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This study was designed to test local and systemic immunity following mucosal immunization with a
polysaccharide-protein conjugate. After preparing and characterizing dextran-cholera toxin B subunit (CTB)
conjugates, we studied their immunogenicity in mice following systemic or mucosal immunizations. Dextran
was chosen as a model polysaccharide antigen and conjugated via adipic acid dihydrazide and N-succinimidyl-
3-(2-pyridyldithio) propionate to CTB. Mice were immunized either subcutaneously, intranasally, or perorally
three times, and cholera toxin was used as an adjuvant for the mucosal immunizations. Three conjugates with
different molecular weights for dextran (40,000 and 76,000) or varying dextran/CTB molar ratios were tested.
Peroral immunizations with all conjugates evoked local immunoglobulin A (IgA) antibody responses against
dextran in the small intestine, and intranasal immunizations did the same in the lung. Intranasal immuni-
zations also elicited serum antibody titers that were significantly higher than or equal to those after subcu-
taneous immunizations. Intranasal immunizations evoked serum IgG antidextran titers which were dependent
on the dextran/CTB molar ratio and inversely related to the local IgA response, which was not the case for
subcutaneous immunizations. This is the first study of local and systemic immunity following mucosal
immunization with a polysaccharide-protein conjugate. The results show that it is possible to evoke a local as
well as a systemic antibody response against a polysaccharide by conjugating it to CTB and using an

appropriate route of immunization.

Polysaccharides (PS) are T-cell-independent antigens of
type 2; as such, they are poor immunogens, they induce mainly
an immunoglobulin M (IgM) antibody response, and no
booster effect is obtained after repeated immunizations. In-
fants under 15 months of age do not respond to PS antigens,
and thereafter, the systemic immune response is correlated
with age (30, 33). Many PS antigens are important bacterial
virulence factors, i.e., capsular polysaccharides (CPS) or lipo-
polysaccharides (LPS). These types of antigens are of interest
as vaccine candidates against a number of different bacterial
pathogens, e.g., Haemophilus influenzae, group B streptococci,
Streptococcus pneumoniae, Staphylococcus aureus types 5 and 8,
Salmonella typhi, and Vibrio cholerae. By coupling the PS co-
valently to a protein carrier, such as tetanus or diphtheria
toxoid, they can be converted to T-cell-dependent antigens,
which results in an increase in the immunogenicity and a mem-
ory antibody response (3). This has been done successfully with
several PS such as H. influenzae type b CPS (36), group B
streptococcus CPS (26, 31), Streptococcus pneumoniae CPS
(13), Staphylococcus aureus type 5 and 8 CPS (12), and Salmo-
nella typhi Vi PS (46), although as yet H. influenzae type b CPS
is the only PS used in a conjugate vaccine licensed for human
use. All these vaccines and vaccine candidates are designed for
systemic administration.

Since most bacteria enter the host through one of the mu-
cosal surfaces and it has been shown for several bacterial
pathogens that local antibodies secreted onto a mucosal sur-
face can prevent colonization and subsequent disease (5, 6, 17,
48), it may be desirable to induce a local immune response
against a bacterial PS antigen by mucosal vaccination. We have
used cholera toxin B subunit (CTB) in this study as a carrier for
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a model PS antigen, dextran. CTB is the nontoxic binding
moiety of cholera toxin (CT) and consists of a ring of five
identical subunits with a total molecular weight of 58,000 (20,
38). CTB has recently attracted much attention as a promising
mucosal carrier for different antigens such as proteins, pep-
tides, or haptens (4, 9, 10, 21, 28), and it was therefore deemed
important to test whether CTB would also provide a mucosal
immune response to a conjugated PS antigen.

In this study, we have prepared different dextran-CTB con-
jugates and studied the antibody responses in serum as well as
in different organs of mice following peroral (PO), intranasal
(IN), or subcutaneous (SC) immunizations.

MATERIALS AND METHODS

Antigens. Dextrans with average molecular weights of 40,000 and 76,000 (des-
ignated dextran40 and dextran76) consisting mainly of linear «(1-6)-linked gly-
copyranosyl residues were used (Sigma Chemical Co., St. Louis, Mo.). Recom-
binant CTB was purified from V. cholerae 358 by using the plasmid pML LCTB
tacl and hexametaphosphate precipitation as described previously (27), followed
by gel filtration on a Sephacryl S100 column (Pharmacia, Uppsala, Sweden).

Chemicals. The following reagents were used: N-succinimidyl-3-(2-pyridyldi-
thio)propionate (SPDP) (Pharmacia Fine Chemicals, Uppsala, Sweden), adipic
acid dihydrazide (ADH) (Fluka Chimie AG, Buchs, Switzerland), trinitrobenze-
nesulfonic acid (Eastman Chemical Products Inc.), CT (List, Campbell, Calif.),
heparin (Lovens Kemiske Fabrik, Ballerup, Denmark), dithiothreitol (Calbio-
chem Corp., La Jolla, Calif.), orthophenylenediamine, N-hydroxysuccinimidobi-
otin, avidin, anthrone, and CNBr (Sigma Chemical Co.).

Antibodies. Anti-CTB mouse monoclonal IgG1 LT39, reacting specifically
with the pentamer form of CTB, was prepared in-house (44). Antidextran mouse
monoclonal IgG2b (F16B3), IgM (F4F7), and IgA (17-9) were gifts from C.
Fernandez, Karolinska Institute, Stockholm, Sweden (14).

Conjugation procedure. The method of conjugation is a combination of two
previously described methods (7, 8). The PS dissolved in water was activated with
0.32 mg of CNBr per mg of PS at pH 10.5, and this pH was maintained with 0.1
M NaOH for 5 to 7 minutes, after which ADH was added to a final concentration
of 0.25 M in 0.25 M NaHCO;. The pH was adjusted to 8.5, and the mixture was
gently stirred overnight at 4°C. The derivatized PS was extensively dialyzed
against H,O and freeze-dried. We measured the amino groups by the trinitro-
benzenesulfonic acid assay with ADH as a standard (23). In the second step,
SPDP, a heterobifunctional coupling reagent, was used according to the manu-
facturer’s description for protein conjugation with the following modifications.
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TABLE 1. Overview of the immunization scheme

Immuni- ng of
Group no. Antigen hf;’{cgf zation dextrin/dose
route (vol., ul)
la Dextran76 + -40 and CTB 8 SC 10 (200)
1b Dextran76 + -40 and CTB 5 IN 10 (2 x 25)
1c Dextran76 + -40 and CTB 4 PO 30(500)
2a Dextran40-CTB 8 SC 10 (200)
2b Dextran40-CTB 8 IN 10 (2 X 25)
2c Dextran40-CTB 8 PO 30 (500)
3a Dextran761-CTB 8 SC 10 (200)
3b Dextran761-CTB 8 IN 10 (2 X 25)
3c Dextran761-CTB 6 PO 30 (500)
4a Dextran761I-CTB* 7 SC 10 (200)
4b Dextran7611-CTB 6 IN 10 (2 x 25)

“ The dextran76I1-CTB conjugate was not given PO.

SPDP was added to the derivatized PS (10X molar excess over amino group
content) in 0.1 M sodium phosphate buffer (pH 8.5)-0.1 M NaCl. SPDP was also
added to CTB (3X molar excess) in sodium phosphate buffer (pH 7.5)-0.1 M
NaCl. The 2-pyridyl disulfide containing PS was then reduced with 50 mM
dithiothreitol, and the excess dithiothreitol, released N-hydroxysuccinimide, and
pyridin-2-thione were removed from the PS with a Sephadex G-25 prepacked
PD10 column (Pharmacia). The amount of available SH groups was determined
with the Ellman reaction (11). The degree of 2-pyridyl disulfide derivatization of
CTB was measured spectrophotometrically at 343 nm, and the derivatized CTB
and PS were mixed with a 1:1 molar ratio of SH groups on PS and 2-pyridyl
disulfide on CTB. The mixture was reacted overnight at room temperature, and
the released pyridin-2-thione from CTB was quantitated spectrophotometrically
as an indication of the degree of conjugation. The molar ratio of dextran to CTB
in the conjugates was varied by adding different amounts of SPDP to the dextran.
The conjugate was concentrated on an Amicon stirred concentration cell (Ami-
con) and purified by gel filtration on a Sephacryl S300 column (2 cm? by 60 cm)
(Pharmacia). The hexose content was determined by the anthrone reaction (39)
with uncoupled dextran as standard. Protein content of the fractions was mon-
itored by measuring the A,g,. Protein determination of the concentrated conju-
gate was performed with the Lowry protein determination kit from Sigma Chem-
ical Co.

Estimation of unbound dextran in conjugate preparations. The conjugates
were adsorbed onto GM1-coated polyethylene glycol-based beads in an Eppen-
dorf test tube and incubated for 2 h at room temperature. The beads were
centrifuged for 2 to 3 min, and supernatants were analyzed for dextran by the
anthrone reaction. CTB was eluted from the particles with 50 mM sodium citrate
buffer, pH 2.8. The GM1-coated beads were a gift from Jan-Erik Mansson,
Department of Neurochemistry, Goteborg University, Goteborg, Sweden.

Immunizations. Male and female C57BL mice aged 10 weeks were used.
C57BL mice were chosen for this study because they respond well to dextrans
(16). The groups of mice and doses used in this study are shown in Table 1. The
conjugates were diluted in phosphate-buffered saline (PBS) for SC and IN
immunization and in PBS with 3% Na,CO; for PO immunization. The doses
were based on the dextran content, 10 pg for SC and IN immunizations and 30
wg for PO immunizations. CT was used as a mucosal adjuvant, 1 ng for IN and
5 pg for PO immunizations. Mice were sacrificed 1 week after the last immuni-
zation, and blood was drawn from the subclavian vein. The mice were then
perfused with 0.1% heparin-PBS through the heart until all blood was removed,
after which the lungs and small intestines were collected. The organs were
washed in 0.1% heparin-PBS, frozen, and kept at —20°C. For analyses of anti-
body contents, they were then extracted with 2% (wt/vol) saponin-PBS, 1 ul/mg
of organ, and allowed to thaw in the saponin in order to permeabilize the cell
membranes (8a, 35). The organs were centrifuged, and the supernatants were
analyzed for specific antibodies against dextran and CTB. In order to be able to
estimate the amount of contaminating serum in the organ extracts, the following
control experiment was performed. Mice were injected intravenously with the
monoclonal antibody LT39. After 20 h, they were sacrificed and treated as
described above. No organ extract contained more than 2% of the serum titer of
LT39, which shows that these extracts were not significantly contaminated with
serum and thus that the antibody levels in the organs in excess of 2% of the
serum titer probably represent local synthesis.

Enzyme-linked immunosorbent assay (ELISA) methods. (i) Detection of an-
tidextran antibodies. Plates coated with 3 pg of avidin per ml overnight and
incubated with 3 ug of biotinylated dextran per ml were used (40). Test sera or
organ extracts were added in threefold dilutions. Dextran-specific mouse mono-
clonal antibodies were used as positive controls. The titers of each plate were
adjusted so that these controls were comparable.

(i) Detection of anti-CTB antibodies (42). Plates coated with 0.3 uM GM1
overnight and incubated with 0.5 pg of CTB per ml were used. Test sera or organ
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extracts were added in threefold dilutions. L'T39 was used as the positive control
for detection of IgG. IgA and IgM controls were mouse serum and an extract of
small intestine from a preliminary experiment used in the same way as for the
dextran ELISA, respectively.

In both ELISA methods, anti-mouse IgM, IgG, and IgA horseradish peroxi-
dase-conjugated antibodies (Jackson) were added and developed with orthophe-
nylenediamine and H,O,. The antibody contents are expressed as the serum
dilution giving an A5, of 0.4 above the background level, 0.05. The initial serum
dilution was 1:100 for IgG and 1:30 for IgA and IgM. The initial organ dilution
was 1:3. All antibody titers are given as geometric mean (GM) * 1 standard
deviation (SD).

Characterization of conjugates. The GM1-ELISA was used for detection of
CTB and dextran bound to CTB following gel filtration. The fractions and
reference CTB were added to GM1-coated plates blocked with 0.1% bovine
serum albumin-PBS in threefold dilutions, and LT39 or antidextran monoclonal
antibodies were used for detection.

Statistics. Analysis of antibody titers was performed on logarithmically trans-
formed data. GM and SD were calculated. Student’s ¢ test was used to compare
mean values of different groups. Statistical significance was designated as P <
0.05.

RESULTS

Characterization of conjugates. The degree of ADH deriv-
atization of the dextrans was 4.4% (wt/wt) for dextran40 and
5.7% for dextran76 used for CTB conjugates, which corre-
sponds to an ADH/dextran molar ratio of 10:1 and 25:1, re-
spectively. The SPDP derivatization of CTB gave 1.2 to 2.9 for
SPDP/CTB molar ratio. The GM1 binding capacity of CTB in
the GM1 ELISA was not diminished by the SPDP derivatiza-
tion as determined by GM1-ELISA (data not shown).

Typically, 50% or more of the SPDP-derivatized protein had
reacted with the reduced dextran in the conjugation mixture
after 24 h. Gel filtration elution profiles of one conjugate
(dextran76I-CTB) and unconjugated CTB are shown in Fig. 1,
and the other conjugates showed similar elution profiles (data
not shown). The fractions corresponding to the highest molec-
ular weight (eluting with the void volume) were collected and
concentrated. The compositions and yields of the three conju-
gates are shown in Table 2. These conjugates reacted with both
anti-CTB and antidextran monoclonal antibodies in a GM1
ELISA. The amount of free dextran in the conjugates was 13 to
22% and was assayed before each immunization.

Immune responses. (i) Serum antibody responses. Serum
antibody titers are shown in Table 3. Preimmune sera con-
tained no anti-CTB antibodies and only low levels of antidex-
tran IgM antibodies, but neither IgG nor IgA antibodies were
detected. Dextran given together with CTB but not conjugated
(and CT for mucosal immunizations) elicited only IgM, not
IgG or IgA, titers. The IgM titer increase in these groups was
two- to fourfold. All dextran-CTB conjugates, however, elic-
ited serum IgG titers against dextran. This strongly indicates
that the dextran was functionally converted into a T-cell-de-
pendent-type antigen. Titers were significantly higher (P <
0.001) after IN immunizations compared with after SC or PO
immunizations. The molecular weight of the dextran or the
PS/protein ratio did not significantly influence the magnitude
of the serum antibody response to dextran following SC im-
munizations. After IN immunizations, on the other hand,
groups 2b and 3b had significantly (P < 0.001) higher IgG titers
compared with group 4b, which indicates that the PS/protein
ratio is of importance. All mice immunized with conjugates or
unconjugated material also responded against CTB.

(ii) Local antibody responses. The local IgA responses as
measured in extracts of lung and small intestine are shown in
Fig. 2. Neither conjugated nor unconjugated dextran elicited
local IgA following SC immunization. In contrast, IN and PO
immunization with conjugated dextran gave rise to local IgA
responses against dextran. As opposed to the serum responses,
both the size of the dextran and the dextran/CTB ratio influ-
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FIG. 1. Gel filtration of CTB alone (A) and CTB-dextran conjugate (B). X’s
represent A,g,, and squares represent micrograms of dextran per milliliter.

enced the magnitude of the immune response. The dextran7611-
CTB conjugate elicited the highest IgA titers in both lung and
small intestine following IN immunization (P < 0.001 and P <
0.01, respectively). After IN or PO immunization with the dext-
ran40-CTB conjugate, the local IgA titers were slightly lower than
with the dextran76I-CTB conjugate, but this difference was not
statistically significant. The CTB responses were very similar
whether any of the conjugates or unconjugated material was used;
there was no significant difference between groups receiving dif-
ferent conjugates. The anti-CTB IgA titers in extracts of lung
from representative groups were 3.5 (2.3 to 5.2) after SC immu-
nization, 12,500 (5,300 to 29,400) after IN immunizations, and 86
(21 to 356) after PO immunizations. The corresponding data for
extracts of the small intestine are 4.3 (2.9 to 6.2), 561 (312 to
1,010), and 2,760 (1,800 to 4,220). In conclusion, the IgA re-
sponses against both dextran and CTB were greater in the lung
than in the small intestine following IN immunization and vice
versa following PO immunization.

TABLE 2. Characteristics of conjugates used for immunizations

Molar ratio of % (Wt/wt) Yield after
Conjugate PS to protein conjugated gel filtration
(wt ratio) dextran (PS) (%)
Dextran40-CTB 1:2 (1:2.8) 78 38
Dextran761-CTB 1:4.6 (1:3.3) 87 40
Dextran761I-CTB 1:1.4 (1:1) 85 28

dx+CTB dx40 dx76l dx76ll

titer

dx+CTB dx40 dx76l dx76ll

FIG. 2. Local antidextran IgA titers in extracts of lung (A) and small intes-
tine (B). Black bars represent SC immunizations, gray bars represent IN immu-
nizations, and white bars represent PO immunizations. Titers of <3 were not
detected.

DISCUSSION

In this study, we have shown that it is possible to elicit a local
as well as a systemic antibody response against a model PS
antigen by coupling it to CTB and administering it to a mucosal
surface. We used dextran as the model antigen since it is a
well-characterized PS that has been used as a model type 2
T-cell-independent-type antigen in many different studies (14—
16, 30). By conjugation to a protein carrier, it will be trans-
formed into a T-cell-dependent-type antigen. The mechanism
for this is not known in detail, but it is believed that T-cell
epitopes on the protein carrier will provide the T-cell help
necessary for induction of B cells. CTB was chosen as carrier
since it has proved to be both a good mucosal immunogen and
an effective carrier for other types of antigens (9, 10, 21). One
reason for this is probably that CTB binds to GM1 ganglioside
receptors including those on M cells and thereby facilitates
uptake of the antigen (21, 22). CTB and CT have been used
successfully as carriers for PS antigens, Vi from Salmonella
typhi (45), and V. cholerae LPS (18), but these conjugates were
not intended for mucosal administration. We used CT as a
mucosal adjuvant since it is one of the best-characterized mu-
cosal adjuvants so far, with a proven effect (21, 22). The
method of coupling was chosen in accordance with the follow-
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TABLE 3. Serum antibody responses

Antidextran serum titer (GM * SD)

Anti-CTB serum titer (GM = SD)

Group
IgM IgG IgA IgM IgG IgA
la 116 (88-218) 102 (95-110) <30 669 (472-1,100) 52,500 (37,100~74,400) 36.8 (24-56)
1b 141 (84-236) <100 <30 2,813 (1,655-4,781) 643,000 (429,000-964,000) 16,500 (10,500-25,900)
1lc 221 (124-394) <100 <30 257 (104-634) 25,800 (16,200-41,100) 2,210 (1,250-3,900)

2a 1,890 (831-4,290) 2,760 (1,060-7,190) <30

2b 5,910 (2,310-15,100) 130,000 (57,200-293,000) 34 (14-81)
2 234 (111-495) 1,290 (182-9,130) <30
3a 1,820 (1,420-2,320) 2,880 (1,470-5,650) <30

3b 2,740 (1,370-5,470)
3¢ 253 (115-558)

97,500 (38,100-249,000)
1,350 (371-4,910)

40 (14.3-113)
33.4 (8.8-127)

4a 1,730 (578-5,160) 2,860 (1,270-6,440) <30
4b 1,600 (1,070-2,410) 2,640 (1,020-6,850) 46 (13-164)
0 56 (26-119) <100 <30

1,270 (769-2,080)
2,780 (1,720-4,510)
636 (323-1,250)
888 (538-1,470)
2,330 (1,070-5,060)
763 (404-1,440)

92,600 (63,300-135,000)
508,000 (347,000-741,000)
34,200 (16,700-69,900)
79,100 (43,000-145,000)
601,000 (247,000-1,460,000)
87,800 (39,500-195,000)

<30
55,100 (26,200-116,000)
2,750 (2,150-3,520)
<30
45,600 (23,200-89,500)
1,300 (1,150-1,470)

187 (94-370) 14,600 (6,610-32,100) <30
355 (123-1,020) 202,000 (139,000-295,000) 2,570 (1,200-5,530)
<30 <100 <30

¢ Preimmune sera (expressed as GM = SD) of two randomly chosen mice from each group.

ing criteria. (i) CTB should retain GM1 binding capacity; (ii)
the coupling reaction should be possible to control in order to
allow defined variation in the degree of derivatization and the
ratio of dextran to CTB; (iii) conjugates formed should be
nontoxic; and (iv) no homoconjugates should be formed. The
conjugates used in this study fulfilled all of these criteria. It
might be preferable to use a coupling reagent that will not yield
a disulfide bond that may be reduced in vivo; however, we have
not yet found a coupling reagent that will be able to meet all
set criteria.

Other studies show a compartmentalization within the com-
mon mucosal immune system (19, 34), and this seems to be
true also for conjugated PS: the immune response in the small
intestine is strongest following PO immunization and the im-
mune response in the lung is strongest following IN immuni-
zation.

We have also found that the PS/protein ratio is of impor-
tance after IN administration. The conjugate with less protein
(dextran76II-CTB) elicited more local antibodies than did the
other conjugates. This can possibly be explained as an effect of
the mucosal immunodominance of CTB. However, the com-
parison of serum antibody titers following IN immunization
with these two conjugates showed that the dextran76II-CTB
conjugate elicited lower antibody titers than dextran76I-CTB,
which could be explained by a lower uptake of this conjugate.

Serum antibodies against bacterial CPS or LPS have been
shown to be protective in animal models as well as in human
studies (1, 2, 25, 37, 41). The most important mechanism for
this is probably opsonization of the bacteria with IgG antibod-
ies and complement activation. Most bacteria enter their host
through one of the mucosal surfaces, and it has been shown for
several bacterial pathogens in different animal models that IgA
on a mucosal surface can prevent colonization and subsequent
disease (5, 6, 17, 46). There are probably several mechanisms
for this, e.g., steric hindrance of adhesion, aggregation of the
microorganisms, blocking of adhesion molecules, or toxin neu-
tralization. Since neither opsonization nor complement activity
is likely to be an important mechanism on a mucosal surface,
these mechanisms may apply to both locally produced secre-
tory IgA and to systemic IgG transudating from blood. Sys-
temic vaccination of children with H. influenzae type b conju-
gate vaccines not only prevents invasive disease but also
reduces nasopharyngeal carriage, which might be explained
both by IgG antibodies transudated from blood to the mucosal
surface (24, 47) and by boosting of a naturally acquired yet
insufficient mucosal immunity resulting from exposure to ho-
mologous or cross-reactive antigens (43). In accordance with

the latter explanation, it is known that natural immunity
against PS following colonization or infection also involves the
mucosal immune system (29, 32).

We here show that it is indeed possible to evoke a mucosal
immune response against a PS antigen by conjugating it to
CTB. Our results give reason to believe that it might be pos-
sible to design conjugate vaccines for mucosal administration
that could give both systemic and site-directed local mucosal
protective immunity against several different bacterial patho-
gens.
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