
babA alleles reflects long-term adaptation to the
types of receptors available in local popula-
tions, punctuated by fine-tuning of ad-
herence during persistent infection of any indi-
vidual host. Although adherence should benefit
H. pylori by allowing better access to nutrients
and delivery of effector molecules, tight adher-
ence may be deleterious when host responses
are robust. Recently, H. pylori infection and
gastritis were found to promote gastric mucosal
expression of inflammation-associated sialyl-
Lewis x/a antigens (3), in competition with the
fucosylated antigens that were studied here
(10). Changes in BabA adhesins that help
strains adapt to host gastric environments could
arise by point mutation or short patch recombi-
nation between strains, or between divergent
alleles in the same strain as illustrated by the
ALeb binding transformant P445G [(11–13)
and this study]. Such new babA alleles will
often differ from their parents in affinity, and
those that are best suited to the local gastric
environment (whether they are of higher or
lower affinity) will be selected. Such flexibility
should help to ensure rapid adaptation of H.
pylori populations to the glyco-phenotype and
host response of each infected person.

The postulated cycles of selection for de-
creased and then increased adherence during
chronic infection and transmission from one
person to another should result in retention of
the ALeb, BLeb, and Leb generalist binding
modes in most human populations because of
the abundance of A, B, and O blood groups in
them. In explaining the abundance of Leb-only
specialist strains in South America, we note that
Amerindians of this region are unique in being
almost entirely of blood group O phenotype
(14). One might invoke the idea of selection for
dedicated specialists in this population. Howev-
er, because the distribution of Leb affinities of
Peruvian specialists is similar to those of gen-
eralists everywhere, we prefer an alternative
explanation, which invokes recurrent cycles of
selection for loss and restoration of binding
activity: Only restoration of Leb binding activ-
ity would be selected for in any uniformly
blood group O population; thus generalist bind-
ing would be lost by attrition.

Most alleles of housekeeping genes in the
Peruvian H. pylori strains studied here were
closely related to those found in Spanish strains
but not those of Asian strains (15, 16). This
implies descent of these Peruvian strains mainly
from European strains (16). If this is correct,
most Peruvian specialist babA alleles may have
arisen by mutation and/or recombination over
only the last �500 years. We propose that such
rapid evolvability of the BabA adhesin in re-
sponse to host mucosal glycosylation patterns
fine-tunes H. pylori strains to their individual
hosts, helps them to avoid the most deleterious
of host responses, and contributes importantly
to the extraordinary chronicity of human H.
pylori infection worldwide.
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Haemophilus influenzae Type b
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Glycoconjugate vaccines provide effective prophylaxis against bacterial in-
fections. To date, however, no commercial vaccine has been available in
which the key carbohydrate antigens are produced synthetically. We de-
scribe the large-scale synthesis, pharmaceutical development, and clinical
evaluation of a conjugate vaccine composed of a synthetic capsular poly-
saccharide antigen of Haemophilus influenzae type b (Hib). The vaccine was
evaluated in clinical trials in Cuba and showed long-term protective anti-
body titers that compared favorably to licensed products prepared with the
Hib polysaccharide extracted from bacteria. This demonstrates that access to
synthetic complex carbohydrate–based vaccines is feasible and provides a basis
for further development of similar approaches for other human pathogens.

Haemophilus influenzae type b (Hib) is an im-
portant human pathogen and was prevalent in
developed countries until the introduction of
successful conjugate vaccines during the 1990s
(1). However, in developing countries more
than 600,000 infant deaths occur annually as a
result of Hib-induced pneumonia or meningitis
(2). Extensive use of the polysaccharides as
vaccines has offered a useful way to protect

adults and older children (3–5), and further
improvement in generating long-lasting immu-
nity, especially in infants, has been achieved by
covalently coupling the polysaccharide to car-
rier proteins (6). In fact, the high level of suc-
cess attained by Hib glycoconjugate vaccine (7)
has been quickly followed by similar approach-
es to meningococcal group C (8) and Strepto-
coccus pneumoniae (9). Many candidate vac-
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cines against other pathogens using the same
principles are currently at different stages of
research (10, 11).

The fragment of the Hib capsular polysac-
charide used in some of the licensed vaccines
can be as short as five ribosylribitol-
phosphate repeating units (12). The ability of
synthetic carbohydrate chemistry to mimic
such fragments has been demonstrated in sev-
eral laboratories with the use of stepwise
multistep preparation (13–15); the resulting
synthetic antigens have served as components
of candidate vaccines that have proven effi-
cient in generating immunity in animals (16,
17). We set out to develop a synthetic meth-
odology amenable to large-scale good manu-
facturing practice (GMP) production of anti-
gens by reassembling Hib polysaccharide
fragments. The previous process was rede-
signed to include a synthetic pathway with a
reduced number of reaction and chromatog-
raphy purification steps. We also identified a
potentially superior method for oligomeriza-
tion of the ribosylribitol-phosphate repeating
unit, in which the saccharide fragment en-
compassing the key conformational epitope
can be obtained in a single step.

To this end, we selected suitably protected
ribitol derivative 1 and ribose acetate 2 because
they best fit the criteria for large scale produc-
tion as synthetic intermediates and could be
more readily purified than others derived from
D-glucose (Fig. 1). The use of crystalline per-
acetylated �-D-ribofuranose, 2, was found to
readily glycosidate ribitol derivative 1 to pro-
vide 3a (18). The successful large-scale synthe-
sis of ribosylribitol derivatives 4 and 5 from 3a
as described in Fig. 1 thus represented one of
the key features of our strategy.

Although construction of oligomers with
controlled numbers of repeating units by solu-
tion and solid-phase techniques was possible in
small quantities, their large-scale syntheses
proved more difficult. To overcome this, we
undertook a one-step polycondensation reaction
with the use of H-phosphonate chemistry (19).
Thus, the phosphate-containing end residue 4
and H-phosphonate derivative 5 were oligomer-
ized in high yield and purity with the use of
pivaloyl chloride as a polycondensation reagent

(Fig. 1). Although this reaction is complex, it
could be managed to generate the desired oli-
gomers, avoiding several competing side reac-
tions, such as O-acylation.

Synthetic oligomers of 6a with an average
of eight repeating units were reproducibly ob-
tained in high yield (80%) after purification by
size exclusion chromatography. Deprotection
and azide reduction of 6a to the amine 6b,
which, after treatment with 3-maleimidopropi-
onic acid N-hydroxysuccinimide ester, gave 7
(Fig. 2). The overall process accomplished un-
der GMP proceeded with a high yield and was
amenable to a 100-g scale per batch.

A vaccine prototype was subsequently pro-
duced by conjugating synthetic antigen 7 with
thiolated human serum albumin (HSA) (20).
The polyribosylribitol phosphate (sPRP)–HSA
conjugate was used for coating enzyme-linked
immunosorbent assay (ELISA) plates to screen
for anti-Hib activity (21) of sera obtained from
rabbits immunized with commercially available
vaccines [Vaxem-Hib (Chiron, Emeryville,
CA) and Hiberix (Glaxo Smith Kline Biologi-
cals, Rixensart, Belgium)] and human antibod-
ies against Hib obtained from immunized chil-
dren (Vaxem-Hib). All sera showed equivalent

recognition of sPRP-HSA and natural PRP–HSA
conjugates, demonstrating that the synthetic oligo-
saccharide possessed the relevant antigenic
epitopes for antibody binding recognition (22).

As a potentially more relevant protein car-
rier for synthetic oligosaccharides, a tetanus
toxoid (TT) conjugate 9 was evaluated in
animals. The glycoconjugate was obtained
through the thiolation of TT lysine ε-amino
groups as for HSA, and this sPRP-TT conju-
gate was immunogenic in rabbits with a wide
range of sPRP/protein ratios, inducing a
strong and specific antibody response (22).

At this point, we identified four key issues
that allowed us to accomplish further devel-
opment of sPRP-TT as a vaccine candidate:
(i) a synthetic pathway to disaccharide deriv-
ative 5 with only one chromatographic puri-
fication step, making it amenable to large-
scale GMP production, (ii) a single-step,
high-yielding polycondensation reaction be-
tween 4 and 5 for the elongation of the oli-
gosaccharide chain, (iii) a method for careful
removal of protective groups, yielding highly
pure sPRP 7, and lastly (iv) a conjugation
process to TT carrier that incorporated sPRP
in good yields.
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The sPRP-TT conjugate vaccine with 10
�g of sPRP and a sPRP-to-TT ratio of 1/2.6
by weight was next used as part of a phase I
clinical trial in 40 adult volunteers after rig-
orous toxicological assessment in animals
(22). A second phase I trial in adults with the
vaccine plus aluminum phosphate was also
performed. Both formulations of sPRP-TT
were shown to be safe in adults. The average
immunoglobulin G (IgG) titers obtained from
our synthetic antigens (23) displayed a be-
havior similar to that of the control vaccine
(Vaxem-Hib); the results obtained from this
initial evaluation (table S1) prompted the ini-
tiation of a full clinical evaluation. All trials
were performed as recommended and accord-
ing to good clinical practice (24). Generally,
they were randomized and double-blind and
used a control vaccine and at least two dif-
ferent batches of the test vaccine (25).

The next phase I clinical trial consisted of
a single vaccine dose in 133 4- to 5-year-old
children previously unvaccinated against
Hib. This was followed by a phase II trial
using 1041 children. A substantial postvacci-
nation increase in the anti-Hib IgG titers was
observed in both trials, and a significant in-
crease in the bactericidal activities of the sera
(26) was reached after the administration of a
single vaccine dose in three groups of chil-
dren. The similarities of these with previous
studies (27) again indicated that the sPRP-TT

Fig. 2. Conjugation of the maleimido-functionalized polyribosylribitol phosphate 7 obtained from
6b after coupling with 3-maleimidopropionic acid N-hydroxysuccinimide (DMSO, �95% conver-
sion). 1,4-Conjugate addition of thiolated protein 8 onto 7 provided conjugate 9. The shift in the
molecular weight for TT could be observed in size exclusion chromatography–high performance
liquid chromatography ( TSK-5000-1 column) for conjugate 9 (PRP/TT ratio of 1/2.6).
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Fig. 3. Bactericidal activity of immune serum against Hib (Eagan strain)
obtained during a phase I trial conducted with children 4 to 5 years old in
the province of Camaguey, Cuba, in the winter of 2002. The trial was
conducted with 133 preschool children volunteers with the informed
written consent of both parents. The trial was performed on a double-blind
basis and all subjects were divided in four groups. Three groups (A to C)
received a single dose of s-PRP-TT without any adjuvant (lots EH1024E,
EH1026E, and EH1025E, respectively). The control vaccine (Vaxem-Hib)
was administered to another group. The serum was obtained before and 4
weeks after the immunization. The plots are the reciprocal of the dilution
killing 50% of the bacteria according to (26, 27 ).

20

40

60

80

100

120

140

160

7m                          18m                          19m 

G
M

C
 m

g/
m

L

Control + Al
sPRP-TT +Al
sPRP-TT

20

40

60

80

7m                            18m                           19m 

%
 o

f c
hi

ld
re

n 
ha

vi
ng

ba
ct

er
ic

id
al

 a
ct

iv
ity

Control + Al
sPRP-TT +Al
sPRP-TT

A B

100

Fig. 4. Geometric means concentration (GMC)
of serum IgG antibodies against Hib (A) and %
of children having bactericidal anti-Hib in their
serum (B) after the primary series of immuni-
zation (7 months), a year after the preimmuni-
zation (18 months), and after a booster dose
(19 months). A phase I clinical trial was per-
formed with 139 infants in the Camaguey prov-
ince east of Havana. Infants were enrolled in
five groups receiving three doses at 2, 4, and 6
months of age. One group received control
vaccine (Vaxem-Hib). Two groups received s-
PRP-TT plus aluminum phosphate, and two
other groups received s-PRP-TT alone. Blood was drawn at 7, 18, and 19 months for the evaluation of the immune status. At 18 months, all infants
received a single booster dose of sPRP-TT irrespective of group. Bars indicate the 95% confidence interval.
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vaccine was both as safe and as immunogenic
as the commercial control vaccine (Fig. 3).

The above results set the stage for more
detailed clinical assessment of the vaccine in a
targeted infant population. Thus, a phase I trial
was initiated with 139 2-month-old infants who
received three vaccine doses scheduled at 2, 4,
and 6 months, as recommended for other con-
jugate anti-Hib vaccines. The test vaccine in-
duced a strong and bactericidal antibody re-
sponse against Hib in infants (Fig. 4) that fell to
values ranging from 5 to 7 �g/mL at 18 months
of age but remained at least five times that
required for long-term protection (Fig. 4A). A
booster dose with sPRP-TT applied to all
groups increased the antibody against Hib titers
by 10-fold. Thus, the capacity of sPRP-TT to
prime an effective immune response against
Hib was demonstrated.

In a second phase II trial, a total of 1141
infants distributed in three groups received
three doses of either sPRP-TT conjugate, sPRP-
TT mixed with aluminum phosphate, or the
control vaccine (Vaxem-Hib). Of the test in-
fants, 99.7% reached antibody titers above 1
�g/mL, which is considered appropriate for
long-lived protection against Hib (28, 29). The
mean IgG anti-PRP titer was 27.4 �g/mL for all
infants vaccinated with the sPRP-TT, which is
consistent with previously reported clinical tri-
als (between 7.67 and 35 �g/mL) for anti-Hib
vaccines without adjuvant (30, 31).

The present study demonstrates that a syn-
thetic capsular polysaccharide antigen can be
produced on a large scale under GMP condi-
tions and used to manufacture an effective vac-
cine for human use. The resulting conjugate
vaccine incorporating a synthetic bacterial car-
bohydrate antigen was demonstrated to be as
safe and immunogenic in humans as already-
licensed vaccines incorporating the native poly-
saccharide (32–34). Access to synthetic com-
plex carbohydrate-based vaccines is therefore
feasible and provides an alternative strategy in
the fight against Hib infections. It also sets the
stage for further development of similar ap-
proaches against other human pathogens.
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The extent to which large duplications and deletions contribute to human genetic
variation and diversity is unknown. Here, we show that large-scale copy number
polymorphisms (CNPs) (about 100 kilobases and greater) contribute substantially
to genomic variation between normal humans. Representational oligonucleotide
microarray analysis of 20 individuals revealed a total of 221 copy number differ-
ences representing 76 unique CNPs. On average, individuals differed by 11 CNPs,
and the average length of a CNP interval was 465 kilobases. We observed copy
number variation of 70 different genes within CNP intervals, including genes
involved in neurological function, regulation of cell growth, regulation of metab-
olism, and several genes known to be associated with disease.

Many of the genetic differences between humans
and other primates are a result of large duplica-
tions and deletions (1–3). From these observa-
tions, it is reasonable to expect that differences in
gene copy number could be a significant source of
genetic variation between humans. A few exam-
ples of large duplication polymorphisms have
been reported (4). However, because of previous
limitations in the power to determine DNA
copy number at high resolution throughout the
genome, the extent to which copy number poly-
morphisms (CNPs) contribute to human genetic
diversity is unknown.

In our previous studies of human cancer
with the use of representational oligonucleo-
tide microarray analysis (ROMA), we have
detected many genomic amplifications and
deletions in tumor genomes when analyzed in
comparison to an unrelated normal genome
(5), but some of these genetic differences
could be due to germline CNPs. To correctly
interpret genomic data relating to cancer and
other diseases, we must distinguish abnormal
genetic lesions from normal CNPs.

We used ROMA to investigate the extent
of copy number variation between normal
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