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Recently we demonstrated that recombinant Cry1Ac protoxin Bawillus thuringiensiss a potent systemic

and mucosal immunogen. In this study we compared the adjuvant effects of CrylAc and cholera toxin (CT)
for the hepatitis B surface antigen (HBsAgQ) and bovine serum albumin (BSA). The antibody responses of
intestinal secretions and serum were determined by ELISA in Balb/c mice immunized through the intragastric
(IG) or intraperitoneal (IP) routes. When HBsAg was administered via |G, the anti-HBsAg intestinal response
was not enhanced by either CrylAc or CT, whereas via IP CrylAc increased the anti-HBsSAg intestinal
immunoglobulin (19)G response and CT increased the intestinal IgA and IgM responses. Serum anti-BSA
antibodies increased when BSA was co-administered with CT or CrylAc by both routes. Cholera toxin and
CrylAc co-administered via IP increased the 1gG anti-BSA response in fluid of the large intestine and CT also
increased the IgA and IgM responses slightly. When co-administered via IP, CT and Cry1Ac did not affect the
IgG anti-BSA response of the small intestine significantly. We conclude that CrylAc is a mucosal and
systemic adjuvant as potent as CT which enhances mostly serum and intestinal 1IgG antibody responses,
especially at the large intestine, and its effects depend on the route and antigen used. These features make
CrylAc of potential use as carrier and/or adjuvant in mucosal and parenteral vaccines.

Dr Ruben Lopez Revilla, Department of Cell Biology, Ap. postal 14-740, 0700Ridde D.F., Meico

INTRODUCTION maintain their adjuvanticity [9, 10] would be more convenient
but still expensive to produce.
Oral antigen delivery systems that potentiate mucosal immune Major features of the Cry proteins froBacillus thuringiensis
responses against adherent pathogens have received considergBi are their high resistance to proteolysis, their stability in
attention because parenteral immunization usually elicits littlealkaline pH and the fact that they are innocuous to vertebrates
or no mucosal immunity [1]. Vaccine strategies to improve[11]. Cry proteins are used as biopesticides and are massively
mucosal immunity include the use of mucosal adjuvantsand inexpensively produced through large-scale fermentation
because most antigens are poor immunogens or induce toleranbased on eitheBt or transgenic micro-organism cultures [11,
when administered alone by the oral route or locally on mucosaé2]. Recently we found that recombinant soluble CrylAc pro-
[2]. toxin (Cry1lAc) administered to mice by the intraperitoneal (IP)
Cholera toxin (CT) and the heat-labile enterotoxin (LT) from or the intragastric (IG) route is a systemic and mucosal immuno-
enteropathogeni&scherichia colihave strong adjuvant effects gen as potent as CT [13]. These results suggested to us that
when they are administered to miger os either mixed or CrylAc may be of use as an antigen carrier.
conjugated with poor mucosal immunogens [3, 4]. Both increase The present study was undertaken to examine the systemic and
antigen uptake and presentation by accessory cells [5, 6] as wethucosal adjuvanticity of recombinant Cry1Ac for the hepatitis B
as Th2-type immune responses [4] and decrease or eliminaturface antigen (HBsAg) and for bovine serum albumin (BSA).
suppressive responses [7]. However, they appear to be ina@o-administered via 1G, CrylAc enhanced the serum anti-
propriate for use in vaccines because of their toxicity and highHBsAg and anti-BSA antibody responses of the immunoglobulin
production costs [2, 8]. Non-toxic CT and LT mutants that (Ig)M, IgG and IgA isotypes, whereas via IP it enhanced mostly
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intestinal IgG antibody responses. These results indicate thaioat anti-mouse) were added and incubated at room temperature for 2 h.
Cryl1Ac is indeed a potent and inexpensive adjuvant of potential he plates were washed and enzymatic reactions started by addition of
use in oral or parenteral vaccines. substrate solution (0.5 mg/rtphenylendiamine, 0.01%J®, in 0.05m
citrate buffer, pH5.2). After 15min, the reactions were stopped with
2.5N H,S0, and absorbance at 492 nm,gd) measured with an ELISA
MATERIALS AND METHODS Multiskan reader (Labsystems Oy, Helsinki, Finland). Titres were
defined as the reciprocal values of the highest end-point dilution of
Organism and culture conditiong&scherichia coliJM103 (pOS4201) samples having an A,>0.05, and the specific antibody levels in the
was kindly donated by Dr D. Dean, Ohio State University, Ohio, USA. intestinal fluid were expressed as their correspondipgp alues.
The recombinant strain was grown in Luria Bertani (LB) medium Calculations and statisticsThe significance of differences between
containing 5Qug ampicillin per ml and the induction of Cryl1Ac protein antibody levels in the experimental groups used was determined with the
production was performed using isopropy! thiogalactoside (IPTG) [12].Student'ds-test. In the figures, bars represent the mean of antibody levels
ImmunogensCholera toxin and BSA were purchased from Sigma + SD for each experimental group#£ 5).
Chemical Co. (St Louis, MO, USA). We purchased HBsAg from Heber
Biotech (Havana, Cuba). RESULTS
Recombinant CrylAc was purified from IPTG-indudedcoli IM103
(pOS4201) cultures [12]. Cell pellets were resuspended in TE (60m
Tris-HCI, 50mv EDTA, pH8) buffer and sonicated (Fisher Sonic
Dismembrator Model 300 Laboratory Equipment Company, Hayward,To investigate CrylAc adjuvanticity, mice were immunized with
CA, USA) three times for 5min in ice. Inclusion bodies were collected HBsAg either alone or co-administered with CrylAc or CT.
by centrifugation at 10 00§ for 10 min. The pellets were washed twice Intraperitoneal immunization with HBsAg alone induced high IgM
with TE buffer, solubilised in CBP (1mM PMSF in CB) buffer (Bl 51 |G antibody responses that were not increased by Cry1Ac co-

Na,COs, 1% z'memaptoethano.l’ Laphenyl m?thyl SUIphonglﬂuo”de administration. Cholera toxin increased IgG antibodies slightly
(PMSF), pH9.6), and the particulated material was discarded by cen:

trifugation. Purified proteins were examined by SDS-PAGE [14], and(P<O'05)’ but not IgM antlqules. In Contrqst, CT and CrylAc
protein concentration was determined using Bradford’s method [15]. doubled the.IgA anFl-HBsA.\g titresX< 0.05) (Fig. l)'. .
Immunizationsin all experiments 8—10-week-old female Balb/c mice ~ Ntragastric administration of HBsAg alone failed to induce
were used. Antigens were administered via IP in 0.1ml phosphate@ny antibody response. However, when co-administered with
buffered saline (PBS), and via IG in 0.1 ml magnesium—aluminiumCrylAc or CT, a strong serum response was observed. The
hydroxide suspension (Maalox—Ciba Geigy, Mexico City, Mexico). enhancement of anti-HBsAg IgG and IgA antibody titres after
Each experimental group contained five animals to which three antigeso-administration of 10Q.g Cry1Ac, and those of IgM after co-
doses were applied on days 1, 7 and 14 either by the IP or IG route. Micgdministration of 1Q.g CrylAc, were comparable to those
were sacrificed 7days after the last immunization. The immunogeng.5;sed by co-administration of L@ CT. Both doses of

administered to determine the effect of CrylAc and CT on the immuneCrylAC enhanced the IgG anti-HBsAg antibodig®<(0.05)
response to HBsAg were: (1) 1@ HbsAG; (2) g HBSAGPluS 1 4 10,9 stimulated the IgM responseP€0.05) whereas

CT: (3) 101g HBSAg plus 1Gig CrylAc; and (4) 1Qug HBSAQ plus 100p.g enhanced the IgA responde<0.05) (Fig. 1).

100ng CrylAc. To determine the effect of CrylAc and CT on the . L . -
immune response to BSA, mixtures containingudpof BSA were Intragastric immunization with HBsAg alone or co-adminis-
administered. Control mice received 10 or 10 of CrylAc alone. tered with CrylAc or CT did not induce anti-HBsAg intestinal

Mice were killed on day 21 and serum and intestinal samples collecte@ntibody responses (data not shown).

from them. Intraperitoneal co-administration of HBsAg with CT increased
Sample collectionFluids from the small and large intestine were IgA but not IgG anti-HBsAg responses in the small intestinal

collected as described by Moreno-Fieratsl. [16]. The contents ofthe  fluid. HBsAg co-administered with 10 or 1@ CrylAc

small intestine were flushed out with 5 ml cold PBSC (1% caseinin PBS)nduced h|gher levels of Specific |gG antibodies in the small

and those of the large intestine with 3 ml of the same solution. Eachntestine than those attained with antigen alone or co-adminis-

sample was centrifuged for 10 min at 8a9and the supernatants were tered with CT P<0.05). In contrast with CT co-administration,

frozen immediately and stored at20°C. Serum samples were obtained CrylAc co-administration did not affect the IgA anti-HBsAg
from blood extracted by cardiac puncture from ether-anaesthetised mice.

ELISA Antibody levels in sera and intestinal fluid were determined bylmes'[Inal r_esponlse (Fig. _2)_' . f ith .
an enzyme-linked immunosorbent assay (ELISA) [17]. Briefly, 96-well Intraperitoneal co-administration of HBsAg with CT induced

plates were coated with 1g0 of HBsAg (10pg/ml), BSA (10ug/ml), moderate levels of IgM- and IgA-specific antibodies in the fluid
Cry1Ac (10pg/ml) or CT (5pg/ml) in carbonate buffer (0x1 Na,COs, of the large intestine, whereas IgG anti-HBsAg antibodies of the
pH 9.6). Plates were incubated for 2 h af@7and washed three times Same fluid increased only when the antigen was co-administered
with 0.05% Tween 20 in PBS (PBST). Blocking was performed with with 10.g of CrylAc (P<0.05) (Fig. 2).

PBSCT (1% casein in PBST) and further washing with PBST. Serial

dilution of sera was done with PBSCT. Small and large intestinal fluid pdjuvant effect of CrylAc on BSA immunization

samples were diluted with ice-cold PBSCT and }d0solumes were

added to microwells. The plates were incubated overnight°@; 4 We also used BSA as an antigen to analyse the adjuvant proper-
washed with PBST and then anti-lgG, anti-lgM (Pierce, Rockford, IL, ties of CrylAc. Whereas BSA alone via IG did not induce
USA) or anti-lgA (Sigma) secondary antibodies (peroxidase-labelleddetectable specific serum antibodies, BSA co-administered

Adjuvant effect of CrylAc on HBsAg immunization
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Fig. 1. Anti-HBsAg serum antibody titres. Mice
were immunized via IP or IG with 1@g HBsAg
alone or co-administered with CT or CrylAc at
doses of 1Gwg (Cry1lAc 10) or 10Qug (CrylAc
100). The anti-HBsAg IgA, 1gG and IgM serum
antibody titres are expressed as the logarithm of
their end-point dilution. Asterisks indicate
significant differencesR < 0.05) with the group

of mice immunized with antigen alone.

with CrylAc or CT increased the serum antibody responsedgA and IgM antibodies in the fluid of the large intestine

Anti-BSA 1gG, IgM and IgA antibody levels induced (P<0.05). Intragastric immunization with BSA alone or with

after CrylAc co-administration via IP or IG were comparable CrylAc or CT did not induce detectable anti-BSA antibody

or even higher than those attained by CT co-administratiomresponses in the small intestine. However, both CT and

(Fig. 3). CrylAc enhanced IgG anti-BSA antibodies in the large intestine;
Bovine serum albumin alone by both routes was unableCT co-administration also induced anti-BSA IgA antibodies

to induce a mucosal immune response. Only 1gG anti-BSA(data not shown).

antibodies were detected in the fluid of the small intestine after

IP co-administration of BSA with CTR<0.05) (Fig. 4). Cry1Ac .

co-administration via IP enhanced the IgG anti-BSA response ir']a‘mIbOdy response to CrylAc

the large intestine in a similar way to CT co-administration As expected, administration of CrylAc alone or its co-admini-

(P<0.05). In contrast to CT, 1Q0g CrylAc enhanced anti-BSA stration with HBsAg or BSA by both routes induced serum

Small intestine Large intestine

HBsAg a1 IgM
HBsAg + CT N —
HBsAg + CrylAc 10 e/
HBsAg + CrylAc 100 ¥ H
HBsAg 7 +— Lle
HBsAg + CT — J—
HBsAg + CrylAc 10 U .
HBsAg + CrylAc 100 | 4+ 7 —
Fig. 2. Anti-HBsAg antibody levels in the fluid of
HBsAg —77277 + IgA the small and the large intestines. Mice were
HBsAg + CT 77777 immunized via IP with 1Q.g of HBsAg alone or
HBsAg + CrylAc 10 — ) * ::o'&a?rgnistsr:edeith CT otrbC:jyllAc. /Iknti-HBsAg
, an coproantibody levels were
HBsAg * CrylAe 100 ‘ ‘ ‘%] ‘ ‘ ‘ ‘ dgeterr?lined bygELISE and theiryvalues expressed
20 16 12 08 04 00 04 08 12 16 59 @s Ay, readings. Asterisks indicate significant

Intestinal anti-HBsAg antibodies (A 495)

differences P < 0.05) with the group of mice
immunized with antigen alone.
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IP IG
BSA F2222222222 IgM
BSA +CT = H %
BSA + CrylAc 10 77 %
BSA + CrylAc 100 * i %
BSA R, 19G
BSA +CT 7 .
BSA + CrylAc 10 * H o
BSA + CrylAc 100 * H o Fig. 3. Anti-BSA serum antibody titres. Mice
were immunized via IP or IG with 1Qg of
BSA S Y, IgA BSA alone or co-administered with CT or
BSA + CT 7 b CrylAc at doses of 1ag (CrylAc 10) or
BSA + CrvIAG 10 * 100pg (CrylAc 100). Anti-BSA IgA, 1gG
+ X .
yAAC * Hx and IgM serum antibody titres are expressed
BSA + CrylAc 100 Y B as the logarithm of their end-point dilution
‘ ‘ ‘ ‘ : . . : : . : : value. Asterisks indicate significant

differences P < 0.05) with the group of mice
Log of anti-BSA serum antibody titers immunized with antigen alone.

anti-Cry1lAc antibodies; the highest titres were attained with theantibody responseP(<0.05). A remarkable decrease of the
highest protoxin dose (Table 1). IgM anti-Cry1Ac antibody response was found when HBsAg
The immune response to CrylAc was affected by the antigemas co-administered with 30g of the protoxin via IGP < 0.05)
co-administered and the route used. Slightly enhanced serum Ig@able 1).
anti-CrylAc antibody levels were found when 100 of the Co-administration of HBsAg with Cry1Ac via IP significantly
protoxin were co-administered with 1@ of HBsAg via IP.  enhanced the content of IgG, IgA, and IgM anti-Cry1Ac anti-
However, protoxin co-administration with BSA via IP signifi- bodies in the fluid of the small and the large intestines (Table 2).
cantly decreased IgA and IgG anti-CrylAc serum antibodyAnti-CrylAc IgG antibody levels were highest in the fluid of the
responses H<0.05). Administration of BSA with 10fg large intestine with both doseB € 0.05) and in the fluid of the
CrylAc via IG also decreased the anti-CrylAc serum IgAsmallintestine with 10Q.g Cry1Ac (P <0.05). Anti-Cry1Ac IgA

Small Intestine Large Intestine
BSA Al IgM
BSA +CT al
BSA + CrylAc 10 7l
BSA + Cry1Ac 100 A«
BSA 2] IgG
BSA+ CT o7/ —
BSA + CrylAc 10 7 I e
BSA + CrylAc 100 E—
Y *Y * Fig. 4. Anti-BSA antibody levels in the fluid
of the small and the large intestines. Mice
BSA gl lgA were immunized via IP with BSA alone or
BSA+CT a1 co-administered with CT or CrylAc. Anti-
BSA + CrylAc 10 al HBsAg IgA, 1gG and IgM coproantibody
BSA + CrylAc 100 AT« levels were determined by ELISA and .the'r
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ values expressed agéy readings. Asterisks

20 16 12 08 0.4 0.0 0.4 0.8 12 16 20 Indicate significant difference$& 0.05)
with the group of mice immunized with
Intestinal anti-BSA antibodies (A 49?) antigen alone.
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Table 1 Anti-Cry1Ac IgA, 1gG and IgM antibodies in sera from mice to which CrylAc was co-administered
intraperitoneally (IP) or intragastrically (IG) with BSA or HBsAg

Anti-Cry1Ac antibody titrest

Route CrylAc dose Co-administered
antigen* IgA 1gG IgM
IP 10pg None (2.7 1.6) 16 (4.2+1.6) 1¢ (6.4+0.9) 1¢
BSA 6.0+ 6.2) 16+ (2.2+0.8) 10+ (5.6+4.2) 10
HBsAg (1.9+ 2.6) 1C° (1.0+1.7) 1¢ (2.2+0.9) 1G¢
100pg None (5.1+1.7) 16 (1.8%=2.1)1¢ (3.2 0) 1C°
BSA (1.8+0.4) 16+ (7.6+2.8) 10 (1.9+0.9) 10t
HBsAg (2.6+0.8) 10+ (3.3x1.7) 1¢ (3.2+0) 10°
IG 10ug None (2.4:2.2) 16 (5.0=7.4) 1G (2.3+1.5) 1¢
BSA (2.0+ 1.4) 16+ (1.8+2.0) 1¢ (1.2=1.3) 1G¢
HBsAg (1.2+0.4) 1G+ (5.0 3.0) 1¢ 0.1+0.1%
100pg None (5.0: 6.2)1F (2.6+5.6) 1¢f 0.1+0.1
BSA 0.1+ 0.1t (3.0+2.0) 1¢ (0.5+0.3) 1¢
HBsAg (7.6+7.6) 1G (2.5+2.6) 1¢ 0.1+0.1

*Three weekly 1Qug doses.

tValues are the meah SD of anti-Cry1Ac titres for antibody isotypes, determined by an end-point dilution ELISA in
each group of micen=5).

P <0.05, compared with the group of mice which received corresponding dose of CrylAc alone.

antibody levels increased significantly in the fluid of the small (P<0.05). A higher level of anti-CrylAc IgM antibodies was
and large intestines when HBsAg was co-administered withinduced by HBsAg co-administration with 1@ CrylAc in the
10ng CrylAc (P<0.05), and in that of the large intestine only fluid of the large intestineR'< 0.05) and with 10@g CrylAc in
when HBsAg was co-administered with 106 of CrylAc fluids of both the large and the small intestin®s<(0.05).

Table 2 A9, readings for Anti-Cry1Ac IgA, IgG and IgM antibody isotypes detected by ELISA in the fluids of the small and large intestine from
mice to which CrylAc was co-administered intraperitoneally (IP) or intragastrically (IG) with BSA or HBsAg

Anti-Cry1Ac antibody levelst

IgA 19G IgM
Co-administered Small Large Small Large Small Large
Route CrylAc dose antigen* intestine intestine intestine intestine intestine intestine
P 10pg None 0.06+0.01 0.05+ 0.004 0.06:0.009 0.53-0.11 0.06+ 0.004 0.09=0.04
BSA 0.02+ 0.001 0.02+ 0.001 0.025-0.04  0.02£0.002% 0.02-0.001 0.02+0.001
HBsAg 0.93+ 0.32% 0.12+0.03 0.45-0.34% 1.10:£0.13% 0.04-0.01 0.20+ 0.09%
1009 None 0.40+ 0.27 0.15+0.05 0.45+0.19 0.65+ 0.54 0.03+£0.003 0.03+=0.001
BSA 0.25+0.03 0.04+0.03 0.025+ 0.045% 0.04+ 0.04% 0.10+0.06 0.02+0.06
HBsAg 0.15+ 0.06 0.40+0.34 1.50+ 0.20 1.50+ 0.10% 0.60+ 0.50 0.60+ 0.27
IG 10pg None 0.06+ 0.005 0.08+0.02 0.07+0.02 0.22+0.37 0.07+0.01 0.06+ 0.02
BSA 0.11+0.02 0.05+0.05 0.04+0.02 0.05+0.05 0.04:£0.004 0.05-0.05
HBsAg 0.24+ 0.10% 0.08+ 0.06 0.10+0.03 0.20+0.12 0.04-0.009 0.05-0.01
100pg None 0.20+ 0.20 0.07+0.02 0.10=0.04  0.42:0.35 0.04+0.01 0.03+ 0.005
BSA 0.05+0.03 0.05+0.03 0.05-0.05 0.04+ 0.04% 0.05+0.05 0.04+0.04
HBsAg 0.13+0.06 0.15+0.16 0.10+0.10 0.13+0.18 0.03-0.003  0.04-0.01

*Three weekly 1Q.g doses.
tValues are the mean SD of anti-Cry1Ac direct Ag, readings for antibody isotypes, determined by ELISA in each group of mie€5).
P <0.05, compared with the group of mice which received corresponding dose of CrylAc alone.
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Co-administration of HBsAg with CrylAc via IG did not serum IgM and IgA against HBsAg but not BSA administered
affect the intestinal anti-CrylAc antibodies except for thewith CrylAc via IG could be due to a higher antigenic lability of
increase of anti-CrylAc IgA antibody level in the fluid of HBsAg in the gastrointestinal tract.
the small intestine using the lowest CrylAc dose (Table 2). Parenteral HBsAg, the antigen on which effective commercial
Co-administration with BSA had a negative effect on the anti-anti-hepatitis vaccines are based [28], induced specific IgG and
CrylAc mucosal immune response. The antibody levels detecteld/A antibody secretion in the small and the large intestine that
in the fluids of the large and small intestines of mice immunizedwas enhanced by CrylAc co-administration. If this effect is
with CrylAc plus BSA were similar or lower than those of mice also produced in humans, CrylAc would be a good adjuvant in
immunized with CrylAc alone (Table 2). anti-hepatitis B vaccination.

The mechanism by which CrylAc acts as an adjuvant to orally
and parenterally administered antigens is unclear. There are no
known functional or structural similarities between CrylAc and
Cholera toxin induced a strong anti-CT serum antibody respons€T or LT. The latter two bacterial enterotoxins, which have the
when co-administered with HBsAg or BSA by both routes. Anti- highest known mucosal adjuvant potency, act on the immune
CT antibody titres were similar to anti-CrylAc titres. Anti-CT system by increasing antigen uptake by the intestine [5] and/or
IgA antibodies predominated in the small intestine and anti-CTstimulating the activity of antigen-presenting cells [6] and
IgG antibodies in the large intestine (data not shown). eliminating the suppressive immune response induced by orally
administered antigens [3, 7].

The toxicity and elevated production costs of CT or LT have
limited their application in human vaccines [2, 8]. In contrast,
This work confirms our previous findings [13] that CrylAc is exotoxin-freeBt preparations containing Cry proteins have no
highly immunogenic and induces a mucosal (intestinal) immunesignificant toxicity for mammals [29] and large-scale production
response when administered via IG or IP. It also shows thabfrecombinant CrylAc protein is easy and cheap [11, 12]. These
CrylAc is a mucosal and systemic adjuvant as potent as CT. facts and the findings described in this paper suggest that Cry1Ac

Bt protoxins have been widely studied to determine theirmay indeed be a convenient systemic and mucosal carrier and
bioinsecticidal mechanisms [18] and the Cry genes encodingdjuvant for use in human and animal vaccines.
them have been cloned and transferred to bacteria and plants to
generate auto-pesticidal organisms [19, 20]. However, there alkCKNOWLEDGMENTS
few studies on the physiological or immunological effects of the__, . . .

Cry family proteins on vertebrate organisms, despite the knowr-lrhIS work was partially supported by CONACYT (Mexico).
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