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ABSTRACT: Inspired by the specificity of a-(2,9)-sialyl epitopes
in bacterial capsular polysaccharides (CPS), a doubly fluorinated
disaccharide has been validated as a vaccine lead against Neisseria
meningitidis serogroups C and/or B. Emulating the importance of
fluorine in drug discovery, this molecular editing approach serves a
multitude of purposes, which range from controlling a-selective
chemical sialylation to mitigating competing elimination. Con-
jugation of the disialoside with two carrier proteins (CRM197 and
PorA) enabled a semisynthetic vaccine to be generated; this was = : e
. . L. q q o 758 Fluorinated Glycan i ¥ Chemical Synthesis | outer Membrane
then investigated in six groups of six mice. The individual levels of Epitope MenC { v Fluorinated Vaccine | Protein
antibodies formed were compared and classified as highly glycan- { v Highly SpecificlgG |
specific and protective. All glycoconjugates induced a stable and
long-term IgG response and binding to the native CPS epitope was
achieved. The generated antibodies were protective against MenC and/or MenB; this was validated in vitro by SBA and OPKA
assays. By merging the fluorinated glycan epitope of MenC with an outer cell membrane protein of MenB, a bivalent vaccine against
both serogroups was created. It is envisaged that validation of this synthetic, fluorinated disialoside bioisostere as a potent antigen
will open new therapeutic avenues.

1. INTRODUCTION selective introduction of fluorine at C3 of protected sialic acid
donors enables highly a-selective chemical sialylation,'” we
embarked upon a campaign to validate the advantages of
fluorinated sialic acids in vaccine development. This led us to
consider the conspicuous a-(2,9)-sialyl linkage of the Neisseria
meningitidis serogroup C epitope (1, Figure 1).

The a-(2,8)-NeuSAc regioisomer present in the CPS of N.
meningitidis serogroup B is prevalent in human neuronal
glycans and therefore unsuitable as a carbohydrate-based
vaccine lead."’ However, the a-(2,9)-sialyl epitope is specific
for bacterial capsular polysaccharides (CPS), rendering it an
appealing synthetic target."* The development of a robust,
stereocontrolled route would also eliminate concerns regarding
contamination of polymeric material directly isolated from the
bacterial capsule,” and facilitate scale-up.

To that end, a chemical sialylation route to the target,
fluorinated disialoside 2 (DisAF), was envisaged to allow for
the stereoselectivity and reactivity to be attenuated, and
suppress competing 2,3-elimination.'® Reducing the poly-
saccharide structural motif to a disialoside and adding an
amino linker provides a handle for conjugation to a carrier

Societal confidence in vaccination is a key driver of innovation
in the design and conception of novel candidates for clinical
translation.' Of the major classes of biopolymers that take
center stage, carbohydrates have proven to be particularly
adept.” This is a consequence of their structural complexity
and diversity.” Glycan-based molecular recognition manifests
itself across the spectrum of biological function,” and is central
to the immune response. However, the successful implemen-
tation of carbohydrate-based vaccines continues to be
frustrated by the low binding affinities of glycan-protein
interactions,” and the hydrolytic labilities associated with the
glycoside linkages.” Medicinal chemistry approaches to
enhancing binding affinities and improving the metabolic
stability of glycans’ have been intensively pursued and
represent a new frontier in biomedical research.”® However,
this strategy must be reconciled with the challenges associated
with stereocontrolled de novo synthesis campaigns and site-
selective editing.” Inspired by the success of fluorination as a
molecular editing strategy in pharmaceutical design,” it was
reasoned that judicious installation of a C(sp®)-F bond
proximal to the glycosidic linkage may play a multitude of

roles in vaccine development. These include regulating Received: March 4, 2024 =JACS
glycosylation,10 increasing enzymatic stability7 and providing Revised:  April 22, 2024 . =3
a valuable NMR active nucleus to facilitate structural Accepted:  April 23, 2024 3@&
determination.""  Collectively, these attributes provide a Published: May 20, 2024 g @
compelling argument for the strategic use of fluorinated sugars

in vaccine development. Motivated by our observation that the
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Figure 1. Leveraging fluorine-directed sialylation to create a novel
glycomimetic for validation in MenB and MenC vaccine development.

protein. Two different carrier proteins and two adjuvants were
used to decipher the effect of the immunogenicity. As the CPS
of N. meningitidis serogroup B cannot be used as a blueprint for
a synthetic vaccine, the use of a specific carrier protein (PorA)
was envisaged. PorA is part of the commercial vaccine against
MenB, but to the best of our knowledge, it has never been used
as a carrier protein in this context. By merging the properties of
the carbohydrate epitope and carrier protein in the design, it
was envisaged that a novel C-3 fluorinated glycoconjugate
against both serogroups B and C could be validated. A bivalent
vaccine is particularly advantageous in regions where
serogroups B and C are most prevalent (Europe, the Americas,
Africa, and Australia).

2. RESULTS AND DISCUSSION

2.1. Chemical Synthesis of the Fluorinated Disialo-
side. The retrosynthetic analysis of target disaccharide 2 was
contingent on the success of two a-selective sialylation
processes that would leverage the directing group effect of
the axial C(sp*)-F bond. Consequently, the generic building
blocks I, II, and III were conceived as bearing appropriate
protectitive group patterns.

Central building block 10 was prepared by the esterification
of commercially available N-acetylneuraminic acid in the
presence of Amberlyst and methanol (Scheme 1, compound 3)
before the acetate protection of the remaining hydroxyl groups
produced 4 in quantitative yield over two steps. Elimination
using PPh;-HBr at 50 °C proved to be operationally simple
and forged product § with a 77% yield. Importantly,
performing these first four steps on a gram scale did not
compromise efficiency.

Following acetate hydrolysis to furnish 6, orthogonal
protecting groups were introduced, beginning with the
acetonide at the C8/C9 diol (7). Subsequent benzylation at
the C4 and C7 positions furnished the fluorination precursor 8.
This was smoothly converted to 9 by treatment with
Selectfluor.'” It is important to note that partial cleavage of
the acetonide was observed during the fluorination reaction.

Scheme 1. Retrosynthetic Analysis of Target 2 and Synthesis
of Fluorinated Building Block 10
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However, regeneration was facile by treating the crude mixture
following work up with p-TsOH and dimethoxy propane.
Gratifyingly, the ratio of equatorial (9,.,) and axial (9,,)
fluorination was 2:1 in favor of the desired diastereoisomer
(9.0)- This hydroxyfluorination also regioselectively installed
the C2 OH group, which was then processed to donor 10.
The union of 10 and the protected amine 11 proceeded with
high levels of stereocontrol. The "F NMR analysis of 12
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Scheme 2. Synthesis of the Target Disialoside 2 using the
Phosphite Donor 14
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revealed a single peak at —218 ppm, which is fully consistent
with a-selectivity. In contrast, '’F NMR shifts for the f-anomer
typically appear around 208—209 ppm.'” To enable the final
glycosylation reaction, the C-8 and C-9 positions of 12 were
deprotected using Amberlyst. The resulting product (13) was
then exposed to phosphite donor 14."” Selective reaction at the
primary C-9 position proceeded smoothly and furnished

protected disaccharide 15 with exclusive a-selectivity. Final
deprotection was achieved by exposure to palladium on
charcoal, followed by ester hydrolysis, to yield target
compound 2 (Scheme 2).

Detailed '""F-NMR analysis of 2 confirmed the a-
configurations of both linkages, and this was further supported
by '"H NMR and 2D analysis (Figure 2. Please also see the
Supporting Information).

2.2. In Vivo Validation of Vaccine Candidates in Mice.
Carbohydrates are known to produce a short-lived and
comparatively weak immune response, as they elicit a T-cell-
independent response.””'® Therefore, to enable T-cell-depend-
ent B-cell activation and impart long-term immunity, glycans
are frequently conjugated to a carrier protein.zﬁlg Con-
sequently, fluorinated disialoside 2 (DisAF) was covalently
conjugated to CRM197, a commonly used and FDA-approved
protein in glycoconjugate vaccines,”’ and Porin A, a specific
protein from N. meningitidis serogroup B.”' These carrier
proteins were linked to the synthetic glycan using a p-
nitrophenyl adipate ester as a coupling reagent, generating the
semisynthetic glycoconjugates DisAF-CRM197, as a MenC
vaccine lead, and DisAF-PorA as a bivalent vaccine against
both serogroups (Figure 3A).

Two different adjuvants were used in this study: aluminum
hydroxide adjuvant (Alum) or Freund’s Adjuvant, to compare
their effects on the immune response. Alum is an approved and
widely employed adjuvant in current human vaccines”” and
Freund’s Adjuvant is one of the most widely employed
immunopotentiators in animal research. 23ab

To determine the immunogenicity of these formulations,
four groups of C57BL/6 mice (Envigo, n = 6) were immunized
with DisAF-CRM-Alum, DisAF-CRM-Freund’s, DisAF-PorA-
Alum, or DisAF-PorA-Freund’s and two control groups (n = 6)
were injected with PBS-Alum or PBS-Freund’s. According to
the immunization scheme shown in Figure 3B, 1 ug of DisAF
conjugates in a volume of 100 uL were injected on days 0, 14,
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Figure 2. ’F NMR analysis of disialoside 2 (DisAF). Highlighted are the characteristic coupling constants via two and three bonds, respectively.
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Figure 3. All glycoconjugates showed high immunogenicity. A) Fluorinated disaccharide (2, DisAF) and CRM197 or PorA conjugation reactions.
B) Immunization schedule. DisAF-CRM-Alum, DisAF-CRM-Freund’s, DisAF-PorA-Alum, DisAF-PorA-Freund’s, PBS-Alum, and PBS-Freund’s
were administered at the time points indicated (d0, d14, d28, and d196). Mice (n = 6) were immunized with a dose of vaccine equivalent to 1 g of
synthetic antigen. C) A representative picture of the glycan array analysis of serum from immunized mice. The black dots showed the binding of the
antibody to DisAF and to CRM197 printed on the glass slide. D) DisAF-specific IgG response measured using glycan arrays. Serum samples from
immunized mice were collected at each time point. A serum dilution of 1:100 was used. The different symbols indicate the mean fluorescence
intensity value + SEM of six animals per group. E) Evaluation of DisAF-specific IgG response in mice immunized with DisAF-CRM-Alum, DisAF-
PorA-Alum, and PBS-Alum was measured by glycan array. The different symbols indicate the mean fluorescence intensity value + SEM of six
animals per group. Statistical analysis was performed by Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01, ¥** p < 0.001**** p < 0.0001.
F) The DisAF-specific IgG response in mice immunized with DisAF-CRM-Freund’s, DisAF-PorA-Freund’s, and PBS-Freund’s was measured by a
glycan array. The different symbols indicate the mean fluorescence intensity value + SEM of six animals per group. Statistical analysis was
performed by Tukey’s multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001**** p < 0.0001.

and 28 and boosted on day 196 to study the long-term
immune response. Due to the expected enhanced immune
response of the fluorinated carbohydrate relative to the natural
epitope,”"® a significantly lower amount of conjugate was
administered than in other studies.”*

Glycan arrays allow for simultaneous screening of multiple
samples and antigens and facilitate the investigation of specific
antibody generation.”* This approach enabled sera from
different mice to be screened to detect antibody levels after
immunization. Immunization with all glycocojugates resulted
in antibody production after the second boost, and antibody
titers increased over time (Figure 3D—F). All glycoconjugates
showed similar IgG long-term responses, meaning that the
conjugation to either carrier protein and both adjuvants
successfully activated the immune system in a T-cell-depend-
ent manner (Figure 3D). On day 70, the antibody titers
reached the highest level and decreased thereafter. Following
the last boost on day 196, the IgG levels rose to similar or even
higher numbers, indicating that memory B cells were produced
that ensure a fast release of high antibody titers.”> The groups

15369

immunized with DisAF-PorA-Alum and DisAF-CRM-Freund’s
showed the highest IgG signals (Figure 3E,F). It should be
noted that higher antibody titers do not always correlate with
higher protection.”® The different subclasses of IgG, IgGl,
IgG2, and IgG3 are related to the level of protection and
bacterial clearance.”” Subclass IgGl was most prevalent,
followed by IgG2 and IgG3 (Figure S3). This finding is in
agreement with an earlier study exploring semisynthetic
glycoconjugate vaccines against N. meningitidis.Hb’28 IgG1
and IgG3 isotypes are very effective in the binding and
activation of complement.”

IgGl is well-known to play an important role in
opsonization and in effector functions.”® In addition, it has
been determined that murine IgG3 is highly protective, but
IgG2 binds strongest to Fc receptors.”*”*” Therefore, the
generation of diverse IgG isotypes can be advantageous against
bacteria. The choice of adjuvant can have an effect on the IgG
subclasses production.31 In this investigation, both adjuvants
induced a strong production of IgGl but Alum elicited a

https://doi.org/10.1021/jacs.4c03179
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Figure 4. Antibodies produced by immunization with different glycoconjugates bind the synthetic glycan, as well as to the native CPS and whole
bacteria. A) IgG levels on day 42 postimmunization to the fluorinated glycan and to the carrier protein measured by glycan array. Statistical analysis
was performed by Tukey’s multiple comparisons test. A serum dilution of 1:100 was used. The different symbols indicate the mean fluorescence
intensity value + SEM of six animals per group. * p < 0.05, ** p < 0.01, *** p < 0.001**** p < 0.0001. B) IgG response on d42 p.i. to Porin A in
ELISA (Mean + SEM). Statistical analysis was performed by Tukey’s multiple comparisons test. A serum dilution of 1:100 was used. * p < 0.05, **
p < 0.01, ##* p < 0.001**** p < 0.0001. C) IgG antibody levels were measured using ELISA plates coated with CPS of N. meningitidis C (mean +
SEM). Statistical analysis was performed by Tukey’s multiple comparisons test. A serum dilution of 1:100 was used. * p < 0.05, ** p < 0.01, *** p <
0.001°**#* » < 0.0001. D) IgG antibody levels were measured using ELISA plates coated with whole N. meningitidis C (Mean + SEM). Statistical
analysis was performed by Tukey’s multiple comparisons test. A serum dilution of 1:100 was used. * p < 0.05, ** p < 0.01, *** p < 0.001**** p <
0.0001. E) IgG antibody levels were measured using ELISA plates coated with whole N. meningitidis B (Mean + SEM). Statistical analysis was
performed by Tukey’s multiple comparisons test (not significant). A serum dilution of 1:100 was used.

higher IgG2 concentration than Freund’s adjuvant (Figure S3,
see the ESI).

In order to compare the total IgG antibody levels produced
by the different groups, the immune responses on day 42

since carrier proteins can also be presented via MHC II
Antibody binding and

recognition were then tested against the synthetic glycan, the

without the attached glycan.””

carrier proteins, the native CPS of N. meningitidis C (as DisAF
postimmunization were studied in more detail (Figure 4A). In

contrast to the negative controls (PBS + Alum or PBS+
Freund’s Adjuvant), all groups receiving one of the
glycoconjugate vaccines responded statistically higher and all

mimics its structure), as well as to whole bacteria. The CPS or
the whole bacteria were coated on 96-well plates, and the
antibody binding was measured by ELISA. Binding was

showed similar IgG titers. Moreover, the immune response to detected in the case of mice vaccinated with the different

both carrier proteins was evaluated (Figure 4A,B). The mice
immunized with the glycoconjugates produced IgG antibodies
that specifically recognized CRM-197 or PorA, respectively,
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glycoconjugate formulations (Figure 4C).
Administration of all glycoconjugates led to the production
of antibodies that specifically bound to native N. meningitidis C
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Figure 5. Confocal fluorescence microscope images of heat-
inactivated N. meningitidis with the sera of immunized mice. Green,
anti-IgG-488; blue, DAPI; grayscale, transmission light. A) Binding of
1:100 diluted sera of mice immunized with DisAF-CRM-Alum to N.
meningitidis C. B) Binding of 1:100 diluted sera of mice immunized
with DisAF-PorA-Alum to N. meningitidis C. C) Binding of 1:100
diluted sera of mice immunized with PBS-Alum to N. meningitidis C.
D) Binding of 1:100 diluted sera of mice immunized with DisAF-
PorA-Alum to N. meningitidis B. E) Binding of 1:100 diluted sera of
DisAF-PorA-Freund’s to N. meningitidis B. F) Binding of 1:100
diluted sera of mice immunized with PBS-Freund’s to N. meningitidis
B.

CPS (Figure 4C). The response by the groups receiving
Freund’s Adjuvant was slightly but not significantly higher.

A higher production of binding antibodies might influence
protection efficacy, but this is not directly linked.”>*" It is
interesting to note that the antibodies were also bound to
whole bacteria (Figure 4D). Only mice immunized with
glycoconjugates containing PorA as carrier proteins generated
antibodies that specifically recognized N. meningitidis B (Figure
4E).

Confocal fluorescence microscopy confirmed that the
antibodies recognize native CPS on the surface of the bacteria.
The pooled sera from the different groups of mice were
incubated with heat-inactivated N. meningitidis C or N.
meningitidis B, respectively, and labeled with anti-IgG-488.
Animals immunized with the synthetic glycan exhibited strong
binding of IgG to N. meningitidis C (Figures SA,B and S4).
However, no signal was detected in the negative controls
(Figures SC and S4). Moreover, the antibodies generated by
mice immunized with glycoconjugates that contained PorA
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Figure 6. Quantification of flow cytometry-binding assays. A) Binding
of 1:100 diluted sera and controls to N. meningitidis C (n = 3). B)
Binding of 1:100 diluted sera and controls to N. meningitidis B (n =
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recognized N. meningitidis B (Figures SD,E and SS). None-
theless, no binding was observed in either the negative controls
or the groups with CRM197 as the carrier protein (Figure S4).
Hence, conjugating the glycan to PorA, which is specific for N.
meningitidis B, resulted in the generation of antibodies that
bound to both serogroups. These findings were consistent with
the results obtained by the ELISA.

The binding of serum antibodies to the respective bacteria
was quantified using flow cytometry. Sera dilutions of 1:100
were incubated with 10" CFU/mL of bacteria and labeled with
anti-IgG-488. Before quantification, samples were fixed with
4% PFA. Antibodies produced by all of the groups receiving
the glycoconjugate were bound to N. meningitidis C, while
none of the negative controls were bound (Figure 6A).
Moreover, the groups immunized with PorA as a carrier
protein produced antibodies that bound to N. meningitidis B
(Figure 6B). Some unsgpeciﬁc binding in the negative control
groups was observed.”” The different techniques, ELISA,
confocal fluorescence microscopy, and flow cytometry,
demonstrated that the antibodies generated in response to
the immunization with glycoconjugates bound to the bacterial
cell wall as they recognized native CPS.

The antibodies strongly bound to the pathogen, but their
key role is to eliminate the bacteria and protect against
infection.”® Two in vitro functional assays were employed to
assess the functional activity of the antibodies and measure the
vaccine efficacy,” the serum bactericidal antibody (SBA) assay
and the opsonophagocytic killing assay (OPKA). Both assays
work similarly, whereas, SBA mediates antibody-mediated and
complement-dependent killing of the bacteria, OPKA meas-
ures antibody-mediated, complement-dependent uptake and
killing by phagocytic cells.”> The SBA assay was performed
with either N. meningitidis B or C using the rabbit complement.
Sera from humans vaccinated against N. meningitidis C served
as a positive control.
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Figure 7. In vitro killing activity of DisAF-CRM-Alum, DisAF-CRM-
Freund’s, DisAF-PorA-Alum, DisAF-PorA-Freund’s, and PBS-Alum
and PBS-Freund’s vaccine-generated antibodies. A) Serum bacter-
icidal assay. In vitro complement killing of N. meningitidis C mediated
by polyclonal antibodies from the immunized mice (n = 6). Data are
means of CFU reduction relative to negative control wells (samples
lacking antibodies) of three independent experiments. Human control
sera from immunized patients were used as a standard. B) Serum
bactericidal assay. In vitro complement killing of N. meningitidis B
mediated by polyclonal antibodies from the immunized mice (1 = 6).
Data are means of CFU reduction relative to negative control wells
(samples lacking antibodies) of three independent experiments. C)
Opsonophagocytic killing assay. In vitro opsonophagocytic killing of
N. meningitidis C mediated by polyclonal antibodies from the
immunized mice (n = 6). Data are means of CFU reduction relative
to negative control wells (samples lacking antibodies) of three
independent experiments. Human control sera from vaccinated
patients against N.meningitidis C were used as a standard. D)
Opsonophagocytic killing assay. In vitro opsonophagocytic killing of
N. meningitidis B mediated by polyclonal antibodies from the
immunized mice (n = 6). Data are means of CFU reduction relative
to negative control wells (samples lacking antibody) of three
independent experiments.

We observed that in both DisAF-CRM-Alum and the human
sera control at a 1:8 sera dilution, there is 50% killing of N.
meningitidis C (Figure 7A), similar to previous reports using
synthetic glycan-based vaccine candidates.”®*® For the other
groups, 50% killing occurs at a 1:4 dilution (Figure 7A). Only
antibodies produced by the animals that received PorA as the
carrier protein are protective against N. meningitidis B, with
50% killing at a 1:8 dilution (Figure 7B). Antibodies from the
group that received DisAF-CRM-Alum display the highest
level of protection, but the group receiving DisAF-PorA-Alum
appears to be protective against both N. meningitidis B and C.

OPKA quantifies the opsonic activity of the specific
antibodies and the uptake of the bacteria by phagocytic cells,
resulting in the death of the bacteria.””>** The 50% killing of
N. meningitidis C is between 1:32 and 1:64 serum dilutions for
the DisAF-CRM-Alum group, but human control sera showed

a slightly higher protection (Figure 7C). For the other groups,
the 50% killing of N. meningitidis C and the 50% killing of N.
meningitidis B occurred at a serum dilution of 1:16 (Figure
7C,D). As for SBA, the DisAF-CRM-Alum group elicits the
strongest protection against N. meningitidis C, and DisAF-
PorA-Alum antibodies are somewhat protective against both
serogroups.

These results indicate that although the groups that received
Freund’s Adjuvant may produce slightly higher levels of IgG
antibodies, it does not necessarily imply that these antibodies
are more effective in providing p1‘otection.26b’31 The group
immunized with DisAF-CRM-Alum was most effectively
protected, while the antibodies produced by the DisAF-
PorA-Alum group were able to provide some protection
against both serogroups. Both groups showed higher signals of
IgGl and IgG2, which may be essential in fighting the
pathogen, as they play a crucial role in opsonization as well as
in effector functions.”””” IgG2 is known to be involved in
anticarbohydrate responses against bacterial capsular poly-
saccharides.” It is important to stress that the complexity of
the immune system implicates other factors, such as
inflammatory responses or complement recruitment, in
providing protection.”””'

3. CONCLUSION

In conclusion, a synthetic, difluorinated glycomimetic of the a-
(2,9)-sialyl epitope (2, DisAF) of N. meningitidis C was
produced in 16 steps. Stereoselective chemical sialylation
proved to be key in the assembly of the lead structure, where
the directing effect of the C(sp®)-F bond enabled the target a-
disialoside to be forged efficiently and suppressed competing
elimination. This chemical strategy enables configurationally
well-defined material to be accessed on a large scale, and
mitigates many of the risks associated with material isolated
from biological sources. The fluorinated mimics are excellent
bioisosteres of the native system and induce the generation of
highly specific IgG antibodies. To achieve a T-cell-dependent
immune response and enhance the generation of memory B
cells, the fluorinated glycan was conjugated to the carrier
proteins, CRM-197 or PorA. All glycoconjugates induced a
strong and long-lasting IgG response, as IgG1 dominated in
mice. Varying the carrier proteins or adjuvants did not result in
notable differences in the antibody response. A key feature of
this design is that the combination of the fluorinated glycan
epitope of MenC with an outer cell membrane protein of
MenB enables the generation of a bivalent vaccine against both
serogroups. PorA glycoconjugates induced the production of
strong binding antibodies to N. meningitidis C and N.
meningitidis B, indicating that these fluorinated glycoconjugates
are promising vaccine leads against N. meningitidis serogroups
B and/or C.
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