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Effects of Pertussis Toxin on Macrophage Activation
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Abstract [J The aim of this study was to evaluate capability of pertussis toxin(PT) to
activate mouse macrophages. The investigations were undertaken to determine whether
the role played by this toxin required the A-protomer of the toxin to ADP-ribosylate
a guanine nucleotide binding protein (a Class 1 activity) or was dependent on the binding
of B-oligomer of the toxin to the surface of target cells (a Class Il activity). The results
of these experiments have established that the mechanism of macrophage activation with
PT seems to be dependent upon a Class II activity of the toxin.
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NAD glycohydrolase (NADase, EC 3225) is an
enzyme capable of catalyzing the hydrolysis of
NAD to form nicotinamide and adenosine diphos-
phoribose. NADase are widely distributed in nature,
being found in microorganisms, plants, and all ani-
mal tissues' ®. In mamals, NADases are generally
found in association with the plasma membranes
of most cell types™. Eucaryocytes possess exclusive-
ly NADase activity on the outer plasma membrane
surface, which can be solubilized by the treatment
of bacterial phosphatidyl inositol specific phospho-
lipase C(PIPLC)”. NADase of murine macrophages
have been known as a plasma membrane ecto-en-
zyme and the activities of ecto-NADase were shown
to decrease upon the activation of macrophages*”.

Pertussis toxin(PT), an exotoxin produced by Bor-
detella pertussis, comprises two components, an en-
zymatically active A-subunit and a B-oligomer
which is responsible for binding of the toxin to
eucaryotic cells'”. The B-oligomer composed of five
subunits exhibits certain activities, such as the agg-
lutination of erythrocytes and the mitosis of lym-
phocytes. The A-subunit catalyzes the ADP-ribosy-
lation of the alpha subunit of GTP-binding proteins
(G-proteins) found in eucaryotic cells, leading to
clevation of the cAMP formation'".

Here, the hypothesis which PT may activate the
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macrophage could be confirmed by demonstrating
that the activity of ecto-NADase of macrophages
was decreased after treatment of PT in vivo and
in virro. And also the B-oligomer portion of PT is
shown to be responsible for the activation of mu-
rine macrophages.

MATERIALS AND METHODS

Materials

Purified pertussis toxin was purchased from List
Biological Laboratories (Campbell, US.A.), nicoti-
namideadeninedinucleotide, guanosine triphosphate,
adenosine triphosphate. and thymidine from Sigma
Chemical Co. (St. Louis, US.A), borane-pyridine
complex form Aldrich Chemical Co., Inc. (Milwau-
kee, U.S.A.), formaldehyde (37C) from J.T. Chemical
Co. (Phillipsburg, USA.).

Methylation of PT

Methylated PT was prepared as described by Ui
er al'”. Briefly, 250 w of a stock solution of PT
(100 pg/m/) in 0.01 M phosphate buffer (pH 7.0)/0.05
M NaCl was mixed with an equal volume of 20
mM formaldehyde and 30 mM borane-pyridine
complex (pH 70) in an atmosphere of nitrogen
at room temperature followed by exhaustive dialysis
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against phosphate-buffered saline. As a control, PT
was treated in an identical manner with the omis-
sion of the incubation step in the presence of form-
aldehyde and borane-pyridine complex.

Isolation of peritoneal macrophages

Resident macrophages were obtained by lavaging
the peritoneal cavity of mice with 50 m/ of cold
heparinized (2 U/m/) MEM (Flow Laboratories,
Inc, McLean, USA.). Cells in the peritoneal fluid
were washed and resuspended heparin free MEM
containing 10% FCS (Hyclone Sterile System, Inc.
Logan, US.A)) and incubated in a glass Petri dish
at 37C within a humidified incubator (5% CO.) for
90 min. The nonadherent cells were discarded and
the macrophages monolayer was collected by treat-
ment with lidocaine.

Effects of PT and mPT on epinephrine-induced hypergly-
cemia

The ability of PT and mPT to inhibit epineph-
rine-induced hyperglycemia was evaluated using a
slight modification of the method described by
Yajima et al."". Briefly, The mice were given an LV.
injection of either PTx or mPTx (130 ng). Control
animals were given an injection of normal saline.
The mice (fasted for 6 hr) were subcutaneously in-
jected with epinephrine (200 pg/kg of body weight)
72 hr later. The blood glucose concentration of
each animal was determined immediatelyv before
and 60 min after the epinephrine injection. Blood
specimens used for blood glucose determination
were obtained via the retroorbital sinus. The glucose
concentration of each sample was determined by
the glucose oxidase method".

Lymphocytosis-promoting activity of PT and mPT

The lymphocytosis-promoting capacity of PT and
mPT was assessed by quantitating the number of
lymphocytes in the peripheral circulation of mice
that had received an LV. injection (250 ng) of either
PTx or mPTx 72 hr previously. Control animals
received in LV. infusion of normal saline. 50 W of
blood were obtained from each experimental con-
trol mice in heparinized capillary tubes. Peripheral
leukocyte counts were determined with a hemocyto-
meter and differential analysis of leukocytes was per-
formed on Wrights stained blood smears. The
mean values obtained from three similarly treated

mice were used as an index of lymphocytosis.

ADP-ribosylation of Gi by PT and mPT

The capacity of PT and mPT to ADP-ribosylate
membrane proteins was evaluated using a slight
modification of the procedure as described by Bac-
klund er al.”. Briefly, murine peritoneal macropha-
ges (5X10%ells/m/) were suspended in MEM con-
taining 10% FCS and either PT and mPT (20
ng/m/) for 2 hr at 37C. Crude membrane homoge-
nates were then prepared from both the control and
treated macrophages and the membrane prepara-
tions were incubated with [*H] NAD and fresh PT.
The standard reaction was carried out in 0.1 M
potassium phosphate (pH 7.0). containing 10 mM
thymidine, | mM APT. 0. mM GTP, 1.8 uM [*H]
NAD (spact: 27.1 Ci/mmol). activated PTx (500 ng)
and cell membranes for 1 hr at 37C in a total vo-
lume of 50 w. PT was activated by incubation of
the toxin for 30 min at room temperature in 50
mM potassium phosphate buffer, pH 7.0 containing
25 mM dithiothreitol. Membranes were washed free
of unreacted NAD and the amounts of incorporated
radioactivity were counted with a scintillation coun-
ter (Packard Instrument Co.. Inc., Dower Grove, U.
S.A). For autoradiogram [*H] NAD was replaced
by 6 um [*P] NAD. After membrane pellet was
precipitated by 20% trichloric acid, ADP-ribosylated
membrane proteins were identified by autoradiogra-
phy following electrophoresis by 12% SDS-polyacryl-
amide gel.

Assay of NADase activity

The method was a modification of the assay des-
cribed by Kaplan". The reaction mixtures contained
I mM B-NAD. 50 mM potassium phosphate buffer,
pH 7.5, and NADase, to a final volume of 0.5 m/.
After incubation at 37C for 10 min. 3 m/ of | M
potassium cyanide was added, and the mixture was
read at 325 nm.

RESULTS

PT and methylated PT can ribosylate G protein of mac-
rophages

The biological activitics of PT on the cells have
been divided into two gencral categories by the ac-
tions of A-protomer and B-oligomer of PT. which
have been termed Class | and Class I activities,
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Fig. 1. Effects of PT and mPT on the [*>P] ADP-ribosy-
lation of macrophage membranes.
Lane |. minus toxin; lane 2, 10 myg/m/ PT;
lane 3, 10 pg/m/ mPT. Molecular weight mar-
kers were indicated as kDa.

respectively, Ui er al.'? have previously shown that
reductive methylation of PT. a procedure which re-
sulted in the methylation of the amino groups of
the lysine, markedly diminished the capacity of the
toxin to elicit Class II activities while lcaving the
Class I activities relatively intact.

Experiments were designed to confirm that both
PT and mPT were capable of ADP-ribosylating
G protein in vive and in viro. As shown in
Table I the preincubation of intact macrophages
with either PT or mPT resulted in a equivalent re-
duction of the available endogencous membrane
proteins susceptible to ribosylation with activated
PT subsequent to membrane preparations. Experi-
ments were also conducted where preparations of
macrophage membranes were incubated with [‘H]
NAD in the presence of cither PT or mPT. As
shown in Fig. 1 the treatment of macrophage mem-
brane with either PT or mPT resulted in similar
amount of ADP-ribosylation of 41 kDa proteins on
the SDS-polyacrylamide gel electrophoresis. These
results indicate that both PT and mPT have intact
Class 1 activities.

PT and mPT block epinephrine induced hyperglycemia

Effects of PT and mPT on epinephrine induced
hyperglycemia were compared to determine whether

Glucose Level (mges)

Fig. 2. Effects of PT and mPT on epinephrine-induced

hyperglycemia.
Mice received an intravenous injection of either

PT (lanc 2, 5) or mPT (lane 3, 6) of 250 ng,
control mice (lane I, 4) received normal saline.
The blood glucose concentration of each animal
was determined immedialely before (lane 1, 2,
3) and 60 min after (lanc 4, 5, 6) receiving the
epinephrine injection. The results are expressed
as meant SEM of three similary treated mice.

PT and mPT could also function in vivo to mediate
Class I PT activities. Katada and Ui'*'” have demon-
strated that the failure of epinephrine to induce
hyperglycemia in pertussis vaccine treated animals
resulted from a paradoxical epinephrine induced
hyperinsulinemia which was a consequence of the
ability of PT to abolish the normal a-adrenergic
secretion of pancreatic cells to epinephrine, a Class
1 effect.

It was determined that einephrine induced hyper-
glycemia could not be elicited in animals who had
received PT or mPT (Fig. 2). These result indicate
that mPT was able to block the a-adrenergic re-
sponse of pancreatic islet cells to epinephrine
to the same degree as native PT.

mPT loses the toxin’s Class Il activities

As the lymphocytosis-promoting action of PT has
been shown to represent a Class 11 effect of the
toxin, the effect of methylation of PT on the lym-
phocytosis-promoting activity was evaluated. As
shown in Fig. 3, PT treatment elicits the marked
lymphocytosis whereas mPT treatment causes slight
elevation of lymphocyte count. These results indi-
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Fig. 3. Lymphocytosis promoting activities of PT and
mPT.
Mice received an IV injection of either PT (lane
2) or mPT (lane 3) of 259 ng. Control mice
received normal saline (lane 1). Data are expre-
ssed as meant SEM of three similarly treated
mice.

cate that methylation of PT atienuates its lympho-
cytosis-promoting activity, Class Il biological activity.

PT can activate murine macrophage but mPT cannot

Having established that mPT has Class 1 activi-
ties but lost its Class II activities. the question of
whether macrophage activation with PT is due to
the stimulation of Class I or Class Il activities of
PT was addressed. C;H/HeN mice were treated with
PT or mPT and macrophage NADase was measu-
red as described in “Materials and Methods”. Mac-
rophages from PT-trcated mice had about 60%
NADase activity of resident macrophages of the con-
trol mice, whereas the enzyme activity of macrophage
from the mPT-treated mice was the same as that
of macrophages from the control mice (Table II).
The activated macrophages from the lipopolysac-
charide treated mice also showed decreased NA-
Dase activity. Table III shows the results of experi-
ment in which peritoneal macrophages were incu-
bated with PT or mPT in virro. PT treated cells
showed the decrease of NADase activity but mPT-
treated cells did not show any changes of the acti-
vity. These results suggest that the involvement of
PT in the activation of macrophage is not due to
its ADP-ribosyl transferase activity. Rather, the ac-
tion of PT on macrophage activation may be asso-
ciated with one of Class II activities of the toxin.

Table 1. ADP-ribosylation of the membrane of macro-
phage with PT or methylated PT

Preincubation® The degree of modification(%)”

PT 570£12
Methylate PT 62.6% 1.6

“After macrophages were preincubated for 2 hr at 37C
either without or with 20 ng/m/ of PT or methylated
PT. the crude membrane pellets were prepared. Memb-
ranes were extracted and subjected to ADP-ribosylation
with ['H] NAD in the presence of activated PT (5
ug/ml).

*The[*H] ADP-ribosylation reactions were performed
in duplicates and the degress of modification(%) was
calculated as described under “Materials and Me-
thods”.

Table 1I. Effects of the in vitro treatment in mice with
PT, methylated PT or LPS on macrophage

NADase
NADase”
Treatment’ , -
umole of cleaved NAD 1% of control

Control 0.101+0.055

PT 0.060+0.061 594
Methylated PT 0.100+0.089 99.0
LPS" 0.08+0.026 67.3

“Each groups of mice were injected 250 ng of PT or
250 ng of mPT or 10 pg of LPS. Control mice received
normal saline.

*The activities of macrophage NADase were determi-
ned at 96 hr after injection.

‘LPS was used for positive control to decrease macro-
phage NADase.

PT can induce the production of acute phase reactants
via Class Il activity.

Stimulated macrophages have been reported to
be a major source of interleukin-1 which enhances
the production of acute phase reactants such as
surum amyloid-P'”, Table IV showed interleukin-
|1 increased production of acute phase reactants.
The macrophages from the animal that was treated
with PT seemed to generate enough IL-1 to produce
serum amyloid-p, sera from the mice treated with
mPT contained only low amounts of serum amyloid-
P, but treatment of mPT produced only low amounts
of serum amyloid-P. These results also indicate that
the activation of macrophages is associated with the
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Table 1II. The effect of in virro treatment of PT or me-
thylated PT on macrophage NADase

Table IV. Effects of PT or methylated PT on the acute
phase responses

Treatment” NADase”
catme

¢ (nmole of cleaved NAD)
Controtl 0.105+0.059

PT 0.086+0.044
Methylated PT 0.109+0.012

“Cells were incubated in RPMI medium containing
50 units/m/ penicillin, 50 pg/ml streptomycin and 1
mM sodium pyruvate for 24 hr at 37C in the presence
of 5% CO.. PT or mPT was added to the medium
at the concentration of 25 ug/ml.

"The activities of macrophage NADase were determi-
ned 24 hr after incubation with toxins.

Class I activity of toxin.
DISCUSSION

In this study evidence was presented that mouse
macrophages can be activated by PT: these effects
were measured by a decrease of ccto-NADase acti-
vity of macrophages. Previously Artman and Secley”
demonstrated that activated macrophage by LPS
were accompained with a decrease of the activity
of NADase.

PT was reductively methylated to modified B-oli-
gomer, but left intact in A-protomer, the macropha-
ges treated with mPT in vivo or in vitro did not
show the decrease of NADase activity, but PT as
well as LPS activated the macrophages which have
shown the decrease of the enzyme activities. These
data suggest that B-oligomer of PT might be re-
sponsible for the activation of macrophages.

Ui et al'® classified the biological activities of PT
into two classes, Class 1 and Class II. Class I activi-
ties are related to the capacity of the ADP-ribosyl
transferase activity of A-protomer of the toxin. Class
IT activities belong to B-oligomer’s activities, which
are closely related to immunologic phenomena.
Thus, the ability of the toxin to activate the marcro-
phages may also be classified into Class II activities
of the toxin. Mouse macrophages have been known
to contain a PLC of high activity and much higher
amounts of NADase than that of other tissues” ™",
Kim er al” showed that some proportion of erythro-
cyte NADase from various species is anchored on
the membrane surface via phosphatidylinositol lin-

Treatment” SAP (pg/miy
Control 5+2
PT 4+3
Mcthylated PT 15+4
IL-1 98+9

“Each groups of mice were injected 250 mg of PT or
250 mg of mPT 32g enzyme units of IL-1. Control
mice received normal saline.

"Blood was collected at 48 hrs after injection and the
plasma analyzed for SAP by radial immunodiftusion.

kages. although mousc macrophage NADase has
not revealed to be through phosphatidylinositol lin-
kage. When macrophages are activated endogeneous
PLC would be activated to release the ecto-enzymes,
such as NADase or 5-nucleotidase which has
shown to be linked via phosphatidylinositol linkages
in some cells™". Endogeneous PLC could be cyto-
solic or membrane bound ecto-enzyme, but the mem-
brane enzyme may be more plausible to release
the ecto-enzyme. This possibility would be suppor-
ted by the recent findings to Ting and Pagano™
that one form of PLC is localized at the surface
of Swiss 3T3 cells.

In summary, B-oligomer of PT may activate the
macrophages, which had shown the decreased acti-
vity of NADase. The mechanism of the decrease
would be proposed that activated PLC of the mac-
rophages may cleave the phosphatidylinositol-linked
ccto-NADase to release. but further studies are re-
quired to explain the mechanisms.
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