On the mechanism of the adjuvant effect
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Pertussis vaccine accelerates, rather than retards, clearance of antigen from the
circulation and enhances the secondary as well as the primary response. Pertussis
vaccine alone has an anammnestic cffect and is capable of causing the appearance of
homocytotropic antibody which reccts with antigens to which the animal has pre-
viously made a primary response. The effects of pertussis and Freund's adjuvant are
additive. Increased imsulin levels are not necessary for the adjuvant effect, as alloxan-
diabetic animals ere quite capable of enhanced antibody response after pertussis
vaccine. Beta adrenergic blocking drugs increase and adrenergic agonists reduce
antibody response shightly. It is concluded that pertussis exerts its effect directly on
the precursor of the antibody-forming cells by increasing their rate of cell division.
Impairment of beta adrenergic receptors may be the mechanism: of the effect.

Although Bordetella pertussis vaccine has long been known to aet as an
adjuvant, the mechanism of the adjuvant action remains undefined. To students
of immediate hypersensitivity, pertussis vaecine has special interest as an ad-
juvant because it not only sensitizes animals to active anaphylaxis by increasing
the production of homoeytotropic antibody but also sensitizes to passive anaphy-
laxis and to histamine and other mediators of anaphylaxis. To date it has not
been possible to separate the fraetion of the organisms responsible for these
effects, and it appears probable that a single protein, the histamine-sensitizing
factor, is responsible for all of them.! The phenomenon of pertussis sensitization
has been proposed as an animal model of the physiologic abnormality of asthma
and related atopic diseases.? This model could help explain not only the increased
bronchial irritability to histamine and other stimuli but also the increased reagin
(homoeytotropic antibody) production and eosinophilia charaeteristic of asthma
and the other atopie diseases.

Killed pertussis organisms or protein extracts of the organism produce im-
portant effects on intermediary metabolism which might aecount in part for
enhanced antibody produetion. The most thoroughly studied effects are increased
blood levels of insulin® and a diminished hyperglyeemic response to epinephrine.*
Szentivanyi and colleaguees* proposed that the mechanism of the diminished
response to epinephrine is an impaired response of the beta adrenergic receptors
and were able to mimic the histamine-sensitizing effect of pertussis with beta
adrenergic blocking drugs.
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The present experiments were undertaken to explore the possibility that these
metabolic abnormalities might contribute to the adjuvant effect.

MATERIALS AND METHODS
Animals

Female Sprague-Dawley rats 180 to 200 grams were used for all experiments. Blood for
analysis was obtained from the tails.s

Antigens

Maximally substituted dinitrophenyl-egg albumin (DNP-EA) and dinitrophenyl-bovine
serum albumin (DNP-BSA) containing 7 DNP groups per molecule of BSA were prepared by
the method of Eisen and associates.6 Bovine serum albumin and DNP-BSA were labeled with
125] by the method of Hunter and Greenwood.” The proteins were obtained from Nutritional
Biochemicals Corp.

Antibody assay

Total antibody to the DNP hapten was determined by the procedure of Minden and Farr,3
with the use of the iodinated DNP-BSA as the test antigen. Homocytotropic antibody was
assayed by injecting 0.05 ml. of each serum to be tested into the skin of a normal rat and
challenging the recipient 48 hours later with 1 mg. of DNP-EA and one per cent Evans blue
dye intravenously. The results are expressed as the area of bluing on the underside of the skin
viewed after the recipient animal had been skinned.

Immunoglobulin G levels were measured by a modified Mancini technique.? Rat IgG was
prepared by chromatography of rat serum on DEAE-cellulose. Rabbit antiserum was prepared
by immunization with rat IgG in Freund’s adjuvant.

Drugs

Epinephrine chloride solution, 1/1000, obtained from Parke, Davis & Co. was used without
dilution. Propranolol (Ayerst Labs.), butoxamine (Burroughs Wellcome & Co. [U.S.A.] Inec.),
an adrenergic blocking drug which somewhat selectively blocks metabolic receptors, and
pL-isoproterenol sulfate (Aldrich Chemical) were dissolved in isotonic saline or powdered in a
mortar and suspended in cottonseed oil. Bordetells pertussis vaccine (Lederle Labs.) was
injected intraperitoneally in a dose of 15 x 109 organisms per animal. Control animals were
given a similar volume of isotonic saline.

RESULTS
Effect of pertussis vaccine
on the rate of elimination of antigen

Freund’s adjuvant is commonly believed to act in part by preserving a depot
of antigen and increasing the duration of the antigenic stimulus.?® Therefore,
we determined the effect of pertussis vaccine on the rate of disappearance of
intravenously injected radioiodine-labeled BSA. Radioiodine-labeled BSA, 5 mg.,
was injected into the tail vein. Blood samples were obtained 3 minutes, 12 hours,
and then daily for 8 days after the injection. The blood was allowed to clot, and
the trichloroacetic acid—precipitable radioactivity per milliliter of serum was
determined. Potassium iodide, 0.1 per cent, was added to the drinking water
throughout the experiment. Six control animals reeeived 0.1 ml. of saline and
six experimental animals received 15 x 10° pertussis organisms intraperitoneally
at the time of the antigen injection. Two of the pertussis-inoculated group died
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TABLE 1. Effect of pertussis vaccine alone given at the time of the secondary injection
compared to the effect of pertussis vaccine given with the primary or with the secondory
injection of antigen

ug DNP bound/mi. ABC 33
(mean £ S.D.)

Group No, Treatment Primery Day 15 | Secondary Day 9
1 Control (no pertussis) ' 0.12 + 0.09 204 + 2.2
2 Pertussis with primary immunization 0.88 + 0.12 840 £ 5.8
3 Pertussis' with secondary immunization 0.13 = 0.11 7.82 + 4.3
4 Pertussis-alone at time of secondary 0.14 + 0.12 8.24 * 5.6
immunization

during the course of the experiment, and the early values of these animals have
been eliminated from the data presented in Fig. 1.

Elimination of the antigen was retarded by the pertussis vaceine for the first
few hours but subsequently was accelerated (Fig. 1). However, there was no
sharp change in the rate of elimination several days after injeetion as would
have been expected from early immune elimination of the antigen. The accelerated
elimination occurred at a uniform rate. As pertussis vaecine causes a loss of
native albumin from the blood,** it is likely that the exogenous albumin is lost
by similar mechanisms. While the possibility of accelerated and mere efficient
cellular processing of antigen, particularly aggregated protein, cannot be ex-
cluded, this experiment demonstrates that the adjuvant effect of pertussis
does not depend upon persistent inereased concentration of circulating al-
bumin.

Effect of pertussis vaccine on the _secondmy response and
of pertussis vaccine alone at the fimeé of tha secondory response

Twenty animals were divided. inte four groups of 5:-each. On Day 1, all
received 1 mg. of DNP-EA intraperitoneally, and Group 2 received 15 x 10°
pertussis organisms intraperitoneally. On Day 30, Groups 1, 2, and 3 received
booster injections of DNP-EA, and Group 3 received 15 x 10° pertussis or-
ganisms. Group 4 received the pertussis vaccine only without the antigen. Blood
was collected for antibody assay 15 days after the first antigen injection and 6
days after the seeond (TableI).

Homocytotropic antibody was found at the time of the secondary response in
one of the 5 animals of each of Groups 3 and 4 which received pertussis vaceine
but in none of the control animals of Groups 1 and 2. The ultimate level of
antibody during the secondary response was about the same whether the per-
tussis was given with the first or with the second injection of antigen. More
interestingly, pertussis vaceine alone without a second injection of antigen had
an adjuvant effect of the same order of magnitude as combined antigen and
pertussis vaccine. This observation indicates that the pertussis acts on the cells
involved in the immune response, probably at some stage subsequent to antigen
recognition rather than on antigen-processing steps.
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FIG. 1. Elimination of trace-labeled bovine serum albumin from the blood of pertussis
innoculated and control rats, mean + standard deviation.

Combined adjuvant effect of pertussis vaccine and Freud's adjuvant

Animals were divided into four groups. Groups 1 and 3 received intra-
peritoneal injections of 1 mg. of DNP-EA dissolved in isotonic saline. Groups 2
and 4 received a subecutaneous injection of the same amount of DNP-EA emulsi-
fied in complete Freund’s adjuvant (Difeo Labs.). Groups 3 and 4 received 15
x 10® pertussis organisms. Each animal received a booster intraperitoneal injee-
tion of DNP-EA in saline on Day 30. The combination of pertussis and Freund’s
adjuvants was more effective than either alone, both in total antibody and homo-
cytotropic antibody response (Table IT). Both adjuvants led to a decrease in
serum IgG concentration 6 days after the immunization. IgG concentration
returned to normal at 15 days and then increased. The increase lasted more than
a month. The eombined effect of pertussis vaccine and Freund’s adjuvant on
IgG levels was greater than either alone.

Effect of alloxan on the adjuvant effect of pertussis vaccine

One of the actions of insulin is to increase protein synthesis, As pertussis
vaceine causes increased insulin levels, this effect coneeivably could acecount for
enhanced antibody production.

Animals were divided into four groups. Groups 1 and 2 consisted of normal
animals. Groups 3 and 4 were given 50 mg. of alloxan, a drug which destroys
pancreatic beta cells, intravenously 48 hours before the start of the experiment.
All developed marked glycosuria and were maintained throughout the experi-
ment by the addition of 5 per cent glucose to their drinking water. Nevertheless,
3 of the animals in Group 3 died before the experiment was completed. All ani-
mals were immunized with 1 mg. of DNP-EA intraperitoneally on Day 0. Groups
2 and 4 received 15 x 10° pertussis organisms.



178 Reed et al. 1. ALLERGY CLIN. IMMUNOL.
MARCH 1972

TABLE H. Combined -effect of Freund's adjuvant and perfussis vaccine on antibody productior

Total antibody (ug DNP-BSA bound/ml. serum,
ABC 33; mean t'S.D.}

Group No. Treatment Day 6 Day 9 ! Day 15
1 Control ' 0.01 + 0.02 0.05 % 0.09 0.15 * 0.08
2 Freund’s adjuvant 0.04 + 0.03 0.18 + 0.09 042 + 0.10
3 Pertussis 0.02 + 0.03 0.14 + )1() 0.47 + 0.15
4 Freund’s adjuvant + pertussis 0.09 + 0.04 0.35 0.1 077 £ 0.25

TABLE 1ll. The effect of alloxan on the adjuvant action of pertussis vaccine

Total antibedy (g DNP-BSA bound/ml. serum,
ABC ‘33; mean * $.D.)

No. of
Group No. Treatment animals Deoy6 | Day® | Dpay1s
1 Jontrol 8 0.009 * 0.007 010 = 0.05  0.22 * 0.14
2 Pertussis 8 0.015 £ 0.012 0.15 + 0.06 0.33 + 0.06
3 Alloxan 11 0.007 + 0.009 0.04 *+ 0.03 0.14 + 0.08
4 Alloxan + pertussis 14 0.013 = 0.009 0.12 £ 0.06 0.24 + 0.09

Although the diabetic animals produced somewhat less antibody, the adju-
vant effect of pertussis vaecine was fully expressed (Table III). Thus, the ad-
Jjuvant effect does not depend upon increased insulin secretion.

Effect of adrenergic agonists and antagonisis on the antibedy response

If, as seems probable, the fraction of the pertussis organism responsible for
the adjuvant effect of pertussis vaceine is the same as the histamine-sensitizing
factor and the histamine-sensitizing factor acts through suppression of the cellu-
lar response to beta adrenergic stimulation, then beta adrenergie blocking drugs
might also have an adjuvant effect. Conversely, beta agonists might suppress
antibody produetion.

Animals were divided into five groups of 15 in each: Group 1, the control,
received a subeutaneous injection of saline every 6 hours for 10 days after each
injeetion of antigen; Group 2 received epinephrine 600 pug per kilogram; Group
3 reeeived propranolol, 25 mg. per kilogram; and Groip 4 received butoxamine,
15 mg. per kilogram every 6 hours instead of saline. Group 5 received 15 x 10°
pertussis organisms at the time of the antigen and saline every 6 hours. The
antigen, 1 mg. of DNP-EA in saline, was given intraperitoneally on Days 0 and
30. These doses of drugs were determined by preliminary studies to be the maxi-
mum doses that the animals could tolerate, without an appreciable mortality
rate.

The effects of propranolol and butoxamine were indistinguishable, so, for
clarity of presentation, the propranolol data have béen omitted from Fig. 2. The
animals receiving the beta adrenergic blocking drugs produced-more antibody
than did the contrels, and the animals receiving epinephrine produced less; but
the differences were not statistically signifieant. The difference between the effeet
of butoxamine (or of propranolol) and epinephrine was significant at the one
per cent level (Kruskal-Wallis test).
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and IgG levels
Homocytotropic antibody

{animals positive/animals tested) IgG concentration (mg./ml., mean + S.D.)
Day 6 | Day9 | Day 15 Day 6 pay 9 | Day 15 Day 36
0/10 0/10 0/10 85+ 1.0 9.5 + 3.0 8.8 + 14 88 + 1.5
0/8 5/8 5/8 5.0 £ 2.0 54 + 0.6 8.2 + 1.6 105 + 1.3
0/10 4/10 4/10 6.1 + 1.3 6.8 £ 2.5 7.8 + 28 11.8 + 1.2
0/8 8/8 8/8 4.3 + 0.8 6.5 + 0.8 10.0 = 1.0 132 £ 25
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FIG. 2. Antibody response of rats given epinephrine and adrenergic blocking drugs. Arrows
indicate the injection of 1 mg. of DNP-egg albumin. The drugs were given for 10 days,
as indicated in the rectangles. The points are the mean values of 15 animals in each
group. The stippled area represents + standard deviation of the control values. Butoxamine
increased and epinephrine decreased antibody production slightly, but the differences from
the control values are not statistically significant. The difference between the epinephrine-
and butoxamine-treated groups is significant at the one per cent level.

Effect of beta agonists and antagonists on homocytotropic antibody response

Twenty-four animals were immunized by a subcutaneous injection of 1 mg.
of DNP-EA in complete Freund’s adjuvant. Eight animals received isoproterenol
sulfate, 10 mg. per kilogram, suspended in cottonseed oil every 8 hours for 10
days. Eight others similarly received butoxamine, 50 mg. per kilogram, suspended
in cottonseed oil. The other 8 served as controls and received injections of cotton-
seed oil alone. Isoproterenol suppressed both total and long-latency homocyto-
tropic antibody formation slightly (Table IV). Butoxamine increased homo-
cytotropie antibody. The difference between isoproterenol and butoxamine on the
homoeytotropic antibody response was significant at the one per cent level
(Kruskal-Wallis test).
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Table IV, The effect of isoproterenol ond ‘butoxamine on fotal and: homocytotropic
antibody production after immunization with Freund's adjuvant

Homocytetropic antibody (urea. of
blusing, mm.2, mean of volues of
positive animals; .numbers in
Total antibody {ug DNP-BSA bound/ml. parentheses — number of donors
serum, ‘ABC 33; mean T $.D.) positive /number tested)

Treatment Day 6 | Day9 | Day 15 | Doy 6 | Day9 | Day 15

Control 0.04 + 0.03 0.18 = 0.09 0.42 = 0.10 0 (0/8) 130 (5/8) 125 (5/8)
Isoproterenol 002 + 0.03 0.07 % 0.06 0.38 + 0.13 0 (0/8) 101 (5/8) 57 (3/8)
Butoxamine 0.06 + 0.04 0,12 = 0.11 045 + 011 0 (0/8) 162 (6/8) 146 (6/8)

DISCUSSION

It appears that the adjuvant effect of pertussis vaccine is exerted directly
upon the lymphoid cells involved in the antibody response. In part, at least, this
effect of pertussis is to inerease the rate of cell division. Finger and associates!®
reported that pertussis vaccine aecelerated and prolonged the multiplication of
antibody-forming spleen cells of miee immunized with sheep red blood cells. We
have confirmed this effeet (Makino: Unpublished observations). Furthermore,
pertussis vaccine alone has an anammnestic effect (Table 1). The adjuvant effect
is exerted despite aceelerated elimination of plasma. proteins with reduced con-
centrations of plasma proteins, ineluding gamma: globulin. Eventually, however,
gamma globulin levels are increaged.

Insulin, which stimulates protein synthesis and eould have reasonably been
considered as a mediator of the increased antibody formation, is not necessary
for the adjuvant effect, although increased insulin seeretion could serve as a
contributing factor. Fishel and Szentivanyi'® and Townley and Szentivanyi*
have drawn similar conclusions about the possible contribution of insulin in the
pertussis-indueed inereased sensitivity to histamine and the impaired hyper-
glycemic response to epinephrine. Other hormones, especially growth hormone,
conceivably could be altered by pertussis vacecine, but there is no evidence to date
that they are.

The other major effect of pertussis on cell metabolism, reduced response to
beta adrenergic stimulation, deserves attention. Our data suggest, but do not
establish with certainty, that beta adrenergic blocking drugs enhance and
epinephrine reduces both the total and homoeytotropic antibody responses. If so,
a beta adrenergic blocking effeet of the pertussis histamine sensitizing factor
could be responsible for the adjuvant action. In this case, the result of the
postulated beta blockade is presumably an inereased rate of mitosis of the pre-
cursors of the antibedy-forming cells.

More direct evidence of possible impairment of beta adrenergic responses
of antibody-forming cells by pertussis vaccine was obtained by Ortez
and associates,’> who found reduced levels of cyclic adenosine 3’,5-mono-
phosphate (eyeclic AMP) in the spleens of pertussis-sensitized mice. The pertussis
vaceine also impaired the response of splenic-derived adeny! cyclase to epineph-
rine and fluoride.

While the effects of the adrenergic agonists and antagonists are statistically
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gignificant, they are marginal. Even very large almost lethal doses of beta
adrenergic blocking drugs did not increase antibody levels as much as did per-
tussis vaccine, and unlike pertussis vaccine they did not evoke a homocytotropic
antibody response. The adjuvant effects of pertussis vaceine and beta adrenergie
blocking drugs thus differ in some important and as yet unexplained way.

Preliminary observations on the effect of adrenergie drugs on antibody forma-
tion in vitro indicate that the primary response is suppressed by large doses of
epinephrine, theophylline, and cyclic AMP.'s 1" Norepinephrine, presumably
acting primarily on alpha receptors, enhances antibody formation.'” On the
other hand, Ishizuka and associates*® reported that cyelic AMP and theophylline
enhanced antibody formation. These apparently conflicting results eannot be
reconciled at this time, but it is possible that adrenergie drugs have opposing
effects on thymic-derived and bone marrow-derived lymphocytes. McManus and
co-workers'® 2° found that eyelic AMP stimulated mitosis in thymic lymphoeytes.
In contrast, beta adrenergic stimulation or ecyelic AMP inhibits DNA synthesis
of peripheral blood leukocytes.?'-2® The situation is further complicated by the
apparent difference in the effect of beta adrenergie stimulation on DNA synthesis
at different stages of the cell eyele.28

The attempt to account for the adjuvant effect of pertussis vaeeine in terms
of beta adrenergic blockade or reduced lymphocyte adenyl cyclase must await
resolution of these questions of the effect of stimulation of adrenergic receptors
of different populations of lymphocytes and at different stages of the cell cycle.
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