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underlies the failure of mice carrying this mutant allele
to respond to LPS.
Endotoxin, the ubiquitous lipopolysaccharide (LPS)
In 1977, Hibbs and his colleagues (13) demonstrated
component derived from Gram-negative bacterial mem- that specific environmental signals acted sequentially
to
branes, hasbeen shown toinvoke a spectrum of physio- activate macrophages to a fully tumoricidal state. They
proposed that “macrophage-activating factor”provided a
“priming” signal tothe macrophage, which alone did not
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renderthemacrophage
tumoricidal (14).Rather,the
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“primed macrophage was rendered
receptive to a “second
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aduertfsernent in accordance with 18 U.S.C. Section 1734 solely to indisignal” which “triggered full tumoricidal capacity. One
cate this fact.
potent second signal was shown to
be LPS. In a n elegant
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Schreiber et al.(16)demonstrated that interferon-y (IFNreflecting the views of Uniformed Services University of the Health Services or the Department of Defense. The experimentsreported herein were y) was a principal species of macrophage-activating facconducted according to theprinciples set forth in
‘Guide for the Care and
tor in lymphokine supernatants. Moreover, Pace et al.
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(reviewedin RefPrevious studies have shown that the activation logic responses in experimental animals
of murine macrophages to a fullytumoricidal state erence 1 and 2). These includetoxic manifestations (e.g.,
requires that specific environmental signals be de- diarrhea, ruffled fur, weight loss, hypoglycemia, hypolivered to themacrophage in a stepwise manner: a thermia,fever,abortion,shock,ordeath),
as well a s
“priming” signal first renders the macrophage re- responses which are
beneficial to the host (c.g., increased
sponsive to a second or “trigger”signal. One potent resistance to infection and malignancy, radioprotection,
“priming“ signal has been identified a s the T cell- adjuvanticity, and normal development of lymphoid orderivedlymphokine, interferon? (IFN-y) and one gans). Some time between 1960 and 1965,
a spontaneous
often used “trigger” signal is lipopolysaccharide mutation occurred within the C3H/HeJ mouse strain,
(LPS). the endotoxin derived from Gram-negative
which rendered it highly refractory to LPS, and specifibacteria. In thesestudies, endotoxin-responsive cally, to the lipid A moiety of this molecule (3, 4). The
C3H/OuJ (Lps“)and endotoxin-hyporesponsive C3H/ genetic locus associated with endotoxin hyporesponsiveH e J (Lpsd) macrophages were exposed in vitro to
recombinant IFN-y (rIFN-y)
and various preparations ness (Lpsd)has been mapped to the fourth chromosome
of endotoxin or purified lipid A-associatedproteins (5)and is reflected in all cell types of the C3H/HeJ mouse
(LAP).The resultant tumoricidal responses were strain in vitro (reviewed in Reference 6). In contrast to
evaluated to define the activation requirements of protein-freepreparations of LPS prepared by phenol
procedures
(PW-LPS),3 butanol-exmurine macrophages and to examine further the water-extraction
levLPS defect exhibitedby C3H/HeJ mice. The findings tracted LPS (But-LPS)preparations retain significant
presented herein demonstrate that C3H/OuJ mac- els of lipid A-associated proteins (LAP)and aremitogenic
rophages primed by rIFN-y respond to protein-free for C3H/HeJ splenocytes (7, 8).In addition, But-LPS has
LPS (phenol-water extracted LPS), protein-rich LPS been shown to stimulate factor releaseby C3H/HeJ mac(butanol-extracted LPS), or purified LAP.In con- rophages in vitro (9, 10). When LAP was purified from
trast, rIFN-y-primed C3H/HeJ macrophages failed to butanol-extracted LPS/LAP mixtures, it was shown
to be
become cytolytic with phenol-waterextracted LPS, the component responsible for stimulating proliferation
but could be rendered fully tumoricidal if either of C3H/HeJ spleen cells, whereasthe separated, proteinbutanol-extracted LPS or LAP were used as “second free LPS component of the mixture wasnonmitogenic (8).
signals.” These data indicate that C3H/HeJ macro- At this time, the nature of the C3H/HeJ endotoxin hypophages are fully responsive to thepriming effects of responsiveness is not understood: however, it has been
IFN-7, but remain restricted in their capacity to proposed that expression of the mutant allele results in
recognize protein-free LPS as a second signal. Al- alteredexpression of aputative “triggering” element
ternate second signals, such as LAP, may providea within the “LPS receptor” (1 1) or that an inability to
compensatory pathway bywhich
these macro- process the LPS molecule into a stimulatory form (12)
phages are rendered fully tumoricidal.
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(17) showed that LPS-responsive (Lps“),C3H/HeN mac- After the macrophages had been treated for 24 hr,”Cr-labeled tumor
cells (1 X lo4) were added to the contents of each well in a final
rophages, but not C3H/HeJ macrophages, could be ren- volume
of 25 pl. Each sample was assayedin triplicate. After 16 hr
dered cytolytic by treatment withrecombinantinterof incubation a t 37°C. the uppermost 0.1 ml of supernatant was
feron-? (rIFN-y)(as a “priming” signal)and protein-free, removed and assayedfor radioactivity ina n automatic gammaspecPW-LPS (as a “second signal”). However, if a n alternate trometer. Results are expressed as percentspecific”Crrelease
(percent cytotoxicity) as calculated by the following formula:
(non-LPS).second signal were provided (e.g., heat-killed
Listeria monocytogenes),rIFN-y-primed C3H/HeJ mac- Percent specific cytotoxicity =
experimental cpm - spontaneous cpm
rophages could be rendered fully activated to kill tumor
x 100
total cpm - spontaneous cpm
cells in vitro.
Spontaneous release was determined from untreated macrophage
To identify structural components associated withLPS
monolayers incubated with ”Cr-labeled P8 15 cells. Total cpm were
that could potentially be used as “second signals” to stim- obtained
from incubation of 51Cr-labeledP815 with 200 pl of 0.5%
ulate rIFN-y-primed C3H/HeJ macrophagesto a fully sodium dodecyl sulfate.Spontaneous release from unstimulated
tumoricidal state, various preparationsof LPS were com- monolayers was approximately 30%and always less than or equal
pared in a modification of the two-signal tumoricidal to therelease from targets incubated inmedium alone.
systemestablished
by Pace et al. (17).Preparations
RESULTS
shown previously to be mitogenic for C3H/HeJ splenocytes were tested for their efficacy a s “second signals” for
Comparison of theeffects of rlFN-y and PW-LPS
rIFN-y-primed, LPS-responsive and LPS-hyporesponsive treatment on C3HIOuJ and C3H/HeJ macrophage tumacrophages: protein-rich, But-LPS, which is a mixture moricidal capacity. C3H/OuJ and C3H/HeJ macrophage
of LPS and LAP, a s well as purified LAP, were compared cultures were treatedwith varying concentrations of
with PW-LPS. The findings presentedin this report dem- rIFN-y and/or PW-LPS. After a 24-hr incubation period,
onstrate that although PW-LPS failed to trigger tumori- 51Cr-labeled,P815 mastocytoma cells were added to the
cidal activity in rIFN-y-primed, C3H/HeJ macrophages, assay for a n additional 16 hr.At that time, supernatants
both But-LPS, and more specifically, LAP, could serve as were removed and macrophage-mediated cytotoxicity
compensatory, functional second signals.
was measured by the release of 51Cr into the supernatants. Figure 1A illustrates the cytotoxic levels achieved
MATERIALS AND METHODS
by C3H/OuJ macrophages at each concentration of stimuli. Treatment of C3H/OuJ macrophageswitheither
Mlce. C3H/HeJ and C3H/OuJ mice (female, 5 to 6 wk old) were
rIFN-y alone (indicated on the graphas “medium”)or PWobtained from The Jackson Laboratory (Bar Harbor, ME) and were
used within 1 wk of receipt. Mice were housed in a laminar flow LPS (up to 5 Fg/ml), resulted in very low levels of cytotoxhood in cages fittedwith polyester filter hoods and fed standard lab icity (<20%).By contrast, thecombination of rIFN-y and
chow and acid water adlibitum.
PW-LPS induced high levels of tumor cell killing. C3H/
Reagents. Highly purified, murine rIFN-y (1.3 x lo7U/mg), cloned
in Escherlchla coli. was kindly provided by Genentech. lnc. (South OuJ macrophages were efficiently triggered with a s little
San Francisco. CA). and wasused in all of the experimentsdescribed
as 0.5 ng/ml PW-LPS to significant but suboptimallevels
in this paper.
of target lysis in thepresence of 5 to 10 U/ml rIFN-y (data
protein
by
Lowry).
PW-LPS
was
prepared
Protein-free (~0.008%
from E. coli K235 by the extraction procedure of McIntire et al.(18). not shown). Figure 1B depicts the effects of rIFN-y and
PW-LPS on the ability of C3H/HeJ macrophages to lyse
Protein-rich (18% protein by Lowry). But-LPS was prepared from E.
coli K235. according to the method of Morrison and Lieve (19). The tumor targets.In contrast to the synergistic effect of rIFNLAP preparation was isolated from Salmonella typhimurium LT2
y and PW-LPS observed in C3H/OuJ macrophages, C3H/
by butanol extractionfollowed by phenol-water extraction in which
the LAP was isolated from thephenol phase (19)(J.Killion, personal HeJ macrophages failed to be rendered tumoricidal by
communication). This preparation waskindly provided by Dr. David any combination of experimentaltreatments.These
Morrison and Mr. J . Killion (University of Kansas Medical Center,
studies confirmand extend the resultsreported originally
Kansas City, KA) and at the highest concentration tested in this
by
Pace et al. (17) who showed that proteose peptonestudy (5 pg/ml) contained <O. 1 ng/ml LPS, as assessed by Limulus
elicited, C3H/HeN macrophages, but not C3H/HeJ macamebocyte assay.
Macrophage induction and culture. To induce peritoneal exurophages, could be induced to a n efficient tumoricidal
dates, mice were injected i.p. with 3 ml of 3% fluid thioglycollate
state
by PW-LPS in the presence of varying concentra(BBL, Cockeysville, MD), and 4 days later, macrophage-rich (>85%)
tions of rIFN-y. In addition, these studiesshow that C3H/
exudates were collected by peritoneal lavage. The peritoneal exudates were washed and resuspended in RPMl 1640 (M.A. Bioprod- HeJ macrophages remain refractory to PW-LPS at conucts. Walkersville, MD) supplemented with2 mM glutamine. 30 mM
centrations upto 1700-times greaterthan those used by
HEPES (pH 7.2). 3 mg/ml sodium bicarbonate, penicillin/streptoPace et al. (1 7).
mycin (100 IU/ml and 100 mg/ml. respectively), and 10% fetal calf
serum (M. A. Bioproducts). All tissue culture reagents were purComparison of the effects of rlFN-y and But-LPS on
chased as “endotoxin-free”lots (50.01ng/ml) and confirmed as such
C3HIOuJ and C3H/HeJ macrophage tumoricidal cain independentLimulus amebocyte lysateassays. Macrophages were
incubated inflat-bottom 96-well plates (Falcon Plastics.Oxnard, CA) pacity. Rigorous phenol waterextraction of LPS (19)
results in preparations which are free of contaminating
a t 2 x 105/well. After a n adherence incubation of approximately 4
hr, nonadherent cell types were removed by washing with complete
proteins. In contrast, butanol extraction
of LPS (8)results
medium. Macrophages were treated with the indicated concentra- in preparations (But-LPS) which are a mixture of LPS
tions of rlFN-y. PW-LPS. But-LPS. or LAP in a final volume of 200
and LAP. Previous studies have shownthat But-LPS, but
PI.
Assay for macrophage-mediated cytolytic activity.
Killing of
not PW-LPS, is capable of stimulating C3H/HeJ B cells to
”Cr-labeled P815 mastocytoma cells was measured by using a 16- proliferate. But-LPS, but not PW-LPS,will also induce
hr
release assay as describedelsewhere (20). P815 targetcells
production of interleukin 1 and prostaglandin in C3H/
(kindly provided by Dr. J. Pace, University of Florida, Gainesville.
FL) were labeled for 1 to 3 hr at 37”C with 500 pCi of 5’Cr/5 X 10“ HeJ macrophages (9, 10).When But-LPS was used a s a
cells (sodium chromate: ICN Biomedicals. Inc.. Irvine, CA: specific “second signal” in combination with priming concentraactivity = 500 mCi/mg). washed once by centrifugation, andallowed
to ‘leak” for 1 hr at 37°C in complete RPMI + 10% fetal calf serum tions of rIFN-y, significant levels of tumoricidal activity
and washed again just prior to addition to macrophage cultures. were observed in both C3H/OuJ and C3H/HeJ macro-
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Figure 1 . Comparison of the effects of rIFN-y and PW-LPS treatment of C3H/OuJ and C3H/HeJ macrophage tumoricidal capacity. Macrophage
cultures (2 x lo6 cells/well) were treated with the indicated concentrations of rIFN-y and PW-LPS for 24 hr. sLCr-LabeledP815 tumor cells (1 x lo4)
were then added to the cultures for 16 hr and the percent cytotoxicity was assessed. Macrophages incubated with dilutions of rIFN-y alone are
indicated on the graphas "medium." Macrophages incubated without PW-LPS or rIFN-y are plotted at theorigin. A , C3H/OuJ (Lps")cultures; B.C3H/
H e J (LPSd)cultures:
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Figure 2. Comparison of the effects of rIFN-y and But-LPS on C3H/OuJ and C3H/HeJ macrophage tumoricidal capacity. Macrophage cultures (2
x lo5 cells/well) were treated with the indicated concentrations of rIFN-y and But-LPS for 24 hr. 6LCr-LabeledP815 tumor cells (1 x lo4)were then
added to the cultures for 16 hr and thepercent cytotoxicity was assessed.Macrophages incubated with dilutions of rIFN-y alone are indicated on the
graph as "medium." Macrophages incubated without But-LPS or rIFN-y are plotted at the origin. A, C3H/OuJ (Lps")cultures; B. C3H/HeJ ( L p s d ]
cultures.

phage cultures (Fig. 2, A and B).However, significantly in Figure 3, A and B, equivalent levels of cytotoxicity
more But-LPS was required to activate C3H/HeJ macro- were achieved by macrophages of both strains of mice
phage cultures to the samelevels exhibited by C3H/OuJ under identical conditionsof priming and secondary sigmacrophages. This differentialresponse could be the nalling. LAP alone did not induce significant levels of
result of 1) a diminished sensitivity of C3H/HeJ macro- cytotoxicity in macrophages derived from either mouse
phages to respond torIFN-y as a priming signal, or
2) the strain (<20%).Thesefindingsindicate
that C3H/HeJ
ability of C3H/OuJ macrophages to recognize and remacrophages do not have a defect in their capacityto be
spond to bothLPS and LAP in theBut-LPS preparation.
Comparison of the effects of rIFN-y a n d LAP on C3H/ primed with rIFN-y.In addition, the ability ofLAP to
OuJ and C3HIHeJ macrophage tumoricidal capacity.trigger primed macrophages to become tumoricidal was
To test the hypothesis that LAP was the component not inhibited by polymyxin B sulfate, a n agent shown
within the But-LPS preparation that triggered rIFN-y previously to bind the lipid A region of LPS and inactivate
polymyxin B reduced
primed C3H/HeJ macrophages to become tumoricidal, it (21). even under conditions where
purified LAP was used as a "second signal" for rIFN-y significantly the ability of PW-LPS to trigger primed C3H/
primed C3H/OuJ and C3H/HeJ macrophages. As shown OuJ macrophages (data not shown).

Downloaded from http://journals.aai.org/jimmunol/article-pdf/139/11/3697/1035935/3697.pdf by guest on 29 November 2022

500 ng/ml
100 ngml
5pg/ml

3700

But-LPS OR LAP TRIGGERING OF rIFN-y PRIMED C3H/HeJ MACROPHAGES
100 1

1

C3HIOuJ

%g/ml
500 ng/ml

%dm1

EO -

80
500 nglml

>

c

0
x

2

60-

60

c>

50 nglml

0
40

50 nglml

5 nglml

20

40

20

5 nglml

0.5 nglml

0.5 nglml

mdlum

mdum

2

A0

4

6

8

10

r l M - y (UIML)

0

B

2

4

6

8

10

rlFN-y (UIML)

Figure 3. Comparison of the effects of rIFN-y and LAP on C3H/OuJ and C3H/HeJ macrophage tumoricidalcapacity. Macrophage cultures (2 x lo5
cells/well) were treated withthe indicated Concentrationsof rIFN-y and LAP for 24 hr. 51Cr-Labeled P8
15 tumor cells (1 x lo‘) were then added tothe
cultures for 16 hr and the percent cytotoxicity was assessed. Macrophages incubated with dilutions of rIFN-y alone are indicated on the graph as
LAP or rIFN-y are plottedat the origin. A. C3H/OuJ (Lps“)cultures: E,C3H/HeJ (Lpsd)cultures.
“medium.” Macrophages incubated without
DISCUSSION

In 1968, Sultzer (4) described a mutant C3H mouse,
the C3H/HeJ strain, which appeared to be resistant to
the effects of LPS. This refractory nature was later ascribed to a single gene carried on chromosome 4 (5).
which is expressed codominantly in F1 progeny of crosses
LPSbetween fully LPS-responsive ( L p s “ )strains and the
hyporesponsive ( L p s d ) ,C3H/HeJ strain (22). Thus,cells
derived from F1 animals showa reduced capacityto
respond to LPS in vitro (9).In 1975, Skidmore et al. (8)
showed that theC3H/HeJ splenocytes could respond mitogenically to LPS, but only to preparations obtained by
selected extraction procedures. LPS isolated by mild extraction techniques, such a s those which employ trichloroacetic acid or butanol, were found to be mitogenic for
C3H/HeJ lymphocytes, as well as for lymphocytes derived
from fully responsive strains. In 1976, Sultzer and Goodman (7) showed that the mitogenic response elicited by
these preparations of LPS was associated with the presence of a low m.w. polypeptide (m.w. = 10,000 to 12.000)
which appeared to be associated with the lipid A region
of the LPS molecule in a n undefined manner. When
purified and used in culture withC3H/HeJ lymphocytes,
this polypeptide was found to
be a Bcell mitogen and was
referred to as “endotoxin protein” (7)or LAP (23). LAP is
lost when LPS is prepared by using more rigorous extraction procedures, such as the phenol waterextraction
method (18), and is retained in the milder procedures.
LAP appears to be identicalwitha
low m.w. protein
associated with E. coli 01 11:B4 described previously by
Wu and Heath (24) andLieve et al. (25).
Although the two signal model of tumoricidal activation
was confirmed by using rIFN-y and PW-LPS in macrophages derived from Lps“ mice, a n alternate second sig‘Trigger”
nal, heat-killed L. rnonocytogenes, was shown to
rIFN-y-primed, C3H/HeJ macrophages to achieve tumor
cell lysis (15). Thus, Pace et al. (15) showed that C3H/
HeJ macrophages could effect tumor lysis of a n equivalent magnitudea s Lps“ macrophages whenprovided with

a n appropriate sequence of signals. In light of the historical evidence that C3H/HeJ macrophages would respond
to selected preparations of LPS that retained LAP, these
preparations warranted investigation a s potential, naturally occurring, second signals for C3H/HeJ macrophage
tumoricidal activation.
In the present studies, PW-LPS and But-LPS, as well
as purified LAP, were compared as potential second signals. C3H/HeJ macrophages failed to respond to any
combination of rIFN-y and PW-LPS (Fig. l B ) , even at
combinations that significantly exceeded the dosages
previously examined by Pace and her colleagues (15).In
contrast, C3H/OuJ macrophages were able to kill tumor
targets withpriming concentrations of 1 U/ml rIFN-yand
triggering concentrations as low a s 0.5 ng/ml PW-LPS,
thus confirming and extending the findings of Pace et al.
(15).In contrast to the studies with PW-LPS a s a trigger
signal, But-LPS, known to contain both LPS and LAP,
triggered both C3H/OuJ and C3H/HeJ macrophages to
lyse tumor targets (Fig. 2, A and B). C3H/OuJ macrophages responded to lower combined concentrations of
rIFN-y and But-LPS than C3H/HeJ macrophages. For
example, combined treatment of C3H/OuJ macrophages
with 1 U/ml rIFN-y and 100 ng/ml But-LPS stimulated
C3H/OuJ macrophages to a cytotoxicity level of 51 &
12%. whereas the same
combination elicited only 4 & 2%
cytotoxicity in C3H/HeJ cultures. At higher dosage combinations, equivalentlevels of cytotoxicity were achieved.
This differentialresponsiveness could be dueto1)a
diminishedcapacity
of C3H/HeJ macrophagesto be
“primed by rIFN-y,or 2) responsivenessof primed, C3H/
OuJ macrophages to bothLPS and LAP contained within
the But-LPS. To test the hypothesis that LAP was the
active component within the But-LPS that was serving
a s a second signalto primed C3H/HeJ macrophages,
purified LAP was testedand wasfound to evoke identical
responses in rIFN-y primed C3H/OuJ and C3H/HeJ macrophages. These findings suggest that C3H/HeJ macrophages do not have a diminished capacity to be primed
by rIFN-y, and that thedifferential sensitivity of primed
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