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We have recently described several phenomena involving the interactions of lipopolysaccharides (LPS) from
Salmonella minnesota Re595 (Re595-LPS) with rabbit serum, which are different in and unique to acute-phase
serum as compared with normal serum (P. S. Tobias and R. J. Ulevitch, J. Immunol. 131:1913-1916, 1983).
To determine whether these phenomena could also be observed in acute-phase human serum (APHS), we used
APHS obtained from voluntéers injected with etiocholanolone. As observed in acute-phase rabbit serum, we
found that (i) in APHS, Re595-LPS forms a protein complex with a density of 1.3 g/cm® which does not form
in normal human serum (NHS), (ii) in APHS, the t,/; for LPS-high-density lipoprotein (HDL) complexation is
at least a factor of 10 slower than the ¢, for LPS-HDL complexation in NHS, (iii) when Re595-LPS serum
mixtures are dialyzed against a low salt buffer, Re595-LPS precipitates in less soluble form from APHS than
from NHS, and (iv) the precipitate from Re595-LPS-APHS mixtures includes a protein with a molecular weight
of approximately 60,000 which does not precipitate from Re595-LPS-NHS mixtures or from NHS or APHS
alone. These indications of an altered status of LPS in NHS and APHS suggest that one or more acute-phase

reactants interact with Re595-LPS to modify its rate of binding to HDL.

When lipopolysaccharides (LPS) of gram-negative bacte-
ria enter the bloodstream and initiate endotoxemia, their first
interactions are with the humoral and cellular elements of
the blood. A series of investigations from this and other
laboratories (2, 5, 8, 10) of the interactions of LPS in blood
have shown that LPS partitions between the tissues and
plasma lipoproteins, binding specifically to high-density lipo-
protein (HDL). We have previously presented data which
suggested that acute-phase rabbit serum (APRS) modifies
the interactions of LPS with HDL by slowing the rate of
bindirg of LPS to HDL (9). Because we wished to determine
whether our observations with APRS are relevant to hu-
mans, we extended our studies to acute-phase human serum
(APHS). In this report, we demonstrate modification of the
interaction of LPS with HDL by one or more acute-phase
reactants found in APHS.

MATERIALS AND METHODS

LPS from Salmonella minnesota Re595 (Re595-LPS),
either biosynthetically tritiated or unlabeled, was isolated as
described previously (3). Biosynthetically tritiated Re595-
LPS was isolated from bacteria grown in the presence of
[*HJacetate. The specific activity of the 3H-Re595-LPS was
10* dpm/pg. The 3H-Re595-LPS had the same bouyant
density in CsCl as unlabeled Re595-LPS and interacted with
HDL in normal rabbit serum (NRS) as described for 2°’I-LPS
(10). Etiocholanolone was used to induce an acute-phase
response (6) in three human volunteers given an intramus-
cular injection of 0.3 mg of etiocholanolone per kg of body
weight. Serum was collected at various times from 24 h before
etiocholanolone injection to 120 h after injection. Sera were
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stored frozen for up to 1 week before testing. Observation and
quantitation of Re595-LPS-protein and Re595-LPS-HDL
complexes were performed by CsCl isopycnic density-
gradient ultracentrifugation of mixtures of 1 ml of serum
containing 20 mM EDTA and 10 pg of *H-Re595-LPS as
previously described (9). Preparation of a euglobulin
precipitate from Re595-LPS serum reaction mixtures was
accomplished by permitting the reaction to proceed for 2 min
at 37°C, stopping the reaction by rapid chilling in an ice bath,
dialyzing the mixture overnight at 4°C against 2.5 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-15
mM NaCl (pH 7.65), collecting the precipitate by centrifu-
gation, washing the precipitate two times with 10 mM
HEPES-140 mM NaCl (pH 7.4), and finally suspending the
product in distilled water for ease of handling (9). Re595-LPS
in the supernatant, washes, and euglobulin precipitate was
quantitated by measurement of 3H. Liquid scintillation
counting was done by using Scint A cocktail (Packard
Instrument Co., Inc., Rockville, Md.) with quenching
monitored by the external standard method. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis was done with the
recipes of Laemmli (4). Measurement of serum C-reactive
protein (CRP) levels was done in the clinical laboratory of the
Scripps Clinic and Research Foundation.

RESULTS AND DISCUSSION

Etiocholanolone is a naturally occurring steroid metabo-
lite experimentally useful for inducing inflammatory reac-
tions and fever in humans. These responses typically begin
within 8 to 20 h after injection and last for 2 to 6 h (6, 11).
Etiocholanolone also induces typical plasma acute-phase
reactant responses, for example, CRP and serum amyloid A,
within 24 to 48 h after injection (6). Samples of human serum
collected at various times before and after etiocholanolone
injection were examined for their ability to form an Re595-
LPS-protein complex with a density of 1.3 g/cm? (C1.3) by
allowing the LPS-serum mixture to react for 10 min before
equilibrium density-gradient centrifugation with CsCl. Over-
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FIG. 1. Observation and quantitation of C1.3 in human serum
collected before and after acute-phase induction. (a) Individual CsCl
density gradients showing the inability and ability of normal (M) and
acute (O) human sera to form C1.3, respectively. (b) The ability of
human serum to form C1.3 (O) as a function of time after acute-
phase induction with etiocholanolone and the CRP concentration
(M) in human serum as a function of time after acute-phase induction
with etiocholanolone.

all recovery of 3H-Re595-LPS from these gradients was
typically 65 to 75%. The 10-min reaction time was chosen
from preliminary Kinetic experiments as a reaction time
which would allow most of the Re595-LPS to complex with
HDL in normal serum but which would trap C1.3 before its
LPS transferred to HDL. Results of this survey are shown in
Fig. 1. Figure 1a shows a CsCl density gradient with sera
collected before and 32 h after etiocholanolone injection; the
appearance of a form of Re595-LPS in the bottom third of the
gradient when APHS was used is evident. The density of this
form of Re595-LPS was found to be 1.30 g/cm® by measure-
ment of the refractive index. The amount of Re595-LPS at a
density of 1.3 g/cm® as a function of time before or after
etiocholanolone injection is shown in Fig. 1b. Figure 1b also
shows the CRP concentrations of the same samples sur-
veyed for C1.3. The ability of serum to form C1.3 follows a
time course similar to the acute-phase CRP response which
etiocholanolone induces (6). .

We next investigated the kinetics of Re595-LPS-HDL
complexation in sera taken either before (NHS) or 32 h after
(APHS) etiocholanolone injection. To obtain these data,
ReS595-LPS—-serum mixtures were sampled at various times
after mixing and examined with CsCl gradients. The forma-
tion of Re595-LPS-HDL complexes is plotted as for a
first-order reaction in Fig. 2. Complexation of Re595-LPS
with HDL in NHS has a t;,, of about 7 min, whereas in
APHS the reaction has a t,, of about 52 min. This difference
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FIG. 2. Kinetics of Re595-LPS-HDL complex formation in NHS

(A) or APHS (O). NHS was collected just before etiocholanolone
injection, and APHS was collected 32 h postinjection.

is virtually identical to that seen in rabbit serum in which the
t12s are 2 to 4 min and 40 to 80 min for NRS and APRS,
respectively (9).

We also observed that the solubility properties of Re595-
LPS were different in NHS and APHS. The euglobulin
precipitate dialysis procedure resulted in Re595-LPS being
distributed in the dialyzed supernatant, washes, and final
precipitate as shown in Table 1. By using NHS or APHS
taken from the same volunteer before and after etio-
cholanolone injection, some 52% of the input LPS was
recovered. Of this recovered LPS, only 6.3% was recovered
in the final precipitate when NHS was used, whereas 59%
was recovered in the final precipitate when APHS was used.
When the final euglobulin precipitates prepared from NHS
and APHS in the absence and in the presence of Re595-LPS
were examined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (Fig. 3), the precipitate from the LPS-
APHS reaction mixture (Fig. 3, lane e) contained a unique
protein with an apparent molecular weight of 64,500 that was
not found in any of the other precipitates. Also shown in Fig.
3, lane a (containing rabbit LPS-APRS euglobulin precipi-
tate) is gp60, the protein which precipitates from APRS only
in the presence of C1.3. Although the human protein ap-
peared to be slightly larger than rabbit gp60, this comparison
may not be valid because the molecular weights of glycopro-
teins do not dependably correlate with their mobility in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(1). The other difference that we noted between the APRS
and APHS was that the ability of APRS to form C1.3 was
stable at 4°C for months, whereas the ability of APHS to
form C1.3 was not stable, even when sera were stored at
—20°C, for more than several weeks.

We conclude from these results, as we did previously for

TABLE 1. Percent recovery of >H-Re595-LPS from euglobulin

precipitation®
% 3H-Re595-LPS recovered with:
LPS fraction APHS
NHS (SD) (SD)
Not precipitated 91.3 4.7) 39.5 (6.5)
Recovered in washes 2.5 (0.25) 1.5(0.1)
In precipitate 6.3 (4.4) 59.0 (7)

“ QOverall recovery of LPS from two experiments was 52%.
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FIG. 3. Sodium dodecyl sulfate-polyacrylamide gel analysis.
Each lane received approximately 3 ug of protein. Lanes: A, rabbit
LPS-APRS euglobulin with gp60 marked; B, euglobulin from NHS;
C, euglobulin from NHS with LPS; D, euglobulin from APHS; E,
euglobulin from APHS with LPS; and F, molecular weight markers.

the rabbit, that component(s) of the acute-phase human
response interact with Re595-LPS to reduce the rate of
binding of LPS to HDL. The identity of the responsible
acute-phase reactant is not currently known. In the rabbit
system, gp60 is not an acute-phase reactant, although it
associates with the euglobulin precipitate only in the pres-
ence of C1.3 (P. S. Tobias and R. J. Ulevitch, manuscript in
preparation). Addition of rabbit CRP to NRS at levels
characteristic of acute-phase serum does not reconstitute the
observed phenomena. Additionally, reconstitution of
ultracentrifugally delipoproteinated NRS with HDL from
APRS does not reconstitute the observed phenomena. These
observations argue that the prototypical acute-phase reac-
tants CRP and serum amyloid A are not involved (P. S.
Tobias and R. J. Ulevitch, in preparation). The remaining
known acute-phase reactants do not undergo large concen-
tration changes between the normal and acute states and are
therefore, in our opinion, unlikely to cause the qualitative
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FIG. 4. Hypothetical progression of LPS from an aggregated to a
disaggregated state and thence to an HDL complex with the
formation of C1.3 if acute-phase reactants (APR) are present.
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differences between normal and acute-phase serum we ob-
served.

Our current mechanistic hypothesis to explain these re-
sults is summarized in Fig. 4. The progression of Re595-LPS
from an aggregated to a disaggregated state and thence to an
HDL complex is what has been observed in NRS (10). We
simply elaborated on that progression by the addition of
C1.3. There is no direct evidence to support our assumption
of a disaggregated state of LPS as an intermediate between
the LPS aggregates and C1.3, just as there is no evidence for
or against direct transfer of LPS from C1.3 to HDL. These
are simply our current hypotheses. We also assumed that
C1.3 includes an acute-phase reactant and the human analog
of rabbit gp60. Experiments are in progress to isolate the
acute-phase reactant, to examine the endotoxic properties of
C1.3, and to explore the mechanisms of LPS complexation
to serum constituents.

Previous studies have shown that the mode of presenta-
tion of LPS, i.e., as a purified aggregated isolate or as an
HDL complex, can significantly modify its endotoxic prop-
erties. Re595-LPS-HDL -complexes have a significantly re-
duced capacity to produce fever, neutropenia, and comple-
ment activation compared with parent LPS, although they
retain the ability to produce hypotensive shock and
coagulopathy in experimental animals (5). We think it is
likely that C1.3 will similarly display its own unique set of
endotoxic properties. Thus, the acute-phase response may
include a mechanism for dealing with potentially injurious
LPS. It is noteworthy that tolerance to the toxic effects of
endotoxin can be induced in rabbits and other experimental
animals by repetitive administration of LPS (7) in a manner
which would be expected to induce acute-phase reactants.
Whether our results are relevant to understanding the phe-
nomenon of tolerance to LPS remains to be determined.

ACKNOWLEDGMENTS

We appreciate the assistance of S. M. Wolff in obtaining the
etiocholanolone-elicited APHS.

These studies were supported in part by Public Health Service
grants AM 26501 (K.P.W.J.M.) and Al 15136 (R.J.U.) from the
National Institutes of Health. R.J.U. is a recipient of Public Health
Service research career development award Al 00391 from the
National Institutes of Health.

LITERATURE CITED

1. Bretscher, M. S. 1971. Major human erythrocyte glycoprotein
spans the cell membrane. Nature (London) New Biol.
231:229-232.

2. Freudenberg, M. A., T. C. Bgg-Hansen, U. Back, and C.
Galanos. 1980. Interaction of lipopolysaccharides with plasma
high-density lipoprotein in rats. Infect. Inmun. 28:373-380.

3. Galanos, C., O. Luderitz, and O. Westphal. 1969. A new method
for the extraction of R lipopolysaccharides. Eur. J. Biochem.
9:245-249.

4. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-686.

5. Mathison, J. C., and R. J. Ulevitch. 1979. The clearance, tissue
distribution, and cellular localization of intravenously injected
lipopolysaccharide in rabbits. J. Immunol. 123:2133-2143.

6. McAdam, K. P. W. J., R. J. Elin, J. D. Sipe, and S. M. Wolff.
1978. Changes in human serum amyloid A and C-reactive
protein after etiocholanolone induced inflammation. J. Clin.
Invest. 61:390-394.

7. Moreau, S. C., and R. C. Skarnes. 1973. Host resistance to
bacterial endotoxemia: mechanisms in endotoxin-tolerant ani-
mals. J. Infect. Dis. 128(Suppl.):5122-5133.

8. Munford, R. S., C. L. Hall, J. M. Lipton, and J. M. Dietschy.



76

TOBIAS ET AL.

1982. Biological activity, lipoprotein binding behavior, and in
vivo disposition of extracted and native forms of Salmonella
typhimurium lipopolysaccharides. J. Clin. Invest. 70:877-888.

. Tobias, P. S., and R. J. Ulevitch. 1983. Control of lipopolysac-

charide high density lipoprotein binding by acute protein(s). J.
Immunol. 131:1913-1916.

INFECT. IMMUN.

10. Ulevitch, R. J., A. R. Johnson, and D. B. Weinstein. 1981. New
function for high density lipoproteins. J. Clin. Invest.
67:827-837.

11. Wolff, S. M., H. R. Kimball, S. Perry, R. K. Root, and A.
Kappas. 1967. The biological properties of etiocholanolone.
Ann. Intern. Med. 6:1268-1295.



