
the receptor under nondenaturing conditions is esti- a Swiss National Science Foundation Fellow. We 
mated to be 1000 kD, about four times the apparent thank B. Baird for stimulating discussions, T. Wen- 
mass of the dissociated chains under denaturing sel for the Ca2* chelating column, and P. Majerus 
conditions. for inositol 1 :%-cyclic 4,s-aisphosphate. 

26. Supported by grants from NIH (GM24032 and 
GM30387 to L.S. and A122449 to D.H.). T.M. was 2 February 1988; accepted 1 April 1988 

ADP-Ribosyltransferase Activity of Pertussis Toxin 
and Irnrnunomodulation by Bordetella pertussis 

Pertussis toxin is produced by the causative agent of whooping cough, Bma'etella 
pertussis, and is an adenosine diphosphate (ADP)-ribosyltransferase capable of  
covalently modifying and thereby inactivating many eukaryotic G proteins involved in 
cellular metabolism. The toxin is a principal determinant of virulence in whooping 
cough and is a primary candidate for an acellular pertussis vaccine, yet it is unclear 
whether the ADP-ribosyltransferase activity is required fur both pathogenic and 
immunoprotective activities. A B. pertussis strain that produced an assembled pertussis 
holotoxin with only 1 percent of the ADP-ribosyltransferase activity of the native toxin 
was constructed and was found to be deficient in pathogenic activities associated with 
B. pertussis including induction of leukocytosis, potentiation of anaphylaxis, and 
stimulation of  histamine sensitivity. Moreover, this mutant strain failed to function as 
an adjuvant and was less effective in protecting mice from intracerebral challenge 
infection. These data suggest that the ADP-ribosyltransferase activity is necessary for 
both pathogenicity and optimum immunoprotection. These findings bear directly on 
the design of a nontoxic pertussis vaccine. 

P ERTUSSIS TOXIN IS THE PRIMARY 

determinant of virulence produced by 
Bordetella pertussis in whooping 

cough (1-3). Aspects of the systemic pathol- 
ogy of the disease, including lymphocytosis 
and hypoglycemia, can be reproduced in 
laboratory animals with purified toxin alone 
(4). The toxin is composed of five dissimilar 
polypeptides that can be divided into two 
functional subunits (5);  an "A" monomer, 
S1, mediates adenosine diphosphate 
(ADP)-ribosylation of host G proteins (6), 
and a "B" oligomer, composed of four dif- 
ferent polypeptides, designated S2 through 
S5, mediates binding of the toxin to host 
tissue (7). Two molecular mechanisms of 
pathogenesis have been proposed for pertus- 
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sis toxin. The first is the ADP-ribosylation 
and concomitant inactivation of host G pro- 
teins involved in normal eukaryotic cell me- 
tabolism (6). The second mechanism is the 
lectin-like binding of the B oligomer to 
eukaryotic cells (3, which has been pro- 
posed to act mitogenically to cause the 
lymphocytosis and other immunomodula- 
tory activities mediated by pertussis toxin 
(8). 

Pertussis toxin is also found in, and is 
considered to be a primary protective com- 
ponent of, both the traditional whole-cell 
(2, 9) and the newer acellular (10) formula- 
tions of the pertussis vaccine. However, 
there is speculation that active toxin present 
in the vaccines may cause certain rare but 
serious vaccination sequelae including hypo- 
tonic, hyporesponsive syndrome, convul- 
sions, and encephalopathy (1 1 ). Recent ef- 
forts to clone the toxin genes (12) are in part 
predicated on the proposition that an enzy- 
matically inactive version of the toxin mole- 
cule produced by modified toxin genes 
might serve as a valuable component in a 
defined vaccine. We were interested in de- 
termining the contribution of the ADP- 
ribosyltransferase activity to pathogenesis 
and irnrnunoprotection and so constructed 
B. pertussis strains with defined mutations in 
the toxin genes. These genes were assayed 

for the induction of leukocytosis (4, 13), the 
potentiation of anaphylaxis (4, 14, 15), and 
the stimulation of histamine sensitivity (4). 
We also examined the capacity of the strains 
to serve as adjuvants (4) and their immuno- 
protective activity against experimental B. 
pertussis infection in mice (16). 

A B. pertussis strain with a nonpolar muta- 
tion that altered the primary structure of the 
pertussis toxin S1 or ADP-ribosyltransferase 
subunit was constructed by in vitro linker 
scanning mutagenesis (1 7), followed by alle- 
lic exchange (18, 19) of the mutation into 
the B. pertussis chromosome. This mutation, 
ptxA3201, introduced a 12-bp insertion at 
the Sal I restriction site of the S1 gene (Fig. 
l ) ,  maintaining the reading frame integrity 
and introducing four novel codons, for Val- 
Asp-Gly-Ser, between Tyrl4' and ~ a l ' ~ ~  
(12). We chose this site for modification 
because of its proximity to GIU'~'; Collier 
and co-workers have shown that for each of 
two other ADP-ribosyltransferase toxins, 
diphtheria toxin and pseudomonas exopro- 

E P K  S X P  P P E  

PTXt BP370 

VDGS 

$1 codon insertlon 
TOX3201 

lo*++* A S I ,  TOX058 

k kanr PTX-TOX3311 

kanr v P T X +  TOX51 05 
+-+** 

-+-++* PTX' TOX5167 - 
l O k b  

Fig. 1. Pertussis toxln operon mutauons. Defined 
mutations m the pertussis t o m  operon were 
constructed m vitro by means of standard recom- 
bmant DNA technology (30) and mtroduced mto 
the chromosome ofB. pertussts stram BP370 (18) 
by allehc exchange (18, 19). The parental B 
p e m s w  stram, PTX', BP370, contams a polycis- 
tronic arrangement of the genes for the five t o m  
polypepude subunits (12, 18). The S1 codon 
mseruon derivative, TOX3201, contams a 12-bp 
msertion, GACGGATCCGTC, at the Sal I site m 
the S1 gene, mtroducmg the ammo acids Val- 
Asp-Gly-Ser mto the S1 polypepude between 
Tyr141 and Val14* (12). The AS1 derivauve, 
TOX058, contams a deleuon of the 3' half of the 
S1 gene, from the Sal I site to the Xba I site, 
hsmg the S1 codon for Asp143 to the stop codon 
m the Xba I site. The construcuon of TOX3201 
(19) and TOX058 (27) is described m greater 
d e t d  elsewhere. TOX3201 was previously desig- 
nated BP370ptx-3201 (19). The PTX- derivauve, 
TOX3311, has a deleuon extendmg from about 
200 bp mside the 5' end of the S1 gene down 
through about 1100 bp 3' of the S3 gene, and a 
kan' ene (26) hgated mto the breach (18). The B PTX , TOX5105 derivauve has an mseruon of 
the kanr gene about 800 bp 3' of the t o m  
structural genes (18). The MX', TOX5167 de- 
rivauve has an mseruon of the kanr gene about 
400 bp 5' of the toxln structural genes (18). 
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Fig. 2. TOX3201 arport and assembly. Pertussis 
toxins were p d e d  from culture supernatants of 
strains BP370 and TOX3201 by fetuin-Sepharose 
atlinity chromatography (22). On analysis by 
SDS-polyactylamide gel electrophoresis (23) and 
Coomassie blue staining, both the TOX3201 
(lane 1) and the BP370 (lane 2) toxins exhibited 
all of the subunits of a complete holotoxin struc- 
ture (5,22). Western immunoblot (24) analysis of 
the TOX3201 toxin showed reactivity with 
monodona1 antibodies to the S1 (lane 3), S2 (lane 
4), and S4 (lane 5) subunits of pertussis toxin. 
Molecular mass standards are indicated by arrows 
and are given in kilodaltons. 

tein A, a Glu residue is a critical component 
of the enzymatic active sites (20). Chou and 
Fasman analysis (21) of the GIu ' '" ' -T~~~~~- 
vall" region of the S1 subunit of pertussis 
toxin predicted beta structure that the four- 
amino acid insertion of pacA3201 would 
interrupt with a turn. 

The toxin molecules produced by the 
d o n  insertion mutant strain, TOX3201, 
and the parental strain, BP370 (18), were 
puri6ed fiom culture supernatant by f&- 
Sepharose &ty chromatography (22) for 
comparison by SDS-polyacrylamide gel 
electrophoresis (23) and Western immuno- 
blot (24) (Fig. 2). The toxin molecule pro- 
duced by TOX3201, which we designated 
CRM3201, has an S l  subunit of a larger 
apparent molecular weight than the native 
toxin S1 subunit. This appropriately reflect- 
ed the insertion of four amino acids into 
the S1 polypeptide of CRM3201. The 
CRM3201 molecule was also found to con- 
tain the polypeptides of the toxin B oligo- 
mer, S2 through S5, and was found to be 
equivalent to the native toxin in its ability to 
hemagglutinate goose erythrocytes (22). 
CRM3201 had, however, only 1% of the 
ADP-ribosyltransferase activity of the native 
toxin as assayed by the ADP-ribosylation of 
transducin (25). The pbcA3201 mutation 
thus may define a region of the S1 polypep 
tide involved in this enzymatic activity. In 
sum, these data suggest that the CRM3201 
toxin molecule is exported as an assembled 
holotoxin with a functional B oligomer but 
a substantially less active S1 ADP-ribosyl- 
transferase subunit. 

In assays for biological activities, several 

other B. permmi strains were selected for 
comparison with TOX3201 (Fig. 1). These 
included a nontoxinogenic strain, TOX3311 
(18), containing a kanamycin resistance 
(&an') gene (26) inserted in place of the 
toxin operon, and two toxinogenic B. pertw- 
sk strains, TOX5105 and TOX5167 (18), 
containing insertions of the h' gene out- 
side of the toxin operon. We also tested 
strain TOX058, in which the 3' half of the 
S1 gene, from the Sal I to the Xba I 
restriction sites, had been deleted. The con- 
struction and characterization of TOX058 
will be described in detail elsewhere (27). 
The B. permmi strains containing all of these 
mutations were derived fiom our virulent 
lab strain BP370. 

The induction of leukocytosis in mice (4) 
by the B. penkcis strains was measured 4 
days after an intravenous (IV) injection of 
the strains (Fig. 3A). Mice injected with 
strains producing the native toxin, BP370 
and TOX5105, developed a dose-dependent 
leukocytosis. Curiously, strain TOX5105, 
which contains an insertion ofthe hr gene 
outside of the toxin structural genes, ap- 
peared slightly less potent in promoting 
leukocytosis. This may reflect a genetic effect 
of this particular insertion mutation or a 
physiological effect of the kan' gene product 
on toxin export or assembly. In contrast: 

the codon insertion mutant TOX3201, as 
well as TOX058 and the nontoxinogenic 
TOX3311, induced essentially no leukocy- 
tosis. 

We measured the potentiation of anaphy- 
laxis to two different antigens, chicken egg 
albumin (EA) in CFW mice (4) and bovine 
serum albumin (BSA) in BALBIc mice (14, 
15). The CFW mice were given concomi- 
tant intraperitoneal (IP) injections of EA 
and heat-killed B. prrtirrsrj, and sensitization 
was indicated by a lethal anaphylaxis upon 
IV challenge with EA 14 days later (Fig. 
3B). The native toxin-producing strains 
BP370 and TOX5105 displayed a dose- 
dependent sensitizing activity. Similar to the 
leukocytosis induction, the k a d  insertion 
mutant TOX5105 was less potent. In con- 
trast, the codon insertion mutant, TOX- 
3201, the S1 deletion mutant, TOX058, 
and the nontoxinogenic TOX33 1 1 were all 
ineffective in potentiating anaphylaxis. The 
mice were sensitized to BSA-induced ana- 
phylaxis by injection, for 4 days, on alternat- 
ing days, with BSA and with the B. permmi 
strains. Anaphylaxis was induced by inject- 
ing mice 5 to 7 days after the sensitization 
regimen with BSA. In the BSA sensitization 
challenge, we substituted B. pert& strain 
TOX5167 for TOX5105. TOX5167 also 
contains an insertion of the h n r  gene, also 

Table 1. Potentiation of BSA anaphylaxis and stimulation of histamine sensitivity. BSA anaphylaxis has 
been referred to as pertussis vaccine encephalopathy (14). BmkteUapnnrcrir strains were prepared and 
administered as reported for histamine challenge (4) and BSA challenge (14). ND, not done. 

Strains CFU x 109 BSA challenge Histamine challenge 
(deathsttotal)* (deathsttotal)* 

PBS only 
mxt 
*Deaths/total represents the ratio of the number of animals in which the sensitization was lethal to the t d  number 
tested. t P m i s  toxin (100 ng, List Biological Laboratories) was administered in place of B. pmusni strain. 
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Fig. 3. Leukocytosis, ana- 
phylaxis, adjuvanticity, and 
ICC. A key to the strains is 
presented in (D). The 
strains were: PTXC, 
BP370; PIX+, TOX5105; 
PTX-, TOX3311; S1 CO- 
don, TOX3201; and AS1, 
TOX058. Controls are pre- 
sented as a B. pev tmt  dose 
of 0 CFU. (A) Leukocyto- 
sis. Leukocytosis was mea- 
sured (4) in a Coulter 
counter 4 days after IV in- 
jection of B. pev twt  vac- 
cines (16). Values represent 
leukocyte count wr  cubic 

0 PTX* BP370 . PTX' TOXS105 
0 PTX- 
Sl sodon 

&kter and a; averages Dose x log CFU Days after immunization Dose x l o g  CFU Dose x 10' CFU 

from five animals; bars represent 1 SD. (B) Anaphylaxis. CFW mice were enzyme-linked immunosorbent assay (ELISA) using microtiter plates coated 
sensitized (4) to EA with an IP dose of 1.0 mg of the antigen and an IV dose of with EA. Mice receiving EA antigen without any B. pevtwt are indicated as 
the B. pevtwic strains. Mice were challenged 14 days later with 1.0 mg of EA antigen alone. Each value represents three animals; bars represent 1 SD. (D) 
given IV. Results are the percentage of mice that died of anaphylaxis. For each ICC. Intracerebral challenge protection. Three-week-old CFW mice immunized 
graph value the number of animals was r 10. (C) Adjuvanticity. C57BLI10 IP with B, p ~ i c  prepared as vaccines (16) were challenged intracerebrally 14 
SCN mice received 1.0 mg of EA IP and 2 x 109 CFU of heat-killed B. pevtumi days later with lo5 CFU of B. p e v t w i  strain 18323 (16). Values are presented 
IV on day 0. On day 21, mice received a second IP injection of 5 pg of EA. as percent survival of challenged mice, and each represents at least 15 animals. 
Mice were bled on days 16 and 28, and we titrated sera for anti-EA by means of 

outside of the toxin operon (Fig. 1). We 
found that whereas a dose of 5 x lo9 colo- 
ny-forming units (CFU) of B. pertussis 
strains BP370 and TOX5167 led to a high 
percentage of sensitization, the ptx mutant 
strains TOX3201, TOX058, and TOX3311, 
were entirely unable to potentiate an ana- 
phylactic response to BSA (Table l) .  

The sensitization of mice to a lethal chal- 
lenge with the vasoactive mine histamine 
has also been proposed to reflect a direct 
action of the B oligomer, in this instance, on 
the vascular endothelium to increase vascu- 
lar permeability (8). The sensitizing activi- 
ties of our B, pertussis strains were deter- 
mined by injecting mice IV with heat-killed 
B. pertussis followed 4 days later by IP 
challenge with histamine (4). The toxino- 
genic strains BP370 and TOX5105 in- 
creased the sensitivity to histamine in a dose- 
dependent fashion (Table 1). The mutant 
strains TOX3201, TOX058, and TOX3311, 
in contrast, were substantially free of this 
activity. Thus, our data suggest that with 
regard to induction of leukocytosis, potenti- 
ation of anaphylaxis, and stimulation of 
histamine sensitivity, a B. pertussis strain 
producing an assembled holotoxin that is 
reduced in ADP-ribosyltransferase activity is 
reduced in pathogenic potential to the level 
of a nontoxinogenic organism. 

The adjuvanticity of pertussis toxin in 
experimental animal models is well docu- 
mented (4, 28) and may contribute h c -  
tionally to the efficacy of the whole-cell 
pertussis vaccine (1, 2). The role of the 
ADP-ribosyltransferase activity in the adju- 
vant action, however, has been disputed (8); 
we therefore tested the mutants for their 
adjuvant activity in the production of anti- 
bodies to the antigen EA (Fig. 3C). 

C57BLl10 SCN mice were injected con- 
comitantly with EA and heat-killed B, per- 
tussis and were measured 14 days later for 
anti-EA titers. The toxinogenic parental 
strain, BP370, exhibited a marked adjuvant 
action on the production of antibody to EA. 
The titers were increased M e r  bv a small 
secondary injection of EA given on day 21. 
The toxinogenic kanr strain, TOX5105, also 
manifested-an adjuvant action, though it 
was less apparent until after the secondary 
immunization of EA. In contrast, concomi- 
tant injection of EA with the ptx mutant 
strains TOX3201, TOX058, or TOX3311 
showed no adjuvant effect after either the 
primary or secondary injection. 

To hrther investigate the loss of imnlu- 
nostimulation seen with the ptx mutants, 
their ability to protect mice from a lethal 
intracerebral challenge (ICC) infection with 
B. pertussis (16) was studied. Though it was 
apparent that the mutations in the S1 sub- 
unit gene would interfere functionally with 
the adjuvant activity of B. pet~ssis, we felt 
that the assembled and exported CRM3201 
holotoxin molecule of TOX3201 might still 
serve, at least structurally, as an efficacious 
immunogen. The ICC infection is used to 
assay the potency of pertussis vaccine prepa- 
rations in the United States, and involves IP 
immunization of test mice with whole-cell 
vaccine preparations, followed 2 weeks later 
by an ICC with the standard virulent strain 
of B. pertussis, 18323 (16). Both the wild- 
type and the mutant strains of B. pertussis 
provided a dose-dependent degree of pro- 
tection against ICC infection (Fig. 3D). 
However, the dose-response curves for the 
ptx mutant strains TOX3201, TOX058, and 
TOX3311 were lower than those of the 
strains producing the native toxin. At the 

highest immunizing dose, protection with 
the native toxin-producing strains ap- 
proached 100% of a cohort, whereas at 
similar doses the S1 mutants and the non- 
toxinogenic mutant induced only about 
70% protection. This would seem to indi- 
cate that the ADP-ribosyltransferase activity 
is critical for optimum irnrnunoprotection. 
An alternative explanation, that the region 
of the S1 polypeptide that we altered with 
ptxA3201 may be a critical structural epi- 
tope, is unlikely since it has been shown that 
an S1 polypeptide alone containing the na- 
tive ~ l u ' ~ ~ - T ~ r ' ~ ~ - ~ a l ' ~ ~  region is an ineffi- 
cacious immunogen (29). 

Taken together, our results regarding leu- 
kocytosis, anaphylaxis, adjuvanticity, and 
imrnunoprotection of mice from an ICC 
infection suggest that the ADP-ribosyltrans- 
ferase activity of pertussis toxin correlates 
directly with the imrnunomodulatory activi- 
ties of a B. pertussis strain. TOX3201 pro- 
duces an assembled holotoxin with a re- 
duced ADP-ribosyltransferase activity and 
was reduced in these immunopathologic 
and immunoprotective activities. These data 
imply that mutations in the toxin genes that 
reduce pathogenic activities of a strain such 
as leukocytosis can also reduce the irnmuno- 
protective capacity of the strain. This is an 
important consideration in the formulation 
of Lture pertussis vaccines. 
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Immunotherapy of the Nonobese Diabetic Mouse: 
Treatment with an Antibody to T-Helper Lymphocytes 

Spontaneous diabetes mefitus was blocked in nonobese diabetic mice by treatment 
with a monoclonal antibody against the L3T4 determinant present on the surface of T- 
helper lymphocytes. Sustained treatment with the monoclonal antibody led to cessa- 
tion of the lymphocytic infiltration associated with the destruction of the insulin- 
producing P cells. Moreover, the mice remained normoglycemic after the antibody 
therapy was stopped. These studies indicate that immunotherapy with monoclonal 
antibodies to the lymphocyte subset may not only halt the progression of diabetes, but 
may lead to long-term reversal of the disease after therapy has ended. 

T HERE IS INCREASING EVIDENCE 

that human insulin-dependent diabe- 
tes mellitus (IDDM) is an autoim- 

mune disease and that IDDM results from 
immune destruction of the insulin-produc- 
ing p cells normally found in the islets of 
Langerhans (1). Nonobese diabetic (NOD) 
mice spontaneously develop diabetes (2) 
resembling human IDDM. As in human 
IDDM, the NOD mice have progressive 
lymphocytic infiltration into the islets (insu- 
litis) before the expression of overt diabetes 
(2-4), and cytoplasmic antibodies to islet 
cells appear in their senun during the devel- 
opment of insulitis (4, 5). ~usce~t ib i l i t~  to 
diabetes in both humans and NOD mice is 
strongly associated with genes of the major 
histocompatibility complex (MHC) (6). 
Overt diabetes is characterized by polyuria, 
polydipsia, hyperglycemia, and glycosuria, 
and NOD mice develoo acute ketoacidosis. 
which is fatal unless &e mice are treated 
with insulin (2, 7). 

The specific immunologic pathways and 
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cell types responsible for islet cell destruc- 
tion in NOD mice are not clearlv delineated 
(8). However, recent studies suggest that 
the T lymphocyte subset that expresses the 
L3T4 surface marker is important in the 
pathogenesis of the disease (9).  T lympho- 
cytes of the L3T4 phenotype are a distinct 
subpopulation of mature T cells that func- 
tion as helper-inducer cells in the activation 
of both humoral and cellular immunity (10). 
The L3T4 lymphocyte subset is responsible 
for MHC class 11-restricted antigen recog- 
nition on antigen-presenting cells (11); the 
human homolog to the murine L3T4' T 
cell is the CD4' T cell (11). We have been 

\ ,  

able to block the progression and subse- 
quent expression of overt diabetes in NOD 
mice by a course of treatment with a mono- 
clonal antibody to L3T4. Such an approach 
may be feasible for treatment of patients 
with subclinical manifestations of IDDM, 
since we show that antibody therapy initiat- 
ed late in disease progression was effective in 
reversing the advanced phases of islet cell 
destruction. Moreover, upon cessation of 
therapy the mice have remained disease-free 
without further treatment. 

The monoclonal antibody used in these 
studies, GK1.5, is a cell-depleting antibody. 
When administered to mice at doses greater 
than 300 pg, this antibody causes sustained 
reduction of more than 90% of the circulat- 
ing L3T4' cells (12). GK1.5 has been suc- 
cessllly used in vivo as an immunothera- 
peutic agent to treat other experimental and 
spontaneous autoimmune diseases, includ- 
ing systemic lupus erythematosus (13), ex- 
perimental allergic encephalomyelitis (14), 
and type I1 collagen-induced arthritis (15). 
In addition, a single course of this antibody 
has been shown to allow indefinite acceDt- 
ance of transplanted allogeneic murine islets 
of Langerhans (16). GK1.5 and other anti- 
bodies to L3T4 are particularly suitable for 
serotherapy, since these reagents can sup- 
press the humoral immune response (12,17) 
and induce tolerance to select protein anti- 
gens, including the monoclonal antibody to 
L3T4 itself (17). 

When NOD mice are 30 to 50 days old, 
mononuclear cells begin to infiltrate the 
perivascular and periductal areas around the 

Table 1. Prevention of diabetes in NOD mice by 
long-term treatment with GK1.5. Rat monoclonal 
antibody GK1.5 (immunoglobulin G2b) to mouse 
L3T4, purified from ascites fluid, was administered 
intraperitoneally to 90- to 110-day-old NOD fe- 
male mice. Incidence of diabetes is shown as the 
ratio of the number of diabetic mice to total 
number of mice in the group at 260 days of age. 

Amount of Inci- Time of 
GK1.5 dence onset of 

administered of diabetes 
( ~ g )  diabetes (days) 

600 1812 1 157 + 33 
600, then 100 

weekly 2/25 156 k 43 
None 29/35 173 + 42 
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