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We have recently cloned a new protein, recombinant P40 (rP40). When tested in vivo after conjugation to a
B-cell epitope, rP40 induces an important antibody response without the need for adjuvant. To characterize its
potency, this carrier protein was coupled to a peptide derived from respiratory syncytial virus attachment G
protein (G1*). After immunization of mice with the rP40-G1* conjugate, strong antipeptide antibodies were
detected, whereas peptide alone was not immunogenic. To emphasize the carrier properties of rP40, a poly-
saccharide derived from Haemophilus influenzae type b (Hib) was coupled to it. Immunoglobulin G responses
against the Hib polysaccharide were observed after coupling to rP40. Interestingly, an antipeptide antibody
response was observed despite preexisting anti-rP40 antibodies generated by preimmunization with rP40. In
addition, rP40 compares well with the reference carrier protein, tetanus toxoid (TT), since antibody responses
of equal intensity were observed when a peptide or a polysaccharide was coupled to TT and rP40. Moreover,
rP40 had advantages compared to TT; e.g., it induced a mixed Th1/Th2 response, whereas TT induced only a
Th2 profile. Together, the results indicate that rP40 is a novel carrier protein with potential for use as an
alternative carrier for human vaccination.

Most conventional vaccines consist of killed organisms or
purified antigenic proteins derived from these organisms.
However, this approach to vaccine development has several
limitations. First, the large-scale growth of certain pathogenic
organisms may be difficult to achieve and is not completely free
of risk; second, it may be difficult to establish whether some
vaccine preparations are completely killed and free of contam-
inants. A safer method is the use of synthetic peptides corre-
sponding to immunogenic epitopes of pathogens for vaccina-
tion. However, such peptides are usually not immunogenic by
themselves. Coupling such antigens to carrier protein has been
reported to increase their immunogenicity. The choice of ap-
propriate carriers is of primary importance for designing syn-
thetic vaccines for human use. Tetanus toxoid (TT) has been
used in most studies because it has been used for human
vaccination for many years without untoward side effects (17,
34). More recently, the outer membrane protein complex of
Neisseria meningitidis has been shown to be effective in humans
as a conjugate vaccine with Haemophilus influenzae along with
pneumococcal and meningococcal capsular polysaccharides (1,
15, 18). The carrier molecules are particularly useful for poly-
saccharide vaccines. The coupling of polysaccharides to a car-
rier molecule converts a T-independent immune response to
T-dependent one with the production of immunoglobulin G
(IgG) antibodies recognizing polysaccharides and the genera-
tion of B-cell memory (3).

A major drawback for the use of carrier proteins is the
observation that the antibody response to an antigen coupled
to a carrier protein can be decreased in individuals previously
immunized with the carrier. This carrier-induced epitope-spe-
cific suppression was first described as a general regulatory
process found among different hapten carrier systems and
mouse strains. Preimmunization with a carrier can impair the

antibody response, mostly for the IgG2a isotype, to a hapten
coupled to the same carrier (11, 12). The same phenomenon
was observed with TT as a carrier, with a strong suppression of
the IgG1 response against two different coupled antigens (6,
24, 27, 28). The effect has been further found in humans (4).
Possible mechanisms responsible for the observed suppression
have been investigated (11, 25, 28, 29). However, in some cases
preimmunization with the carrier protein led to enhancement
of the response to the coupled antigen rather than suppression
(19). Nevertheless, the majority of subjects have probably been
vaccinated against tetanus in early childhood; therefore, the
phenomenon of epitope-specific suppression through preim-
munization with carrier could be a drawback to the use of this
system in human vaccination programs. An alternative which
may resolve this type of problem could be the use of multiple
carrier proteins as suggested in a recent publication (7).

A protein corresponding to the Klebsiella pneumoniae I-145
outer membrane protein A (OmpA) has been identified,
cloned, and expressed in Escherichia coli as a recombinant
molecule rP40 (21). Purified rP40 was analyzed to verify purity
and structural integrity by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and electrospray mass
spectrometry (10). Preliminary results showed that rP40 ex-
presses at least one T-cell epitope and that when coupled to a
peptide, it increased the antipeptide antibody response.

To validate rP40 among the other carrier molecules, the first
aim of this study was to compare the efficacy of this new carrier
protein rP40 to TT, a carrier protein currently used for human
vaccination. In addition, the type of immune response gener-
ated after immunization either with rP40 or TT coupled to
peptide was investigated. A pure B-cell epitope derived from
the attachment G protein of the respiratory syncytial virus
(RSV) was used as a model. The use of carrier molecules is
critical to obtain an IgG immune response with polysaccha-
rides. The second aim of this study was to extend carrier-
related properties of rP40 to polysaccharides. Finally, we in-
vestigated the effect of preexisting anti-rP40 antibodies on the
antipeptide responses.
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We found that rP40 induces antipeptide and antipolysaccha-
ride antibody responses that compare well with the ones ob-
tained with TT. In contrast to TT, immunization with rP40
conjugate leads to a mixed Th1/Th2 pathway. Interestingly,
carrier priming with rP40 does not affect the antibody response
to a peptide-rP40 conjugate.

MATERIALS AND METHODS

Proteins, peptide, and polysaccharide. Methods for high-level expression in
E. coli, isolation, refolding, and purification of rP40, the recombinant K. pneu-
moniae I-145 OmpA, have been previously described (10, 21). TT was purchased
from SBL Vaccin AB (Stockholm, Sweden). Peptide G19 (SIDSNNPTOWAI
SCK), purchased from Neosystem Laboratoire (Strasbourg, France), corre-
sponded to amino acid residues 174 to 187 of the attachment G protein of the
RSV-A subgroup, to which a C-terminal cysteine residue has been added for
coupling purposes (10). Cys186 found in native G protein was replaced by a
serine residue, and Cys residues 176 and 182 were replaced by aspartic acid and
ornithine, respectively, to provide a lactame bridge mimicking the disulfide
bridge found in natural G protein (33). H. influenzae type b (Hib) polysaccharide
was kindly provided by Rino Rappuoli, Chiron Biocine Immunobiological Re-
search Institute, Siena, Italy.

Preparation of peptide-protein conjugates. Conjugates rP40-G19, TT-G19, and
bovine serum albumin (BSA)-G19 were prepared as previously described (10).
Briefly, proteins were activated by bromoacetylation with a method that employs
bromoacetic acid N-hydroxysuccinimide ester (Sigma, Saint Quentin Fallavier,
France) before peptide G19 was coupled to bromoacetylated proteins. Conju-
gates were then extensively dialyzed against phosphate-buffered saline (PBS) and
kept at 220°C until use. They were analyzed by SDS-PAGE by using the Mini
Protean II gel system (Bio-Rad, Ivry Sur Seine, France). The degree of coupling
reaction (peptide G19/protein molar ratio) was determined by amino acid anal-
ysis quantifying the amount of S-carboxymethylcysteine released after conjugate
acid hydrolysis (16). G19/protein conjugate molar ratios were estimated to be 10
for rP40-G19 and 12 for TT-G19.

Preparation of polysaccharide-protein conjugates. Conjugation of the Hib
polysaccharide to rP40 and TT was carried out as described by Chu et al. (2). The
polysaccharide was activated with cyanogen bromide (Sigma) at pH 10.5 for 6
min and reacted with 0.1 M adipic acid dihydrazide (Sigma) at pH 8.5 overnight
at room temperature. After dialysis and purification by gel filtration on a Seph-
adex G-100 column (2.6 by 61 cm; Amersham Pharmacia Biotech, Saclay,
France), the polysaccharide was freeze-dried. The percentage of hydrazide on
the polysaccharide was measured by the 1,3,5-trinitrobenzenesulfonic assay with
adipic acid dihydrazide as a standard (26). The resultant polysaccharide con-
tained about 0.9 to 1.5% (wt/wt) adipic hydrazide. For conjugation, this adipic
hydrazide polysaccharide derivative and proteins were used at 10 mg/ml each,
coupling was done with 0.1 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (Sigma) at pH 5 for 3 h at 4°C. The conjugates were purified from
the reaction by a Sepharose CL-4B column (1.5 by 62 cm; Amersham Pharmacia
Biotech) equilibrated with PBS. Protein fractions eluted in the void volume, as
measured by their optical density at 280 nm were combined, concentrated by
ultrafiltration, and stored at 4°C. Conjugates were analyzed for carbohydrate
with the orcinol-ferric chloride-HCl assay by using ribose as a standard (23) and
for protein with the bicinchoninic acid assay (Pierce, Rockford, Ill.) by using BSA
as a standard. Polysaccharide/protein (wt/wt) ratios were determined to be 0.7,
1.1, and 1.0 for rP40-Hib, TT-Hib, and BSA-Hib conjugates, respectively. All
conjugates were also characterized by gel filtration and SDS-PAGE analyses to
demonstrate the covalence of the polysaccharide-protein linkage and the absence
of uncoupled protein.

Mouse strains. Six-week-old pathogen-free BALB/c female mice were pur-
chased from IFFA CREDO (L’Arbresle, France) and kept under specific-patho-
gen-free conditions.

Immunization of mice. Groups of five BALB/c mice were immunized subcu-
taneously on days 0, 10, and 20 with 5 mg of G19 peptide equivalent, conjugated
with rP40 or TT, and suspended in PBS, with or without aluminum hydroxide
(20%, vol/vol; Superfos Biosector a/s, Vedbaek, Denmark). Mice were bled from
the retro-orbital venous plexus at regular intervals to determine anti-G19 serum
antibody titers.

Groups of five BALB/c mice were immunized subcutaneously on days 0, 14,
and 28 with 10 mg of Hib polysaccharide equivalent, alone or conjugated with
rP40 or TT, in aluminum hydroxide (20%, vol/vol; Superfos Biosector). Control
groups included mice immunized with PBS plus adjuvant alone. Mice were bled
from the retroorbital venous plexus at regular intervals to determine anti-Hib
serum antibody titers.

Epitopic suppression. Groups of five animals were presensitized subcutane-
ously with 100 mg of either rP40 or TT adsorbed on aluminum hydroxide. Mice
in the control group received aluminum hydroxide and saline only. After 30 days,
control and experimental animals were immunized by the same route with 0.1-mg
equivalent of G19 conjugated to rP40 or TT adsorbed on aluminum hydroxide.
This was followed by booster immunizations with the same preparation 60 and 90
days after the initial presensitization dose of carrier. Animals were bled on days
67 and 97, and anti-G19 antibody titers were measured.

ELISA. Enzyme-linked immunosorbent assays (ELISA) were performed es-
sentially as described elsewhere (32). Briefly, microtiter plates (Immulon 2;
Dynatech, Chantilly, Va.) were coated overnight at 4°C with BSA-G19 (1 mg of
peptide/ml) in carbonate buffer (pH 9.8) when anti-G19 peptide antibodies were
analyzed. When antibodies against the carrier protein rP40 or TT were analyzed,
a concentration of 2 mg of antigen/ml was used for coating the plates. For
anti-Hib antibodies, plates were coated with BSA-Hib (25 mg of Hib/ml) in
carbonate buffer (pH 9.8). Nonspecific reactions were blocked with 0.5% gelatin
(Serva, Heidelberg, Germany). The antibody samples were serially diluted down
the plate, which was then incubated for 2 h at room temperature and subjected
to extensive washing. Peroxidase-conjugated goat anti-mouse IgG (Pierce) or
goat anti-mouse IgG1 or IgG2a (Southern Biotechnology Associates, Birming-
ham, Ala.) was reacted with each well for 1 h at 37°C. After washing, a solution
of 3,39,5,59-tetramethylbenzidine (Kirkegaard & Perry Laboratories, Gaithers-
burg, Md.) was added to each well. The reaction proceeded for 10 min and was
stopped by the addition of 1 M H2SO4. A450 was determined with a Labsystems
IEMS reader (Labsystems, Helsinki, Finland). Titers were defined as the recip-
rocal of the serum dilution which gave an A450 of .2 standard deviations (SD)
above the value for a negative control serum.

Cytokine measurements. Groups of five mice were immunized by intraperito-
neal injection of 100 mg of rP40, rP40-G19, or PBS per mouse. Ten days after
immunization, spleens were removed and perfused with RPMI 1640 (Gibco,
Cergy Pontoise, France). Spleen cells were pooled within experimental groups,
washed, and resuspended in RPMI 1640 (Gibco) containing 1% fetal calf serum
(Costar, Brumath, France), 1% glutamine (Gibco), and 50 IU of antibiotics
(Gibco, Cergy Pontoise, France)/ml. Cells were restimulated in vitro by incubat-
ing 5 3 105 cells/ml in 96 round-bottom plates (Costar) in triplicate with various
concentrations of rP40. Cultures were incubated for either 48 h (for gamma
interferon [IFN-g] and interleukin-2 [IL-2] detection) or 96 h (for IL-5 and IL-10
detection) at 37°C in 5% CO2. Supernatants were collected, and cytokines were
measured in duplicate by ELISA with commercially available kits (R&D System
[Minneapolis, Minn.] for IFN-g, IL-2, and IL-10; Endogen [Woburn, Mass.] for
IL-5) according to the manufacturers’ instructions.

Statistical analyses. Statistical analyses were performed by using an analysis of
variance with P . 0.05, using the Statgraphic program (Manugistics, Rockville,
Md.). For analysis of experiments using Hib as the antigen, statistical analyses
were performed by using either an analysis of variance with P . 0.05 or the
Kolmogorov-Smirnov t test of the statistic software program (Manugistics). Prob-
ability values greater than 0.05 were considered nonsignificant.

RESULTS

Anti-G1* peptide antibody responses after subcutaneous im-
munization with the conjugates. Mice immunized with 5 mg of
rP40-G19 (equivalent peptide) without adjuvant developed an
antibody response on day 10 that increased over time and was
maximal on day 28. The response reached 5.5 log10 after three
immunizations. The titer was maintained over time (Fig. 1).
Anti-G19 antibodies were detected after one immunization
with 5 mg of rP40-G19. Addition of aluminum hydroxide did
not significantly increase the anti-G19 antibody response ob-
served after immunization with 5 mg of rP40-G19 (data not
shown). The same profile of antibody production was observed
for mice immunized with TT-G19 conjugates without adjuvant
(Fig. 1). The anti-G19 antibody response generated after three
immunizations with 5 mg of TT-G19 was not significantly dif-
ferent from that obtained with rP40-G19 immunizations. No
antibody response was detected after immunization either with
G19 alone or with PBS (data not shown). Interestingly, these
results indicate that rP40 and TT generated comparable pro-
files for antibody responses when coupled to the peptide G19.

Comparative analysis of distribution of the IgG1 and IgG2a
subclasses of G19-specific antibodies, selected as indirect mark-
ers of a Th1/Th2 type of response, indicated that mice immu-
nized with rP40-G19 raised a mixed antibody pattern consisting
of G19-specific antibodies of both IgG1 and IgG2a isotypes
(5.4 6 0.34 and 4.1 6 0.21 log10, respectively). In contrast, mice
immunized with TT-G19 expressed primarily IgG1 and lower
G19-specific IgG2a antibodies, with heterogeneous IgG2a re-
sponse (5.72 6 0.16 and 2.66 6 0.96 log10, respectively). Sim-
ilar results were observed irrespective of the number of immu-
nizations or the doses of G19 used for immunization (data not
shown). These results indicated that rP40-G19 generated a
more mixed immune response compared to TT-G19.

5548 RAULY ET AL. INFECT. IMMUN.



To confirm the ability of rP40 to direct the immune response
toward a Th0 response, splenocytes from rP40-G19- and rP40-
immunized mice were reactivated in vitro with several concen-
trations of rP40. Results for 1 mg of rP40, which gave the
highest production of IL-2, IL-5, IL-10, and IFN-g, are pre-
sented in Table 1. Activation of splenocytes with rP40 induced
a strong production of IFN-g in the supernatants, with some
IL-2, IL-5, and IL-10. Surprisingly, activation with rP40 of
splenocytes from rP40-G19-immunized mice induced the pro-
duction of higher amounts of IL-2 and IFN-g and lower
amounts of IL-5. No cytokine was detected in medium from
naive splenocytes activated with rP40 or from rP40-G19-immu-
nized splenocytes activated with G19 (data not shown).

Effect of carrier preimmunization on the antibody response
to conjugates. To test whether preimmunization with the car-
rier protein influenced a subsequent response to the conjugate,
we compared the responses to peptide G19 or carrier protein in
mice presensitized with rP40. The presence of anti-rP40 in the
latter group was determined before immunization with rP40-
G19.

After immunization with 0.1 mg of rP40-G19, an anti-G19
antibody response was observed. Interestingly, mice preimmu-
nized with rP40 before the administration of rP40-G19 had the
same antipeptide antibody titers (Fig. 2), in contrast to TT,

where the anti-G19 antibody titer was significantly decreased
after sensitization with 100 mg of TT. In addition, this phe-
nomenon was observed, whereas the level of anticarrier anti-
body was the same, in rP40 or TT-sensitized mice (5.19 6 0.4
and 5.85 6 0.33 log10, respectively). The results indicate that
preexisting anti-rP40 antibodies were not inhibiting the anti-
peptide antibody response.

Anti-Hib antibody responses after subcutaneous immuniza-
tion with the conjugates. To confirm the carrier properties of
rP40, the polysaccharide of Hib was coupled to rP40 and TT.
Mice immunized twice with 10 mg of Hib conjugated to rP40 in
aluminum hydroxide developed an IgG antibody response
against Hib. A third injection induced an increase in the IgG
titer which reached 4.2 log10 (Fig. 3). In contrast, no IgG
response was observed with uncoupled polysaccharide even
when it was administered with aluminum hydroxide. When
mice were immunized with TT-Hib conjugate, a slight IgG
antibody response against Hib was observed after the first
immunization. After two or three injections, no significant
differences (P , 0.05) were observed in the titers obtained

FIG. 1. Anti-G19 antibody responses. Mice were immunized three times with
5 mg of equivalent G19 conjugated to rP40 (■) or with 5 mg of equivalent G19
conjugated to TT (F). Several days after the immunizations, sera were collected
and antipeptide IgG antibody content was measured by ELISA. Results are
expressed as means 6 SD (n 5 5). Group of mice (n 5 5) immunized with rP40
(h) or TT (E) alone were used as controls.

TABLE 1. Cytokine determination after rP40 immunizationa

Immunization/in
vitro stimulation

Content (ng/ml)

IL-10 IL-5 IL-2 IFN-g

PBS/rP40 7.2 0 8.7 0
rP40/rP40 90 55 28 398
rP40-G19/rP40 103 1.6 108 888

a Mice were immunized with rP40. Ten days after immunization, splenocytes
were removed and activated with rP40 at a final concentration of 1 mg/ml.
Supernatants were collected, and IFN-g, IL-2, IL-10, and IL-5 contents were
measured by ELISA. Results are representative of one experiment (n 5 2).

FIG. 2. Effect of carrier preimmunization. Mice were preimmunized with 100
mg of each carrier in aluminum hydroxide (alum; striped bar) or with PBS in
aluminum hydroxide (black bar) and then immunized twice with 0.1 mg of
equivalent G19 conjugated to rP40 or TT in the presence of aluminum hydroxide.
On day 67, sera were collected and antipeptide IgG antibody content was mea-
sured by ELISA. Results are expressed as means 6 (n 5 5).

FIG. 3. Antipolysaccharide antibody responses. Mice were immunized three
times with 10 mg of Hib polysaccharide conjugated to rP40 or TT in presence of
aluminum hydroxide. After one (white bars), two (horizontal bars), or three
(black bars) immunizations, sera were collected and polysaccharide-specific IgG
antibody content was measured by ELISA. Results are expressed as means 6 SD
(n 5 5).
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after immunization with TT-Hib or rP40-Hib, using either a
parametric or a nonparametric statistical test. The results in-
dicate that in addition to peptides, rP40 is able to induce
antipolysaccharide antibody response of the IgG type.

DISCUSSION

In an earlier study, we have demonstrated that immuniza-
tion with a peptide conjugated to the carrier protein rP40
induces a strong immune response against the peptide (10). To
demonstrate the advantage of using this new carrier protein in
a future conjugate vaccine, we have compared the antipeptide
antibody titers elicited in mice immunized with rP40-G19 con-
jugates and with TT-G19 conjugates.

The same intensity in the antipeptide antibody immune re-
sponses were observed independently of the carrier used. Sim-
ilarly, anti-Hib antibodies were not significantly different after
immunization with TT-Hib or rP40-Hib. Altogether, these re-
sults indicated that rP40 is as effective as TT in inducing anti-
bodies and could be considered as an alternative carrier for
human vaccination.

Previous studies (6, 11, 27, 29) have extensively demon-
strated that preimmunization with TT can affect responses to
haptens linked to TT. The phenomenon of epitope-specific
suppression through preimmunization with carrier protein
could be a drawback to the use of this system in human vac-
cination programs, given that the majority of subjects would
probably have been vaccinated against tetanus in early child-
hood. The mechanism responsible for suppression of the an-
tihapten antibody response to hapten-carrier conjugates upon
high-dose carrier priming is still unclear. Involvement of both
T suppressor cells and carrier-specific B memory cells (8, 11,
29) has been reported. Another possible explanation might be
that circulating antibodies against the carrier protein are re-
sponsible for scavenging the antigen or induce the formation of
immune complexes which inhibit the immune response (22).
Interestingly, preimmunization with rP40 and immunization
with rP40 conjugated to G19 did not lead to specific epitopic
suppression, in contrast to what was observed with TT, con-
firming that rP40 could be a good alternative carrier.

It has been demonstrated (29) that the induction of suppres-
sion can depend on the ratio between the concentration of
carrier and epitope on the conjugate: suppression induced with
a low concentration of the conjugated molecule could be ab-
rogated by using higher concentrations. This hypothesis could
not explain the absence of epitopic suppression with the carrier
protein rP40 in our experiments since we deliberately chose a
low concentration of rP40-G19. In addition, no epitopic sup-
pression was observed with a higher concentration of rP40-G19
(data not shown).

In contrast to TT, which usually is formulated in adjuvant for
human use, outer proteins like the one from Borrelia burgdor-
feri are administered and efficient in human without the need
for adjuvant. As already demonstrated, rP40 is a carrier pro-
tein that elicits high antibody titers without the need for adju-
vant. This is an important point to consider since there are
many of problems with aluminum hydroxide, the most widely
used adjuvant and the only one licensed for human use (20):
first, not all proteins and peptides are equally well adsorbed
(30); second, there are strict conditions for the storage of
vaccines adsorbed onto aluminum hydroxide; third, aluminum
hydroxide-associated pathology and vaccine-specific IgE pro-
duction have been reported (9).

We have not directly examined the Th cell responses in-
duced by the conjugates; however, production of high serum
levels of antigen-specific IgG1 may be indicative of a Th2-type

response, whereas high serum levels of IgG2a may reflect a
Th1-type response (13). We demonstrated that the new carrier
protein rP40 induces a mixed antibody pattern characteristic of
a Th1/Th2 immune response. Orientation of the immune re-
sponse with rP40 toward a Th0 profile was confirmed by anal-
ysis of rP40- and rP40-G19-immunized splenocytes, where Th1
and Th2 cytokines were produced. In contrast, the reference
carrier protein TT induces only IgG1 antibodies, characteristic
of a Th2 immune response. This last result is in contradiction
with the results of el Ghazali et al. (5), who showed that TT
induced both IL-4 and IFN-g, characteristic of a Th1/Th2
profile. However, the immunity to tetanus is an antibody-de-
pendent Th2-type response. These contradictory results could
be explained by the fact that G19 derived from the RSV G
protein may orient the immune response toward the Th2 path-
way (33).

The carrier protein rP40 could be used to induce an immune
response against many diseases by the induction of a Th1/Th2
profile. Indeed, resistance to many intracellular pathogens,
including bacteria, protozoa, and fungi, is linked to the induc-
tion of Th1 responses (14, 31). In contrast, extracellular patho-
gens and particularly parasitic helminths typically trigger Th2-
dominated responses (31).

In conclusion, these studies have shown that the new carrier
protein rP40 is an efficient carrier since after immunization
with peptide- or polysaccharide-rP40 conjugates, we observed
antibody responses similar to the response obtained in pres-
ence of the TT conjugates. Moreover, rP40 induces a mixed
Th1/Th2 response. Finally, preexisting anti-rP40 antibodies do
not inhibit further immunization using the same carrier. This
last result is of importance since in humans, anti-rP40 antibod-
ies have been detected (data not shown). Therefore, rP40 is a
good alternative to the existing carrier proteins for use in
future conjugate vaccines.
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17. Kurikka, S., H. Käyhty, H. Peltola, L. Saarinen, J. Eskola, and H. Mäkelä.
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