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C-reactive protein on the induction of nitric oxide synthesis in
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1 The ability of three modified tetrapeptides, representing fragments of the C-reactive protein (CRP)
sequence and stabilized in the first peptide bond by retro-inverso modification, to affect the secretion of
nitric oxide (NO) was studied in macrophages of BALB/c mice.

2 These tetrapeptides, resembling the aminoacid sequence of tuftsin (CRP I, H-gThr-(R,S)mLys-Pro-
Leu-OH, ITF 1192; CRP II, H-gGly-(R, S)mLys-Pro-Arg-OH, ITF 1127; CRP III, H-gThr-(R,S)mLys-
Pro-GIn-OH, ITF 1193), were able to induce NO synthesis by peritoneal macrophages in a dose-
dependent manner; the most stimulating dose was 1000 ng ml~' for CRP II and 100 ng ml~' for CRP I
and CRP III. NO synthesis was not strictly dependent on lipopolysaccharide (LPS) activation.

3 The enhanced effect of retro-inverso CRP-related analogues on the expression of iNOS (inducible NO
synthase) was confirmed by higher levels of iNOS activity in the cytosol and by the increase in iNOS protein,
as evaluated by Western blot analysis, in macrophages stimulated by CPR compared with untreated ones.
4 The production of NO by retro-inverso CRP-peptide analogues was significantly inhibited by
dexamethasone (20 uM), NS-monomethyl-L-arginine (L-NMMA) (500 um) and pyrrolidine dithiocarba-
mate (PDTC) (100 um).

5 Retro-inverso CRP-peptide analogues stimulated macrophages to produce high levels of interleukin-1
(IL-1) and tumour necrosis factor-a (TNF-«) in the presence of LPS.

6 Retro-inverso CRP-peptide analogues stimulated NO synthesis by the enhancement of endogenously
produced IL-1 and TNF-«, as the treatment of peritoneal macrophages with LPS in the presence of
neutralizing anti-IL-1 and anti-TNF monoclonal antibodies (mAbs) reduced retro-inverso analogue-
induced NO secretion. Data indicate a predominant role for IL-1a in the induction of NO secretion by
retro-inverso analogues.

7 These results suggest that retro-inverso CRP derived analogues act as costimulators of NO and
cytokine synthesis in macrophages. The mechanisms by which they cause iNOS induction appear to be

strongly dependent on the activation of nuclear factor-«B (NF-xB).
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Introduction

C-reactive protein (CRP), a protein with a pentameric orga-
nization of identical subunits arranged as a single annular
pentagonal disc (pentraxin) (Pepys & Baltz, 1983), is an acute-
phase reactant that increases by as much as 2000 fold above its
normal level during the inflammatory process (Morley &
Kushner, 1982; Steel & Whitehead, 1994). CRP acts as an
opsonin for phagocytic cells (Mortensen et al., 1976), activates
the classical pathway of complement (Ballou & Kushnar,
1992), modulates platelet activation (Fiedel, 1988) and en-
hances natural-killer cell activity and macrophage tumour-
icidal activity (Steel & Whitehead, 1994).

The proteolysis of CRP leads to the release of bioactive
CRP peptides with potent immunomodulating activity (Robey
et al., 1987; Fiedel, 1988; Heuertz et al., 1996). These peptides
have homology with the macrophage activating tetrapeptide,
(H-Thr-Lys-Pro-Arg-OH) tuftsin (Najjar & Nishioka, 1970;
Fridkin & Gottlieb, 1981), the homologues of which are re-
peated multiple times in each CRP subunit (Robey et al.,
1987). Tuftsin is an important stimulator of natural immune
responses as it activates macrophages, potentiating phagocy-
tosis, motility, pinocytosis and chemotaxis (Najjar & Nishioka,
1970; Fridkin & Gottlieb, 1981; Babcock et al., 1983). Fur-
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thermore, tuftsin increases the bactericidal and tumouricidal
activities of macrophages (Nishioka ez al., 1981; Catane et al.,
1983) and enhances nitric oxide (NO) synthesis by murine
peritoneal macrophages (Cillari et al., 1994).

NO is one of the most potent antimicrobial agents (Hibbs et
al., 1990). NO is derived from the oxidation of the terminal
guanidino nitrogen atom of L-arginine (Palmer et al., 1988;
Sakuma et al., 1988) by an NADPH-dependent enzyme, NO
synthase (NOS). There are at least two distinct isoenzymes: the
constitutive Ca?"-dependent enzyme (cNOS), responsible for
basal NO synthesis in both the endothelium and nervous sys-
tem, and the Ca’"-independent cytokine-inducible enzyme
(INOS) (Palmer et al., 1988; Hibbs et al., 1990).

As the enzymatic degradation of tuftsin strongly reduces its
stimulating effect on immunocompetent cells by producing
inhibitory tripeptides (H-Thr-Lys-Pro-OH and H-Lys-Pro-
Arg-OH) (Spirer et al., 1975; Verdini et al., 1991), several at-
tempts have been made to produce stabilized peptides. Thus,
analogues with aminoacid substitutions, protected N- and C-
terminal elongated chains and derived sugar moieties have
been prepared (Fridkin & Najjar, 1989). More recently, an
analogue of tuftsin was prepared, in which the first peptide
bond was stabilized by the inversion of its direction, i.e. from
-CONH- to -NHCO- (retro-inverso-tuftsin) (Verdini et al.,
1991).
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Since Robey et al. (1987) demonstrated that three tetra-
peptides, resembling the aminoacid sequence of tuftsin (Thr-
Lys-Pro-Leu, Gly-Lys-Pro-Arg and Thr-Lys-Pro-Gln), evenly
distributed throughout the human C-reactive protein (CRP),
have potent immunomodulating activities, we were interested
in studying the biological activities of their retro-inverso ana-
logues. Thus, we have investigated the ability of the retro-
inverso analogues, CRP 1 (H-gThr-(R,S)mLys-Pro-Leu-
OH=ITF 1192), CRP II (H-gGly-(R,S)mLys-Pro-Arg-
OH=ITF 1127) and CRP III (H-gThr-(R,S)mLys-Pro-GlIn-
OH=ITF1193) to affect macrophage secretion of NO and
those cytokines (tumour necrosis factor o (TNF-o) and inter-
leukin-1 a (IL-1a)) capable of stimulating its synthesis (Drapier
et al., 1988; Beasley et al., 1991).

Since transcription nuclear factor-xB (NF-xB) is crucial for
the inducible expression of multiple cellular genes involved in
immune and inflammatory responses including the production
of IL-1a, TNF-oe and iNOS (Lowenthal ez al., 1989; Muller et
al., 1993; Baeuerle & Henkel, 1994; Baldwin, 1996) it seemed of
interest to determine whether the NF-«B inhibitor, pyrrolidine
dithiocarbamate (PDTC), was able to inhibit retro-inverso
analogue-induced NO synthesis.

Methods
Mice

Ten to twelve week-old female BALB/c mice were obtained
from Charles River Italia (Calco, Lecco, Italy).

Retro-inverso analogues

The modified peptides were synthesized at the Peptide Chem-
istry Department at Italfarmaco. No attempts were made to
separate the two diastereomers originated by the presence of
(R, S) malonyl lysine residue thus all the analogues are a 1:1
mixture of isomers. The synthesis was carried out as described
previously (Verdini et al., 1991).

The compounds were free of endotoxin at 0.03 eu (<10 ng
ml~") by the Limulus amebocyte lysate assay kit (Whittaker
Bioproducts, Walkersville, MD, U.S.A.).

Peritoneal cells

Peritoneal exudate cells were collected from mice injected i.p. 3
days previously with 3 ml of a 2% sterilized hydrolysed starch
solution (BDH Chemicals, Poole, U.K.) by injecting 5 ml of
cold culture medium per mouse into the peritoneal cavity un-
der sterile conditions.

Induction of NO synthase activity, NO synthesis and
cytokines

Murine peritoneal macrophages were cultured for 2 h at
37°C in an atmosphere of 5% CO, in 24-well Costar plates
at 2x10° cells in 2 ml of culture medium. Non-adherent
cells were then removed by washing and the adherent cells
were cultured with various stimuli as detailed in the figure
legends. At various time intervals, culture supernatants were
collected for NO and cytokine measurement and the cells
were washed and treated with extraction buffer (250 ul of
0.1 M HEPES, pH 7.4, with 1 um dithio-threitol, Sigma).
The cells were frozen and thawed three times, scraped and
transferred into Eppendorf tubes, centrifuged at 10,000 g for
30 min at 4°C and the supernatants of the cells extracts were
assayed for NOS activity.

Measurement of NO and NO synthase activity

NO production, measured in the culture supernatants as
NO, ™, was determined by the Griess reaction (Ding et al.,

1988). Briefly, 100 ul/well of sample were incubated with an
equal volume of Griess solution (1% sulfanilamide in 5%
phosphoric acid+1% a-naphthylamine in distilled water) at
room temperature for 10 min. The absorbance was evaluated
with a Titertek ELISA reader (Flow, Rockville, MD) at
492 mm. The level of NO,- reflected NO synthesis.

NO synthase activity in the supernatants was evaluated by
measuring the conversion of L-[’H]-arginine to L-[*H]-citrul-
line, as described by Salter ez al. (1991). Briefly, 20 ul of lysate
were incubated with KH,PO, (50 mMm), valine (59.8 mMm),
MgCl, (2 mm), CaCl, (0.4 mm), EDTA (1.2 mm), DTT
(0.8 mM), NADPH (0.2 mMm), L-arginine (38 uMm), L-citrulline
(2 mm), TH biopterin (50 mMm, 50 upl), FAD (1 mMm, 500 ul)
and [*H]-arginine (25 uCi) (Amersham, Milan, Italy). In some
tubes L-NMMA, a NOS inhibitor, (I mM) was added to the
other reagents. After 15 min incubation at 37°Cm the reaction
was stopped by adding 0.5 ml HEPES-Na (20 mm), pH 6,
containing 2 mM EDTA. The whole reaction mixture was
applied to 1 ml columns of Dowex. The radioactivity corre-
sponding to [*H]-citrulline content in 450 ul eluate was mea-
sured by liquid scintillation counting (Beckman, Milan, Italy).
The protein content of the cytosol was determined by the
Coomassie blue dye binding method according to the manu-
facturer’s recommendations (Pierce Chemicals, Rockford, IL).
The results are expressed as pmol of NO generated mg~!

protein min~".

SDS—PAGE analysis and Western blot

Adherent peritoneal cells were rapidly rinsed with PBS, lysed
in boiling lysis solution (1% SDS-10 mM Tris pH 7.4) and
then boiled for an additional 5 min. Protein concentration
was measured by the BCA method (Pierce, Rockford, IL,
U.S.A).

SDS—-PAGE was performed as described by Laemmli
(Laemmli, 1970). with 7.5% (w/v) polyacrylamide gel. An ap-
propriate amount of total protein from the cell lysate was
loaded onto the gel with 6 x SDS sample buffer (Tris-Cl pH 7.8
0.35 M, glycerol 30% v/v, SDS 10% w/v, f-mercaptoethanol
6% v/v, bromophenol blue 0.012% w/v). After electrophoresis
the proteins were transferred onto an immobilon membrane
(Millipore, Bedford, MA, U.S.A.) by use of a wet electro-
transfer system (Biorad, Hercules, CA, U.S.A.). The membrane
was then blocked in TBS-T (10 mM Tris pH 7.5, 100 mM NaCl,
0.1% Tween 20) containing 5% dried non-fat milk and subse-
quently incubated with a mouse monoclonal anti-iINOS anti-
body (1.5 ug) (Transduction Laboratories, Lexington, KY),
diluted in TBS-T. An anti-mouse HRP labelled antibody was
used as second antibody (Amersham, Little Chalfont, Buck-
inghamshire, U.K.). Bands were visualized by autoradiography
with the ECL detection system (Pierce) following the manu-
facturer’s instructions. A mixture of different colour proteins
was used as protein molecular weight markers (Sigma, St.
Louis, MO).

Cell viability assay

A modification of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) reduction assay of Mosmann
(1983) was used. Cultures were incubated for 24 h and pulsed
with 100 ul of 0.2 mg ml~' MTT reagent for 2 h at 37°C,
followed by 15 min incubation at 37°C with 100 ul DMSO.
After this period, microtitre plates were read at 595 nm in an
ELISA plate reader. Results are expressed as absolute OD
readings. The s.e.mean never exceeded 15% of the mean OD
value and is omitted.

Cytokine assay

IL-1 and TNF-o were determined by enzyme-linked im-
munosorbent assay (ELISA) commercial kits (Genzyme,
Kocklight Ltd., Hatfield, U.K.) which employ the multiple
antibody sandwich principle.
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Materials

Lipopolysaccharide (LPS), CRP, acetate salt tuftsin, N°-
monomethyl-L-arginine (L-NMMA) and PDTC were obtained
from Sigma (Poole, U.K.). Dexamethasone was purchased
from MSD (Rahway, N.J.). Anti-IL-1& and TNF-o mono-
clonal antibodies (mAbs) were purchased from Genzyme.
Tissue culture medium consisted of RPMI-1640 (Flow La-
boratories, Herts., U.K.) supplemented with glutamine
(2 mM), antibiotics, 2-mercaptoethanol (50 uM) plus 5% or
10% foetal calf serum (FCS).

Statistics

All experiments were carried out three or four times on dif-
ferent days and each was made in triplicate. The results are
expressed as the mean +s.e.mean. Some data are presented as
the mean +s.e.mean of three or four individual experiments,
others as the mean+s.e.mean of a single representative ex-
periment, because in some experiments the level of NO was
variable probably due to the different state of activation of the
starch-stimulated macrophages. However, within each single
experiment, the s.e. was within 10%. Standard deviations and
s.e.mean were calculated and statistical significance was tested
by use of Student’s ¢ test by variance analysis (Student-New-
mann-Keuls test).

Results

Biochemical data on retro-inverso analogues

The characteristics of retro-inverso analogues of tuftsin-like
peptides are presented in Table 1. CRP II represents Gly re-
sidue in position 1 in place of the Thr of tuftsin. CRP III and
CRP I represent Gln and Leu residues respectively in position
four in place of Arg. Stability was determined in RPMI-1640
culture medium in the presence of 10% FCS at 37°C and
against murine plasma. Tuftsin was almost completely hy-
drolysed in less than 90 min in cell culture medium RPMI and
in 8§ min in mouse serum. Retro-inverso-peptide analogues
showed no significant hydrolysis after 2 h of incubation (data
not shown).

Effect of retro-inverso analogues on NO synthesis

Peritoneal macrophages were incubated with different doses of
retro-inverso peptide analogues (1-10,000 ng ml~") in the
presence of suboptimal amounts of LPS for 48 h and the su-
pernatants tested for NO synthesis. Analogues induced NO
production in a dose-dependent manner. The optimal amount
of LPS inducing significant NO production was determined
after accurate titration experiments with different times and
doses of analogues. The most significant cell stimulations were
obtained with 100 ng ml~" CRP I or CRP III and 1,000 ng
ml~! of CRP II (Figure 1; P<0.05). Analogues alone were not
effective in stimulating significant NO production. Analogues
alone gave extremely variable results; in some experiments they

Table 1 Structure of retro-inverso synthetic peptides
containing tuftsin-related sequences

1,2 Retro-inverso

tetrapeptides Amino acid sequences

CRP I H-gThr-NHCO*(R,S)m-Lys-Pro-Leu-OH"
CRP 1I H-gGly-NHCO?-(R,S)m-Lys-Pro-Arg-OH®
CRP III H-gThr-NHCO*(R,S)m-Lys-Pro-Gln-OH¢
Tuftsin H-Thr CONH-Lys-Pro-Arg-OH

#Retro-inverso modification: -CO-NH-> >-NH-CO-.
®Sequence 27—-30 of CRP.

“Sequence 113-116 of CRP.

dSequence 200—203 of CRP.

activated NO synthesis (between 5—20 nmol of NO ml™")
whereas in others they were ineffective. The variability ap-
peared to be dependent on the basal state of activation of
macrophages during their preparation (Novogrodsky et al.,
1994) rather than on LPS contamination. However, the cul-
tures and materials used were screened for endotoxin (<10 ng
ml~") and LPS given at low concentration (10 ng ml~") did not
cause any significant production of NO with respect to RPMI
alone (13.4+4 vs 8.54+3 nmol ml~' of nitrite). We have ob-
served that authentic C-reactive protein was able to modulate
iNOS induction, as attested by its ability to potentiate NO
synthesis (Table 2).

Sensitivity of retro-inverso analogue-induced NO
synthesis to treatment by dexamethasone and L-NMMA

Peritoneal exudate cells were incubated with retro-inverso
analogues, in the presence of 20 uM dexamethasone or 500 uM
L-NMMA, to investigate whether the effects of the compounds
on NO synthesis are mediated by the activation of NOS. The
induction of NO synthase and NO production by retro-inverso
analogues were significantly inhibited by dexamethasone and
L-NMMA treatment (Table 3).

Effect of CRP II analogue on iNOS protein content

To confirm the ability of analogues to increase the expression
of iNOS we studied the expression of iNOS by SDS—PAGE
and Western blot (Figure 2). The expression of iNOS protein
was increased in peritoneal cells stimulated with CRP II plus
LPS compared with controls, as determined by Ultroscan XL
laser densitometer evaluation (Table 4).

Effect of retro-inverso analogues on IL-1o. and TNF-o.
synthesis

To determine whether the analogues stimulated the production
of other cytokines, peritoneal cells were treated with different

NO,~ (nmol mI~t) medium

0 } + } t
0 1 10 100 1000

Analogues (ng ml1)

10000

Figure 1 Levels of NO,™ produced by peritoneal macrophages after
being cultured for 48 h with different doses of retro-inverso
analogues together with 1 ug ml~' LPS. CRP 1 (), CRP 1I (@),
CRP III (A), tuftsin alone (@). Vertical lines show s.e.mean (n=4).
Results are representative of three experiments. *P<0.05 compared
with untreated cells.

Table 2 Effect of authentic CRP on NO synthesis induced
by LPS

CRP (ugml™")
Control 0.1 1 10
6049 80+3 103+13* 70410

aData shown are mean amounts of NO, (nmolml’
medium) +s.e.mean of 3 experiments.
*P<0.05 significantly different from untreated control.
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doses of CRP II at the times of maximal stimulation in the
presence of LPS (1 ug ml~') and culture supernatants were
collected for cytokine measurement and the determination of
nitrite concentrations. CRP II induced very high levels of IL-
1o cytokine synthesis compared with untreated control cells at
doses of 0.1 and 1.0 ug ml~', whereas 10 ug ml~' was in-

Table 3 Sensitivity of retro-inverso synthetic peptide-
induced NO-synthesis and NOS activity to dexamethasone
and L-NMMA

Stimulus

Treatment — CRP I CRP II CRP III
Control 61+4 90+9*  124+15% 99+8*

(70+8) (100+11)* (1504 10)* (110 +12)*
Dexamethasone 15+4 2046 30+4 2247
(20 pm) Bx£2) (10£5) (12+4) (11£4)
L-NMMA 24+0.5 2+1 10+2 8+1
(500 gem) (<0.1) (<0.1) (<D (<0.5)

Data shown are means +s.e.mean of three experiments and
are expressed as nmol NO, ml™' or (in parentheses) as
pmol iNOS mg™! protein min~'. Peritoneal exudate cells
(10°ml™") were stimulated with the compounds (100 ngml™
CRP I or CRP I and 1ugml! CRP II) for 48h plus
1 ugml™ of LPS.

*P <0.05 significantly different from untreated group.

1J130 kDa

Figure 2 Effect of CRP II on iNOS protein. Starch-elicited
macrophages were cultured in medium alone or stimulated with
LPS (1 ug ml~") with or without three different doses of CRP 1II for
12 h. Total cell lysates from macrophages were processed for
determination of iINOS enzyme by SDS—PAGE and Western blot
analysis, as described in the Methods section. Lane 1, RPMI alone;
lane 2, LPS; lane 3, 10 ug ml~' CPR 1II plus LPS; lane 4, 1 ug ml~!
CPR 1II plus LPS; lane 5, 100 ng mI~' CPR II plus LPS. The areas,
from lane 1 to lane 5, as scanned by Ultroscan XL laser
densitometer, were respectively: 0.00, 0.230, 0.238, 0.462, 0.545. (—)
Position of typical iNOS band (ca. 130 Kd). Results are representa-
tive of four experiments.
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effective (Figure 3a). Similar data were obtained for TNF-«
(Figure 3b). The concentrations of CRP II used in this ex-
periment were also effective in stimulating NO synthesis
(Figure 3c).

Retro-inverso analogues stimulate NO synthesis
preferentially by the enhancement of endogenously
produced IL-10. and TNF-o

The effect of enhanced endogenous production of IL-1« and
TNF-o by retro-inverso analogues on NO production by
macrophages was evaluated by quantifying NO,~ levels pro-
duced by peritoneal macrophages activated with these com-
pounds together with LPS (1 ug ml™'), in the presence or
absence of neutralizing anti-IL-1o and anti-TNF-a monoclonal
antibodies (mAbs). A representative experiment with the
analogue CRP II is shown in Table 5. In both the presence and
absence of LPS plus anti-IL-1o and anti TNF-o mAbs, CRP
II-stimulated macrophages produced lower levels of NO than
those produced in the absence of mAbs. This indicates that
endogenously produced IL-la and TNF-o, whose secretion
was enhanced by CRP II, are critically involved in the induc-
tion of NO secretion.

Table 4 Effect of the analogue CRP II on iNOS protein
content evaluated by Western blot

CRP II (ugml ")
Control 0.1 1 10

0.17940.03 0.372+0.09* 0.290+0.09* 0.178 +£0.03

Means +s.e.mean of four individual experiments are shown.
#Ultrascan XL laser densitometer evaluation.

*P<0.05 significantly different from untreated (control)

group.

Table 5 Effect of anti-IL-la and anti-TNF-z mAbs on
LPS-induced NO synthesis in the presence of CRP II

Additional NO>
Group Stimulus stimulus (nmolml )
1 RPMI - 3+0.5
2 LPS - 110+9
3 CRP II LPS 172+12
4 LPS Anti-IL-1o 35+7*
5 CRP 11 Anti-IL-1o.+ LPS 50+ 10*
6 LPS Anti-TNF-o 80+9
7 CRP II Anti-TNF-o + LPS 140+ 12

Means+s.e.mean of three experiments are shown. Perito-
neal cells were cultured at 10°cellsml™ for 48h with
medium alone or with LPS (1 pugml™') with or without
1ugml' CRP II. Anti-IL-1¢ and anti-TNF-z mAbs were
used at a final concentration of 40 ugml .

*P<0.01, compared with corresponding control.

C
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7
» € *
- < 100
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£
o 50
(e}
P
0
100 1000 10000 0 100 1000 10000

CRP Il (ng mI-1)
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CRP Il (ng mI1)

Figure 3 Levels of (a) interleukin-loo (IL-1a), (b) tumour necrosis factor-a (TNF-x) and (¢) NO,  produced by peritoneal
macrophages activated with different doses of CRP II (for 48 h) in the presence of LPS (1 ug ml~'). *P<0.05 compared with

untreated cells.
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Sensitivity of retro-inverso analogue-induced NO
synthesis to treatment with PDTC

We further evaluated the effect of the NF-kB inhibitor, PDTC,
in reducing NO synthesis induced by CRP II and LPS (1 ug
ml~!). As shown in Figure 4a, 10 um PDTC reduced NO
synthesis in CRP II treated and untreated cells by 60%,
whereas treatment with 100 uM PDTC resulted in its complete
inhibition. At the concentrations of PDTC used in these ex-
periments, the numbers of living cells remained constant for at
least 24 h, as attested by the colorimetric MTT reduction assay
(Figure 4b), indicating that the inhibitory effect of PDTC on
NO synthesis induced by CRP II plus LPS or by LPS alone is
not due to toxic activity.

Discussion

Tuftsin is a well documented stimulator of macrophage func-
tions in vitro (Najjar & Nishioka, 1970; Nishioka et al., 1981;
Babcock et al., 1983; Catane et al., 1983; Cillari et al., 1994)
and in vivo (Martinez & Winternitz, 1981; Nishioka et al.,
1986; Smith et al., 1986). However, its use is limited by its
instability and sensitivity to enzymatic degradation, which re-
duces its stimulating effect on immunocompetent cells (Spirer
et al., 1975) and its use in vivo.

In this study we showed that three CRP-related analogues
of tuftsin, prepared by inverting the ‘direction’ of the first
peptide bond between Thr and Lys replacing Thr and Lys
respectively with gem-diamine and malonyl residues (Verdini
et al., 1991), acquire very significant peptidase stability and

100

50 |

Inhibition (%)

0 0.01 0.1 1
PDTC (mm)

15

oD

0.5

0+ —
0 12 24 36 48

Incubation time (h)

Figure 4 (a) Effect of pyrrolidine dithiocarbamate (PDTC) on CRP
II analogue-induced NO synthesis. Murine macrophages were
incubated with LPS (1 ug ml~!) (@) or LPS (1 ug ml~") plus
CRP II (@) in the presence of various doses of PDTC (0.01-1 mm),
which were added in cultures 2 h before the addition of CRP II and/
or LPS. The inhibitory effect of PDTC on the NO-induced synthesis
is expressed as % inhibition of NO synthesis. (b) Effect of PDTC on
cell viability. Murine macrophages cultured for various times in the
presence of the most effective dose of PDTC (0.1 mm) were
stimulated with LPS (@) or LPS plus CRP II (1 ug mi™") () and
viability was evaluated by MTT reduction assay. LPS without PDTC
(O). Data are expressed as OD and are mean of three experiments;
vertical lines show s.e.mean.

become less susceptible than their parent molecule to hydro-
lysis by proteolytic enzymes (Goodman & Chorev, 1979;
Bonelli et al., 1984; Groggia et al., 1985).

Furthermore, these retro-inverso CRP-related analogues
display potent immunostimulating activities. In particular,
retro-inverso CRP analogues enhanced NO production in-
duced by suboptimal amounts of LPS (1 ug ml™') and in-
creased iNOS activity in peritoneal macrophages as observed
for tuftsin (Cillari et al., 1994). The enhanced effect of retro-
inverso CRP-related analogues on the expression of iNOS is
highlighted both by higher levels of iNOS activity and by the
increase of protein mass for iNOS, evaluated by Western blot
analysis in stimulated macrophages. Further evidence of their
stimulating activity on iNOS is provided by the observation
that iNOS synthesis and NO production, mediated by retro-
inverso CRP-related analogues, are inhibited by the addition
of dexamethasone. The induction of NO synthesis by these
compounds is also sensitive to the action of L-NMMA, the
substrate analogue inhibitor of NOS.

The observed stimulating effects on NO synthesis by au-
thentic CRP could indicate a novel mechanism by which CRP
participates in the acute phase response to tissue damage
(Baumann & Gauldie, 1994). The inducible transcription fac-
tor of Rel family NF-xB plays a central role in coordinately
controlling gene expression during monocyte/macrophage ac-
tivation (Bacuerle & Henkel, 1994; Baldwin, 1996). Between
the various genes induced with the help of NF-kB are those of
IL-1, TNF and iNOS (Lowenthal et al., 1989; Muller et al.,
1993; Baeuerle & Henkel, 1994; Baldwin, 1996). On the other
hand, TNF and IL-1 may be critical in initiating the events
leading to NF-kB activation via the degradation of (IxBa)
(Lowenthal ez al., 1989; Osborn et al., 1989; Weigmann et al.,
1994; Baldwin, 1996). Furthermore, although NF-xB tran-
scriptionally regulates the iNOS gene, the production of NO
may inhibit the activation of NF-xB (Peng et al., 1995; Zeiher
et al., 1995) thus NO may block its own production through
the inhibition of NF-xB (Baldwin, 1996). Our finding that the
NF-xB inhibitor PDTC prevents NO synthesis by CRP ana-
logues, could indicate that one of the mechanisms by which
CRP analogues induce iNOS activation is the activation of
NF-kB. However, it was not possible to exclude the possibility
that CRP analogues could activate IL-1 and TNF synthesis in
turn inducing post-translationally the active nuclear form of
NF-xB which could activate the iNOS gene and, hence, NO
synthesis. Consistent with this hypothesis is the demonstration
that CRP peptides are very effective in enhancing LPS-induced
IL-1 and TNF synthesis and that, in the presence of anti-IL-1
and anti-TNF mAbs, they were ineffective in stimulating sig-
nificant NO secretion by peritoneal macrophages stimulated
with LPS (Table 5).

So far the effects on macrophages by short peptide chains
have been only marginally investigated. CRP I and CRP III
are more similar to each other, than they are to CRP II. Al-
though CRP I and CRP III differ in amino acid position 4,
both possess Thr, whose presence has already been demon-
strated to be crucial for the activity of natural tuftsin, since its
replacement drastically reduces immunostimulating activity
(Fridkin & Gottlieb, 1981). On the other hand, Thr together
with Phe are the critical residues of CRP which mediate cell
attachment in vitro (Mullinex et al., 1994). CRP II is devoid of
Thr and its two residues (Gly and Arg) are different from those
of the other two compounds. Nevertheless, CRP II is very
active in stimulating peritoneal cells and could bind strongly to
the surface membrane of these cells, because it contains two of
the three amino acids of the cell adhesion motif RDG (Arg-
Gly-Asp) that are recognised by several membrane integrins
(D’Souza et al., 1991).

CRP-analogues downregulated cytokine and NO synthesis
at higher concentrations, producing biphasic dose-response
curves. These bell-shaped curves are common to other peptides
(Rovati & Nicosia, 1994) and to antioxidants (Schreck et al.,
1992). It is conceivable that peptides acting on receptors used
by other substances behave as ‘partial agonists’ with lower
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efficacy compared with ‘full agonists’ (Rovati & Nicosia, 1994;
Pliska, 1994). The possibility that the peptides interact as full
agonists with two receptors that mediate opposite effects
cannot be excluded (Rovati & Nicosia, 1994; Pliska, 1994).

Studies are in progress to characterize better the effect of
single amino acid substitutions on the biological activity of
these linear peptide chains and the potential immunostimula-
tion in vivo of such molecules, more stable than tuftsin, on
immunocompetent cells.

References

AGRAWAL, A. & VOLONAKIS, J.E. (1994). Probing the Clq-binding
site on human C-reactive protein by site-directed mutagenesis. J.
Immunol., 152, 5404 —5410.

BABCOCK, G.F., AMOSCATO, A.A. & NISHIOKA, K. (1983). Effect of
tuftsin on the migration, chemotaxis, and differentiation of
macrophages and granulocytes. Ann. New York Acad. Sci., 419,
64-74.

BALDWIN, A.S. JR. (1996). The NF-«kB and IxB protein: new
discoveries and insights. Annu. Rev. Immunol., 14, 649 —681.
BALLOU, S.P. & KUSHNER, I. (1992). C-reactive protein and the

acute phase response. Adv. Intern. Med., 37, 313—-336.

BAEUERLE, P.A. & HENKEL, T. (1994). Function and activation of
NF-xB in the immune system. Annu. Rev. Immunol., 12, 141 -
179.

BAUMANN, H. & GAULDIE, J. (1994). The acute phase response.
Immunol. Today, 15, 74—80.

BEASLEY, D., SCHWARTZ, J.H. & BRENNER, B.M. (1991). Inter-
leukin 1 induces prolonged L-arginine-dependent cyclic guano-
sine monophosphate and nitrite production in rat vascular
smooth muscle cells. J. Clin. Invest., 87, 602 —608.

BONELLI, F, PESSI, A. & VERDINI, A.S. (1984). Solid phase synthesis
of retro-inverso peptide-analogues. Int. J. Peptide Protein Res.,
24, 553-556.

CATANE R., SCHLANGER, S., WEISS, L., PENCHAS, S., FUKS, Z.,
TREVES, A.J., GOTTLIEB, P. & FRIDKIN, M. (1983). Toxicology
and antitumor activity of tuftsin. Ann. New York Acad. Sci., 419,
251-260.

CILLARI, E., ARCOLEO, F., DIELI, M., D’AGOSTINO, R., GROMO, G.,
LEONI, F. & MILANO, S. (1994). The macrophage-activating
tetrapeptide tuftsin induces nitric oxide synthesis and stimulates
murine macrophages to kill Leishmania parasites in vitro. Infect.
Immun., 62, 2649 —2652.

DING, A.H., NATHAN, C.F. & STUEHR, D.J. (1988). Release of
reactive nitrogen intermediates and reactive oxygen intermedi-
ates from mouse peritoneal macrophages. Comparison of
activating cytokines and evidence for independent production.
J. Immunol., 141, 2407 —2412.

DRAPIER, J.C., WIETZERBIN, J. & HIBBS, J.B. (1988). Interferon-
gamma and tumour necrosis factor induce the L-arginine
dependent cytotoxic effector mechanism in murine macrophages.
Eur. J. Immunol., 18, 1587 —-1592.

D’SOUZA, S.A., GINSBERG, M.H. & PLOW, E.F. (1991). Arginyl-
glycyl-aspartic acid (RDG): a cell adhesion motif. Trends
Biochem. Sci., 16, 246—-250.

FIEDEL, B.A. (1988). Influence of tuftsin-like synthetic peptides
derived from C-reactive protein (CRP) on platelet behaviour.
Immunology, 64, 487—493.

FRIDKIN, M. & GOTTLIEB, P. (1981). Tuftsin, Thr-Lys-Pro-Arg
anatomy of an immunologically active peptide. Mol. Cell
Biochem., 41, 73-97.

FRIDKIN, M. & NAJJAR, V. (1989). Tuftsin. Its chemistry, biology
and clinical potential. Crit. Rev. Biochem. Mol. Biol., 24, 1—40.

GOODMAN, M. & CHOREV, M. (1979). On the concept of linear
modified retro-peptide structures. Acc. Chem. Res., 12, 1 -7.

GROGGIA, A., PESSI, A., SISTO, A., VERDINI, A.S., VIRDIA, A. &
VISCOMI, G.C. (1985). Effects of the peptide bond retro-inversion
on the biological activity of Bradykinin Potentiating Peptide Sa
(BPP5a). In Peptide: Structure and Function ( Proc. 9th American
Peptide Symposium pp. 659—662. Rockford, IL, U.S.A. Pierce
Chemical Company.

HEUERTZ, R.M., AHMED, N. & WEBSTER, O.R. (1996). Peptides
derived from C-reactive protein inhibit neutrophil alveolitis. J.
Immunol., 156, 3412 —-3417.

This work was supported in part by the Ministero Universita
Ricerca Scientifica e Tecnologica (MURST) 60% 1990—-93. We are
grateful to Sheila Mclntyre for help in the preparation of the
manuscript, to M. Pinori and A.S. Verdini for critical suggestions
and to F. Cox for helpful discussion and criticism.

HIBBS, J.B. JR., TAINTOR, R.R., VAVRIN, Z., GRANGER, D.L,
DRAPIER, J.C., AMBER, 1J. & LANCASTER, J.R. JR. (1990).
Synthesis of nitric oxide from a terminal guanidino atom of L-
arginine: a molecular mechanism regulating cellular proliferation
that target intracellular iron. In Nitric Oxide from L-Arginine: A
Bioregulatory System. ed Moncada, S. & Higgs, E.A. pp. 189—
223. Amsterdam: Elsevier.

LAEMMLI, UK. (1970). Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature, 227, 680 — 685.

LOWENTHAL, J.W., BALLARD, D.W., BOHNLEIN, E. & GREEN, W.C.
(1989). Tumor necrosis factor o induces proteins that bind
specifically to kB-like enhancer elements and regulate interleukin
2 receptor o-chain gene expression in primary human T
lymphocytes. Proc. Natl. Acad. Sci. U.S.A., 86, 2331 —-2335.

MARTINEZ,J. & WINTERNITZ, F.(1981). Bacterial activity of tuftsin.
Mol. Cell. Biochem., 41, 123 —-136.

MORLEY, J.J. & KUSHNER, I. (1982). Serum C-reactive protein levels
in disease. Ann. New York Acad. Sci., 389, 406—418.

MORTENSEN, R.F., OSMAND, A.P., LINT, T.F. &« GEWURZ, H. (1976).
Interaction of C-reactive protein with lymphocytes and mono-
cytes: complement-dependent adherence and phagocytosis. J.
Immunol., 117, 774—-781.

MOSSMAN, T. (1983). Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity assay.
J. Immunol. Methods, 65, 55—-61.

MULLENIX, M.C., KAUMAYA, P.T.P. & MORTENSEN, R.F. (1994).
Cell attachment peptide of C-reactive protein critical amino acids
and minimum length. J. Cell Biochem., 54, 343 —353.

MULLER, J.M., ZI, A.M., HUANG, C.K. & HUBER, B.T. (1993).
Interleukin-1 induces protein tyrosine phosphorylation. Eur. J.
Immunol., 22, 2101 -2106.

NAIJJAR, V.A. & NISHIUOKA, K. (1970). Tuftsin an unphysiological
phagocytosis-stimulating peptide. Nature, 288, 672—673.

NISHIOKA, K., AMOSCATO, A.A. & BABCOCK, G.F. (1981). Tuftsin:
a hormone-like tetrapeptide with antimicrobial and antitumor
activities. Life Sci., 28, 1081 —1090.

NISHIOKA, K., HOPFER, R.L., EL-HAGIN, T. & LOPEZ-BEREN-
STEINS, G. (1986). Prophylaxis of Candida albicans infection
with tuftsin. J. Antimicrobial Chemother., 17, 361 —366.

NOVOGRODSKY, A., VANICHKIN, A., PATYA, M., GARIT,, A.,
OSHEROV, A. & LEVITZKI, A. (1994). Prevention of lipopoly-
saccharide-induced lethal toxicity by tyrosine kinase inhibitors.
Science, 264, 1319—-1322.

OSBORN, L., KUNKEL, S. & NABEL, G.J. (1989). Tumor necrosis
factor alpha and interleukin 1 stimulate the human immunode-
ficiency virus enhancer by activation of the nuclear factor kappa
B. Proc. Natl. Acad. Sci. U.S.A., 86, 2336—2340.

PALMER, R.M.J., ASHTON, D.S. & MONCADA, S. (1988). Vascular
endothelial cells synthesize nitric oxide from L-arginine. Nature,
333, 664—666.

PENG, H.B., LIBBY, P. & LIAO, J. (1995). Induction and stabilization
of IxBa by nitric oxide mediates inhibition of NF-xB. J. Biol.
Chem., 270, 214—-219.

PEPYS, M.B. & BALTZ, M.L. (1983). Acute phase proteins with special
reference to C-reactive protein and related proteins (pentaxins)
and serum amyloid A protein. Adv. Immunol. 34, 141 —212.

PLISKA, V. (1994). Models to explain dose-response relationships
that exhibit a downturn phase. Trends Pharmacol. Sci., 15, 178 —
181.



F. Arcoleo et al

Retro-inverso peptides induce nitric oxide synthesis 1389

ROBEY, F.A., OHURA, K., FUTAKI, S., FUJII, N., YAJIMA, H.,
GOLDMAN, N., JONES, K.D. & WAHL, S. (1987). Proteolysis of
human C-reactive protein produces peptides with potent
immunomodulating activity. J. Biol. Chem., 262, 7053 —7057.

ROVATI, G.E. & NICOSIA, S. (1994). Lower efficacy: interaction with
an inhibitory receptor or partial agonism? Trends Pharmacol. Sci,
15, 140—144.

SAKUMA, 1., STUEHR, D.., GROSS, S., NATHAN, C.F. & LEVI, R.
(1988). Identification of arginine as a precursor of endothelial
derived relaxing factor (EDRF). Proc. Natl. Acad. Sci. U.S.A.,
85, 8664 —8667.

SALTER, M., KNOWLES, R.G. & MONCADA, S. (1991). Widespread
tissue distribution, species distribution and changes in activity of
Ca?"-dependent and Ca®"-independent nitric oxide synthases.
FEBS Lett., 291, 145—149.

SCHRECK, R., MEIER, B.,, MANNEL, D.N., DROGE, W. & BALUERLE,
P.A. (1992). Dithiocarbamates as potent inhibitors of nuclear
factor kB activation in intact cells. J. Exp. Med., 175, 1181—
1194.

SMITH, P.C., ZAM, S. & STERN, G.A. (1986). The effect of tuftsin in
the treatment of experimental Pseudomonas keratites. Cornea, 5,
181-183.

SPIRER, Z., ZAKUTH, V., GOLANDER, A., BOGAIR, N. & FRIDKIN,
M. (1975). The effect of tuftsin on the nitrous blue tetrazolium
reduction of normal human polymorphonuclear leukocytes. J.
Clin. Invest., 55, 198 —200.

STEEL, D.M. & WHITEHEAD, A.S. (1994). The major acute phase
reactants: C-reactive protein, serum amyloid P component and
serum amyloid A protein. Immunol. Today, 15, 81 —88.

VERDINI, A.S., SILVESTRI, S., BECHERUCCI, C., LONGOBARDI,
M.G., PARENTE, L., PEPPOLONI, S., PERRETTI, M., PILERI, P.,
PINORI, M., VISCOMI, G.C. & NENCIONI, L. (1991). Immunosti-
mulation by a Partially modified retro-inverso-tuftsin analogue
containing Thr' (NHCO)(R,S)Lys® modification. J. Med. Chem.,
34, 3372-3379.

WEIGMANN, K., SCHUTZE, S., MACHLEIDT, T., WITTE, D. &
KRONKE, M. (1994). Functional dichotomy of neutral and acidic
sphingomyelinases in TNF signaling. Cell, 78, 1005—1114.

ZEIHER, A., FISSLTHALER, B., SCRAY-UTZ, B. & BUSSE, R. (1995).
Nitric oxide modulates the expression of monocyte chemattrac-
tant protein 1 in cultured human endothelial cells. Circ. Res., 76,
980-986.

(Received December 6, 1996
Accepted January 6, 1997)



