cytokine and inflammatory medi-
ators that can have profound effects on blood tlow and
microvascular permeability. The pulmonary response to
venous intusion of LPS is well-described and consists of
an initial hypertensive phase tollowed by a more sus-
tained phase of increased microvascular permeability
{3.10.11]. Less is known about the response of the liver
to portal endotoxemia.

Gut blood flow typically decreases with circulatory
shock. particulariy during experimental septic shock
{12 . Such reductions in gut blood tlow are large, and out
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of proportion to the decreuses in cardiac output. Without
concurrent data on gut blood flow and portal pressures. it
is difficuit to deterrmne 11 the reduced tlow results from
vasoconstriction in the intestine or iiver. The relative
contributions of the liver's arteriai and portal circulations
to this low reduction have not been directly measured.

The present studies were designed to better character-
ize the eariv hemodyvnamic response of the liver w portal
endotoxemia. Toward that end. we meuasured pressures
and tlows in the hepauc ariery and portai vein during and
atter a |-hr portal vein intusion of LPS in anesthetized
pigs. Our goal was not o ~tudy hypodynamic endotoxic
<hock. but rather to stuayv hepatic und spianchnic hemo-
dvnamics without the confounding pnenomenon o sys-
temic hvpoxia due to u iow tflow state. Theretore. volume
support was used as needed 1o maintain cardiac output.
The Limulus Ivsate assav was used to measure LPS in
blood sampied from the hepatic vein and the aorta.

MATERIALS AND METHODS

Animal Preparation

Twelve Yorkshire male pigs. 35-30 kg. were ted stan-
dard pig chow and housea in large pens while awaiting
study. Nine animals were used for LPS experiments. but
only six survived. Three animals served as controls in
which saline was infused instead ot LPS. Prior to euach
experiment. food was withheld for a period of 12 hr. but
free access to water was provided. On the day of study.
the animals were initiaiiy sedated with an intramusculiar
injection of 0.4 mg’kg acepromazine. 0.1 mgkg atro-
pine. and 20 mg/kg of ketamine. A 20-gauge ear vein [V
cannula was inserted and 2n infusion ot 300 m! of sterife
pyrogen-free 0.9% saline was administered preopera-
tively. After intubation. innalation anesthesia was main-
tained with 1-2% isotlurane. 30 O,. and the remainder
air. After induction of anesthesia. amimals were placed on
an operating room table covered with a heating blanket.
The animals were periodically checked for jaw tone and
lid twitch responses: anesthetic levels were adjusted as
needed. All studies were terminal and complied with the
NIH guidelines for animal anesthesia and surgery.

Multiple sterile pyrogen-free vascular catheters were
inserted into the supertor vena cava and thoracic aorta via
neck vessels. These catheters included a 12-gauge tV
extension tube in the left external jugular vein: a Swan-
Ganz pulmonary arterial catheter inserted via the left
internal jugular vein: an aortic catheter inserted via the
left common carotid arterv: and a left hepatic venous
catheter inserted via the right external jugular vein. The
latter catheter’s placement was contirmed by palpation
during laparotomy. A continuous IV infusion of lactated
Ringer’s solution was imtated and adjusted as necessary
for maintenance of baseline cardiac output during the
surgery and experiment.
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The abdomen was opened in the lower midline and the
bladder was exposed. A Foley catheter suprapubic cys-
tostomy was pertormed and the urethra was ligated. The
upper abdominal organs were then exposed using a bilat-
cral subcostal incision. and the small bowel was packed
out of the surgical field. The portal triad was identitied.
and the portal vein and hepatic artery were dissected tree
ot the common bile duct that was left intact and unob-
structed. The portal vein was encircled with a 10-mm
Doppler transit time tlow probe (Transonics. [thaca.
NY). A large ivmph node overriding the inferior aspect of
the portal vern was frequently removed to tacilitate the
placement of this probe. In a simtlar manner. the animal’s
hepatic arterv was then encircled with a 4-mm tlow
orope.,

After the rlow probes were placed. vascular access to
the portal circulation was achieved with two staggered
stertle pyrogen-tree pediatric feeding tubes. The tirst tube
wus inserted into the distal splenic vein and secured at the
cutaneous exit site after being threaded distally into the
portal vein for pressure monitoring. A second catheter
was placed into the superior mesenteric vein in an area
just distal to the second portion of the duodenum and
secured via a purse-string suture. This second catheter
remained within the superior mesenteric vein and was
used for the infusion of endotoxin or control vehicle. A
distance of +-3 cm separated the tips of the two portal
catheters.

Experimental Protocol

After the completion of surgery. a 3-hr experimental
protocol was undertaken. Nine animals were subjected to
LPS intusion. while three animals served as controis.
Initiailv. a I-hr baseline period was permitted to ailow
stabilization of vascular pressures and organ blood tlows.
Following the baseline period. the animals received a
continuous 60-min infusion of bacterial endotoxin (Es-
cherichia coli LPS. 055:BS5. Difco Laboratories. Detroit.
MI) through the superior mesenteric venous catheter. A
dosage of endotoxin equal to | pg/kg animal weight was
suspended in 0.9% pyrogen-tree saline at a final concen-
tration of 2 wg/ml immediately prior to administration.
All infusions were performed with a Harvard pump appa-
ratus through sterile pyrogen-tree IV tubing. Control ani-
mals received saline alone. without endotoxin. Following
the intusion. a I-hr postinfusion observation period took
place. Both groups received lactated Ringer’s in an at-
tempt to maintain cardiac outputs near normal. At the end
of this time. the animals were killed with an overdose of
saturated potassium chloride solution while still under
full generai anesthesia.

Measured Variables

Blood sampies and hemodynamic measurements were
obtained during the 3-hr experimental period. Vascular
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pressures were measured and recorded using Gould P23
pressure transducers and a Gilson stripchart recorder sys-
tem. When coupied to previousiyv piaced vascular cathe-
ters. this svstem ailowed measurement of mean aortic
arterial pressure t MAP). heart rate tHR). central venous
pressure (C\V'P). portai venous pressure (PVP). mean pul-
monarv artertal pressure (PAP). und pulmonary arterial
wedge'pressure (PWP). Readings were recoraed every [
min duning the expertmental period. All pressure read-
ines were taken at end-expiration. Blood gas determina-
tions were used 1o <ajust venulation to maintain normai
CO..

Blood sampiing was pertormed at 10-min intervals
with the excepuon of arterial blood zas anaiysis that was
performed at 20-min intervals. An mitial 6-mi blood sam-
ple was collectea in 4 stertle pyvrogen-iree heparinized
syringe immediateiv aiter insertion of the aortic artenal
catheter and used as baseline plasma for several assays.
During the experimental period. 4-mi blood samples
were simuitaneousiv withdrawn from the aortic. portal
venous (spienic). and left hepatic venous catheters every
10 min and placed n heparinized sterie pyrogen-iree
tubes for centrifugation and separation of plasma. Plasma
was transterred to a second set of pyrogen-iree tubes and
stored at —70°C unui assayed for LPS.

Vascular blood flows were also quanufied at 10-min
intervals. Blood tlow in the portal vein (Qm) was mea-
sured with a 10-mm transit time tlow probe while hepatic
arterial blood tlow (Q,,) was measured using a 4-mm
probe. Both probes were connected to a two-channel
flowmeter (Transonics. Ithaca. NY). Cardiac output
{CO) was measured using the thermodilution technique
with a cardiac output computer (Baxter-Edwards. Santa
Ana. CA). All determinations were made at end-expira-
tion. and the mean of at least two injections tor euch
10-min period was recorded.

LPS Assay

[n 7 of the expeniments (5 LPS and 2 controls). we
measured LPS levels in hepatic venous and arterial
blood. Limulus amebocvie lysate was prepared trom the
washed amebocvtes of Limulus polyphemus by hypotonic
lysis. as described previousiy [13]. Endotoxin concen-
(rations in plasma were determined by a modification
of a previously described method [14.15]. Heparinized
plasma was diluted fourfold with pyrogen-free 0.15 M
NaCl and heated at 60°C for 30 min to neutralize inhibi-
tors. Fifty i heated diluted plasma then was incubated
with 50 wl Limuius amebocyte lysate for 4 hr at 37°C.
with visual inspections at 15 min intervals tor LAL acu-
vation. Samples were graded for tlocculation. increased
viscosity. and gelation. as previously described [15].
Standard curves were established by spiking a series of
concentrations of LPS into endotoxin-tree pig plasma.
The same £. coli LPS used for infusion was used for

inese standards. Experimental plasma endotoxin concep.
rrations were calculated by comparison of the rates of
celation (i.e.. rates of progression from tlocculation
increased viscosity to geiation) produced by the samples
with the rates of gelation established by the standarg
curves. The Limulus amebocyte lysate used for thege
~tudies had a lower limit of LPS detection of | pg'mj of
‘ne reterence endotoxin in pig plasma. and could discrim.
‘nate petween plasma endotoxin concentrations over
+-log range (1 pgml—10 ng/ml). Plasma sampies were
wssaved in duplicate. When LPS concentrations anove
hackground were detected. the levels were contirmed hy
assav of 10-fold and 100-fold diluted sampies. '

Calculated Variables

Measurement of the tlows and pressures indicated
above ullows us to calculate the vascular resistance of
~everal components ot the peripheral circulation usine
«tandard formulas for adding series and parallel ress-
tance. as needed. For purposes of analysis in this paper.
we define the splanchnic circulation as both the portal
circulation and the liver's artenal circulation. The re-
mainder of the systemic circulation is detined as the non-
splanchnic circulation. ‘

ft is realized that the entire splanchnic blood flow s
sreater than portal and hepatic arterial blood flow. but
this definition ailows us to evaluate changes quantia-
tively in the vascular resistance of the intestine and liver,
and compare these changes to those in the remainder of
the peripheral circulation. The schematic in Figure 1 de-
fines the variables we calculated with the following equa-
tions:

Svstemic vascular resistance (R_,) =
(MAP — CVPYCO. '

Pulmonary vascular resistance (R pul) =
1PAP ~ PWPYCO.

Liver’s hepatic arterial vascular resistance (R ha) =
(MAP — CVPYQ,,.

Liver's portal vascular resistance (R pv) =
(PVP - CVP)/QPV.

Intestinal vascular resistance (R int) =
(MAP — PVP)/QpV.

Splanchnic vascular resistance (Rgp,) =
L{l/Rint + R pv) + /R ha].

Nonsplanchnic vascular resistance (R,.;)) =
LR« = R

Statistics

Data are reported in text and tables as mean = | SD for
evaluation of variance. and reported in figures us
mean = | SEM for comparison of the two sample popu-
lations. We used the Friedman analysis of variance test 0
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Fig. 1.

Scrematic of the measured pressures (P). biood flows (Q), and calculated resistances

(R) of the pertoneral circulation. Vanables aefined as in text.

determine whether vanables during and atter LPS intusion
were signiricantly ditferent (£ <2 0.03) than baseiine.

RESULTS
Hemodynamics

Surgical preparation of each animal required approxi-
mately 3 hr. and was assoctated with a blood loss of
100-200 mi. Temperature was well maintained during
the study. using placement of warmed fluid bags next to
the pig. Baseline hemodyvnamic readings taken | hr post-
surgery indicated a stable mean arterial blood pressure.
central venous pressure and cardiac output. This required
substantial fluid support of 60-100 ml- kg™ -hr ™' due
to the extensive nature of the dissection. High-level tluid
support was continued during LPS infusion and data col-
lection to maintain cardiac output near baseline through-
out the protocol. Three animals in the LPS group died
Juring LPS infusion and their data are not included in the
tables or figures: thus. n = o.

Blood pressures and blood flows for both groups are
shown in Figures 1-3. Baseline mean arterial blood pres-
sure was approximately 70 mm Hg in both groups. Cen-

tral venous pressures averaged 3-5 mm Hg, while mean
puimonary artery wedge pressure was approximately 8
mm Hg. Mean pulmonary artery pressures were within a
range ot 14-17 mm Hg. Baseline cardiac output averaged
approximately 5 L/min in both groups. Mean hepatic
arterial flow was 200-300 mi/min. Portal venous flows
averaged 700-950 ml/min. During the baseline period.

_total hepatic blood tlow represented approximately 20—

25% of cardiac output. Four to 6 percent of cardiac output
was via hepatic artenial flow and 15-20% was via portal
venous flow.

Control experiments were performed to determine the
physiological effects of the 3-hr surgical preparation and
the subsequent 3 hr of anesthesia and monitoring. The
figures show that the hemodynamic variables of the 3
control pigs were stable over the monitoring period. Be-
cause variables were relatively constant in controi ani-
mals. we chose not to perform additional control experi-
ments. Therefore. we did not perform statistical analysis
to compare the control and LPS groups; rather, we per-
formed statisticai analysis of the LPS animals, making
comparisons between baseline measurements, and during
and after LPS infusion.
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Fig. 2. Mean artenal pressure. portal vein pressure and right
atrnat (central venous) pressure during and after a 60-min portal
infuston of LPS at 1 ug - kg ' - hr ™' in anesthetized swine. Aster-
isk denotes statisticaily significant difference (P < 0.05) of data
curing a 60-min period compared to 60-min baseiine period. The
‘all in arterial pressure during the post-LPS intusion oeriod was
staustically significant (P < 0.05). A ceak increase ot poral pres-
sure (P - 0.05) ana central venous pressure (P - 0.05) oc-
currea 20 min into the LPS infusion. Number of pigs: LPS (n = 6):
centrof (n = 3).

Only slight changes in hemodvnamics were observed
within the first 10 min of endotoxin infusion into the
portal vein. At 10 min, however. portal vein pressure.
pulmonary artery and wedge pressure had begun to in-
crease {P < ).05) with peak responses recorded at 20-3()
min into the infusion (Figs. 2. 3). There was a slight fall
in the mean cardiac output during LPS intusion. but the
change did not reach statistical signiticance (P = ).06).
Continued tluid intusion resulted in a tull return to base-
line values before the end of the LPS infusion (Fig. 4).
Cardiac output was sustained at baseline to the end of the
study (Fig. 4). At 20 min into the LPS infusion. profound
alterations in pulmonary pressures and hepatic blood
flows took place (Figs. 3, 4). The three animals that died
did so during the LPS infusion due to apparent hvpox-
emia and cardiac arrest. Pulmonarv hypertension was
always observed duning LPS infusion. P < 0.03 (Fig. 3).

20-

—a= (PS

37 e Controf :

mmtig

0 I 3aseline |r LPS Intusion [ Pos(-ln!uslonﬁ
0 20 40 60 80 100 120 140 160 180
minutes )

~a. 3. Pulmonary artery pressure and puimonary wedge pres-
sure during and after an LPS infusion. Asterisk denotes statisti-
cally significant difference (P < 0.05) of data during a 60-min
period compared to 60-min baseline period. The increase in pul-
monary artery pressure was statistically significant (P < 0.05).
‘while changes in wedge pressure were not (P = 0.07).

Mean puimonary artery pressures rose to 30-40 mm Hg.
P <0.05. between 20—40 min into LPS infusion. and
remained maximally elevated for 10 min. This repre-
sented a 250% increase over baseline. By 40 min of
intusion. puimonary hypertension had begun to abate and
mean pulmonary pressure was 130~160% of baseline
during the post infusion period which was not signifi-
cantly different than baseline. Central venous (CVP) and
portal venous (PVP) pressures also rose in a similar trend
during the acute response phase. Although CVP feil to
baseline levels postinfusion. PVP remained slightly cle-
vated during most of the postinfusion period so that the
portal-central vein pressure gradients increased to 7-8
mmHg over the latter third of each study, compared to 2
baseline gradient of 4 mmHg. Figure 5 shows that mean
vascular resistance was greater in both the total systemic
tP = 0.12) and puimonary circulation (P < 0.05) during
infusion. During the 1-hr postinfusion. systemic vascular
resistance decreased to below baseline (P < 0.05), while
mean pulmonary vascular resistance was slightly above
baseline.
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Fig.4. Total systemic blood flow (cardiac outout} and blooa fow
through the portal vein and hepatic artery during and after an LPS
infusion. Astensk denotes statistically significant difference
(P - 0.05) of data dunng a 60-min period comoarea to a 60-min
naseline period. The dechines in blooa flow of the portal vein and
hepatic artery at 20—40 min into the LPS infusion were statist-
caily significant. while the deciine in cardiac ouiput was not signif-

‘cant (P = 0.06).

Concurrent with the early acute pulmonar_v response.
4l measurements of blood tlow (CO. Q... and Q.
Jecreased as a result of portal venous endotoxemu tF-o
1. Cardiac output fell from 3.3 = t.3to 4.1 = 1.1 liters
per min: Qy, fell trom 327 = 175 to 97 = 40 ml oun.
P < 0.05: and Q.. fell from 839 = 311 to 392 = 130
mi/min. P < 0.05. The 30<% fall in portal venous rlow
was paralieled and matched by a 25% decrease in CO.
The greater than 70% fail in Q... however. suggests
~peunc hepatic vasoconstriction in addition to the de-
crease in total CO. Hepatic arterial vascular resistance
increased to 349 of baseline during this pertod (Fig. o).
Hepatic arterial flow and vascular resistance returned to
baseline before the end of the endotoxin infusion. This
pattern was not seen in the portal cireulation. in which
there was a smaller. but sustained. elevation in portal
venous vascuiar resistance (Fig. 6).

Table [ shows vascular resistances in the total splanch-
nic circulation 1R\p,) calcuiated trom the combined rests-
tance of the total portal circulation and hepatic arterial
circulation. For comparison. the calculated vascular re-
sistance for the remainder of the nonsplanchnic periph-
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=ig. 5. Vascular resistance of the peripheral vascular bed and

the puimonary circulation during and after an LPS infusion. Aster-

sk denotes statistically significant difference (P < 0.05) of data

auning a 60-min period compared to 60-min baseline period. The

total systemic vascular resistance exhibited an initial increase

(P = 0.12) and then fell after LPS infusion (P < 0.05). Pulmonary

vascular resistance increased 2- to 4-fold during LPS infusion”
P - 0.05).

eral circulation (R, ) is also shown. Non-spianchnic
peripheral resistances exhibited a mild initial increase
which was not statistically signiticant: thereafter. mean
values decreased to below baseline. Splanchnic vasocon-
striction was sustained during LPS infusion. but fell to
baseline levels after infusion.

The level of total blood flow through the portal circula-
tion is set by the relatively larger resistance and vascular
pressure drop in the intestine. Figure 7 compares the time
course of the changes in the vascular resistances of the
intestine and liver. The increased resistance in the intes-
tine during LPS infusion returned to normal after infu-
sion. while the vascular resistance of the liver's poral
circulation remained elevated and exhibited a second
maximum at 60 min postinfusion. This resulted in sus-
tained portal vein hypertension. The reductions in gut
blood flow during LPS infusion are primarily due to
intestinal vasoconstriction. since intestinal vascular resis-
tance and portal blood flow quickly and completely re-
wrned to near-normal levels after LPS infusion.

Liver Clearance of Endotoxin

Endotoxin (LPS) concentrations were measured in
plasma sampled from aorta. hepatic vein. and portal vein.
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Fig. 6. Vascular resistances of the hepatic artenal circulation
(P < 0.05) and the portai venous circulation »° = 0.06) in-
creased during LPS infusion. Asterisk denotes statisticaily signif-
icant difference (P < 0.05) of data during a 60-min perniod com-
pared to 60-min baseline period. Resistance of the portal
circulation exhibited a secondary rise after LPS infusion
(P < 0.05).

TABLE I. Splanchnic and Nonspianchnic Peripheral Vascular
Resistance tmm Hg - min - L™+

R~n| R'\,\pl
Baseline 56.0 = 18.8 16.6 = 4.3
20 min of LPS infusion 93.3 = 39.4* 18.6 = 3.6
40 min of LPS infusion 724 =264 13939
30 min postinfusion 452 =144 129+ 3.4
60 min postinfusion 56.3 =250 138 =42
"R splanchnic vascular resistance: R, nonsplanchnic penpheral vas-

cufar resistance.
*P < 0.05 vs. baseline.

Values from the portal vein varied widely during LPS
infusion. probably because of some streaming of the LPS
dose during mesenteric vein infusion and inadequate mix-
ing prior to portal vein sampling. LPS concentrations are
reported in plasma samples from aorta and hepatic vein
obtained at 10 min intervals from 2 control and 3 experi-
mental animals (Fig. 8). Except for contamination of
hepatic vein samples during the early points of the pre-
infusion period for Pig F. data points were technically
adequate for these.7 experiments. LPS concentrations in

Vascular Resistance of Portal circulation
1404

1204

(mmtg X min).1.

R ™ e e =
minutes

Fig. 7. The relative contributions of intestine and liver to the
series vascular resistances of the portal circulation during and
after LPS infusion.

plasma from the control pigs were usually < 0.5 pg/mi.
although isolated peaks as high as 8.0 pg/mi were mea-
sured during the 3-hr experiment. There were no differ-
ences between LPS levels measured in samples from the
aorta or hepatic vein in the control animals.

[n animais that received LPS. elevated levels of LPS
(>5 pg/mi) were detected with peak concentrations rang-
ing trom 10 pg/ml to 1,000 pg/mi. In each of these
samples. the elevated LPS concentrations were con-
firmed with repeat assays by both the standard assay
procedure and in plasma which had been further diluted.
as described under Materials and Methods. In each pig,
peak levels were detected during the period of LPS infu-
sion in blood samples obtained from the hepatic vein
(Fig. 3). Samples from the aorta generally exhibited little
change from baseline levels. Increased levels of endo-
toxin in the hepatic vein were not constant during the i-hr
LPS infusion despite the infusion rate being constant.
There were peaks of 20- to 40-min duration in each ani-
mal. Levels of LPS in the hepatic vein had returned
toward the normal range before the end of the LPS infu-
sion period, suggesting that the ability of the liver to clear
LPS was increased in response to exposure to LPS. The
hepatic vein data show that LPS is entering the central
venous circulation, while the substantially lower levels of
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the aorta and hapatic vein betore (0-80

in), (80—120 min), and

after (120~180 min) a 1-hr infueion of 0.8% NaCl in 2 control piga
(A,B). and LPS (1 pg/kg) In S experimental pigs (C-G). LPS
infusinng are indicated by the two vertical lings in C-G, Plasma

LPS in the aorta suggest additiong] LPS clearance has
been performed by the lung.

DISCUSSION

Neerly all previous studies of experimental endotox-
emia have used peripheral intravenous infusion. How-
ever, clinical endotoxemia is more likely to occur due to
entry of LS into the portal circulation. Splanchnic isch-
emia, bowel ohstruction, Gl surgery and sepsis have all
been aysociated with the translocarion of bacteria and
their cell wall products across the |gastrointestinal mu
cosal barrier 11.5.12). The specitlc hemodynamic re-
sponses of the liver to portal venous endotoxemia have
not been well defined. Because differences may exist in
the systemic response to various sites of initiation of
endotoxemia, this study attempted [to quantify the spe-
cific vascnlar response to endotoxin administered

Methods, and LPS concantratians Inthe treated plagma samples
were determined by the Limulus amebocyte lysalw (LAL) test,
Vertical axig scales are variable.

through the portal vein. Our model allowed quantifica.
tion of the hemodynamic chauges within the liver's two
cireujations,

Many types of circulatory shock. including sepsis. re-
duce mesenteric blood flow oul of proportion 1o changes
in cardiac output [12]. Navaratnam et al. demonstrated
that total mesentaric blond flow was decreased in an
ovine model of endotoxemia [16]. Schrauwen and Hou-
venaghe! found similar decresses in mesenteric artcrial
blood flow with central venous bolus injections of 1.PS in
anesthetized piglets [17]. These studies are in ugreement
with our finding that the initial response 1o porta] venous
endotoxemia was a profound vasoconstriction in both the
intestinal and hepatic vascular beds 20 min following the
beginning of infusion of LPS.

The intease initial vasvconstriction in the gur following
portal endotoxemia may be mediated by thromboxanc.
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The initial pulmonary hypertension that occurs atter cen-
tral injections of LPS is associated with increases in
plasma thromboxane A2 [I1.18]. Administration of
cvclooxveenase inhibitors can greatly attenuate the pul-
n;onary' Bypenension (19]. Thromboxane svnthetase
blockade also prevents the increased mesenteric vasocon-
striction found after burn injury {20]. Thromboxanes are
svnthesized by stimulated macrophages. and thus. the
vasoconstriction in both the liver and lung may be caused
by activation of each organ’s macrophages.

" There was a clear difference in magnitude between the
initial vasoconstriction occurring in the arterial and portal
circulations of the liver. Hepatic arterial flow was re-
Juced to a minimum value ot less than 30% ot baseline
and was associated with a threefold increased vascular
resistance. However. both blood tlow and resistance re-
covered postinfusion in the hepatic arterial circulation.
Portal blood flow fell as much in absolute units (~200
mi/min). but this was a proportionaily smaller reduction
to 60% of its baseline value. Blood tlow in both circula-
tions returned to baseline after LPS infusion. but the
vascular resistance of the hepatic portal circulation re-
mained elevated and exhibited a second postinfusion in-
crease.

The sustained increase in the vascular resistance of the
liver's portal circulation may be due to vasoconstriction.
but also could be a consequence of parenchymal and
endothelial cellular swelling and microvascular margin-
ation of activated and sequestered neutrophils. Circula-
torv shock can cause both cellular edema of liver paren-
chvma and endothelial cells and neutrophil margination
in the microcirculation {21.22]. Another explanation for
increased resistance could be secondary to vascular con-
gestion and increased microvascular hematocrits and red
cell aggregation. which would increase apparent vascular
resistance by affecting viscosity.

Our data suggest that the initial hemodynamic re-
sponses to endotoxemia primarily occur in the microvas-
cular beds that are directly downstream from the source
of endotoxin. The one exception to this was the initial
vasoconstriction in the intestine that occurred without
high LPS levels in aortic blood. Elevated plasma LPS
entered the circulations of both the liver and lungs. while
relatively lower levels. similar to those measured in con-
trol animails. entered other organs. The circulations of the
liver and lung provide in-line series clearances of LPS.
This double organ clearance may be critical for the pro-
tection of other organs from the toxicity of LPS. The
cviokine cascade. beginning with the release of tumor
necrosis factor. and followed by release of various inter-

leukins. activates other cellular defense systems [23]. _

The ability of bacterial endotoxins to activate multiple
inflammatory pathways and to cause system-wide dam-
age may play an important role in the link between septic
shock and multiple organ failure [24.25].

There was a substantial range for peak LPS levels ip
blood sampled trom the hepatic vein. This likely resuits
trom the large number of variables involved in LPS clear.
ance. including hepatocyte function. the state of the retic.
uloendothelial system. lipoprotein levels. and rapidly
changing levels of acute phase and normal LPS-binding
proteins. Similarly. highly variable LPS concentrations
in blood are commonly reported in studies of septic pa-
tients.

Peaks were generally present for only 20—0 min of the
60-min infusion period. The magnitudes of the peak in-
creases were much larger than the reductions in hepatic
blood flow. indicating a real reduction in the liver's LPS
extraction during the infusion. This suggests that hepatic
LPS clearance mechanisms may have been overwhelmed
early in the infusion pertod. but then were able to recover
or were up regulated.

The initial large increases in pulmonary and hepatic
vascular resistance were paralleled by a smaller 10-20%
increase in total systemic vascular resistance (R.,). All
of the increase in R.,, was attributed to the splanchnic
circulation. However. R, quickly feli to below baseline
even before the LPS infusion ended. The mean vascular
resistance of the nonsplanchnic organs was less than
baseline during most of the LPS infusion and also after
the infusion (Table I). This is in contrast to the splanchnic
circulation in which mean vascular resistance generaily
remained at baseline or higher. Reduced peripheral vas-
cular resistance is a common finding in clinical hyperdy-
namic sepsis. Our data suggest that the splanchnic circu-
lation may not participate in the loss of vascular tone
during sepsis.

The acute hemodynamic alterations in response o por-
tal endotoxemia can be of sufficient magnitude to resuit
in death. as demonstrated by 3 of the 9 experimental
animals dying during LPS infusion. This early vasocon-
strictive phase, however, most evident in the pulmonary
and hepatic arteries, rapidly peaked and returned to near
normal despite continuation of the LPS infusion.

CONCLUSIONS

[n summary, portal endotoxemia in anesthetized swine
leads to protound but brief periods of vasoconstriction in
the intestine. lung, and liver. Significant vasoconstriction
did not occur in the nonsplanchnic peripheral circulation:
on the contrary, mean resistance decreased. The liver and
lung circulations provided effective serial clearance of
LPS. Following LPS infusion, only the portal circulation
of the liver had a sustained increase in vascular resistance.

ACKNOWLEDGMENTS
This work was supported in part by U.S. Army Medi-

cal Research and Development Command Research Con-
tract Log 88270001/MIPR 90 MM0535, and the Veterans




Administration. and NIH HL40296. Opinions. interpre-
rations. conclusions, and recommendations are those of
the authors and are not necessarily endorsed by the U.S.

Army.
We thank Francine Levin. Jessica Davis. Linda

Talken. and Tamara Myers for their excellent technical
assistance. and Dr. Jack Levin for invaluable advice and
helpful discussions regarding the interpretation of data
and preparation of the manuscript

REFERENCES

|. Parillo JE. Parker MM, Natanson C. Suffredini AF. Danner RL.
Cunnion RE. Ognibene FP: Septic shock 1n iumans. Ann {ntemn
Med 113:227-242. 1990.

2. Lubbesmeyer HI. Kimura R. Maguire JP. Iret M. Traber LD.
Traber DL. Herndon DN: Pulmonary microvascular changes tol-
lowing fluid resuscitation 1n an ovine model of endotoxermia. Arch
Surg 123:345-350. 1988.

3. Traber DL. Flynn JT. Herndon DN. Redl H. Schlag G. Traber
LD: Companson of the cardiopuimonary responses to single bolus
and continuous infusion of endotoxin in an ovine model. Circ
Shock 27:123-138, 1989.

4. Wichterman KA. Baue AE. Chaudry [H: Sepsis and sepuc
shock—A review of laboratory models and a proposal. J Surg Res
29:189-201. 1980.

5. Gathiram R. Wells MT. Raidoo D. Brock-Utne JG. Gaftfin SL:
Changes in lipopolysacchande concentrations in hepatic portai
and systemic artenal piasma during intestinai ischemia in mon-

“keys, Circ Shock 27:103-109. 1989. ’

6. Nolan JP: Intestinal endotoxins as mediators of hepauc in-
jury—An idea whose time has come again. Hepatoiogy 10:887-
391. 1989.

7. Olofsson P. Nylander G. Olsson P: Endotoxin—Transport routes
and kinetics in intestinal ischemia. Acta Chir Scand 151:635-639.
1985.

8. Triger DR. Boyer TD. Levin I Portal and systemic bacteraemia
and endotoxaerma in liver disease. Gut 19:935-939. 1978.

9. Levin J. Poore TE. Young NS. Margolis S. Zauber NP. Townes
AS. Bell WR: Gram-negative sepsis: detection of endotoxemia
with the Limulus test. With studies of associated changes in blood
coagulation. serum lipids. and complement. Ann Intemm Med
76:1-7. 1972.

10. Kuida H. Hinshaw LB. Gilbert RP. Visscher MB: Eftect of gram-
negative endotoxin on pulmonary circulation. Am J Physiol
192:335-344, 1958.

11. Talke P. Dunn A. Lawlis L. Sziebert L. White A. Herndon D.

Flvnn JT. Traber D: A model of ovine endotoxemia charactenzed

b_v' an increased cardiac output. Circ Shock 17:103-108. 1985.

Fink MP: Gastrointestinal mucosal injury in experimental models

of shock. trauma. and sepsts. Crit Care Med 19:627-641. 1991.

Portal Endotoxemia and Liver Hemodynamics 175

13. Levin J. Bang FB: Clotable protein in Limulus: its localization
and kineucs of its coagulation by endotoxin. Thromb Diath
Haemorr 19:186-197. 1968.

14. LevinJ. Tomasulo PA. Oser RS: Detection of endotoxin in human
blood and demonstration of an inhibitor. J Lab Clin Med 75:903-
911. 1970.

15. Roth RI. Levin FC. Levin J: Optimization of detection of bacterial
endotoxin in plasma with the Limulus test. J Lab Clin Med
116:153-161. 1990.

6. Navaratnam RLN. Morris SE. Traber DL. Flynn J. Woodson L.
Linans H. Hemndon DN: Endotoxin (LPS) increases mesenteric
vascular resistance and bacterial translocation. J Trauma 30:1104—
1115, 1990.

17. Schrauwen E. Houvenaghet A: Hemodynamic evaluation of en-
Jotoxic shock in anesthetized pigiets: Antagonism of endogenous
vasoactive substances. Circ Shock 16:19-28. 1985.

13. Demiing RH. Smith M. Gunther R. Flynn J. Gee M: Pulmonary
injury and prostagiandin production dunng endotoxemia in con-
<cious sheep. Am J Physiol 240:H348-H353. 1981.

19. Adams TJ. Hendriksen N. Traber LD. Thomson P: The effects of
prostaglandin synthetase inhibitor. ibuproten. on the cardiopul-
monary response to endotoxin in sheep. Circ Shock 9:481—489.
1982.

20. Tokyay R. Loick HM. Traber DL. Heggers JP. Hemdon DN:
Effects of thromboxane synthetase inhibition on postburn mesen-
teric vascular resistance and the rate of bacterial transiocation in a
chronic porcine model. Surg Gynecol Obstet 174:125-132. 1992.

1. Holliday RL. liner HP. Shires GT: Liver ceil membrane aiter-
ations during hemorrhagic shock in the rat. J Surg Res 31:506-
515. 1981.

22, Mazzoni MC. Borgstrom P. Intaglietta M. Arfors KE: Lumenai
narrowing and endothelial ceil sweiling in skeletal muscie capil-
laries during hemorrhagic shock. Circ Shock 29:27-39, 1989.

3. Freudenberg MA. Galanos C: Bacterial lipopolysaccharides:
Structure. metabolism and mechanisms of action. Intern Rev im-
munol 6:207-221. 1990.

24. Ramsay G. Newman PM. McCartmey AC, Ledingham IM. Endo-
toxaemia in multiple organ failure due to sepsis. In Levin J er al.
teds): "Pathophysiological Effects, Clinical Significance. and
Pharmacological Control.” New York: Alan R. Liss. 1988. pp
237-246.

5. Rush BF. Sorh AH. Murphy TF. Smith S. Flanagan JJ, Machiedo
GW: Endotoxemia and bacteremia during hemorrhagic shock.
Ann Surg 207:549-554. 1988.

All animal experiments described in this manuscript were conducted in
adherence with the NIH Guidelines for the Use of Experimental Animals.

TR U N

PSR S A




P18 ULy fur ul uoponpoidal Jo sy jjv
JUf SSAL JIWIPLIY £q p6| & WYduido)

T TIOA "TADO'TOWAZNY NI SGOHLIW

(TLOD) 06L1 *1S “1soaup tuyd r Isudaapuald 'y "y pue ‘ulA9T 'f *dunog g ‘N,
“(¥961) S9T *SIT "dsop supydoy swyor “jing *Sueg g " pue uiadg °f,

‘UIX0}10pud 10} 159) udgolAd Jiqqetaapjo ayy paseidal sey Aesse o4pia uy SIYL
"SUIX0J0pUD [BLI9}O'q 0] 9ANISUIS A[a3isinbxa s jey) ,9peased uone|ndeos
O1AJ09)01d P3IRAIIIB-UIXOJOPUD UB UIRIUOD (SHJDIUIPLY SHa)d&yop] qerd
20ysas.ioy asaurdef 9y} 10) suwaiydLjod snpnur Gesd 204sasIoy URILIAWY
YHON 343 JO (S[]22 p00]q) $93420GaWE 3Y) JO $3JBSAT | "OpEISED UOHER|NTR0D
qeld 30Ys3sI0Yy 34} JO UOHIBALIDE UIXGIOPUS UO Paseq ‘UIX0)jopus 1oy Aesse
{e130[01q Ouna wr uw si 1831 (7PY7]) 9wsA] 91430qQowe supnary Y],

189, @jesdr 934d0qawy snynuiy

"POOIq put suonN|os urdJOId Ul UIXOOPU JO UO1IIIIP YY) 10§ SUOH
-edtjdde [eroudd 210w )1 2qLIdsIp Os[e [jIm g ‘suoneiedaid uigojgouway
U S[9A3] UIXOJOPUS JINSLIW 0) 159} dJuSA| 91AdCQIWR snpuIT dY) JO Isn
S} UO SNJ0j [[Im MIIADI SIY 1, "SIDIAIP [eDIpaw 10 sSnup jerdjuated Jo asn
UBLINY MO[|B 0] PAJUSWNIOP 3q S]IAI] UIXOJOPUD MO[ AUIDYINS 1By} o1nb
-21 SauPPING y(I] ‘AN|RLIOW pue ANIpIgIow [BHURISGNS YIIm PIIBIdOSSE
SI BIWIX0)J0pUs asneday “eL19)ORQ UIAI] JO 20UISQR 2Y) Ul UdAd ‘(oSuel
L red weiodid ayy ul) SUOHIEIIUAIUOD MO] AI9A B $199))0 [e2130]
-o1sAydoyjed pue [ed130]01q ©aonpoid *erwadndass sanedou-wess Auedwod
-o' Ajjuanbayy jey) Yooys Je[noseaoipred pue ‘uoisuajodAy ‘uone[ngeod
JB[NOSEARIUL PIJBUILIDSSIP “19A2) 3Y) 10J J[qIsUCdSal ST YdIym ‘uIxojopus
[erooeg (1 "819) vl9IdRg SaneSou-wels Jo [jem [[99 3y} Jo uoniod 193n0
2y} Jo yusuodwod pidijod4|3 e st (SqT ‘epueyddesLjododiy) urxojopusg

NIATT MOV[ pue HL1OY ‘| LHId0OY g

suonjeredalq uiqojdowafy ul
S[9A97 UIX030PUY JO JUSWSINSESIA [9]

“(L9LYY "TH) S901AI3G Ui[eaH puk uewNY Jo Juawieds(] 3Y) WOIJ PUE BIUBAASULSJ JO Y)[eam
-tiowwo]) ay) jo pun, uljjuel] uag 3y wolj sjueid £q yed ul pajtoddns sem }Iom Siy],

sjuawBpajmousydy

oz SMBSA] 9140041419 uewny w0ty payrind uiqojowsay
-094[8 °'y-uou jsureSe pasiel saipoquue [BuUOjOUOW Y)Im joraIoUNWWI
Il'm (Snpisal suisA] e je pajedA|d si ose )1 ssoqun) 'y qy Jo Yy qH

Sl SNOILVYVda4d NISOTDOWHH 40 AVSSV NIXOLOANd [0l

syt LT S Ty CBOH o ope LIgtiii b S ihand

_« 9H "'V qH 10u 1nq "uigojdowayods|s Mly-uoN (s "3i4)

:«-Wﬁ: ul pajed (3 uiqojsoway fiin 10 %y qH Yitw £ilanoeal jo
pue *(pysijgndun) >y qH ynm Ajanseslounwwi dy1dads smoy
91400441435 urWINY [RWIOU WOl pajeost 2y qi jsureSe pasiel
Apognue _.wco_oo:oE 19yjouy “IsLLIed dusfounwiwl ue o} pI|

uonisod o:__w» [eulway-N 43 Je o410 1 pajed4|3 sem apndad ay

uiqojdoway 3y}, Jo snuiwia) N dyj 03 Suipuodsaiiod siun proe o
-A9s pastidwos yeyy opndod snayiuds pojes4|d v suede posied

SAIPOYHIUE [RUOOOUOW Y)IM JoedIoUNWW! [jim ‘uiqoj3owayodi|

10 ‘% qH *“'v qH % "'V qH 10U Inq **'V UIGO[FOWIY ;) BLIA)
J99W O} WodS 2IMBII| Y] Ul pagLIdSIP SAIpoqiiue om], "SIns
-u0d Avw surjoad (Pa1R0A[3) 19410 Ylm 10 ulgojSouay (PaiedA]
£)1A110821-$5040 asnedaq ‘uiqojSoway ul adonda pajedk|3 1uead|s
oy1oads 2q Isnuw saipoqnue, oy 1. Ajund 119Y) JO UOnEWIYLOd pu
-edaid ulqojgowayoo4|3 jo :...&EE:; 10J pasn aq ued uiqojsowdy
oulwe AUISA] 3Y) Y)M 10 INPISYL JUI[RA [RUILIDI-N 3Y) Y)im oFey
-019Y Ul 980N|3 1M JANIRII $IIPOQLIUR [RUODOUOW dYIddds A

N\ m:m:oj

|, ’aAneIjuEnb aq jou Aeu
JWH ‘19A0MO0H "u1qo|30owdy0d4[3 °'y-uou 10y Jowe)d) jo jow
aary Aew pue ’'y QY J0j Jowououw ureyd-g jo jour/jow j }sed| n
B 9AY pInoys yoym ‘uiqojdoway jo u_EcEEI JO sojow se p
a1t s}nsay -oanpasold sues dy) 0) voﬁuo,.E:w Oy qH isuede pa
pinoys sojdwes ‘sanjea adueqlosqe 2m>o_w/>_w:o::% Aew ulq

Y31 3Y) uo § pue g $9
S1 1auiouow ly uiqoj3oway yiim JUd)SISUODd (MOLIR) puBq 2A{)dB3I0UNLIWI S{SUy!
‘g aupf Py qH ‘4 suej ‘uiqojSowayos4|3 Ay -uou ‘g aue| "W qH ‘T aue; ‘prept
Iejnosjopy ‘1 aue "(3y3u) 'y qH surede Apoqiiue jEUO[IOUOWYESY T YIlm Pl
I3JSURI) 3SO[N[[3D011IU pUR (3}3[) ¥IB|q OPIWLY YNm paulels sisaioydoad3)a [28-sgs

S v € ¢ |

[S] SNIGO'IOOWIH NVIWNH 40 NOILLVZId3dLOVIVHD



(1L61) 8EL *8L "PoJN "uND "qu] [ *A[ *AdUBRA "N “H puB ‘UIAd] “f f1adoo) g °f,
(OL61) €06 ‘61 “YLiowap vl "quoay] ‘Sueg ‘g "J Pue ulAdg °f

ey} 1s3) TV 9Y) JO UOISIIA pPIjLWOINe ‘dAljeiuenb e si (uonezusuw
-K10d uyngeoo 0} pajejal) A)1pigin) Suiseardul Jo JusUIdINSEIW dLjowojoyd
-0133ads ‘pundag "SUOIBIIUIOUOD JO 9FuL 19PIM B I9A0 UIXOIOPUI INSBIW
Ued JNQ JALISUSS 2JOW SAWO03q AJUo Jou jey) Aesse aanenjuenb e se
uonoeal uole[dd TV Yl asn 01 9]qissod S J1 |(A)1SO3SIA pIseaIdul pue
uonenodoy) $age)s 3unjofo Jalpies Jo uoniugdodal ayl Aq *210wWIdYIN] ‘uon
~RIJUIDOUOD UIXOJOPUD JO JUDWINSLOW 9s122.4d 210w € ap1aoid o) pazijyn aq
ues uone[ad o awi) [BNn1dR Y] ‘uonIppe uy ‘uonesynuenb 1ayjnjy ureiqo
0] SUOIINJIP O SJLIAS B Id)Je PIISa)al 9q ued desA| ay) (o3 Jry) sojdwes
*JJoInd uoneasd ay) uey) $$3§ 10 191RIF 19K1IS 2q 0) PaUIULISIOP 3q ued J[d
-WES UMOUYIN UR Ul UOINEIIUIDU0D S oY) 210J21aY} puk *(UOHEIIUIIUO0D
JJono) owin poajddjas ay) uIylm [93 pijos B djeIdauad 0) paanbal g4 Jo
UOIRITUDOUCD [RUIIL 3} SUIWIDIIP 0} A|SnoIa3ld PazLIv)orIeyd udaq sey
desA| ay ], (¢ ‘81,1 pur | 9|qe],) |23 juadnjsur} ‘pIos € Jo ucneIduds 10}
PaAIDSqO pue 1y | A[edidA) ‘oWl JO JUNOWE poxXy 10} /¢ 1 JoY)1ado)
paregnoul aue (Juo3weal pazijiydod| 10) 91esA] JO JWNJOA [[Rwus A[Jejiuis ©
pue (7 (g ¢'8°3) 9|dwies 1537 JO JQwNjoA [jews € ‘Aesse siy} uf ‘suoneddde
[RIDIWIWOD 10Y)0 pue Fulinjdejnuew I10j pasn Apjuanbaly si jey) 159} e}
/ssed 10[2-138 ay) Jo s1seq aY) 1 (]38 p1jos & Jo uoneurio) uoneas I1sif (I
d[qe]) Aessr "}y aY} 10 pazijlin uaaq dAry sjutod pud JUIIJIP UYL,
98URI A)IAL.i0S 13SSI] B U)im d)esA] e Suisn 7 ‘31,4 Ul umoys sl
UoHRIIUSOUQ M UIXOJOpUd pue uoneldad jJo sajel usamiaq diysucneyas ayj Jo
sidwrexs uy | "(Jw/3u (o] 1ses| 1 0) |w/3d | woij *3'3) d8uei opim A1
B 12A0 SUOIF-1}U3JUO0D UIXOJ0pUd Ajiuenb 0) pasn 3q uBd UOHBANDE TV
JO 9je1 9Y) puR . ‘UOIEIIUIDUOD UIX0)OpU 3Y) 0) [euonitodord Aj19311p )
ssa00.4d s1y) Jo ajel 9y ], ‘193 ® JOo uonewuo) ul unjnsal sny) ‘unndeod jo
uonezuswA|od £q pamojjoj st awAzua guno)d 4q uingeos o} usfongeod
Jo uonearnjoe 314[09)014 ‘usdondeos uidyoad 2]qeII0D Y} SIABIPD YoIym
‘owAzus 3ur;o[d ‘osedjolrd sunas ayuisdAay e Jo uorneanode jusnbasqns
3y} 0] SpBI| HUIX0JOpUS Aq 9peISEd uonenieod Ty Y} JO ucHeAlDY
"UIX0j0pus dYIdads e Jo A)Anoe [ed13ojolq
3y} uo spuadap osje ANanisuag ‘s8ues s Iod weiSojwdy Ay) ui
urxojopud Ay nrenb 0) 9ANISUSS AJUdIOYINS 9q AW Ty T JO Sayveq dy1oads
ydnoye ‘qw/3d o1—¢ A[eard4) si syuasea: Ty T Aq 9jqe10919p UIXOI0pUD
JO uoneNUIdUOd wnwiulw 3y 1, (qf ‘S11) v pidy pue ‘opueysoesijodody
payund Ay3iy (V1 "3L1) [fem [[93 [e112)0B] ) YIM PIJRIdOSSE §4 T dANeU
‘apnId 10919p UBD puR UIXO0JOPUS JO UOIDIIAP Y] 10} S[qe[ies’ A[JUILIND
Aesse JATISUDS JSOU ) ST 1S9) TV QYL "SIOIAIP [edIpaw pue ‘sinip
Jeidjuaed ‘sping SNOUIABIIUI U UIXOJOPUQ 103[UOU O} PIsn SI A[JUSLIND pue

LL SNOLLVYVdd4d NISOTOOWTH J0 AVSSV NIXOLOANT [9]

“(Z861) 01 ‘1 (‘1ddng) “s1q
ppfuy cf pupag Cp 12 PPYISIONY YL g wolj uotssiueiad Yum padnpolday sdnoud jAoe
Aney pue ‘asoulqere <smuejouvyiajAloydsoyd ‘jAroydsoyd yim paimnsqgns auoqyoeq pi

-eysdesIp auiuresoon[3-a paxul-g* |-¢f € Jo sisisuod uoniod v pidy} srgoydoipAy ay ], ‘apHeyd

-seskjododi] jo uonsod apriyddesAjod syiydospAy ay) uLIo] IpLIEYdesOTI[o 310D snijd uieyd
syvads-Q 9y) Jo siun upuaday ()jououivg) spueyooesijodody) JO 2IMIONIS SBWISYIS
(@) "ou] smaIAay [EnuuY A£G 0661 © ‘65 TIOA ‘Lusnuayd0lg Jo waioy pnuny Yy woly
‘uoissiunad Yim paonpolddy pioe 2IH0SO[N20-0UUDL-a-AX0P-f *OUN MmoE.::_ouawow:o
_,u\,.co_#u::.:__:oz COGIAL “spudijoydsoyd Jo speay aejod ) Judsa1dal §3[OI) ‘SANPISAL
JeSns jordap $a[uridas pun S[RA(Q) "AURIGUIAUL J2INO Y} JO uotod [eUIAIXI 9Y) ul .vuzuc_
st apueyddeskjododiy “adofaaud Yo " 3yl Jo uoneyuasaidal sprwayds (V) 1 "o14

pioe Ajie} (AxoupAy) ueyo-Buo| * e
‘suielouByld * v tajeydsoyd ' @ ‘apueyOcESOUO O

apueydoesiiod —

[y oywads-0

SUIR0Id —e wseidokd .
BT T YOMLUEL T A —
coanoudsous—=J 3 5 DUNED ) B U EUBAE LY 8 14

Oan .S S 2o B33

.igz.a

uuod

wselduad

ueokibopnded —* +e————— uiajosdodi

Ran

aueiquaW 1BINO

dap — opueydoes
asoyday iododn
210D

BINO

OB

NN
LU
NN

LR
[

uabyuy-Q —

[9] SNI19OTOOWHH NVHNH 40 NOILVZIdILOVIVHD 9/




(6861) YOE “PII "P2JN "W "qu] “f ‘1Y9g "S PUB ‘WA [ Y0y ] Y L

"T861 HOA MIN SSIT Y uely "g6] d

('SP “AYSHAON [ ], PUE ‘UIADT [ ‘UOSIEM "M\ °S) .89 AIeSAT] 21K00QaWY SHpwT
SU1 Yilm UONDI3(] H13) pUR SUIXOJOPUF,, 1} ‘WEIS[IIWN "V 7] puk ‘souy] ‘W ‘Jof1aqu] -d 5

"(T661) 86¢
*POT "WOYI0IG "OUY TOSIEWRINK “H PUB ‘BINWIY "Y ‘AGIUBY ‘| ‘RPRUL A ‘RWWOH Y ¢

"(3AIND pIRpUR)S © ©'9°1) UIXOJOPUS PIBPUR]S B JO SUOHRIIUIOUOD JO SILIIS B
Aq paonpouad 1ey) 03 uoneAnsE Ty Suneldl pue spoyjaw PaqLIdSap daoqe
oY) Jo Aue yyim Aj1anoesl Ty T ) Suluiuwieyep Aq paynuenb st ojdures
€ Ul UIX0jJOpu?d JO UOeluaduod Y], ,"OpAyspeWeuUIdOulEBIp ylim uagd
-~OWOIYD 3Y) JO UOHRZHBALIIP YIIM PIADIYOR 3qQ UBD ST JO SUOTIEHUIIU0D
13MO] 10§ AJIANISUSS [BUONIPPE ‘pazinn St ABsse TV dddowoayd ay)
31 (S 814 pue [ 3jqe L) Anplqin) juonbasqns oy) sajelouasd jey) asesjord
3y) 10 Aesse oaneinuenb ‘pajewoine ue 1oy siseq ayj i , 9seajoud ayj 10y
2)e11sqNs d[u330IoNny 10 D1UIZOWOIYD € Y)im painseaws A|jeaid4) si pue juap
-uadop UONEI1IUIIUOD UIXOIOPUD OS[E SI YdIYM “AIIANOR JWAZUD gumop jo
UONRIIUF JO 9)el dY) JO JudwAInNseaw dLdwojoydosdads ‘pay, ¢ "PaqLIos

o AMANDE dNRWAZUS 3Y) JO UOHDNIP
duawojoydosdads dy) ut ulgojBowsyiaur 1o uigo[dowayAxo £Q 20Udi3d)uI SZIWIUIW
0} ‘WIqo[3oWwaYAx0qIed 0] UIGO|FOWY JO UOISIFAUOD Aq paznundo aq few wu gy e
Ananae ankjopiue Jo uonsajaqy pauniopad 5q ued wiu gop e duBYIOSqE Ul aseaIdul
JO 91ed 2y) Jo sisAeue SHdU 10 ‘Ul (¢-(] ‘32 ‘ajedisqns owagowoys jo uonippe
19)e 2wy paxy € j¢ poUnLIaIep 3G UBD WU GOy 1B UBRGIOSQY WU §p I8 ANANDER
SnAJOpIWE Jojuow puk ‘9'g—g'L Hd ‘W §'0—GZ'0 ‘(UIPamg ‘[epujojy ‘wnnip 1qey)
€TYT-S 10 TTTT-S 21ensqns d1uaowolys Jo 7 07001 PPe UdY) ‘Ui og—0] 82 *,/¢
je awn plepuels 2 10y JUMXIW Ty T-H.AS 241 djeqnoutaid ‘Aesse duagoworyd 104 (p)
(wu gog) sdueqosqe dujawoloydosydads ul asealdul 10)uow
1o Ajjesrnawopaydau 3urisyeds WS1| ul asealoul I0jUOW ‘Kesse JHBWIPIGIN) 104 (9)
(QuD12YyNS SI UOHEIUGIUOD WIXOIOPUS JI) W) UOHEIST 10j A[SIBWNIN pUE (A}SODSIA
PaseaIdUl ‘UonEMIO0Y AAr3Y ‘UOnE[NOd0Y Neam) safueys uole(aSeid 1oy siealaiul
Ulw-0g 01 -G 1B UMXIW JY) IAI3SQO ‘A}ABISUIS pIsealoul Yiim Aesse uonejad 104 (q)
1y | 89 ‘ouy
PIEPUEIS E 12 |33 Dijos & Jo 9ouasaud ay) J0J INIXIW JY) IAI0SqO *Aesse J0jo-}o3 10 (®)
:SMO[[o} & uoneAndE 7Ty Jo sjutod pud JOJIUOW pue /£ J8 SAUNIXIW rqNOU] p
9AIND piepue)s oY) 10§
(§-D9 10 6g:560 02 "7 ¢*3°3) apureysdesAjododi] 90ud1aJ21 UOWWOD B uizin paunuia)op
Ajsnoiaaid usaq sey yorym Jo ANANISUSS oy ‘(T ) NeSA| d4d0qowe snpnuiy jo 11 os ppy ‘¢
S[jam 2ie[d J9)10101UW O[LIAIS
10 53qn} 153 SSE(F 2JBIN[IS0I0Q 2L-UIXOJOPUI JAY}Ia 03 HAS JO sjonbife [r-o¢ 13jsuel 1T
(A1032%351)ES AjjRnsSn Si ‘spiepue)s pazinn AJUSLIND Uo paseq ‘uixojopua ju/8d (1 >) 9215-ul
~X0J0pu2 3q 01 pAIUIWNIOP A[snoladld ssemonseld B[LIS)S AZI[IN 1O “(3Y ¢ * 08]) alemsse[d
I1e 189y ‘pakesse aq 0) djdwres HJS 3Y) OJul PONPOLUT 10U S UIX0I0pUd JBy) 2INSUd O], °|

HS 40 ST1dWVS NI NOLLVNLNIINO)) NIXOLOAN
40 NOILVOIJLINVAQ) ¥Od LSA], LVSAT] TLADOHINY SAMULT 40 FONVWNOAU]

1d74VL

6L SNOLLVYVdIdd NISOTOOWHH 40 AVSSV NIXOLOANA [9]

-9p U33q SeY OS[E A}ISOJSIA PISBIIOUI JO JUIWAINSBIW AQ UOHBIIUID
-U0d UIXOJOpUd JO UOHRUILLISISP 10] POyl pajewone uy “(p ‘81,4 pue |
3|qe L) Juapuadap-uoeniuaduod UIX0JOpud It yoiym ‘Surianess ydij ur
aseaodul jo ajes yuanbosqns pue pouad Fej onsLI9)oRIRYD 9Y) JO ISN SAYRW

“[+aysignd ayy jo uoissiuiad 3y gim (1L61) 8E1 ‘8L PO HYD
g L A taeudepn N CH puB ‘uiad [ ‘49doo)) " [ WOo4)] SUonBIuIdued uixeopud
JO 38uel OpIM B ISA0 UONEIUIIUOD WIXOJOpUd 0} jeuoiiiodold d1e sawiy uoneRN * /€ 1
P21BGNOUL 2J9M UIXOIOPUI W () PUC 2)BSA| S#jtu)] (W |°() SUIUIRIUOD SIINJXIW UOHBQNOU]
“SUIXOI0pU3 ([]) D)a1sqary pu (i) 202 * AQ 9)es K| 2)A20qQaWE £ JO LONEID) “T "Dl ]

(seinuiw) ewn uonejen

0608 0/, 03 05 O 0 02 O O
R T T 1 1 T T T | | 10000
b ﬁ
1000
|
\ | = ,
. ] &
4 [+
. =
. z |
qi00 £ |
Q
3
Jio
| R
.
) doi
HOH_ SNIHOIDONWTH NVIWNH 40 NOLLVZIYALOVIVHD w\n




6L61 IOL MIN ‘SSIT Y Uely €67 "d *(*spa ‘v 12 ‘ulaa] [ ‘Bueq g “J ‘udyod
“d) . (epynuiy) qel) 30Ysasio Iy} Jo suonedyddy [edipawioly,, ul ‘OjNSBWO] Y d ¢
“(9L61) 1€1 ‘p "pupIS “joig “f ‘3uof 3p "X pue JIMPIOON uea °f

*SIUU0 WO 31]0$014D I3Y10 10 [BlId]eW JURIGUIdW 9)AD0JY}AL0 JO sjunowe
ajqididou suiuod jey) uigojdowsy payund sajeudisap (HAS) uiqojdoway aij-Bwong ,

“urxojopus ju/dd o=
paurejuod jey) suoneredard uiqojdoway payund Areqiuis om) Aq paydie
10U 'Sem JIAIJ SBIIIYM ‘0na 11 PAdNPOId sem 19A3) ‘04110 Ul 1S9} Y] 9Y)
03 Suip10dde urxojopud jw/3d go]= Surueiuod suoneiedaid uiqojSoway
32441 10j 1RYy) pojrisuowdp svy ,Ulqo[dowdy sa1j-ewod)s Jo suoneiedaid
aAY Jo shesse $9) usagolAd qqes yiim *A1ojeloqe] Jno ur pawao}idd ‘uIxo}
-Opud 10 SAesse 153 d)Ad0qQawe smuuir] JO UOSLRAWOD) ., UIXOJOPUD
10J sAesse o.j1a w1 (9ANISUSS SSI| Yy3noyj[e) JOYI0 Auew Ylm pue ‘Is9)
ua8014d jigqua 9y} ‘UIXOJOpUd 10j ABSSER 0a1d Ul PIZIPIEPUR)S Y} YNm
JudwWaaIFe pood ul AJjeloudad ase s)nsal ayf [940]F 2de sjusfear Ty
[BIOISWWOD uowwod Juisn sajdwes a1edijdal 10J (AD) UOIBLIEA JO SIUSLD
-43202] s1qronpoiadalt pue (Jy g—| uiynum payajdwiod AJjea1d4y) pides si 1s9)
TV Y1 Yiw ojdwres B ul UONEIUIDUOD UIXOJOPUI JO UOITBUILIDIA(

‘[s1oyine ay) jo uoissiwrad Yy yum *(7861) £6L ‘T6 (04y0])
WO L TRMIN T PUR ‘RINWREN 'S ‘edeuem] 'S ‘BILOW "I, ‘Iynzng-epeleH |, wolj)
2A119831 §$3] apnjluSews Jo s19plo Aurw 21e SIPLIRYIIESAJod SBAIYM ‘WU Gp I8 9DuBQIOSqe
ul 35B3JOUL JUIPUIIP-UOHEAUIDU0D © donpoad sUIX010pu?d jelraideg “(yNd) suljueonu-d
221} Aq wu gpy 1B Ioueqlosqe Y) Sunnwiiadp Aq paynuenb sem (awhzua umopd
smimwiy £q djensqns ayy Jo o8eara(d) A)anoe asepiuy ‘auiugodiu-d-31y-A|H-naJ-[eA
-[Au0qiedAXx01nq-14a; 3)RIISqNS J1UZ0WOIYD 2] JO UOHIPPE Y} AQ PIMO[0] ‘D18SA| SHpnurT
0] pappe alom (§—9) sapureyddesAjod 102 ;7 pue (§~[) SuUIX010pu3 oo * jo suoneledslg
‘UIXO0JOPpUS [BLI9)J8Q JO UOHIPPR I33J€ 9)BSA| $7)AUIT UL A)IATIOR ISEPIWIE UI 3SBIIOU] G DI

(jw/61) Boj uixojopuz

o0 b o
T T 1
e g0
° v ‘w.ﬂ
0CH o J20
<
> o Z
32 o
3 or 170 §
8 osl . 8
3 190 »
2 e
3 o8f {g0 &
w P =
- & 3
oot | .
{01
i 1 i 1 1 1 1 1

i8 SNOILVYVdddd NIGOTOOWIH 40 AVSSV NIXOLOAN3 [9]

‘{asystqnd ayy jo uoissiwiiad
oyl yim “(0£61) £06 ‘SL PN CHID "qUTT [ T19SQ 'S Y PuR ‘O[NSRWOY Y “d ‘UlAdT [
wolj] A31piqin} PIsealdul Jo djel JY) Ul Isealdul pue pourad w«m_ 3Y) ul 2sBAIIIP Judpuadap
~UOIEIJUIDUOD ¥ S| 313Y) ‘UIXOJOPUD JO SUOLRIIUIIU0D 13431y 1y ‘Buld))eds Jy3i| ul aseardoul
[enpeid’e Aq pamo|jo) poliad e [enurRISqns €SI aIdY} *SUONBIUIIUOD UIXOJOPUI MO] 1Y "IAIND
yoea Jo doj ay) je pajudipul sI ANXIW UONRGNdULl Yyourd ui uoNEIUuIdUOD UIXOJOpud dYj,
*Kjjesrnawolonyojoyd painseaw sem (Anpiqany) SuLidjeds Jydi pue /¢ je pajeqnoul 1am
SOMIXIW Y} “9JBSA| SHJHIUIT Ul 6°() O) PIPPR sem (w87 $—¢(0° () UIX00pua 1j0d " W |
13}V "UIXO0)JOPUD [E113)08( JO UOHIPPE Ja1Je djesA| suyniurg Jo A)Ipigin} ul asealduy “p ‘014

UIXOJOpU® JO UOIPPE Ja}je SaINUIN
0, 09 0S oy 0€ 02 m 3 4]

| WS S VAN RN NN NUN JINURY SN ENUN N D VN S

0
]
g
-S¢ =
3
o
®
]
o
05 O
R 3
. G
° =
SETAR
g
Rulw.

- 001

S00°0 G000 G0t 9§

[oU] ‘SUOS put AdIAN UYOL JO UOISIAIP © ‘SSIT-A3]IA JO uolssiuiad yum
pauLIday "s861 1YBLADOD ¢h IO A MIN *sSIT Y UR[Y *gg] d'('P3 ‘UYoD "M) . SAIRIGAIIAU]
SULIBI\ JO S[]2D) poold,, ¥ ‘uiAd7 [ wolj] (1y3u) |93 pijos ‘onbedo ue sowod3q AesA} 2y}
¢,L€ T8 UOHBgNOUL PUR UIXOJOPUI JO UOIPPE IV “(1J3]) PINY SSILI0[0D ‘Ied|d © SI Ajjeniul
9)esA| snpnwy uIXolopud {elRORq Aq djesA] jAd0qawe snjuwry Jo uonedn ‘¢ oI

. — 5 e 2o Soaa s

[9] SNIHOTOOWAdH NVWNH 40 NOILVZINdLOVIVHO 08




(1661) £05 ‘61 “jouyrs0tg
pozijiqowaay “sya) fily omworg ‘asiaay [ puv ‘uvwideyd "m Y ‘mopsuim W Y a
(T661) 9L1 ‘61Y "pow "uyD "quy 1 ‘MO[SULM "W Y puR ynwg ‘f g 1
(0961) €T “TAT "Pop "dx3 [ ‘Yorjlamz “m pue jouef 'y

"(9861) TEI ‘80T ‘Pow
YD DT L TWIOE T Y PUR "AUSdID 1Y [ CYNWS T (L AR UL Y auum L D

'3'1) olwadolhduou jo ssoj pazijeoo| B JO }|nsal oy se $1nd20 suoneiedaid
UIqo|30WIaY JO UOHBUIUIRIUOD UIXOJOPUD ‘Ajuowwio) -ogeis Aur e 1220
UEd UIXo10pus |RjuswuolIAud Aq uiqojdoway jo uoHERUIWRIUOD asnesaq
‘$s3001d uononpoud ay) jo days youa e PIpUAWIWOd3l S1189) Y] 941 Yum
urxojopus 1oy uohenfead uy ‘/ ‘3i,] ul pajussaid aue uonesyuind syt jo
soge1s snowrea je jonpoid uiqojdoway ayj jo pue (uononpoid ulqojgoway
0} Joud) smeiedde uononpoud sy jo 3unsa) Ty Jo synsar ‘9 ‘Siq ul
Pajudsald si [, S Jo uonesyund 10) Swoyss MO[J PAIBIAJIGQR UY " A[SNOIA
-21d paqudsIp se ‘(HJS-199q) ulqoj3oway dd1y-LWoONS [Payull-sso1d
detewny  (JAd1jesowoqip-¢*¢)siq]  payipow Ajedsnwsyd jo uononpoid
341 Jo Suniojiuow [0uod Ajenb 1oj pafojdws usaq sey Junsay Ty

uonodnpold ulqo[3ows jo BULIONUOJA [013U0D) Ayend)

*onsId
-13U4s aq Aew g7 pue uiqodoway jo $3NI2IX0) [enudlod ay) ‘uonippe uj
"RIWAX010PUd FuidusLadxa s1 uiqojdowsy jo aidioar oY) Jo suixojopua
[EHI10Rq ia pajeuiwR)uod dae uiqojdoway jo suoneredaid Jipaseaudulaq
PInom ulqojdoway Jo A1101x0) jenuajod ay) ey 3uisuidins aq jou pjnom
1! ‘uojod ay) o} adewep o yooys ‘F'o ‘SIOUBISWINDII YOns Jopup) “jual
-d1931 pastuoidwod Aj[ed13ojorsAyd ‘sjqejsun Apeafe ue 0} palajsiunwipe s
UIqo[30WIaY ;1 JSONIUBW 2IOW JWO0I3q Aeu Y21y Jo awos ‘s30a))9 1ed13ojo
-1sAydoyied 1uazoyur saey Aew uiqoj3owaty jey sreadde )1 * A1eluwns up
"ulqo|3 ueYy) ISYJRI SWAY Y}IM PIIRIDOSSE Sem Ananse yuemgeosoad
JO uonejnuus *sa1pnis 3say) uf 19935 wAnIppe ue Judnpoid SdT 1100
DIYo13YI$H Hue HAS JO UOHBUIQUOD 3Y) YiIm “S[[9 Je3pdnuouow jqqel
pue uewny Yroq Aq (103oej anssn) A31anoe Juejngeosod Jo uonerouad sy
PRIB[UINS i 10 HAS JOYID ‘04g1a U] " UIX0)OPUS JO suoneiedaid jonuos
JO uonenswuripe sy 4q sjqqes ur pasnpeid ussq PeY Jey) uonoedl uew
-Ziemys pazijesauagd oy jo uononpouid pue A)enow %08 a4} pajusaaxd
uIxojopus Je119108q yim (*OS9,) oI SnoLIgJ Jo uoneqnaul 3y ‘Ajjesixop
“BIE{ 5, "OUOE: PIIAISIUILIPE UIYM YJBIp asned jou PIp 18y} H4S pue uixoj
-OpUus Jo sa3sap je sjiqqel jusididal up ajer Ajjejiow %001-0¢ & psonpoid
ulxojopus pue H.JS JO UOHEBUIQWOD 3Y) Yolym ur Apnjs e ul pajersuo
-lIap SeM OS[t WISIZISUAG "UOHOBAI URWZIIEMYS P3zije1auad ay) jo uonanp
-01d pue uixojopua [eLs}oRq Aq uone|ngecd poojq Jo UOHEANIIE JUB)NSAI

€8 SNOILLVUVdIdd NIGOTOOWHH 40 AVSSY NIXOLOAN3 [9]

“(£961) S8Y ‘LSY “34ng "uuy ‘SPOUASY 'S 'H PUB ‘anbivfi] *d 2iem A D WA S TN

(PLOLY LYS ‘L OO [ Uty *AQSOLD "H "M PUe UOS|IM g "D ‘10122d§ ] °f
"(9861) 1T1 ‘801 "PoW "ui1D "qUT "[ ‘uyog g ¥ pue ‘uniep

f7H O9A0NEN L T "RUIPIW “ "YUMW [ " *AUdAID Y [ “ARMN [ 'V 'AUMYM L D
(6861) 60T ‘CF SuDIIQ “fi1y *01eZIUR] "D "d PUB ‘UL, Y "URLIYSL] (] ‘IUOWIS [ ‘Bjod ] "W

(6861) 081 ‘PST "PosY "IN 'OIAONBIW "I pue "13d0oo] "L ‘SR 'H 'd

"(8861) 112 ‘991
121SGQ *J0IULL) BN g Tumequdsey (O pue Ul ] Y foseziue) ) "d "lUoWIS [ ‘w03 ‘W
(1661) TSI 9 pooyg ‘uvwydi] "D "H pue “juelf "y ‘N ‘puelg ‘1 [ a
“(8L61) €L “€T YL JOIDWLDYJ "UILD *PIOWIY "] *f PUB “YRIg [ '1200Q [ ‘AysiiaeS m N
(6Y61) 69 ‘1 joissiy g cjddy cfropoyy W D pue SSBUILUAL [ [ 'UOSIdQWY Y M

Yim ‘uiqojdoway yiim WaisAs [eIjaylopuaoinailal ay) Jo apeydo|q 3q o)
PaAdI[3q Sem {Ieap JO WSIUBYIIW dY]J, 4, S[[90 PoO[q past JO sisAjouray
Aq paonpoid uiqo|3owdy Jo uonRjos B Yiim uondunfuod ul pasgjsiunupe
udym Ajeiiow 4001 © ul payjnsal ‘SGop ul Aol ou pasned $|13d poo|q
Pal 108Ul YIIM UONRUIGUIOD Ul 10 JUOR I2YJ1d patdjsiuiwpe uaym jeyl
‘(npunadf viysLIIYIST) BIISIORA JO ISOP vV "SJT JO ANDIXO] 3Y] SIdUBYUD
uIqo|30WaY Y] IDUIPIAD OS] S1 .19 ‘U1qO|3owdYy Jo A}IDIX0) 0a Ul Y]} JO
Quios 10J o[qisu0dsar aq 0} sieadde vONEUIUITIUOD UIXOJOPUD Y3noyljy

;17 98ewiep uedio jewiyouated yum 10
uoNRNIL0d JBNOSLARIIUL PIJRUILIISSIP JO 20UIPIAD AIOJRIOQR] YlIMm pole
-1008S 10U Sem POo|q PIzZA[owdy Jo uoisnjul Aq paonpoid elwauiqojdoway
,wo:::m jBUIluE 10410 Ul ‘JIAIMOY] ,, Uone|NZeod poojq Jo $1$3) ui $al)
-fjpwiiouqe Jo ddudsqe oy ddsop pur ‘spidijoydsoyd 10 §4T 91qe10919p JO
JDUISYR dY] U§ ‘UIGOTOUIdY JO UOISNjul JD1Ju PIAIISYO UI0q ARy epdnb
-3s [eodidojoyred Jofew ‘sioutayling . "S[|90 [RI[3YIOPUI UBWINY PAININD
wolj suexoquioly) pue (10308} anssiy) Ajaioe juendeosold Jo asesjal
Yy ‘oana ur ‘pasned S 10 spidijoydsoyd sueiquiow ylim pajeurure)
-u0d uiqojdoway ‘ApewiIg ,,"991) UIX0J0pUd 3q 0} pauodal uiqojdoway
JO uonensiIIWpE UIMO[|0] PIAIISGO 219M $FTUERYD 9$AY) JO SWOS ,"SP!
-dijoydsoyd pa1sa) 19y}0 0} 1SBIUOD Ul ‘Sjigqed ul §ieap 3onpold 0} umoys
alam yoym ‘ounasjApneydsoyd pue sutwejourylsjApneydsoyd jewions
Jo dduasaid ayy 03 Med ul pue §4T [BIUDWUOIIAUD JO 90UdsaId ay) 0) Jied
ur anp sem AJIdIXO], ., "98ewep jewrAyoudred dIWIYIS] pue ‘SISOqUIOIY)
jueynsal yum uonejndeod IejndSeABIUl PIjeUlUASSIp ‘19Ad) 2onpoid
0] UMOYs ud3q aaey uiqojSoway jo suoneredard ‘saIpn)s [ewiue AWOS
u] ;,"P2qUIOSIp Ud3q dAry Os[e aw unsedoquoyy [ented ay) jJo suonesd
-uojoid pliN ;' PRqLIOSIp U3d(q Sey Mo vwuse|d [euas pue d)el uonenjy Jej
~NISWO|3 Ul 9SBIIOIP B PUB ., PIAIISQO A[UOWIWOD U] dARY BIPIRIAPRIQ
pue uoisualladAy ‘suewny ojul pasnjul uaym sjodfje [eardojoisAydoyred
donpeid 03 partodal udaq aaey uiqojdoway jo suonnjos aind A|qeriep

uiqoj3owal Jo AIDIX0] 0AlLA UI 0} UIXOJ0PUH JO UOKNGIIU0D)

[9] SNIHOTO0OWIH NVIANH A0 NOLLVZIYILIVIVHD 8




juswdinbs wWoluy uIXOj0pUd JO [BAOWI JEY) PUB SIJBLNS JO A)aLrea apim
€ 10J A)uyje 3uons e sey uixojopud jey) aziugoosals o) juepiodwi st )1

sanbruyoda y, uoneuadosfdeq

"UOIBUIWERIUOD UIXO0JOPU? JO
POOYI[aY] 2y} ZIWIUIW 0} $3INpad0l1d diskq [BIOAIS 3qQLIOSIP IM ‘UOIOIS
duimo[oy ay1 ur ‘a10)213Yy) ‘1onpoid uidloid [eUY JY) WO} UIXOJ0PUD JO
[eaowal pajdwalje ueY) [BOIWOUOII PUR JUIIJYJS 210w Jej s1 uigojfoway
JO uoljeulBIUOD UIXOJOPUd JO UONUIAJL] -ulqojowdy payund ay) jo
uoneulUEIuCY JuINbIsqNs Yum ‘UiXojopud Ylim PIJeUIIBIUOD 9q ARW
[el19jewW Sui.Ie)s Y3 93MINSUO0D Jey) SIIAD0IY1A12 Y} JBY] PIAISSqO dARY
os[e am ‘(sjuade FuIyUI[-SSOID 19310 10 g Yim Sunjulj-ssold [eslwayd
Aq uiqojdoway jo uonezijiqels ¢*3-2) suonendiuew sjduwes 10 sjusdess jo
uonippe 2yl smojjoj Ajjuanbaly uiqo[30WdY JO UOHBUIWEIUOD UIXOIOpUI

days uonen
-Uu3duo0d [eul oY) JULINP PUE BWOI}S JO [2AOWDI 3Y) BuLINp PaLINdI0 anbiuyd3) 921J-UIX0J0PUI
Ayl ui syealq Jey) sajedipul siyy, “1onpold paddeq |euy oyl ul pue ‘H.JS PIILIUIDUOD Jo
djdwes e ul ‘9)8jua)al SUBIQUAW WY~ () Y} Ul PIJIIJOP AIIM UIXOJOPUS JO SUOHBIIUIIUOD
YS1y A[2ANE[1 JRY) 10U ‘xx PIBPURIS CHIGCO € OO " ue uo paseq ‘s ‘(HAS—A44Q)
ulqo[3oway  331)-BWOHS  PINUI-SSOID  JO  UONN[OS  PIIBUIWIBIUOD-UIXOIOPUS UB  JO
uoponpoud 3y Juumnp sdays patoa|as pue A)|1dej uononpod ay) Jo Sunsey Tyl L "014

+.00€ lonpoud jeul HAS-489Q pabbeg
..001t H4S Pajesuasuo)
ot H4S sledy sueiqew BQX-00S
0l ejejusjas eueiquew eqgx-00S
+.001 (ewouss) ejejusles esueiquew wr-iQ
ol H4S eleswised sueiquew wn-1°Q
1> sisf| {80 poojq pansod uiqojbowusH
1> )UE} UOIBIUSOUOD JO 8SUN IBIEM
1> suelqWeW BQXY-0L JO BSUl Jejep
V> euBlqWSW wi-1'Q JO 8sul 1ejepm
1> 1eyng ejeydsoyd wnipos
1> S||80 POO|q PBl PejesusduUs)
1> jUE} YSEBM WOJ) S||ed poojq pey
1> 3uB} YSem wol} |QeN
1> suBiqWew wr-Gp'Q JO BSUL J8JeMm
1> )UE) JO Osull I8JemMm
700y 5471 JTdAVS
¢ SNOILVYVdIdd NISOTOOWIH Jd0 AVSSV NIXOLOANT [9]

ygnoyipy Apuaioyyo poysidwodsoe pue payoreoidde aq pinod dajs oyidads
9y} 1B 9}B)S 921J-UIXOJOPU UE JO JUIWYSIRISIII ‘paynuapl Apes[d sem
UOLJBUIWEIUO0D UIXOJOpUd ay) 10) d|qisuodsal a)1s ay) asnedaq (L "8ig)
umoys si sageys ajdnjnuu je sapdwes Jo Junsay Ty Aq pai1odap sem jey)
uoneuIweIuod $s3201dpiwl © Jo ojdwexs uy "SuonIpuod (331j-UIXojopus

“RILIOJIR)) *0ISIdULL,] UBS ‘OIPIsSAI] dY ], ‘Ydieasay jo
IMINSU] AWy UBWLID)OT TUOISIAL(] YoIeasay poojd 3yl £q pazijiin jey) Jo uoneoyiiduwis ® si
awayss uondnpoud siy) tuiqojdoway 9aj-euions jo uononpoid 10j weidep Mo ‘9 ‘014

(H4S-4880) uiqo|bowey 88uj-BWONS PAYUI|-SSO4D ||} BjL8IS

T

ajelooe stabuly uum p'2 Hd oF ebueyoxs leyng
T

uoljeJjuaduod/uonieijjljed)in egiy -0t
1

uoneijlBIIN BAY - 00§
T

uonesyy wi-p0
T

S3d3aH uim 0'6 HA 01 isnlpy
T

(488Q) eiesewny(jfoiesowoiqIp-G'E)Siq Uim uiqojbowey Yul-ss0ID
T

uiqo|Bowey sjeusbAixoaq
T

UOI}BJUBOUOD/UsHBIJBHIN BAX- O
T

uoniexjyenin eQgxy-00s
1

uonesi|y wr-yQ
T

s||82 poojq pes 8sh]
T

slied poojq pes o} YOdHEN PPV
T

Slieo poojq pal 0} 19BN %60 PPY

[9] SNIGOTDOWIH NVINH 40 NOLLVZINALOVIVHD 8




o T8O1 HOA MIN “ssI] Y uely C|og °d
('SPa "ANSUAON "f "L PU¥ "UIAT] “f ‘UOSIEA "M °S) .89 SeSAT] Ahooqawry sujnugy

243 M UONJ)D(T 412y} puk SUIXOJOPUY,, I “BWENY “Y PUL ‘eynSjeINY ‘Y ‘BWwoy Ay

. "TB61 HOA MIN 'sSITT Y uvly 'g9 °d ‘(*spa
ANSHAON “[ "L PUR ‘WIAD"] [ *UOSIEM "M °S) .18 dIesAT] 9Ad04dWIY SHpmIYT Y)Y Yim

UOLIRIIR( 1134} pue suIX0jopu,, u! *Yeqqe(] "y PUT ‘Uoyog [ *A1eap “ ‘| ‘uosieag ') Ay

6L61 DHOX MmN "SSI] Y URlY “ggp *d ('spa 10 uiaa] [
‘Jueg "¢ ' ‘usyo) 'g) ,,(depynuwiry) Qe 30YSIsIOH ayj Jo suonedddy
[ed1pawolg,, 11 *A112quasang) "d pue ‘sufly g WA [ *sapory ¥ "o w
(0861) OV ‘P91 "pPopy “joig “dxg 208 “d04q
TUIADT] T pUR THOZZRY A IUI[3210d TV PadyRm ‘Y pPnppeys Y Y,
"(L861) 11T ‘so1
SPOHI2JY Jownmuay “f CUosSIM g "D puR ‘yoMAd[N) ‘f 'Y ‘sndaey] g L y
(SL6D) €€ “0F “jorqony “jddy ‘suug ‘v 4 pue
UIISUDOH " H *SIPM "V I ‘ZUMIYDSIUBI *f [ ISHIP[RYIINY S °d
(6961) TP “TOY “Jounttug £ 3mupPW *) ' .
PUBRTO0A [ "V "MAAY S ‘umorg 'S W CardueH g W fousyds Y r,
"(1861) €£€6 ‘09 "S0Y "I [ *SIZUSYA(] VY "] ._\
(6961) 6901
'L6 TJOMIIING L TYIRYPIY Y ([ UL CIqn) Y RN D Y "BMIN W
‘€L61 ‘0dedIy) *ssaug
03edIy) Jo “amuf) ‘6 "d *("spa ‘jom ‘WS pue ssey CH ) . sopueyd
-ousAjododin aidey,, vl ‘feydisopn () pue ‘uowls W LIIPJOJUISOY )
‘1428191 "L CH "usuNuInN (W ‘UUBYDTY CA ‘souvjen ") 7PN Q)
0661 "WEPIdISWY “4dIA3s|q "¢ ‘d ('spo
13[821Z [ "y pue “aezndg f 1 ‘AUIOMON V) |, SUondRaY uIxojopuy jo
s)oadsy JuIno3jOW pue ten|a)),, w ‘SWERHIM "L PUv ‘RUUDDMNOW "W "L
IR Y N AYSIAON [ L 'sneq "F LA [ ¥ WSuAueA Y N
H{LL61) 1T ‘8K1 "Jounwau] *r *uosiiow ) ‘q pue sqosef ‘W (] ,
(9L61) €18 ‘£ Susnuayrounuy 'sqoduf "W (] pPUt UOSLLIOW ‘D .,
"(8L6Y) TTS *p1 “1u] Soupry ‘suvdg ‘Y pue UOSIIPUIY M T
"(LL61) T8E ‘pE
101qOI “uodlauz “jddy ‘uos|aN T 1 pue ‘o110 ‘I ‘1oupeams f Y »

uonejad Ty Aq [eAOWAI UIXOjOpUY

uonednjuuaden|

aprsoueifdoon|3-a-g-|£150 yum uonerdossip urjosd~-urxojopuyg
uondiospe ajejjns wnieg

apUpAYUE D1UIOINS Ylim UONBIANY

apixotad uagoipAy 4q uonepixQ

sIsjopAy diseg

sishjolpAy poy

ursjoid 3ulzijennau-urxojopus

po g uixAw£joq
uonenyenn

T~ N~

R L

R
8]

REN| anbruyoay,

SNOLLNTOS 40 NOILLYNIDOYAJI(] ¥0d STNDINHII],
11 974VL

L8] SNOILVYVdIdd NIGOTOOWHH 40 AVSSV NIXOLOdNT [9]

T86L HOA MIN SSI] Y UREY T59¢ td (Spa ANsIAON f
"L PUB “UIADT] [ "UOSIEA "M\ °S) 183, 2IBSAT JAD0QaWY SHIHIUIT Y)Y YHM UONDINR( .S
112y} pue sulxolopud,, Ul ‘anyeuo( ‘O pue ‘uoyog [ ‘vosiedd ‘D J ‘Aedm d W
(0861) 8¥11
‘0p "101QOISIY "uosiaug “ddy A101S TH pur "uosaed ") *f dnyeuoq D CA1om H T
"(8861) 6LPE1 ‘€9T Wiy oI L YINADN [ Y PUR "UOSINIR ")) °f ‘SBIQO], °S 'd
..7904) uddolAd,, wia) ayy asn o) sjendoaddeur Ajjeotuyday s§ )
‘1891 usdouAd piqqes ay) Szin APunNnod J1a3uo] ou satwedwed jeannadeunieyd asnedagy .,

31 TV [RIDIBWWO)) .- SISBQ JYSIom ® U0 d|queLIBA A[9pIM dle SUIX0)
-OpUd SNOLIBA JO ‘Oqa Ul puw 133 Syl 34 ul Yloq ‘sanianse jesidojoiq
ay) asnedaq ‘wNiptw 13d (1) SHUN UIXOJ0PUd 0] JUIpIOdde pouyap st
PIOYSalIy} UOHEIUIDUOD UIX0J0pus 9jqeldadde oy, "SUoleljuaduod uIxo)
-0pud moj Ajajenbape jJo unsa) Ty ] AQ UORIUSWNDOP IpN|OUl SuoKele
-daid snouaaenui 10§ V4 24} Jo syuawaainbai jo1uod Ajijenb 1onpoig
‘Juipuiq
Aylugje AQ uixojopud dA0WdL 0} pasn pur pazijiqowwl ate suidjold 3ul
-puiq-SdT1 2S9Y) UOYM SUOIIN|OS WOLJ UIXOJOPUD JO [BAOWI 10§ SIseq 2y}
spraoad Aew “suidyoud Fuipulg-uixojopud Jo Apwej paziu3dodal v wolj
suigjoad Jayjo jo Ajjenuajod pue ‘(uisjoad Swizijesnou-urxojopus ue 10
g uixAwfjod :3'3) sooueisqns Juipuig-opueyosoesAjododyy Jo asn oyg,
‘uonodnpoad uiqojgoway 10j partodar uddq Jou sey spoylaw sy} Jo Aded
-1JJ9 9Y) ysnoyije (I 9jqel) paqLiIdsSOp uddq dARY SJUIWILAL Yyons Jo A1
-LIBA Y TUOHEANIBUDP [EDIWOYD JO SUBDW AQ UIXOJOPUD 3A0WL 0} 9[qIssod
9q Avui )i ‘pajodlep SI UOHRUIWBIUOD UIXOJOPUd JO 32IN0S B UdYA\ "UIq
-0|3oway jo uoneioudd 10) snjeaedde oy} Jo osn 0) aolid paysa) v Appuanb
-asqns pue $3}1s 3sayy) y3noayj passed 3q pjnNoYs SUOIIN|OS YSem 210JaIdY)
puUR ‘UONRUILEBIUOD UIXOJOpUD JO 32IN0S B 9Q OS|¢ UBd SdUBIqUIdW pue
SI9)|Y SUIf-U] *PaIsa) TV 3q isnw uiqojdowdy jo uonjdonposd Juunp pasn
aremonseld Aue ‘snyJ "UIXOJOpud JINJBUIP O) JUdlOYINS Jou SI jeay 07}
‘Jom 9sNBIIQ ‘UIX0)JOPUI JO OB INSUd 0) djenbape jou SI ANjlI31S "pooOjq
3y} Jo udwainoold JuLinp palinodo pey uoieuIBIu0d OU Jey} YsIjqeisa
0] P31s3l 7TV 39 pInoys uigojdoway jo 221nos uriels ay) Se pasn $3)AD
-0JYlA19 9Y) pue ‘UIXOJOpPUS JAOWAI O} saurlquiaw By 00]—0] Ysnoiy)
P31y 9q Aewl SI9Jjng pue SUONN[OS "UIXOJOpPUS djeAldeul 0) (1Y p—¢
10J ,00Z-08]) 2amerodwa) Y3y je pajeay 9q Jsnul SIdURIUOd [e)owW pue
aremsse|3 [je ‘uiqojoway 9a1)-uixojopua jo uonidnpoid ay) djqissod ayew
0], "WwasAs aanedau-Ty] e eiauad o) patinbas 9q Arwl uoNN[OS Yysem Jo
SAWNJOA UWNJOD 210Ul 0 O7—0] ‘S|dwexa 10j ‘suuinjod sydeigoyewoiys jo
958D JYj U 4, "92IJ UIXOJOPUD SWIISAS I19pual 0] palnbal aq Aew suolnjos
ysem JO sownjoA d31e] A[PWaIIXa y3noyje ‘uixojopus Jo [eAowal dy)
10} 9ATID91J0 Ud)JO SI (Isn snousaehul 10) patedaid asoy) se yons) suon
-njos Jadj-uIxojopus Ylm snjeiedde uononpoad oYy jo ulysepy “IMoYNp
Ajfesiuyoay aq ued jonpoid snousaenul Aue jJo uondnpold 3yl 10 pasn

[9} SNIGOTOOWHH NVIANH 40 NOILVZIYdLOVIVHO [ 1




-r

"(1661) EVT *ST Sup3i) “fity *oseziue) 3 g pue ‘OIS *f ‘gj03g N
‘ T861 HOA
AN ‘SSITT Y UB[Y 67 “d “('SPo “ANSHAON [ UL PUEB ‘WAL [ ‘UOSIEM "M 'S) LISIL
BSAT] 21A00GRWY SHpMUT IY) YIIM UOLDIAIIQ HIY) PUE SUIXOI0pUY,, U “UOSUNN " ",
*186]1 ‘A ‘AIANO0Y ‘Ya1uasdy pur uolenjeaq 3nic] 1o J2)ua)) *dsuedwo)) Jo 3dyO
Ji[end) 190NpoId pur JuLInIORINUR JO UOISIALQ ‘UOlRNSIUIWPY SNl pue pooy ., *sadlA3(]
E[BOIPA]N PUE ‘$10nPOI [ed180[01g *$SNI(] [B12UAILJ [BWIUY PUR UBLINE] 40§ 1S3 ], UIX0l0puy
pnpoid-puy Uk s 1S3 24esAT NA00qaWY SHpUIT Y} JO UOLEBPIEA UO JUIIPIND,, .

19419ym JuluLId}dOp 01 Alessadau 9q Aew )] “Junodde ojul uaye) aq pinoys
or Modal snoiaaid v ui pajdajap jou sem Yoiym 399119 JusWadURYUd .
-udr0d siy ], *(vg *814) uiqojFoway jo uoneIUIIUOD oY) 0} pajejal Apas
2Q 0} umoys sem uIxojopua payids jo uonodep pasueyus ‘uiqojSouws

-Jouuew §
~U3dap-UONENUIILOD ¢ Ul PISBIIdUl Sem i) uonR[NdO0y pue ‘|28 © wWioj jou pIp 9
smpary O3] [wy/3w o 10 § Jo 3duasaid ay) uy 1Y € 18 UONERE Yiim ‘Uil (9 19)JR PIAIS
Sem djesA| snjnwiry jo uonenasoy ‘O3 jw/dw ¢-g 10 10°0 Jo 2ouasaid ay) ui 10 ()
aduasqe ay) uy (@) (jwy/3w gg~jw/3r () D3| 2-UIXOJOpUI JO SUOIIRHUIDUOI SNOLM
aduasaid ayy w ¢,y e (JuiyBd i) UIX010pUd /05 “7 JO [W 00 Yilm pajeqnoul sem o._m_
esh| smpmury jw-0°0 a4, "OS] 4q urxojopua Jeriaideq 10y Anansear agesAp smnury
uonIqIyul (g) "urxclopus Jo uoneNUIdUGS a3 U 3sea1dUl jussedde ue ul $3jnsal sy J, “IQUUY
Juapuadoap-uonejLaduos & ul uiqojfoway jo UONIPPE 2} AQ PISBAIOIP Sem d)esA| snjnu
JO JWh uonEPn Ul (P Ul PIAIISqO sem NeSA] supmuiry Jo uonepd () :Bo_mo._«
Pappe Jo 3duasqe ayy uj “(juy3w go]-jw/3u (pi) uigojSoway 291j-LwoNs ooc-z_xc..o,
JO (@) suoijenuadouod snouea Jo asuasaid Ayl ul ‘L€ e (jwy3u gpf) Exoﬁovzu. .cc.i

QA1J-BWIOL)S PINUI|-SSOID JO $AIpNIS U] . "uonIqIyul puw JUsaWadUBYUD JO
puowousyd oy Aq pajedijdwiod aq Aew (UIXOJOPUD 10§ SIS} IYI0 I0)
$91 "TV'T Y} Yilm suonnjos uiajoid ui uIxojopus Jo uol}dajdp ‘payL
UIX0)0pUD pIepur]s (] JUd1nd ay) ‘¢-DF JO A1IALIDE 9} 0] pajejal oq ud
f PIepuE)s B SB PIJO9[3s UIX0J0pUd 3y} Jo AJyIAnoe 23] ‘A1essadou J[ enud
13]08q pue vwnel) Jofew Yim sjudied ul jovId)Ul 0] A9YI] 248 SUONN|OS
& ulqoj3oway pasnjul yoIym ylim Suixojopua paALIdp-Ing ay) 0] Jejlwis ose
o1e Aoy], "V pidif 10 ‘sainponays jended urxojopud ‘SUiXOjOpud Jd139YJuAs
3O [UI $0°0 Y pateqnoul Sem oldWes S1BSAl SH taocn: . 3 3 918 UBY) SUIXOJOPUD [RIUSWUOIAUD  3AIIRU,, O} IR[IWIS 3IOW A[[ROImayd
s R erope s o s e U0 AL (519 ol g et LS
- ‘9]qels JO 9SN 3Y) pUSWILODdAT am ‘[onjuod Ayjenb Jo sasodind 10j *ssgj
-9YJI9AON “SUIXOJOpUD |RIUSWILONAUD JO JRY) Wwod) Judlapip Apuedyiudis
- 9q Aew sIseq JYFiom © U0 AJIAI}ORAL Ty ] 1194) pue ‘Suix0jopu?d |uiusw
-UoJIAUS 31k uey) payund alow yonuw a1 (¢-)H *3°9) SUIX0JOPU 90UIIIJA
. PIEPURIS "9AIND UIXOJOPUD PIBPUR]S € WOIJ UIXOJOpU3 umoujun ue Jo
UONEIUIDUOD YY) JO UONBALIDP Y} Ul SD1JUILLIIDUN 3T 213Y) ‘pPUOIIS
2o UONRIEdD1d UIXOjOpUD piep
ue)S © 0] IR[IWIS A[LIBSSIO3U JOU AR pUB 1$9) 7TV T Y} AQ pPIUlliId)dp Sk
fsorouajod [eo13ofolq aane[al pue ‘(apueysoesAijododi] Yyum spioe s1sjdnu
_wcu ‘urdjoud ‘pidif [el19108q JO UOHIRIDOSSE JO JUdlXa ‘*3'9) Ajund ‘saroads
L JeLIo108q 0] pledar ul djqeuiea dIe uiqojSowdy JO UONBUNUEBIUOD ISNED
l'ed Jey] SUIX0JOpUd [eIUdWUOIIAUL "SANIANDR [BD1F0[01q 04710 Ul pUR $103)
uo TestdojoisAyd oaia up 113Y) Ul Yjoq S90UIJJIp Juedylusis sjensuowap
el SUIX010pUd JUAIdJJIp ‘1811, “juelrodui are suoijeiedaad uiqojdoway jo
1S3} UIXOI0pUd SUILIADUOD SUOIRIIPISUOD [BdIUYd3) SuiMmOo[jo} Y],

(lw/Buw) uoyenuasuod b Bo
¢ i 0 b e
1 i

L. 1l I

o

[=}
n

PO

001

!

=)

n
(uiw) awn voneNoooy

(lw/Bw) uonesuaouoo H4g 6o
m _— n_v b e €- b-
i 1 1 1 O

urqoj3owsl jo 3unsay, "TY’1 03 Paje[ay] Sanss] [ediuyda ],

T
(=
7e]

-00
' ¥ (VAA 243 Aq paquidsald se) asop uewny jewntxew/3y/Ng 0°§ = HuHj

urxo10pus 1jus1didal ayj Jo 1yJiom pue ajesnjul Jo auInjoA ay) o3 Suipiodde
QLIBA Jey) (JIWI] UIX0JOPUS 3Y) PAULId]) UOTBIUIDIUOD UIXO)JOPUS SjqemO[[e
I8 9ABY UOIIBIIOSNSAI 10] ulqojoway Se Yons SUONR[NULIO} [eId)udleg
Wiuowaanbal vy 2y Ajsnes sjonpoad uiqojSoway jey) sansud 03 Ayjiqu
anpoidal pue AJIAIISUIS JUIOYINS IJBIISUOWP ey} d[qe|ieae ate sjuade

1

o

v
(urw) swn uonejer)

002

S

v 0se

68 SNOLLVYVdddd NISOTOOWIH d0 AVSSV NIXOLOAdNA SNIHOTOOWEH NVINH 4O NOLLVZIYALOVIVHD ]88




(0L61) €06 “SL P "HID "qUT [ 119SQ) 'S Y PUT ‘OINSPWO] "V “d ‘WA [ x

‘UOnBNSIUNLIPY SUBIAIA dY) pue {YI[eaH JO SAIMIISU] [euonEN
‘AMAAIN 24} Wo1 701 £ M WeID YoIeasay SESOWIN 06 19QUINN YdTIW 1981U0)) YoIeas
-9y puewio) Juswdn[Ad(] pue YoIedsay [BIIPI Aully 'S N Aq ‘yed uy ‘paptoddng

z¢ SUIX0JOPUD [eLI)oeq
10J sAesse 1ay1o ur wajqoid paziugosal-jjom e osje si suiajoid vuuseld £q

16 SNOILVYVdddd NISOTOOWIH 40 AVSSY NIXOLOANd [9]

sjuawdpajmouydy 3

.r

H0661) €51 “9TT "PoJV "D g0 " TWIADT " PUR *UIADT "D " ‘1o | Y

UIX0jOpu? JO UOI3d310P JO UONIQIYUY | "UIXOIOPUD JO UOIID}IP pUER A13A0D31
18 [NJSSaONS SB JOU e INQ pajeniead uadq aaey ‘sanbluysay sanepixo
p1oE pue uondRNXd WOJOIO[Yd 83 ‘spoyjow juawiean vwseld 19y)Q
‘6 "8I Ul UMOys st ‘uoljezi[eljnau 10)qiYul 10J poyjow Juneay/uonnjip e
duisn paAdyoe 1839 s1 ewseld ul §47 JO UoNdPp Ty T ‘sioiqiyur ewserd
Jo uoneziennau Idjje AJuo paziudodar 9q ued BHUIXOIOPUT | 'SJT JO
HOM23J2p Y1 MO[[E 0] POOIQ JO JUdWIRAL INOYIM paysijdwiodoe aq jouued
uoisnjul uIqOFOWIY puR BIWDXOJOPUI JO SIUPNIS 0ala Ul *dI0JO13Y) ‘pue
‘poojq ul urxojopu? Jo uoljedyluenb Jo/pue UOI)III3P Y) Ylim I211d}ul 0)
Umoys Ulaq sey os[e uonIqIYu] ‘uonenuaduod NI 03 pajejal APdalip 9q
0] UMOUS Sem UIX0J10pud payids Jo uondsjap Jo uoniquyul ‘uynqojs-A jo
doussaid oyl uy ulnqoj3-A 10) gg ‘514 ul pajRIISN|jI SE ‘SN SNOUIARIIUL 10]
suonnjos urajoid swos Ym wojqoid paziuSosal-jam © SI 0sje 189} TV
AU} Ul UIXOJOPUd JO UOIIIIIIP JO UOHIqIYu] "SUBWINY O) uoHENSIUIWpR AQ
Ajreniuaas pue “1s3) uadoiAd 31qqel ay) £q 10 SABSSE UIXOJOPUS 0ala U] 194}0
£q pajenieas usaym Jueasjal A|jeordojorsAyd si ‘jusuraduryus 0} AI1EpuoIIs

PaJBAD[D U23Q JARY ABUI YOIYm ‘UIXOJOPUD JO UOHB.UDU0D Judtedde ay)

UIXOJOPUD [RLIIIDRQ JO U0} JUdpUddIP-UOIIBIIUIILOD Ul PI}NSI (@)
ewse(d Jo 3uneay pue UONN|Ip seaLYM (O) ewskjd pajeanun ul pajd3)ap J0U Sem UIX0I0pUd
PaYjidg wu g0p 1 paInseaw sem YN pases|al Jo adueqliosqy ‘poppe sem 7zze-S drensqns
J1UAZOWOIYD UBY) puUR ‘Uil (f 10) /¢ 1B PIJRQNOUL ‘9BSA] SHpnwi] JO W GO0 O} pappe
a1om Apjuanbasgns sajdwes ewse[d Jw-gg 0 YL ‘paieanun alam sjonbije Iy ‘unu o
10 ,§9 1€ pP3jeay pue |DeN JV $1°( 924)-UIX0JOpUS Ul P[oJ-(] PIAINJIP 21am uay) sjonbife pue
‘(Jw/8u gf 0) [wy3d | WOIJ SUOLBIIUIIUOD [RUY) UIXO)OPUD 1O " Yim payids sem ewseld
UBWINH "UonEANIRUII0NGIYUI SUIMO][0) BwSE(d Ul UIXOJOPUS [B113)0Bq JO UO11D13(] 6 "I

(jw/6d) uonesuaduod uxojopuly

0000} 00014 0ot ot !
L A -
G- ——— o
-20 2
174
(=]
o
70 8
8
=
-90 S
3
3
80

T
-

[9] SNISOTOONWAH NVIWNH 40 NOILVZIYALOVIAVHD 06




ALAYASH ET AL.

IBS, 17, 399-402 (1992).
Apestien, N. Levinsky, and C.R. Valeri. in
R.R. Gever Eds), Vol. 16, pp. 227-235.

W Brinklev. I Appi Phvsiol (in nress)

-2 Red Cell Substitutes. John Hopkins

- Winsiow. S.M. Snell. A Zegna, and M A.
17, 143-134(1988).

~der. L.A. William, and J A. Walder. Proc.
- (1987)

s.and C. Fronticelli. J. Biol. Chem. 264.

ok of Methods for Oxveen Radical

i I e L A R A S R AN L)

2ress. Boca Raton, pp 137-141 (198%)

:elligent Laboratorv Svstems 1, 39-70

"clobins and Myoelobins in Their Reactions
Amsterdam (1971).

-antis. and H.R. Halverson, Biophys. J

“ier. and H. Mizukami, Biochemistry, 26.

“‘ochemistry 23, 4104-4113 (1986).
159163 (1985).
- (1991).

-nd B.A. Freeman, J. Biol. Chem.266 (7

ART. CELLS, BLOOD SUBS., AND IMMOB. BIOTECH., 22(3), 387-398 (1994)

TOXICITY OF HEMOGLOBIN SOLUTIONS: HEMOGLOBIN IS A
LIPOPOLYSACCHARIDE (LPS) BINDING PROTEIN WHICH
ENHANCES LPS BIOLOGICAL ACTIVITY

Robert I. Roth and Wieslaw Kaca

From the Department of Laboratory Medicine, University of California
School of Medicine, and the Veterans Administration Medical Center,
San Francisco, CA 94121

ABSTRACT

Administration of aa-crosslinked stroma-free hemoglobin (SFH) as a
cell-free resuscitation fluid is associated with multiple organ toxicities.
Many of these toxicities are characteristic of the pathophysiological
effects of bacterial endotoxins (lipopolysaccharide, LPS). To better
understand the potential role of LPS in the observed in vivo toxicities of
SFH, we examined mixtures of SFH and E. coli LPS for evidence of
LPS-SFH complex formation. LPS-SFH complexes were demonstrated
by three techniques: ultrafiltration through 300 kDa cut-off
membranes, which distinguished LPS in complexes (87-89% <300 kDa)
from LPS alone (90% >300 kDa); density centrifugation through 5%
sucrose, which distinguished denser LPS alone from LPS-SFH
complexes; and precipitation by 67% ethanol, which demonstrated 2-3
fold increased precipitability of complexes compared to SFH alone.
Interaction of LPS with SFH was also associated with markedly
increased biological activity of LPS, as manifested by enhancement of
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388 ROTH AND KACA

LPS activation of Limulus amebocyte lysate (LAL), increased release of .

human mononuclear cell tissue factor, and enhanced production of
cultured human endothelial cell tissue factor. These results
demonstrated that hemoglobin can serve as an endotoxin binding
protein, and that this interaction results in the alteration of several
LPS physical characteristics and enhancement of LPS biological

activities.
INTRODUCTION

Stroma-free hemoglobin, a preparation of purified human
hemoglobin, is being developed for use as a cell-free resuscitation fluid
[1-3]. In order to stabilize the protein's tetrameric structure,
preparations of stroma-free hemoglobin have been covalently
crosslinked between the protein chains. «a-crosslinked stroma-free
hemoglobin (SFH) is a modified hemoglobin, crosslinked between the a
chains with bis(3,5-dibromosalicyl) fumarate, that demonstrates
prolonged in vivo retention. SFH has excellent oxygen binding and
delivery properties, as well as an adequate half-life, and therefore is a
potentially ideal “blood substitute”. However, in vivo administration of
SFH has revealed significant problems of toxicity, including
hypertension and bradycardia [4,5], a decrease in glomerular filtration
rate and renal plasma flow (6], mild prolongations of the partial
thromboplastin time [5] and fever. In some studies, administration of
SFH has resulted in activation of the complement and coagulation
cascades [7-9], disseminated intravascular coagulation with resultant
thrombosis {7,10,11], and ischemic parenchymal damage {7,8].

Many of the reported toxicities of SFH infusion can be explained
by the known consequences of endotoxemia, and the presence of LPS in
preparations of SFH utilized for in vivo studies has been documented
[7,9]. Therefore, a contributory role for the observed in vivo toxicity of
SFH has been proposed for bacterial endotoxin [10,11]. Previously,
SFH and LPS have been shown to produce synergistic in vivo toxicity
[11], and we have demonstra:ed that SFH is capable of enhancing the
procoagulant activity of LPS in vitro [12]. We hypothesized that SFH
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binds LPS, and that the interaction between these molecules could alter
the biological activity of LPS. The present study was designed to
determine whether complex formation occurs between SFH and LPS,
and evaluate the ability of SFH to alter biologic activities of LPS.

MATERIALS AND METHODS

Reagentg. Sterile, 15 ml Falcon tubes were obtained from Becton
Dickinson (Mountainview, CA). Sterile, endotoxin-free water and 0.9%
NaCl were purchased from Travenol Laboratories (Deerfield, IL).
Glassware, Glassware was heated at 190°C in a dry oven for 4 hours.
Hemoglobin. Human SFH, crosslinked between o chains with bis(3,5-
dibromosalicyl)fumarate as described previously {13,14], was provided
by collaborators at the Blood Research Division of the Letterman Army
Institute of Research (BRD/LAIR), San Francisco, CA. SFH was 9.6
grdl, pH 7.4, 95.4% crosslinked, 96.3% oxyhemoglobin, 3.2%
methemoglobin, and contained less than 0.4 EU/ml endotoxin
(referenced to E. coli lipopolysaccharide B, 055:B5, Difco Laboratories,
Detroit, MI), as determined by the Limulus amebocyte lysate (LAL) test
[15]. The SFH stock solution was stored at -70°C , and then diluted
with sterile, pyrogen-free 0.9% NaCl prior to use. Carboxy-SFH(CO-
SFH), produced by incubation of the SFH solution with CO, was at 9.6
g/dl, 95.4% crosslinked, 95% HbCO and 5% oxyhemoglobin. Purified
non-crosslinked human Ay, 8.4 g/dl, also provided by collaborators at
BRD/LAIR, was prepared by ion exchange HPLC of purified human
hemoglobin, as described previously [16].

Endotoxin. E. coli 026:B6 lipopolysaccharide (LPS) was obtained from
Difco Laboratories (Detroit, MI). 14C-LPS (Salmonella typhimurium
PR122(Rc)) was purchased from List Biologicals, Inc. (Campbell, CA)
and was resuspended in endotoxin-free water at 1 pCi/mi (1 mg/ml).
Limulus amebogcvte Ivsate (LAL), Amebocyte lysates were prepared
from Limulus polyphemus (the North American horseshoe crab) by
disruption of washed amebocytes in distilled water (15,17].

Chromogenic Substrate. Chromogenic substrate S-2423 (AB Kabi

Vitrum, Molndal, Sweden) was the gift of Dr. Petter Friberger.
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Chromogenic Limulus Amebocyte Lvsate (LAL) Test. 50 ul of sample

and 30 ul of LAL (freshly diluted 1:20 in 0.9% NaCl prior to use) were
incubated in tissue culture plates for 30 min at 37°C in a temperature-
controlled plate reader (Kinetic-QLC, Whittaker Bioproducts Inc.,
Walkersville, MD). 40 ul chromogenic substrate S-2423 (0.25 mM, in 25
mM Tris, pH 8.6) was added to each well, mixtures were incubated at
37°C for 5 min, and absorbances at 405 nm then were determined.
Ultrafiltration. Solutions of SFH, CO-SFH or A, were prefiltered
through an endotoxin-free 300 kDa membrane prior to use to remove
aggregated protein particles. SFH, CO-SFH or Ag (100 pg/ml) was
incubated with E. coli 026:B6 (W) LPS (50 ug/ml) for 30 min at 37°C.
Mixtures then were filtered manually with a 3 ml syringe (according to
the directions of the filter manufacturer) at room temperature, using a
300 kDa cut-off filter (ultrafree-PFL polysuifone 300, Millipore
Corporation, Bedford, MA). LPS concentrations in filtered solutions of
hemoglobin, hemoglobin and LPS mixtures, or LPS alone were
determined by the chromogenic LAL test (described above), using
starting mixtures of hemoglobin-LPS, or LPS alone, for the standard
curve. Hemoglobin protein concentrations were determined by the BCA
protein assay (Pierce, Rockford, IL).

Sucrose centrifugation of LPS and SFH. 14C-S. typhimurium LPS
(0.005 uCi) was added to each of the hemoglobin solutions (each diluted
to 10 mg/ml), and the mixtures were incubated for 30 min at 20°C.
Aliquots of LPS-hemoglobin mixtures, LPS alone, or hemoglobin alone
then were layered over 5% pyrogen-free sucrose and centrifuged at
2,900 x g for 30 min at 20°C, in a Sorvall RC-5 centrifuge (Du Pont
Instruments, Wilmington, DE). Scintillation counting was performed,
after samples were diluted 10-fold in fluor (Formula A-989, NEN
Research Products, Boston, MA), in a Tracor Analytic Liquid
Scintillation System (Tracor Analytic, Elk Grove Villaée, IL). For
samples containing hemoglobin, quenching of 14C.LPS by hemoglobin
was reversed as follows: 0.1 ml aliquots of fractions were diluted ten-
fold in water (to 1 ml final volume), and 1 ml Solvable (NEN Research
Products, Boston, MA) was added. These mixtures were incubated at
60°C for one hr, and then 0.3 ml 25% H9o09 was added.
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E recipitation of SF - T 2 ug SFH, CO-
SFH, or A, was incubated with 25 pg E. coli 026:B6 (W) LPS in
microtiter plate wells for 30 min at 20°C. Ethanol then was added to
each well (final concentration, 67%), and after an additional 30 min the
mixtures were centrifuged at 800 x g for 30 min. The concentrations of
hemoglobin in the sediments were determined by protein assay, and
LPS concentrations by the phenol-concentrated H2S04 method [18].
Mononuclear cell (MNC) tissue factor (TF) assay. E. coli LPS (100
ng/ml) was incubated with SFH (6 mg/mi) for 30 min at 379C. LPS
alone, SFH alone, or LPS-SFH mixtures were then incubated for 20 hr
at 379C with human peripheral blood MNC [19] and assayed for TF
with a one-stage coagulation assay [20]. A clotting time of 30 sec was
defined as equal to 100 units TF activity [21].

FEndothelial cell tissue factor (TF) assay. Human umbilical vein

endothelial cells (HUVEC) were obtained from Clonetics (San Diego,
CA) and cultured in media (containing 2% serum) obtained from
Clonetics. Cells were grown to confluent monolayers in sterile 96-well
microtiter plate wells (Nunclon, Applied Scientific, San Francisco). E.
coli LPS alone, SFH alone, or LPS-SFH mixtures were added to the
media in each well (final concentrations: 1 pg/ml LPS; 1 mg/ml SFH),
and incubated for 4 hr. Wells were then washed with media (x 3) and
the HUVEC were freeze-thawed (x 2) and sonicated in phosphate
buffered saline. To each well then was added normal human citrated
plasma and calcium (25 mM), and plates were incubated for 8 min in a
temperature-controlled (37°C) plate reader (Kinetic-QLC, Whittaker
Bioproducts Inc., Walkersville, MD). Turbidity was measured at 340
nm, and TF activity was calculated from a standard curve established
with rabbit brain thromboplastin (Baxter Corporation, Miami, FL). The
turbidity generated at 8 min by 1:100 diluted thromboplastin was
arbitrarily defined as 10 TF units.

RESULTS

Demonstration of 1PS-SFH complexes. Ultrafiltration experiments
demonstrated that 87-89% of the LPS in LPS-SFH mixtures was
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filtered through the 300 kDa membrane, whereas only 10% of LPS
alone was filterable (Fig. 1). This indicated that SFH caused the
dissociation of LPS into lower molecular weight particles.
Approximately 90% of the total SFH protein in each of the three LPS-
SFH mixtures, and from filtrates of SFH alone, was detected in filtrates
(data not shown). Utilizing ethanol precipitation, greater than twice
the amount of each SFH was precipitated in the presence of LPS than
was with SFH alone (Fig. 2). In both the absence and presence of SFH,
approximately 90% of LPS was precipitated by ethanol (data not
shown). Following sucrose centrifugation, 76% of LPS sedimented into
the bottom fraction in the absence of protein, whereas only 3-9%
sedimented in the presence of any of the three SFH preparations
(Figure 3). Conversely, only 3% of LPS alone remained above the
sucrose layer, whereas in the presence of SFH, 64-79% of LPS remained
in the top layer. No detectable SFH entered the sucrose layer in either
the absence or presence of LPS. Therefore, SFH decreased the density
of LPS, resulting in the co-migration of SFH and LPS.

Biological activity of LPS in SFH-LPS complexes. SFH increased the
biological activity of LPS in three independent assays. First, LPS in the
presence of SFH produced enhanced activation of LAL (3 to 4.5-fold)
compared to LAL activation by LPS alone (Fig. 4). Second, LPS-SFH
complexes resulted in 5.5-fold greater TF production by human MNC
than the TF generated from MNC by LPS alone (Fig. 5). Third, SFH
resulted in a 2.8-fold increase in endothelial cell TF production
compared to TF generated by LPS alone (F 1g. 6).

DISCUSSION

We performed experiments to determine whether SEH interacted
with LPS. Ultrafiltration demonstrated that the molecular weight of
LPS (typicaily >108 in aqueous solution) was reduced to < 300 kDa in
the presence of SFH, and that LPS and SFH co-filtered. Utilizing
centrifugation through sucrose, we showed that the density of LPS in
the presence of SFH was distinctly less than that of LPS alone, and that
LPS and SFH co-migrated. Measurement of SFH precipitation by
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% LPS FLTERED

LPS/ LPS/ LPS/
Ao SFH CO-SFH

FIGURE 1. Ultrafiltrati fSF . E. coli LPS was incubated
with SFH, CO-SFH or Ao, and the mixtures were filtered through a
300 kDa cut-off ultrafiltration membrane. The % of LPS filtered was
deter-mined by the LAL test. All three preparations of SFH greatly in-
creased the filterability of LPS.
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FIGURE 2. Precipitation of SFH and LPS by ethanol, E. coli LPS was
incubated with SFH, CO-SFH, or Ao, and the LPS-SFH complexes
were then precipitat-ed from the mixtures by 67% ethanol and
sedimented by cen-trifugation. Each preparation of SFH demonstrated
increased preapitability in the presence of LPS,
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FIGURE 3. Centrifugation of SFH and LPS through sucrgse. 14C S.
typhimurium LPS was incubated with SFH, CO-SFH, or Ap, and the
mixtures were then centrifuged through 5% sucrose. The distributions
of radiolabeled LPS were determined in top (T), middle (M) and bottom
(B) zones of the centrifuged samples. All three preparations of SFH
co-migrated with LPS, resulting in a decrease in LPS density.

LPS BIOLOGICAL ACTIVITY
- n w IN
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FIGURE 4. mﬂﬂmgm&mmmmﬁ E.
coli LPS, in the absence or presence of SFH, CO-SFH, or Ao was

incubated with LAL, and activation measured with a chromogenic
substrate. LPS biological activities in LPS-protein mixtures are
expressed as relative activities to LPS alone. All three preparations of
SFH resulted in increased biological activity of LPS.
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ethanol indicated that LPS greatly increased the precipitability of SFH.
Therefore, our experiments demonstrated that the physieal
characteristics of both SFH and LPS were altered in LPS-SFH
mixtures. These results are consistent with the formation of stable
complexes, and establish the ability of hemoglobin to act as an
endotoxin-binding protein. Because these results were observed with
unmodified hemoglobin (Ay) and CO-SFH (which was not susceptible to
methemoglobin production), as well as with SFH, we have
demonstrated that LPS-binding is an intrinsic property of hemoglobin.

The formation of LPS-SFH complexes was associated with major
changes in the procoagulant activities of LPS. SFH enhanced the
ability of LPS to stimulate coagulation via three independent
mechanisms: 1) direct activation of the proteolytic coagulation cascade
of Limulus, 2) stimulation of TF production from human MNC, and 3)
stimulation of TF production from HUVEC. Enhancement by SFH of
LPS procoagulant activity may contribute to the observed thrombosis
and ischemic damage associated with SFH infusion in animals [7,8],
and may also provide a mechanism for the Synergistic toxicity between
SFH and LPS reported previously (1 1,22]. Interestingly, other proteins
that are known to bind LPS with a resultant change in LPS biological
activity (e.g., mellitin [23], lysozyme [24], and complement [25] or the
polypeptide polymyxin B [26]) cause a decrease in LPS toxicity.

Our observations that LPS, when complexed with SFH, was of
much lower molecular weight and lesser density than LPS alone
suggest that SFH caused the disaggregation of LPS. In contrast to the
increased biological activity we observed for LPS that had been
disaggregated and bound to SFH, the process of LPS disaggregation in
plasma (resulting primarily from its interaction with high density
lipoproteins [27]), results in detoxification. It is possible that the
process of LPS-SFH complex formation might potentially interfere with
LPS detoxification in plasma. )
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ABSTRACT

Administration of puniied hemogiobin (Hb) as a cell-free resuscitation fluid is associated
with multipie organ toxicities. Many of these toxicities are characteristic of the
pathophystological effects of bacterial endotoxins (lipopolysaccharide, LPS). To better
understand the potental role of LPS in the observed in vivo toxicities of Hb, we examined
mixtures of Hb and LPS for evidence of LPS-Hb complex formation. LPS-Hb complexes
were demonstrated by three techniques: uitrafiltration through 300 kDa cut-off
membranes, which distinguished LPS in compiexes (87-89% <300 kDa) from LPS alone
190% >300 kDa); density cenmfugauon through sucrose, which distinguished denser LPS
alone from LPS-Hb compiexes: and precipitation by 67% ethanol, which demonstrated 2-
3 fold increased precipitability of Hb in complexes compared to Hb alone. Interaction of
LPS with Hb was also associated with markedly increased biological activity of LPS, as
manifested by enhancement of LPS activation of Limuius amebocyte lysate (LAL),
increased reiease of human mononuclear ceil tissue factor, and enhanced production of
human endothelial ceil tissue factor. These resuits demonstrated that hemogilobin can
serve as an endotoxin binding protein, and that this interaction resuits in the alteration of
several of the physical charactenstics of LPS and enhancement of the biological activities
of LPS. These findings suggest that a mechanism for the toxicity of infused Hb in vivo
may invoive potentiation of the biological effects of LPS. In addition, these observations
suggest a mechanism py wiich LPS-related morbidity during sepsis couid be enhanced by
erythrocyte hemolysis.

INTRODUCTION

Several studies have been conducted using cell-free preparations of purified
human hemoglobin (Hb) that were deveioped for use as a cell-free resuscitation
fluid (DeVenuto, Zegna, 1982: Sehgal et al., 1984; Winslaw, 1989). Preliminary
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experiments in our laboratory have suggested that human hemogiobin may have a
physiologically important interaction with endotoxin (lipopolysaccharide, LPS).
Previously, an association between LPS and Hb had been suggested by the observations
that in vivo administration of Hb produced the foilowing toxicities: activation of the
complement and coaguiation cascades (Feola, et al., 1988a; Feola, et al., 1988b; Marks, et
al., 1989), disseminated intravascular coagulation with resultant thrombosis (Feola, et al.,
1988a; White, et al., 1986a; White, et al., 1986b), ischemic parenchymal damage (Feola.
et al., 1988a; Marks, et al., 1989), hyperiension and bradycardia (Amberson, et al., 1949:
Savitsky, et al., 1978), a decrease in glomeruiar filtration rate and renal plasma flow
(Brandt, et al., 1951), and mild prolongations of the partial thromboplastin time (Savitsky,
et al.,, 1978). Since these toxicities can in large part be explained by the known
consequences of endotoxemia, and since the presence of LPS in preparations of Hb
utilized for in vivo studies has been documented (Feola, et al., 1988a; Marks, et al., 1989),
it has been proposed that LPS has a contributory role in the observed in vivo toxicity of
Hb infusions (White, et al., 1986a; White, et al., 1986b). Previously, Hb and LPS have
been shown to produce synergistic in vivo toxicity (White, et al., 1986b), and we have
demonstrated that Hb is capabie of enhancing the procoaguiant activity of LPS in vitro
(Roth, Levin, 1994). Therefore, we hypothesized that Hb binds LPS, and that the
interaction between these molecules could alier the biological activity of LPS. The
present study was designed to determine whether complex formation occurs between Hb
and LPS, and evaluate the ability of Hb to alter biologic activities of LPS.

MATERIALS AND METHODS

Reagents. Sterile, 15 mi Falcon tubes were obtained from Becton Dickinson (Mountain-
view, CA). Sterile, endotoxin-free water and 0.9% NaCl were purchased from Travenol
Laboratories (Deerfield, IL).

Glassware. Glassware was heated at 190°C in a dry oven for 4 hours.

Hemoglobin. Human Hb, covalenty crosslinked between a chains (aaHb) with bis(3,5-
dibromo-salicyl) fumarate as described previousiy (Winslow, et al., 1991; Chatterjee. ¢!
al., 1986) in order to stabilize the protein’s tetrameric structure, and purified no
crosslinked human Ag (HbAg) prepared by ion exchange HPLC of purified human Hb as
described previousiy (Christensen, et al., 1988), were provided by collaborators at the
Blood Research Division of the Letterman Army Institute of Research (BRD/LAIR), San
Francisco, CA. Hb preparations contained less than 0.4 EU/ml endotoxin (referenced to
E. coli lipopolysaccharide B, O55:BS, Difco Laboratories, Detroit, MI), as determined by
the Limulus amebocyte lysate (LAL) test (Levin, Bang, 1968).

Endoioxin. E. coli 026:B6 lipopolysaccharide (LPS) was obtained from Difco Labora-
tories (Detroit, MI). 14c.Lps (Salmonelia typhimurium PR122(Rc)) was purchased from
List Biologicals, Inc. (Campbell, CA) and was resuspended in endotoxin-free water at |
puCi/mi (1 mg/mi). Proteus mirabilis LPSs (smooth strains $1959 and 03; rough mutant
R110; and deep rough mutant R45 LPS) were provided by collaborators at the Institute of
Microbiology and Immunology, University of Lodz, Poland.
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Limulus amebocyte lysate LAL), Amebocyte lysates were prepared from Limulus poly-
phemus (the North American horseshoe crab) by disruption of washed amebocytes in
distilled water (Levin, Bang, 1964; Levin, Bang, 1968).

. Chromogenic substrate S-2423 (AB Kabi Vitrum, Molndal,
Sweden) was the giit of Dr. Petter Friberger.

ic Li 50 ul of sample and 30 pi of LAL
(freshly diluted 1:20 in 0.9% NaCl prior to use) were incubated in tissue culture piates for
30 min at 37°C in a temperature-controiled plate reader (Kineuc-QLC, Whittaker
Bioproducts Inc., Walkersville, MD). 40 il chromogenic substrate §-2423 (0.25 mM, in
25 mM Tris, pH 8.6) was added to each well, mixtures were incubated at 37CC for 5 min,
and absorbances at 405 nm then were determined. .

Ulafiltration. Solutions of Hb were prefiltered through an endotoxin-free 300 kDa
membrane prior 10 use o remove aggregated protein particies. Hb (100 pg/mi) was
incubated with E. coli 026:B6 LPS (50 ug/mi) for 30 min at 370C. Mixtres then were
filtered manually with a 3 mi syringe (according to the directions of the filter
manufacturer) at room lemperature, using a 300 kDa cut-off filter (uitrafree-PFL
polysuifone 300, Millipore Corporation, Bedford, MA). LPS concentrations in filtered
solutions of Hb, Hb and LPS mixures, or LPS aione were determined by the chromogenic
LAL test (described above), using staring mixtures of Hb-LPS, or LPS alone, for the
standard curve. Hb protein concentralons were determined by the BCA protein assay

(Pierce, Rockford, IL).

. 14C.s. typhimurium LPS (0.005 uCi) was added
10 each of the Hb soiutions (each diluted to 10 mg/mi), and the mixtures were incubated
for 30 min at 20°C. Aliguots of LPS-Hb mixtures, LPS alone, or Hb alone then were
layered over 5% pyrogen-free sucrose and centrifuged at 2,900 x g for 30 min at 20°C, in
a Sorvall RC-5 centrifuge (Du Pont Instruments, Wilmington, DE). Scintillation counting
was performed. after samples were diluted 10-fold in fluor (Formula A-989, NEN
Research Products, Boston, MA), in a Tracor Analytic Liquid Scintillation System

(Tracor Analytic, Elk Grove Village, IL). For samples containing Hb , quenching of l4c.
LPS by Hb was reversed as follows: 0.1 mi aliquots of fractions were diluted ten-fold in
water (10 1 mi final volume), and i mi Solvable (NEN Research Products, Boston, MA)
was added. These mixtures were incubated at 60°C for one hr, and then 0.3 mi 25%

HoOp was added.
In other experiments, aliquots of LPS-Hb mixtures, LPS alone, or Hb alone were

layered over a sucrose gradient (4-20%) and centrifuged at 52,000 x g for 4 hr at 200C, in
a Sorvail RC70 centrifuge and T641 swinging bucket rotor (Du Pont Instruments,
Wilmington, DE). After centrifugation, fractions through the gradient were obtained and

analyzed for 14C.LPS and Hb, as described above.

- i Hb (2 pg) was incubated with E. coli

026:B6 LPS (25 ng) in microtiter plate wells for 30 min at 4°C, 20°C or 37°C. Ethanol
Lhen was added to each weil (finai concentration, 67%), and after an additional 30 min the
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mixtures were centrifuged at 800 x g for 30 min. The concentrations of Hb in the
sediments were determined by protein assay, and LPS concentrations by the phenol-
concentrated H2SO4 method (Nowotny, 1979).

Mononuciear cell (MNC) tissue factor (TF) assay. E. coli LPS (100 ng/ml) was incubated

with Hb (range 0.6-60 mg/mi) for 30 min at 37CC. LPS aione or LPS-Hb mixtures were

then incubated for 20 hr at 37°C with human peripheral blood MNC (Rickles, et al., 1977)
and assayed for TF with a one-stage coaguiation assay (Rickles, et al., 1979). A clotting
time of 30 sec was defined as equal to 100 units TF activity (Korn, et al., 1982).

Endothelial ceil tissuye factor (TF) assay. Human umbilical vein endothelial celis

(HUVEC) were obtained from Clonetics (San Diego, CA) and cultured in media (con-
taining 2% serum) obtained from Clonetics. Cells were grown to confluent monolayers in
sterile 96-well tissue culture plate wells (Nuncion, Applied Scientific, San Francisco,
CA). E. coli LPS alone or LPS-Hb mixtures were added to the media in each well (final
concentrations: 100 ng/ml LPS; 0.1-10 mg/mi Hb), and incubated for 4 hr. Wells were
then washed with media (x 3) and the HUVEC were freeze-thawed (x 2) and sonicated in
phosphate buffered saline. To each weil then was added human citrated plasma and
calcium (25 mM), and plates were incubated for 8 min in a temperamre-controlied (37°C)
plate reader (Kinetic-QLC, Whittaker Bioproducts Inc., Walkersville, MD). Turbidity
was measured at 340 nm, and TF activity was calculated from a standard curve
established with rabbit brain thromboplastin (Baxter Corporation, Miami, FL). The
turbidity generated at 8 min by 1:100 diluted thromboplastin was arbitrarily defined as 10
TF units.

RESULTS

i Ultrafiltration experiments demonstrated that 97%
of the LPS in LPS- aaHb mixtures and 94% of the LPS in LPS-HbAy mixtures were
filterable through the 300 kDa membrane, whereas only 16% of LPS alone was filterabie
(Fig. 1). Approximately 90% of the total Hb protein in each of these LPS-Hb mixtures,
and from filtrates of Hb alone, was detected in filtrates (data not shown). Using 100 kDa
cutoff membranes, 64% and 72% of LPS in aaHb or HbA, mixtures, respectively, were
filterable (data not shown). These results indicated that Hb caused the dissociation of LPS
into lower moiecular weight particles. Utilizing ethanol precipitation, greater than twice
the amount of each Hb was precipitated at 20°C in the presence of LPS than was with Hb
alone (Fig. 2).. In both the absence and presence of Hb, approximately 90% of LPS was
precipitated by ethanol (data not shown). Similar 2-3 fold increases in precipitated Hb in
the presence of LPS were demonstrated at 4°C and 379C (data not shown). These results
suggested that Hb and LPS formed stable compiexes. Foliowing centrifugation in 5%
sucrose, 93% of LPS sedimented into the sucrose cushion (bottom fraction) in the absence
of protein, whereas only 9% sedimented in the presence of HbAg and 13% in the
presence of aaHb (Figure 3). Conversely, only 7% of LPS alone remained above the
sucrose layer, whereas in the presence of Hb, 87-91% of LPS remained in the top layer.
No detectable Hb entered the sucrose layer in either the absence or presence of LPS.
Therefore, Hb decreased the density of LPS, resulting in the co-migration of Hb and LPS.
When LPS-aaHb mixtures were centrifuged through a 4-20% sucrose gradient, the two
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% LPS FILTERED

LPS LPS/ aaHb LPS/A0

Fig. 1. Ultrafiltration of Hb and LPS. E. coli LPS was incubated with aaHb or native
HbAg, and the mixtures were then filtered through a 300 kDa cut-off ultrafiltration
membrane. The percent of LPS filtered, in the absence and presence of Hb, was
determined by the LAL test. Presented are the means and 1 S.D. of 3 experiments. Both
of the Hb preparations greaty increased the filterability of LPS.
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Fig. 2. Precipitation of Hb by ethanol. aaHb or native HbAg was incubated with E.
coli LPS, and the LPS-Hb compiexes or Hb alone were then precipitated from the
mixtures by 67% ethanol and sedimented by centrifugation. The quantities of Hb in the
sedimented material were determined by protein assays. Presented are the means and 1
S.D. of 8 experiments. Both of the Hb preparations demonstrated increased
precipitability in presence of LPS.
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100 -

LPS/aaHb

LPS alone LPS/HDbA o

Fig. 3. Centrifugation of Hb and LPS through sucrose. 14C-S. typhimurium LPS was
incubated with aaHb or native HbA,. These LPS-Hb complexes. or LPS in NaCl, were
then centrifuged through 5% sucrose. The distribution of radiolabeled LPS was
determined in top (stippled columns) and bottom (soiid columns) zones of the
centrifuged samples. Presented are the means of 4 experiments. LPS alone distributed
predominantly in the bottom zone. LPS in the presence of Hb distributed predominantly
into the top zone, indicating a decrease in LPS density. Hb remained in the top zone in
the presence or absence of LPS. Both of the Hb preparations co-migrated with LPS.
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Figure 4. Sucrose density centrifugation of LPS-Hb. 14C.LPS was incubated with
aaHb, and the mixture or LPS alone was centrifuged through a 4-20% continuous
sucrose gradient 0.4 mi fractions were assayed for hemoglobin by absorbance at 405 nm
(@), and for LPS by scinullation counung (O, LPS alone: A, LPS in LPS-Hb
complexes). The density of LPS was decreased in the presence of Hb, and Hb and LPS

co-migrated by density.

components co-migrated part way through the gradient, whereas LPS alone sedimented 10
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compiexes (data not shown). These resuits demonstrated that LPS density was decreased
in the presence of Hb, and suggested that LPS was disaggregated by Hb.

Biological activity of LPS in Hb-LPS complexes. Hb increased the biological activity of
LPS in three independent assays. Firsuy, LPS in the presence of aaHb produced

enhanced activation of LAL (33-180 fold) compared to LAL activation by LPS alone
(Fig. 5). The enhanced LPS biological activity was most prominent with the smooth

N ' .
0

R4S  PR4S+HD A110 R1I0+HD S1969 S198B+HD O3  O3+HD
LPS PREPARATIONS

Fig. 5. Enhancement of LPS activation of Limuius amebocyte lysate by Hb. LPSs
from P. mirabilis isolates (deep rough R45, rough R110, and smooth $1959 and O3)
were incubated with LAL, in the presence and absence of aaHb, and relative LAL
reactivities were determined. The reacuvity of each LPS alone has been normalized to 1
in order to compare Hb enhancement effects. Presented are the means of 8 experiments.
Hb dramaticaily enhanced the biological activity of each LPS.

Proteus LPSs $1959 and 03, aithough substantial enhancement was 2aiso demonstrated
with the rough (R110) and deep rough (R45) mutants. Enhancement of the biological
activities of these LPSs also was observed with HbAo, and the enhancement effect of each
Hb was concentration dependent (data not shown). Secondly, LPS-aaHb complexes
resulted in greater TF production by human MNC than from MINC following incubation
with LPS alone (Fig. 6). The enhancement in TF production was Hb concentration-
dependent, ranging from 2-foid at 0.6 mg/mi Hb to 22-fold at 60 mg/mi Hb. Thirdly,
aceHb produced an increase in HUVEC TF activity compared to the TF generated by LPS
alone, as demonstrated by the increased rate of production of turbidity (absorbance at 340
nm)Fig. 7). The enhancement effect was Hb concentration-dependent, and LPS-induced
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Fig. 6. Effect of Hb on the LPS-induced stimulation of tissue factor procoaguiant
activity from human peripheral blood mononuciear ceils. E. coli LPS (100 ng/mi), in
the absence or presence of various concentrations of aaHb, was incubated with human
mononuciear cells, and tissue factor activity was measured with a plasma clotting assay.
Hb enhanced, in a concentration-dependent manner, LPS-stimulated TF production.
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Fig. 7. Effect of LPS on the production of tissue factor procoagulant activity by
cultured human endothelial cells. Monoiayers of cultured human umbilical vein
endothelial cells were incubated with E. coii LPS (100 ng/mt) for 4 hrs in the absence or
presence of various concentrations of aaHb. The cells were then washed and
freezed/thawed twice. Normal human citrated plasma and calcium were added, and clot
formation was measured as increased turbidity (A340nm)- Tissue factor procoagulant
activity was detected as an increased rate of increase in turbidity compared to the clotung
rate of recalcified plasma alone. Hb caused a concentration-dependent increase in LPS-
stimulated endothelial cell tissue factor activity.
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protein synthesis inhibitors cycloheximide and actinomycin D (data not shown). Similar
Hb concentration-dependent enhancement of LPS-induced TF in HUVEC was observed
with HbA¢ (data not shown). LPS-induced TF protein, as measured with a sensitive
ELISA assay, similarly was enhanced by Hb in a concentrtion-dependent manner.

DISCUSSION

In order to investigate the potential roie of LPS contamination in the observed
.oxicities of infused Hb, we performed experiments to determine whether Hb interacted

with LPS. Ultrafiltration demonstrated that the moiecular weight of LPS (typically >100
in aqueous solution) was reduced to < 300 kDa in the presence of Hb, and that LPS and
Hb co-filtered. The majority of LPS (64-72%) also was <100 kDa in the presence of Hb.
Utilizing centrifugation through sucrose, we showed that the density of LPS in the
presence of Hb was distinctly less than that of LPS alone, and that LPS and Hb co-
migrated. The decrease in LPS density is further evidence for LPS disaggregation.
Measurement of Hb precipitation by ethanol indicated that LPS greatly increased the
precipitability of Hb, a resuit which further provided evidence of complex formation.
Therefore, our experiments demonstrated that the physical characteristics of both Hb and
LPS were aitered in LPS-Hb mixtures. These resuits are consistent with the formation of
stable complexes, and establish the ability of hemoglobin to act as an endotoxin-binding
protein. Because these results were observed with both crosslinked Hb (axaHb) and
unmodified hemoglobin (Ag), we have demonstrated that LPS-binding is an intrinsic
property of hemogiobin.

The formation of LPS-Hb complexes was associated with major changes in the
procoaguiant activities of LPS. Hb enhanced the ability of LPS to initiate coagulation as
demonstrated with three independent assays: 1) direct activation of a proteolytic
coagulation cascade, as shown with Limulus amebocyte lysate, 2) stimulation of TF
production from human MNC, and 3) stimulation of TF production from HUVEC.
Enhancement by Hb of LPS procoagulant activity by one or all of these mechanisms may
contribute 10 the toxicities associated with Hb infusions in resuscitation experiments. This
enhanced procoaguiant activity of LPS may be the euology of the observed thrombosis
and ischemic damage associated with Hb infusion in animais (Feola, et al., 1988a; Marks,
et al., 1989), and may also provide a mechanism for some aspects of the synergistic
toxicity between Hb and LPS reported previously (White, et al., 1986b; Litwin, et al.,

:63). Interestingly, other proteins that are known to bind LPS with a resuitant change in
.S biological activity, e.g., melittin (David, et al., 1992), lysozyme (Ohno, Morrison,
1989), complement (Galanos, et al., 1971) or the polypeptide polymyxin B (Mormison,
Jacobs, 1976), cause a decrease in LPS toxicity.

In contrast 10 the increased biological activity we observed for LPS that had been
disaggregated and bound to Hb, the process of LPS disaggregation in plasma resuiting
primanily from its interaction with high density lipoproteins (Ulevitch, et al., 1979) resuits
in detoxification. It is possible that the process of LPS-Hb compiex formation might
compete in vivo with the process of the LPS-lipoprotein interaction, and therefore
potentiaily interfere with LPS detoxification in plasma. The combination of decreased
detoxification of LPS in plasma and enhancement of LPS biological activity secondary to
binding to Hb and disaggregation of LPS micelles would magnify the consequences of
endotoxemia. In addition to accounting for some of the toxicity observed with Hb
infusions, the Hb-LPS interaction aiso may provide a mechanism by which LPS-induced
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intravascular hemolysis during sepsis potentiates the pathophysiologic consequences of
endotoxemia.
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Hemoglobin Enhances the Production of Tissue Factor by Endothelial Cells
in Response to Bacterial Endotoxin

By Robert I. Roth

Human endothelial cells respond to bacterial endotoxin (li-
popolysaccharide [LPS]) with changes that transform the
endothelium into a surface with prominent procoagulant
properties. Production of tissue factor (TF) in response to
LPS is a major alteration that favors coagulation. Biologic
activities of LPS have previously been shown to be enhanced
by the presence of hemoglobin. Therefore, the ability of hu-
man hemoglobin {Hb) to modulate TF production by cuitured
human umbilical vein endothelial cells (HUVEC) was investi-
gated. Cell-free Hb {10 mg/mL), either purified native (HbA,)
or chemically cross-linked (aaHb), was incubated with LPS
{0.1 ug/ml), and the mixtures then were added to HUVEC
in culture. TF activity was quantified with a clotting assay
and TF protein was measured with an enzyme-linked immu-
nosorbant assay. Hb preparations greatly enhanced the pro-
duction of TF activity (11- to 25-fold greater than TF pro-
duced by HUVEC alone) compared with minimal TF activity
generated by LPS alone (only twofold greater than HUVEC

MAN ENDOTHELIAL CELLS have a major role in

the control of hemostasis. Under normal conditions.
the endothelium provides an antithrombotic barrier. Contrib-
uting to thromboresistance are the expression of anticoagu-
lant factors such as protein S, thrombomodulin and plasmin-
ogen activators.'~ presentation of heparin-like molecuies.’
and the inhibition of platelet aggregation by prostacyciin and
endothelium-derived relaxing factor.” Recently. an inhibitor
of the contact activation of coagulation via Hageman factor
also has been described.’ During gram-negative bacterial
sepsis. the presence of bacterial lipopolysaccharide (L.PS)
results in prominent changes involving the endothelium. En-
dothelial cells exposed to LPS show overall prothrombotic
properties. principally by the synthesis and expression of
tissue factor (TF).>’ the upreguiation of plasminogen activa-
tor inhibitor.> the down regulation of thrombomodulin. and
the inhibition of factor C activation.” Leukocyte adhesion is
enhanced in the presence of LPS.”'* and when human umbili-
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alone). The enhancement of LPS-induced TF activity was Hb
concentration-dependent over a range of 1 to 100 mg/mL.
Cross-linked aaHb also greatly enhanced the production of
TF protein compared with TF protein generated by LPS alone
{12-fold greater v 3.5-fold greater than HUVEC alone, respec-
tively). The enhancement of LPS-induced TF protein was Hb
concentration-dependent over a range of 0.1 to 2 mg/mL.
Enhancement of TF activity by Hb required new protein syn-
thesis. These resuits show that human Hb can augment the
ability of LPS to induce endothelial cell TF and suggest that
hemolysis associated with disseminated intravascular coag-
ulation during sepsis may further stimulate coagulation. In
addition, these resuits suggest a potential mechanism for
generalized thrombosis in animals that has been associated
with the infusion of cell-free Hb for resuscitation.

This is a US government work. There are no restrictions on
its use.

cal vein endothelial cells (HUVEC) are incubated with
thrombin. a coagulation protease that is commonly generated
during endotoxemia, adherence of platelets to HUVEC is
increased.'' These endothelial cell changes in response to
LPS and the subsequent prothrombotic activities of the endo-
thelium contribute to the multiple organ failure that is one
of the prominent pathologic consequences of gram-negative
sepsis.

Cell-free hemoglobin (Hb) can be released from erythro-
cytes during sepsis as a result ot coagulation-mediated intra-
vascular hemolysis or bacterial hemolysin activity.'*"
Plasma Hb levels were reported to be 1 to 2 mg/mL in
patients with intravascular hemolysis,"* and plasma Hb levels
up to 2 mg/mL have been reported in rabbits with enzyme-
mediated hemolysis'> or endotoxin-mediated intravascular
hemolysis.'® In these studies, released Hb was in excess of
the binding capacity of haptoglobin and was detected as
free Hb for several hours. Therefore, LPS and considerable
concentrations of Hb may coexist in the blood stream during
pathologic conditions. and in previous studies in our labora-
tory, it has been shown that the two molecules form Hb-
LPS complexes.'” In vitro studies and in vivo observations
have suggested that significant pathophysiologic conse-
quences result from the biochemical interaction(s) between
Hb and LPS. Hb has been shown in vitro to enhance LPS-
initiated activation of coagulation’® and to stimulate produc-
tion of mononuclear cell TF.'" In vivo., synergism of the
toxicities of Hb and LPS (eg, synergistic activation of coagu-
lation™*! and complement™ cascades) has been shown, sug-
gesting that enhancement of LPS activity by Hb may contrib-
ute to the observed thrombosis, ischemic damage, and
multiple organ failure associated with Hb infusion in ani-
mals. Therefore. Hb-LPS interactions, resuiting from sepsis-
mediated hemolysis, may potentiate the deleterious etfects
of LPS. In addition, the interaction between Hb and LPS
in vivo. with resultant synergism of their pathophysiologic
effects. constitutes a major potential limitation in the use of
Hb-based oxygen carriers for resuscitation.” In the present
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HEMOGLOBIN, LPS, AND HUVEC TISSUE FACTOR

study. the etfect of Hb on the production of TF by endothelial
cells in response to bacterial endotoxin was examined.

MATERIALS AND METHODS

Reagents. Actinomycin D and cycloheximide were obtained
from Sigma (St Lows. MO). Sterile tissue-culture plasucware was
obtained from Becton Dickinson (Mountain View, CA).

Hb. Puritied human hemogiobin A, (HbA.). prepared bv ion
exchange high pressure liquid chromatographv of purnitied human
Hb. as described previousiy. was provided by collaborators at the
Blood Research Division of the Letterman Army [nstitute of Re-
search (BRD/LAIR: San Francisco. CA). Human cross-linked cell-
tree hemoglobin (xaHb). covalently cross-linked between the two
a-chains with bis(3.5-dibromosalicyl) fumarate as described pre-
viously.™ also was provided by collaborators at BRD/LAIR. These
Hb preparations contained less than 0.4 EU/mL endotoxin (referenced
to Escherichia coii LPS B. 055:B5: Difco Laboratonies. Detroit. M),
as determined by the Limuius amebocyte ivsate test. and did not
contain demonstrable ervthrocyte stroma. as shown by phosphorus
analysis and reverse-phase high pressure liquid chromatography. Hb
concentrations were determined spectrophotometrically.

Endotoxin. E coli 026:B6 (W) LPS was purchased trom Difco
Laboratories.

HUVEC. HUVEC and endothelial cell culture media containing
2% fetal bovine serum. 10 ng/mL epidermai growth tactor (EGF) and
I ng/mL hydrocortisone were purchased from Clonetics (San Diego.
CA). HUVEC were plated in 96-well microtiter plates (Nunclon:
Applied Scientiric, South San Francisco, CA) at a seeding density of
2.500 cells/em™ (5.000 celis/weil) and were grown to confuency at
37°C and 5% CO,. HUVEC were used at less than 6 passages.

TF procoagulant assav.  TF activity was quantitied with a plasma
recalcification assay. Confluent HUVEC monolayers in 96-welil
plates were incubated for 4 hours at 37°C with 10 uL. £ coii LPS
alone. HbA, or aaHb alone. or Hb-LPS mixtures in 90 uL media/
well. Standard incubations were conducted using 10 mg/mL Hb.
Experiments were performed with 6 to 8 replicate wells. Wells were
then washed with media (X3) and the HUVEC were treeze-thawed
twice and sonicated in 30 ul. phosphate-butfered saiine for 2 minutes
at room temperature. To each well then was added 30 uL normal
human citrated plasma and 50 pL calcium (25 mmol/L)., and after
S minutes. turbidity was measured at 340 nm 1n a 37°C temperature-
controlled plate reader (Kinetic-QLC; Whittaker Bioproducts Inc.
Waikersville. MD). TF activity was calculated from the turbidity
generated in plasma (the mean trom 6 to 8 replicate weils) by a
standard curve established with dilutions ot rabbit brain thrombo-
plastin (Baxter Corporation. Miami, FL). The wurbidity generated at
3 minutes by 1:100 diluted thromboplastin was defined as | TF
arbitrary unit.

TF protein assay. Confluent HUVEC monoiayers in 96-well
plates were incubated for 4 hours at 37°C with 10 ul £ coli LPS
alone. HbA, or aaHb alone. or Hb-LPS mixtures in 90 ul. media/
welil. Standard incubations were conducted using 2 mg/mL Hb. Ex-
periments were pertormed with 6 to 8 replicate weils. Wells were
then washed with media (x3). and the HUVEC were freeze-thawed
twice and sonicated in 50 ulL phosphate butfered saline: 10 uL
Triton X-100 was added (tinal concentration. 1%). and incubations
were continued overnight at 4°C. The solutions were then removed
from the plates and centrifuged for 15 minutes (Microfuge B: Beck-
man Instruments. Inc. Palo Alto. CA). TF was quantified by enzyme-
linked immunosorbant assay (ELISA) using a murine antthuman TF
monoctonal antibody (lmubind: generously provided by American
Diagnostica. Inc, Greenwich. CT) according to the manutacturer's
directions.
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Fig 1. TF produced by HUVEC in response to LPS is shown. Vari-
ous concentrations of E coli LPS were incubated with HUVEC for 4
hours, and TF activities (A) and TF protein concentrations (B) were
determined. (A) TF activities, determined with a plasma recaicifica-
tion assay, were normalized to 1 for TF production by HUVEC alone.
The means and 1 SD of 8 tissue culture-plate wells are presented.
(B} TF production, expressed as picograms of TF per tissue culture-
plate well, was determined with an ELISA assay. The means and 1
SD of 6 weils are presented.

RESULTS

HUVEC contained undetectable or very low TF activity
(<0.1 TF unit), as determined by the pilasma recaicification
assay. After incubation with E coli LPS, a concentration-
dependent and time-dependent stimulation of HUVEC TF
production was observed. In a representative experiment,
stimulation of TF activity ranged from 1.4-fold over base-
line, after 4-hour incubation with 0.01 ug/mL LPS. to 17.5-
fold over baseline. after incubation with 10 ug/mL LPS ( Fig
1A). At 100 pg/mL or 1 mg/mL LPS, TF production in some
experiments was less than the TF produced by 10 ug/mL
LPS and. in other experiments. was equivalent. The increase
in TF was detectable after 2 hours of incubation with LPS
and became maximal between 4 and 6 hours (data not
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Table 1. Relative Procoagulant Activities
of Chemicalily Different Glycolipids
Deep Rough
Lipid LPS Rough LPS Rough LPS Smooth Smooth
At Mutantt Mutant$ Mutant$ LPS LPSY
1 3 8 18 4 5

Various types of purified LPS were incubated with HUVEC for 4
hours, and TF activities were determined. The LPS that elicited the
least TF response by the HUVEC (S minnesota lipid A) was assigned
a relative procoagutant activity of 1, and the biologic activities of the
other LPSs are presented in comparison to lipid A.

¥ S minnesota lipid A.

t S minnesota 595.

t Protens mirabilis R110.

§ P mirabilis R45.

P mirabilis S1959,

€ E coli 055:85.

shown). Similar LPS concentration-dependent TF responses
were detected in 8 independent experiments: the maximal
TF activities from LPS-treated HUVEC (achieved with 10
ug/mL LPS) were from 7 to 28 times greater (mean. 16
times greater) than the TF activity of untreated HUVEC.
TF responses varied considerably when different glycolipids
were examined (Table 1). A low TF response was observed
with § minnesota lipid A (which consists of a diglucosamine
backbone and seven fatty acyl chains) compared with other
LPSs which contained additional saccharide moieties. sug-
gesting that O-chain and core carbohydrates are important
tor the HUVEC response. We also quantified HUVEC TF
protein by a sensitive ELISA assay. In an experiment repre-
sentative of 6 independent studies. TF protein increased in
an LPS concentration-dependent manner from 17 pg/well in
untreated HUVEC to 116 pg/well in HUVEC after 4 hr
incubation with 10 pg/mi LPS (Fig 1B). Total protein per
well was unchanged at 41 = 4 pg/well. In each of the 6
studies. LPS-treated HUVEC showed both increased TF
tunctional activity and increased antigenic concentrations of
TF protein.

To further demonstrate that the TF activity induced by
LPS resulted from newly formed protein rather than by a
process of enhanced catalytic activity by preexisting TF pro-
tein. we examined the effect of protein synthesis inhibitors.
LPS-stimulated TF production was completely inhibited by
actinomycin D or cycloheximide (Fig 2). providing addi-
tional evidence that the cellular procoagulant response to
LPS required new protein synthesis.

To test the effect of Hb on the production of HUVEC TF
in response to LPS. two Hb preparations were investigated.
HbA, was used because this preparation was native Hb and
would be potentially available to interact with the endothe-
lium during in vivo hemolysis of erythrocytes. aaHb was
used because this chemicaily stabilized preparation is not
susceptible to dissociation of the a-chains of the Hb tetra-
mer® and is a form of Hb that is presently being developed
as a celi-free blood substitute. Hb (10 mg/mL) was first
incubated with LPS for 30 minutes at 37°C. and the mixtures
then were added to HUVEC. A low concentration of LPS

ROBERT . ROTH
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Fig 2. Effect of protein synthesis inhibitors on production of TF
by HUVEC in response to LPS is shown. HUVEC were incubated
with E coli LPS {1 ug/mL) for 4 hours in the absence or presence of
actinomycin D (ACT) or cycloheximide (CY; each 10 ug/mL), and TF
activities then were determined with a plasma recalcification assay.
The means and 1 SD of 8 tissue culture-plate wells are presented.

was used (0.1 pg/mL) so that only modest TF production
by HUVEC was generated in response to LPS alone. At this
concentration, HUVEC incubated with LPS generated only
2.5-fold greater TF activity than unstimulated HUVEC (Fig
3). HbA, or aaHb alone (10 mg/mL each) did not demon-
strably increase the very low levels of TF activity produced
by HUVEC in the absence of LPS. In contrast, stimulation
of TF production from HUVEC was 11-fold increased in the
presence of the LPS-HbA, mixture and was 25-fold in-
creased in the presence of the LPS-aaHb mixture. Preincu-
bation of Hb and LPS longer than 30 minutes before their
addition to HUVEC did not alter this response.

The enhanced TF production in the presence of various
concentrations of Hb was concentration-dependent, as is

H
o
]

(n=4)

30

20

—
o
1

TF ACTIVITY (ARBITRARY UNITS)

(n=6) (n=5) (n=5) (n=7)

HUVEC HbAo aakd LPS LPS+#bAO  LPS+acHD
Fig3. TF activity produced by cuitured HUVEC in the presencs of
LPS and LPS-Hb mixtures is shown. HUVEC were incubated with E
coliLPS (0.1 zg/mL) for 4 hours in the absence or presence of HbA, or
aaHb (10 mg/mL each). TF activities were determined with a plasma
recaicification assay. The means and 1 SD of 4 to 7 independent
experiments (n) are presented. For each independent experiment, TF
activity was determined from the average of 8 tissue cuiture weils.
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Fig 4. Enhanced production of TF by HUVEC in the presence of
LPS-Hb is shown. (A} E coli LPS (0.1 ug/mi) was incubated with
various concentrations of HbA, and the mixtures, or LPS aione, then
were added to HUVEC in cuiture. After incubation for 4 hours, TF
activity was quantified by a piasma recaicification assay. TF activities
were normalized to 1 for TF production by HUVEC in response to
LPS alone. (B) HUVEC were incubated with E coli LPS (1 ug/mL)
alone or with LPS in the presence of various concentrations of aaHb.
TF production, expressed as picograms of TF per tissue cuiture-plate
well, was determined with an ELISA assay. The means and 1 SD of
6 welis are presented.

shown for HbA, (Fig 4A). A similar response 1o increasing
concentrations of HbA, was observed when experiments
were performed with aaHb (data not shown). Supernatants
of the HUVEC cultures did not contain detectable TF activ-
ity, even after incubation with LPS or LPS-Hb mixtures (data
not shown). ELISAs showed Hb concentration-dependent
synthesis of new TF protein in response to LPS-Hb mixtures
(Fig 4B). In this representative experiment, TF protein pro-
duction was stimulated 3.9-fold over baseline by | pg/mL
LPS (in the absence of Hb) and 11.8-fold over baseline in
the presence of LPS and 2 mg/mL aaHb. This represents a
threefold enhancement in TF protein production because of
aaHb. In 4 independent experiments. maximum TF concen-
trations (pg/wzil) produced in response to Hb-LPS mixtures
were 2.1- to 0.5-fold greater (mean. 3.7-fold) than the con-
centrations of TF protein produced in response to LPS alone.
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To determine whether the enhancement of LPS-elicited
TF production in the presence of Hb was the result of new
TF protein production, HUVEC were incubated with LPS
and Hb in the presence of actinomycin D or cycloheximide.
Each of the protein synthesis inhibitors totally prevented the
generation of TF activity, indicating that the mechanism for
the Hb enhancement process involved new protein synthesis
(Fig 3).

DISCUSSION

Despite the extensive existing knowledge of the structure
of human Hb and its function within the erythrocyte. rela-
tively little is known about pathophysiologic interactions
involving extraerythrocytic Hb and other blood elements and
host tissues. Clinical evidence of renal, vascular. and reticu-
loendothelial system damage during hemolytic episodes has
suggested that extraerythrocytic Hb (and, in particular, Hb
breakdown products such as hematin) can be toxic.”” How-
ever. the direct etfects of Hb have been difficuit to determine
because the contribution to the observed toxicities from
erythrocyte membrane components is also felt to be of major
importance.”"** Similarly, in determining the mechanism of
organ toxicity associated with LPS-mediated intravascular
coagulation with resultant hemolysis. it is difficult to distin-
guish the contribution of Hb to the observed deleterious
etfects from the contribution by LPS.?2'*® The elucidation
of LPS-mediated toxicity itself is difficult because of the
high potency and the protean biologic activities of LPS. The
potential for LPS and cell-free Hb to interact in the blood
stream adds additional complexity to an understanding of
the consequences of extraerythrocytic Hb.

The current efforts to develop cell-free Hb as a transfusion
product have allowed detailed investigation of the interac-
tions between Hb and LPS. Previously, we had shown that
there is a biologically significant interaction between Hb and

TE ACTIVITY (ARBITRARY UNITS)

HUVEC LPS+HbAO LPS+HBAOWACT  LPS+HDAGICY

Fig 5. Effect of protein synthesis inhibitors on production of TF
by HUVEC in response to LPS-Hb mixtures is shown. E coli LPS (1
#g/mL} was incubated with HbA, (10 mg/mL), and the mixtures, or
LPS alone, then were incubated with HUVEC for 4 hours in the ab-
sence or presence of actinomycin D (ACT) or cycioheximide (CY; sach
10 ng/mL). After incubation, TF activities were determined with a
pi icification v. The means and 1 SD of 8 tissue culture-
plate welis are presented.
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LPS. with resultant activation of host etfector mechanisms.
In those studies. mixtures of Hb and LPS were shown to
synergisticaily activate human mononuclear cells and enzy-
matic coagulation mechanisms.'” LPS biologic activity in
these model systems was clearly shown to be enhanced by
Hb. Therefore, modification of LPS by Hb is a process with
substantial clinical relevance. In addition. we have recently
shown that Hb and LPS form bimolecular complexes and
have shown that large LPS aggregates are dissociated on
binding to Hb."

Because of the prothrombotic actions of LPS on the vascu-
lar endothelium, it was important to investigate the potential
ability of Hb to modify this critical interaction during endo-
toxemia. The present studies showed that HbA, significantly
increased TF activity in HUVEC in response to LPS. This
effect was observed at concentrations of Hb (I to 2 mg/
mL) that can be encountered in plasma during clinical and
experimental endotoxemia.*'® This Hb preparation did not
contain detectable erythrocyte stroma that couid potenually
clicit a HUVEC response. The enhanced TF activity resuited
from new TF protein synthesis. The mechanism of this etfect
is uncertain because the mechanism of LPS signal transduc-
tion in HUVEC is not known. However, the demonstration
in our laboratory that Hb binds LPS and causes LPS dissocia-
tion'” suggests that disaggregated and/or protein-bound LPS
has an increased ability to interact with HUVEC LPS recep-
tors and trigger the procoagulant response. Thus. the Hb
enhancement etfect may represent the result of presentation
to the endothelial cell of a "“modified”’ (eg, disaggregated)
LPS. Additionally, a number of other potential mechanisms
may be involved. Preliminary studies in our laboratory have
shown that LPS induces the denaturation of Hb to methemo-
globin and hemichrome. species of Hb that may show altered
biologic activity and produce oxygen-free radicals during
their formation.

Based on these results using HbA,. it is reasonable to
propose that hemolysis caused by LPS-mediated dissemin-
ated intravascuiar coaguiation may constitute a positive teed-
back loop to ampiify coagulation. Additionally. enhance-
ment of other LPS biologic activities by HbA,, such as
mononuclear cell cytokine production, may contribute to the
often fatal consequences of low level endotoxemia (during
which LPS concentrations are frequently measured in the 10
to 100 pg/mL range™*". The present study also showed
enhancement of the TF response to LPS by aaHb. a cross-
linked preparation of human Hb that is a leading candidate
for use as a blood substitute. These tindings raise two con-
cerns for the human use of cell-free Hb. Firstly, contamina-
tion of Hb preparations by environmental LPS is difficult to
avoid."” Because large volumes of Hb would be required for
resuscitation. the procoagulant consequences of LPS con-
tamination in the Hb preparations could limit the use of
aaHb. In patients receiving 1/10th blood volume of aaHb
tor resuscitation. blood Hb levels =10 mg/mL would be
achieved. At these concentrations of Hb. substantuial en-
hancement by Hb of the procoaguiant activity of anv LPS
in the circulation would be expected based on our resuits.
Secondly, aaHb would likely be infused into some patients
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with coexisting endotoxemia. Endotoxemia could arise from
gram-negative bacteremia, from reticuloendothelial system
dysfunction. and/or from increased gastrointestinal tract
translocation of LPS into the circulation secondary to hypo-
tension or trauma. Consequently, aaHb infusion could po-
tentially enhance the systemic pathologic effects of underly-
ing endotoxemia. Because of the demonstration of the in
vitro consequences of the interaction between LPS and Hb.
which provide a basis for potential thrombotic effects. it is
important that future studies investigate the ability of Hb to
enhance LPS-induced coagulation in vivo.
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Cell-free hemogiobin (Hb) is a purified preparation of
human hemoglobin that is being developed as a resusci-
tation fluid. In vivo administration of hemogiobin has
resulted in significant toxicity, due in part to contami-
nation with bacterial endotoxin (lipopolysaccharide
(LPS)). To better understand this toxicity, we have stud-
ied the interaction between Hb and LPS. Mixtures of
each of three different Hb preparations (cross-linked
caHb, cross-linked carbon monoxy-aaHbCO, and non-
cross-linked (native) HbA,)) and LPS (Escherichia coli
026:B6 or Proteus mirabilis S1959) were examined by
several independent methods for evidence of Hb-LPS
complex formation. Binding assays in microtiter plates
demonstrated saturable binding of LPS to immobilized
Hb, with a k,, of 3.1 x 10°® M. Binding of LPS to Hb also
was demonstrated with a radiolabeled LPS photoaffin-
ity probe. Ultrafiltration of Hb/LPS mixtures by 300- and
100-kDa cut-off membranes showed that the majority of
LPS in these mixtures (87-97 and 64~-72%, respectively)
was detected in the filtrates, in contrast to the lack of
filterability of LPS in the absence of Hb. Density cen-
trifugation demonstrated that LPS co-migrated with
each of the three Hbs, whereas unbound LPS had a dis-
tinctly greater sedimentation velocity than Hb or
Hb-LPS complexes. Nondenaturing polyacrylamide gel
electrophoresis demonstrated that in the presence of
Hb, LPS migrated into the gel and co-electrophoresed
with Hb, whereas LPS alone did not appreciably enter
the gel. Finally, precipitation by ethanol of each of the
three Hb preparations was increased in the presence of
LPS compared with precipitation in the absence of LPS.
Interaction of LPS with each of the three Hb prepara-
tions was also associated with altered biological activity
of LPS, as shown by enhancement of LPS activation of
Limulus amebocyte lysate. Therefore, our data provide
several lines of independent evidence for Hb-LPS com-
plex formation and indicated that LPS exhibited altered
physical characteristics and enhanced biological activ-
ity in the presence of Hb.

Cell-free hemogiobin (Hb)! is a preparation of human hemo-
globin that is being developed for use as an oxygen-transport-
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ing resuscitation fluid (1, 2). Hb has excellent oxygen delivery
properties and a long shelf life and, therefore, is a potentially
ideal red blood cell substitute. However, Hb has not yet been
used clinically because of significant problems of toxicity. Hy-
pertension and bradycardia have been commonly observed (3,
4), and a decrease in glomerular filtration rate and renal
plasma flow have been described (5). Mild prolongations of the
partial thromboplastin time also have been reported (4). In
some animal studies, preparations of Hb have been shown to
produce fever, disseminated intravascular coagulation with re-
sultant thrombosis, and ischemic parenchymal damage (6, 7).

Whether the reported toxicity is due to hemoglobin, per se, or
to contaminants such as stromal phospholipids or bacterial
endotoxin (lipopolysaccharide, LPS) is still uncertain, and in-
consistent results have been described. Widespread parenchy-
mal organ damage and activation of the complement and co-
agulation cascades have been demonstrated in hemoglobin
preparations that contained detectable stromal phospholipids
(6—8). Similarly, increased lethality in rabbits that received Hb
contaminated with LPS, compared with Hb in the absence of
detectable LPS, has indicated a role for endotoxin in causing in
vivo toxicity of Hb (9, 10). In contrast, hepatotoxicity has been
reported in the absence of detectable LPS or stromal lipid (7),
thus suggesting intrinsic hemoglobin toxicity.

Because it remains unknown whether Hb binds LPS, and
since binding could alter the biological activity of LPS, the
present study was designed to evaluate the interaction between
these molecules. Our data indicate that complex formation oc-
curs between Hb and LPS, and that the procoagulant activity of
Hb-LPS is increased compared with LPS alone.

MATERIALS AND METHODS

Reagents—Falcon centrifuge tubes (sterile, 15 ml) were obtained
from Becton Dickinson (Mountainview, CA). Sterile, endotoxin-free
water and 0.9% NaCl were purchased from Travenol Laboratories
(Deerfield, IL). RNase and DNase were purchased from Sigma.

Glassware—All glassware was rendered endotoxin free by heating at
190 °C in a dry oven for 4 h.

Hemoglobin—Human cell-free hemoglobin (Hb), prepared and puri-
fied as described previously (11, 12), was provided by coilaborators at
the Blood Research Division of the Letterman Army Institute of Re-
search, San Francisco, CA. Hb cross-linked between a chains with
bis(3,5-dibromosalicyl)fumarate (aaHb) was 9.6 g/dl (95.4% cross-
linked, 96.3% oxyhemoglobin, 3.2% methemoglobin), pH 7.4, in Ringers
acetate and contained less than 0.4 endotoxin units/ml (referenced to
Escherichia coli lipopolysaccharide B, 055:B5, Difco), as determined by
the Limulus amebocyte lysate (LAL) test (13). The aaHb stock solution
was stored at ~70 °C. Carbon monoxyhemoglobin (eaHbCO) was pro-
duced by incubation of the aaib solution with CO and also was at 9.6
g/dl (95.4% cross-linked, 95% HbCO, and 5% oxyhemoglobin). Purified
noncross-linked hemoglobin A, (HbA,), 8.4 g/dl, was prepared as de-
scribed previously (14).

aaHbCO, aa-cross-linked cell-free carbonmonoxyhemogiobin; HbA,,
noncross-linked cell-free hemogiobin A ; LPS, bacterial lipopolysaccha-
ride; LAL, Limulus amebocyte lysate; HSA, human serum albumin;
PBS, phosphate-buffered saline.
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Aldumin—Human serum albumin (HSA) 25%, for injection) was pur-
chased from Nybeen (New York, NY).

Endotoxins—E. coli 026:B6 (W) and 055:B5 (B) LPS were purchased
trom Difco. Lipopolysaccharide from Proteus mirabilis S1959, purified
by sequential treatment with RNase and DNase followed by ultracen-
trifugation (15, 16), has been described previously (16-18) and was
provided by collaborators at the Institute of Microbiology and Immu-
nology, University of Lodz, Poland. *C-Lipopolysaccharide (Salmonella
typhimurium PR122(Re), 1 nCi/mg) was purchased from List Biologi-
cals, Inc. (Campbell, CA). '*I-Lipopolysaccharide (E. coli 026:B6. 0.1
uCi/ug) was prepared as described previously (19). Salmonella minne-
sota 595 LPS, Re type, extracted by the phenol/chloroform/petroleum
ether method (20), was utilized to prepare the photoaffinity probe ‘**I-
LPS-ASD (S. minnesota Re595 LPS+ p-azidosalicylamido)-1,3"-dithio-
proprionamide) as described previously (21).

Limulus Amebocyte Lysate—Amebocyte lysates were prepared from
Limulus polyphemus (the North American horseshoe crab) by disrup-
tion of washed amebocytes in distilled water, as described previously
(13, 22).

Chromogenic Substrate—Chromogenic substrate S-2423 (AB Kabi
Vitrum, Molndal, Sweden) was the gift of Dr. Petter Friberger and was
reconstituted with pyrogen-free water.

Chromogenic LAL Test—Activation of LAL by endotoxin was used 1)
to compare the biological activity of LPS in the presence and absence of
Hb and 2) to determine LPS concentrations in samples atter filtration
procedures. Dilutions of endotoxins or endotoxin-containing protein so-
lutions were prepared, using pyrogen-free 0.9% NaCl, in sterile, 96-
well, flat bottom Falcon microtest II tissue culture plates (Becton Dick-
inson, Mountain View, CA). 50 nl of sample and 30 ul of LAL (freshly
diluted 1:20 in 0.9% NaCl prior to use) were incubated in tissue culture
plates for 30 min at 37 °C in a temperature-controlled plate reader
i Kinetic-QCL, Whittaker Bioproducts Inc., Walkersville, MD). 40 ul of
chromogenic substrate S-2423 (0.25 my, in 25 mu Tris, pH 8.6) was then
added to each well. Mixtures were incubated at 37 °C for 5 min, and
absorbances at 405 nm were determined. Background absorbance at
405 nm (which included a component of absorbance due to Hb) was
subtracted from each reading. Sampies were assayed in duplicate or
triplicate.

Gelation LAL Test—Samples were assayed for Hb or HSA enhance-
ment of the biological activity of LPS with the LAL test using gelation
as the end point (13, 22). LPS concentrations in samples were calculated
based on a LPS standard curve established with E. coli O55: B5.

Binding of LPS to Hb-coated Microtiter Plate Wells—Incubations of
LPS and Hb in microtiter plates were utilized to demonstrate binding of
LPS to immobilized Hb and determine affinity. acHb (1 pg/well in
phosphate-buffered saline, pH 7.4 (PBS)) was added to each weil of a
96-well polyvinyl soft round bottomed microtiter plate and incubated at
37 °C overnight. Wells were then washed 3 times with PBS, and excess
binding sites were blocked with 100 ul of bovine serum albumin/weli (1
mg/ml). After 2 h, unbound bovine serum albumin was removed with
three PBS washes, and 100 pl of various concentrations of '#I-LPS (E.
coli 026:B6 LPS, 1.7 x 10* cpm/pg) in PBS was added. In control ex-
periments to determine nonspecific binding, !*I-LPS was added to bo-
vine serum albumin-blocked wells in the absence of Hb. Following a 4-h
incubation, unbound LPS was removed, and the wells were then
washed three times with PBS. The weils were cut from the microtiter
plates, and bound '*I-LPS determined in a gamma counter (LKB Au-
tomatic Gamma Counter, LKB Instruments, Inc., Gaithersburg, MD).
Assays were performed in triplicate wells.

Binding of an LPS Photoaffinity Probe to Hb—'**I-LPS-ASD photoat-
finity probe (0.1 nCi) (prepared as described above) containing 2 pg of
LPS in PBS was incubated in the dark with aatb (10 pg in PBS) for 30
min at 37 °C. Control incubations contained excess nonradiolabeied S.
minnesota 595 LPS (200 pg) as a blocking agent to demonstrate inhi-
bition of specific binding. Cross-linking was accomplished by photolysis
with shortwave UV irradiation (254 nm) (UVGC-25 lamp; UVP Inc,
San Gabriel, CA) at a distance of 1 cm for 15 min. Samples were reduced
with 2-mercaptoethanol, electrophoresed in acrylamide in the presence
of SDS, and subjected to autoradiography, as described previously (23).
Hemoglobin-associated 1 was determined by excising Coomassie
Blue-stained protein bands and counting the associated counts/min in a
gamma counter.

Ultrafiltration—Ultrafiltrations were performed using XM 100 (100-
kDa cut-off) ultrafilters (Amicon Division, W.R. Grace, Danvers, MA)
and ultrafree-PFL polysulfone 300 (300-kDa cut-off) ultrafilters (Milli-
pore Corp., Bedford, MA). Filters with holders were washed with pyro-
gen-free 0.9% NaCl until filtrates had less than 1 ng/ml LPS as deter-
mined by the LAL test (see above). 0.9 ml aaHb, aaHbCO, or HbA,
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(diluted to 96, 96, and 84 pg/ml, respectively, with pyrogen-free 0.9%
NaCl) was incubated with 0.1 ml E. coli 026:B8 (W) or P. mirabilis
51959 LPS (each 50 png/mi in 0.9% NaCl; 5 ng/ml, final concentration)
for 30 min at 37 °C. Mixtures then were filtered manuaily with a 3-ml
syringe (according to the directions of the filter manufacturers) at room
temperature, using the 300- or 100-kDa cut-off filters. LPS concentra-
tions in filtered solutions of Hb, Hb and LPS mixtures, or LPS alone
were determined by the chromogenic LAL test (described above), using
starting mixtures of HWLPS or LPS alone for the standard curve. Uti-
lization of the starting mixtures for the standard curves corrected for
any potential change in LPS biological activity that could occur in the
presence of Hb. Hb protein concentrations were determined by the BCA
protein assay (Pierce Chemical Co.). The mean values of three filtration
experiments are presented.

Sucrose Centrifugation of LPS and Hb—Sucrose (4 or 20% in pyro-
gen-free water) was rendered endotoxin-free by filtration through an
immersible CX-10 (10 kDa cut-off) ultrafiltration membrane (Millipore
Corp., Bedford, MA), and 12-ml continuous sucrose gradients (4-20%)
were prepared. *C-Labeled S. typhimurium LPS (0.005 nCi) was added
to aaHb. and the mixtures were incubated for 30 min at 20 °C. 0.1 ml of
the mixture (which contained 0.002 nCi) was layered above the sucrose
and centrifuged at 52,000 x g for 4 h in a Sorvall RC70 centrifuge and
T641 swinging bucket rotor (DuPont). Following centrifugation, the
tubes were then punctured and 0.4-ml fractions were collected. Hb was
detected by absorbance at 405 nm. LPS was quantified by scintillation
counting after samples were diluted 10-fold in fluor (Formula A-989,
DuPont NEN), in a Tracor Analytic Liquid Scintillation System (Tracor
Analytic, Elk Grove Village, IL). For samples containing hemoglobin,
quenching of “C-LPS was reversed as follows: 0.1 ml aliquots of frac-
tions were diluted 10-fold in water (to 1 ml, final volume), and 1 ml of
Solvable (DuPont NEN) was added. These mixtures were incubated at
60 °C for 1 h, and then 0.3 ml 25% H,0, was added. After 30 min of
additional incubation at room temperature, samples were pale yellow in
color and could be analyzed for radioactivity. Recovery of spiked radio-
isotope in preliminary experiments to determine the effectiveness of the
decolorizing procedure demonstrated >98% detection of previously
added radioactivity.

Unbound LPS also was separated from Hb-LPS complexes (and free
Hb) by centrifugation through a fixed concentration of sucrose. aaHb,
«aHbCO, HbA,, and HSA (each diluted to 10 mg/mi) were each added to
“C-labeled S. typhimurium LPS (0.005 pCi), and the mixtures were
incubated for 30 min at 20 °C. 0.3-ml aliquots of LPS/protein mixtures,
LPS alone, or protein alone then were layered over 2 ml of 5% pyrogen-
free sucrose and centrifuged at 2,900 x g for 30 min at 20 °C in a Sorvall
RC-5 centrifuge (DuPont). Unbound LPS predominantly sedimented to
the bottom of the tube under these conditions, whereas proteins (both in
the presence and absence of LPS) remained above the sucrose layer.
Following centrifugation, the solutions were separated into top (0.7-0.9
ml. including the 0.3-mi sample volume plus approximately 0.5 ml at
the sample/sucrose interface), middle (0.3-0.6 ml), and bottom (0.5-0.8
ml) fractions. Hb was detected by absorbance at 406 nm, and LPS was
detected by scintillation counting, as described above.

Nondenaturing Polyacrylamide Gel Electrophoresis of Hb/LPS
Mixtures—Samples of **C-LPS (9,000-15,000 cpm total), aaHb (50 ug),
or aaHb/LPS mixtures were electrophoresed in the abhsence of SDS in
12% polyacrylamide gels (24) for 1 h at 200 V. Following electrophoresis,
the unstained gel was dried and cut into 3-mm pieces, and then each gel
piece was analyzed for Hb by absorbance at 405 nm and for LPS by
scintillation counting, as described above.

Ethanol Precipitation of Hb and Hb/LPS Mixtures-—Insolubility of
LPS in ethanol was utilized to obtain Hb complexed to LPS. 25 ul of
aaHb (2.4 pg), aaHbCO (2.4 pg), or HbA, (2.1 ng) and 25 nl of E. coli
026:B6 (W) or P. mirabilis S1959 LPS (25 ng each) were incubated in
microtiter plate wells for 30 min at 37, 20, or 4 °C. 100 pl of ethanol
(100%) then was added to each well (final concentration, 67%), and the
incubations were continued for an additional 30 min at their respective
temperatures of incubation (i.e. 37, 20, or 4 °C). The mixtures then were
centrifuged at 800 x g for 30 min in a Sorvall GLC-2 centrifuge (DuPont),
supernatants were removed, and the precipitates were resuspended in
50 ul of 0.9% NaCl. The concentrations of Hb in the resuspended sedi-
ments were determined by protein assay, and LPS concentrations in the
resuspended precipitates were determined by the phenoi-concentrated
H,SO, method (25), with galactose as the standard.

RESULTS

Binding of LPS to Hb-coated Microtiter Plate Wells—LPS
bound to Hb-coated wells in a saturable manner (Fig. 1). Bind-
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Fic. 1. Binding of LPS to immeobilized Hb. aaHb (1 ng/well) was
immobilized in microtiter plate weils, and '*I-LPS was added. Bound
LPS was determined by gamma counting, and specific binding was
calculated by subtracting bound !*I-LPS in wells without Hb.

ing occurred with a calculated K, of 4.7 x 10~ g/liter (3.1 x 10
M. assuming a monomer molecular mass of 1.5 x 10 for E. coli
LPS).

LPS Photoaffinity Labeling of Hb—In the presence of SDS,
aaHb electrophoresed as two bands, an-aa cross-linked dimer
of 33 kDa and monomer B chains of 16.5 kDa (Fig. 24, left lane).
Autoradiography of Coomassie Blue-stained gels reproducibly
demonstrated binding of the photoaffinity LPS probe to both
chains of aaHb (Fig. 2A, right lane and 2B, left lane). Binding
of the LPS photoaffinity probe to Hb was totally blocked by
100-fold excess unlabeled LPS (Fig. 2B, middle lane) indicating
that the binding was specific. Although the LPS photoaffinity
probe to Hb labeled both types of Hb chain, there was substan-
tially more labeling of the B chains. When the monomer and
dimer bands were excised from the gel and the associated
counts/min were determined by gamma counting, 72% of
counts/min were in the 8 band (range, 57-80%), and 28% were
in the aa dimer band (range, 2043%) in three independent
experiments. Binding of the LPS photoaffinity probe to native
HbA, also was demonstrated (data not shown).

Ultrafiltration of Hb and LPS—87-89% of the E. coli LPS in
Hb/LPS mixtures was filtered through a 300-kDa membrane
(although in aqueous solutions. highly aggregated LPS typi-
cally has a molecular weight greater than 10°), whereas only
10.2% of E. coli LPS alone was filterable (Table I). Similarly,
91-97% of the P. mirabilis LPS in Hb/LPS mixtures was fil-
tered through the 300-kDa cut-off membrane, whereas only
15.6% of P. mirabilis LPS alone was filterable (Table I). This
increase in LPS filterability was also demonstrated using ra-
diolabeled LPS (‘*I-labeled P. mirabilis LPS); only 22% of the
LPS alone was filterable, but 78% of LPS in the presence of
aaHb was filterable (data not shown). 64—72% of the P. mira-
bilis S1959 LPS was filtered through a 100-kDa membrane in
the presence of Hb, but LPS alone was not filterable (Table I).
Approximately 90% of the total Hb protein in each of the three
Hb/LPS mixtures, and from filtrates of Hb alone, was detected
in filtrates of the 300- and 100-kDa membranes (data not
shown).

Sucrose Centrifugation of LPS and Hb—High speed ultra-
centrifugation (52.000 x g for 4 h) of Hb alone demonstrated
sedimentation of Hb part way into a 4-20% sucrose gradient.
Whereas LPS alone sedimented to the bottom of the gradient,
most of the LPS (80-95%) in Hb/LPS mixtures had a sedimen-
tation rate similar to that of Hb (Fig. 3). In four independent
experiments, Hb/LPS mixtures demonstrated co-migration of

A B

Fic. 2. Photoaffinity labeling of Hb with 35I.LPS-ASD. Z[-LPS-
ASD was incubated with aatb, photolyzed with UV light, and electro-
phoresed in SDS and 2-mercaptoethanol. Following electrophoresis, the
gel was stained with Coomassie Blue (4, left lane), dried, and subjected
to autoradiography (A, right lane). Another photoaffinity-labeled aaHb
preparation from a separate experiment is shown (B, left lane), along
with controls that consisted of an incubation mixture containing 100-
fold excess unlabeled LPS as a blocking agent to demonstrate inhibition
of specific binding (B, middle lane) and ‘**I-LPS-ASD alone (B, right
lane).

TasLe I
Ultrafiltration of E. coli O26:B6 and P. mirabilis S1959 LPS,
Hb, and Hb/LPS mixtures

Each experiment was performed three times and the mean x S.D. is
shown. Percent of LPS filtered was determined with the chromogenic
LAL test. LPS was quantified with reference to standard curves con-
sisting of the respective LPS/protein mixture prior to filtration (see
“Experimentai Procedures®).

E. coli LPS filtered P mirabilis LPS filtered

(300-kDa* filter)

100-kDa® filter  300-kDa* filter
% %
LPS alone 102+23 0 156 £5.6
aaHb alone 0¢ 0 0
aaHb + LPS 87.3+8.0 63.6 = 18.7 97.1x1.5
aaHbCO alone 0 0 0
aaHbCO + LPS 89.3+15 71.1x4.0 909 +4.5
HbA, alone 0 (] 4]
HbA, + LPS 88.1+3.7 71.6+8.8 93.5+8.6

¢ Molecular mass cut-off of the filter.
® Lack of detectable LPS indicates that the starting preparations of
Hb were endotoxin-free.

both components (Hb and LPS). Slow speed centrifugation
(2,900 x g for 30 min) through 5% sucrose also demonstrated
co-migration of Hb and LPS. 70.2% of LPS sedimented into the
bottom fraction in the absence of protein, whereas only 4-11%
sedimented in the presence of any of the three Hb preparations
(Fig. 4). Conversely, only 10.7% of LPS alone remained above
the sucrose layer, whereas, in the presence of Hb, 65-80% of
LPS remained in the top layer. A similar redistribution of LPS
from the bottom fraction (in the absence of protein) to the top
fraction was observed in the presence of HSA. No detectable Hb
or HSA entered the sucrose layer in either the absence or pres-
ence of LPS. Redistribution of LPS into the top layer was a
saturable process, and binding of LPS to Hb occurred with a
calculated K, of 6.3 x 10~ giliter (6.3 x 10 M assuming a
monomer molecular mass of approximately 10,000 Da for S.
tvphimurium Rec LPS) (data not shown). This number is in close
agreement with the K, calculated from the microtiter plate
binding assay (4.7 x 10™* g/liter) described above.
Nondenaturing Gel Electrophoresis of LPS and Hb—100% of
4C-labeled S. typhimurium LPS alone remained within the
first 9 mm of the gel (gel pieces 1-3), whereas 43% of the LPS
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Fic. 3. Sucrose density centrifugation of Hb/LPS. *C-LPS was
incubated with aaHb (100 mg/ml), and the mixture was centrifuged
through a 4-20% continuous sucrose gradient. 0.4-ml fractions were
assayed for hemoglobin by absorbance at 405 nm (closed symbols) and
for LPS by scintillation counting (open symbols).

LPS (% OF TOTAL)

LPS+
aaHbCO

LPS+ LPS+ LPS+ LPS+
aaHb HbAo HSA NaCl

FiG. 4. Centrifugation of LPS and Hb through 5% sucrose. C-
Labeled LPS was incubated with aaHb, aaHbCO, HbA , or HSA. These
LPS/protein mixtures, and LPS in NaCl, were centrifuged through a
layer of 5% sucrose as described under “Materials and Methods.” }*C-
Labeled LPS was measured by scintillation counting in the top (solid
columns), middle (stippled columns), and bottom (open columns) zones
of the centrifuged samples. Results are expressed as the mean = S.D. of
four independent experiments.

in the aaHb/LPS mixture migrated farther into the gel and
co-migrated with aaHb (gel pieces 6-17) (Fig. 5). Recovery of
the total applied counts/min from all the gel pieces was 93%. A
second electrophoresis experiment with *C-labeled S. typhi-
murium LPS demonstrated that 45% of the LPS co-migrated
with the aaHb (data not shown), and an identical experiment
performed with **I-labeled E. coli LPS demonstrated 23% co-
migration (data not shown).

Precipitation of LPS and Hb by Ethanol—At each of the
temperatures studied (4, 20, or 37 °C) and both in the presence
and absence of Hb, 90-100% of E. coli 026 LPS or P. mirabilis
S1959 LPS was precipitated by ethanol (data not shown). Pre-
cipitation of Hb alone was variable (13.9-37.5%). However, in
almost all conditions studied, the presence of LPS increased the
amount of precipitated Hb protein (Table II). Mixtures of E. coli
LPS with each of the Hb solutions, incubated and precipitated
at each of the three temperatures, demonstrated from 14.1 to
42.5% more Hb precipitated than when Hb was precipitated in
the absence of LPS. Similarly, mixtures of P. mirabilis S1959
LPS and each of the Hb preparations, incubated and precipi-
tated at 20 and 37 °C, demonstrated increased Hb precipitation
(from 6.7 to 12.6% more protein than Hb alone) (Table II). At
4 °C, the HbA/P. mirabilis LPS mixture demonstrated in-
creased precipitation of HbA, (22.5%) compared with HbA pre-
cipitation in the absence of LPS. In ccatrast, the precipitation
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Fic. 5. Electrophoresis of LPS and Hb. 1“C-Labeled LPS was in-
cubated with aaHb, and the aaHW/LPS mixture or LPS alone was
electrophoresed in polyacrylamide in the absence of SDS, as described
under “Materials and Methods.” *C-Labeled LPS was measured by
scintillation counting of gel pieces (closed symbols), and aaHb was
monitored by absorbance at 405 nm (open circles).

Taste II
Percent of cell-free hemoglobin precipitated by ethanol in the absence
and presence of P. mirabilis S1959 or E. coli O26:B6 endotoxins (LPS)
The mean value of eight replicate precipitations + S.D. is shown. Per-
cent of Hb precipitated was determined by measurement of protein.

Type of Hb  Temperature?® Hb alone ( PH;:;'abm:ls;) ( Ebmz_%’zss)
ecb
aaHb 4 375+2.6 38308 67.3+19
(0.8)° (29.8)
aaHb 20 268+59 359+108 69.3+25
(9.1) (42.5)
aaHb 37 227+ 8.7 32.1x4.9 56.9 £ 6.5
(9.4) (34.2)
aaHbCO 4 341+19 35408 69.7+19
(1.3) (35.6)
aaHbCO 20 254 +58 33379 66.8 +17.2
(7.9) (41.4)
aaHbCO 37 26.2+6.9 32.9+56 59.5 6.5
(6.7) (33.3)
HbA, 4 175+ 0.6 400x10 31.6 = 0.6
(22.5) (14.1)
HbA, 20 13.9+58 265+13.5 45926.2
(12.6) (32.0)
HbA, 37 20.3+10.1 319=x=19 445+44
(11.6) (24.2)

¢ Temperature of incubation and precipitation.
 Numbers in parentheses indicate increase in percent of Hb precipi-
tated by ethanol (67%, final concentration) in the presence of endotoxin.

of acHb or aaHbCO was not significantly altered by P mira-
bilis LPS at 4 °C. E. coli 026:B6 LPS co-precipitated signifi-
cantly more of each Hb than P. mirabilis LPS at all conditions
tested, except for the incubation of HbA, with LPS at 4 °C
(Table II).

LAL Reactivity of Hb and LPS Mixtures—Using the chromo-
genic LAL test with Limulus lysate, which had been diluted
20-fold in order to expand the measurable range of LPS con-
centrations, E. coli 026:B6 LPS was assayed alone and in the
presence of Hb or HSA (Fig. 6A). All three Hb preparations (and
HSA) resuited in enhanced activation of LAL over a wide range
of LPS concentrations. Sensitivity of LAL for low concentra-
tions of LPS was increased approximately 10-fold in the pres-
ence of proteins. Comparable enhancement of the biological
activity of LPS in the LAL test by each of the three Hb prepa-
rations and by HSA also was demonstrated using P. mirabilis
51959 LPS (Fig. 6B). Similar enhancement effects were ob-
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Fic. 6. Enhancement of LPS activation of Limulus amebocyte
lysate by Hb. Dilutions of E. coli 026:B6 LPS (A) or P. mirabilis S1959
LPS (B)in acHbCO (#), aaHb (W), HbA (@), HSA (V) or NaCl (O), were
assayed with the chromogenic LAL test. Absorbances at 405 nm were
measured at 5 min. All protein concentrations were 1 mg/ml. Incuba-
tions were performed in triplicate, and the mean is shown.

tained from three independent experiments. The enhancement
by each Hb of LAL activation also was demonstrated with the
gelation LAL test, using undiluted Limulus lysate for maxi-
mum LPS sensitivity, and enhancement was shown to be de-
pendent on protein concentration (Fig. 7). Prominent enhance-
ment (2-10-fold) was observed over a log range of
concentrations for each Hb (from 0.2 to 2 mg/ml Hb). At 100
ng/ml Hb, less than 2-fold enhancement was demonstrated
with aaHb and HbA ; acHbCO at 100 ng/ml did not demon-
strate enhancement. Three independent experiments failed to
demonstrate enhancement by any tested concentration of HSA
(from 0.01 to 2 mg/ml) in the gelation LAL test: this is in
contrast to the reproducible enhancement by HSA demon-
strated utilizing diluted LAL in the chromogenic test.

DISCUSSION

aaHb is a cell-free preparation of a derivatized human he-
moglobin (cross-linked between « chains), which has adequate
oxygen carrying and releasing properties and also an accepta-
ble in vivo half-life (4-24 h in various animals) (1, 26-29).
Despite these favorable characteristics, in vivo animal studies
with aaHb and other purified cross-linked hemoglobin prepa-
rations have demonstrated significant toxicity (6, 7. 30, 31),
thus limiting their potential clinical use. However, it is uncer-
tain whether aalb is intrinsically toxic, or if the previously
described in vivo toxicity has primarily resulted from associ-
ated endotoxin or contaminating stromal phospholipids (6).
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Fic. 7. Enhancement of LPS activation of Limulus amebocyte
lysate by Hb. Mixtures of LPS (100 pg/ml E. coli 026:B6) and HbA, (O),
aaHbCO (@), aaHb (A), or HSA (#) were assayed with LAL, using
gelation as the end point. Protein concentrations ranged from 0.01 to 2
mg/ml. Enhancement of activation of LAL was calculated by comparison
of the gelation time of each mixture with the gelation times for LPS
solutions in 0.9% NaCl. 100 pg/ml LPS in 0.9% NaCl solution gelled
Limulus amebocyte lysate in 2.5 h. Similar results were obtained from
each of three independent experiments.

Toxicity due to associated LPS has been described previously
(6, 9, 10), and evidence for synergistic toxicity of LPS and Hb
also has been reported (10, 32). Due to the large volumes of Hb
that would be infused into a patient during resuscitation, LPS
contamination of Hb would be a potentially major limitation to
the clinical use of solutions of Hb.

Preliminary experiments in our laboratory suggested that
formation of aaHb-LPS complexes could contribute to the ob-
served in vivo toxicity of preparations of Hb by modification of
the physical structure and biological activity of contaminating
LPS. Therefore, we performed experiments to determine if
physical interactions between Hb and LPS were demonstrable
and if such interactions altered the biological activity of LPS.
Six different techniques provided evidence to support the con-
clusion that Hb and LPS formed stable complexes. Firstly, LPS
bound to immobilized Hb in a saturable manner. The calculated
K, (4.7 x 10 g/liter based on the microtiter plate binding assay,
and 6.3 x 10~ g/liter based on the sucrose centrifugation assay)
indicated that the interaction is of moderate affinity. When
expressed as molar values, these binding constants of LPS for
Hb were in the same range as binding constants reported for
other LPS binding proteins (33-35). Second, specific binding of
the LPS photoaffinity probe '#*I.LLPS-ASD to Hb confirmed
complex formation, and demonstrated that binding of LPS to
the B chains of Hb is particularly prominent. Third, a portion of
the LPS in the presence of Hb demonstrated increased electro-
phoretic mobility, and co-electrophoresed with Hb. This resuit
is consistent with a process of LPS disaggregation and Hb-LPS
complex formation. Fourth, in the presence of Hb (aaHb,
aaHbCO, or HbA)) the majorities (approximately 70-90%) of
both LPSs utilized (E. coli 026:B6 or P. mirabilis S1959) were
detectable in filtrates of 300- and 100-kDa ultrafiltration mem-
branes, in contrast to the lack of filterability of LPS in the
absence of Hb. The filterability of LPS in the presence of Hb
was consistent with the presence of relatively low molecular
weight Hb-LPS complexes. This is in contrast to the high mo-
lecular weight aggregation state of LPS alone (typically >10°).
Fifth, the reduction in sedimentation velocity, determined by
sucrose centrifugation of each LPS after incubation with each
of the three Hb preparations, further supported the conclusion
that Hb altered the physical properties of LPS, and the co-
migration of LPS and Hb provided additional evidence that Hb
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and LPS formed stable complexes. Finally, the co-precipitation

) by ethanol of each of the three Hb preparations with each LPS

provided evidence that LPS altered the physical properties of
Hb and also was consistent with the presence of stable Hb-LPS
complexes. Hb/LPS ratios differed considerably for perform-
ance of experiments using these models because of the variable
methods required for Hb and LPS detection, yet each of these
models supported the conclusion that complex formation had
occurred.

Formation of Hb-LPS complexes was demonstrated for na-
tive HbA, as well as for the derivatized cross-linked aaHb. This
finding provided further evidence for the general conclusion
that aaHb is similar physiologically to native hemoglobin (29).
Additionally, this observation suggests that native hemogiobin.
released into the circulation by in vivo hemolysis of erythro-
cytes (e.g. as can be observed during Gram-negative bacterial
sepsis), may interact with circulating endotoxins.

Interaction of LPS with cross-linked and native Hb prepara-
tions also was associated with increased biological activity (en-
hanced LAL activation) of LPS. In the presence of ail three Hb
preparations, LPS activated LAL both more rapidly and at
lower concentrations than in the absence of Hb. These results
are in agreement with the previous preliminary finding (36)
that preparations of aaHb (ranging from 0.001-100 mg/ml)
enhanced the ability of E. coli lipopolysaccharide (055:B5) to
activate LAL. Confirmation of increased biological activity of
LPS, in the presence of Hb, also has been provided by the
observations that generation of mononuclear cell tissue factor
by LPS is enhanced by Hb (37) and that generation of tissue
factor from endothelial cells is enhanced by Hb (38). Lipid A
was capable of interacting with Hb to produce an increase in
LPS biological activity, although the -fold enhancement of lipid
A activity by Hb was less than that observed with complete
LPS.! Hb-LPS complex formation and LAL enhancement by
acHbCO, results which were similar to those observed with
aaHb and HbA,, established that these properties of Hb do not
involve methemoglobin production and are not related to the
state of oxygenation of Hb.

In contrast to the reproducible enhancement effect of Hb, our
finding that enhancement of LPS biological activity by HSA
was observed with one of our assay conditions (the diluted LAL
chromogenic assay) but not with another (the undiluted gela-
tion assay) suggests that the Hb-LPS and Hb-HSA interactions
may not be similar. Variable effects of HSA on LPS biological
activity have been described; the biological activity of LPS in
the presence of HSA previously has been shown to be increased
(39), decreased (40), or both increased and decreased, depend-
ing on HSA concentration (41).

The increased reactivity of LPS, when complexed with Hb,
the associated decrease in molecular weight and density of
LPS, and the altered electrophoretic mobility of LPS may be
explained by a detergent-like effect of Hb on LPS; i.e. Hb may
reduce the size of the LPS aggregates, making LPS more
soluble and more biologically available for activation of the
LAL enzymatic cascade. Disaggregation of LPS is a well recog-
nized phenomenon in plasma (42, 43), although this process
previously has been demonstrated to result in detoxification of
LPS (43). In contrast to the effect of Hb, other proteins that
bind LPS and resuit in altered LPS biological activity, such as
melittin (44), bacterial outer membrane 39-kDa protein (45),
lysozyme (33), complement proteins (46), bactericidal/perme-
ability-increasing protein (47), or polymyxin B (48), cause a
decrease in LPS toxicity. Although the mechanism of Hb en-
hancement of LPS biological activity is likely to involve LPS
disaggregation, it is also possible that LPS undergoes a chem-
ical modification in the presence of Hb, perhaps similar to the
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process of phospholipid peroxidation that has been demon-
strated when oxyhemoglobin binds phospholipid (49).

The increased biological activity (e.g. in LAL activation) of
LPS in the presence of aaHb and the other Hb preparations is
of potential physiological significance since aaHb would likely
be infused into trauma patients with concomitant endotoxemia.
In rabbits, LPS and aaHb have been shown to have synergistic
toxicity (10), and, in dogs, impure hemoglobin, produced by
hemolysis of red blood cells, was shown to enhance the toxicity
of infused LPS (32). Importantly, the deleterious effects of in-
teractions of LPS with blood cells (e.g. activation of mono-
nuclear cells) and the endothelium (e.g. induction of a proco-
agulant state) might be augmented in the presence of aaHb. A
patient requiring aaHb for resuscitation would potentially re-
quire a plasma concentration of 50 mg/ml (5 g/dl) of aaHb in
order to provide adequate oxygen carrying capacity. This is a
concentration 25-fold greater than that demonstrated in Fig. 7
to enhance LAL gelation 10-fold. Therefore, enhancement of
LPS biological activity by aaHb would constitute a serious
clinical risk if the patient was endotoxemic. Accordingly, suc-
cessful development and clinical utilization of aaHb as a red
blood cell substitute will depend on a more complete under-
standing of the interaction between aaHb and LPS.
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Human hemoglobin increases the biological activity of bacterial
lipopolysaccharides in activation of Limulus amebocyte lysate and stimulation
of tissue factor production by endothelial cells in vitro

W. Kaca, R. . Roth, A. Ziolkowski, J. Levin

Department of Laboratory Medicine, University of California School of Medicine and the Veterans Administration
Medical Center, San Francisco, CA, USA, and the Institute of Microbiology and Immunology, University of Lodz,
Lodz, Poland

SUMMARY. Previous studies have demonstrated that hemoglobin (Hb) and bacterial endotoxin (lipopolysac-
charide, LPS) form stable complexes and result in disaggregation of macromolecular LPS. To examine the ef-
fect of complex formation on LPS biological activity, we investigated the ability of Hb to alter LPS-induced
activation of the coagulation cascade of Limulus amebocyte lysate (LAL) and expression of tissue factor from
human endothelial cells. Both native HbA, and derivatized (covalently cross-linked) hemoglobin resulted in
prominent enhancement of LAL activation and endothelial cell tissue factor production by Proteus mirabilis
LPS. No substantial differences were observed between the enhancement effect of Hb on P. mirabilis smooth
and rough LPS, indicating a dominant role for the lipid A component of LPS. Rough (Re) Salmonella min-
nesota 595 LPS also demonstrated both enhanced activation of LAL and stimulation of endothelial cell tissue
factor in the presence of Hb. In contrast, neither lipid A nor singly dephosphorylated or partially deacylated
Re LPS manifested significant enhancement of LAL activation by Hb, and partially deacylated Re LPS
showed no enhancement of endothelial cell tissue factor by Hb. These results suggest that the Kdo moieties, as
well as the phosphate residues and fatty acyl moieties of lipid A, may be involved in the interaction of Hb with
LPS. Comparison of Hb with other endotoxin binding proteins for ability to cause enhancement of LPS biol-
ogical activity demonstrated more prominent enhancement with lipopolysaccharide binding protein (LBP)
than that observed with Hb, lesser enhancement with albumin, and no enhancement effect with IgG or trans-
ferrin.

The ability of hemoglobin (Hb) solutions, in the ab- materials have been rigorously purified of red cell stro-
sence of erythrocytes, to act as oxygen carriers has been mal (lipid) contaminants, and in some instances have
recognized for several decades. Recently, highly puri- been covalently cross-linked between chains of the Hb
fied human Hb preparations have been produced that tetramer to maintain the tetrameric structure outside of
demonstrate adequate oxygen binding and releasing the erythrocyte and prolong intravascular persistence.7
properties.z’4 and are being developed for potential use However, Hb, removed from the erythrocytic milieu,
as an oxygen-transporting resuscitation fluid.>® These has been associated with many toxic effects when ad-

ministered in vivo, prominent among which are fever,
R. I. Roth MD, J. Levin MD. Department of Laboratory Medicine, hypertension, renal failure, hepatic necrosis and coagu-
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Recently, we have shown that complex formation
occurs between Hb and LPS, resulting in a significant
decrease in the aggregate molecular weight of LPS, and
postulated that Hb-LPS complex formation was par-
tially responsxble for the observed toxicities of in vivo
infusions of Hb."> In addition, in preliminary experi-
ments the biological activity of LPS was increased, as
demonstrated by enhanced LPS activation of leulus
amebocyte lysate (LAL) in the presence of Hb."
formation of Hb-LPS complexes also resulted in en-
hanced LPS agtlvatlon of human peripheral blood
mononuclear cells.'® We have hypothesized that the
binding and disaggregation of LPS by Hb increases LPS
solubility, resulting in augmented biological activity.
However, the mechanism and molecular constituents of
LPS required for this effect have not been identified.
The present study was designed to evaluate the require-
ments for different components of LPS in producing the
enhancement effect of Hb.

Proteus mirabilis LPS, differing in polysaccharide
composition. were studied because they provided a
series of probes for evaluation of the role of the O chain
polysaccharides in the enhancement process. Rough
(Re) Salmonella minnesota 595 LPS and selected
chemical derivatives were used to evaluate the contribu-
tion of fine structural components of the core and lipid
A moieties. Hb preparations studied have included
cross-linked human Hb (coHb) because this Hb prep-
aration is being developed as a red blood cell substitute,
and native. unmodified HbA, to ensure that we were
studying an intrinsic property of Hb. We have also in-
vestigated carbonmonoxyhemoglobin (aotHbCO) as a
form of Hb that would have a greatly reduced propens-
ity to generate methemoglobin. Our data have demon-
strated that the hydrophobic components of LPS, i.e.
lipid A and the deep rough portion of the core region of
LPS, are responsible for the interactions with human Hb
that lead to the enhancement of LPS activity in the LAL
assay and stimulation of the production of tissue factor
by endothelial cells.

MATERIALS AND METHODS
Reagents

Sterile, endotoxin-free water and 0.9% NaCl were pur-
chased from Travenol Laboratories (Deerfield, IL,
USA). RNAse and DNAse were purchased from Sigma
Chemical Co. (St Louis. MO, USA). Human serum al-
bumin (HSA) (25%. for injection) was purchased from
Nybcen (New York. NY, USA), human immunoglo-
bulin (IgG) (185 mg/ml) from Armour Pharmaceutical
Co. (Kankakee. IL. USA) and human transferrin from
Calbiochem (La Jolla, CA, USA).

Glassware

All glassware was rendered endotoxin-free by heating
at 190°C in a dry oven for 4 h.

Hemoglobin

Human Hb was prepared and purified, as described pre-
v1ous]y, by collaborators at the Blood Research Divi-
sion of the Letterman Army Institute of Research
(BRD/LLAIR), San Francisco, CA, USA. Human Hb
was covalently cross-linked between o chains with
bis(3,5-dibromosalicyl)fumarate (owoHb). The ooHb
stock solution was 9.6 g/dl, pH 7.4 in Ringers acetate,
and contained less than 0.4 EU/ml endotoxin (refer-
enced to Escherichia coli lipopolysaccharide B,
055:B5, Difco Laboratories, Detroit, MI, USA), as
determined by LAL." The ooHb stock solution was
stored at —=70°C, and diluted with sterile, pyrogen-free
0.9% NaCl prior to use. aocHbCO (95% HbCO), pro-
duced by incubation of the aoHb solution with CO,
also was at 9.6 g/dl, pH 7.4. Purified non-crosslinked
Ao (HbAo), 8.4 g/dl, was prepared from Hb by ion ex-
change HPLC, as described previously.

Lipopolysaccharide binding protein

Purified rabbit LPS binding protein (LBP) was the
generous gift of Dr Peter Tobias, The Scripps Research
Institute, La Jolla, CA, USA.

Bacterial LPS
Proteus LPS

P. mirabilis S 1959 smooth LPS, Ra type (R110) and
Re type (R45) rough mutants of S1959, and P. mirabilis
03 smooth LPS were prepared at the Institute of Micro-
biology and Immunology, University of Lodz, Poland.
P. mirabilis R45 LPS contains only lipid A, two
residues of 2-keto-3-deoxyoctulosonic acid (Kdo) and
two 4-amino-arabinose (AradN) residues.l8 % p mir-
abilis R110 LPS contains the complete core oligosac-
charide linked to lipid A. 20 Smooth LPS were extracted
with phenol-water according to the Westphal method,’
whereas rough LPS were extracted by the phenol-chlo-
roform-petroleum ether method (PCP) according to Ga-
lanos.”* Crude Proteus LPS were further purified by
sequential treatment with RNAse and DNAse, followed
by ultracentrifugati?n at 100,000 x g for 3 h, as de-
scribed previously.™

Salmonella LPS

The deep rough S. minnesota R 595 LPS was extracted
by the PCP method?? and then, in order to study the role
of the hydrophobic part of endotoxin (lipid A) on LAL
activation, a series of partially chemically degraded
derivatives were prepared as follows (see Table for LPS
compositions).

Lipid A

S. minnesota R 595 lipid A was prepared from 134 mg
of R 595 LPS by hydrolysis of the Kdo and Ara4N
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residues with sodium acetate (pH 4.4) for | h at
100°C.%* The hydrolysate was dialysed to obtain puri-
fied lipid A (67% yield) and then lyophilized and stored
at4°C.

Monophosphoryl lipid A

Monophosphoryl lipid A (MPL) was obtained from 200
mg of R 595 LPS by hydrolysis with 0.1 N HCI for 45
min at 100°C, conditions known to remove qthe phos-
phate residue from the reducing glucosamine.“5 and the
Kdo and AradN residues from non-reducing gluco-
samine. The MPL hydrolysate was centrifuged at
10,000 x g for 30 min, washed twice with water, and
then Iyophilized (58% yield).

Singly deacylated LPS (OH37 LPS)

OH37 LPS was produced from 380 mg of R 595 LPS
by hydrolysis of a single ester-bound 3-hydroxy-te-
tradecanoyl fatty acid from the reducing glucosamine of
LPS with 0.2 N NaOH for 30 min at 37°C; 93% remo-
val of this fatty acid has been demonstrated with this
procedure.25 The hydrolysate was then cooled to 4°C
and neutralized to pH 6.5 with 0.1 N HCl. Released
fatty acids were extracted with CHCI3/MeOH (2:1) fol-
lowed by precipitation of OH37 LPS with EtOH/
acetone (2:1) at 0°C. The OH37 LPS sediment was cen-
trifuged at 10,000 x g for 30 min, washed twice with
cold EtOH, resuspended in water, and lyophilized (61%
yield).

Multiply deacylated LPS (OH56 LPS)

OH56 LPS was produced from 190 mg of OH37 LPS
by hydrolysis in 0.2 N NaOH for 60 min at 56°C.2> The

hydrolysate was cooled to 4°C, and then neutralized to
pH 6.5 with 0.1 N HCI, precipitated by EtOH/acetone
(2:1) at 4°C, and centrifuged at 10,000 x g for 30 min.
The precipitate was washed twice with cold EtOH, re-
suspended in water and lyophilized (50% yield).

Salmonella abortus equi

S. abortus equi LPS was the generous gift of Dr Chris
Galanos, Max-Planck Institute, Freiburg, Germany.

E. coli LPS

E. coli 026:B6 (Westphal preparation obtained by hot
phenol-water extraction” was purchased from Difco
Laboratories (Detroit, MI, USA). This crude E. coli LPS
was further purified as described above for Proteus
LPS.2 For some experiments, purified E. coli 026
LPS then was electrodialysed at 0.47 mA for 8 h at 4°C
and aliquots were neutralized with triethylamine, 0.01 N
NaOH or 0.1 M CaCl; to form the triethylamine, so-
dium and calcium salts,?® respectively. E. coli F515
LPS, prepared from the rough strain E. coli F515 (Re),
was the generous gift of Dr Chris Galanos, Max-Planck
Institute, Freiburg, Germany.

Rhodobacter LPS

Non-enterobacterial Rhodobacter spheroides ATCC
17023, Rhodobacter capsulatus 37b4 and Rhodopseu-
domonas viridis LPS were kindly provided by Dr Hu-
bert Mayer, Max-Planck Institute, Freiburg, Germany.

Chemical analysis

Colorimetric methods were used to determine the con-

Table. Chemical composition of S. minnesota 595 LPS and its chemically degraded derivatives

Components LPS
(nmol/mg LPS)* 595 OH37 OH56 MPL Lipid A
Kdo 655 825 811 6 53
PO(OH), 1160 1733 749 897 1052
Cn Total 401° 598 76" 1137 530
Ester 439 472 87 500 447
Cus Total 214 147 of 471 529
Ester 76 100 14 119 167
Ci-OH  Total 1415 1278 703 2146 1623
Ester 650 22 0 1092 812
Cis Total 205 163 54 214 154"
Ester 155 155 63 117 182

*) keto-3-deoxy-octulosonic acid (Kdo) and phosphate (PO(OH)2) residues were determined in hydrolysates of LPS utilizing colorimetric
reactions with thiobarbituric acid and molybdate complexes. respectively; fatty acids (Ci2, dodecanoic acid; Cy4. tetradecanoic acid, C14-OH,
3-hydroxy-tetradecanoic acid, and C 6, hexadecanoic acid) were determined as their methyl esters, in basic (ester bound) or acid (total = ester

and amide bound) hydrolysates of LPS.

*Determination of total faity acids is slightly underestimated due to chemical degradation during hydrolysis.
Abbreviations: 595, untreated S. minnesota 595 LPS (Mr 2867%); OH37, singly deacylated 595 LPS (Mr 2641); OH56, multiply deacylated 595
LPS (Mr 1785); MPL. monophosphoryl lipid A (partially dephosphorylated 595 LPS) (Mr 2094); lipid A, product after acetic acid hydrolysis of

LPS 595 (Mr 2298).

*Monomer molecular mass (Mr) of each LPS was estimated. assuming complete substitution of each structural component.
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tent of Kdo>* and phosphate residues;’ gas-liquid chro-
matography (GLC) was ferformed for analysis of
methyl esters of fatty acids. 8

Turbidity measurements

0.18 ml of LPS solutions (1 mg/ml in 0.9% NaCl), in
the absence or presence of aloHb (0.01-1 mg/ml) was
incubated for 90 min at 37°C, and absorbance at 620 nm
was determined, as a measurement of turbidity, in a
temperature-controlled plate reader (Kinetic-QCL,
Whittaker Bioproducts Inc., Walkersville, MD, USA).

Limulus amebocyte lysate

Amebocyte lysates were prepared from Limulus poly-
phemus (the North American horseshoe crab) by lysis
of washed amebocytes in distilled water, as described
previously.”’29 Limuli were obtained from the Depart-
ment of Marine Resources, Marine Biological Labora-
tory, Woods Hole, MA, USA.

Chromogenic substrate

Chromogenic substrate S-2423 (AB Kabi Vitrum,
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Fig. 1 — Enhancement by Hb of the activation of LAL and production of endothelial cell tissue factor by Proteus LPS. (A) LAL reactivities of
LPS (500 ng/ml) in the absence (—Hb) or presence (+Hb) of oot cross-linked Hb (1 mg/ml) were determined with the chromogenic LAL assay. To
determine relative LAL activities. a standard curve of P. mirabilis R45 LPS was prepared, which related absorbance to LPS concentration. Using
this standard curve, the absorbance for each sample (LPS alone or LPS-Hb) was converted into the equivalent R45 LPS concentration. S00 ng/ml
R45 LPS was assigned a relative LAL activity of 1. The fold increase in LAL activity of each LPS, induced by Hb, is indicated in parentheses.
Samples were assayed with 8 replicates, and results are expressed as the mean + 1 SD. (B) Cultured human umbilical vein endothelial cells were
incubated with Proteus LPS (10 pg/ml) in the absence (—Hb) or presence (+Hb) of ato. cross-linked Hb (10 mg/mi). TF activities then were deter-
mined with a plasma recalcification assay. The fold increase in TF induced by Hb for each LPS is indicated in parentheses. The means of 4 wells

are presented.




Human Hb increases activity of bacterial LPS 247

Molndal, Sweden), utilized in the chromogenic LAL
test (below) to measure activation of the LAL prote-
olytic cascade, was the gift of Dr Petter Friberger, and
was reconstituted with pyrogen-free water.

Chromogenic LAL test

Activation of LAL by LPS was quantified with a chro-
mogenic LAL test, as described previously.15 For most
experiments, the LAL was freshly diluted 1:20 in 0.9%
NaCl prior to use. For experiments utilizing LBP, un-
diluted rather than 1:20 LAL was used in order to in-
crease sensitivity to the effects of LPS and LBP.

Endothelial cell tissue factor assay

Production of tissue factor (TF) procoagulant activity
from human umbilical vein endothelial cells (obtained
from Clonetics Corp., San Diego, CA, USA) was deter-
mined as described previously.30 Briefly, confluent
human endothelial cell monolayers in 96-well tissue
culture plates were incubated with LPS, in the absence
or presence of Hb. After 4 h, TF procoagulant activity
was determined with a plasma recalcification assay. TF
activity was calculated from the turbidity generated in
plasma (the mean from 6-8 replicate wells) based on a
standard curve established with dilutions of rabbit brain
thromboplastin (Baxter Corporation, Miami, FL, USA).
The turbidity generated at 8 min by 1:100 diluted
thromboplastin was defined as 1 TF arbitrary unit.

RESULTS

A series of LPS was obtained for the purpose of relating
LPS biochemical structure with (1) LPS procoagulant
biological activities, and (2) the ability of Hb to en-
hance these intrinsic LPS activities. In order to
examine the role of the hydrophilic core and O chain
saccharide on Hb enhancement of LPS activity, 4 P.
mirabilis LPS were compared for LAL activities in the
absence and presence of Hb. These LIPS, assayed for
relative biological activity in the presence of ocHb, all
demonstrated enhanced LAL activities (Fig. 1A). Simi-
lar extents of enhancement also were shown for
ooHbCO and HbA, (data not shown). For each LPS,
enhancement by HSA (another known LPS binding pro-
tein’“) was observed, although the levels of enhance-
ment by Hb were 2- to 3-fold greater than by HSA (data
not shown). None of the Hb preparations or HSA acti-
vated LAL in the absence of LPS. Because prominent
enhancement by aoHb was observed with the deep
rough mutant R45 LPS (containing only lipid A, Kdo
and Ara4N), our results indicated that the Hb enhance-
ment effect was a feature of the hydrophobic part of the
LPS molecule, and did not require additional hydro-
philic saccharide components. .

The 4 P. mirabilis LPS had different intrinsic biol-
ogical abilities to activate LAL, as shown in Figure [A.
The parent strain S1959 LPS was 1.3-fold more reactive

than R110 LPS, which contains the complete core oli-
gosaccharide, and 3.4 times more reactive than the deep
rough mutant R45 LPS. These relative activities sug-
gested that the presence of core oligosaccharide and O-
specific polysaccharide moieties increased LAL
reactivity. 03 LPS was 2.8 times more reactive than
S51959. Since the O-specific polysaccharide chains of
the 2 smooth strain LPS, S1959 and 03, differ signifi-
cantly in their chemical structures, our data also sug-
gested that carbohydrate chemical structure can
influence LAL activity.

To ascertain whether enhancement of Proteus LPS
biological activity by Hb would be observed for another
LPS-dependent procoagulant activity, we utilized an
assay for tissue factor (TF) production by human endo-
thelial cells. ocoHb enhanced LPS-stimulated TF pro-
duction by the 2 rough P. mirabilis mutant LPS, R45
and R110, and by the smooth LPS S1959, but not by the
smooth LPS 03 (Fig. 1B). Endothelial cells alone or in
the presence of coHb without LPS did not produce
measurable TF (data not shown). When S1959 and its
mutant LPS R45 and R110 were compared, there was
an inverse relationship between relative intrinsic TF
production and enhanceability by Hb. Prominent en-
hancement with R45 LPS provided additional evidence
that the Hb enhancement effect was a feature of the
lipid A portion of LPS. In both the LAL and TF assays,
the activity of 03 LPS was affected the least by ccotHb.

In order to examine the role of lipid A structures in
the Hb enhancement effect, biological activities of S.
minnesota R 595 LPS and chemically modified LPS
partial structures were compared in the presence and ab-
sence of Hb. Intrinsic biological abilities of these S.
minnesota LPS to activate LAL, and their respective ex-
tents of enhancement by Hb, are shown in Figure 2A.
Only the parent 595 LPS demonstrated enhancement of
LAL activity by Hb. Similar extents of enhancement
also were shown for ccocHbCO, HbAo, and HSA (data
not shown). Hydrolysis of even a single fatty acid from
R 595 LPS, forming OH37 LPS, completely destroyed
the enhancement potential of this LPS. Enhancement of
595 LPS biological activity by acotHb also was observed
in the assay for LPS-induced endothelial cell TF (Fig.
2B). These results confirmed the intrinsic Hb enhancea-
bility of rough 595 LPS observed with LAL activation
and the observation that fatty acid hydrolysis resuited in
destruction of the Hb enhancement potential of LPS.
Interestingly, stimulation of TF by lipid A was promi-
nently enhanced by Hb, whereas LAL activation was
not.

Comparison of R 595 intrinsic LAL activities pro-
vided data linking LPS structure with LAL biological
activity. R 595 LPS, which was relatively insoluble,
had modest biological activity (Fig. 2A). Partially dea-
cylated OH37 LPS, which was relatively soluble, read-
ily activated LAL compared to the parent 595 LPS.
Lipid A also demonstrated high biological activity.
MPL, which was the most insoluble, and OH56 LPS
poorly activated LAL. These results indicated that
removal of a single 3-hydroxytetradecanoyl acid residue
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Fig. 2 — Enhancement by Hb of the activation of LAL and production of endothelial cell tissue factor by Salmonella LPS. (A) LAL reactivities of
LPS (500 ng/ml) in the absence (—Hb) or presence (+Hb) of ot cross-linked Hb (1 mg/ml) were determined with the chromogenic LAL assay. To
determine relative LAL activities. a standard curve of parent S. minnesota R 595 LPS was prepared, which related absorbance to LPS concentra-
tion. Using this standard curve. the absorbance for each sample (LPS alone or LPS-Hb) was converted into the equivalent R 595 LPS concentra-
tion. 500 ng/ml R 595 LPS was assigned a relative LAL activity of 1. The fold increase in LAL activity of each LPS. induced by Hb, is indicated
in parentheses. Samples were assayed with 8 replicates. and results are expressed as the mean £ 1 SD. (B) Cultured human umbilical vein endo-
thelial cells were incubated with Salmonella LPS (10 ug/mi) in the absence (~Hb) or presence (+Hb) of oex cross-linked Hb (10 mg/ml). TF acti-
vities then were determined with a plasma recalcification assay. The fold increase in TF induced by Hb for each LPS is indicated in parentheses.

The means of 4 wells are presented.

from the reducing glucosamine of the lipid A moiety of
R 595 LPS, or removal of the Kdo molecule from the
core region, generated modified LPS molecules which
could more efficiently interact with LAL, whereas fur-
ther deacylation of the R 595 LPS to OH56 LPS re-
sulted in a modified LPS with biological activity similar
to that of the parent LPS. Therefore. the core Kdo and
at least one of the fatty acid residues of lipid A appar-
ently are not crucial for LAL activation. There was a
dramatic loss of LAL reactivity after partial dephospho-
rylation of LPS to generate MPL, indicating that the
phosphate group of lipid A was critical for LAL reactiv-
ity or that biologic activity was dependent upon adequ-
ate solubility,

Many of the LPS preparations studied had poor

aqueous solubility and were visually turbid (especially
S. minnesota 595 LPS, lipid A and MPL, and P. mir-
abilis R110). Hb enhancement of LPS biological activ-
ity was a prominent feature of some of these LPS and
partial structures, suggesting that a possible mechanism
for the Hb enhancement effect was via increased LPS
solubility. Therefore, we compared turbidity and the
LAL biological activity of these LPS in the absence and
presence of Hb. With increasing concentrations of
ooHb, P. mirabilis R110 and S. minnesota 595 LPS
each demonstrated a concomitant progressive decrease
in turbidity and increase in LAL biological activity (Fig.
3). A similar but smaller change in turbidity, and an in-
crease in LPS biological activity, were observed with
lipid A. MPL turbidity was shown to increase rather
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Fig. 3 — Turbidity and biologic activities of LPS in the absence and presence of Hb. Various concentrations of actcross-linked Hb (from 0.01 to
1.0 mg/ml) were added to LPS (final concentration, 1 mg/ml) in microtiter plate wells and absorbances were measured at 620 nm. The turbidity of
each LPS (absorbance at 620 nm) in the absence of Hb has been designated as 0, and the change in absorbance induced by Hb is shown. Absorb-
ances due to Hb have been subtracted. Actual baseline LPS absorbances were as follows: P. mirabilis R110, 0.21; S. minnesota R 595, 0.12: S.
minnesota lipid A, 0.61: and S. minnesota MPL, 0.65. LAL then was added to each well and chromogenic activities determined at 405 nm.

than decrease with addition of coHb, and biological ac-
tivity was unchanged. In a control experiment using the
same LPS, HSA demonstrated no effect on LPS tur-
bidity (data not shown). In this experiment, HSA en-
hanced the biological activity of R110 and had little
effect on the other LPS.

In order to further establish the generalized nature of
the Hb enhancement effect, we studied the effect of
aoHb on biological activities of several other LPS, in-
cluding LPS from different bacterial species. Promi-
nent, and identical, extents of enhancement by both
ooHb and toHbCO in the LAL assay were shown with
3 defined salts of E. coli 026:B6 (smooth LPS), i.e. the
calcium, sodium and triethylamine forms, suggesting
that the specific cations bound to LPS did not influence

the Hb enhancement process. E. coli 026:B6 LPS-in-
duced endothelial cell TF also was enhanced by oiotHb
(mean of 13-fold enhancement in 7 experiments, range
8- to 26-fold enhancement). Finally, enhancement of
LPS biological activity was demonstrated with a smooth
Salmonella LPS (S. abortus equi) and a rough E. coli
LPS (Re F515), but was not observed with non-toxic R.
spheroides, R. capsulatus and Rh. viridis LPS (data for
the above not shown).

To compare the enhancement ability of Hb with
other plasma proteins, LAL activation by S. minnesota
R 595 LPS was determined in the absence or presence
of Hb and several other previously identified LPS bind-
ing protein. Because of limited availability of LPS bind-
ing protein, the comparison of Hb and LPS binding
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protein was performed using undiluted LAL, as de-
scribed in Methods. In this experiment, the biological
activity of 10 pg/mlt LPS was clearly initially increased
in the presence of 0.1 pg/ml LBP or 1-10 pg/mi coHb
(Fig. 4). Throughout almost the entire range of o.cHb
concentrations tested for enhancement of 595 LPS biol-
ogical activity, equivalent enhancement was produced
by LBP at a much lower protein concentration.
Comparisons also were made between HbA, and
HSA, IgG or transferrin using the standard chromogenic
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Fig. 5 — Influence of plasma proteins on the ability of S. minnesota R
595 LPS to activate LAL. S. minnesota R 595 LPS (30 ng/ml) was in-
cubated for 5 min at 37°C with native HbA,, HSA, human IgG or
human transferrin (Tf) (each at concentrations from 0.015 to 0.5
mg/ml). and chromogenic LAL assays were performed. Absorbance
at 405 nm for LPS alone was 0.24. Samples were assayed in duplicate,
and mean values are presented.

+Hb

assay (Fig. 5). HbAo and albumin enhanced S. min-
nesota R 595 LPS LAL reactivity in a dose-dependent
manner, although the enhancement effect of HbAo was
detectable at 0.03 mg/ml, whereas equivalent enhance-
ment of 595 LPS by albumin was only observed at >
0.25 mg/ml protein. In contrast to LPS enhancement by
HbA, and albumin, neither IgG nor transferrin had any
demonstrable effect on 595 LPS LAL reactivity. Simi-
lar results were obtained using aoHb in comparison
with albumin, IgG and transferrin (data not shown).
Therefore, of the 5 human proteins studied, LBP and Hb
were effective at low concentrations (< 0.03 mg/ml) in
enhancing LAL activation by LPS, whereas albumin,
IgG and transferrin had little or no such capability at
comparable concentrations (compare Figs 4 and 5).
The lack of effect of IgG on LAL activation by LPS is
in contrast to our grevious study which demonstrated
inhibition by IgG.l However, subsequent investigation
has demonstrated that the inhibitory activity detected in
the previously studied preparation of IgG was attribut-
able to maltose used as a stabilizer rather than the 1gG
per se (personal observation).

Since IgG did not enhance the LAL reaction, it was
possible to investigate the potential of this known LPS
binding protein to inhibit LPS enhancement by Hb.
Therefore, we studied whether the presence of IgG
would prevent enhancement of LPS-induced LAL acti-
vation by Hb. S. minnesota R 595 LPS was preincu-
bated with either IgG or HbA,, followed by subsequent
incubation with the other protein. Addition of IgG to a
preincubated mixture of LPS and HbA, slightly de-
creased Hb-induced enhancement at the lower concen-
trations of LPS studied, but had no effect at higher LPS
concentrations (data not shown). Addition of HbA, to a
preincubated mixture of LPS and IgG similarly demon-
strated partial inhibition of the Hb effect at the lower
LPS concentrations, but no inhibition at higher LPS
concentrations. These results are consistent with compe-
tition between Hb and IgG for LPS, but with Hb dem-
onstrating the greater affinity.

DISCUSSION

LAL reactivities of our battery of LPS were examined
in the presence of Hb in order to define the constituents
of the LPS molecule required for interaction with Hb.
ooHb enhanced the biological activity of each of the
Proteus LPS tested, including R45 LPS which contains
only lipid A, Kdo and 4-amino-arabinose residues. %2
This suggested that the hydrophobic part of LPS, i.e.
lipid A, was responsible for the interaction with Hb and
the resultant increase of biological activity of LPS.
oocHb also enhanced rough LPS-stimulated tissue factor
production from endothelial cells, and thus provided
further support for the conclusion that components of
lipid A are required for interaction with Hb. Lipid A
chemical moieties then were studied utilizing S. min-
nesota R 595 LPS and its chemically modified deriva-
tives in the presence of Hb. Whereas intact R 595 LPS
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demonstrated prominent enhancement of its biological
activity by aoHb, singly deacylated OH37 LPS and
multiply deacylated OHS56 LPS failed to be enhanced in
the LAL assay. Similarly, OH56 LPS failed to be en-
hanced in the endothelial cell tissue factor assay. These
results suggested that the binding process between Hb
and LPS, that leads to enhancement., may involve an im-
portant interaction of this protein with the ester-linked
fatty acyl residues of lipid A. Our studies demonstrated
a similar necessity for lipid A fatty acids for the in-
crease in LPS biological activity induced by human al-
bumin, an avid fatty acid binding protein. Enhancement
of MPL (lacking the phosphate residue of the reducing
glucosamine) or lipid A (lacking the Kdo residues of the
core) was substantially less than that of the parent R
595 LPS, but was not totally absent as for the deacy-
lated LPS (Fig. 2). These results suggested that phos-
phate and Kdo residues are less important in the
enhancement process than the ester-linked fatty acids.

In general, those LPS with poor solubility in water
(i.e. P. mirabilis R4S, S. minnesota R 595 and its MPL
derivative) were more effectively enhanced by Hb than
those with better solubility (i.e. S. minnesota R 595
derivatives OH37 and OHS56). This suggested that Hb
has a more important detergent-like, disaggregating ef-
fect on those LPS with poor initial solubility. This con-
clusion is supported by our previous observations that
Hb decreases the apparent molecular weight of Lps.!’
In further support of this potential mechanism for Hb
enhancement of LPS biological activity, we demon-
strated that ocotHb decreased the turbidity (i.e. increased
the solubility) of the poorly soluble LPS. Disaggrega-
tion of LPS micelles, resulting in enhanced LAL activ-
ity of LPS, similarly has been proposed as the reason
for the increased potency of LPS in the presence of
transferrin.>? It is interesting that enhancement of LPS
biological activity by albumin in our studies was not as-
sociated with decreased LPS turbidity, suggesting that
Hb and albumin enhance LPS activity by different
mechanisms.

In contrast to the effects of chemical modification of
LPS on their LAL biological activities and the process
of Hb enhancement, three distinct salt forms of E. coli
026 LPS (Na, Ca and triethylamine) had similar LAL
reactivities and demonstrated pronounced and identical
enhancement by ocoHb. These results are in agreement
with previous observations that Limulus gelation acti-
vities were similar for a variety of electrodialyzed
defined salts of S. abortus equi Lps.??

Equivalent extents of Hb enhancement of LPS activ-
ity were observed with native HbA, as with ooHb,
demonstrating that this was an intrinsic property of Hb.
Enhancement of bioavailability of LPS with cross-
linked Hb indicated that dissociation of the Hb tetramer
was not involved in this effect. Because equivalent en-
hancement results also were obtained with aaHbCO,
the mechanism of the enhancement effect did not re-
quire the production of methemoglobin, and enhance-
ment was not a result Hb oxidation and denaturation.
However, we have observed that LPS in high concentra-

tion (0.5-1 mg/ml), is capable of facilitating Hb dena-
turation (unpublished observations).

Our comparisons of the relative LAL activities of
Proteus and Salmonella LPS specifically demonstrated
the contribution of the Kdo residues of the core, and the
fatty acyl and phosphory] residues of lipid A, to LPS in-
trinsic biological activity. The alterations in LAL
potencies of chemically modified 595 LPS may have re-
sulted from changes in solubility in aqueous solutions
of the modified LPS as well as the removal of residues
important for LAL activation. In addition, heteroge-
neity of both native and chemically degraded S. min-
nesota 595 LPS may also influence LAL reactivity.
These observations are consistent with previous studies
concluding that Salmonella and Escherichia lipid A re-
quire at least one phosphate residue and two fatty acyl
chains for activation of LAL,** and that chemically
synthesized MPL®” or highly purified E. coli MPL*
have reduced LAL potency. Interestingly, 3-O-deacy-
lated LPS such as the S. minnesota OH37 LPS we pre-
pared is known to possess a large and energetically
unfavorable cavity in the interior part of the LPS mole-
cule which results in a conformational reorganization of
lipid A,25 and in our experiments this chemical modifi-
cation resulted in increased biological activity in the
LAL assay. In contrast, similar 3-O-deacylation of E.
coli 15 and S. typhimurium 1.PS has been shown to re-
sult in LPS with unaltered LAL activity and mitoge-
nicity, and with attenuated rabbit pyrogenicity and
decreased chick embryo and mouse lethality,25 and the
removal of secondary acyl chains from the lipid A
moiety of LPS by leukocyte acyloxyacyl hydrolase has
been reported previously to reduce LPS LAL potency.38
It is not known whether these differences are related to
the chemical composition of the LPS tested or to dif-
ferences in the biological assays utilized. The enhance-
ment of LPS biological activity by Hb also requires
these lipid A moieties and in addition, Kdo residues,
and likely represents a mechanism that involves the dis-
aggregation and solubilization of LPS by Hb. Interes-
tingly, Hb did not enhance LAL activity of
non-enterobacterial, non-toxic Rhodobacter and Rho-
dopseudomonas LPS. This may indicate that a ‘toxic
conformation’®®  of LPS, not present in non-toxic
LPS, s required for Hb enhancement. It is likely that
the phenomenon of Hb enhancement of LPS biological
activity has physiologic and clinical relevance because
of the difficulty in production of Hb without substantial
endotoxin contamination, = the likelihood that Hb
would be transfused into trauma patients with concomi-
tant endotoxemia, and the potential for hemoglobinemia
(secondary to intravascular hemolysis during sepsis) to
augment the deleterious effects of endotoxemia.
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