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Various microbial products are known to influence the function of mouse
peritoneal macrophages. Lipopolysaccharide (LPS) and certain lipid A-associated
proteins are known to enhance the tumoricidal effects of macrophages. The
purpose of this study was to determine whether porins (outer membrane proteins)
of Salmonella typhimurium G30/C21 would influence the activity of macrophages
from lipid A-responsive and -unresponsive mice. Porins, extracted by a combined
sodium dodecyl sulfate-EDTA method from cell walls, were free of LPS as
determined by Limulus amebocyte lysate assay and appeared as a band at
approximately 36,000 molecular weight on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. In tumor cell killing assays done under LPS-free
conditions, the porins in doses of 1 to 10 ng/ml enhanced the tumoricidal effect of
macrophages from bacillus Calmette-Guerin-infected C3H/HeN or C3H/HeJ mice.
Protein-free LPS enhanced the tumoricidal activity of macrophages from bacillus
Calmette-Guerin-infected C3H/HeN but not C3H/HeJ mice. The tumoricidal-
enhancing activity of protein-free LPS was blocked by the lipid A-binding
antibiotic polymyxin B sulfate, but the effects of porins were not altered by the
polymyxin B sulfate. These results suggest that porins, proteins known to alter
membrane function, may alter macrophage function by interaction with macro-
phage membranes.

Mouse peritoneal macrophages, after appro-
priate in vivo or in vitro manipulation, can
selectively kill tumorigenic target cells (9, 18, 20,
25). Components of gram-negative bacteria have
been shown to enhance the tumor cytotoxic
effects of macrophages. Endotoxin (lipopolysac-
charide [LPS]) (9, 17, 18, 20, 25) and a protein
associated with LPS (5) can render normal or
partially "activated" macrophages tumoricidal.
Although protein-free LPS does not affect mac-
rophages from lipid A-unresponsive C3H/HeJ
mice (19, 25), the lipid A-associated protein
enhances the activity of macrophages from lipid
A-responsive and -unresponsive mice (5).
The precise identity of this lipid A-associated

protein or endotoxin protein (8, 12) is not
known, but in other systems porins, protein II*,
and lipoprotein are thought to be parts of the
endotoxin proteins (6). The purpose of this study
was to determine whether outer membrane pro-
teins (specifically, porins [4, 10, 15]) of gram-
negative bacteria were capable of enhancing the

t Present address: Ribi Immunochem Research, Inc., Ham-
ilton, MT 59840.

tumoricidal effects of macrophages. It is known
that porins remain associated with LPS during
butanol or trichloroacetic acid extraction proce-
dures like those used by workers studying the
effects of various LPS preparations on macro-
phages (5). Also, porins remain associated with
peptidoglycan in the presence of Mg2+, whereas
other components may be extracted with sodium
dodecyl sulfate (SDS) (16, 21). We have used
this differential extraction as a means of prepar-
ing porins for our studies of biological activities
of porins. Our results show that LPS-free porins
isolated from Salmonella typhimurium G30/C21
enhance tumor cell killing by macrophages from
lipid A-responsive or -unresponsive mice, and
function in ways comparable to those described
before for lipid A-associated protein (5).

(This paper was presented in part at the 65th
annual meeting of the Federation of the Ameri-
can Societies of Experimental Biology in Atlan-
ta, Ga., 15 April 1981 [Fed. Proc. 40:1160,
1981].)

MATERIALS AND METHODS
Mice. C3H/HeN and C3H/HeJ female mice (H-2k),

aged 12 to 18 weeks, were obtained from Charles
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TABLE 1. Limulus amebocyte lysate clotting assaya
Amt of LPS
or porin pre- LPS Porin
sent (ng/ml)

0 - _
0.1 - _
0.5 + -
1.0 + -

10.0 + -
100.0 + -

1,000.0 + -
a +, Solid clot present after 60 min at 37°C; -, no

clot present after 60 min at 37°C.

River, Wilmington, Mass., and Jackson Laboratories,
Bar Harbor, Maine. Infection with bacillus Calmette-
Guerin (BCG) was established by injecting 106 CFU of
Trudeau BCG (TMC no. 1926) intraperitoneally. The
mice were used 2 to 4 weeks after infection.
Media and cell lines. Supplemented Dulbecco's mod-

ified Eagle medium (GIBCO Laboratories, Grand Is-
land, N.Y.) was formulated with LPS-free water as
described before (24, 25). Only media which tested
negatively in Limulus amebocyte lysate assay were
used. LPS-free adult bovine serum was obtained from
Sterile Systems, Logan, Utah. The tumorigenic fibro-
sarcoma 3T12 cell line (H-2d) was used as the target
cell in the tumor cell killing assays.
Tumor cell killing assays. This assay was performed

as described before (25) in assays in Dulbecco's modi-
fied Eagle medium with 10% adult bovine serum.
Resident peritoneal cells are very resistant to activat-
ing agents (25, 26), so mice received 1 ml of 10%
peptone intraperitoneally 3 days before cell harvest.
Peritoneal cells (4 x 105) in 0.1 ml of Dulbecco's
modified Eagle medium were added to chambers of
microtiter plates (Falcon no. 3040), and after adher-
ence for 1 hour at 37°C, nonadherent cells were
removed by washing twice with phosphate-buffered
saline. The resultant monolayers (ca. 1.2 x 105 per
chamber) had more than 90% macrophages as as-
sessed by their phagocytic ability and their presence of
nonspecific esterase (26). 3T12 target cells were la-
beled with tritiated thymidine before the assay. The
effector to target ratio was approximately 12 to 1.
Supernatants were harvested after 3 days of coculture
with the macrophages. Spontaneous release from the
target cells did not exceed 20% over the 3-day period.
The percent of tumor cell killing was calculated as the
percent tritiated thymidine release by the formula
[(Sx-Sc)/total] x 100, where Sx is counts per minute
in the supematant of the experimental well, Sc is
counts per minute in the supernatant of the control
well (tumor cell alone wells), and total is the total
counts per minute in the tumor cell alone well deter-
mined by lysing with 0.2% SDS (25). The cultures
were monitored visually with an inverted phase micro-
scope, and the tumoricidal effect as determined by the
tritiated thymidine release assay reflected the cytotox-
icity as determined visually (25, 26). Experiments
were done at least three times with each of three
separate preparations of porins.

Porin preparation. The porins were extracted from
S. typhimurium cell walls by using a procedure modi-
fied from those described by Nakae (cf. 16) and

Schnaitman (21). Re mutant S. typhimurium G30/C21
cell walls were prepared as previously described by
Takayama et al. (22), except for the omission of the
trypsin treatment. The lyophilized cell wall pellet was
washed twice with water at 22°C and extracted thrice
with 2% SDS-0.5 mM MgSO4 at 60°C. Insoluble pepti-
doglycan complexes were recovered by centrifugation
at 30,000 x g for 30 to 90 min at 22°C. The insoluble
Mg2+-porins-peptidoglycan complex was then extract-
ed five times with 2% SDS-50 mM EDTA at 60°C to
solubilize and separate the porins from the insoluble
peptidoglycan. The soluble porins were then repeated-
ly precipitated in 0.5 M NaCI with 50% ethanol-water
to remove SDS (3), and the porins pellet was suspend-
ed in acetone and subsequently dried. For use in
experiments, the porins were dissolved in water at
70°C and sonicated in a bath sonifier. SDS-polyacryl-
amide gel electrophoresis was done as described by
Lugtenberg et al. (11) by a modified Laemmli system.
Proteins were prepared by boiling for 5 min in 62.5 mM
Tris-hydrochloride (pH 6.8) with 2% SDS, 10% glycer-
ol, 0.001% bromophenol blue, and 2% 2-mercaptoeth-
anol.

Testing for LPS. The presence of LPS was deter-
mined by the Limulus amebocyte lysate assay (24, 25)
with Westphal-extracted Escherichia coli 0111 :B12
LPS as standard. The Limulus amebocyte lysate
(PanMed, Chicago, Ill.) was capable of detecting >0.5
to 1.0 ng of LPS per ml.

Materials. Polymyxin B sulfate and E. coli 0111:B12
LPS were from Sigma Chemical Co., St. Louis, Mo.
Protein-free LPS (phenol extraction) from E. coli K235
was given to us by David Morrison, Emory Universi-
ty, Atlanta, Ga.
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FIG. 1. SDS polyacrylamide gel electrophoresis of
S. typhimurium G30/C21 cell walls (5 p.g of protein)
and porins (1 ,ug of protein). Protein reference stan-
dards (STD) (Bio-Rad Laboratories, Richmond, Calif.)
include phosphorylase b (92,500 dalton), bovine serum
albumin (66,200), ovalbumin (45,000), carbonic anhy-
drase (31,000), soybean trypsin inhibitor (21,500), and
lysozyme (14,400).
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FIG. 2. Tumor cell killing by macrophages from
normal or BCG-infected C3H/HeN mice in assays with
either LPS or porins. The bars represent the means
plus one standard error of the mean of triplicate
samples.

RESULTS
As determined by Limulus amebocyte lysate

clotting, there was no LPS in the porins prepara-
tion (Table 1). Also, the porins did not inhibit the
clot-inducing ability of LPS since >1 ng of LPS
per ml added to the porins caused clotting of the
Limulus lysate. Coomassie blue staining of poly-
acrylamide gel electrophoreses showed one ma-
jor band at about 36,000 molecular weight and a
minor one at 37,000 (Fig. 1). Electrophoresis
with higher amounts of protein (e.g., 10 ,ug per
lane) disclosed three or four additional faint
bands. The bands at 36,000 and 37,000 molecular
weights comprised more than 90% of the protein
in the sample.
As noted before (9, 25), macrophages from

normal or BCG-infected mice injected with pep-
tone did not kill tumor cells in vitro in the
absence of added LPS. However, in cultures
supplemented with protein-free LPS, there was
enhanced tumor cell killing by the normal and
BCG macrophages from C3H/HeN mice (Fig. 2).
The BCG macrophages were much more sensi-
tive to the LPS effects than were the macro-
phages from peptone-injected normal mice.
Macrophages from C3H/HeJ mice were not ren-
dered tumoricidal by the protein-free LPS. The
LPS-free porins were effective in enhancing the
tumoricidal effect of macrophages from both
C3H/HeN and C3H/HeJ mice (Fig. 3).
The antibiotic polymyxin B sulfate binds to

the protein-free lipid A and inhibits its effects in

various systems including macrophage-mediated
tumor cell killing (5, 14, 19, 25). In experiments
done here, polymyxin B inhibited the effect of
protein-free LPS but did not alter the tumorici-
dal enhancing activity of porins in C3H/HeN or
C3H/HeJ mice (Fig. 4). The polymyxin B had no
consistent effect on the macrophages in the
absence of porins or LPS.

DISCUSSION
Mouse peritoneal macrophages are known to

respond to various environmental signals by
acquiring the ability to kill tumor cells in vitro.
The process of differentiation of macrophages to
the tumoricidal state is not an all or none process
but a graded, stepwise path from nontumoricidal
resident peritoneal macrophages to macro-
phages that kill tumor cells (9, 25). In vivo, this
activation of macrophages is thought to occur
through the action of various lymphokines and
possibly other soluble products on the macro-
phages (9). In vitro systems have enabled inves-
tigators to dissect the process of activation and
identify agents causing the differentiation. In
addition to lymphokines (macrophage-activating
factors) (9, 17, 18, 20, 25), products from the cell
walls of gram-negative bacteria have been iden-
tified as potent activators of macrophages (1, 5,
9, 17, 18, 20, 25). Generally, these bacterial
factors act on macrophages which are incom-
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FIG. 3. Tumor cell killing by macrophages from

normal or BCG-infected C3H/HeJ mice in assays with
either LPS or porins. The bars represent the means
plus one standard error of the mean of triplicate
samples.
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FIG. 4. Tumor cell killing by macrophages from
BCG-infected C3H/HeN or C3H/HeJ mice in assays
with either LPS or porins with or without polymyxin B
sulfate. The bars represent the means plus one stan-
dard error of the mean of triplicate samples.

pletely activated in vivo ("nontumoricidal acti-
vated" [9, 25] or "primed" [17, 20]) or macro-
phages incompletely activated in vitro by
lymphokines (9, 17, 18, 25). The bacterial factors
serve as "triggers" for the killing process.
Endotoxin (LPS) is one of the bacterial factors

that potently serves as a factor to cause differen-
tiation of mouse macrophages to the tumoricidal
state (5, 9, 17-20, 25). The LPS acts directly on
the macrophages, not on intermediate lympho-
kine-producing cells (25). The lipid A portion of
the LPS is responsible for the action on macro-
phages, and protein-free LPS does not activate
macrophages from mice of the lipid A-unrespon-
sive strain C3H/HeJ (18, 2J). However, if LPS
containing lipid A-associated protein is used,
macrophages from C3H/HeJ mice are activated
(5). This protein that remains attached to LPS
obtained by mild extraction procedures also is
mitogenic for B lymphocytes from lipid A-re-
sponsive and -unresponsive mouse strains and
humans (7, 8, 12, 13). In this study, we have
attempted to determine whether porins of the
outer membrane of S. typhimurium would en-
hance the tumoricidal effect of macrophages.
The porins of the outer membrane of gram-

negative organisms are known to have various
biological effects. They were named because

they enhance the transport of small molecules
across artificial membranes or membranes of
bacteria by forming apparent "pores" (4, 10, 15,
16, 23). Porins are apparently the same as the
OmpF protein, the matrix protein, or protein Ia
(4). In addition to these well-studied functions,
the major outer membrane proteins (which con-
tained porins) from Pseudomonas aeruginosa
PAO1 were found to be mitogenic for spleno-
cytes from C3H/HeJ mice (3). Also, porins from
S. typhimurium G30/C21 are mitogenic for hu-
man peripheral blood lymphocytes (R. W.
Wheat, presented at the 80th Annual Meeting of
the American Society for Microbiology, 1980).
We propose here that porins of the outer mem-
brane account for the biological activities of
endotoxin-associated proteins in enhancing
macrophage-mediated tumor cell killing, as well
as in causing mitogenesis of lymphocytes de-
scribed by others (3, 5, 8, 12). In the system
studied here, the porins are very potent, with
full activity at picomolar to nanomolar concen-
trations. It is possible that other minor compo-
nents of the bacterial cell walls contaminating
our preparations could have contributed to the
findings we noted here, but we feel that this is
unlikely.
The mechanisms by which porins alter the

function of macrophages is not known. Alter-
ation of the macrophage membrane, possibly
induced by a ligand-receptor interaction, may
initiate the appropriate change(s). Polyene anti-
biotics such as amphotericin B and nystatin form
channels in cell membranes and enhance the
tumoricidal capacity of macrophages in ways
comparable to that described here for porins (2).
It is possible that mechanistically, these operate
in a comparable fashion.
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