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ABSTRACT: Lipopolysaccharide (LPS) mimicry leading to toll-like
receptor 4 (TLR4) active compounds has been so far based mainly on
reproducing the lipid A portion of LPS. Our work led to a series of
structurally simplified synthetic TLR4 agonists in preclinical develop-
ment as vaccine adjuvants called FPs. FPs bind MD2/TLR4 similarly to
lipid A, inserting the lipid chains in the MD2 lipophilic cavity. A
strategy to improve FPs’ target affinity is introducing a monosaccharide
unit in C6, mimicking the first sugar of the LPS core. We therefore
designed a panel of FP derivatives bearing different monosaccharides in
C6. We report here the synthesis and optimization of FPs’ C6
glycosylation, which presented unique challenges and limitations. The
biological activity of glycosylated FP compounds was preliminarily
assessed in vitro in HEK-Blue cells. The new molecules showed a
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higher potency in stimulating TLR4 activation when compared to the parent molecule while maintaining TLR4 selectivity.

B INTRODUCTION

Subunit vaccines do not contain the whole pathogen but only a
part of it, the antigen. This increases the vaccine safety but
lowers their immunogenicity. Vaccine adjuvants are thus
required to promote vaccine efficacy by increasing and
modulating the immune response.”” Despite their utility, the
chemical variety of adjuvants approved for clinical use in
humans is limited,® and the mechanism of some of them is not
fully elucidated. Monophosphoryl lipid A (MPLA, Figure 1),
included in various vaccine formulations (e.g, Cervarix,
Fendrix), is a clinically approved adjuvant whose mechanism
of action is clearly identified.”> MPLA is an agonist of toll-like
receptor 4 (TLR4), a pattern recognition receptor specialized
in the recognition of Gram-negative bacterial lipopolysacchar-
ide (LPS). MPLA activity is due to the structural similarity to
the6 ;fLR4 natural ligand, the lipid A portion of LPS (Figure
1).

LPS is a fundamental component of the bacterial outer
membrane formed by a large polysaccharide moiety and a
smaller lipophilic moiety.*” The lipophilic moiety is the
immunogenic portion, which binds to TLR4 coreceptor MD2.
Nonetheless, the hydrophilic core oligosaccharide of LPS plays
an important role by directly interacting with TLR4. This
interaction, mainly mediated by the first monosaccharide
bound to lipid A (Kdo I), is crucial to increase the binding
affinity between LPS and TLR4.'*~"

Upon LPS binding, the TLR4/MD2 complex dimerizes to
(TLR4/MD2/LPS), and recruits intracellular effectors,
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resulting in the production of inflammatory cytokines and
interferons. >~

Despite its good activity and widespread use, MPLA
synthesis is challenging (>2$ steps, including stereoselective
reactions); this leads to high final costs.'®'”

To tackle this issue, we recently developed a new series of
monosaccharide-based adjuvants called FP compounds (Figure
1). These compounds are formed by a glucosamine core
functionalized with a phosphate and three fatty acid (FA)
chains of variable length (10 to 14 carbons). FPs are selective
TLR4 agonists with proinflammatory properties both in vitro
and in vivo.

With only 6 synthesis steps, their synthesis is significantly
shorter than that of MPLA, resulting in reduced cost, possibly
yielding more cost-effective vaccines.'®

However, FPs” activity as adjuvants is lower than that of
MPLA; further modifications could be pursued to improve
their adjuvancy.

As stated, the oligosaccharide core portion of LPS plays an
important role in the LPS—TLR4/MD2 interaction. Therefore,
mimicking the oligosaccharide core by adding a carbohydrate
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Figure 1. Different TLR4 agonists: LPS, Lipid A, MPLA, FP18, FP20, and the new proposed compounds, glycosylated FP20s.

moiety to FPs could increase the affinity for the receptor and
its biological activity.

This approach can solve another underlying issue of FPs:
their inherent hydrophobicity. By adding a carbohydrate, the
water solubility and the pharmacokinetics and bioavailability
profile may improve.

The chemical synthesis of glycans can be achieved via a
glycosylation reaction, where a glycosyl donor reacts with a
glycosyl acceptor. These reactions are performed with the
assistance of a promoter that helps the departure of a leaving
group on the donor,"” followed by nucleophilic substitution
with the glycosyl acceptor. Chemical glycosylations remain
challenging: outcomes vary depending on protectm§ groups,”

solvents, leaving groups, and promoter systems.

We present here an optimization study of the glycosylation
of FP20, leading to a new series of derivatives functionalized
on the C6 free hydroxyl group with different monosaccharides.

Owing to the presence of ester bonds and phosphates, mild
conditions were required for glycosylation, and a recently
developed cooperatively catalyzed Koenigs—Knorr reaction
and a novel, acid-free, regenerative protocol were em-
ployed.>*~%¢

This new series of TLR4-activating immunostimulants
shows selectivity toward the human TLR4 and a pronounced
increase in potency in hTLR4 HEK-Blue cell activation over
FP20 while maintaining the benefits of a short synthesis,
especially compared with MPLA.

B RESULTS AND DISCUSSION

FP20 has been glycosylated at C6 with five different
monosaccharides: glucose (Glc), galactose (Gal), mannose
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(Man), lyxose (Lyx), and L-rhamnose (Rha), as depicted in
Figure 2.
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FP20Lyx
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Figure 2. Glycosylated FP20 compounds are a new series of TLR4
agonists.

The glycosylation was planned after the desilylation step of
the reported synthesis for FP20 (Scheme 1)'® to minimize the
reactions involved using compound 6 as a glycosyl acceptor.
We initially decided to use fully benzylated donors, as they are
normally very reactive (“armed”) and can be readily
deprotected in the final hydrogenation.””**

We elected to use L-thamnose as a model glycosyl donor, as
it is known to be specifically recognized by a protein involved
in the TLR4 pathway, CD14. CD14 presents the ligand to
TLR4, and it is pivotal for initiating the TRIF/IRF3 pathway, a
determinant contributor to MPLA’s mechanism of action:
engaging it could improve FPs’ activity as adjuvants.”

However, glycosylation of compound 6 proved to be
challenging due to the lability of the lipid chain on position
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Scheme 1. Synthesis Pathway of the New Glycosylated FP20 Compounds
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Table 1. Conditions Used in Early FP20 Glycosylation Attempts
Donors Entry Donor (Eq) Solvent (M) Promoter (Eq) Catalyst (Eq) Tem?oecr;\ ture Yield (%)
o, 1 a(3) DCM (0.05) N/A TMSOT (0.5) 0 N/D
%(ka 2 a(3) DCM (0.05) N/A TMSOTS (0.5) 20 N/D
B0~y © 3 a(3) DCM (0.05) N/A TMSOTE (0.5) 78 N/D
a O 4 b(2) DCM (0.05) N/A FeCl; (0.1) 20 N/D
c 5 b (2) DCM (0.05) N/A FeCl; (0.1) -60 N/D
@% 6 b (1.25) Tol (0.05) Ag,0 (1) TfOH (0.2) 0 20
B”‘: ofn_ 7 b (1.25) Tol (0.05) Ag,0 (1.5) TfOH (0.3) 0 35
8 b (1.25) Tol (0.1) Ag:0 (2.5) TfOH (0.4) 0 60
Table 2. Conditions for FP20 Glycosylation Using Bi(OTf),
Donors Entry Donor (Eq) Solvent (M) Promoter (Eq) Time (h) Yield (%)
8o OBN 8o /OPico 1 a(l.2) DCM (0.05) Bi(OTf); (0.35) 72 45
Bnog&a Bnog& 2 b (1.2) DCM (0.05) Bi(OTf); (0.35) 72 46
a OBn b OBnCi 3 b (1.5) DCM (0.05) Bi(OTf); (0.50) 20 60
4 b (2.0) DCM (0.05) Bi(OTf); (0.75) 18 84
OPico OPico .
é;ﬁ 5 ¢ (2.0) DCM (0.05) Bi(OT)3 (0.75) 16 84
BnO Q BnO Q
" Senci 'Z"O 9 6 d (1.25) DCM (0.05) Bi(OTf); (0.75) 18 94
7 b (1.25) DCM (0.05) Bi(OTf); (0.90) 18 80

C1. Indeed, several common reaction conditions were tried
(Table 1, entries 1—S5), but the lipid chain on the anomeric
position always acted as a leaving group, resulting in substrate
degradation.

Since the conditions used were too harsh on the substrate,
we needed a milder protocol to avoid fatty acid (FA) cleavage.
Consequently, we investigated whether a new method
developed by Demchenko and co-workers, comprising a
cooperatively catalyzed Koenigs—Knorr glycosylation reaction,
would be suitable. According to these conditions, a small
amount of a strong acid additive allows to achieve short
reaction times.”

Applying this protocol, we obtained the desired compound,
albeit in low yield (20%). Encouraged by this result, we tried
different reaction conditions (Table 1, entries 6—8), increasing
the yield to 60%.

When the same conditions were applied to other donors, a
dramatic decrease in yield was observed (down to 15—20%,
Table S1, entries 2—5). This result was rationalized by a
greater steric hindrance of Glc, Gal, and Man donors compared
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to Rha. This is further supported by the fact that glycosylations
with Lyx, a pentose sugar, gave yields similar to those of Rha.

Further conditions were screened by varying the amount of
acid and silver salt employed in the reaction or the protecting
groups on the glycosyl donor (a picoloyl ester was introduced
at C6 because partially acylated glycosyl donors have shown
unusually high reactivity under these conditions).””*° How-
ever, only a small improvement in the reaction outcome has
been observed (30—45% yield) (Table S1, entries 6—12).

Shadrick et al. recently described Bi(OTf); as a milder and
more efficient alternative to silver salts, also doubling as the
acid catalyst.”**® After a brief optimization using this protocol,
excellent yields were obtained (84—94%) with several
picoloylated glycosyl donors (Table 2).

When the Bi(OTf); amount was increased beyond 0.75
equiv., a decrease in yield was observed, rationalized by the
occurrence of disruptive interactions between the metal and
acceptor’s amide, as Bi(OTf;) is known to catalyze reactions
involving nitrogen and oxygen.’*” This hypothesis was
confirmed when fully benzylated donors were used instead of
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Table 3. Conditions Used for FP20 Glycosylation with a Regenerative Glycosylation Protocol

Donors Entry Donor (Eq) Solvent (M) Promoter (Eq) Catalyst(Eq) Time (h) Yield (%)
o8 oBn 1 a(l2)  DCM (0.05) NIS (1.2) HOFox (0.05) 72 84
%nn%g&sa Bé]r?oé)% 2 a(2.0)  DCM (0.05) NIS (2.0) HOFox (0.05) 72 84
OB:
@ " b SEL 3 b (2.0) DCM (0.05) NIS (2.0) HOFox (0.05) 20 90
Bngf); o SEt 4 ¢ (2.0) DCM (0.05) NIS (2.0) HOFox (0.05) 18 91
BnO. SEt BnO
" e e B 5 d(2.00  DCM (0.05) NIS (2.0) HOFox (0.05) 16 86
A HEK BLUET™ h-TLR4 B HEK BLUETM h-TLR2
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Figure 3. Selectivity of glycosylated FP20s toward hTLR4. HEK-Blue hTLR4 cells (A) and HEK-Blue TLR2 (B) were treated with the shown
concentrations of FP20Glc, FP20Gal, FP20Man, FP20Lyx, and FP20Rha, MPLA (1 pg/uL), LPS (100 ng/mL), and Pam2CSK4 (1 ng/mL) and
incubated for 16—18 h. The 100% stimulation has been assigned to the positive control LPS (A) or PAm2CSK4 (B). Data are expressed as mean +
SEM of at least three independent experiments (treated vs nontreated: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

the ones with a picoloyl ester in C6: the yield markedly
dropped and byproduct S1 (Figure S1) was formed because of
N-Bi interactions (for more detailed and probable mecha-
nism, see the SI).

Therefore, while robust and high-yielding, this protocol can
only be applied to our molecules when a C6 picoloylated
donor is used, which requires additional manipulation to arrive
at the final product. Hence, fully benzylated donors were again
tested with a different glycosylation protocol developed by
Demchenko and co-workers, involving regenerative glycosyla-
tion with thioglycoside donors.”> Using this method, we
achieved efficient glycosylation. The respective disaccharides
were obtained in high yields (84—91%) and short reaction
times (0.75—4 h, Table 3).

Once we managed to consistently achieve glycosylation with
different donors, we prepared five variants (Glc, Gal, Man,
Rha, and Lyx, Figure 2) of FP20 and deprotected them
through hydrogenation on Pd/C.

FP20Rha and FP20GlIc have been obtained as an inseparable
mixture of o and f anomers, while FP20Man, FP20Lyx, and
FP20Gal have been obtained as pure @ anomers that mimic the
a-anomeric configuration of lipid A-linked Kdo in LPS (Figure
1). However, as will be discussed below, no significant
difference in TLR4 selectivity has been observed between
the mixtures and the pure diastereomer, suggesting that the
nature of the intermonomeric glycosidic linkage is not a crucial
factor for biological activity.

B /N VITRO ASSESSMENT

The selectivity of the new glycosylated FP20 toward hTLR4
was tested using HEK-Blue cells (InvivoGen).
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These cells were co-transfected with either the hTLR4 or
hTLR2 receptor genes along with the secreted alkaline
phosphatase (SEAP) reporter gene. When the receptors are
stimulated with respective ligands, NF-xB and AP-1 tran-
scriptions are activated through an intracellular pathway,
leading to the release of SEAP that can be quantified using a
colorimetric assay.

HEK-Blue hTLR4 and hTLR2 were treated with increasing
concentrations of FP20Glc, FP20Gal, FP20Man, FP20Lyx, and
FP20Rha (0.1—25 uM) and incubated for 18 h. Smooth LPS
fromSalmonella minnesota and MPLA were used as positive
controls for hTLR4 activation, while PAM2CSK4 was used as
a positive control for hTLR2 activation.

As shown in Figure 3, no activity for hTLR2 was observed,
indicating that these derivatives are selective hTLR4 agonists.

Furthermore, no significant difference in the activity of
FP20Man, FP20Lyx, and FP20Gal (purely a configured) and
Glc and Rha (mixtures of anomers) has been found. The
configuration of the glycosidic bond might not be a
contributing factor for TLR4 ligand recognition and activation.
Both configurations are very likely active; contrarily, a drop in
the activity of FP20Glc and FP20Rha (mixtures) should be
observed when compared with pure a anomers.

Similarly, the nature of the monosaccharide on C6 does not
seem to be fundamental for the activity. No significant
differences in activity and potency were observed for these five
new compounds.

Noteworthily, the potency in inducing TLR4 activation in
this cell line at a concentration of 10 M is very similar to
MPLA (1 pg/uL) for all glycosylated compounds and higher
than parent compound FP20. Furthermore, at 25 uM, the
compounds show a higher activity than MPLA (1 pg/uL) and
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LPS (100 ng/mL). This data suggests that the introduction of
a monosaccharide moiety strongly potentiates the interaction
with the TLR4/MD?2 receptor complex.

B CONCLUSIONS

Many modern vaccines require adjuvants to properly engage
the immune system to build long-lasting immune memory.
However, only a few vaccine adjuvants have been approved for
human use; more structural variety is needed.”

We recently published a new series of TLR4 agonists called
FP20, that are promising vaccine adjuvant candidates.'®

While having a straightforward short synthesis, FPs are less
active than commercially available MPLA and have limited
water solubility.

Here, we show that glycosylating the free C6 hydroxyl of
FP20 increases its potency, which might be related to
improved interaction with the receptor and possible improve-
ment in physicochemical properties, namely, solubility.

However, achieving such a modification is challenging owing
to the lability of the anomeric lipid chain: many common
glycosylating conditions fail to provide the desired compound
due to substrate degradation. A study of the glycosylation
conditions was performed. We found that organocatalysis using
3,3-difluoroxindol (HOFox) and N-hydroxy succinimide
(NIS) resulted in high yields (up to 91%) and short reaction
times (as little as 45 min).

The new glycosylated FP20 derivatives showed activity and
selectivity toward the hTLR4 receptor in HEK-Blue reporter
cells. Promising activation was observed with released SEAP
levels comparable to or even higher than MPLA, regardless of
the anomeric configuration of the sugars. The dramatic
increase in the activity of glycosylated FP20 compared to the
parent molecule suggests a specific role of the added glycosyl
moiety in the interaction with the receptor. The extent of this
pharmacodynamic effect, probably based on sugar interaction
with the receptor, as well as the role of the glycosidic bond
conformation, will be clarified in subsequent studies.

The synthesis of this panel of compounds is much shorter
than MPLA, bringing great advantages in terms of industrial
scalability, waste production, and final price.
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