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Pertussis Toxin Inhibition of B Cell and Macrophage
Responses to Bacterial Lipopolysaccharide

JAMES P. JAKWAY AND ANTHONY L. DEFRANCO

Lipopolysaccharide, a component of the outer membrane of Gram-negative bacteria,
activates B lymphocytes and macrophages. Pertussis toxin, which inactivates several
members of the G protein family of signaling components, including G; and transdu-
cin, was found to inhibit the lipopolysaccharide-induced responses of the WEHI-231
B lymphoma cell line and the P388D; macrophage cell line. These results, combined
with the demonstration that lipopolysaccharide inhibits adenylate cyclase activity in
P388D; cells, strongly argues that lipopolysaccharide activation of cells is mediated by

a Gj-like receptor-effector coupling protein.

ACTERIAL  LIPOPOLYSACCHARIDE
B (LPS) 1s a potent activator of both

B lymphocytes and macrophages.
Lipopolysaccharide accelerates the pheno-
typic maturation of pre-B cells and imma-
ture B cells to the mature B-cell stage and
induces mature B cells to proliferate and
differentiate into antibody-secreting plasma
cells (1). In addition, LPS induces macro-
phages to secrete immunoregulatory sub-
stances including interleukin-1 (IL-1), inter-
ferons o and B, and prostaglandins. In con-
junction with interferon-y, LPS induces
macrophages to become tumoricidal and
bactericidal (2). Thus, LPS induces a com-
plicated and extensive set of host immune
reactions. Other components of the bacterial
cell wall, including peptidoglycan, certain
outer-membrane proteins, and exopolysac-

Fig. 1. LPS induction of mIL-1 accumulation in
P388D, cells. P388D; cells (10° per milliliter in
RPMI 1640 medium containing 10% fetal bovine
serum) were cultured with LPS (5 pg/ml) (from
Escherichia coli 0111: B4; Difco) for the indicated
time. The cells were washed twice, fixed with
paraformaldehyde (1% in medium for 15 minutes
at room temperature), washed twice more, and
cultured overnight in medium at 37°C. The IL-1
content of the cells was determined in the thymo-
cyte comitogenesis assay: graded numbers of fixed
cells in 0.2 ml were cultured with 10° thymocytes
from C3H/HeJ mice in the presence of phytohe-
magglutinin (PHA) (3 pg/ml; Vector Labora-

charides, have similar properties (3). Thus,
it is attractive to consider the possibility that
higher organisms have evolved mechanisms
that enable the immune system to recognize
bacterial products, thereby contributing to
rapid and vigorous immune responses to
bacterial infections.

Little is known about the molecular de-
tails by which these bacterial products stim-
ulate B cells and macrophages. We recently
showed that LPS can activate the receptor
coupling component G;, which inhibits ade-
nylate cyclase (4), in two LPS-responsive
murine cell lines: WEHI-231, an immature
B-lymphoma cell line, and P388D;, a mac-
rophage cell line (5). LPS inhibited adenyl-
ate cyclase in membranes from P388D;
cells, and, as in other systems in which
hormones or other regulatory molecules in-
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tories, Burlingame, CA). After 72 hours of culture, [*H]thymidine (1 pCi per well, 6.7 Ci/mmol; ICN,
Irvine, CA) was added, and 4 hours later the cultures were harvested with an automated cell harvester.
Incorporation of [*H]thymidine was measured by liquid scintillation counting. One unit of IL-1 was
defined as the amount of material required to induce one-third maximal proliferation of the thymocytes
stimulated with PHA + IL-1. The error in unit determination was estimated to be less than 25% of the

value for each determination reported.
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hibit adenylate cyclase, this inhibition was
abolished by first treating the cells with
pertussis toxin, which inactivates G; by
ADP-ribosylating (ADP, adenosine diphos-
phate) the o subunit of G; (4). Furthermore,
it was observed that pretreatment of the
membranes from P388D; or WEHI-231
cells with LPS and GppNHp, a nonhydro-
lyzable analog of guanosine triphosphate
(GTP), abolished the ADP-ribosylation of
G; by pertussis toxin in vitro (5). Because
only the inactive form of G; is a substrate for
pertussis toxin, this result suggests that LPS,
through its putative receptor, can activate
G;. Because these biochemical experiments
indicated that LPS can activate G; in isolated
membranes, we used pertussis toxin to de-
termine whether G; activation is important
for the biological responses of these cells to
LPS.

Upon appropriate stimulation, normal
macrophages rapidly accumulate a mem-
brane-associated form of IL-1 (mIL-1) be-
fore release of soluble IL-1 (6). Similarly,
the P388D; cell line rapidly made mIL-1
upon stimulation with LPS (Fig. 1). Incu-
bation of P388D cells with LPS for as little
as 15 minutes induced a measurable increase
in the amount of mIL-1 above the basal level
found in unstimulated cells. The amount of
mIL-1 was increased appreciably within 2
hours of stimulation with LPS and was
increased nearly 40-fold after 24 hours.

If the activation of G; by LPS observed in
biochemical experiments reflects a necessary
event for the biological response to LPS,
then treatment with pertussis toxin should
inhibit mIL-1 production. P388D; cells
were cultured with pertussis toxin for 4
hours and then stimulated with LPS for an
additional 2 hours in the presence of the
toxin. This toxin treatment totally inhibited
the LPS-induced increase in mIL-1 (Fig. 2).
In addition, the level of mIL-1 present in
unstimulated cells was lowered somewhat.
Under these conditions pertussis toxin was a
very potent inhibitor of the LPS response;
pertussis toxin treatment at only 0.3 ng/ml
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Fig. 2. Pertussis toxin inhibition of LPS-induced
mlL-1 accumulation of P388D; cells. P388D,
cells (10° per milliliter) were cultured with (@) or
without (O) pertussis toxin (100 ng/ml) (List
Biological Laboratories, Campbell, CA) for 4
hours. LPS was added and the cells were incubat-
ed for an additional 2 hours. The cells were then
fixed and assayed for mIL-1 content as described
in Fig. 1.

inhibited mIL-1 induction by 50% (Fig. 3).
The completeness of G; modification by
pertussis toxin in the treated cells was moni-
tored by isolating membranes from the same
toxin-treated cells and incubating them with
32D-Jabeled nicotinamide adenine dinucleo-
tide in the presence of additional pertussis
toxin. G; molecules modified in vivo by the
toxin would already be ADP-ribosylated
and therefore would not be modified with
labeled ADP-ribose in vitro. Treatment of
P388D; cells with pertussis toxin at 100 ng/
ml for 4 hours caused the modification of
more than 99% of the G; molecules, while
treatment with pertussis toxin at only 0.5
ng/ml modified 50% of the G; molecules

Q
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(Fig. 3). Thus, the amount of pertussis toxin
needed to modify G; in P388D; cells closely
paralleled the amount needed to inhibit the
biological response to LPS. These results
support the idea that the action of LPS in
P388D; cells is mediated by G;.

Because LPS stimulates B cells as well as
macrophages, we wanted to find out wheth-
er pertussis toxin could inhibit the response
of B cells to LPS. For this purpose, we used
WEHI-231, an immature B-lymphoma cell
line that stops proliferating when its mem-
brane immunoglobulin M (IgM) is cross-
linked with antibodies to IgM (anti-IgM)
(7). LPS protects WEHI-231 cells from this
anti-IgM—mediated growth arrest (8). These
responses may be analogous to tolerance
induction of immature B cells induced by
antigen or by antibodies directed against
immunoglobulin and to LPS-induced matu-
ration of immature B cells, respectively.
Pertussis toxin treatment of WEHI-231 cells
clearly inhibited the ability of LPS to protect
WEHI-231 cells from anti-IgM—mediated
growth arrest (Fig. 4). In the experiment
shown, toxin-treated WEHI-231 cells re-
sponded only as much as untreated cells
receiving about 80% less LPS. This was a
typical result; in some experiments, howev-
er, pertussis toxin completely inhibited the
response to LPS. As measurement of this
response required incubation of the cells
with LPS for a considerable length of time
(28 hours), the greater difficulty in inhibit-
ing the response of WEHI-231 cells com-
pared to P388D; cells may reflect differences
in the details of the experiments rather
than differences in the inherent ability of
pertussis toxin to inactivate the relevant G
protein.

The ability of pertussis toxin to inhibit
these LPS-induced cellular responses was
not simply due to nonspecific toxicity. Thus,
pertussis toxin had essentially no effect on
cither the viability (as measured by trypan
blue exclusion) or the proliferation of
WEHI-231 cells or P388D; cells (Table 1).
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Also, P388D; cells retained their character-
istic morphology after treatment with per-
tussis toxin.

Thus, in both WEHI-231 B cells and
P388D; macrophage cells, pertussis toxin
inhibited the biological responses induced
by LPS, an indication that the ability of LPS
to activate Gj is crucial for its ability to
regulate these cells. However, it has recently
become evident that there is a family of G
proteins, and pertussis toxin inhibits not
only G; but other members of this family as
well. For example, pertussis toxin inhibits
transducin, which activates cyclic GMP
phosphodiesterase (GMP, guanosine mono-
phosphate) in retinal rods (9), coupling
components involved in neurotransmitter-
induced voltage-dependent ion channels in
neural cells (10), histamine release by mast
cells stimulated with compound 48/80 (11),
and migration and lysosomal enzyme release
in neutrophils (12) and macrophages (13)
stimulated with the chemotactic ligand f-
Met-Leu-Phe or with leukotriene B4. In
mast cells, neutrophils, and macrophages,
these stimuli appear to act not by regulating
adenylate cyclase activity but rather by in-
ducing hydrolysis of phosphatidylinositol-4,
5-bisphosphate (PtdInsP,) with subsequent
mobilization of calcium into the cytoplasm
(11-13). Thus, there are probably a number
of different pertussis toxin—sensitive Gj-like
coupling components.

It is not yet clear which of these Gi-like
molecules is responsible for the transmem-
brane signaling generated in response to
LPS or, indeed, whether the same compo-
nent is involved in B cells and in macro-
phages. However, it has been observed that
LPS had no effect on PtdInsP, hydrolysis or
calcium mobilization in either WEHI-231
cells of P388D; cells (14) or in normal B
cells (15). This is in contrast to the pertussis
toxin—sensitive phosphoinositide responses
mentioned above. One model to explain
these observations would be that LPS and
chemotactic ligands such as f-Met-Leu-Phe

Fig. 3. Comparison of dose response of pertussis toxin for modification of G;
and for inhibition of LPS response of P388D; cells. P388D; cells (10° per
milliliter) were cultured with various concentrations of pertussis toxin for 4
hours. A portion of cells (2 X 10%) was removed and stimulated with LPS (5
pg/ml) for 2 hours. These cells were then fixed and assayed for mIL-1
content as described in Fig. 1 (@). The results are expressed relative to the
mIL-1 content of cells treated with LPS but not with pertussis toxin (5.2 U
per 10° cells = 100). Errors in unit determination were estimated to be less
than 25% of the value. The remaining cells were used to prepare plasma
membranes, which were used as substrate for pertussis toxin—dependent
[**P]ADP-ribosylation (22). Labeled proteins were separated by SDS-
polyacrylamide gel electrophoresis (23). The gel was autoradiographed and
P incorporated into the 41-kilodalton protein band (G;) was
determined by densitometric analysis of the film (4 ). The results shown are
the means = SD of duplicate determinations, normalized relative to the
labeling of G; in membranes obtained from untreated cells (=100).
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Table 1. Effect of pertussis toxin on viability and proliferation of WEHI-231 and P388D; cells. The
effect of pertussis toxin on viability was tested by culturing P388D; cells (10° per milliliter) or WEHI-
231 cells (10° per milliliter) with or without pertussis toxin (100 ng/ml) for 24 hours and dctcrminin%
viability by trypan blue exclusion. The effect on proliferation was tested by culturing P388D; cells (10
in 0.2 ml) with or without pertussis toxin (100 ng/ml) for 12 hours. [*H]Thymidine was added and
incorporation was measured 4 hours later as described in Fig. 1. WEHI-231 cells were cultured as in
Fig. 4. The results are reported as means *+ SD of triplicate cultures.

Viability Proliferation
(%) ([*H]thymidine incorporation, cpm)
Cells Without With Without With
pertussis pertussis pertussis pertussis

toxin toxin toxin toxin
P388D, 96 95 13,300 = 2,400 12,500 + 1,700
WEHI-231 100 100 18,800 =+ 200 20,200 = 2,100
WEHI-231 85 82 1,900 + 700 1,300 = 400

+ anti-IgM (5 pg/ml)

activate functionally distinct Gi-like compo-
nents.

It has been reported that anti-IgM in-
duces PtdInsP, hydrolysis in both normal B
cells and in WEHI-231 cells (15, 16). Per-
tussis toxin, however, did not inhibit anti-
IgM-mediated growth arrest of WEHI-231
cells (Fig. 4 and Table 1), nor did pertussis
toxin, in the amounts we used, have any
effect on anti-IgM-induced PtdInsP, hy-
drolysis or calcium mobilization in WEHI-
231 cells (14). Receptor-mediated PtdInsP,
hydrolysis and calcium mobilization in some
other cell types is similarly unaffected by
pertussis toxin treatment (17), in contrast to
the situation described above for chemotac-
tic stimuli in neutrophils and macrophages.
Thus, it appears that a given second messen-
ger system can be coupled to different trans-
membrane coupling components in different
cell types.

In contrast to our results with WEHI-
231, which is an immature B-cell line, Ro-
soff and Cantley (18) reported that LPS
induced phosphoinositide hydrolysis and
calcium mobilization in the murine pre-B
cell line 70Z/3. These biochemical responses
were modest, suggesting the possibility that
they may be indirect effects of LPS-generat-
ed transmembrane signaling events. For ex-
ample, LPS-activated G; would inhibit ade-
nylate cyclase, resulting in decreased levels
of cyclic adenosine monophosphate (cyclic
AMP). In a number of systems, increased
cyclic AMP inhibits PtdInsP, hydrolysis.
Therefore, LPS might relieve a preexisting
inhibition and thereby cause a modest in-
crease in PtdInsP, hydrolysis and calcium
mobilization. Alternatively, LPS may cause
different signaling events in pre-B cells and
B cells, perhaps because it binds to different
receptors, such as occurs with adrenergic
receptors.

Although we have demonstrated that acti-
vation of G; or a Gy-like protein is required
for P388D; macrophage cells and WEHI-
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231 B cells to respond to LPS, there is no
evidence that the critical action of LPS
involves regulation of cyclic AMP levels.
Inhibition of a signaling system that is nor-
mally relatively inactive in unstimulated B
cells and macrophages would appear to be
an ineffective strategy for activating these
cells. G; could activate other signaling reac-
tions unrelated to cyclic AMP and these
could be responsible for generating the bio-
logical responses. Even so, the effects of LPS
on adenylate cyclase activity may play an
important secondary role in the regulation
of the cellular responses. High levels of
cyclic AMP inhibit many B-cell and macro-
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Fig. 4. Pertussis toxin inhibits LPS-induced pro-
tection of WEHI-231 cells from anti-IgM—medi-
ated growth arrest. WEHI-231 cells (10° per
milliliter) were cultured with (M, A) or without
(O, A) pertussis toxin (100 ng/ml) for 12 hours.
The cells were washed once and cultured (10*
cells in 0.2 ml) with (A, A) or without (O, W)
anti-IgM (5 pg/ml) and LPS. Cells treated with
pertussis toxin received additional pertussis toxin
(100 ng/ml) at the same time as anti-IgM and
LPS. The incorporation of [*H]thymidine be-
tween 24 and 28 hours after addition of anti-IgM
was determined as described in Fig. 1. The results
are reported as means * SD of triplicate cultures.

phage functions (19). By inhibiting adenyl-
ate cyclase, LPS could allow B cells and
macrophages to ignore stimuli that activate
adenylate cyclase, such as prostaglandin E,,
which is likely to be found in an inflamma-
tory site. Thus, more work will be required
to understand the complex signaling pro-
cesses induced in these cells by LPS.

Pertussis toxin adversely affects many
components of the immune system. It was
originally observed that pertussis toxin
causes an alteration in lymphocyte circula-
tion; this finding led to its being called
lymphocytosis-promoting factor (20). More
recently, as discussed above, pertussis toxin
has been observed to inhibit various B-cell,
macrophage, neutrophil, and mast cell func-
tions. Bordetella pertussis, a Gram-negative
bacterium, has components such as LPS that
would be expected to activate antimicrobial
host defenses through a Gi-like signaling
component. By secreting pertussis toxin, B.
pertussis may be able to disarm the immune
system and enhance its chances of survival.

Note added in proof: Tt has recently been
reported (21) that pertussis toxin can acti-
vate T cells and macrophages. However,
these effects required 2 to 10 wg/ml pertussis
toxin, which is 20 to 100 times greater than
the amount we found necessary to modify
100% of G; and to inhibit LPS-induced IL-
1 accumulation in P388D; cells. Therefore,
it is unlikely that the effects they observed
are relevant to the experiments reported
here.
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Two Avirulent Herpes Simplex Viruses Generate
Lethal Recombinants in Vivo

R. T. JAVIER, F. SEDARATI, J. G. STEVENS

While it is widely appreciated that infection with a virulent virus can produce disease in
an animal, the ability of a mixture of avirulent viruses to produce disease by means of
complementation or recombination in vivo has not been established. In this study, two
weakly neuroinvasive herpes simplex virus type 1 (HSV-1) strains were simultaneously
inoculated onto the footpads of mice. Many (62%) of the animals that received a 1:1
mixture of the viruses died, whereas the animals that received a similar or 100-fold
higher dose of each agent alone survived. Of fourteen viruses isolated from the brains
of ten mice that died after receiving the mixture of the two weakly neuroinvasive
viruses, eleven were recombinants; three of these recombinants were lethal when
reapplied to the footpads of mice. These results show that two avirulent HSV-1
variants may interact in vivo to produce virulent recombinants and a lethal infection.
They also suggest that different genetic lesions account for the weakly neuroinvasive
character of the HSV-1 strains ANG and KOS after footpad inoculation.

OST STRAINS OF HERPES SIMPLEX

virus are neuroinvasive and neur-

ovirulent (I-3). When mice are
infected on the footpad with such strains,
the virus characteristically enters a peripher-
al nerve and travels centripetally through the
nervous system (neuroinvasiveness) where it
generally leads to a fatal encephalitis (neuro-
virulence). However, HSV-1 strains ANG
(4) and KOS (5, 6) are atypical. Although
they are fully neurovirulent as measured by
intracranial inoculation [median lethal dose
(LDsp) < 10 plaque-forming units (PFU)],
they do not kill mice when inoculated onto
mouse footpads, even when susceptibility to
the virus is enhanced by treating the inocula-
tion area with hypertonic saline (7). These
agents may be classified as weakly neuroin-
vasive, because after rear footpad infection,
only small amounts of virus (1 to 10 PFU)
may be recovered from the mouse’s brain; in
contrast, about a million PFU may be recov-
ered from the brain of a mouse infected on
the rear footpads with a fully neuroinvasive
HSV. The weak neuroinvasiveness of ANG
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and KOS does not represent a general re-
striction in mouse cells since both virus
strains replicate as well as their virulent
counterparts in mouse embryo fibroblasts
(at the temperature of a mouse) in vitro and
in mouse brains in vivo (6, 8).

To determine whether ANG and KOS
have different genetic lesions responsible for
this behavior in mice and to explore the
possibility that two avirulent viruses might
interact in vivo to produce discase, these
two virus strains were co-inoculated onto
murine footpads. If ANG and KOS had
different genetic lesions, it was predicted
that these viruses might complement each
other or recombine in vivo to produce a
lethal infection in mice. In two experiments
with a total of 26 mice, we found that when
ANG and KOS were mixed in a 1:1 ratio
and inoculated onto both rear footpads of
each mouse (1 x 10° PFU per foot), 62%
of the mice died. Yet when the ANG and
KOS strains were inoculated alone or on
separate feet simultaneously at the same
dose, no mice died (Table 1). If mice were

given 100 times more than this dose (~10®
PFU) of either ANG or KOS alone, no mice
were killed. Therefore, inoculating a mixture
of these two avirulent viruses resulted in at
least a 100-fold increase in lethality.

We then plaque-purified virus directly
from the brains of killed mice to ensure that
recombination of the two strains did not
occur in vitro. The virulence of these puri-
fied viruses was then compared to both
ANG and KOS in mice by footpad infec-
tion. Four of fourteen viruses isolated from
the brains of ten mice produced lethal infec-
tions in mice inoculated on the footpad,
indicating that recombination may have oc-
curred in vivo in the mice from which the
viruses were plaque purified. These viruses
were designated AK13, AK23, AK26, and
AK27; each was isolated from a different
mouse brain (Table 2).

Since ANG and KOS viruses are distin-
guishable by restriction enzyme analysis of
their DNA, the virulent and the avirulent
viruses were examined to determine whether
they were recombinants. Most of the viruses
(11 of 14) isolated from the brains of mice
killed by the mixed infection were recombi-
nants. Three of these recombinants, AK13,
AK23, and AK27, were virulent. When the
DNA’s from these three viruses were cleaved
with Asp 718 (Kpn I isoschizomer), frag-
ments were detected that comigrated with
fragments derived from both ANG and
KOS (Fig. 1A). These fragments were as-
signed to the appropriate parental virus by
means of Southern blot analysis (Fig. 1B).
Using four different restriction enzymes, we
were unable to show that virulent virus
AK26, which resembles KOS, was a recom-
binant since fragments comigrating with
ANG:-specific fragments were not found (see

Dcpartment of Microbiology and Immunolo%y and
Reed Neurological Rescarch Center, Center for the
Health Sciences, University of California, Los Angeles,
CA 90024.

SCIENCE, VOL. 234




