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Abstract: Arabinogalactan, a microheterogeneous poly-
saccharide occurring in plants, is known for its allergy-pro-
tective activity, which could potentially be used for pre-
ventive allergy treatment. New treatment options are
highly desirable, especially in a preventive manner, due to
the constant rise of atopic diseases worldwide. The struc-
tural origin of the allergy-protective activity of arabinoga-
lactan is, however, still unclear and isolation of the poly-
saccharide is not feasible for pharmaceutical applications
due to a variation of the activity of the natural product
and contaminations with endotoxins. Therefore, a penta-
saccharide partial structure was selected for total synthesis
and subsequently coupled to a carrier protein to form a
neoglycoconjugate. The allergy-protective activity of arabi-
nogalactan could be reproduced with the partial structure
in subsequent in vivo experiments. This is the first exam-
ple of a successful simplification of arabinogalactan with a
single partial structure while retaining its allergy-preven-
tive potential.

- /

The negative impact on human health of allergic diseases,
often overrepresented in first world countries, has been in-
creasing unimpededly. However, studies have shown that
growing up and living in a traditional farming environment
can decrease the risk of developing these allergies significantly,
which is known as the “farm effect” in literature." Neverthe-
less, the connection between living in a farming environment
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and allergy protection is not yet fully understood.” Arabinoga-
lactan (AG), an immune-modulating natural polysaccharide,
has recently received considerable attention as one potential
origin for this phenomenon.”®

The polysaccharide occurs frequently in grasses that are
present in a farming environment and can be isolated there-
from.*” Unfortunately, the composition of the structurally mi-
croheterogeneous AG is very complex and difficult to ana-
lyse.) There is literature evidence that the allergy-protective
activity of AG could originate from recognition of particular
(terminal) arabinose containing epitopes by the immune
system, since it is known that a cleavage of these significantly
reduced the allergy-protective activity of the polysaccharide.®
Moreover, it was shown in the same work that AG from other
plants, namely Acacia or Larix, does not show allergy-protec-
tive activity. This is probably based on a differing molecular
structure, however, the exact chemical structure of the differ-
ent AG is unknown. Fortunately, pioneering work by Brecker
et al. shed light on the structural composition of AG isolated
from Timothy grass (Phleum pratensis) by deciphering arabi-
nose and galactose containing partial structures (Figure 1A).”)
The latter consist of a f-(1—6)-linked p-galactopyranosyl back-
bone with L-arabinofuranosyl-a-(1—5)- or a-(1—3)- and p-(1—
3)-linked side chains. It was revealed in previous studies that
isolated AG from meadow foxtail (Alopecurus pratensis), which
contains these partial structures, is allergy-protective.”

Preventive and prophylactic approaches with a promising
perspective are still rare, despite a huge research effort in the
search for new treatment options for allergic diseases." While
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A: Arabinogalactan Partial Structures

B: Selected Partial Structure for Total Synthesis
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Figure 1. lllustration of partial structures of AG identified by Brecker and co-
workers using symbol nomenclature for glycans (A).”'” Partial structure of
arabinogalactan selected for total synthesis and its retrosynthetic analysis
(B).

the use of natural polysaccharides for prophylaxis could be en-
visioned, the size and complexity of AG precludes the produc-
tion of chemically well-defined species with consistent biologi-
cal activity. In addition, the separation of natural polysaccha-
rides from other immune-modulating contaminants, such as
endotoxins, is, at least, highly challenging, especially under the
good manufacturing practice conditions required for pharma-
ceutical applications. Gratifyingly, the prime example of fonda-
parinux, a synthetic pentasaccharide used as an anticoagulant,
showcases that the total synthesis of carbohydrate pharma-
ceuticals can be cost-effective, despite their intrinsic high com-
plexity and polyfunctionality."*" In terms of AG, there are a
few examples for the synthesis of related oligosaccharides but
structure-activity relationships are unfortunately missing.!'*"!

Thus, we selected a partial structure of arabinoglactan,
namely a pentasaccharide containing two L-arabinose and
three p-galactose units (Araf,Galp;) as the target for total syn-
thesis to match one of the partial structures in AG (Figure 1A
(structure 1l) and Figure 1B)” which were shown to be biologi-
cally active in earlier studies.” Our overall goal for this project
was to gain a better understanding of the role of glyco-epi-
topes in AG and to achieve a strategic simplification of the
polysaccharide while the useful allergy-protective activity is re-
tained.

The pentasaccharide selected requires construction of a tri-
galactose (Galp;) backbone with two [(-(1—6)-glycosylations
and an additional [3-(1—3)-glycosylation for the attachment of
the arabinose side chain. The latter required the construction
of an a-(1—5)-glycosidic linkage. Additionally, a reactive iso-
thiocyanate spacer was needed for covalent coupling to a car-
rier protein. The synthesis of the pentasaccharide Araf,Galp,;
started with the construction of the trigalactose (Galp;) back-
bone; the (1—6)-connections desired were furnished using a
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Scheme 1. Synthesis of Galp, intermediate 9 over nine linear steps starting
from peracetylated p-Galactose (1).

combination of regioselective enzymatic acetylation and che-
moselective deacetylation in the presence of benzoyl groups
(Scheme 1). An orthogonally stable Fmoc-protecting group
was introduced to enable glycosylation of the Araf,-disacchar-
ide later in the synthesis. In detail, the synthetic route for Galp,
(9) started from peracetylated p-galactose (1) to give the 6-O-
acetyl-protected thioglycoside 2 through a reaction with thio-
phenol, Zemplén deprotection and regioselective acetylation
using a lipase to selectively furnish the 6-O-protected galac-
tose2 in an 83 % yield over three steps.”? Subsequently, galac-
tose2 was benzoylated and glycosylated with spacer 4, which
was synthesized in six steps from 5-phenylvaleric acid (3, de-
tails can be found in the Supporting Information). The 6-O-
acetyl group was then removed using methanolic HCl to give
intermediate 5. The free hydroxyl group obtained in 5 was
then glycosylated with an orthogonally protected galactose 6.
The latter was synthesized from galactose 2 through orthoest-
er formation with triethyl orthobenzoate, benzoylation, regio-
selective cleavage of the orthoester intermediate 2a and, sub-
sequent Fmoc-protection in a 40% yield over three steps.”
Both building blocks, galactose 5 and galactose 6, were glyco-
sylated, 6-O-deprotected and again glycosylated with thiogly-
coside 8 to synthesize a Galp; building block 9 in four further
steps.

The synthesis of the Araf, side chain 14 required a (1—5)
linkage between the L-arabinose units, which was furnished
using the established tritylation-detritylation approach
(Scheme 2).%¥ The cis-glycosidic linkage in the first galactose-
connected arabinose required the use of non-participating O-
protection, while the latter arabinose has a trans-glycosidic
linkage and, therefore, requires participating O-protection for
synthesis.””) According to a report by Lowary and co-workers,
the cis-glycosylation is possible when a conformationally re-
stricted O-xylylene-protected donor is used.”*?”” We adapted

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 2. Synthesis of Araf, intermediate 13 over eight linear steps starting
from L-arabinose (9).

this approach and started the synthesis from L-arabinose (10)
in a Fischer glycosylation in methanol, the product of which
was subsequently benzoylated. Thioarabinoside 11 was subse-
quently prepared from a 1-O-acetyl-intermediate in four steps
and a 26 % yield. Next, the 5-O-deprotected arabinose 12 was
produced in a sequence of debenzoylation, 5-O-tritylation, in-
troduction of the 2,3-O-xylylene ether, according to Lowary
et al., and detritylation to give glycosyl acceptor 12 in a 31%
yield over four steps. The thioglycoside in arabinose 12 should
be used afterwards for glycosylation to trigalactose 9. Thus, an
orthogonal glycosylation, which leaves the thioglycoside
untouched, was required to introduce the second arabinose
unit.  Gratifyingly, using the N-phenyltrifluoroacetimidate
donor 13, synthesized through cleavage of thioglycoside 11
to its hemi-acetal and reaction with 2,2,2-trifluoro-N-phenylace-
timidoyl chloride, furnished the Araf, intermediate 14 desired
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Scheme 3. Synthesis of the AG partial structure Araf,Galp; 15 over four linear steps from the key intermediates Galp; 8
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in a 62% yield in a modified procedure based on Andersen
et al.”

The final steps of the synthesis started with the glycosylation
of Araf, donor 14 with Galp; acceptor 9 (Scheme 3). After a
successful cis-glycosylation and Zemplén deprotection, protect-
ed Araf,Galp; 15 was synthesized in a 27% yield. In the two
final steps, the 2,3-O-xylylene protecting group was removed
under Birch conditions using liquid ammonia and sodium. This
also led to the reduction desired of the azide to an amino
group at the same time. Conversion of the latter to the reac-
tive isothiocyanate with thiophosgene under mildly basic con-
ditions using BaCO; as a mild base in a water/ethanol mixture
gave the target structure Araf,Galp; 16 in a 71% yield over
two steps.

The pentasaccharide was coupled to bovine serum albumin
(BSA) as the carrier protein to create a neoglycoconjugate (Ara-
f,Galp;-BSA, Figure S1) for biological evaluation. Coupling was
accomplished using the reactive isothiocyanate group, which
reacts readily with BSA's free amino groups. The neoglycocon-
jugate created was subsequently evaluated for allergy-protec-
tive activity in a mouse model of allergic asthma (Figure 2).
The treatment of mice with Araf,Galp;-BSA led to reduced al-
lergic inflammation in the airways upon sensitization and chal-
lenge with ovalbumin (OVA) as a model allergen. This can be
seen by the reduction of eosinophilic granulocytes, lympho-
cytes and macrophages (Figure 2 A). Moreover, immunoglobu-
lin E (IgE) production (Figure 2B) and the T,2 response deter-
mined by measuring the in vitro production of interleukin (IL)-
5 and IL-13 by spleen cells is significantly reduced (Figure 2C),
as well as the goblet cell metaplasia (Figure 2D and Figure S2).
The efficacy of treatment was comparable to AG, shown to be
allergy-protective in former studies.” Another hallmark of aller-
gic asthma is airway hyperreactivity (AHR) towards provocation

1.) Na, NHs(1)

2.) Thiophosgene
BaCO3
H,O/EtOH (2:1)

QOH
71%

over 2 steps

and Araf, 13.
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Figure 2. Araf,Galp;-BSA reduces the allergic airway inflammation and sensi-
tization. (A). immunoglobulin E (IgE) was measured in BAL fluid (B). Produc-
tion of IL-5 and IL-13 was determined in spleen cell supernatants after the
restimulation of cells with OVA (C). Goblet cells were counted from five dif-
ferent bronchi of each mouse and expressed as the number of cells per

100 pm basement membrane (D). One-way ANOVA was used to analyse the
data for statistical differences. *p <0.05 and **p < 0.01.

with cholinergic stimuli, such as methacholine. Therefore, the
AHR of mice was tested in the asthma model by measuring
the airway mechanics. As seen for airway inflammation, the
AHR is also significantly reduced in mice treated with Ara-
f,Galp;-BSA (Figure S4).

Chem. Eur. J. 2021, 27, 928 -933 www.chemeurj.org

Next, a neutral control structure was needed to clarify that
the biological activity of pentasaccharide 16 observed results
from the actual recognition of the structure by the immune
system and not from unspecific glycosylation. Hence, we syn-
thesized a glucose pentamer (Glcps) equal in size and presence
of multivalent carbohydrate ligands to pentasaccharide 12 to
form a robust control structure (Scheme 4). b-glucose (17) was
converted to intermediate 18 over five steps in a 21% yield
using standard operations. Glycosylation with thioglycoside 19
and deprotection gave disaccharide 20 over two steps. This
process was repeated to obtain the pentaglucose 21 over five
steps in 46% in an iterative manner (details can be found in
the Supporting Information). After global deprotection, reduc-
tion and conversion of the amine to the isothiocyanate using
the established procedure, pentaglucose 22 was synthesized in
a 39% yield. It was subsequently coupled to BSA to give the
neoglycoconjugate Glcps-BSA (Figure S1). No significant pro-
tection against allergic airway disease was found using Glcps-
BSA as a neutral control structure (Figure S3). These results un-
derline that the allergy-protective activity depends on the spe-
cific composition of the pentasaccharide and is not due to the
unspecific glycosylation of BSA.

Following the initial observation of the allergy-protective
effect of Araf,Galp;-BSA, the mechanism of protection was in-
vestigated. During the treatment of mice with Araf,Galp;-BSA,
a significant increase of BSA-specific immunoglobin G1 (IgGT1)
in serum was observed, which was absent when mice were
treated with unmodified BSA. By contrast, treatment with
Glcps-BSA did not lead to a significantly increased antibody
production (Figure 3A). Interestingly, the titre of BSA-specific
IgG1 shows a strong negative correlation with the number of
eosinophilic granulocytes and OVA-specific IgE, suggesting a
causative relationship between these parameters (Figure 3B
and Q). The galactosylation of the IgG produced was analysed
since it is known that the modification of the Fc-part of IgG
with galactose confers immune-regulatory properties.*=>? |t
was found that the treatment of mice with Araf,Galp;-BSA
causes a significant increase of galactosylated IgG1 (Figure 3D).
The IgG produced was, therefore, suspected of being involved
in the regulation of airway inflammation. However, an interfer-
ence with the induction of eosinophilic airway inflammation
by adoptive transfer of IgG1 was not observed (details can be
found in the Supporting Information, Figure S5), which hints at
a more complex mechanism. In addition to antibodies, B-lym-
phocytes produce cytokines that may affect immune regula-
tion. The so-called regulatory B cells are releasing IL-10 and
provide several other mechanisms of down-regulation of in-
flammatory immune responses.®?**¥ Thus, IL-10 production of
B cells from the lung tissue of mice treated with Araf,Galps-
BSA was confirmed (Figure S6). The activity of IL-10 was
blocked by intranasal administration of a blocking antibody
binding to the IL-10 receptor to analyse whether the IL-10 pro-
duced is involved in the regulation of the allergic immune re-
sponse. As expected, mice that were treated with Araf,Galp;-
BSA and an isotype control antibody showed a significantly re-
duced allergic inflammation (Figure 3E). By contrast, the aller-
gic airway inflammation and sensitization in mice that received

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 4. Synthesis of the glucose pentamer (22, Glcps).

Araf,Galp;-BSA and an IL-10R blocking antibody showed no
significant difference from the phenotype observed in mice
that were not treated with the glycoconjugate. This shows that
IL-10 signaling is probably involved in the mechanism of
immune modulation mediated by Araf,Galp;-BSA (discussion
can be found in the Supporting Information).

In summary, a convergent total synthesis of a partial struc-
ture of AG was accomplished by synthesis of a trigalactose
backbone and an arabinose disaccharide sidechain and their
subsequent combination. Late-stage introduction of a reactive
isothiocyanate and covalent coupling to BSA led to a neogly-
coconjugate. It was shown for the first time that this construct
can reduce the allergic airway inflammation in a mouse model
of allergic asthma in comparable potency as natural AG. The
allergy-protective activity was specific for the composition of
the partial structure and does not result from unspecific glyco-
sylation of BSA, as shown by the synthesis and investigation of
the pentaglucose control structure. Additionally, the mode of
action of the synthesized glyco-epitope was investigated,
where induction of B cells that produce galactosylated anti-
bodies and IL-10 was identified, which was found to regulate
the allergic response. Gratifyingly, we did not observe any neg-
ative side effects accompanying the treatment with Araf,Galps-
BSA and, therefore, believe strongly that this compound is an
interesting candidate for a pharmaceutical approach to pre-
vent allergic sensitization in future work.
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Figure 3. Araf,Galp;-BSA-induced production of specific IgG1. The BSA-spe-
cific IgG1 antibodies were detected by ELISA (A). Antibody titre was correlat-
ed to the number of eosinophilic granulocytes (B) and the concentration of
IgE (C). Galactose modification of IgG was measured in a lectin-binding test
by using the galactose-specific Erythrina crista-galli lectin (D). The immune-
regulatory activity of IL-10 is also involved in Araf,Galp;-BSA-mediated aller-
gy protection. This was shown by blocking the IL-10 receptor by using an Manuscript received: May 8, 2020
antibody, leading to the inhibition of the anti-inflammatory action of Ara-
f,Galp;-BSA (E). One-way ANOVA was used to analyse the data for statistical
differences. Correlation analysis was done by Spearman’s rank correlation.
*p < 0.05, **p <0.01 and ***p < 0.001.
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