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The cytotoxicity of cationic peptides MCP-1 and MCP-2 isolated from rabbit alveolar macrophages was

tested against two tumor cell lines of murine lymphosarcoma origin, RAW117-P and RAW117-HIO, and a

normal mouse connective tissue fibroblast strain, ATCC CCLI. RAWI 17-H10 is a highly malignant mestastatic
variant derived from the less malignant RAW1 17-P. Our results indicate that these peptides possess a cytotoxic
activity against the tumor cells tested but not against the normal cells tested. At concentrations of 30 ,ug/ml,
these peptides completely killed RAW1 17-H1O cells in suspension cultures, while inhibiting growth of
RAW117-P for but a limited period of time, up to 48 h, after which growth resumed. RAW117-P cells were

killed by concentrations of 40 ,ug/ml. These peptides showed little cytotoxicity for normal mouse connective
tissue fibroblasts at concentrations of 40 ,ug/ml.

Rabbit alveolar macrophages, activated in vivo with com-
plete Freund adjuvant, contain two macrophage cationic
peptides (MCP), MCP-1 and MCP-2 (15). These two mole-
cules are each single-chain polypeptides of 33 amino acids;
both are rich in arginine and cystine. MCP-2 differs from
MCP-1 only by substitution of leucine for arginine at residue
13 from the amino terminus (17). These macrophage peptides
are bactericidal against various gram-positive and gram-
negative species at near-neutral pH and relatively low ionic
strength (11) and are also highly active against such fungal
species as Candidca albicans and Canidida parap.silo.sis (15).
They inhibit replication of herpes simplex virus and certain
other viruses (R. I. Lehrer, T. Ganz, M. Sherman, and M. E.
Selsted, in E. Pick, ed., Ly,nphoktines, in press).

In these studies, we tested the cytotoxic activities of these
peptides on two tumor cell lines of Abelson leukemia virus-
induced murine lymphosarcoma, RAW117-P and RAW117-
H10, and to one line of normal mouse connective tissue
fibroblasts (ATCC CCL1). RAW117-H10 is a highly malig-
nant and metastatic line derived from the less malignant line
RAW117-P by using an in vivo sequential selection method
in BALB/c mice (6). RAW117-H1O formed about 100 more
liver tumor nodules per input cell than did the parent line,
RAW117-P (6). This communication describes our findings
of in vitro cytotoxic activity of the cationic macrophage
peptides against either of the two tumor cell lines and much
less cytotoxicity for the normal mouse connective tissue
fibroblast strain.

MATERIALS AND METHODS

Preparation of cationic peptides. (i) Isolation and fraction-
ation of pulmonary macrophages. Macrophages were isolated
from rabbit lungs and fractionated by the procedure of
Patterson-Delafield et al. (15) with some simplifications. New
Zealand White rabbits (2 to 3 kg) were injected 3 to 4 weeks
before collection of the macrophages with 1 ml of complete
Freund adjuvant (no. 0638; Difco Laboratories, Detroit,
Mich.) into a marginal ear vein. This procedure augments the
number of alveolar macrophages that can be collected.
Macrophages were obtained by lavaging the airways of
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rabbits in situ through the trachea after the animals had been
sacrificed by intravenous injection of 4 to 6 ml of 3% sodium
pentobarbital (Nembutal; Abbott Labortories, North Chi-
cago, Ill.) in 10% ethanol followed by 60 ml of air. Dulbecco
phosphate-buffered saline, prepared by the formula of Flow
Laboratories. Inc. McLean, Va. (product catalog I, 1977) and
supplemented with 5 U of heparin (Sigma Chemical Co..
St. Louis, Mo.) per ml and 4.5 mM glucose, were used for
the lavage. which was accomplished by serial washing with
8 to 10 50-ml volumes of buffer. These washings were pooled
and centrifuged at 250 x g for 10 min. The sedimented
macrophages were stored at -20°C.

Alveolar macrophages collected from four to six rabbits
(approximately 0.5 x 109 to 1 x 109 cells) were suspended in
about 5 ml of cold 0.34 M sucrose and disrupted in a Potter
Elvehjem tissue grinder with a motor-driven Teflon pestle
for 3 to 5 min in an ice bath. After the addition of 5 ml of 0.34
M sucrose to the homogenate. the suspension was centri-
fuged at 250 x g and 4°C for 10 min. Supernatant fluids were
stored on ice. and the sediments were suspended in 5 ml of
cold 0.34 M sucrose and homogenized again. All supernatant
fluids were combined and centrifuged at 900 x g and 4°C for
10 min. T'he supernatant so collected was centrifuged for 20
min at 27.000 x g and 4°C. Sediments were stored at -20°C.

(ii) Extraction of peptides from the sediments. The sedi-
ments were extracted in a cold room four times with 5-ml
volumes of 0.01 M citric acid (pH 2.7) for 2 h by the
procedure of Patterson-Delafield et al. (15).

(iii) Electrophoresis. Slab gels (14 by 12 by 0.2 cm) with
15% acrylamide and a 1.5-cm stacking gel without the
sample comb were prepared by using the Lehrer et al.
modification (9) of the method of Reisfeld et al. (16). Be-
tween 5 and 7.5 ml of sample was loaded onto each gel and
mixed with 10% (vol/vol) glycerol and 0.001% (wt/vol)
methyl green. Electrophoresis was conducted at room tem-
perature with a running water cooling system by applying a
current flow of 15 mA for two gels until the dye front had
migrated to the bottom of the gel (approximately 18 h). The
buffer system used was 3.12/c( beta-alanine (wt/vol) in 0.8%
acetic acid (vol/vol). After electrophoresis, 1-cm slices were
cut from each vertical edge and stained with 0.2%r Coomas-
sie brilliant blue dissolved in a solution of 46.2% methanol
and 7T acetic acid. Silver stain (13) was sometimes used to
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stain the gel. The peptides were located in two bands within
1 to 2 cm above the dye front. The gels were sliced
horizontally, and the strips of gel containing these cationic
peptides were pulverized and eluted twice for 16 h at room
temperature with 20 ml each of distilled water. Eluates were

passed through membrane filters (pore size, 0.22 nm; Milli-
pore Corp., Bedford, Mass.) and stored at -20°C.

(iv) Protein determination. Protein content with bovine
serum albumin as the standard was measured by the Bio-Rad
procedure (4).

Microbiological assay of peptides. Microbicidal activity
was assessed by either the colony counting method (15) or

the dye exclusion method (10) with C. albicans ATCC 10231
as the test organism.

Effects of MCP on growth of tumor cells. (i) Cell cultures.
RAW117-P and RAW117-H1O cells were maintained at 37°C
in a humidified atmosphere containing 5% Co2 in Dulbecco
modified Eagle medium (DMEM) with 10% heat-inactivated
calf serum (Flow Laboratories) (7). The malignancy of the
tumor cell lines was monitored by intravenous injection of
5,000 cells in 0.1 ml of serum-free DMEM into the tail vein
of BALB/c mice. Animals were observed daily, and the
survival rate was recorded.

(ii) Growth inhibition assay. The culture medium used in all
growth inhibition assays was DMEM with 10% calf serum.
All cultures were incubated as above.
One test of the cytotoxic activity, the microculture

method, was performed in a 96-well tissue culture cluster
plate (no. 3596; Costar, Cambridge, Mass.). The tumor cells
and peptides were added to the wells so that each well
contained 1,400 cells in 0.2 ml of medium; the peptide
concentration was 100 ,ug/ml in well number 1 and serially
diluted 1:2 in each well thereafter. Growth was recorded
daily by microscopic observation of cell number increase
(cell counts) and by monitoring the color change of cultures
from red to yellow. The indicator in DMEM medium is red at
pH 7.0 but becomes yellow at acidic pH. The color change of
the culture from red to yellow can thus be used as an

indication of cell growth. This procedure was also used to
estimate approximate effective cytotoxic concentrations of
peptides on tumor cells.
The growth inhibition assay was conducted in petri dishes

(35 by 10 mm or 60 by 15 mm; Labware, Oxnard, Calif.)
containing 2.5 or 5 ml of medium, respectively. Lyophilized
peptides were dissolved in culture medium and transferred
to the petri dishes. The desired number of tumor cells was
then inoculated into each dish. Viable cell counts were done
by diluting culture samples with 0.2% trypan blue in saline
and counting the unstained cells.

(iii) Bioassay of MCP-treated RAW117-H1O tumor cells.
Logarithmically growing RAW117-H1O cells at a concentra-
tion of 2 x 105 cells per ml were treated with 40 ,ug/ml of
MCP and incubated as described above. At days 1, 2, and 5
after the treatment, cells were harvested by centrifugation,
and total cell counts were performed with a hemacytometer.
Five thousand cells in 0.1 ml of serum-free DMEM were

injected into the tail vein of BALB/c mice. Animal survival
was recorded daily.

In a second biologic assay, each mouse was injected with
5,000 MCP-treated (5 days) RAW117-H1O cells through the
tail vein. Mice were killed after 2 weeks by cervical dislo-
cation and assayed for the formation of solid tumor nodules
in liver or the increase in spleen weight by the procedure of
Brunson and Nicolson (6).

Effects of MCP on nonmalignant cells. Normal mouse
connective tissue fibroblasts (ATCC CCL1) were purchased

from the American Type Culture Collection and maintained
in DMEM with 10% fetal bovine serum (7). Monolayers in
cultures were trypsinized to obtain individual cells. The cell
suspension was diluted at least 10-fold with growth medium
and adjusted to about 5 x 104 cells per ml. A 0.5-ml sample
(2.5 x 104 cells) of the cell suspension was seeded into each
well of the tissue culture cluster plates (no. 3524; Costar) and
incubated overnight. Culture medium was then replaced
with the same growth medium plus 40 Fg of MCP per ml. At
regular intervals, the numbers of cells in 30 random fields in
each well were counted with the aid of a Nikon inverted
microscope to estimate the total cell number. To calculate
the percentage of viable cells in each well, 0.3 ml of growth
medium was replaced with 0.1 ml of trypan blue solution,
and at least 1,000 cells were counted from each well to
estimate viability.

RESULTS

Cationic peptides purified by the method of Patterson-
Delafield et al. (15) gave Rf values of 0.93 for peptide MCP-1
and 0.87 for MCP-2, which are identical to those published
previously (15). The peptides were extracted from the sedi-
mented (27,000 x g) fraction mainly at the second and third
citric acid extractions. No detectable amount of these pep-
tides could be extracted after the fourth extraction. The
prepared peptides were assayed for fungicidal activity
against C. albicans. Whether measured by viable colony
counts or the dye exclusion (10), concentrations of 40 ,ug/ml
affected a 90% (±+4%) kill in 20 min.
As measured by the microculture method (see the Mate-

rials and Methods section), growth of RAW117-P cells was
not affected when cultures were treated with 25 ,ug or less of
the peptides per ml, and RAW117-H1O growth was not
affected when the protein concentration was 12.5 pg/ml or
lower (data not shown).
To confirm the activity of these cationic peptides reported

above, growth curve experiments were performed. For these
experiments, concentrations of either 30 or 40 ,ug/ml were
chosen. When a concentration of 30 ,ug/ml was used, the
peptides completely killed RAW117-H1O cells in culture
(Table 1) as evidenced by viable cell counts with the trypan
blue exclusion method. The same concentration did not kill

TABLE 1. Effect of MCP on growth of various cells in culture

MCP Viable cell count from the following no.
C(ell line addition of days after inoculation'

(>tg/ml) 0 2 4 5

RAW117-P 0 3.94 5.00 6.00b -C

30 3.94 4.23 5.78
40 3.94 4.11 0.00
40d 3.94 3.89 0.00

RAW117-H10 0 3.92 4.43 - 6.08b
30 3.92 3.23 0.00
40 3.92 3.45 0.00
40X' 3.92 3.34 0.00

ATCC CCL1 O0 1.19 1.79 2.21
40f 1.14 1.57 1.75

a Expressed as log,0 (number of viable cells per milliliter), except for cell
line ATCC CCL1, for which cell numbers are per microscopic field.
bOvergrown.
-, Not done.

d Autoclaved MCP.
e 99%5 viability in this group.
f 91% viability in this group.
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RAW117-P cells. The RAW117-P population, however, was

completely destroyed when the concentration of the pep-

tides was increased to 40 p.g/ml (Table 1).
The heat stability of these cationic peptides was tested by

autoclaving them at 121°C for 40 min and then testing them
for cytotoxic activity by the above protocol. Table 1 also
shows the effect of the heated MCP at a concentration of 40
p.g/ml on RAW117-P cells and RAW117-H10 cells. At this
concentration, the peptides killed both RAW117-P and
RAW117-H1O cells and appeared to be intact after heat
treatrhent.
Normal mouse connective tissue fibroblasts were mini-

mally affected by 40 p.g of MCP per ml with 91% viability
compared with 99% viability for the untreated cells (Table
1).
To eliminate the possibility that any other constituents of

the polyacrylamide gel in the area of the peptides were

responsible for the cytotoxic activity, control gels were

electrophoresed without protein and were eluted and as-

sayed in exactly the same manner as above. No cytotoxic
activity was observed in these control experiments.
The tumorigenicity of RAW117-H10 cells after treatment

with MCP was tested by injecting treated cells into BALB/c
mice (equivalent to 5,000 cells per mouse) and recording
their survival time, the number of tumor nodules in the liver,
and weight increase of the spleen (6). Table 2 shows the
results of a host survival test used to monitor the
tumorigenicity and malignancy of tumor cells. Remarkable
differences in host survival rates were noted after the injec-
tion of 5,000 tumor cells into BALB/c mice. Of the mice that
received RAW117-P cells, 83% were still alive 50 days after
the injection, whereas animals inoculated with 5,000 cells of
RAW117-H1O were all dead 16 days after injection, and all of
the animals in this group died within a 2-day period. Al-
though treatment of RAW117-H1O cells with MCP for 1 to 2
days delayed the death of the inoculated mice, only 16.7% of
the mice survived for 27 days or longer. However, when
RAW117-H1O cells were treated with the peptides for 5 days,
all of the inoculated mice were still alive 50 days after the
injection.

Results from further biologic assays (Table 3) also show
that liver nodules were absent and spleen weights were

hormal in animals injected with RAW117-H1O receiving
5-day MCP treatment, whereas tumor nodules and spleen
weight increases were seen in animals injected with non-

MCP-treated tumor cells. These results indicate that 5-day

TABLE 2. Survival of Female BALB/c mice after intravenous
injection with RAW117 tumor cells

No. of 50-day
Cell line Exposure to survivors/no. Survival (days) of
injected MCP (days) of mice mice that died"

inoculated

RAW117-P 0 5/6 31

RAW117-H1O 0 0/6" 15
1 1/6 16
2 1/6 17
5 6/6

None 0 6/6

Median values are given.
All the mice in this grouip died on day 15 or 16.
- Not applicable.

TABLE 3. Number of tumor nodules and spleen weights of
female BALB/c mice after intravenous injection with RAW117

tumor cells

DayofsacrfeiMean no. of M.ean spleen weight
liver nodules in grams (range)

Day 0 (normal mice) 0 0.145 (0.117-0.197)
Day 14

Untreated Rawll7-H1O cells 65" 0.334 (0.148-0.429)
Treated RAW117-H1O cells 0 0.126 (0.118-0.151)
None (normal mice) 0 0.129 (0.106-0.144)
" Mice were injected with 5,0()0 RAW117-H1t) cells or left uninjected

(normal mice). Mice were sacrificed on day () or 14 as indicated. The treated
RAW117-Hlt) tumor cells were treated with 40 ptg of MCP per ml for the 5
days. Each group consisted of six 12-week-old mice.

" Range, 5 to 120 nodules.

treatment of RAW117-H1O with MCP eliminated the
tumorigenicity of the tumor cells. Trhis also confirms the
results of the growth inhibition tests performed by viable
counts with the trypan blue exclusion method (Table 1) in
which cells treated with MCP for 4 to 5 days were all stained
by trypan blue, whereas some cells treated for 2 days were
still viable, although the growth was inhibited as compared
with control groups.

DISCUSSION
In this study we found that these cationic peptides, at

concentrations up to 40 tg/ml, killed RAW117 tumor cell
lines completely after 5 days treatment. The cytocidal activ-
ity of the peptides was also evidenced by results of our
biologic assays in which peptide-treated RAW117-H10 cells
were injected into mice. Our data reveal that 5-day treatment
of RAW117-H10 cells with MCP eliminates the tumorigenic-
ity of these tumor cells.

Both results from microculture tests and growth curve
experiments indicate that malignant RAW117-H1O cells are
more sensitive to these peptides than the parental RAW117-
P cells. This is opposite to the response of these cell lines to
the antibiotic tunicamycin, a glycosylation inhibitor (8).
Although distinct chainges in tumor cell properties associated
with enhanced metastasis are well documented (5; K. W.
Brunson and G. L. Nicholson, J. Cell Biol. 79:53, 1978), the
reason for the different responses of these two tumor cell
lines to the cationic peptides is not currently known. Our
results also show that these peptides have relatively little
cytotoxic or cytostatic effects on normal mouse connective
tissue fibroblasts. Our results are similar to those of Lehrer
et al. (personal communication; Lehrer et al., in press) who
found that rabbit alveolar macrophages were significantly
more cytotoxic toward a transformed cell line, simian virus
40-3T3, than its nontransformed counterpart.

It has been reported that macrophages from various
sources can be activated for in vitro tumor cytotoxicity by a
variety of in vitro or in vivo treatments. For instance,
Zwilling and Campolito (20) reported that BCG-activated
alveolar macrophages from hamsters were capable of de-
stroying tumor cells. This tumor cell-killing capability can be
stimulated with bacterial lipopolysaccharide (14). Weinberg
et al. (19) observed a similar tumoricidal activity in perito-
neal macrophages from mice. Macrophages collected from
the mouse peritoneum elicited by trehalose diesters also
have cytostatic activity against mastocytoma cells (12).
Human alveolar macrophages are tumoricidal if induced by
lipopolysaccharide (18). The precise molecular mechanisms
involved in tumor cell killing by activated macrophages is
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not completely clear. The secretion of a neutral serine
protease (molectular weight, approximately 40,000), termed
cytolytic protease, is closely correlated with macrophage
killing of tumor cells (2), and the interaction of cytolytic
protease and hydrogen peroxide, also produced by macro-
phages, is synergistic for tumor cell killing (1). Several
mononuclear phagocyte products reportedly damage tumor
cells (3). The cationic peptides reported add to the macro-
phage armamentarium for tumor cell destruction.
More studies are being undertaken in our laboratory to

investigate the specificity and the in vivo effects of the
cationic peptides, although these studies have been ham-
pered by the low yield of peptides from rabbit macrophages.
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