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Abstract: Glycoconjugate vaccines have contributed enormously to reducing and controlling encap-
sulated bacterial infections for over thirty years. Glycoconjugate vaccines are based on a carbohydrate
antigen that is covalently linked to a carrier protein; this is necessary to cause T cell responses for
optimal immunogenicity, and to protect young children. Many interdependent parameters affect the
immunogenicity of glycoconjugate vaccines, including the size of the saccharide antigen. Here, we
examine and discuss the impact of glycan chain length on the efficacy of glycoconjugate vaccines
and report the methods employed to size polysaccharide antigens, while highlighting the underlying
reaction mechanisms. A better understanding of the impact of key parameters on the immunogenicity
of glycoconjugates is critical to developing a new generation of highly effective vaccines.
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1. Introduction

Many bacteria are surrounded by capsular polysaccharides (CPS) or O-specific polysac-
charides (O-SP), which are both major virulence factors and important targets for protective
antibodies [1,2]. Since the 1930s, the protective role of antibodies induced by pneumococcal
CPS began to be investigated, and in 1945, the first vaccine composed of purified CPS from
selected pneumococcal serotypes was tested on man [3,4]. Between the 1970s and 1980s,
polysaccharide (PS) vaccines against the meningococcal serogroup (Men) ACWY, Streptococ-
cus pneumoniae, and Haemophilus influenzae type b (Hib), were developed. Although these
vaccines have shown variable degrees of success in adults, they are not especially protective
for high-risk populations, particularly children below two years and immunocompromised
patients [5]. PSs are high molecular weight (MW) biopolymers characterized by repeating
antigenic epitopes that are spatially close to each other and they can cross-link multiple
surface immunoglobulins expressed on B cells. PSs are T-independent antigens that are
able to directly activate PS-specific B cells which can then differentiate into plasma cells
and produce antibodies; however, memory B cells are not formed. Re-vaccination, which
is frequently required as antibody levels decline rapidly, does not elicit a booster effect.
Indeed, immunization with unconjugated PSs can deplete a preexisting memory B-cell pool,
leading to hyporesponsiveness to subsequent immunization. Additionally, the antibody
response to PSs is little affected by adjuvants [6,7].

These drawbacks of the immune response, induced by pure PSs, can be overcome
by glycoconjugate vaccines, consisting of a PS covalently linked to an appropriate carrier
protein as source of T-cell epitopes [8,9]. Conjugation confers to the saccharide the capacity
to induce a long-lasting and boostable IgG antibody response, even in children under
two years of age. Glycoconjugate vaccines have been shown to be more effective in adult
populations than PS vaccines. The concept of glycoconjugate vaccines has its origin in 1929,
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when Avery and Goebel demonstrated that derivatives of non-immunogenic glucose and
galactose, if conjugated to proteins, were able to induce specific antibodies in rabbits [10,11].
The first PS-protein conjugate vaccines were developed against Hib and licensed between
1987 and 1990 [12]. Subsequently, glycoconjugate vaccines have been licensed against
Neisseria meningitidis, S. pneumoniae, Salmonella Typhi, and many others are currently under
development [13,14].

Traditionally, conjugate formation requires the covalent binding of the PS to the carrier
protein [15]. In the case of long PSs, the sugar is often randomly—i.e., non-specifically—
activated along the chain and linked to the protein. Moreover, when shorter saccharides are
used, protein coupling generally occurs through the activation of the saccharide terminal
group [16]. Linkers are often used to reduce steric hindrance, thus facilitating the linkage
between the two moieties. The random approach results in cross-linked glycoproteins with
variable saccharide loading and antigen positioning. The selective approach provides more
homogeneous and well-defined molecules, which also benefit the characterization process.

Several parameters can affect the immunogenicity of glycoconjugate vaccines [17],
including the size of the saccharide and its structural modifications, the carrier protein
used [18], and the saccharide to protein ratio [16]. In addition, the conjugation chemistry,
including the presence of the linker and the attachment point on the carrier protein [19],
can play an important role.

In this review, we focus our attention on saccharide chain length by reporting preclin-
ical and clinical evidence concerning the impact of this variable on the immunogenicity
of glycoconjugate vaccines. In addition, the methods used to size PS antigens and the
underlying reaction mechanisms are also reported.

2. Role of Sugar Length on the Immunogenicity of Glycoconjugate Vaccines

Traditionally, for the synthesis of glycoconjugate vaccines, PSs are first extracted
from a bacterial culture and isolated through a series of purification steps, which differ
according to the nature of the carbohydrate. Depending on the genetic repertoire, bacterial
strains can produce PSs of different chain lengths. Furthermore, the fermentation and
purification conditions employed can have a profound impact on the length of the sugar
chains. According to their nature, PSs are polymers of identical repeating units (RU) (from
ten to a few thousand units in length). Although there is a specific “stop” codon in protein
synthesis, to ensure that all protein molecules produced are identical, there is no such signal
in bacterial PS production; therefore, PS molecules are characterized by a broad range of
sizes (i.e., they are polydisperse). The molecular size distribution of each batch of PSs must
be determined and monitored, since any variations could indicate that there has been a lack
of production consistency or a loss of PS structural integrity during the purification step.

The use of shorter oligosaccharides (OS) has often been preferred to improve con-
jugation yields and consistency, and facilitate conjugate purification, particularly from
unreacted saccharide. In addition, dealing with smaller sized sugars may help characteri-
zation throughout the entire process (including sugar activation(s) and conjugation), and
it could be beneficial for the production of conjugates with better defined structures [20].
For this reason, PSs have often been chemically or mechanically fragmented, and size-
fractionated, to generate homogeneous populations of lower MWs before conjugation to
the carrier protein. Many studies have investigated the role that PS length can have on the
immune response elicited by corresponding glycoconjugates, and these are reported below.

2.1. Dextrans

Seppala and Makela found that low MW Dextrans (Dx) (1–4 kDa), conjugated to
chicken serum albumin (CSA) via their reducing end, induced higher anti-Dx antibody
responses in mice than 40 kDa Dx [21]. Fernandez and Sverremark reported that 1 kDa
Dx, coupled to CSA through their reducing end, gave a greater secondary immune re-
sponse than 40 kDa Dx conjugated to keyhole limpet hemocyanin (KLH) by multi-point
attachment [22].
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2.2. Group B Streptococcus

Paoletti et al. coupled the reducing end of type III Group B Streptococcus (GBS) OS
of 7, 14.5, and 27 kDa to tetanus toxoid (TT) using an aminoalkyl glycoside spacer [23,24].
All the OS-TT conjugates, having a comparable saccharide to protein molar ratio, induced
similar antigen-specific IgG titers in rabbits; however, vaccination with the intermediate-
sized (14.5 kDa OS) conjugate resulted in superior in vitro killing of GBS by human blood
leukocytes and improved protection against the GBS challenge. Wessels et al. [25] pre-
pared type III GBS conjugate vaccines by linking saccharides of average MWs, at 38, 105
and 349 kDa, respectively, to TT at multiple sites along the sugar chains. PS-specific IgG
responses in mice correlated with the saccharide’s MW, and the protective efficacy induced
was lower for the smaller saccharide conjugate. Michon et al. [26] conjugated different
lengths of type II (in the range 15–51 kDa) and type III (in the range 11–41 kDa) GBS
saccharides to TT using various chemistries, and reported that, for the type II conjugates,
immunogenicity in mice increased with decreasing saccharide size, whereas for type III
conjugates, the size of the OS did not significantly affect immunogenicity (Figure 1A).

2.3. Streptococcus pneumoniae

S. pneumoniae serotype 4 CPS (average MW 40–120 kDa) and OS (average MW 9.6 kDa)
were randomly conjugated to TT [27]. In mice, CPS conjugates provided greater saccharide-
specific IgG and IgM responses, both after primary and booster immunization, than the OS
conjugates. Similar results were obtained in a subsequent study in human infants; when
two pentavalent CPS-CRM197 vaccines (serotypes 6B, 14, 18C, 19F, and 23F) containing
native CPS or corresponding OS were compared, PS conjugate vaccines were generally
more immunogenic. The glycoconjugates were produced using random chemistry [28].

In another vaccine study (serotypes 3, 6A, 18C, 19F, and 23F, and pneumococcal com-
mon C-PS), OS at different lengths (3–14 kDa for serotype 3, 11–140 kDa for 6A, 6–15 kDa
for 18C, 7.8–100 kDa for 19F, 8–16 kDa for 23F, and 1.3–10.4 kDa for C-PS) were cou-
pled through the reducing end to TT and administered to rabbits. Chain length did not
significantly affect immunogenicity, with the exception of serotype 19F, where increased sac-
charide length was associated with decreased immunogenicity [29]. Arndt and Porro [30],
when testing S. pneumoniae OS serotypes 6A, 14, 19F, and 23F, terminally-linked to CRM197,
found that shorter chain OS conjugates (average 3–6 RU of OS) gave a significantly higher
antibody response in rabbits than longer chain OS conjugates (average 10–14 RU of OS),
for all serotypes.

Conversely, when Lafarriere tested S. pneumoniae, 14 CPS fragments of different
lengths (1.3 to 150 kDa), terminally linked to TT in rabbits [31], immunogenicity and
opsonophagocytic activity increased with the increasing size of the saccharide. Interestingly,
the predominant antibody response to S. pneumoniae 14 CPS appeared to target an extended
conformational epitope. Pawloski et al. [32] compared S. pneumoniae 14 and 23F CPS
glycoconjugates containing medium-sized (38–50 kDa) or small-sized (6 kDa) OS terminally
linked to TT in rabbits. For serotype 14, the conjugate containing medium-sized OS induced
higher antibody levels than the conjugate containing small-sized OS, whereas the 23F
conjugates were similar, irrespective of the saccharide size.

When serotype 6A OS of three different lengths were coupled to TT [33], mice re-
sponded similarly to vaccines with 2 and 14 RU, and minimally to a conjugate with 7 RU,
although interpretation is complicated, because the conjugates differed in their saccharide
to protein ratios. In two-year-old children, the efficacy of the same conjugates increased
with increasing chain length, thus demonstrating that animal studies do not necessar-
ily translate into clinical findings. In accordance with the findings of this study, when
two bivalent S. pneumoniae (serotype 6B and 23F) conjugate vaccines, with native CPS
or 10–20 RU of OS terminally linked to CRM197, respectively, were compared in young chil-
dren, the native CPS conjugates were significantly more immunogenic [34]. More recently,
when S. pneumoniae serotype 3 OS were terminally conjugated to TT, pentasaccharide and
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hexasaccharide conjugates elicited significantly higher IgG antibodies than hepta- and
octasaccharide conjugates in mice [35] (Figure 1B).
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Figure 1. Chemical structure of the PS RU discussed in this review. (A) Group B Streptococcus,
(B) Streptococcus pneumoniae, (C) Neisseria meningitidis, (D) Salmonella, (E) Francisella tularensis,
(F) Shigella, (G) Vibrio cholerae, (H) Haemophilus influenzae type b, (I) Klebsiella pneumoniae, (L) Staphylo-
coccus aureus, (M) Cryptococcus neoformans A.

2.4. Neisseria meningitidis

When MenC OS of 2–4, 4–10, and 10–50 kDa, conjugated to P64k by reductive ami-
nation following saccharide oxidation, were tested in mice, the IgG antibody levels and
bactericidal activity were not statistically different [36]. With a set of MenX OS of different
length (average number of 5, 10 and 20 RU) conjugated to CRM197, the 20 RU OS conjugate
induced in mice the optimal response in terms of both anti-MenX antibodies and SBA
titers [37] (Figure 1C).

2.5. Salmonella typhi

Szu et al. [38] compared the immunogenicity of conjugates made with S. Typhi Vi
CPS (approximately 3 × 103 kDa), or lower MW Vi OS (approximately 46 kDa), that were
randomly coupled to a cholera toxin B subunit (CTB). The high MW PS conjugate elicited
higher levels of Vi antibodies than the lower MW OS saccharide conjugate in both mice and
rhesus monkeys. More recently, a Vi-CRM197 glycoconjugate vaccine was tested in humans
that elicited a higher anti-Vi IgG antibody response than unconjugated Vi after a single
dose, even when used at a lower dose (5 vs. 25 µg Vi); however, the half-life of Vi-specific
antibody titers showed no differences after conjugation or PS vaccine administration, and a
second dose of the conjugate vaccine had no incremental effect on antibody titers in either
children or older infants [39,40]. It was speculated that, despite conjugation to the carrier
protein, very long Vi chains may retain a strong ability to induce T-independent responses.
To test this possibility, Vi-CRM197 conjugates made with saccharides (with average sizes
of 9.5, 22.8, 42.7, 82.0, and 165 kDa) were prepared and tested in mice [41]. Long-chain-
conjugated Vi (165 kDa) induced a response in both wild-type and T cell-deficient mice.
In marked contrast, short-chain Vi (9.5 to 42.7 kDa) conjugates induced a response only in
wild-type mice and not in T cell-deficient mice. Moreover, in neonatal mice, long-chain,
but not short-chain Vi conjugates, induced the late apoptosis of Vi-specific B cells in the
spleen and the early depletion of Vi-specific B cells in bone marrow, thus resulting in
hyporesponsiveness and a lack of long-term persistence in terms of Vi-specific IgG in serum
and IgG+ antibody-secreting cells in bone marrow.

When full-length or fragmented Vi random glycoconjugates, bound to different carrier
proteins (CRM197, Diphtheria Toxoid (DT), and Tetanus Toxoid (TT), were compared in mice,
full-length conjugates elicited higher anti-Vi IgG responses after the first immunization;
however, the difference became statistically insignificant after the second immunization [42]
(Figure 1D).
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2.6. Salmonella typhimurium

When tetra-, octa-, and dodecasaccharides of Salmonella Typhimurium O-SP were
conjugated through the terminal reducing ends to bovine serum albumin (BSA), anti-LPS
antibody titers increased with OS size in both mice and rabbits [43]. In another work,
Rondini et al. found that CRM197 selective conjugates made with S. Typhimurium O-SP
at high MWs (average 71 RU) were considerably less immunogenic than glycoconjugates
based on O-SP at medium MWs (average 25.5 RU) [44] (Figure 1D).

2.7. Francisella tularensis

Using glycoconjugates of the Francisella tularensis O-SP, bearing different saccharide
sizes coupled to TT, it was demonstrated that conjugates made using random chem-
istry, with the higher MW O-SP being derived from a genetically modified bacterium
(around 220 kDa), elicited greater protection in mice against bacterial challenges than na-
tive MW (80 kDa) and low MW (25 kDa) preparations [45]. Interestingly, both the conjugates
with genetically-enlarged O-SP and native size O-SP induced lower antigen-specific IgG
titers than a low MW O-SP conjugate; however, the relative affinity of the antibodies in-
duced by the glycoconjugates was directly correlated with the size of the O-SP used. This
finding suggests that there is not always a direct correlation between the amount of IgG
elicited by a glycoconjugate and the level of protection induced, thus encouraging a focus
on the development of glycoconjugates inducing highly effective antibodies (Figure 1E).

2.8. Shigella

The immunogenicity of Shigella dysenteriae type 1 and Shigella sonnei conjugates was
significantly improved using lower MW saccharides compared with full length O-SP,
and they were bound at their reducing ends to the protein carrier at defined densities.
Pozsgay et al. [46], studying synthetic S. dysenteriae type 1 OS coupled to human serum
albumin at multiple attachment points, found that conjugates with octa-, dodeca-, and
hexadecasaccharide (2, 3 and 4 RU, respectively) elicited higher antibody levels than a
conjugate made with full length O-SP (average 27 RU). Furthermore, S. sonnei conjugates
bearing low MW O-SP fragments (average 3.5 RU), which were terminally linked to BSA
or DT, induced significantly higher antibody levels in mice than the full-length O-SP
(average 29 RU) conjugated to rEPA by random chemistry [47].

Phalipon et al. [48] found that a synthetic sequence with three RU of the Shigella
flexneri 2a O-SP, conjugated to TT, showed higher immunogenicity and better protective
efficacy in mice than conjugates with one or two RU of the saccharide antigen, thus
suggesting that a minimum number of RU may be necessary to induce an optimal immune
response. In accordance with this finding, a conjugate with one RU did not react with
anti-S. flexneri 2a serum by immunodiffusion [49]. In contrast, for S. dysenteriae type 1
conjugates, even O-SP with one RU coupled to BSA reacted with anti S. dysenteriae type 1
serum by immunodiffusion and was immunogenic in mice [49]; however, for S. flexneri 6,
glycoconjugates with O-SP, with an average of one or two RU conjugated to BSA, only
induced low antibody levels in mice, whereas those with an average of seven RU or full-
length O-SP induced higher antibody levels. When Raso et al. [50] compared S. flexneri 6
O-SP of different lengths (174, 22 and 1.7 kDa), conjugated to CRM197, in wild type and
T-cell deficient mice, O-SP length was found to have no major impact on the immune
response that was independent from the conjugation chemistry used; indeed, only the high
MW conjugate induced an anti-O-SP IgG response that was significantly different from
background levels in T-cell deficient mice (Figure 1F).

2.9. Vibrio cholerae

When synthetic hexa-, octa-, and decasaccharides of the Vibrio cholerae O1 serotype
Ogawa O-SP were terminally conjugated to TT, decasaccharide conjugates elicited the
highest anti-LPS IgG [51] (Figure 1G).
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2.10. Haemophilus influenzae Type B

In a study of rats which used end-linked Hib PS-TT conjugates of various sizes
(10, 50, and 100 kDa) there was a trend toward higher immunogenicity with reduced
saccharide size, despite a lack of statistical significance [52]. When Hib OS with an average
of 8 or 20 RU were coupled by selective chemistry to DT, the conjugates were equally
immunogenic in rabbits and human adults; however, the 20-mer vaccine was significantly
more immunogenic than the 8-mer vaccine in human infants [53], thus suggesting that the
importance of vaccine structure and saccharide size may be age-dependent and related
to the development status of the immune system. A subsequent study compared the OS
mean lengths (4, 6, or 12 RU) with different terminal residues, and they were terminally
conjugated to CRM197 in adults and infants. This study found that the OS chain length and
terminal residue structure were less critical variables for the immune response than the
extent of OS loading. This result also suggests that an extended epitope is not required in
the generation of a protective immune response by polyribosylribitol phosphate (PRP) [54].

Peeters et al. [55] showed that a synthetic tetramer of Hib CPS, conjugated to either
DT or TT, induced antibody levels in adult mice and non-human primates that were higher
than those induced by a synthetic OS trimer glycoconjugate, thus suggesting a minimum of
four RU for an optimal immunological response to Hib conjugate vaccines. Adult monkeys
responded equally well to the tetrameric OS-TT conjugate and to an OS-CRM197 conjugate
of 20 RU, although the conjugates used different carrier proteins. When Chong et al. [56]
tested synthetic Hib OS dimers and trimers coupled to TT in rabbits, the trimer was more
immunogenic; however, the synthetic Hib trimer-TT conjugate did not elicit antibody
responses in mice and guinea pigs.

To summarize, the nature of the antigen influences the effect that saccharide chain
length can have on immunogenicity. Furthermore, the impact of saccharide length also
appears to be affected by other interdependent factors, including saccharide loading,
conjugation chemistry, and the carrier protein. Some efforts have been made to produce
sets of glycoconjugates that differ only in saccharide chain length, with similar saccharide
loading or conjugate sizes. Conclusions concerning the effect of saccharide chain length
are saccharide-specific and can be conflicting; however, it is generally recognized that
a minimum saccharide chain length is necessary to induce immune responses, and this
threshold value is strongly hapten-specific. In addition, since most of the published data
on the influence of sugar chain length comes from studies in mice or rabbits, it is necessary
to extend the observation to human studies to better assess the importance of this variable
in clinical settings (Figure 1H).

3. Methods to Reduce Polysaccharide Size

Several methods can be adopted to reduce the PS size, but not all are necessarily
suitable for a specific PS structure, nor can they be scaled in an industrial process (Table 1).
In general, fragmentation methodologies have a different degree of specificity, with some
techniques capable of targeting well-defined chemical bonds in PS structures (for example
deamination, and oxidation with sodium periodate). Moreover, other random methods,
such as acidic and basic hydrolysis, can affect different types of chemical bonds. Depending
on the specific PS and fragmentation conditions, methods to reduce PS size (in particular,
random approaches) may result in OS with larger polydispersity compared with the
original PS; therefore, it is important to monitor the fragmentation process by using in-
process controls to stop the reaction at a predetermined average chain length, and to apply
size-exclusion chromatography or alternative methods to control polydispersity [20]. The
chemical structure of the PS RU discussed in this review are reported in Figure 1.
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Table 1. Methods to reduce PS size: target of the sugar structure, properties, and examples.

Method Target Properties Examples * References

Hydrolysis Glycosidic O atom

Simple, scalable, and reproducible.
Particularly useful when not all

glycosidic linkages are cleaved at
the same rate for homopolymers.

It may impact the structural
integrity of the RU.

Men CPS (A, C, W-135, Y, X), Hib
CPS, S. pneumoniae CPS (3, 6A)

(temperature-aided acid
hydrolysis),

Hib CPS (thermal hydrolysis)

[12,16,20,33,37,45,54,57–66]

Reactive oxygen and
nitrogen species

C–H of Carbons involved in
glycosidic bond (hydrogen

peroxide)
Anomeric Carbon (ozone)

Amino or Sulfo-amino groups
(nitrosonium cation)

Simple, scalable, and reproducible.
Ozone targets mainly PS

β-D-linkages whereas nitrosation
requires a free amino or

sulfo-amino group. Depending on
the specific structure, this may or
may not result in fragmentation.

Men CPS (A, C, W-135, Y), S.
Typhi Vi CPS (hydrogen peroxide),

GBS CPS (ozone),
GBS CPS (II and III), S. pneumoniae

CPS (14) (nitrosonium cation)

[26,31,41,42,67–83]

Periodate oxidation Vicinal diols

Simple, scalable, and reproducible.
Selectivity can be controlled by

adjusting the oxidant
concentration. It requires vicinal
diols in specific positions (e.g.,

MenC CPS or Hib CPS) to lead to
fragmentation, so this method
cannot be generally applicable.

MenC CPS, Hib CPS, S.
pneumoniae CPS (4) [27,53,84–91]

Enzymatic hydrolysis O-glycosidic linkages

Recommended for PS containing
labile moieties (e.g., sialic acid side

chains) as this only targets the
enzyme-specific glycosidic linkage.
Enzymes only hydrolyze specific
substrates and may preferentially

hydrolyze smaller saccharides.

GBS III CPS, Klebsiella pneumoniae
CPS (K1 and K2), S. Typhimurium

O-SP, Hib CPS
[23,24,26,43,54,92–94]

Homogenization Mechanical sizing

Simple and scalable. Very
reproducible and with no side
reactions. Pressures needed to

create very small OS may not be
achievable.

S. pneumoniae CPS, Men CPS, GBS
CPS, Staphylococcus aureus CPS [20]

Sonication Physical shearing of the PS
via ultrasonic waves

Simple, but not easily scalable or
reproducible. Generally, it does

not induce side reactions, but the
sonication probe may degrade and
introduce metal contaminants into

the PS solution.

S. pneumoniae CPS, S. Typhi Vi
CPS, Hib CPS, Staphylococcus

aureus CPS (5 and 8), Cryptococcus
neoformans GXM CPS(A)

[20,38,95–99]

* The table refers to the discussed examples in the review.

3.1. Hydrolysis

The glycosidic bond of PS—the covalent bond that joins the hemiacetal group of a
monomer with the hydroxyl group of the adjacent sugar—is generally much more resistant
to basic hydrolysis than to acid hydrolysis. For this reason, basic solutions are often used to
extract bacterial or cell wall PSs, whereas acidic solutions are avoided. During acidic hydrol-
ysis, one molecule of water is consumed for every glycosidic linkage cleaved (Scheme 1).
Strong acidic hydrolysis (such as with sulfuric acid (H2SO4) and trifluoracetic acid (TFA) so-
lutions), often temperature-aided, is also used when monosaccharide generation is required
for PS quantitative and/or qualitative analysis; however, not all glycosidic linkages are
cleaved at the same rate, and the conditions for partial hydrolysis with minimal destruction
of the constituents have to be determined experimentally. For example, the glycosidic
linkages of furanosyl rings and deoxy sugars can generally be readily hydrolyzed with
an acidic solution, and the hydrolysis of 6-deoxyhexoses with glycosidic linkages is about
five times faster than their corresponding hexoses [57]. In contrast, the glycosidic bonds of
uronic acids, and 2-amino-2-deoxyhexose, are particularly resistant to acid hydrolysis. If a
PS contains only a limited number of acid-labile glycosidic linkages, a partial hydrolysis
will produce a mixture of monosaccharides and OS, and their characterizations can provide
important information on the structure of the PS.
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limiting step is probably the cleavage of the glycosidic linkage which forms an anomeric carbocation
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mixture of α,β-anomers with the original ring form; however, conversions of the pyranose/furanose
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released ring form, will eventually produce a mixture of α,β-pyranose and α,β-furanose ring forms
(not shown) [58].

3.2. Mild Acidic Hydrolysis

Chemical hydrolysis has been used successfully in some conjugate vaccine devel-
opment programs (e.g., [16,59–61]). Although the glycosidic bonds of a PS may present
different susceptibilities to hydrolysis, the fragmentation process can be a random event,
with the sugar polymer breaking down at virtually any point along the chain, thus increas-
ing the polydispersity of the sample, causing it to require further sizing and purification
steps. Several methods have been introduced to monitor PS fragmentation, including the
use of optical activity as a physical property correlating with the degree of polymerization
for Hib PS [60]; however, undesired side reactions may be associated with chemical hy-
drolysis impacting side-chain structures (e.g., impact of bases on O-acetyls of S. Typhi Vi
PSs [62], or the impact of acids on F. tularensis O-SP [45]), which modify the antigenicity
of the immunogen. The presence of a single acid-labile linkage in the RU of Hib (Rib-
P) and Men (ManNAc-P (MenA) and NeuNAc (MenC, Y and W-135)) CPS allows the
use of mild acid hydrolysis (which has little impact on O-acetylation) for side-reduction
purposes [20] (Table 1).

3.2.1. Neisseria meningitidis

The presence of a single acid-labile linkage in the RU of Men CPS (Figure 1C) allows
the use of mild hydrolysis to generate active OS for conjugation [63]. Indeed, preparation of
MenACWY-CRM197 by GSK (technology first developed by Novartis Vaccines) [64] involves
purification, mild acidic hydrolysis using temperature-aided acetic acid solutions—with
the protocol varying based on the specific sugar—and size fractionation of the OS chains,
which results in a population profile of OS of restricted sizes. For example, MenC CPS can
be hydrolyzed at 86 ◦C in a 10 mM sodium acetate buffer of pH 5 at a PS concentration
of 10 mg/mL for about 4 h to produce OS that can be separated by anion exchange
chromatography [60]. This process eliminates very short chains, which are thought to be
less immunogenic, and selects intermediate chain length OS that are useful for an efficient
and consistent conjugation process [59]. The reducing end ketone is then converted to an
amino group by reductive amination with aqueous ammonium chloride, which is further
functionalized by adding an N-hydroxysuccinimide diester of adipic acid that is conjugated
to CRM197 amino groups [63]. Mild acidic hydrolysis with 50 mM NaOAc was also used
to produce OS from Men X CPS, with the aim of defining the structural and minimal
protective epitope recognized by functional antibodies. Different conditions (temperature
and reaction times) were used depending on the OS MW target. For example, to produce
MenX OS with an average of 5 RU, the hydrolysis was performed in 50 mM NaOAc, with a
saccharide concentration of 2.5 mg/mL at pH 4.0, 80 ◦C for ∼18 h, and two times overnight
at RT [37].
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3.2.2. Hemophilus influenzae Type B

A technology similar to the one reported above for the acid-catalyzed hydrolysis of
Men CPS has been applied by GSK to produce Hib conjugate vaccines [65]. A 10 mg/mL
solution of Hib CPS (Figure 1H) in 0.01 M acetic acid was heated at 70–80 ◦C until the OS
generated had an average polymerization degree of 10 RU [60]. Conjugation to CRM197 was
performed following a similar procedure to that reported above for MenC OS. In addition,
Hib CPS acidic hydrolysis was applied to study the impact of PS chain length, terminal
group, and PS/protein ratio in conjugate vaccines using CRM197 as carrier protein [54].
Oligomers of PRP—the RU of Hib—with ribose at the reducing end and ribitol as the
terminal group, were obtained at pH 3 with 4, 6, and 12 RU, and their conjugates were
prepared by direct reductive amination. In addition, the hydrolysis of PRP calcium salt at
pH 1, which mainly affected phosphate diester groups, allowed the production of oligomers
with monophosphate at the nonreducing end. These oligomers were used to produce a
conjugate vaccine based on a 7 RU OS that was then treated with periodate to oxidate the
terminal ribitol before conjugation to CRM197 by reductive amination.

3.2.3. Streptococcus pneumoniae

Acidic hydrolysis has been also used to generate S. pneumoniae OS. Partial acidic hy-
drolysis of the serotype 3 CPS (Figure 1B) was performed by heating a 0.3 M trifluoroacetic
saccharide solution for 3 h at 100 ◦C. The OS mixture was then purified by ion-exchange
chromatography, obtaining fragments containing one to seven (→3)-β-d-GlcpA-(1→4)-
β-d-Glcp-(1→) RU [66]. A similar methodology was applied for the evaluation of the
immune responses of mice and two-year-old children using S. pneumoniae type 6A–protein
conjugate vaccines of differing saccharide chain lengths (Figure 1B). OS of 2, 7, and 14 RU
lengths were obtained by hydrolyzing the PSs at 10 mg/mL in 0.1 M acetic acid at 100 ◦C
for 1.5–11 h (depending on the MW target) [33].

3.3. Thermal Hydrolysis

Thermal hydrolysis can occur at temperatures above 100 ◦C and it does not require
the presence of acids. This approach, though it comes with some challenges, could be made
scalable and reproducible, but it is not straightforward, as high temperatures may also lead
to the degradation of the PS structure in addition to fragmentation. The most thermally
labile saccharide–saccharide bond is the main target; however, side reactions can occur,
thus making this methodology unsuitable for certain saccharides (e.g., PSs with side chains
containing sialic acid moieties) (Table 1).

3.3.1. Hemophilus influenzae Type B

Sanofi Pasteur has developed a methodology for making conjugates where the saccha-
ride component is first thermally hydrolyzed to produce shorter saccharide chains before
activation and conjugation [12]. Heating the Hib CPS (Figure 1H) in water for 15 min
at 100 ◦C is generally enough to guarantee that less than 20% of the molecules are of
a molecular size smaller than 200 kDa, and less than 20% of a molecular size greater
than 2000 kDa. The saccharide chains are then activated using cyanogen bromide (CNBr)
and coupled to adipic dihydrazide (ADH) derivatised tetanus toxoid (TT) through a cova-
lent isourea linkage [12].

3.4. Reactive Oxygen and Nitrogen Species

Reactive oxygen species (ROS) are defined as chemically active products generated
by partial oxygen reduction, whereas reactive nitrogen species (RNS) refer to reactive
products derived from reactions with nitric oxide (NO) [67]. ROS/RNS can be classified as
free radicals, which contain one unpaired electron, or nonradicals. The former generally
includes a superoxide ion radical (O2

−), hydroxyl radical (•OH), peroxyl (ROO•), alkoxyl
radicals (RO), and NO radical (NO•). The latter includes hydrogen peroxide (H2O2),
organic peroxide (ROOR′), ozone (O3), hypochlorous acid (HClO), singlet oxygen (1O2),
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aldehydes (HCOR), and peroxynitrite (ONOOH) [68]. Several ROS/RNS can individually
or concertedly cause the backbone scission of a PS, thus generating smaller fragments [67].
Here, we only report the evidence and mechanisms related to PS fragmentation methods
that have been used in the context of glycoconjugate vaccines. Although the different
approaches proposed have distinct targets and properties, they are all characterized by
simplicity, scalability, and reproducibility (Table 1).

3.5. Hydrogen Peroxide

PS fragmentation using H2O2 has often been used to degrade PSs, including those of
bacterial origin [69]. This is mainly related to its mild reaction conditions, high efficiency,
inability to alter the saccharide structural integrity, and ease of •OH radical formation [69].
The hydroxyl radical can remove hydrogen atoms at all ring C–H bonds of aldoses, uronic
acids, and other sites on carbohydrates, except C-2 of N-acetyl hexosamine [70,71]. The
removal of the hydrogen atom generates carbon-center radicals. The carbon radicals form-
ing glycosidic bonds will undergo a β-scission reaction with a consequent breakdown
of PS chains [70–72] (Scheme 2). The activation of H2O2 is necessary to produce reac-
tive •OH radicals that can effectively depolymerize the PS; this can be achieved using
several methods (e.g., with UV, ascorbic acid, Fe2+/ascorbic acid, ultrasound, or irradi-
ation). Generally, by using only H2O2, or H2O2 in combination with other degradation
techniques, the main chain structure in the degraded or modified PS may not be altered,
but the side chain structure can change [73]. Hydrogen peroxide has been used to generate
OS for Neisseria meningitidis [74] and S. Typhi (Vi antigen) [41,42] in order to produce
glycoconjugate vaccines.
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Scheme 2. Proposed reaction mechanism of •OH on a PS chain. The diagram shows the predicted
reaction that occurs after •OH subtracts a hydrogen atom from the C–H of carbons involved in the
glycosidic bond, thus resulting in fragmentation of the PS [75].

3.5.1. Neisseria meningitidis

Sanofi Pasteur developed a methodology for sizing CPS from MenA, C, W-135, and
Y (Figure 1C) based on hydrogen peroxide treatment [74]. The Men CPS are partially
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fragmented by heating a 1.25 mg/mL PS solution in a 50 mM sodium acetate buffer
at pH 6.0 at 55 ◦C with 1% hydrogen peroxide for the time necessary for each specific
serogroup CPS to reduce the native size from 500–1500 kDa to less than 100 kDa (preferably
between 12–25 kDa). Interestingly, the characterization of both the reducing end group and
the repeating sialic acid units of fragmented MenC CPS by Liquid Chromatography/Mass
Spectrometry methodology shows that fragmentation occurs by cleavage at the α2-9 glyco-
sidic linkage. This yields intact sialic acid units without the loss of O-acetyl or carboxyl
groups, and it results in a higher concentration of aldehyde groups at the reducing end ter-
minus due to an increase of shorter saccharide chains in the solution [76]. The Men OS are
then activated with adipic acid dihydrazide (ADH) by applying carbodiimide crosslinker
chemistry (targeting the COOH group on the RU) and/or by reductive amination with
sodium cyanoborohydride (NaBH3CN). This reduces the Schiff’s base, generated between
the aldehyde unit in the reducing end and ADH. Once activated, the PSs are conjugated to
carrier proteins using carbodiimide chemistry.

3.5.2. Salmonella typhi

Hydrogen peroxide has been also used to reduce the size of the very stable S. Typhi
Vi CPS [41,42]. Vi CPS, freeze dried as sodium salt, was solubilized in water, and H2O2
was added to give a final concentration of 2.5 mg/mL Vi and 5% (wt/v) H2O2 in water.
The mixture was heated at 80 ± 0.5 ◦C for 2 h. Populations of different average sizes were
obtained and separated by anion exchange chromatography (Figure 1D).

3.6. Ozone

The fragmentation of PSs by ozone in an aqueous solution is believed to occur via
three main mechanisms [77]: (1) selective ozonolytic oxidation of β-D-aldosidic linkages;
(2) nonselective oxidative degradation by radical species; and (3) nonselective acid hydrol-
ysis. Among these, the first is the predominant reaction, and it leads to the saponification
of newly formed aldonic acid esters in order to yield shorter saccharides (Scheme 3). It has
been highlighted that the ozonolytic oxidation of aldosides proceeds under stereo electronic
control, and that it prefers the aglycone conformation, in which each oxygen has one of its
lone-pair orbitals antiperiplanar to the alkylidene C–H bond. For this reason, glycosidic
bonds with different conformations can have different kinetic reactions with ozone, thus
allowing the selectivity in the cleavage of the β-D-linkages of PSs [77].
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3.6.1. Group B Streptococcus

The different types of GBS CPS (Figure 1A) contain a backbone with β-D-linkages—the
most susceptible to ozone treatment—but their selectivity is hampered by the fact that there
is more than one per RU. Ozonolysis can be carried out in either an aqueous solution [78]
or in an organic solvent following acetylation of the PS [77]. Ozonolysis was used to
design conjugate vaccines with size-specific OS antigens and size-controlled coupling.
After peracetylation, type III CPS was dissolved in ethyl acetate (2 mg/mL) and aerated
using a stream of ozone/air gas (21% O3, 3.17 mL/s) at room temperature. The reaction
was terminated when the products reached the desired molecular size by stopping the
addition of ozone (e.g., starting with a 61-kDa type III GBS PS, 1 h of ozonolysis was
required to decrease the average molecular size to 20 kDa, and 10 h to 10 kDa) [77]. The
product was then functionalized with ethylenediamine, and then with a squarate linker,
before conjugation with a carrier protein [77–79].
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3.7. Nitric Oxide and Nitrous Acid

Nitric oxide (NO) and nitrous acid (HNO2) share a common intermediate, the ni-
trosonium cation (NO+), which is capable of nitrosating free amino or N-sulfo groups (but
not N-acetyl groups). The nitrosation reaction requires an acidic environment (pH = 4 or
pH = 1.5 for amino or N-sulfo groups, respectively). In the case of 2-amino-2-deoxy sugars,
the reaction produces a loss of nitrogen with a ring contraction to generate 2,5-anhydro
sugars coupled with the elimination of the aglycone (Scheme 4A). Moreover, 4-amino-4-
deoxy sugars are also susceptible to deamination as a result of a similar mechanism [80,81].
Not all deamination reactions lead to breaking glycosidic bonds, as this depends on the
favored conformation of the 4-amino group and the glycosidic linkage. As such, the deami-
nation of 4-amino groups of 3-linked 2-acetamido-4-amino-2,4,6-trideoxygalactopyranosyl
(AATp) residues will break both C-3 and C-1 of AATp (Scheme 4B; [80]), thus resulting
in PS fragmentation, whereas deamination of 4-amino groups of 2-linked 4-amino-4,6-
deoxymannopyranosyl residues will not break the glycosidic bond (Scheme 4C) [81].

3.7.1. Group B Streptococcus

The nitrosation reaction has been used to fragment type II and III GBS CPS (Figure 1A)
to generate size-reduced OS that bear a terminal aldehyde unit for conjugation pur-
poses [26]. First, the N-acetyl-glucosamine moieties of the RU are partially de-N-acetylated
via heating in an alkaline solution. Then, nitrous acid treatment leads to saccharide fragmen-
tation with the generation of a 2,5-anhydro-D-mannose residue, which contains a terminal
aldehyde group (Scheme 4D). Importantly, this procedure has been used to generate type III
GBS OS, thus enabling a study of their interactions with functional monoclonal antibodies
at the crystalline structure level [82]. Although as a side reaction, this procedure may lead
to the partial de-N-acetylation of the sialic acid residues, this issue could be circumvented
by using a sialyltransferase to introduce terminal sialic acid residues prior to nitrous acid
treatment [83].

3.7.2. Streptococcus pneumoniae

A similar approach was used for preparing S. pneumoniae 14 OS fragments of dif-
ferent lengths for conjugation to TT. Serotype 14 CPS (Figure 1B) was first partially
de-N-acetylated and then treated with nitrous acid to yield saccharide fragments (1.4
to 150.0 kDa) that have a free aldehyde at the reducing end. The OS were then conjugated
to TT via reductive amination [31].

3.8. Periodate Oxidation

Vicinyl-glycols (two neighboring hydroxyl groups) of PS can react with periodic acid or
its salts (e.g., sodium periodate) to generate two aldehydic groups upon the cleavage of the
carbon chain. This reaction will quantitatively consume one molar equivalent of periodate.
Nonterminal units, such as 1,2- or 1,4-linked residues, will consume one equivalent of
periodate without formation of formic acid (Scheme 5A). In the case of αβγ-triols, a double
cleavage of the carbon chain will occur on both sides of the β position. This reaction
consumes two molar equivalents of periodate and forms two aldehydic groups and one
formic acid (Scheme 5B). Sugar units that do not have adjacent hydroxyl groups, including
1,3-linked residues or branched at C-2 or C-4 positions, will not be affected by this reaction
(Scheme 5C). Due to this different selectivity, the oxidation reaction can also be used to
elucidate the structural information of PS.

The amount of sodium periodate used for oxidation is an important parameter for
controlling selectivity of the process. Sodium periodate, at a concentration of 1 mM at
nearly 0 ◦C, specifically cleaves only at the adjacent hydroxyls between carbon atoms 7, 8,
and 9 of sialic acid residues [84,85]; however, the oxidation of PSs, using sodium periodate
at 10 mM or greater, at room temperature, will also result in the cleavage of other adjacent
hydroxyl-containing carbon–carbon bonds in other sugars [86].
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Scheme 4. The deamination of 2-amino or 4-amino hexamine residues: 2-amino-2-deoxy sugars (A), 2-
acetamido-4-amino-2,4,6-trideoxygalactopyranosyl (AATp) (B), 4-amino-4,6-deoxymannopyranosyl
residues (C) (partially adapted from [67]), GBSIII CPS (D) (only the reaction leading to fragmentation
of the PS is shown, but the N-acetyl moiety of the sialic acid may react as well).
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Scheme 5. Periodate oxidation of: (A) sugar unit forming two aldehydic groups with the cleavage of
one carbon chain (e.g., 1,4-linked rhamnose); and (B) sugar unit forming two aldehydic groups with
the cleavage of two carbon chains (e.g., terminal glucose). (C) Sugar units that do not have adjacent
hydroxyl groups do not undergo periodate oxidation (e.g., terminal abequose) [88].

Periodate oxidation is likely to be the simplest route for transforming the hydroxyl
groups of saccharides into amine-reactive aldehydes for further conjugation or functional-
ization. As a rule, cis-glycols react faster than trans-glycols, and there is evidence for the
formation of heterocyclic reaction intermediates, although their formation is not necessary
for a reaction to occur. The cyclic ester is formed more readily for cis diols than for trans di-
ols; therefore, the cleavage rate of cis diols is faster than the cleavage rate of trans diols [87].
When applicable, periodate oxidation has often been used for conjugate vaccines due to its
simplicity, and there is a possibility of selectively oxidizing different moieties of the sugar
by modulating the oxidant concentration (Table 1).

3.8.1. Neisseria meningitidis

This methodology is used for the preparation of the licensed Nuron Biotech Meningitec®

and Pfizer NeisVac-C® MenC conjugate vaccines. For Meningitec®, the controlled treatment
of MenC CPS (Figure 1C) with sodium periodate generates two aldehydes in the non-O-
acetylated RU→9)-α-D-Neu5Ac-(2→ (5–10% randomly distributed), and it oxidizes and
cleaves the C7-C8 bond to generate shorter saccharide chains. The aldehyde groups are then
conjugated to the amino groups of CRM197 by reductive amination. NeisVac-C® is different
in that MenC CPS is de-O-acetylated using NaOH 0.1 M before fragmentation/activation
with NaIO4, and conjugation to TT occurs via reductive amination [89].

3.8.2. Hemophilus influenzae Type B

The Wyeth Lederle Hib conjugate vaccine has been produced using a method based
on an aldehyde-reductive amination reaction [53,90], which was previously used in the
synthesis of monovalent meningococcal conjugates [91]. Given the chemical structure of
Hib (Figure 1H), periodate oxidation led to the fragmentation of PRP with the spontaneous
generation of two terminal aldehydes per saccharide. The degree of fragmentation can be
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controlled by the amount of periodate used, and the activated saccharide directly conju-
gated to CRM197 by reductive amination generates a partial crosslinked conjugate vaccine
(with the sugar able to react with the carrier protein at both the terminal units) [53,90,91].

3.8.3. Streptococcus pneumoniae

S. pneumoniae 4 OS were obtained by treating serotype 4 CPS (Figure 1B) with periodate
(35 mM IO4

−, 75 h at 4 ◦C), and the immunogenicity of the corresponding glycoconjugates
was obtained by coupling to TT via EDC chemistry, and compared with the full size PS
glycoconjugates in mice [27].

3.9. Enzymatic Hydrolysis

Glycoside-cleaving enzymes are a heterogenous group, which, in a somewhat selec-
tive way, hydrolyze the wide variety of O-glycosidic linkages found in glycosides, oligo-
and polysaccharides, and glycoconjugates. Enzyme-catalyzed glycoside cleavages (and
syntheses) are considered variants of the same reaction (Scheme 6). They are catalyzed by a
single type of enzyme, a glycosylase, a group which includes glycoside hydrolases, glycosyl
transferases, phosphorylases, and some lyases [92]. This equation describes carbohydrase
reactions as an exchange between a glycosyl group and a proton at the X and X’ sites in
the substrates.
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Alternatively, glycoside-cleaving enzymes can also be categorized based on the action
pattern, namely, (1) endoenzymes, which randomly cleave a molecule of a substrate into
two smaller molecules, and (2) exoenzymes, which detach a monomer or a dimer at the
nonreducing end of the substrate molecule. The synergistic action of both types of enzymes
is not only significant in terms of the biological degradation of PSs using living cells, but
it is also important for the industrial saccharification of PS resources, such as starch and
cellulose; however, since enzymes only hydrolyze specific substrates, this method is not
generalizable. Furthermore, some enzymes have been shown to preferentially hydrolyze
smaller saccharides, which results in low yields of saccharide fragments of an adequate
size to stimulate an immune response [24] (Table 1).

3.9.1. Group B Streptococcus

Enzymatic degradation with endo-β-galactosidase from Citrobacter freundii has been
proposed to produce heterogeneous pools of OS, starting from type III GBS CPS (Figure 1A)
by cleavage of the β-D-Galp-(1→4)-β-D-Glcp linkage of the backbone [23]. Size exclusion
chromatography was then used for the isolation of more homogeneous OS in the range
of 1–5 RU [93]. Different from the previously discussed fragmentation method of GBS
with nitrous acid treatment [26], this approach does not have the drawback of partially
de-N-acetylating sialic acid residues, and this could be applied to all the GBS CPS types;
however, the application of this method has been very limited due to the fact that the
enzyme preferentially hydrolyzes smaller saccharides [24].

3.9.2. Salmonella typhimurium

A promising approach for the preparation of OS involves bacteriophages, which can
produce enzymes that are able to degrade PSs in order to gain access to the bacterial cell sur-
face [92]. Enzymatic degradation with phage 36 endo-rhamnosidase of partially delipidated
S. Typhimurium O-SP (Figure 1D) was used for the production of OS with 4, 8 or 12 RU,
which were then conjugated through the terminal reducing ends to BSA, and the immuno-
genicity induced by the corresponding conjugate vaccines was compared in mice [43].
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3.9.3. Klebsiella pneumoniae

In a recent study, two PS depolymerases, identified from phages, were used to specifi-
cally cleave K1 and K2 CPS (Figure 1I)—the predominant Klebsiella pneumoniae CPS associ-
ated with invasive infections—into OS with intact structures. The obtained K1 and K2 OS
were then separately conjugated to a CRM197 carrier protein to generate CPS-conjugated
vaccine candidates that would be able to protect mice from subsequent infection with
Klebsiella pneumoniae K1 and K2 serotypes [94].

3.9.4. Hemophilus influenzae Type b

Acid phosphatase treatment of a conjugate vaccine based on a 7 RU OS—generated
by the acidic hydrolysis of Hib CPS (Figure 1 H), followed by activation via periodate and
conjugation to CRM197—was employed to produce a glycoconjugate that has ribose at the
nonreducing end. This was used to understand that the terminal residue structure is not an
important variable in the immune response generated by Hib conjugate vaccines [54].

3.10. Homogenization

Mechanical sizing using high pressure homogenization is one of the most widely used
methods to produce glycoconjugate vaccines [20]. High shear rates are applied by pumping
the process stream through a flow path with the desired dimensions. The high-pressure
homogenization process is particularly suitable for reducing the size of PS containing
non-saccharide substituents, such as O-acetyl, glycerol phosphate, pyruvyl groups, and
so on, that are commonly present in pneumococcal, meningococcal, staphylococcal, and
group B Streptococcus CPS [20]. Homogenization is a desirable approach for size-reduction,
as once the PS concentration, pressure, and number of cycles are determined, the process
can be highly consistent. Temperature control is essential to minimize undesired side
reactions. This method reduces the polydispersity of PS molecules in a solution given that
only larger—and not smaller—molecules are reduced in size; however, homogenization
does have its limits, as the pressures needed to create very small PSs or OS may not be
feasible. Each PS has to be evaluated independently to ensure that no adverse changes in
the composition and structure of the RU occur [20] (Table 1).

3.11. Sonication

Similarly to homogenization, sonication reduces size via cavitation energy (expansion
and collapse of micro-bubbles in the solution). It works by inputting energy directly into
the solution via a probe, resulting in the physical shearing of the PS at equidistant nodes
on the molecule, with inter-node distance being inversely proportional to energy input. As
with homogenization, temperature plays a critical role in controlling the outcome of the
reaction and the final saccharide polydispersity; however, sonication is quite difficult to
conduct consistently as the efficiency of the probe changes with use, and the sonication
energy is position-dependent, being highest at the point of the probe. This can result in
increased polydispersity and inconsistent size reduction. Scalability is also an issue as the
energy-to-volume translation is not exact. Additionally, the sonication probe is degraded
during the sonication process, which means that metal contaminants could potentially be
introduced into the PS solution [20]. Among other examples, sonication has been used
to size-control S. pneumoniae CPS [95] (Figure 1B), S. Typhi Vi CPS [38] (Figure 1D), Hib
CPS [96] (Figure 1H), Staphylococcus aureus Type 5 [97] and 8 CPS [98] (Figure 1L), and
Cryptococcus neoformans serotype A glucuronoxylomannan (GXM) CPS [99] (Figure 1M) for
conjugate vaccines (Table 1).

4. Bioconjugate Vaccines and New Ways to Modulate PS Length

Bioconjugates are expressed directly in E. coli strains, and thus, they avoid the need
to produce PSs and protein intermediates and perform conjugation reactions [100]. Glyco-
conjugate generation in E. coli requires the presence of genome clusters encoding bacterial
PSs and a plasmid encoding the carrier protein, the latter of which has been genetically
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modified to include glycosylation sites in specific sequence patterns. Protein glycosylation
is either oligosaccharyltransferase (OTase)-dependent (N-linked, when glycans are attached
to the amide nitrogen of asparagine residues, or O-linked, when glycans are attached to the
hydroxyl group of serine or threonine residues) or OTase-independent [101–104]. In the
first case, glycans are moved en bloc from preassembled lipid-bound precursors to proteins
in the periplasm. In the second case, glycosyltransferases displace monosaccharides from
nucleotide-activated precursors to sequentially form glycoproteins in the cytoplasm. OTase-
dependent strategies are currently applied to a greater extent, often using the N-linked
OTase PglB from Campylobacter jejuni [105]. Strategies for controlling the saccharide chain
length of bioconjugates are important. To the best of our knowledge, no specific studies
have been conducted to compare the impact of sugar length in bioconjugate vaccines.

However, many of the bacterial pathways that regulate PS chain length are well-
known [106], and have recently been modified and interchanged across species to generate
saccharides of the desired length [45,107,108]. A mutant of the F. tularensis live vaccine strain
with a significantly increased O-SP size (220 kDa vs. 80 kDa) was recently described, which
had been generated by expressing a heterologous chain-length regulator gene (wzz) in F.
tularensis from the related species Francisella novicida. The O-SP was then extracted and used
to generate a protective conjugate vaccine against intranasal challenges with F. tularensis.

In another work, the O-SP chain length regulators, wzzB and fepE, from S. Typhimurium
I77 and wzz2, from Pseudomonas aeruginosa PAO1, were cloned and expressed in the ho-
mologous organism with a significant increase in the proportion of long or very long O-SP
chains. A similar phenotype was obtained by overexpressing wzzB in Salmonella Paratyphi
A and S. flexneri, and wzz2 was also overexpressed in two other strains of P. aeruginosa [107].

Moreover, outer membrane vesicles (OMVs) from engineered bacteria, such as Gen-
eralized Modules for Membrane Antigens (GMMA), have been proposed as alternative
delivery systems for O-SP, with the possibility of regulating sugar chain length [50,109]. Al-
though they are not glycoconjugate vaccine technologies, they still represent an alternative
system for delivering saccharide antigens. For S. sonnei, S. flexneri 2a, S. flexneri 6 and S.
Typhimurium GMMA, it was found that the length of the O-SP (in the range 2.3–224 kDa
for S. sonnei, 14–59 kDa for S. flexneri 2a, 1.7–174 kDa for S. flexneri 6, and 2.1–70 kDa for S.
Typhimurium) does not play an important role in the elicited humoral response; however,
when the S. flexneri 2a GMMA were mutated to display O-SPs mainly composed of only
one RU, they did not elicit a significant anti-O-SP IgG response in mice, which is in agree-
ment with previous studies that used more traditional glycoconjugates [49]. OMVs and
GMMA can also act as carriers for heterologous PSs through chemical linkage [110–112].
Using GMMA as carriers for S. Typhi Vi and MenA saccharides, it was found that, de-
pending on the antigen, saccharide length may or may not play a role [113]. Indeed, sugar
length did not influence the MenA-specific serum IgG response (MenA OS of different and
non-overlapping lengths—polymerization degrees equal to 5–12, 16–26, and >36—were
tested), whereas longer Vi PS (48.5 kDa) were able to induce significantly higher Vi-specific
serum IgGs than the shorter Vi OS (3.8 kDa). Interestingly, E. coli OMVs have been also
genetically manipulated to express heterologous PSs of different lengths, thus resulting in
glycoengineered OMVs (glyOMVs) [114–116].

5. Oligosaccharides from Monomers through Synthetic Approaches

Although isolation of PSs from bacterial growth is the primary approach for manufac-
turing licensed vaccines, short OS can also be chemically synthesized, and many reviews
have recently summarized the progress of glycoconjugate vaccines based on synthetic
carbohydrates [14,103,117]. Enzyme-catalyzed saccharide assembly has also been proposed
as an interesting alternative, or as a supplement to, chemical synthesis for the generation
of OS of interest, allowing stereo- and regio-selectivity control while avoiding complex
protecting group manipulations [103]. Indeed, the synthesis of complex carbohydrates is
still a challenging process as it requires multiple steps, the time-consuming purification
of intermediates, and it provides relatively low overall yields. On the other hand, the
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use of structurally-defined synthetic OS avoids large-scale pathogen fermentation, and it
improves batch-to-batch reproducibility and product characterization due to the conjuga-
tion process. As discussed above, the polydispersity of saccharide preparations, and the
degree of overlap of their molecular size distributions, can complicate the investigation
concerning the impact of sugar length on the immune response elicited by glycoconjugate
vaccines. The availability of synthetic OS with defined chain lengths has facilitated elegant
studies on the influence of saccharide chain length on conjugate immunogenicity [35,56].
For example, the use of structurally-defined synthetic S. dysenteriae type 1 OS allowed
verification of the fact that chain length and saccharide loading on the carrier protein are
interconnected parameters, and shorter chains need a higher density than longer ones to
elicit an optimal antibody response [46]. The development of a synthetic Shighella flexneri
2a conjugate vaccine offers another example of the use of carbohydrate synthesis to select
the optimal chain length; a conjugate made with a synthetic O-SP pentadecasaccharide,
corresponding to 3 RU, was found to be more immunogenic than conjugates with 2 or 1 RU
with the same saccharide load density [48]. This synthetic conjugate is currently in phase 2
clinical trials [118,119] and it constitutes clear evidence for the feasibility of this approach,
together with the already commercialized synthetic Hib vaccine (Quimi-Hib, manufactured
by CIGB, Cuba), which consists of an octamer end-linked to TT [120].

The use of synthetic fragments is increasingly used to identify minimal epitopes
for antigen recognition [82,121], and the minimum chain length required to induce a
strong immunological response is an important parameter for the design of synthetic
glycoconjugate vaccines.

6. Discussion

Glycoconjugation is a well-established technology for the development of safe and
effective vaccines, especially for children under the age of two. Traditionally, glycoconjuga-
tion has made use of shorter OS to overcome manufacturability issues that are encountered
when using longer, native PSs, such as the high viscosity of saccharide solutions, difficulty
in purifying the conjugate from free PSs, lack of a robust process, and manufacturing
consistency issues; however, saccharide length is one of the main parameters affecting the
immunogenicity of glycoconjugate vaccines, and unlike unconjugated PSs, antibody re-
sponses can be induced by very short OS after conjugation to a carrier protein [55,122–125].

For each antigen of interest, studies are therefore necessary to identify the optimal
sugar length, as it is difficult to generalize the optimal length a priori, and other inter-
connected parameters, such as conjugation chemistry, carrier protein, saccharide loading,
influence the immunogenicity of glycoconjugate vaccines. Overall, the use of long or short
saccharide antigens seems to guide the selection of random versus selective conjugation
approaches. A review of the literature suggests that, when using selective conjugation
chemistries, the use of short- or medium-sized OS results in higher immunogenicity con-
structs than longer/native size PSs. In contrast, random chemistries can result in more
immunogenic conjugate vaccines when longer PS chains are used. It can be hypothesized
that, for random conjugates, long-chain PSs result in optimal saccharide epitope accessibil-
ity (which is not possible with shorter OS,), while avoiding T-independent activation of
B cells due to appropriate crosslinking with the carrier protein. In contrast, selective end-
linked conjugates containing long PSs may be able to directly activate B cells, whereas the
use of shorter-sized OS can lead to appropriate antigen presentation and T cell dependent
responses, provided that the minimum structural requirement for epitope recognition by
the immune system is met [106].

Saccharide loading on the carrier protein appears to be particularly critical when
using shorter OS, possibly due to the need to achieve an optimal antigen density for B-cell
receptor recognition. Other variables are also important, including the presence of linkers
or the antigenic properties.

Most of the published data on the influence of saccharide length on glycoconjugate-
induced immunogenicity comes from animal studies. Few studies have been conducted in
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humans, so the question remains as to whether animal data can be predictive of clinical
outcomes; however, similar results were obtained by comparing pneumococcal CRM197
conjugates in mice and human infants [28]. Studies in T-cell deficient and neonatal mice
allowed the improvement of the immunogenicity of a Vi-CRM197 conjugate in humans [41].
In contrast, Hib OS of different lengths gave comparable results in rabbits and adults, but
not in infants [53]. Making accurate predictions about vaccine efficacy in humans, and
especially infants based on animal studies, remains difficult, and testing in more than one
animal model could be valuable.

In this work, we have summarized the main methods used for PS fragmentation and
sizing, highlighting the advantages and disadvantages of them all. Optimal methodologies
should be selected based on the chemical structure of the target PS antigen and the desired
OS size. Mild acidic hydrolysis has been widely used for its simplicity, scalability, and
reproducibility. Similar principles apply to other hydrolysis methods (using hydrogen
peroxide, ozone, nitrosonium cation, or periodate), but these require the presence of specific
structures. Enzymatic hydrolysis is particularly recommended when the PS contains labile
moieties (e.g., sialic acid side chains) as it only targets the enzyme-specific glycosidic
linkage; however, enzymes may preferentially hydrolyze smaller saccharides, which may
lead to low yields of saccharide fragments that are sufficiently long enough to elicit an
appropriate immune response. Homogenization is one of the most widely used methods
that produces OS for glycoconjugate vaccines. This method is simple, scalable, and without
side reactions, but it is usually not suitable for production of very short OS. Sonication is
another simple method to obtain OS, but is difficult to scale up, and may suffer from a lack
of reproducibility.

The use of synthetic fragments plays a critical role in identifying minimal epitopes
for antigen recognition and the minimum saccharide size required to induce an effective
immune response. Structurally-defined synthetic OS allows improved selectivity control to
eliminate pathogen fermentation and improve both process reproducibility and product
characterization; however, there are still economic, technical, and manufacturing limitations
that hinder the use of synthetic approaches to produce complex and/or longer saccharide
antigens. Studies are underway to understand the minimum epitope length that can be
recognized by functional human monoclonal antibodies, and results may drive the design
of well-defined OS obtained through chemical or/and enzymatic synthesis.

Recent advancements in glycoengineering are also facilitating the generation of gly-
coconjugate vaccines by allowing the ad hoc modulation of the PS size. Bioconjugation
allows the direct generation of the final conjugate, and it avoids the multiple steps of PS
purification, fragmentation, and sizing before conjugation to the carrier protein. These
innovative tools may play a role in facilitating an understanding of the impact of key
parameters, such as sugar length, on the immunogenicity of glycoconjugate vaccines, and
it may support the development of highly effective next-generation constructs.
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Terminology and Abbreviations
BSA Bovine serum albumin
CPS Capsular polysaccharide(s)
CRM197 Cross-Reactive Material 197
Dx Dextran(s)
DT Diphtheria Toxoid
GBS Group B Streptococcus
Hib Hemophilus influenzae type b
Men Meningococcus
MW Molecular weight
O-SP O-specific polysaccharide

OS Oligosaccharide(s). This term will be used in this paper to indicate a saccharide fragment smaller than the
native polysaccharide

PRP Polyribosylribitol Phosphate
PS Polysaccharide(s)
RU Repeating unit(s)
TT Tetanus toxoid
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