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The anti-inflammatory activity of pertussis toxin (Ptx) was compared to that of a noncatalytic mutant of
pertussis toxin (9K/129G; Ptxm), which contains two amino acid substitutions in the A protomer, by using a
rat model of inflammation. The toxins were administered intravenously 1 h prior to the injection of inflam-
matory stimuli. Ptx, but not Ptxm, inhibited neutrophil migration into peritoneal cavities in response to
formyl-methionyl-leucyl-phenylalanine and lipopolysaccharide. The inhibitory effect of Ptx on neutrophil
migration could not be explained by the ability of the toxin to induce leukopenia or neutropenia. The increase
in skin vascular permeability induced by leukotriene B,, a powerful neutrophil chemotactic agent, was also
inhibited only by Ptx. On the other hand, the increase in skin vascular permeability induced by histamine was
potentiated by both toxins. These data show that Ptx inhibits neutrophil-mediated inflammation in vivo and
that this effect is dependent on the ADP-ribosyltransferase activity of the A protomer.

Pertussis toxin (Ptx) is an exotoxin produced by Bordetella
pertussis, the bacterium that causes whooping cough. Ptx is a
hexameric protein with typical AB architecture, consisting of
an A protomer (S1) and a B oligomer (S2, S3, two S4s, and S5).
The A protomer has ADP-ribosyltransferase activity, which
catalyzes the transfer of ADP-ribose from NAD to a regulatory
GTP-binding protein (G protein) in eukaryotic cells. The B
oligomer also has some biological activities, such as the acti-
vation of platelets and mitogenicity for lymphocytes, but these
are independent of the enzymatic activity of the A protomer (1,
27).

Recently, we reported that the intravenous (i.v.) administra-
tion of Ptx blocked the migration of neutrophils into rat peri-
toneal cavities injected with Escherichia coli lipopolysaccharide
(LPS) and formyl-methionyl-leucyl-phenylalanine (fMLP). Ptx
also reduced neutrophil-mediated edema, but not the edema
dependent on basophil-mast cell degranulation (28). In addi-
tion, Ptx has been shown to inhibit monocyte/macrophage mi-
gration in vitro and in vivo (11, 12). These observations suggest
that the effect of Ptx on leukocyte migration is probably due to
a direct action on these cells. The lectin domains of the S2 and
S3 subunits of Ptx share amino acid sequence homology with
the lectin domains of selectins (25), a family of glycoproteins
that mediate leukocyte-endothelial cell interactions in the
early stages of leukocyte transendothelial migration (9, 10).
The B oligomer, the individual S2 and S3 subunits, or peptides
derived from the S2 and S3 lectin domains are able to inhibit
leukocyte adherence to selectin-coated surfaces in vitro (23),
as well as leukocyte recruitment into cerebrospinal fluid after
pneumococcal challenge in vivo (24). Thus, although the mech-
anisms involved in the inhibition of leukocyte migration by Ptx
are not completely understood, the A protomer and/or the B
oligomer appears to be involved.
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In the present work, we have determined which subunit of
Ptx is responsible for its anti-inflammatory effect in vivo by
using a site-directed mutant toxin, 9K/129G (Ptxm). This toxin
has been used as a nontoxic Ptx in immunization protocols (8,
19, 21). Ptxm was prepared at Chiron Bioscine (Siena, Italy)
and was kindly provided by Rino Rappuoli. This mutant con-
tains two amino acid substitutions in the S1 subunit (substitu-
tions of lysine for arginine at position 9 [Arg9—Lys] and gly-
cine for glutamic acid at position 129 Glul29—Gly), which
abolish the subunit’s enzymatic activity (15, 19). The wild-type
toxin (Ptx) was purified from the supernatants of B. pertussis
165 cultures by hydroxylapatite chromatography and fetuin
affinity chromatography and stored at 4°C (26). The anti-in-
flammatory activity was evaluated in the classical Wistar rat
model of peritonitis (28) following stimulation with LPS and
fMLP. The increase in skin vascular permeability was mea-
sured as the extravasation of Evans blue dye (22, 31) in re-
sponse to leukotriene B, (LTB,) and histamine.

The i.v. administration of Ptx (200 or 1,200 ng/rat) 1 h before
LPS (from E. coli O111:B4; Difco, Detroit, Mich.; 200 ng) (Fig.
1A) or fMLP (Sigma Chemical Co., St. Louis, Mo.; 44 ng) (Fig.
1B) challenge reduced neutrophil migration into rat peritoneal
cavities in a dose-dependent manner. On the other hand, Ptxm,
even at a dose of 1,200 ng/rat, did not alter the fMLP- or
LPS-induced neutrophil migration into peritoneal cavities
(Fig. 1). LPS-induced peritonitis seemed to be more sensitive
to Ptx since 75 ng of this toxin was effective in reducing the
neutrophil migration induced by the endotoxin but not that
induced by fMLP (data not shown). The anti-inflammatory
effect of Ptx was not attributable to the induction of neutro-
penia since the i.v. administration of 200 ng of Ptx did not
change the leukogram of the animals within 5 h after injection.
After 3 days, Ptx induced leukocytosis and neutrophilia (Fig.
2). Ptx also increased the number of circulating lymphocytes
and monocytes (data not shown), a classical phenomenon
known to be caused by this toxin (13). At the same doses as Ptx,
Ptxm did not alter the total or differential counts of rat periph-
eral blood leukocytes (Fig. 2). Findings similar to those de-
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FIG. 1. Wild-type (Ptx) but not mutant (Ptxm) pertussis toxin inhibits LPS-
(A) and fMLP (B)-induced neutrophil migration into the rat peritoneal cavity.
The results are the means * the standard errors of the means of data for six rats
per group; *, P < 0.05 in relation to the group that received saline i.v. (S; positive
control) by analysis of variance-Tukey.

scribed above have been described by Meade et al. (12) and by
Nencioni et al. (15, 16) for Ptx and Ptxm, respectively. Thus,
the Ptx-induced alterations in circulating leukocyte numbers
are also dependent on the catalytic activity of the A protomer.
These results corroborate the clinical findings of high-level
lymphocytosis in patients with whooping cough and suggest
that this effect is probably due to the presence of Ptx in the
circulatory systems of B. pertussis-infected patients (18). The
effect of 1,200 ng of Ptx or Ptxm on LPS-induced neutrophil
migration into peritoneal cavities was also studied by his-
topathological analysis. The LPS-inflamed mesentery was re-
moved, fixed in 10% neutral buffered formalin, sectioned into
small pieces, and mounted directly on albumin-coated glass
slides prior to staining with hematoxylin and eosin. The neu-
trophil infiltration in the inflamed mesentery 4 h after toxin
injection was not intense in Ptx-treated animals, and these cells
were retained in the lumen of the mesenteric blood vessels
(Fig. 3E and F). On the other hand, the neutrophil infiltrate in
the LPS-inflamed mesentery of the Ptxm-treated rat was in-
tense and diffuse (Fig. 3C and D), and no differences were
observed upon comparison with the control group (Fig. 3A and
B). In agreement with these findings, we observed that Ptx
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caused a less intense (30%) but still significant reduction in
carrageenin-induced rat paw edema. On the other hand, Ptx
had no effect on dextran-induced paw edema, a typical neu-
trophil-free edematogenic reaction. Ptxm was ineffective in
both of these experimental models (data not shown). These
results confirm and extend our previous work (28) by showing
that Ptx inhibits fMLP- and LPS-induced neutrophil migration
into the rat peritoneal cavity and also inhibits neutrophil-me-
diated inflammatory reactions. As Ptxm was devoid of such
actions, we conclude that ADP-ribosyltransferase activity is
essential for the in vivo anti-inflammatory action of Ptx.

Leukocyte recruitment in vivo is largely dependent on the
expression of adhesion molecules at the cell surface (9, 10, 33).
As mentioned above, the S2 and S3 subunits, or peptides from
their lectin domains, inhibit neutrophil adherence in vitro (23)
and leukocyte migration in vivo (24). These effects were ex-
plained by assuming that there is a competitive blockage of the
eukaryotic selectin carbohydrate-specific binding sites. How-
ever, we have demonstrated here that Ptxm has no anti-inflam-
matory activity in any of the models tested despite the fact that
it possesses the same B oligomer structure as Ptx (19, 32). The
lack of activity in Ptxm cannot be ascribed to a low dosage
since the toxin was administered in the same dose range as that
reported for S2 and S3 (24). In addition, the histopathology of
the inflamed mesentery showed clearly that Ptxm had no in-
hibitory effect on LPS-induced neutrophil migration, even at a
dose 16-fold higher than the lowest effective dose for the wild-
type toxin. These contradictory findings could reflect the fact
that we used the whole toxin instead of the isolated B subunit
or peptides from the S2 and S3 lectin domains. The interection
of the Ptx S2 and S3 subunits with human leukocytes is pref-
erentially inhibited by galactose and sialylated glycoconjugates,
respectively (30). Sialosyl-Lewis-x, the most important sialy-
lated glycoconjugate in humans, is expressed at a high level in
human neutrophils and is considered to be the binding site for
selectins (6). However, since this epitope is highly species spe-
cific and is absent in nonhuman mammalian species, it cannot
be considered to be a general binding site for interaction with
selectins in nonhuman leukocytes (6).

We also studied the effect of Ptx and Ptxm (1,200 ng/rat, i.v.)
on the increase in rat skin vascular permeability induced by
LTB, (Sigma Chemical Co.), a neutrophil chemotactic medi-
ator, and histamine (Sigma Chemical Co.), a vasoactive agent,
coinjected with 200 ng of prostaglandin I, (Sigma Chemical
Co.). One hour after LTB, administration (2 ng/site) or im-
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FIG. 2. The effect of wild-type (Ptx) (CJ) or mutant (Ptxm) (m) pertussis toxin on the total leukocyte (A) and neutrophil (B) counts in peripheral blood of normal
animals. The mean values for leukocytes and neutrophils in phosphate-buffered saline (PBS)-treated rats (control, dashed line; n = 4) were 11 X 10 cells/ml and 4.3 X
10° cells/ml, respectively. The amount of Ptx and Ptxm injected was 200 ng/rat. Each point represents the mean = the standard error of the mean of the data from four
animals; *, P < 0.05 in relation to the PBS (control) group by analysis of variance for repeated measurements.
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FIG. 3. Histological appearance of inflamed mesenteries of rats injected i.p. with LPS (200 ng/cavity) and pretreated i.v. with sterile saline (A and B) or with 1,200
ng of mutant (Ptxm) (C and D) or wild-type (Ptx) (E and F) pertussis toxin per animal. The neutrophil infiltrate in the Ptx-treated rats was clearly less intense than
that observed in the saline- or Ptxm-treated groups. In the latter animals, an intense, diffuse neutrophil infiltrate was observed. In Ptx-treated rats, the neutrophils were
retained within the blood vessels. These sections were obtained 4 h after treatment with LPS. Hematoxylin and eosin staining is shown. Magnifications, X100 (A, C,
and E) and X400 (B, D, and F).
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FIG. 4. The effect of wild-type or mutant (Ptxm) pertussis toxin on Evans
blue dye extravasation induced by a subcutaneous injection of LTB, (2 ng/site)
(A) or histamine (10 pg/site) (B). The results represent the means * the stan-
dard errors of the means of the data for six determinations per stimulus, in at
least three different animals; *, P < 0.05 in relation to the group that received
saline i.v. (S; positive control) by analysis of variance-Tukey.

mediately after histamine injection (10 wg/site), the animals
received Evans blue dye (Aldrich Chemical Co., Milwaukee,
Wis.) (25 mg/kg, i.v., 100 wl/100 g of body weight). The LTB,
and histamine groups were sacrificed 1 h and 30 min, respec-
tively, after the vital-dye injection. Pretreatment with Ptx di-
minished (by 45%; P < 0.05) the increase in vascular perme-
ability induced by LTB,, while Ptxm, at the same dose, had no
effect on the dye extravasation (Fig. 4A). The increase in vas-
cular permeability induced by histamine was potentiated (P <
0.05) by both toxins (Fig. 4B). The histamine-sensitizing ca-
pacity of Ptx is a well-known event (7), and the present data
demonstrate that the B oligomer contributes substantially to
this effect, since the potentiating action of Ptxm was twofold
higher than that of Ptx. This result agrees with previous work
showing that the histamine-potentiating action of Ptx is medi-
ated by the S3 and S4 subunits (29), even though Ptxm failed
to sensitize mice to a histamine challenge (16, 21).

In conclusion, we have provided evidence that Ptx is effective
only in neutrophil-mediated inflammatory reactions. There is
substantial evidence that various chemotactic mediators (e.g.,
fMLP, interleukin-8, platelet-activating factor, and C5a) cause
neutrophil migration by acting on specific cell receptors be-
longing to the superfamily of G protein-coupled receptors (see
references 3 and 14 for reviews). The conceivable signal trans-
duction sequence implicated in stimulus-induced leukocyte
chemotaxis involves receptor-ligand binding, activation of a
Ptx-sensitive trimeric G protein, phospholipase C activation,
increases in intracellular inositol 1,4,5-triphosphate and Ca**
levels, and F actin formation (2, 3, 4, 15). Thus, we propose
that the anti-inflammatory effect of Ptx in vivo is dependent on
the enzymatic activity of the A protomer subunit and on the
interaction of the latter with G proteins involved in signal
transduction following the stimulation of leukocytes by chemo-
tactic agents. In support of this, we have shown that Ptxm,
which is devoid of enzymatic activity, also has no anti-inflam-
matory effect.
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