Vol. 3, No. 2
Printed in U.S.A.

INFECTION AND IMMUNITY, Feb. 1971, p. 308-317
Copyright © 1971 American Society for Microbiology

Antigenic Competition Between an Endotoxic
Adjuvant and a Protein Antigen

DANIEL L. Y. LEONG! anp JON A. RUDBACH?

U.S. Department of Health, Education, and Welfare, Public Health Service, National Institute of Allergy and
Infectious Diseases, Rocky Mountain Laboratory, Hamilton, Montana 59840

Received for publication 21 September 1970

Antigenic competition between bovine gamma globulin (BGG) and endotoxin
from a smooth strain (S-ET) and a rough (R-ET) heptoseless mutant strain of Sa/-
monella minnesota was studied in mice. Both endotoxins acted as adjuvants for en-
hancing the antibody response to BGG. However, other work showed that the R-ET
had minimal antigenicity, and it was used as a control for the competition studies.
Antigenic competition between BGG and endotoxin as expressed by a suppression of
the antibody response to BGG could not be demonstrated when varying adjuvant
doses of S-ET or R-ET were injected simultaneously with a small constant dose
of BGG into normal mice. However, mice presensitized with S-ET several weeks
before immunization with the S-ET and BGG combination produced anti-BGG
levels which were four to eightfold lower than in normal mice. Nearly complete
suppression of the anti-BGG response could be obtained in presensitized mice by
reducing the BGG dose 10-fold or by increasing the adjuvant dose of endotoxin.
Mice pretreated with R-ET and challenged with BGG plus S-ET or R-ET showed
no depression of the anti-BGG response. These and other experiments confirmed the

immunological basis of the competitive effect.

Under certain conditions, the immunological
response elicited by an antigen may be impaired
by the simultaneous or previous injection of a
second antigen. This phenomenon, generally re-
ferred to as antigenic competition [see reviews by
Adler (3, 4)], has been observed between synthetic
antigens (8), haptenic groups on separate or com-
mon protein carriers (6, 9, 26), particulate anti-
gens (11), particulate and soluble antigens (2),
and soluble antigens (1).

As adjuvants, bacterial endotoxins enhance
antibody responses of rodents to a number of
protein antigens (15, 16, 22). In many instances,
those endotoxins derived from smooth strains of
bacteria are potent immunogens themselves (18,
19). Since antigenic competition between endo-
toxic adjuvants and protein antigens has not yet
been studied, the present investigations were
undertaken to define conditions under which a
competitive effect could be demonstrated on the
humoral antibody response of mice to bovine
gamma globulin (BGG) by endotoxins derived
from two strains of Salmonella minnesota. In this
report, antigenic competition is defined to have

1 Present address: Department of Biological Science, Northern
Arizona University, Flagstaff, Ariz. 86001.

2 Present address: Department of Microbiology, University of
Montana, Missoula, Mont. 59801.

been effected when the antibody response to BGG,
in the experimental case, is less than that stimu-
lated by BGG and adjuvant doses of endotoxin.

The rationale for the succeeding experimental
designs is as follows. It has been established that
endotoxins from smooth strains of Salmonella
are antigenic (18, 19). However, endotoxins from
heptoseless mutant strains of Salmonella which
lack the normal polysaccharide determinant
sugars (20) are poor antigens (24; Leong, Milner,
and Rudbach, unpublished data); in some cases
no detectable antibody response can be elicited
in animals repeatedly inoculated with them. These
polysaccharide-deficient endotoxins are toxic and
were found to still possess adjuvanticity; they
were employed as nonimmunogenic controls in
these studies on antigenic competition.

MATERIALS AND METHODS

Mice. Male albino mice of the Rocky Mountain
Laboratory stock weighing 20 to 22 g were used in all
experiments.

Protein antigen. Bovine gamma globulin (lot no.
A30702, fraction II from bovine plasma) was pur-
chased from Armour Pharmaceutical Co., Kankakee,
1L

Endotoxins. Cultures of S. minnesota wild type S
and its heptoseless (Re) mutant strain R595 were
provided by O. Liideritz (20). The bacteria were
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grown at 37 C for 24 hr in shake flasks containing
Trypticase Soy Broth (BBL). E. coli 0111:B4 (Difco)
was grown at 37 C for 24 hr in M-9 medium (25) con-
taining 0.59 glucose. Cells were harvested by centrifu-
gation and washed repeatedly with cold saline. Cell
walls were prepared from E. coli by cell disruption at
20,000 psi with a Sorvall refrigerated fractionator
(13). Endotoxins were extracted from cell walls of
E. coli and from whole cells of S. minnesota wild type
and of its rough heptoseless mutant by the hot phenol-
water method of Westphal, Liideritz, and Bister (29).

Immunizations. In general, groups of mice were pre-
treated with varying doses of endotoxins from either
S. minnesota wild type (S-ET) or from its rough hep-
toseless mutant (R-ET). At 7, 14, and 21 days after
pretreatment, these mice and groups of normal mice
were immunized with mixtures of BGG and S-ET or
R-ET. On days 3, 6, 9, 12, 15, and 18 postimmuniza-
tion, six mice from each group were sacrificed and the
sera pooled. All solutions of endotoxins, BGG, and
combinations of the two were made with pyrogen-free
saline immediately preceding each experiment and
were used within 1 hr after preparation; all injections
were given intravenously.

Antiserum. Anti-S. minnesota serum was prepared
from mice given six weekly intravenous injections of
20 pg of S. minnesota wild type endotoxin. Control
sera were obtained from normal mice. All sera were
collected, pooled, sterilized by filtration, and stored at
—-20C.

Passive hemagglutination. Bovine gamma globulin
was attached to tannic acid-treated sheep red blood
cells (SRBC) by the procedure of Stavitsky (28), and
SRBC were sensitized with boiled endotoxin from S.
minnesota (wild type) by the method described by
Neter et al. (23). Phosphate buffered saline (PBS),
pH 7.2 (0.01 M PO, ; 0.15 M NaCl), containing 1.59,
normal rabbit serum (heated for 30 min at 56 C and
twice adsorbed with SRBC) was used as diluent.
Serial twofold dilutions of serum samples were made
beginning with 1:10. The volume of each dilution was
0.5 ml to which 0.05 ml of a 29, suspension of sensi-
tized SRBC was added. The tubes were incubated at
room temperature for 4 hr and placed in the re-
frigerator overnight, and the titers were read. The re-
sulting titers were expressed as values of x derived from
the equation x = log: (HD/10), where HD is the re-
ciprocal of the highest dilution of serum giving a
positive hemagglutination pattern.

RESULTS

Adjuvant activity of S. minnesota endotoxins.
The first set of experiments was designed to estab-
lish a reproducible system for detecting, in a
quantitative fashion, the adjuvant activity of S.
minnesota endotoxins on anti-BGG responses of
mice. Data in Fig. 1 show the adjuvant effect of
S-ET and R-ET on the antibody responses of mice
to BGG. Incorporation of endotoxin with various
doses of BGG resulted in shorter induction pe-
riods and increased anti-BGG levels as compared
to the responses of mice receiving BGG alone.
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With the S-ET adjuvant dose, the anti-BGG re-
sponses increased as the amount of BGG in-
Jjected was increased. Average peak titers in sera
of mice immunized with BGG and S-ET were 2
to 3 logs higher than the titers elicited with com-
parable doses of BGG and R-ET. Even 100 ug
of the poorly immunogenic R-ET injected with
12 ug of BGG did not increase the anti-BGG titer
above that stimulated by 10 ug of S-ET plus 12 ug
of BGG (cf. Fig. 4). These findings indicate a lack
of antigenic competition between the simultane-
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Fi1G. 1. Adjuvant effect of endotoxins derived from
Salmonella minnesota wild type (S-ET) and its rough
mutant strain Rses (R-ET) on the primary antibody
response of normal mice to bovine gamma globulin
(BGG). Symbols: @, BGG plus endotoxin; O, control,
BGG alone.
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FI1G. 2. The effect of pretreatment with endotoxin from Salmonella minnesota wild type (S-ET) on the anti-

BGG response of mice immunized with combinations of BGG and S-ET. Symbols: @, S-ET pretreated and BGG
plus S-ET immunized; O, controls immunized with BGG plus S-ET only.
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F1G. 3. The anti-BGG responses of mice pretreated with various doses of endotoxins from Salmonella minne-
sota wild type (S-ET) or from its rough mutant strain Ry (R-ET) before immunization with combinations of
BGG and S-ET (R-ET). Symbols: @, endotoxin pretreated and BGG plus endotoxin immunized; O, controls
immunized with the BGG plus endotoxin combinations only.
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FiG. 4. The anti-BGG response of mice pretreated
with endotoxin from Salmonella minnesota heptoseless
mutant Rye; (R-ET) 21 days before immunization with
12 pg of BGG + 100 ug of R-ET given intravenously
onday zero. Symbols: @,R-ET pretreated and BGG plus
100 pg of R-ET immunized; O, control,immunized with
BGG plus R-ET only.

ous injection of an adjuvant dose of S-ET and
varying doses of BGG in normal mice.

Effect of pretreatment of mice with S-ET on
antigenic competition between BGG and S-ET.
Next attempted was a demonstration of antigenic
competition between adjuvant doses of S-ET and
BGG in mice presensitized to S-ET (Fig. 2).
Aantigenic competition to the S-ET and BGG im-
munization, characterized by a decreased anti-
BGG response, was observed in mice treated with
10 ug of S-ET 14 or 21 days prior to immuniza-
tion. It was also observed in groups treated with
1 ug at day 14 with the higher adjuvant doses of
endotoxin and at day 21 in all cases. Further-
more, both sensitizing doses of S-ET tended to
increase the depression of the responses when
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longer intervals between injections and when
larger adjuvant doses of endotoxin were employed.
This is suggestive of an immunological basis for
the competition. Control mice responded as ex-
pected demonstrating that the increased quan-
tities of S-ET employed as adjuvant in the im-
munization combinations were not responsible,
per se, for the depressed immune responses to
BGG in presensitized mice.

Comparison of effect of pretreatment with S-ET
and R-ET on antigenic competition. Figure 3
shows the anti-BGG responses of mice pretreated
with three dose levels of S-ET or R-ET 7 and 21
days before immunization with 50 ug of BGG and
10 pg of the homologous endotoxin. Antigenic
competition was clearly demonstrated in mice
treated 21 days previously with S-ET and im-
munized with S-ET and BGG; some competitive
effect was also observed in the groups pretreated
at day 7. In contrast, it was not possible to
demonstrate a competitive effect with R-ET given
as the pretreating and adjuvant dose with BGG
(Fig. 3). Furthermore, an attempt to elicit compe-
tition between BGG and R-ET by pretreating with
R-ET, increasing the adjuvant dose of R-ET to
100 ug, and decreasing the amount of BGG to
12 pg in the immunizing injection was unsuccess-
ful (Fig. 4). A 21-day interval between pretreat-
ment and immunization was chosen because this
time was found to be optimal for the competitive
effect with S-ET (Fig. 2).

Requirement for similar antigenic specificities
in the pretreatment and adjuvant doses of endotoxin
to elicit antigenic competition. The data presented
above indicated that S-ET had to be used as either
the pretreating dose or as the adjuvant to elicit a
competitive effect on the antibody response to
BGG. The data in Fig. 5 show that, in fact, S-ET
was needed in both doses. Antigenic competition
to BGG could not be established in mice pre-
treated with S-ET 21 days prior to immunization
with R-ET and BGG (group I), nor could the
competitive effect be demonstrated if the sequence
was reversed with R-ET presensitization followed
by S-ET as the adjuvant (group II). The antibody
responses of the experimental groups were similar
to those of the controls.

Another experiment was designed to confirm
the requirements for both pretreatment and ad-
juvant doses to contain immunogenic endotoxin
of the same specificity in order to establish a
competitive situation. Figure 6 shows that pre-
treatment of mice with a highly immunogenic
endotoxin from Escherichia coli 0111:B4 would
not sensitize for competition between BGG and
adjuvant doses of the Salmonella endotoxins.
Anti-BGG responses to the immunizing mixtures
were similar in control and experimental groups.
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days previously with endotoxin from S. minnesota wild
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type (S-ET) and endotoxin from its rough mutant Rses (R-ET). Group I, mice pretreated with S-ET 21 days before
immunization with 50 ug of BGG plus 10 ug of R-ET; group 11, mice pretreated with R-ET 21 days before immuni-
zation with 50 pg of BGG plus 10 ug of S-ET. Symbols: @, endotoxin pretreated and BGG plus ET immunized;
Q, control, immunized with BGG plus endotoxin combination only.

Influence of antibodies to S-ET on antigenic
competition. Since elicitation of a state of antigenic
competition required presensitization of mice
with an immunogenic endotoxin of the same
specificity as the adjuvant dose, the possibility
existed that humoral antibodies stimulated by the
first pretreating injection of endotoxin might be
neutralizing the adjuvanticity of the second dose
of endotoxin. As a control for this possibility,
three groups of normal mice (42 mice per group)
were given 0.5 ml of mouse anti-S-ET serum
intraperitoneally (agglutinin titer of serum 1:640).

At 6, 12, and 24 hr after injecting the serum, six
mice were sacrificed, and their sera were assayed
individually for antibody to S-ET. The mice re-
maining in each pretreatment period were im-
munized with 12 ug of S-ET and 12 ug of BGG.
Similarly, anequal number of micewere inoculated
with 0.5 ml of normal mouse serum and immu-
nized with the BGG and S-ET combination at the
same time intervals. A third group of normal
mice received only the immunizing combination.
The results (Fig. 7) indicate that competition be-
tween BGG and S-ET was not the result of a
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FiG. 6. Specificity studies: the anti-BGG responses of mice pretreated 21 days previously with various doses of
Escherichia coli 0111 endotoxin before immunization with combinations of 50 ug of BGG and endotoxins from
Salmonella minnesota wild type (S-ET) or from its rough mutant Rse; (R-ET) on day zero. Symbols: @, E. coli
0111 endotoxin pretreated and BGG plus S. minnesota endotoxin immunized; O, control, immunized with BGG

plus S. minnesota endotoxin combination only.
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FiG. 7. The effect of passive anti-S. minnesota antibody on the immune response of mice to BGG. Normal
mice were given 0.5 ml of anti-Salmonella minnesota serum intraperitoneally (ip) 6, 12, and 24 hr before im-
munization with 12 ug of BGG plus 12 ug of S. minnesota wild type endotoxin (S-ET) given intravenously (iv). Con-
trol mice received 0.5 ml of normal mouse serum ip on the same time intervals before iv immunization with the an-
tigen combination. The anti-S. minnesota serum was prepared in mice given multiple iv injections of S-ET, hemag-
glutinin titer 1:640. Symbols: @, anti-BGG responses of mice given anti-S. minnesota serum; V, anti-BGG
responses of mice given normal mouse serum; O, control, normal mice immunized with the antigen combination
only; ¥ geometric mean titer of residual anti-S-ET antibody in passively immunized mice before injection with

the antigen combination.
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FiG. 8. The anti-BGG response of mice pretreated with endotoxin from S. minnesota wild type (S-ET) 21 days
before immunization with a constant dose of 12 pg of BGG and increasing amounts of S-ET intravenously on day
zero. Symbols: @, S-ET pretreated and BGG plus S-ET immunized; O, control, immunized with BGG plus S-ET

only.

neutralization of the adjuvanticity of S-ET by
specific antibody. No significant differences were
observed between the anti-BGG titers of passively
immunized mice and those of the controls given
normal mouse serum or immunized only with the
BGG and S-ET combination. Mice passively im-
munized with anti-S-ET serum possessed residual
antibodies to S-ET at the time of immunization
with the BGG-S-ET combination. The geometric
mean titers of the 6-, 12-, and 24-hr pretreatment
groups were 1:24, 1:14, and 1:10, respectively.

A second control experiment was designed to
determine the possible neutralization of the ad-
juvant dose of S-ET by residual antibodies from
the presensitizing injection. The rationale for this
test was as follows. If antibodies to S-ET were
neutralizing the adjuvanticity of the second dose of
S-ET, then by increasing the size of the adjuvant
dose of S-ET, the neutralizing effect of specific
antibody could be overcome by the excess of S-
ET. However, if the first dose of S-ET sensitized
mice for an active competitive action by the sec-
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FiG. 9. The anti-BGG response of mice immunized
intravenously (iv) with two injections of BGG and endo-
toxin. Two groups of mice were injected iv with 12 ug
of BGG plus 12 ug of endotoxin from S. minnesota wild
type (S-ET) or 12 ug of BGG plus 12 ug of endotoxin
from its mutant R;g; (R-ET), respectively. Twenty-one
days later, each group was boosted iv with the same
BGG-endotoxin combination. Symbols: @, 12 ug of
BGG plus 12 ug of S-ET; O, 12 ug of BGG + 12 pug
of R-ET.

ond injection of S-ET, increasing the size of the
second or adjuvant dose of S-ET should enhance
competition. As shown (Fig. 8), the latter was the
case. Competition was greatest in sensitized mice
receiving 50 ug of adjuvant doses of S-ET. The
adjuvant dose of 100 ug of S-ET was overtly
toxic and it delayed and depressed the anti-BGG
response even in normal mice, but it still elicited
antigenic competition in sensitized animals.

Effect of two doses of endotoxin and BGG on
the anti-BGG response. Two groups of mice were
pretreated with BGG plus S-ET or R-ET and
were immunized 21 days later with the same
respective antigen combination (Fig. 9). The re-
sults of this experiment show no antigenic compe-
tition to the anti-BGG response when both doses
contained BGG. Apparently, competition could
only be manifested to a primary response to BGG
by a secondary anti-S-ET response.
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DISCUSSION

Bacterial endotoxins have been shown to act as
adjuvants in enhancing antibody production to a
number of protein antigens (15, 16, 22). Similarly,
in the present study S-ET and R-ET were found
to augment the antibody responses of mice to
BGG. A shorter inductive period with subse-
quently increased and sustained levels of anti-
body to BGG were observed when the endotoxins
were injected with BGG, as compared to the
response to BGG alone.

One of the problems which has prevented the
incorporation of purified endotoxin adjuvants
with prophylactic agents for use in human and
veterinary medicine is the toxicity of such prepa-
rations. Reports have appeared which point out
methods for circumventing the toxicity by chem-
ical detoxification of endotoxins derived from
smooth strains of gram-negative bacteria; how-
ever, these modified endotoxins are still antigenic
(17). From results presented above, it would ap-
pear that the use of whole gram-negative bacteria
(7), endotoxins, or modified endotoxins from
smooth strains of gram-negative bacteria as uni-
versal adjuvants would be limited because of
potential sensitization of the host by the first
injection of an adjuvant-antigen mixture for
competition with the response to a second antigen
injected with the same lipopolysaccharide adju-
vant. Our investigation suggests a method for
avoiding this problem. The heptoseless endotoxin
still possessed adjuvanticity for enhancing the
humoral antibody response to BGG. However,
the endotoxin had low immunopotency and was
unable to initiate antigenic competition in mice
primed with either R-ET or S-ET. Therefore,
chemical detoxification of this material, or one
like it, might yield an adjuvant suitable for various
prophylactic vaccines.

It would appear that true antigenic competition
between an adjuvant dose of endotoxin and the
immunological response to a second antigen oc-
curs only in the presence of a secondary response
to the endotoxin. Franzl and McMaster (12) stated
that antigenic competition did not explain the
inhibited immunological response in mice which
received erythrocyte antigens and a single injec-
tion of Salmonella typhosa endotoxin; apparently,
the inhibition observed in their system was more
closely related to toxicity than to the antigenicity
of the endotoxin. We also observed inhibition of
the response to BGG by the single injection of an
overtly toxic dose of endotoxin (Fig. 8).

Another possible explanation for the reduced
anti-BGG response in mice, which were first in-
jected with S-ET and then immunized with BGG
and S-ET, is that tolerance to the adjuvant effect
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of endotoxin was produced by the first injection
(10). However, tolerance to biological effects of
endotoxin, produced by a single injection of endo-
toxin and exhibiting no interendotoxin specificity,
wanes within 48 hr (14). Our data show that both
the presensitizing and adjuvant doses had to con-
tain immunogenic endotoxin of the same im-
munological specificity in order to establish
competition with the anti-BGG response. Further-
more, the competition was more pronounced
when the BGG and S-ET were given 3 weeks after
the first dose of S-ET than at shorter intervals. A
later phase of tolerance to endotoxin does require
interendotoxin specificity between the two doses
and is related to circulating O-antibody (14).
The data presented (Fig. 7 and 8) apparently ruled
out this type of effect in our system.

The experimental system chosen for the present
work employed amounts of endotoxin which
would be used as adjuvant doses and limited the
amounts of an experimental antigen, the response
to which would need enhancement. Therefore, we
would not wish to imply from the results obtained
with the present restricted system that a specific
immune response to the competing antigen can be
used as a measure of the magnitude of competing
pressures exerted on all test antigens. For example,
Abramoff and Wolfe (1) showed that bovine
hemoglobin effectively suppressed the primary
antibody response to bovine serum albumin
without inducing detectable antibodies to itself.
Other studies employing synthetic polypeptides
have shown that a nonimmunogenic material
given in Freund adjuvant could completely in-
hibit the delayed cutaneous response to a fully
immunogenic copolymer (8).

Recently, it has been shown that the cellular
events in the immune response require the inter-
action of at least two cell types of different origins.
Briefly, antigen reactive cells of thymic origin first
recognize and react with antigen. These cells
then interact with and subsequently trigger the
differentiation of bone marrow derived precursor
cells into specific antibody producing cells (21,
27). On the basis of this two cell model, other in-
vestigators have suggested that competition of
antigens takes place at the cellular level, that is,
antigens uncouple the reaction between antigen
reactive cells and precursor cells (5). As indicated
by this information, the results of the present work
could be interpreted as the utilization of the anti-
gen reacting cells by the priming stimulus, S-ET,
which would produce a deficiency of cells avail-
able for processing the second antigen, BGG,
administered in sequence. However, the competi-
tive effect exerted on BGG was observed only
after the BGG-S-ET combination was injected
into S-ET primed mice. In this case, then, the
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depression of the primary response to BGG could
be the result of an insufficient number of antigen
reactive cells available to BGG caused by the en-
hanced efficiency in processing S-ET after a sec-
ond exposure to the antigen. In contrast to S-ET,
endotoxin from the rough heptoseless mutant
Rs; was unable to effect antigenic competition.
The weak immunogenicity of this endotoxin is
probably attributable to its deficiency in poly-
saccharide and consequent lack of major O-
antigenic determinants. Therefore, S-ET with its
full complement of O-determinants could be ex-
pected to exert greater immunological pressure
than R-ET and to compete more effectively for
antigen-processing cells.
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