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IMMUNOGENS FOR MENINGITIDIS-A YVACCINES

Technical Field

{0002] The mmvention relates to a compound useful for a Memngitidis A vaccine. More
particularly, the compound is an oligosaccharide that comprises a stabilized phosphorous-
containing linkage, preferably a phosphonate linkage. The compound more preferably

contains mannose units and may also contain a spacer in the alpha configuration at C-1 of the

mannose unit. The invention also includes methods of making the oligosaccharide and
improved methods of making mannose-containing compounds and intermediates.

Background Art

[0003] Memngitis is an infection of the meninges, the thin lining that surrounds the brain
and spinal cord. Several kinds of bacteria can cause meningitis, and N. meningitidis is one of
the most important. Others are Streptococcus pneumoniae and Haemophilus influenzae type b.
There are several subgroups of N. meningitidis, which are differentiated by the structure of the
capsula; polysacchande that surrounds the bacterium.

[0004] Meningitis is caused by both viruses and bacteria. The two major types of bacteria
causing meningitis are Haemophilus influenzae and Neisseria meningitidis. In the case of
H. influenzae only one serotype, type b, is important, whereas with N. meningitidis twelve
serogroups have been identified, of which groups A, B, C, and W135 are known to cause
epidemics. The various serotypes have different geographical prevalence, é.g., type B and C
are dominant in Europe and North America and Type A in Africa and South America. The
serotyping is based on the structure and antigenicity of the capsular polysaccharide (CPS)
surrounding the bacteria, and the CPS can also be used as a vaccine against the baéteria.
Especially efficient vaccines (glycoconjugate vaccines) can be made by attaching the
saccharide to a carrier protein. See Plotkin, S. A., and Orenstein, W. A., Vaccines, 4™ ed.,
Saunders, pages 959-987 (2004). - These
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glycoconjugates induce a T-cell dependent immune response with memory and effect also in
small children, while the non-conjugated CPS generally fails to provide either a memory etfect
in adults or any substantial immunogenic effect in infants. The development of type A
vaccines has been considered especially difficult, due to the inherent instability of the anomeric
phosphate diester linkages that are part of the CPS. The repeating unit of type A 1s a
monosaccharide, 2-acetamido-2-deoxy-a-D-mannopyranose linked 1—6 via a phosphodiester
bridge (Figure 1). In the native polysaccharide the 3-OH 1s acetylated to an extent of about
80%. The immunological importance of this acetylation has not been completely investigated,
but there are indications that it is not of major significance.

[0005] Neisseria meningitidis serogroup A causes epidemic outbreaks of meningitis,
mainly in parts of Africa south of the Sahara in the so-called meningitis belt. In the meningitis
belt the estimated incidence for the period 1970-1992 was about 800,000 cases. See
Plotkin, S. A., and Orenstein, W. A., Vaccines, 4" ed., Saunders, pages 959-987 (2004). The

epidemic outbreaks of meningitis are devastating for the region, so an effective vaccine 1s
urgently needed. The hope is of course, that the development of a good vaccine, 1n
combination with efforts similar to the ones against smallpox performed by WHO in the

- 1960’s and 70’s could likewise eliminate meningitis caused by N. meningitides serotype A.
Vaccinations are a much more cost effective way of controlling a disease than treatment with
antibiotics and other therapies, and cost is especially important in the developing world.

[0006] Vaccines prepared from the polysaccharide coating on the bacterium, its capsular
polysaccharide, are effective in adults. Exposure to this polysaccharide causes adults to
develop an immunogenic response that protects against meningitis caused by N. meningitidis.
A big limitation with such vaccines, though, is that the immune system of children under
around two years of age does not respond to most potlysaccharide antigens. Unfortunately, this
is the age group at greatest risk for bacterial meningitis. Thus, the polysaccharide vaccines are
of no use in young children. Furthermore, even in older children and adults, these vaccines
induce only short-term immunity. Protection decreases rapidly and 1s generally gone by
around two years after vaccination.

[0007] Polysaccharides like the V. meningitidis CPS are T-cell independent antigens,
which means that they can give an immune response without the involvement of T-cells
(thymus-derived cells). This response lacks several important properties that characterize the
T-cell dependent immune response, such as immunological memory, class-switch from IgM to
IgG, and affinity maturation. If the polysaccharide part 1s connected to a carrier protein,

however, it triggers a cellular immune response that creates memory effect, and also gives
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protection in young children. Such polysaccharides linked to carrier proteins are often referred
to as glycoconjugates, and are especially valuable as vaccines.

[0008] Glycoconjugate vaccines are so called because their production involves the
conjugation of a polysaccharide antigen or other glycosidic antigen to a carrier protein. The
saccharide moiety in glycoconjugate vaccines is usually a functionalized bacterial CPS, but 1t
can also be synthetic. Synthetic carbohydrate structures have a number of potential advantages
over those based on carbohydrates from natural sources. Naturally derived carbohydrates are
heterogeneous mixtures and may include small amounts of natural impurities and
contaminants. In contrast, synthetic carbohydrates can be produced as homogeneous single
compounds in a controlled manner, with little or no batch-to-batch variability. Another
advantage of synthetic structures is that they can be made to include functional groups for
derivitization or modifications of the carbohydrate moiety that are difficult or impossible to
perform on the native material. The carrier protein 1s an important factor in the modulation of
the immunogenicity. Various carriers have been used for conjugation, and the best results have
been achieved using detoxified versions of strongly immunogenic protems like diphtheria.and
tetanus toxins, which have been approved for use in humans. See U.S. Patent No. 4,354,170
It has also been shown that the immune system reacts more effectively when patients have
already been immunized with the particular carrier protein.

[0009] A glycoconjugate vaccine is usually made by conjugating the native capsular
polysaccharide structure of the bacterium to a suitable carner protein. However there have
been problems with that approach due to the properties of the polysaccharide that encapsulates
N. meningitidis. Its phosphodiester linkage can degrade under the conditions necessary for
attachment of the polysaccharide to proteins, and even after preparation, glyCOCOnjugates of the
native CPS tend to degrade during storage.

[0010] Phosphodiesters are normally quite stabile, but in the capsular polysacchaﬁde of
N. meningitidis, the phosphodiester is linked to the anomeric center of a carbohydrate residue.
Thus one oxygen of the phosphodiester is also part of an acetal linkage, which makes 1t
susceptible to hydrolytic cleavage catalyzed by electrophiles such as acid or metal 10mns.
Cleavage of this bond breaks the polysaccharide down into smaller pieces. Unfortunately,
during the manipulations required to form a glycoconjugate, or €ven in a vaccine formulation,
the CPS of N. meningitidis A is subject to such degradation, rendering it difficult to make and
store effective vaccines comprising this particular CPS.

[0011] One way of making the phosphodiester linkage more stable is to eliminate the

oxygen between thé phosphorus and the anomeric oXygen, SO that portion of the linkage 1s no
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longer susceptible to cleavage by electrophilic hydrolysis. The exocyclic oxygen at the
anomeric center can be replaced with an isosteric carbon atom, (CH>), transforming the
phosphodiester into its C-phosphonate analogue. This should produce a stabilized version ot
the antigenic polysaccharide. One investigation directed toward this approach has recently
been published. Torres-Sanchez, M. 1., et al., Synlett (2005) 7:114°7-1151. However, the
authors did not assess the activity of their compounds or disclose an oligomer of more than two
mannose units. Furthermore, their synthesis approach provided only the beta anomer at the
position where the oligosaccharide is intended to link to a protein, while the native CPS of
N. meningitidis only contains alpha-linkages. Thus there remains a need for alpha-linked
slycoconjugates having stabilized linkages between the mannose units and for methods to
synthesize them.

[0012] Another approach is to stabilize the phosphodiester linkages using inductive etfects
from nearby substituents to reduce the electron density at the anomeric oxygens; this, too,
should slow the anticipated electrophilic degradation mechani srﬁs. The electron-attracting
property of the substituents can be maintained while an oligosaccharide is constructed, and
perhaps also while it is conjugated to a protein, then removed once the molecule no longer
needs to be exposed to destructive conditions.

[0013] The present invention includes each of these approaches as well as combinations
thereof. One aspect of the invention thus provides an efficient synthesis of a C-phosphonate
analogue of an oligomeric form of the repeating unit of the N. meningitidis type A capsular
polysaccharide, needed for vaccine development. See Bundle, D. R, et al., J. Biol Chem.
(1974) 249:2275-2281. The invention particularly provides methods for introducing a spacer
moiety through which the oligosaccharides of the invention can be conjugated to a protein to
make a glycoconjugate vaccine, and it orients the spacer moiety in the alpha anomeric
configuration. Figure 2 illustrates a compound having the desired alpha configuration at this
center and one having the beta configuration. Since the natural CPS of the target organism 1s a
fully alpha-linked oligomer of mannose units, it is especially desirable to provide the same
alpha-linked configuration in a synthetic immunogen. Even if all of the linkages between
mannose units in a synthetic oligomer portion of a glycoconjugate are in the alpha
configuration, the configuration at the center through which the oligosaccharide is linked to the
protein can be particularly influential on the immunogenic effects when the oligosaccharide
portion of the glycoconjugate contains fewer than about 10 mannose units.

[0014] The present invention thus provides such compounds and methods for the

preparation of these compounds. The crucial coupling step is often performed using a
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C-phosphonate mono-ester and Mitsunobu conditions. While it may be impractical to prepare
polysaccharides rivaling the natural CPS in size, that is not necessary: even oligosaccharides
only a few mannose-units in length can elicit an immune response. And synthetic
oligosaccharides offer the advantages of selective linkage mechanisms and increased stability
in vivo, each of which should enhance their immunogenic effectiveness in vivo.

[0015] Another aspect of the invention provides methods to stabilize the mannose
units so that a phosphodiester linkage, the linkage present in the native capsular polysaccharide,
can be used. It includes compounds and methods that provide stabilization to facilitate
preparation of the protein conjugates of the oligosaccharides. The stabilization is provided by
an clectron-attracting group, an azide, at C-2 of at least one of the mannose units in a
polysaccharide, which increases the polysaccharide's stability so that it can be conjugated to a
protein. After conjugation, the stabilization is less important, and at that point the azide is
typically reduced to an amine and acylated, which provides the 2-acetylamino group that 1s part
of the recurring mannose unit in the N. meningitidis A capsular polysaccharide.

[0016] Where appropriate, it is also possible to mix the two stabilization methods; thus
an oligosaccharide of the invention may include azide-containing mannose units that are linked
by a phosphodiester at the adjacent anomeric center in combination with phosphonate-linked
mannose units. This combination may provide additional stabilization, depending on the
orientation of the phosphonate; or it may provide synthetic advantages such as increased yields
and 1t may avoid complications that the acetylamine substituent can cause.

[0017] In other aspects, the invention provides methods to synthesize key precursors

for these compounds, pharmaceutical compositions containing them, and methods to use them

to manufacture a medicament. The compounds, compositions and medicaments may be

administered to a subject to induce an immunogenic response in the subject, which is typically

a human.

[0017a] According to one aspect, the present invention provides an oligosaccharide
compnising a first mannose unit and a second mannose unit, wherein the f{irst mannose unit
comprises a spacer moiety in the alpha configuration at C-1, which spacer conjugates to a

protein, wherein the first mannose unit is connected to the second mannose unit through a
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1,6-linkage which connects C-6 of the first unit to C-1 of the second unit, and wherein

the 1,6-linkage comprises a phosphonate.

[0017b] According to another aspect, the present invention provides a method for
making an oligosaccharide, said method comprising: linking a first moiety which comprises at
least one aza substituted mannose unit through a 1,6-linkage which comprises a phosphonate to
a second moiety which comprises at least one aza substituted mannose unit, wherein the first
moiety comprises a spacer moiety, which spacer moiety is linked to C-1 of a mannose unit in
the alpha-configuration.

[0017¢] According to another aspect, the present invention provides a method for
synthesizing an oligosaccharide of alpha-linked mannose units, said method comprising:
combining a mannose unit comprising formula (2), wherein R® is C1-C6 acyl or H, and Rl, R’
R*, Az and Z are as defined herein;

R°0

Az
< (2)

RO
R°0 £

with an elongating monomer of formula (3), wherein R* represents a C1-C6 acyl group and M

represents H or a cation;

RO O )

|
IJ
/
RO

T~0OM

under Mitsunobu reaction conditions, whereby an oligosaccharide comprising at least two 2-aza

substituted mannose units connected by a 1,6-alpha linkage is obtained.

[0017d] According to another aspect, the present invention provides an oligosaccharide

prepared by the method as defined herein.

[0017¢] According to another aspect, the present invention provides an immunogenic

compound prepared by the method as defined herein.
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[0017f] According to another aspect, the present invention provides a use of an
etfective amount of the oligosaccharide as defined herein in the preparation of a Meningitidis A
vaccine component for providing an immunogenic response in a subject.

[0017g] According to another aspect, the present invention provides a pharmaceutical
composition comprising at least one of the oligosaccharide as defined herein, and at least one
pharmaceutically acceptable excipient.

[0017h] According to another aspect, the present invention provides an immunogenic
composition comprising at least one of the oligosaccharide as defined herein, and at least one

pharmaceutically acceptable excipient.

[0017i] A Meningitidis a vaccine comprising at least one of the oligosaccharide as

defined herein.

Disclosure of the Invention

[0018] The invention provides immunogenic compounds that comprise a
polysaccharide or oligosaccharide and methods to make these compounds, as well as methods
to use them as vaccines to provide protection against infection by the Neisseria meningitidis A
bacterium. The methods allow the preparation of oligosaccharides comprising at least two
mannose units that are connected through a 1,6-linkage. This linkage is often a 1,6-alpha
linkage, and the mannose units are sometimes N-substituted mannose groups such as those

having 2-NHAc or 2-N3 on one or more of the mannose units. The linkage may take various

forms, but often it
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comprises a phosphonate or a phosphate. In some embodiments, the oligosaccharide

comprises at least three mannose units linked in sequence, each of which is typically
N-substituted. While the compounds may contain any number of mannose units, in preferred
embodiments the oligosaccharide portion of the molecule has a molecular weight under 2000.
Thus preferably the compounds of the invention include about two to ten mannose umts linked
in series, preferably about three to seven.

[0019] The compounds of the invention are adapted to be conjugated to a protein, since the
elycoconjugate forms are much more effective immunogens for vaccination purposes: they
elicit immunogenic responses in infants, and they elicit cellular responses that provide a
memory effect to prolong the effectiveness of the vaccination. The compounds thus comprise
a spacer moiety that is attached to the first mannose unit in a chain of mannose umts. The
spacer unit is specifically designed to provide a means for conjugation of the oligosaccharide
to a protein, or to provide a means for capping the terminal saccharide unit, such that 1t 1s
unreactive, for example to further chain elongation/modification reactions. Typically, this
spacer moiety possesses an amine, carboxylate, or hydroxyl group for coupling to a
complementary group on a protein carrier, but other groups known in the art to provide a way
to conjugate an oligosaccharide to a protein are also included. Alternatively, the spacer moiety
possesses a protecting or capping group, such as an alkyl, aryl, or acyl group, as well as others
well know in the art and/or disclosed herein. In compounds of the invention, this spacer
moiety is in the alpha configuration so that it most closely resembles the linkages in the natural
CPS of N. meningitidis and does not interfere with the desired immunogenic effect, even 1
short oligosaccharides of the invention.

[0020] The compounds of the invention often comprise the structure shown in formula (1):

6

OR
Az 0
RO :
RO (), (1)
W P/
\X
Az
_0
R*0
R0

wherein each Az represents an aza substituent;
each R’ and R* independently represents H or a protecting group;

R® represents H, a protecting group, or a linker attached to another saccharide unit;
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one of W and X 1s O, and the other of W and X is CH>;

nis 1 or?2;

Y,1s OR whennis 1, and whennis 2, one Y is =0 and the other Y is OR,

wherein R 1s H, C1-C6 alkyl, or C6-C12 aryl, or C6-C12 arylalkyl, or R is M, where M
is a cation; and |

Z.1s OR’, SR’, NR’,, or halo, where each R’ 1s independently H or an optionally
substituted alkyl, acyl, aryl, arylalkyl, heteroalkyl, heteroacyl, heteroaryl, or heteroarylalkyl
group,

or Z represents a linker attached to another saccharide unit or a spacer moiety
conjugated to a protein.

[0021] Often in these compounds, X 1s O and W 1s CH», and Az 1s often N3, NH; or
NHACc; and often n 1s 2.

[0022] The compounds of the invention are synthesized in part by art-known methods, but
a number oi novel methods for forming these molecules are also part of the invention. For
example, the 1,6-alpha linkage 1n a compound of formula (1) can be constructed with a
Mitsunobu reaction as described herein. Also, the N-substituents such as Az can be inserted as
an azide by methods provided herein, and can then be reduced to provide an amine or
substituted amine, which 1s often at position 2 of a mannose unit, as shown in formula (1).
Typical methods for reduction of the azide include catalytic hydrogenation and borohydride
reduction, typically using catalytic amounts of a mickel salt.

[0023] The invention also provides a method to make phosphonate-substituted mannose
units for assembling the oligosaccharides described herein. For example, a compound of
formula (2), which 1s available from glucose, can be converted into a precursor for a
phosphonate ester useful for forming the phosphonate-comprising 1,6-alpha-linkage shown in
formula (1) where W 1s CH; and X 1s O. The method includes cyclizing a compound of

formula (2) with an electrophile

OR®

RO OH (2)

R0
OR,
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to form a compound of formula (3)

(3)

El

wherein each of R‘?, R’ , R* and R%is independently H or a protecting group;

and El represents the residue of electrophile.

[0024] The residue of an electrophile, El, 1s the portion of the electrophilic reagent used to
mitiate cyclization that remains attached to the carbon. El can then be replaced, either directly
or indirectly, by a phosphorus-containing groups such as a phosphonate group by the methods
described herein. This provides a glucose derivative rather than an N-substituted mannose
unit, 7.e., it has the wrong stereochemistry at C-2; thus the invention further provides methods
to convert OR” in formula (2) or formula (3) 1into an Az group having the proper :
stereochemistry by displacing an activated form of the oxygen of OR” with an azide. The
method comprises a Mitsunobu reaction, which typically uses a phosphoryl azide as the azide
source.

[0025] The mvention also provides a method to prepare a 2-azido-2-deoxy-D-
mannopyranose, which method comprises forming a triflate at position 2 of a 1,3,4,6-tetra-
protected glucopyranose derivative; and displacing the triflate with an azide nucleophile. In
some embodiments, the 1,3,4,6-tetra-protected glucose derivative is a 1,3,4,6-tetra-O-acyl
glucopyranose, which 1s readily available. See, e.g., Helferich, B., et al., Ber. Disch Chem.
Ges. (1962) 95:2604-2611. 1,3,4,6-Tetra-O-acetyl glucopyranose 1S sometimes preferred.

[0026] The immunogenic activity of compounds and compositions comprising the
oligosaccharides described herein is often enhanced by conjugation of the oli gosaccharide toa
protein. Thus in many embodiments, the invention includes conjugating the oligosaccharide to
a protein through a spacer moiety attached to the C-1 carbon of the first mannose unit in the
chain. In some embodiments, the protein is one chosen for its ability to enhance the
immunogenic response in a human, and the detoxified toxoids from diphtheria and tetanus are
often used. Thus the compounds of the invention often include a spacer moiety, which may be
Z in formula (1) or may be attached to any of the available hydroxyl groups or N-substituents
on the mannose units, and which facilitates attachment to a protein. Typically, the connection
to the protein is through Z, thus Z is often a spacer moiety that is capable of being conjugated

to a protein. In many of the compounds of the invention, Z is in a protected form. Suitable
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protecting groups depend on the exact nature of Z, and selection and usage of such protecting
groups 1s within the ordinary skill in the art. Examples of such protecting groups and details of

their usage are available in, for example, Greene, T. W., and Wuts, P. G. M., Protective Groups

1in Organic Synthesis, 2d ed. (1991). Similarly, the invention provides methods to use Z to

connect the oligosaccharide to a protein to produce an immunogenic composition.

0027} The invention also provides vaccine compositions comprising an oligosaccharide of
the invention, which are useful for eliciting an immunogenic response in a mammal. Typically
the mammal is a human subject since N. meningitidis is believed to be pathogenic only in
humans, but eliciting an immune response in other mammals is of value, too, and can be used
to provide immune components such as antibodies. Thus the invention provides immunogenic

compositions and methods to use these to elicit an immunogenic response in a mammal.

Briet Description of the Drawings

[0028] Figure 1 shows the structure of the capsular polysaccharide of N. meningitidis A.

[0029] Figure 2 1s an illustration of the alpha and beta anomers at the center through which
the oligosaccharide is conjugated to a protein to enhance its immunogenicity.

[0030] Figure 3 shows the modular assembly strategy for the synthetic oligosaccharides.

[0031] Figure 4 shows the relationship between the specific antibody responses induced by

synthetic glycoconjugate and the control oligosaccharide conjugate at different vaccine doses.

Modes of Carrying Out the Invention

[0032] In one aspect, the invention provides an oligosaccharide comprising a first mannose

unit and a second mannose unit, wherein the first mannose unit comprises a spacer in the alpha
conﬁguratibn at C-1. This spacer 1s capable of conjugating to 2 protein, and the first mannose
unit 1s connected to the second mannose unit through a 1,6-linkage which connects C-6 of the
first unit to C-1 of the second mannose unit. The 1,6-linkage comprises a phosphonate in some
embodiments. In some embodiments, the 1,6-linkage is in the alpha configuration. In some of
these embodiments, the first mannose unit is a 2-deoxy-2-aza substituted mannose derivative,
and 1n somezof the embodiments the second mannose unit is a 2-deoxy-2-aza substituted
mannose derivative. Certain embodiments have two or three, or more than three of these 2-aza
substituted mannose units.

[0033] In some of the embodiments of the invention, the 1,6-linkage is of the form [C-1 of
second mannose unit]—CH,—P—O—[C-6 of first mannose unit], i.e., the phosphonate carbon

1s connected to C-1 of the second mannose unit and a phosphonate ester oxygen is bonded to
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C-6 of the first mannose unit. These mannose units are optionally protected, and in many
embodiments one or both of these two mannose units comprises a 2-aza substituent which 1s
selected from NH,, NHAc, and N3. Where these embodiments include a third mannose unit, 1t
is sometimes connected to the second mannose unit by a linkage which comprises phosphorus,
and wherein the linkage connects C-6 of the second mannose unit to C-1 of the third mannose
unit. This linkage often comprises a phosphonate, which is often lined to the second mannose

unit through a phosphonate ester linkage, and to the third mannose unit through a P-C bond of

the phosphonate.
[0034] In other aspects, the mvention provides an oligosacchande of formula (1):
OR’ '
Az O
R*0 :
R7O (Y)n (1)
W\P/
Sy
Az
_O
RO
RO

wherein each Az represents an aza substituent;
each R’ and R” independently represents H or a protecting group;
R® represents H, a protecting group, or a linker attached to another saccharide unit;
one of W and X 1s O, and the other of W and X 1s CHjy;
nislor?2:
Y,18s OR whennis 1, and whenni1s 2, one Y 1s =0 and the other Y 1s OR,
wherein R 1s H, C1-C6 alkyl, or C6-C12 aryl, or C6-C12 arylalkyl, or R 1s M, where M
1S a cation; and : _
Z.1s OR’, SR’, or NR’; , where each R’ 1s independently H or an optionally substituted
alkyl, acyl, aryl, arylalkyl, heteroalkyl, heteroacyl, heteroaryl, or heteroarylalkyl group;
or Z represents a linker attached to another saccharide unit or a spacer moiety
conjugated to a protein.
- [0035] In sorﬁe embodiments, compounds that comprise formula (1) are conjugated to a
protein through an amide or ester linkage. Often in compounds of formula (1), W 1s CH; and
X 158 O, and 1n many of such embodiments, Az 1s NHAc and n 1s 2. Also, 1n many

embodiments of this aspect, R 1s M and Z comprises —O-(CH,),-NH-, wherein n 1s 2-6. In
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embodiments of these compounds based on formula (1), each R’ and R* is independently H or
Ac. Often R’ is Ac, and optionally both R” and R* are either H or Ac.

[0036] In other aspects, the invention provides methods to make an oligosaccharide, which
methods comprise linking a first moiety which comprises at least one aza substituted mannose
unit through a 1,6-linkage which comprises a phosphonate to a second moiety which comprises
at least one aza substituted mannose unit. The first moiety in these embodiments often
comprises a spacer moiety, which spacer moiety 1s linked to C-1 of a mannose unit in the
alpha-configuration. In some embodiments of these methods, a Mitsunobu reaction is used to
link C-6 of a mannose unit of the first moiety to C-1 of a mannose unit of the second moiety.
In many of the embodiments of these methods, the 1,6- linkage is a 1,6-alpha linkage.

[0037] In some of these aspects, the linked aza substituted mannose units comprise the

formula (1)

RO
AZ 0
¢ (Mn

P/ (1)

L — |

rR40 : W X
R O AZ O
R*O
R0 Z

wherein each Az represents an aza substituent;

each R’ and R* independently represents H or a protecting group;

R® represents H, a protecting group, or a linker attached to another saccharide unit;

one of W and X 1s O, and the other of W and X 1s CH5;

nis 1 or?2;

Y,18 OR whennis 1, and whenn is 2, one Y 1s =0 and the other Y 1s OR,

wherein R 1s H, C1-C6 alkyl, or C6-C12 aryl, or C6-C12 arylalkyl, or R is M, where M

1S a monovalent cation; and

Z represents a moiety capable of being conjugated to a protein, which may be in
protected form.
[0038] In some embodiments of the method, in the compounds that comprise formula (1),
X 1s CH; and W 1s O. In these embodiments, often at least one aza substituent on a mannose
unit 1S an amine or substituted amine that is obtained by reduction of an azide (N3) substituent.
In preferred embodiments, the amine or substituted amine 1s at position 2 on a mannose unit.
In some embodiments of these methods, the oligosaccharide comprises a spacer moiety which

may be Z 1n a compound of formula (1), which 1s at the anomeric center of a mannose unit.
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This spacer unit may comprise an amine-substituted alkoxy group, which 1s optionally 1n
protected form. For example, it may be of the formula —O-(CH»),-NH-PG, where PG
represents H or a protecting group; the protecting group is often an alkoxycarbonyl such as
methoxy carbonyl; t-butyloxy carbonyl; or benzyloxycarbonyl. Thus NH-PG is often a
carbamate group.

[0039] In some embodiments of these methods, the method further comprises linking the
second mannose unit to an additional saccharide by forming a bond between the oxygen of
OR? in formula (1) and the additional saccharizde. This saccharide may be a mannose unit or
comprise a mannose unit, and in many embodiments the additional saccharide 1s linked to the
second mannose unit through a 1,6-alpha linkage. In these embodiments, often R°is H or Ac
and the anomeric center of each mannose unit present is in the alpha configuration to most
closely resemble the natural CPS of N meningitidis.

[0040] In other aspects, the invention provides an oligosaccharide of the formula (1'):

6
R0
Az 0 0\
\ OR,
/P<
X o
Az :
R0 230 O o (17
\}) _OR,
R*O 0
R0 = Az 0O
| | /
4
R%0 0 7

wherein each Az 1s independently selected from NH,, NHAc¢, and Ns;

Z represents a spacer moiety that is capable of conjugating to a protein, and that may be
in protected form or unprotected form and that may be conjugated to a protein;

each R’ is independently H, optionally substituted C1-C6 alkyl, or M, where M
represents a cation;

X 18 O or CHy:

each R’ and R” is independently selected from the group consisting of H, Ac, Bn, and
other protecting groups;

and R® is H, or a protecting group, or a phosphate, or a linkage to an additional

saccharide unit.

[0041] In this aspect of the invention, some embodiments comprise a protein that is
conjugated to the oligosaccharide through a spacer moiety that is in the alpha-configuration at

C-1 of the first mannose unit. The protein is sometimes an inactivated bacterial toxin selected
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from diphtheria toxoid, pertussis toxoid, E. coli LT, E. coli ST, Pseudomonas aeruginosa
exotoxin (rEPA), or tetanus toxoid, or the protein may be CRM197. The protein in these
embodiments may be linked to the oligosaccharide of formula (1) through a spacer moiety,
which comprises a hydroxyl or an amine, either of which 1s optionally protected or 1s
optionally conjugated to a protein. In some embodiments of this aspect, R’ is an acyl group
and R is H. The alternate or preferred embodiments of formula (1) also apply to formula (1').

[0042] In certain aspects, the invention provides a method to synthesize an oligosaccharide
of alpha-linked mannose units, which comprises combining a mannose unit comprising

formula (2), wherein R®is C1-C6 acyl or H, and R! R, R4, Az and Z are as defined in

claim 15;
RO
4 2)

RO
R30 Z

with an elongating monomer of formula (3), wherein R" represents a C1-C6 acyl group

and M represents H or a cation;

OR”
Az 0
R*O \ (3)
RO (i
/P TOM
R0

under Mitsunobu reaction conditions, to produce an oligosaccharide comprising at least
two 2-aza substituted mannose units connected by a 1,6-alpha linkage. In some embodiments
of this method, the Mitsunobu conditions include the use of either diisopropyl azodicarboxylate
(DIAD) or diethyl azodicarboxylate (DEAD) and either triphenyl phosphiné or a substituted
triphenyl phosphine such as tris(p-chlorophenyl) phosphine. In some embodiments, DIAD and
tris(p-chlorophenyl)phosphine are used, and triethylamine is used 1n excess. In certain
embodiments, the Mitsunobu reaction conditions are maintained for a prolonged period of time,

and the product is an oligosaccharide of formula (4),
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RO
Az O

(4)
R4O 3
RO

wherein p 1s an integer from 1 to 20.

[0043] In many of these embodiments, each Az represents either NHAc or N3. In some of
these embodiments, p is 1-10, and in others, p is about 1-5 or p is 2-4. In certain of these
embodiments, the methods of the invention further include a method to conjugate the
oligosaccharide of formula (4) to a protein. Optionally this is done through Z, which is often a
spacer moiety selected to be capable of conjugating to such proteins. In some of these
embodiments, the protein is an inactivated bacterial toxin selected from diphtheria toxoid,
pertussis toxoid, E. coli LT, E. coli ST, Pseudomonas aeruginosa exotoxin (rEPA), or tetanus
toxoid. In other embodiments, the protein 1s CRM197.

[0044] In other aspects, the invention provides an oligosaccharide that 1s prepared by the
foregoing methods. The oligosaccharide compounds prepared by these methods are
immunogenic compounds, and typically elicit an immunogenic response in a treated mammal
which provides at least partial immunity to infections caused by N. meningitidis.

[0045] In still other aspects, the invention provides a method to use any oligosaccharide
compounds of the invention to elicit an immunogenic response, typically by administration to a
mammal. In many embodiments, these compounds are used as a Meningitidis A vaccine
component; the methods thus often comprise administering an effective amount of the vaccine
component to a subject, thereby providing an immunogenic response. The immunogenic
response provides at least partial resistance or immunity in the subject to meningitis caused by
N. meningitidis A. :

[0046] The invention also provides pharmaceutical compositions comprising at least one
oligosaccharide of the invention admixed with at least one pharmaceutically acceptable
excipient to provide a pharmaceutical composition that 1s immunogenic. In some
embodiments, these compositions are thus vaccines including a Meningitidis A vaccine
comprising any compound of the invention. In many embodiments, the vaccine comprises at

least one oligosaccharide conjugated to a protein.
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[0047] In yet other aspects, the invention provides methods for making a mannose
derivative useful for the preparation of an immunogenic oligosaccharide, including those of the
invention. These methods comprise cyclizing a compound of formula (2) with an electrophile

OR®

OH (2)

/

R*O
R0

OR,

to form a compound of formula (3),

(3)

wherein each of R*, R®, R* and R is independently H or a protecting group;
and El represents a residue derived from an electrophile.

[0048] In certain embodiments, the methods include an additional step that comprises the
step of replacing El with a phosphorus group. T he phosphorus group is typically a
phosphonate. In some embodiments, the inv'ention also provides methods for OR”ina
compound of formula (2) or formula (3) with an azide. In preferred embodimentzs, the
replacement of OR? comprises a Mitsunobu reaction. In some such embodiments, a
phosphoryl azide provides the azide for the Mitsunobu reaction.

[0049] In still other aspects, the invention provides an imlﬁroved method to prepare a
2-azido-2-deoxy-D-mannopyranose, which method comprises:

forming a triflate at position 2 of a 1.3,4,6-tetra-O-acyl glucopyranose derivative; and
displacing the triflate with an azide nucleophile.

[0050] Other methods for making such compounds may be used, and the present improved
method provides for precautions to minimize exposure to moisture during work-up and
isolation of the product. This resulted in greatly improved yields over known methods, e.g.,
Popelova, et al., Carbohydrate Res. (2005) 340:161-166. In a preferred embodiment, the
1,3.4,6-tetra-O-acyl glucopyranose derivative 1s 1,3,4,6-tetra-O-acetyl glucopyranose, and the
product is 2-azido-1,3,4,6-tetra-O-acyl mannopyranose.

[0051] In other aspects, the invention provides an immunogenic composition capable of

eliciting protective antibodies against Meningitidis A, which comprises an oligosaccharide
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having at least two saccharide units, which are typically mannose units, covalently attached to
each other through a stabilized phosphorous-containing linkage. In many such embodiments,
at least one saccharide unit, which may be a mannose unit, comprises an alpha-linked spacer
moiety at its anomeric center. The stabilized phosphorus-containing linkage can comprise a
phosphonate. In certain embodiments, these oligosaccharides comprise at least two mannose
units covalently attached to each other through a stabilized phosphorous-contaimng linkage. In
many of the embodiments, the oligosaccharide is conjugated to a protein. Many proteins such
as those described above as suitable carrier proteins can be used, but in preferred embodiments
the protein is not albumin. In some embodiments, the immunogenic compositions of the
invention comprise at least 2 different oh gosaccharidé moieties. In many of the embodiments,
the stabilized phosphorus-containing linkage between two saccharides comprises a
phosphonate. In many such embodiments, the phosphonate linkage 1s a 1,6-linkage, formed by
a Mitsunobu reaction, and in certain embodiments, the oligosaccharide of any of the foregoing
compositions comprises at least one mannose unit which comprises an alpha-linked spacer
moiety at its anomeric center.

[0052] In some of the immunogenic compositions of the invention, the compbsition
comprises at least two different oligosaccharides that are specitic for at least two
meningococcal immunotypes. The compositions may also include other antigenic compounds,
and in some embodiments, the compositions further comprise a Streptococcus Prneumoniae
antigen. This antigen is a polysaccharide in some embodiments, and in many of these
embodiments the polysaccharide 1s conjugated to a protein.

[0053] In some embodiments, the compositions of the invention also comprise at least one
antigen derived from a Meningitidis of serotypes A, B, C, W135, or Y. In some preferred
embodiments, this antigen is derived from Meningitidis serotype C, W135, or Y. The
compositions of the invention often further comprise an adjuvant, and 1 some of the
embodiments the adjuvant 1s alum. :

[0054] In many compositions of the invention, the oligosaccharide component 1s
conjugated to a protein through a bifunctional reagent comprising a dicarboxylic acid or a
derivative thereof. In many embodiments, this dicarboxylic acid comprises adipic acid or
suberic acid or a derivative thereof. In other embodiments, the bifunctional reagent comprises
a squarate.

[0055] The preparation of phosphonate-linked compounds within the scope of the
invention can be accomplished by making an acceptor mondmer and an elongating monomer,

each of which is an appropriately modified mannopyranose ring, referred to as a mannose unit.
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The elongating monomer is attached to the acceptor through a phosphonate linkage to make a
disaccharide. The elongating monomer can be adapted to allow its C6 hydroxyl to be
deprotected selectively; thus, if a longer oligosaccharide is desired, the elongating monomer n
the dimeric saccharide can become an acceptor. It can be deprotected without deprotecting the
C3 and C4 hydroxyls, so the C6 hydroxyl can be linked to the phosphonate of another
elongating monomer. This process can be iterated as many times as necessary to provide an
oligosaccharide of the desired length.

[0056] Figure 3 depicts how an acceptor monomer and an elongation monomer are linked
to form an oligosaccharide having two mannose units (i.e., a disaccharide), and how this
disaccharide can be extended further by deprotection of the C6 hydroxyl followed by
attachment of another elongation monomer. Optionally, the acceptor monomer may be
attached to a solid support by a cleavable linker to facilitate handling and isolation. In that
case, the oligosaccharide can remain attached to the solid support through multiple iterations of
the elongation process, and can eventually be cleaved to release a relatively pure
oligosaccharide product of the desired length. The spacer moiety Z is sometimes used to link
the oligosaccharide to the solid support during synthesis, ahd then used, optionally with
modification, to conjugate the oligosaccharide to a protein.

[0057] The invention provides methods to make immunogenic oligosaccharides containing
" two or more modified mannose units, as well as longer oli sosaccharide or polysaccharide
molecules, and methods to make the oligo- and/or polysaccharides into more immunogenic
materials by conjugating them to a proten. The mannose units are pyranose rings having the
~ basic structure of a mannose ring, but having at least sonie structural modifications. In many
embodiments, the invention includes at least one substituent where a nitrogen atom or other
heteroatom is bonded to a ring carbon in place of one of thé. hydroxyl groups of mannose; as
used herein, such substituted rings are considered mannose units as long as the array of
substituents on the pyranose ring has the same relative stereo chemistry as the array of
stereocenters on mannose. Note that the mannose conﬁguration‘does not define the
stereochemistry at C-1; C-1, which is the anomeric center in a mannose unit, can be in either
the alpha or the beta configuration. Thus a mannose unit can have a C, N, or S atom attached
in place of one of the mannose hydroxyls, or can have two or more of such modifications. The

structure and numbering of carbon atoms for D-mannose is provided here for reference.
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D-mannose

[0058] The methods of the invention can be used with mannose units having the absolute
stereochemistry of either D-mannose or an L-mannose; in many embodiments the absolute
stereochemistry is that of D-mannose. However, an oligosaccharide of the invention can
include one or more mannose units having the L-mannose configuration. It can also, of course,
be linked to additional saccharide or peptide moieties, for example, as long as it includes at
least two mannose units linked as described heren.

[0059] The oligosaccharides of the invention include at least two pyranose rings linked
together; if only two rings are included, the molecule can be described as a dimer; with three
linked in sequence it can be described as a trimer; and so forth. However, the generic teﬁn
oligosaccharide as used herein - oludes these smaller embodiments as well as longer polymer
versions having three or more, five or more, seven or more, ten or more, fifteen or more,
twenty or more, and more than 25 monomers in sequence. Versions having more than about
five saccharide rings are sometimes referred to herein as polysaccharides. In many
embodiments the oligosaccharide comprises at least three mannose units.

[0060] Regardless of the number of mannose units included, it is sometimes desirable to
link the oligosaccharide to other molecular features, so the mannose units may be substituted
with various groups, and the oligosaccharide may be linked through one or more mannose
units, typically through one of the terminal mannose units, to another moiety. In some
embodiments, it is beneficial to link the oligosaccharide to a protein, and these glycoconjugate
forms are specifically included within the invention. Typically the glycoconjugate 1s formed
by conjugation of the protein of interest to a functional group on the spacer moiety attached at
C-1 of the first mannose in the oligosaccharide, and the spacer moiety is in the alpha
configuration. In many embodiments, it is desirable to attach a protecting group or other
functionality to one or more of the heteroatom substituents on the mannose unit. In some
preferred embodiments, the heteroatom substituents are selected from OH, OAc, NH-, N3,
NHAc, and an O, N, or S that is connected to a protecting group or to a protein.

[0061] The mannose units are typically connected by a 1,6-linkage. The 1,6 linkage means
that the C-1 carbon, the anomeric center, of the second mannose unit is connected, either

directly or indirectly, to the C-6 carbon of the first mannose unit by a linkage that includes no
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intervening saccharide rings. Typically the linkage between two mannose units will include at
least two atoms, generally two or more non-carbon atoms, between the mannose unit carbon

atoms. In many embodiments the linkage is of the general form:

where each of D, E and F represents a heteroatom selected from O, N, S, Si, and P, and
each of the tetrahydropyran rings represents the ring of a mannose unit. In some embodiments
E represents a phosphorous atom, which is often in the oxidation state of a phosphate or a
phosphonate. Typically, at least one of D and F in this formula is oxygen (O), and 1 some
embodiments both D and F are oxygen. Particular embodiments include those wherein D-E-F
represents O-P(0)-O or C-P(0)-O or O-P(0)-C. Sometimes D-E-F 1s preferably a linkage
comprising —CH»-P(0O)-0O-. : |
[0062] In some embodiments, the linkage between adjacent mannose units is a 1,6-alpha
(1,6-0) linkage. For mannose units, the 1,6-alpha linkage means that the non-H substituent at
C-1, which corresponds to the anomeric center carbon of mannose, is in an ‘anti’ relative
stereochemical relationship to the non-H substituent at C-2. Alternatively, one or more
mannose units in an oligosaccharide may be linked through a beta linkage. (The configuration
having the linkage at the anomeric center ‘syn’ to the C-2 substituent in a mannose is referred
{o as a beta linkage.) However, typically the compounds are linked together in an alpha
relationship, regardless of the nature of the linkage itself.
[0063] The following structures Tlustrate the difference between the alpha and beta linkage

orientations.

HO

OH

-0
HO

HO

alpha

[0064] Many embodiments of the invention include an aza substituted mannose unit, which
means that at least one of the mannose hydroxyls has been replaced with a substituent referred
to herein as an “aza” substituent. This is a substituent wherein at least the atom linked directly

to the mannose unit is nitrogen. Aza substituents include NH, and various substituted amines,

including alkylated and dialkylated amines, and acylated and d1 acylated amines, where the acyl
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ups include heteroacyls such as benzyloxycarbonyl and methoxycarbonyl as well as such

groups as acetyl, formyl, and benzoyl. Other embodiments of the aza substituent include

oo
acyl
NO, and N3. Some embodiments of the aza substituted mannose units of the invention have

the aza substituent at C-2 of the mannose ring, and preferred embodiments include compounds

and methods wherein the aza substituent on a mannose unit is NH,, N3, or NHAc.

[0065] Thus in some embodiments, the compounds and methods of the invention comprise

a moiety of formula (1):

OR
Az 0
R*O :
RO (Y : (1)
W P/
\X
Az
_0
R*O
R0

wherein each Az represents an aza substituent;

each R® and R* independently represents H or a protecting group;

R® represents H, a protecting group, or a linker attached to another saccharide unit;

one of W and X is O, and the other of W and X 1s CHp;

nis 1 or2;
Y, is OR when n is 1, and whenn1s 2, one Y is =0 and the other Y 1s OR,

wherein R is H, C1-C6 alkyl, or C6-C12 aryl, or C6-C12 arylalkyl, or R is M, where M
is a cation; and : ;

7 1s OR’, SR’, NR’,, or halo, where each R’ is independently H or an optionally
substituted alkyl, acyl, aryl, arylalkyl, heteroalkyl, heteroacyl, heteroaryl, or heteroarylalkyl

group,
or Z represents a linker attached to another saccharide unit or a spacer moiety

conjugated to a protein.

[0066] Preferred aza substituents are those in which a nitrogen atom is directly bonded to
the mannose unit. Examples of such substituents include N3, NH,, NH-alkyl, NH-acyl,
NH-aryl and the like. Each N in these substituents can optionally include one or two groups
selected from alkyl, aryl, and acyl, where each alkyl, acyl and aryl is optionally substituted.

[0067] The term "protected” or a "protecting group” with respect to hydroxyl groups,

amine groups, and sulfhydryl groups refers to forms of these functionalities which are
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protected from undesirable reaction with a protecting group known to those skilled in the art
such as those set forth in Protective Groups in Organic Synthesis, which can be added or
removed using the procedures set forth therein. Examples of protected hydroxyl groups

include, but are not limited to, silyl ethers, such as TBDMS or TBS, such as those obtained by
reaction of a hydroxyl group with a reagent such as, but not limited to,
t-butyldimethyl-chlorosilane, trimethylchlorosilane, triisopropylchlorosilane, and
tniethylchlorosilane; substituted methyl and ethyl ethers such as, but not limited to
methoxymethyl ether, methythiomethyl ether, benzyloxymethyl ether, t-butoxymethyl ether,
2-methoxyethoxymethyl ether, tetrahydropyranyl ethers, 1-ethoxyethyl ether, allyl ether, and
benzy] ether; esters such as, but not limited to, benzoyl, benzoylformate, formate, acetate,
trichloroacetate, and trifluoracetate. Examples of protected amine groups include, but are not
limited to, benzyl or dibenzyl, amides such as, formamide, acetamide, trifluoroacetamide, and
benzamide; imides, such as phthalimide, and dithiosuccinimide: and others. In some
embodiments, a protecting group for alcohols is a benzyl group or an acetyl group, and a
typical protecting group for an amine herein is acetyl or a benzyl or t-butyl carbamate.

[0068] “Protecting group” as used herein include those moieties recognized in the art as
protecting groups for the heteroatoms N, O and S, and are described, for example, in the
reference book by Greene, T. W., and Wuts, P. G. M., Protective Groups in Organic Synthesis,
2d ed., Wiley and Sons (1991). Acetyl (Ac) is one
such protecting group, and because the natural CPS of N. meningitidis is often acetylated,
particularly at C-3, in some embodiments of the invention, one or more of the protecting

groups is Ac; and in some preferred embodiments, R’ on at least one of the mannose units
represents Ac. |

[0069] In some of these compounds, one of X and W is CH,, while the other one is O; for
example, in some embodiments X and W are both O, and in others, W is CH, and X is O.

linked together by a linkage comprising a phosphonate may be linked to a third mannose unit
via a phosphate diester linkage without departing from the invention.

[0070] It is often desirable to conjugate the oligosaccharides of the invention with another
molecule, typicaily a protein. Conjugates made by such methods are within the scope of the
invention. Thus conjugation of a saccharide to a protein is often accomplished by adding a
reactive bi-functional molecule to the protein then exposing the derivatized protein to the
saccharide, so that the saccharide becomes covalently linked through the linker provided by the
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bi-functional reagent, which often is attached to one of the hydroxyl groups of the saccharnide.
In the controlled synthesis of compounds of the invention, however, 1t 18 especially convenient
to include a spacer moiety specifically designed for conjugating the oligosaccharide to a
protein. Such a spacer moiety can be attached to any one of the mannose units 1n an
oligosaccharide; however, typically it is on a terminal mannose unit, either the first “acceptor’
monomer, or the last ‘elongation’ monomer. Frequently it is at C-1 of the acceptor or C-6 of
the elongation monomer, and in compounds of formula (1) 1t may be the group represented by
Z or the one represented by R®.

[0071] The spacer moiety for conjugating the oligosaccharide to a protein may comprise a
multi-atom spacer moiety to make the immunogenic epitope of the oligosaccharide more
available and thus more effective. Alternatively, for example, Z in a compound such as those
represented by formula (1) can be a single atom such as O or N or S, and a space between the
oligosaccharide and the protein may be provided by a bi-functional reagent used to link the
oligosaccharide and a carrier protein together. The bifunctional reagents suitable for use in the
glycoconjugates of the invention include those known in the art. Examples of such include
di-carboxylic acids such as malonic, succinic, adipic and suberic acids or activated versions
thereof, and squaric acid derivatives. These types of reagents are particularly convenient for
linking a compound wherein the spacer moiety comprises an amine to a protein.

[0072] In some embodiments, the spacer moiety 1s at least two or three atoms in length,
though it optionally may be a single atom or it may be much longer; one example 1s a
compound of formula (1), wherein Z represents a 2-aminoethoxy group. The 2-aminoethoxy
oroup or a homolog thereof can be introduced into the acceptor monomer before elongating
monomers are attached, and is optionally introduced in protected form so it does not participate
in the subsequent reactions. The spacer moiety must include at least one functional group that
is capable of being used to link the oligosaccharide to a protein, and typically it includes a-
heteroatom, N, O or S, for this purpose, though other groups such as a diene or a dienophile for
linkage through a Diels-Alder reaction, or a carboxylate group for conjugating the protein to
the oligosaccharide through an ester or amide are also contemplated. In many embodiments
such as the 2-aminoethoxy group discussed above, the spacer moiety includes a nitrogen for
this purpose; the nitrogen may be protected when 1t 1s introduced and during construction of
the oligosaccharide, but is capable of being selectively deprotected after the oligosaccharide
has been constructed under conditions that do not destroy the oligosaccharide. The amine of
the spacer moiety is then readily acylated or alkylated, for example, with a bi-functional

reagent, the other end of which is similarly attached to a protein. The order of such
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attachment, i.e., which piece of the glycoconjugate 1s attached to the bi-functional reagent first,

is unimportant and is determined by the judgment of the practitioner. Some typical, but
non-limiting examples of spacer groups include —Het-(CH2)x-A, -Het-Ph-A,
-Het-(CH»),-Ph-(CH>),-A and substituted forms thereof, wherein each Het represents a
heteroatom, usually O, S or N; each Ph represents a phenyl group, optionally substituted; and
each n represents an integer from 1-10; A represents a functional group or a residue thereof
that is capable of or links the spacer to the protein, such as an N, O, or S, or ester, an amide, o1
other carboxyl-containing group, a diene, or a dienophile. Preferably, the spacer comprises
OR’, SR’, or NR’, , where each R’ is independently H or an optionally substituted alkyl, acyl,
aryl, arylalkyl, heteroalkyl, heteroacyl, heteroaryl, or hetero arylalkyl group and may further
comprise A.

[0073] M in formula (1) can represent an alkali metal cation, selected from Li, Na, K, and
Cs, or an ammonium salt NR,", where each R is independently H or C1-C6 alkyl or C1-C6
heteroalkyl. Alternatively, it can represent any other pharmaceutically acceptable cationic
species such as MgX or CaX, where X represents halo, hydroxyl, acetoxy, trifluoroacetoxy,
bisulfate, bicarbonate, or any other suitable species. In some embodiments, M is a divalent
cation, and is shared by two molecules of formula (1). '

[0074] The methods of the invention provide ways to synthesize the oligosaccharide
compounds within the invention. The methods include, for example, ways to link two
mannose units together in a desired fashion, such as by forming a 1,6-alpha linkage between
two mannose units. Where the 1,6-alpha linkage is a phosphate or phosphonate such as the
compounds of formula (1) where X is O, the linkage can be created by a Mitsunobu reaction.
The Mitsunobu reaction is described, for example, in Campbell, D. A., J. Org. Chem. (1992)
57-:6331-6335, and involves an activation of an alcohol with a reagent such as an
azodicarboxylate, e.g., DEAD or DIAD, and a phosphine (e.g., triphenyl phosphine or
tris(p-chlorophenyl)phosphine), followed by displacement of the activated O by a nucleophilic
species. In the case of compounds of formula (1) where X is O, the nucleophile is usually a
P-O species, typically a phosphonate or phosphate anion. In other aspects of this invention, a
Mitsunobu reaction is employed to introduce an aza substituent to a saccharide group, 1n which
case the conditions are similar except that the nucleophile is an azide, which may be supplied
as an azide anion or as a trialkylsilyl azide or a phosphoryl azide.

[0075] The methods of the invention also provide ways to install and modify
N-substituents (aza substituent) on the mannose units of compounds such as those of

formula (1). Thus 1n some embodiments, the methods provide ways to insert an aza substituent
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into a mannose unit with the proper stereochemistry. One such method comprises displacing a
C-2 hydroxyl on a pyranose ring with an N-substituent, typically N3. It can be inserted with a
nucleophilic displacement reaction, but in some embodiments it 1s inserted via a
Mitsunobu-type reaction with the assistance of an activating group such as an
azodicarboxylate, e.g., DEAD or DIAD. The nucleophile for this Mitsunobu reaction can be
provided by a phosphoryl azide such as diphenyl phosphoryl azide. The particular
improvement provided by the present invention in this reaction comprises the use of a
phosphoryl azide as the source of the aza substituent, and the incorporation of substantially
water-free work-up conditions to avoid decomposition of the product. Under the conditions
described herein, the yield of the 2-azido derivative of a mannose unit is substantially
improved over methods of the prior art.

[0076] In some preferred embodiments, at least one of the mannose units of an
oligosaccharide of the invention 1s an aza-substituted mannose having an amine or acylated
amine, which is often at C-2 of the mannose unit. In some embodiments of the methods of the
invention, the aza substituent is inserted as N3, which can be reduced to provide an amine, and
the amine can be acylated under conditions such as those described in the Greene and Wuts
book on protective groups referenced above. Reduction of the azide (N3) to NHj is readily
accomplished by typical methods, such as using nickel borohydride, which can be generated in
situ from nickel chloride hexahydrate and sodium borohydride as described herein.

[0077] In some embodiments, the invention provides oligosaccharides and methods to
make oligosaccharides, wherein the oligosaccharide comprises a repeating series of
27a-substituted mannose units; in many embodiments, each of the mannose units has an aza
substituent, typically N3, NH, or NHAC, at C-2 of each mannose unit—e.g., in the compounds
of formula (1), Az would be N3, NH, or NHAc. Optionally, the linkage between at least two of
the mannose units is a phosphonate linkage which may be a 1,6-alpha linkage such as the one
in the compounds in formula (1), where W 1s CH> and X is O. Such 1,6-alpha linkages
comprising a phosphate or a phosphonate, such as the compounds in formula (1) where W 1s
either CH, or O and X is O, can be formed by the Mitsunobu reaction described above.
Preferably, the Mitsunobu is done under modified conditions that are described by Campbell,
as referenced above.

[0078] In another aspect, the invention provides an improved method to make certain
saccharide molecules that are useful for synthesis of the oligosaccharides described above.
Thus the invention provides methods to synthesize certain phosphonate-substituted

monosaccharides. For example, a compound of formula (2), which is available from glucose,
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can be converted into a precursor for a phosphonate ester useful for forming the
phosphonate-comprising 1,6-alpha-linkage shown in formula (1) where W is CHz and X 1s O.

The method includes cyclizing a compound of formula (2) with an electrophile

OR®
R0 OH - 2)
R0
OR,
to form a compound of formula (3).
OR®
R'O . 3)
R°0O
R*0O
El

wherein each of R?, R°, R* and R® is independently H or a protecting group;
and El represents the residue of an electrophile.

[0079] The electrophile used to effect the cyclization may be a mercury salt, in which case
after cyclization to the compound of formula (3), the residue of the electrophile is typically —
HgX, where X is halo, acetoxy, or the like. The mercury can be replaced by treatment with
iodine, giving a compound of formula (3) wherein Elis I. The iodide can then be displaced
with a phosphorus nucleophile; for example, treatment with trialkyl phosphite directly
displaces the iodide and produces a dialkyl phosphonate. Other electrophiles may also be used
to effect the cyclization; for example, halocyclizations are known, and would directly provide a
halide as EI, which could be displaced. Similarly, methods can be used whereby the olefin can
be epoxidized with the correct stereochemistry so that opening of the epoxide can result in the
pyranose ring, and a compound of formula (3), wherein El 18 OH The OH can then be
converted to a halide or a displaceable sulfonate such as a tritlate, tosylate or mesylate, and the
phosphorus can be introduced as described above with triethyl phosphite, of it cén be
introduced by direct nucleophilic substitution using an anionic P species such as the sodium
anion of diethyl phosphite.

[0080] This provides a glucose derivative of formula (3) rather than an N-substituted
mannose unit; thus the invention further provides methods to convert OR? in formula (2) or
formula (3) into an aza substituent having the desired ‘axial’ orientation. This introduction of a

nitrogen substituent is often accomplished by reacting a compound of formula (3) with an
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activating agent to form a compound wherein R? is a-displaceable group, such as a triflate,

tosylate or mesylate. Since such displacements in (2) would result in allylic rearrangement,
this conversion is often done on a compound of formula (3). While it is possible to do this
reaction by ordinary nucleophilic displacements, in one embodiment of the invention, this
replacement of OR? with an aza substituent is done using a Mitsunobu reaction. In a preferred
embodiment, the Mitsunobu reaction employs a phosphoryl azide as the source of the aza
substituent. Thus, the reaction provides a very efficient way to convert a readily available
slucose-derived compound such as (2) into a 2-deoxy-2-aza-substituted mannose derivative,
wherein the 2-aza-substituent is an azide. The azide can then be reduced to an amine such as
treatment with nickel borohydride; and the amine can be functionalized or protected as desired.
In many embodiments of the invention, the amine 18 immediately acylated with a protecting
group, often with acetyl (Ac), since the acetyl group can serve as a protecting group and also
appears in the mannose unit of the CPS of V. meningitidis.

[0081] In another aspect, the invention provides a greatly improved method for making a
y-aza-substituted mannose derivative in protected form. The method comprises displacing the
2-hydroxyl group of an otherwise protected glucopyranose ring by conversion of the
2-hydroxyl to a triflate followed by displacement of the triflate with azide. The nucleophilic
displacement inverts the center, thus converting the glucopyranose into a mannopyranose.
While the displacement itself has been reported, it proceeds i very poor isolated yield using
standard conditions. In the present invention, it has been found that a Iu ch yield of the desired
product can be obtained using the readily available 1,3.4,6-tetra-O-acyl glucopyranose, as long
as the work-up of the reaction is done substantially without water. Thus the triflate 1s
_ displaced by azide anion in a polar aprotic solvent such as DMF or NMP; then, rather than
' using an ordinary aqueous / organic extractive workup to remove most of the solvent and salts;
the reaction mixture may be partially concentrated before it is directly applied to a
chromatography column. Using such a non-aqueous work-up, the product can be eluted from
the column in high yield. _

[0082] The following description provides more detail on the methods for making certain
compounds of the invention.

[0083] One embodiment of a starting monomer acceptor, compdund XTIV shown below, 1s
described in Berkin, A.. et al., Chem. Eur. J. (2002) 8:4424-4433. As an alternative, the

following sequence may be used:
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N
AcO land s TBSO g Esg o .
AcO BnO BnO - .\
AcO BnO BnO
50% O
~"Nuz
TBDMSO—\ VHAC HO—\ o
BnO O v, BuO "
BnO BnO
85% O | 9090% O
0 \/\NHZ \/\NHZ

(i) TBDMSCL, pyr (ii) BnBr, NaH (iii) NIS, AgOT{, HO(CH,),NHZ

(iv) 1. NaBH,, NiCl,(H,0)g 2. Ac,0 (v) TBAF
g \/©
N O
RNHZ= R \I(

O

[0084] When the di-benzyl protected compound was used to introduce the spacer at the
anomeric center, about a 1:1 mixture of anomers was obtained. If instead the benzyl ethers are
replaced with acetate esters, only traces of the beta anomer are obtained, and an 86% 1solated
yield of the desired alpha anomer resulted. Thus, the method provides an etficient way to
produce the desired alpha configuration at this center, which is often the center to which a
spacer connecting the oligosaccharide to a carner protein is attached. The alpha configuration
:s desired because it best matches the all-alpha skeleton of the natural CPS of the target
organism. It was also found that the beta anomer was less reactive in the ethylthio-glycoside
replacement step. However, the acetates sometimes cause difficulties later in the sequence, SO
in some embodiments, the benzyl ethers were utilized for this step. The azido group of the fully
protected 2-aza mannose intermediate was reduced to an amine again using NaBH4/ cat.
NiCl,-6H,0, and the amine was acetylated with acetié anhydride in 85% yield over both steps.
Finally, the silyl ether was removed with TBAF to obtain the starting building block acceptor
in 99% yield.

[0085] A convenient synthesis of the desired elongation monomers is shown n

Schemes 1-3 below, which allow one to prepare elongation monomers having different

protecting groups, for example.
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Scheme 1
BnO BnO
BnO i i O} 111 BnO OH
BnO Og————————>» BnO =
HO o1 % HO
I II
. BnO 0
\Y
—— BB“I% 111
0 HO
o %% HegCl
(1) MeOH/ collidine (i1) BnBr/KOH, HOAc (70%), NaOMe/MeOH (111)

BuL1/ methyl triphenylphosphonium bromide (iv) Hg(OAc),, KCI

[0086] Compound I was obtained and used as a mixture of anomers, and was obtained in
seven steps from glucose. It was elongated via a Wittig reaction with methyl
bromotriphenylphosphine, for example, to afford the alkene in 91% yield. Another preparation
of this alkene from D-arabinose used a two carbon elongation that involves addition of
divinylzinc. Mercury cyclization of compound H afforded exclusively the alpha-C-glycoside,
though the corresponding tetra-O-benzyl protected alkene yields a mixture of anomers.
Alternative methods for cyclizing such species, such as haloetherification and epoxidation /
electrophilic ring opening may be used. The mercury acetate compound was converted to the

corresponding mercury chloride derivative, which was 1solated. The mercury chloride was

subsequently replaced with 1odine in excellent yield by treatment with I,.

Scheme 2
BnO BnO
BnO i BnO O ii
S — . —
BnO BnO
29 % HO
HeCl ’ I
111 1AY;
BnO
BnO O 111 |
BnO — o
TBDMSO 0 TBDMSO I
I 77T % (2 steps) l:—O/\
v VI O\

()1, (ii) TBDMSCl/pyr/imidazole (iii) P(OEt);

[0087] To avoid formation of a cyclic phosphate in the next step, the C2 hydroxyl group
was first protected as a silyl ether. The C-phosphonate VII was obtained by treatment of the
primary 1odide V with triethyl phosphite to give VI in 77% yield. The silyl ether was
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subsequently cleaved from the C2 hydroxyl using tetrabutylammonium fluoride (TBAF) 1n

99% yield.

[0088] The axial acetamido group was introduced by a displacement reaction with azide
followed by reduction and acetylation as shown in Scheme 3. The displacement inverts the
C-2 center, providing the axial orientation of the C-2 acetamide substituent that is found 1n the
natural capsular polysaccharide. This azide was introduced in low yield by preparing a triflate
of the C-2 hydroxyl and displacing it with azide anion. However, by using Mitsunobu
conditions and diphenylphosphoryl azide (DPPA) as the azide source, a high yield (86%) of
the azido derivative IX was obtained. To introduce a selectively removable protecting group at
O-6, the primary benzyl ether of VIII was replaced with an acetate ester in 84% yield using
standard acetolysis conditions; that step could be omitted, in which case all of the benzyl ethers
~ could be cleaved at once. Omitting the acetolysis shortens the synthesis, but makes it more
difficult to use the C-6 hydroxyl for further elongation or other functionalization, although
exchange of the benzyl for an acetyl can also be done after an elongation step. The acetolysis
reaction worked better when a mixture of acetic anhydride and acetic acid (1/1) was used
together with sulphuric acid. The azide was reduced with sodium borohydride in the presence
of nickel chloride hexahydrate, and the resulting amine was acetylated with acetic anhydride to
give compound X 1n 69% yield.

[0089] Scheme 3 illustrates completion of an elongating monomer within the invention that
is a 2-aza mannose unit. For the construction of the elongating C-phosphonate monomer a
modified version of a published approach was used. See Casero, F., et al., J. Org. Chem.
(1996) 61 :3428-3432. After desilylation of precursor VI to afford the 2-OH compound V11,

- azide displacement using Mitsunobu conditions gave the 2-azido-2-deoxy-mannopyranoside
VIII (86%). An orthogonal protecting group, to allow later 6-O elongation, was introduced by
acetolysis to afford the 6-O-acetate IX (84%). Azide reduction followed by acetylation gave X
(76%), from which the ethyl esters were removed to yield the elongating monomer XI with a

- free phosphonic acid. For many embodiments, it is preferred to couple a mono-ester of the
phosphonic acid, so that the product remains protected as a phosphonate ester. These

- compounds can be prepared in two steps as shown below for conversion of XI to XIII. Note
that the azide reduction can be postponed until additional mannose units have been installed 1f

longer oligosaccharides are desired, so that all of the azides can be reduced and the resulting

amines acetylated simultaneously.
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Scheme 3
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[0090] The ethyl protecting groups on the phosphonic acid derivative were replaced with
methyls as shown in Scheme 3 above to facilitate removal after an oligosaccharide has:been
constructed. Once the linked disaccharide has been formed, the linkage is relatively labile
under the conditions needed to cleave the ethyl phosphonates. The ethyl groups were thus
removed quantitatively by treatment with bromotrimethyl silane (TMSBr), and the phosphonic
acid product was converted to its corresponding dimethyl phosphonate in 84% yield using
acetic acid and trimethylorthoacetate. This reaction had to be carefully monitored since
deacetylation is a competing side reaction during prolonged reaction times. Treatment of the
dimethyl phosphonate with triethylamine (TEA) and phenyl mercaptan efficiently afforded the
mono methyl phosphonate XIII in 82% yield.

[0091] Scheme 4 illustrates the coupling reaction to establish a phosphonate linkage
between two mannose units. Both DCC and Mitsunobu conditions have been reported for
coupling a phosphonate to an alcohol like the acceptor monomer, with yields in the range of
50-70%. Pozsgay, et al. (See, A. Berkin, B. Coxon and V. Pozsgay, Chem. Eur. J., 2002, 8,

4424.) However, when the acceptor already contained a phosphonate, the yields dropped
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sharply, which could limit the ability of such conditions to provide the desired trimers,

tetramers, and other longer polysaccharides. Mitsunobu conditions 1n the present case, using
PhsP and DIAD, gave a good yield (47%) of XV. However, substantially better yields were
realized using a modified version of the Mitsunobu conditions, as described in Campbell, J.
Org. Chem. (1992) 57:6331-6335. The conditions from Campbell, using
tris(4-chlorophenyl)phosphine and a large excess of triethylamine, provided XV in an 38%
yield. The best yields are obtained in this reaction when care is taken to exclude other

nucleophilic species that could compete with the weakly-nucleophilic phosphonate anion.

Scheme 4

O(CH,),NHZ

O
| %!—ORQ
& XVII R] = AC, R2 = Me o N'iI)AC
m.g XVIO R, =H, Ry =Me B;O
XIX Rl = R2 =H nO |
O(CH,),NHZ

Key: i) (pCIPh);P, DIAD, Et;N, THF;
if) KOH, MeOH; iif) PhSH, DBU, CH;CN.

[0092] Using the Mitsunobu conditions described above the yield in the trimer formation

was found to be comparable and even higher than in the dimer formation. The dimer XV was

transformed into a new acceptor (—XVI) by deacetylation. The modified Mitsunobu reaction

between XVI and XIII then afforded the trimer XVII in a 92% yield. The identity of the
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prouucts was proven by MS and NMR, the latter partly complex due to diastereomers

phosphonate that result from the chirality of the phosphorus. Compound XVII was
deacetylated, which creates a new acceptor XVIII which can be attached to another clongation
monomer. After this and subsequent removal of the phosphonate methyl ester, the chirality of

the phosphorus center was destroyed, and the NMR data for compound XIX reflected the

absence of phosphorus diastereomers.

R'O NHAc

BnO .

BnO 0O
n =
P—0 XX

| (') NHAc
1 R'=Ac 2R'=0OH BnO .0
BnO

NHAc
.0
XX1
O
] ©
1;—0
0 NHAc
BnO -O
BnO
O
NNNHZ
T™

[0093] It was also found that by prolonging the exposure of the mixture of the acceptor
XIV and elongation monomer XIII to the Mitsunobu conditions, and in the presence of some
excess Xl1lI, the reaction provides longer monomers. Thus under the reaction conditions,
cleavage of the C-6 acetyl group from an incorporated elongation monomer occurs in situ at
some rate; and this provides a new acceptor molecule. Thus to some degree, for example,
conversion of XVI to XVI occurs by prolonged exposure to the Mitsunobu reaction, and under
those conditions in the presence of excess XIII, it forms XVII; and so forth, to produce higher
oligomers. This reaction thus provides a way to make oligomers contamning multiple mannose
units 1n protected form without requiring a stepwise deprotection / isolation process, and

allows the synthesis of immunogenic oligosaccharides of the invention having a distribution of
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s1zes. In some embodiments, this has been shown to provide primarily tetra- and

penta-mannose oligosaccharides, with minor amounts of longer oligomers. It thus provides a
highly efficient way to synthesized longer oligomeric compounds within the invention.
[0094] The mvention also provides a simple and improved synthesis of
2-az1do-2-deoxy-D-mannopyranose from a readily available precursor,
1,3,4,6-tetra-O-acetyl-glucopyranose, as illustrated in Scheme 5. This intermediate is useful

for the synthesis of many of the mannose units of the present invention.

Scheme 5
AcO : AcO g AcO N3
AcO O 1 AcO O " AcO -0
AcOﬁ —> ACOh — ACO%
HO Hac TIO HAc OAc
XXI1I XXIII | XXIV

i, (TfO),0, pyr i, NaN;

[0095] In an attempt to synthesize a protected 2-azido mannose compound,
1,3,4,6-tetra-O-acetyl glucopyranose was converted into its 2-O-triflate using triflic anhydride,
and the triflate was treated with NaN3. According tb TLC and MALDI-TOF-ms, the 2-azido
product forms in a high yield, but apparently it substantially decomposes during a typical
aqueous workup, and the 1solated yield was only 20%. However, when the reaction was
worked up without using water, the yield was sharply improved. Thus most of the DMF used
as the solvent for the displacement was removed under reduced pressure, and the residue was
transterred to a dried column containing a slurry of pre-dried silica in dry toluene. The product
was eluted using a gradient of increasing ethyl acetate in toluene. Once purified, the product
was relatively stable. The 1,3,4,6-tetra-O-acetyl glucopyranose starting material is very easy to
synthesize in large scale in a one pot synthesis from glucose, and the intermediate triflate was
obtained using standard conditions in 97% yield. The isolated yield from the inversion as
mentioned is strongly dependent on how water free the workup 1s: exclusion of water by using
pre-dried glassware and pre-dried silica as described above is necessary for optimum yield. By
minimizing exposure to moisture during work-up and during silica gel chromatography,
reproducible yields of 60% or better were obtained.

[0096] The tetraacetate product shows some tendency to decompose during storage.
However, once converted to its 1-ethylthio glycoside by treatment with EtSH/BF;-Et,O it was
quite stabl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>