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N'-(N-acetylmuramyl-L-alanyl-D-isoglutamine)-N'-stearoyl-L-lysine, a syn-
thetic muramyl dipeptide analog, stimulated the production of the third compo-
nent of complement (C3) in mice. The serum concentration of C3 was elevated
significantly by subcutaneous treatment with a single dose (10 to 100 jig per
mouse) of the adjuvant 24 h before assay of the serum. Thereafter, the concentra-
tion decreased gradually with time and returned to the normal level on day 4 to 5.
Immunoelectrophoretic analysis of the serum revealed that the decrease in serum
C3 could not be accounted for by the cleavage to C3a and C3b. By intermittent
treatment with the adjuvant on every fifth day, a significant increase in serum C3
was repeated. However, no continuous retention of the serum level of C3 was
established even during continuous treatment with the adjuvant once a day for 10
consecutive days. Instead, in this case, the level of C3 increased repeatedly at
almost 5-day intervals.

It is well known that each of the components
of complement plays an important role in pri-
mary host defense mechanisms against microbi-
al infections via alternative pathways even if an
individual has no specific antibody (11, 17, 28,
33). Actually, a host deficient in serum comple-
ment with a hard inflammatory response or with
undernourishment has been found to be suscep-
tible to repeated infections (1, 3, 5, 27).
Muramyl dipeptide (MDP) and some of its

analogs (MDPs) have been reported to enhance
the nonspecific resistance of animals to microbi-
al infections (6, 14, 15, 22, 23, 25). Osada et al.
have recently found that polymorphonuclear
leukocytes (PMNs) were activated in vitro and
in vivo by an MDP analog, Nn-(N-acetyl-mu-
ramyl-L-alanyl-D-isoglutamine)-N'-stearoyl-L- ly-
sine [MDP-Lys(L18)] (24). We supposed that, in
addition to PMN activation, increase in serum
concentration ofC3 may in part contribute to the
augmentation of nonspecific resistance to micro-
bial infections in mice treated with MDP-
Lys(L18). Thus, this paper deals with the stimu-
lative effect of MDP-Lys(L18) on the
complement productivity in mice.

MATERIALS AND METHODS
MDP. MDP-Lys(L18) (Daiichi Seiyaku Co., Ltd.,

Tokyo, Japan) was dissolved in Dulbecco phosphate-
buffered saline (PBS, pH 7.4) (Nissui Seiyaku Co.,
Ltd., Tokyo, Japan) at a concentration of 500 j,g/ml

just before use and diluted with PBS to between 1 x
10' and 7 x 10'. This lot of MDP-Lys(L18) was
verified to be free of lipopolysaccharide by the Limu-
lus lysate assay, using Limulus Test Wako (Wako Pure
Chemical Industries, Tokyo, Japan).
Animals. Outbred young male adult (4 weeks of age)

mice of strain STD:ddY, weighing 20 to 25 g (Shizuoka
Cooperative for Experimental Animals, Hamamatsu,
Japan), were placed in quarantine for 1 week to check
for infectious disorders and then used for the experi-
ments. Drinking water and food were given ad libitum.
Treatment and sampling. Groups of five mice were

injected subcutaneously (s.c.) with 0.2 ml of each
dilution of MDP-Lys(L18) according to the following
schedules: (i) a single dose of 10, 40, 70, or 100 ,ug per
mouse on day 0, (ii) intermittent dosing with 10 ,ug per
mouse at 2-, 3-, and 5-day intervals, and (iii) a dose of
10 ,ug per mouse once a day for 10 consecutive days.
As controls, groups of five mice injected s.c. with 0.2
ml ofPBS were used. In experiment I, the mice treated
with the adjuvant or with PBS were anesthetized with
ether after 24 h after treatment, and blood samples
were collected by heart puncture. From other groups
of mice with 10 ,ug of the adjuvant per mouse, the
blood samples were gathered every day from 1 to 6
days after treatment. In experiment II, the blood
sampling was carried out every day for mice treated at
2- and 3-day intervals and on days 0, 4, 5, 6, 9, 10, 11,
14, 15, and 16 for mice treated at 5-day intervals,
respectively. In experiment III, the sampling was
carried out every day 24 h after the last treatment. In
these experiments, blood was collected from separate
groups of mice on each occasion. After incubation of
the blood samples in an ice bath for 1 h, the sera were
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FIG. 1. Dose-dependent increase in serum C3 level

in mice with MDP-Lys(L18). Groups of five mice were
treated s.c. with 10, 40, 70, or 100 jig of MDP-
Lys(L18) per mouse or with PBS, and blood samples
were collected from them by heart puncture 24 h later.
The sera prepared by the procedures described in the
text were applied to the SRID assay for measurement
of C3 protein. The results are expressed as the mean +
standard deviation. The level of significance compared
with the values of mice with PBS, which are indicated
as 0, was assessed by Student's t test.

prepared by centrifugation at 3,000 rpm for 10 min at
20C and preserved in a deep freezer at -80°C until
needed for use.
Measurement of C3. The serum concentrations of C3

were measured by a modification of the method of
Mancini et al. (16), the single radial immunodiffusion
(SRID) method, using an agarose plate containing anti-
mouse C3 rabbit serum. The plates were prepared by
mixing 2% agarose (Hoechst Japan Ltd., Tokyo, Ja-
pan) with the same volume of5% anti-mouse C3 rabbit
serum (Fuji Zoki Pharmaceutical Co., Ltd., Tokyo,
Japan) diluted with 0.01 M EDTA-Veronal buffer, pH
8.6, at 55°C, and pouring the mixture into glass slits
containing U-frames (80 by 80 by 0.1 cm). After the
gelation of agarose, the upper glass plate was removed
carefully, and holes 2 mm in diameter were made in
the agarose layer. A total of 16 holes were made on
each agarose plate, and 4-,u quantities of each serum
sample were poured into the holes with a microsy-
ringe. After incubation of the plates at room tempera-
ture for 48 h, the diameter of the precipitated zone was
measured with a zone reader (magnification, x7), and
its square was taken as the amount of C3 in serum.

Immunoelectrophoresis of serum. In vitro and in vivo
activation of serum C3 by the adjuvant was examined
by immunoelectrophoresis (IEP). In the in vitro ex-
periment, sera from untreated mice were supplement-
ed with MDP-Lys(L18) to give concentrations of 4 to
250 ,ug/ml and were incubated at 37°C for 30 or 60 min.

In vivo activation was tested by using the sera derived
from the mice treated with 10 ,ug of the adjuvant per
mouse. The control samples were the sera of the
untreated mice (negative control) and those incubated
in vitro with 5 mg per ml of zymosan (Sigma Chemical
Co., St. Louis, Mo.) at 37°C for 30 or 60 min (positive
control). The IEP plates were prepared by pouring 1%
agarose dissolved in 0.01 M EDTA-Veronal buffer, pH
8.6, onto glass plates (11 by 9 cm). After the agarose
had solidified horizontally, holes 2 mm in diameter
were made in it and filled with the serum. Ninety
minutes after the start of electrophoresis at 40 mA, 20-
p1J quantities of anti-mouse C3 serum were poured into
the slits (2 mm in width) made in the agarose, and the
plates were incubated overnight at room temperature
in a humidified box.

Significance test. The results of each experiment
were expressed as the mean ± standard deviation, and
statistical analysis were performed by Student's t test.
The test was made on multiple (n = 5) observations in
a single experiment.

RESULTS
Dose-dependent increase in serum C3. Groups

offive mice were injected s.c. with 0.2 ml of PBS
or of the adjuvant solution in PBS at a concen-
tration of 50, 200, 350, or 500 ,ug/ml (equivalent
to 10, 40, 70, or 100 jig per mouse), and samples
of serum derived from each group of mice were
tested 24 h after treatment. Figure 1 shows the
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FIG. 2. Retention of the serum C3 level after treat-

ment with MDP-Lys(L18). Groups of five mice were
treated s.c. with 10 jig of MDP-Lys(L18) per mouse
(0) or with PBS (0) on day 0, and the sera were
prepared from separate groups of mice every 24 h after
treatment for 6 consecutive days. The amount of C3 in
serum was measured by the SRID assay described in
the text. The results were expressed as the mean ±
standard deviation, and their significance was tested
by Student's t test.
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increases in serum level of C3 with increase in
dose of the adjuvant. The increases of C3 in
mice injected with 10, 40, 70, and 100 ,ug of the
adjuvant per mouse were 16.4, 22.4, 31.2, and
39.6%, respectively, and were statistically sig-
nificant at the levels of 10, 5, and 1%. 0

Retention of serum level of C3. After treatment
of each mouse with 10 jig of MDP-Lys(L18), the
serum levels of C3 in separate groups of mice
were measured once a day for 6 consecutive
days. Figure 2 shows that the level was maxi-
mum (P < 0.01) 1 day after treatment (day 1) and
then gradually decreased with time, and on day 4
to 5 returned to the normal level. Therefore,
mice were treated with the adjuvant at 5-day
intervals. The result was a retention pattern for
serum C3 similar to that seen with a single dose
(Fig. 3). At each treatment, the levels increased
significantly (P < 0.01) 1 day after treatment,
except for day 6, and returned to normal 4 days
later. In an attempt to keep the level high,
treatment was made continuously once a day for
10 consecutive days or intermittently at 2- or 3-
day intervals. However, the increased level on
day 1 decreased with time irrespective of any
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FIG. 3. Repeated response in C3 production in

mice by intermittent treatment with MDP-Lys(L18).
Groups of five mice were treated s.c. with 10 ,ug of
MDP-Lys(L18) per mouse (@) or with PBS (0) at 5-
day intervals, and the blood samples were collected
from separate groups of mice on days 0, 1, 4, 5, 6, 9,
10, 11, 14, 15, and 16. The amount of C3 in serum was
measured by the SRID assay described in the text. The
results were expressed as the mean + standard devi-
ation, and their significance was tested by Student's t
test.
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FIG. 4. Intermittent response of C3 production in

mice continuously treated with MDP-Lys(L18).
Groups of five mice were treated s.c. with 10 jig of
MDP-Lys(L18) per mouse (0) or with PBS (0) once a
day for 10 consecutive days, and blood was collected
from separate groups of mice every day. The amount
of C3 in the serum was measured by the SRID assay.
The results were expressed as the mean ± standard
deviation, and their significance was tested by Stu-
dent's t test.

subsequent treatment and returned to the nor-
mal level on day 4 (Fig. 4). Almost the same
pattern was repeated once, and the level rose
again somewhat on day 6. The intermittent treat-
ment at 2- or 3-day intervals also failed to keep
the serum level of C3 (data not shown).
IEP of sera. To determine C3 activation by

MDP-Lys(L18), we applied the samples of se-
rum derived from mice treated with 10 ,ug of the
adjuvant and those incubated in vitro with the
adjuvant to the IEP test. Figure 5 shows the IEP
pattern of C3 in serum derived from the mice
treated with the adjuvant. The band of C3 pro-
tein activated by zymosan (positive control)
changed from Pic-globulin to ,BlA-globulin,
whereas proteins in serum derived from mice
with the adjuvant did not. In vitro incubation of
serum with the adjuvant also resulted in no
change in the IEP pattern of C3 (data not
shown). These results suggest that C3 protein
was not activated either directly or indirectly by
MDP-Lys(L18).

DISCUSSION

It is well known that C3 or C3-like proteins
such as cobra venom factor are found in both
lower and higher vertebrates and play an impor-
tant role in nonspecific and specific host defense
(1-3, 8, 9, 14, 19, 20, 26). We supposed that the
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FIG. 5. Immunoelectrophoretic pattern of C3 in
sera of mice treated with MDP-Lys(L18). The sera

derived from mice treated with 10 p.g of MDP-
Lys(L18) per mouse at each time indicated in the
figure were applied to the IEP assay described in the
text. As control, the serum from untreated mice (nega-
tive control) and that incubated in vitro with zymosam
(positive control) were used. The bands of C3 protein
in sera of mice with PBS and those from mice with the
adjuvant were illustrated on the upper and lower side
of each agarose slit, respectively.

complement systems might be involved in the
resistance mechanisms of animals to microbial
infections, which are stimulated by MDPs (6, 14,
15, 22, 23, 25). To clarify its involvement in the
enhancement of defense by MDP-Lys(L18)
against microbial infections in mice, a quantita-
tive and qualitative examination was made of
serum C3 in mice treated with or without the
adjuvant. As a result, the serum concentration
of C3 increased with increased doses of the
adjuvant. The level reached the maximum 24 h
after treatment and then decreased with time
irrespective of any subsequent treatment. On
day 4 to 5, the level returned to normal.

It has been reported that MDPs have activat-
ing effects on macrophages (12, 18, 29, 30, 32).
Most of the components of complement are

synthesized and released from the monocyte-
macrophage system cells (4, 7, 13, 21). By the
IEP analysis, however, little cleavage (activa-
tion) of C3 to C3a and C3b by the adjuvant was

found. This fact suggests that the increase in
serum concentration of C3 is hardly due to the
amplification of C3 production by macrophages
subsequent to the consumption (cleavage) of C3.
On the basis of these findings, we feel confident
that the elevation of the serum concentration of
C3 by treatment with MDP-Lys(L18) is attribut-
able to stimulation by the adjuvant of C3 biosyn-
thesis by the effector cells. Actually, we found
that MDP-Lys(L18) stimulated C3 generation by

cultured mouse macrophages in vitro (N. Endo,
T. Okuda, Y. Osada, and H. Zen-Yoji, manu-
script in preparation).
To be exact, we don't know how the increased

serum C3 functions in the nonspecific resistance
to microbial infections. It may contribute in part
to opsonization of the microbial invader, which
facilitates the phagocytosis of microorganisms
by PMNs and macrophages activated by the
adjuvant (12, 24, 25, 29). It may be that the
components of complement in serum and in the
body fluids resulting from the activity of the
adjuvant may contribute to effective activation
of the PMN functions when the activation of the
alternative pathway of complement is triggered
by any of stimulant, including microorganisms
(10, 28, 31). The finding that PMN activation by
the adjuvant was greater in vivo than in vitro
(24) may support this supposition.
The cause of the periodic increase in serum C3

in mice treated continuously with the adjuvant is
obscure. The second to fourth treatment seemed
to be ineffective in maintaining a high level of C3
in the serum. To make clear the cause, further in
vitro studies must be made of the stimulative
effect of the adjuvant on the generation of C3 by
macrophages and its mechanisms. Studies of
functional correlations between effector cells,
PMNs, macrophages, and lymphoid cells and
studies of the physiological disposition of this
adjuvant are also required.
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