7 ROYAL SOCIETY
PN OF CHEMISTRY

RSC
Medicinal Chemistry

RESEARCH ARTICLE

Synthesis and immunological evaluation of N-acyl
e s e wes crem 20 o TNOdIfied Globo H derivatives as anticancer
1239 vaccine candidates

i '.) Check for updates ‘

Canjia Zhai, @i Xiu-Jing Zheng,i Chengcheng Song and Xin-Shan Ye (D}

Globo H is a tumor-associated carbohydrate antigen (TACA), which serves as a valuable target for
antitumor vaccine or cancer immunotherapies. However, most TACAs are T-cell-independent, and they
cannot induce powerful immune response due to their poor immunogenicity. To address this problem,
herein, several Globo H analogues with modification on the N-acyl group were prepared through a
preactivation-based glycosylation strategy from the non-reducing end to the reducing end. These modified
Globo H derivatives were then conjugated with carrier protein CRM197 to form glycoconjugates as
anticancer vaccine candidates, which were used in combination with adjuvant glycolipid C34 for
immunological studies. The immunological effects of these synthetic vaccine candidates were evaluated
on Balb/c mice. The results showed that the fluorine-modified N-acyl Globo H conjugates can induce
higher titers of IgG antibodies that can recognize the naturally occurring Globo H antigen on the surface
of cancer cells and can eliminate cancer cells in the presence of a complement, indicating the potential of
these synthetic glycoconjugates as anticancer vaccine candidates.
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o-1-Fuc-(1,2)B-p-Gal  (1,3)-B-0-GalNAc-(1,3)-0-p-Gal-(1,4)-B-0-Gle-
(1,4)-B-Cer, where the fucose at the non-reducing end and the

Introduction

Cancer cells can often express some unique carbohydrate
sequences on their surfaces because of the aberrant
glycosyltransferase activity within these cells. These unusual
glycans are known as tumor-associated carbohydrate antigens
(TACAs)."* TACAs are important targets for the development of
antitumor vaccines or cancer immunotherapies. Unfortunately,
most TACAs are T-cell-independent antigens, and they are also
expressed by normal tissues at a low level, and this leads to
their poor immunogenicity.® Strategies to enhance the
immunogenicity of TACAs include conjugating TACAs with a
suitable immunogenic carrier such as proteins,*” modification
of TACAs through metabolic oligosaccharide engineering
(MOE) which focuses on the modification of sialic acid,*’” and
introducing unnatural TACA analogues such as modification of
carbohydrate antigen structures.®™°

Globo H is a member of Globo series TACAs. It was first
separated and characterized from human breast cancer cell line
MCF-7 in 1983,"'* and was later found to be overexpressed in
many kinds of cancer cells in the form of glycosphingolipid."*-
Fig. 1a shows the natural Globo H antigen with the structure of
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B-linkage at the CD junction play important roles in the
recognition with its antibody.">'* Globo H antigen has been
conjugated with a protein carrier,"”>™"” monophosphoryl lipid A
(MPLA),"® or polysaccharide A1 (PS A1)™ for the development of
anticancer vaccines. Even though the Globo H-KLH vaccine has
been approved for clinical trials,”**" there are still limitations in
their clinical application since this vaccine usually elicited higher
titers of IgM antibody than those of IgG antibodies, implying
that the T-cell-mediated immune response is weak, which is a
major challenge in carbohydrate-based vaccine design.>*
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Fig. 1 (a) Natural Globo H antigen; (b) modified Globo H derivatives in

this work.
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Because of the similar atom radius and lipophilicity of
fluorine compared with those of a hydrogen atom, and the
absence of fluorinated compounds in most organisms,
fluorinated modifications of TACAs have been applied as a
way to improve the immunogenicity in the development of
anticancer vaccines.>*** More importantly, fluorination of
antigens has been shown to be a strategy to enhance the
enzymatic stability of synthetic vaccines.”® Previously, our
group conducted a series study of N-acyl modified STn
antigens and discovered that fluorinated modifications on
the STn can enhance the anti-STn IgG titers.>® Based on this
previous work, we want to design and synthesize N-acyl
modified Globo H derivatives (Fig. 1b) with the aim to
improve its immune efficacy. Herein, we describe the design,
synthesis, and immunological evaluation of these Globo H
analogue glycoconjugates.

Results and discussion

Because of the biological importance of the Globo H antigen
in the development of anticancer vaccines, the preparation of
the Globo H carbohydrate antigen has attracted considerable
attention.  Different  strategies  including  chemical
synthesis,**™'  and  chemoenzymatic ~or  enzymatic
method'”**3* have been developed for the construction of
Globo H hexasaccharides. The strategy we used in this work
mainly refers to the method reported by Huang's group®! with
some modifications, where the Globo H hexasaccharide was
retro-synthetically divided into four components: AB, C, DE,
and F. The synthesis was carried out from the non-reducing
end F to the reducing end AB through a preactivation-based
strategy.”* Monosaccharide building blocks 1, 2, 3 and 9 were
prepared according to the literature.® The synthesis of DE
disaccharide building block 7 is shown in Scheme 1. Glycosyl
donor 2 was preactivated with Ph,SO/Tf,O followed by the
addition of glycosyl acceptor 3 to afford disaccharide 4, which
was subsequently converted to disaccharide building block 7
following a reported procedure.’*

For the synthesis of lactose building block 14 (AB),
compound 11 (ref. 35) bearing a five-carbon amino linker was
reacted with benzaldehyde dimethyl acetal to protect the
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Scheme 1 Synthesis of building block 7. Reagents and conditions: a)
Ph,SO, Tf,O, TTBP, DCM, preactivation of compound 2 at -72 °C for
15 min, then addition of compound 3, 85%; b) NaOMe, DCM/MeOH,
82%; c) 1,3-propanedithiol, EtsN, DCM/MeOH, 86%; d) TrocCl,
NaHCOs, THF, 64%.
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Scheme 2 Synthesis of lactose building block 14. Reagents and
conditions: a) PhCH(OMe),, CSA, DMF, 85%; b) BnBr, NaH, TBAI, DMF,
0 °C tor.t., 73%; c) NaBHsCN, HCL, THF, 0 °C to r.t, 82%.

4,6-hydroxyls on the galactose moiety, followed by the global
benzyl protection to get compound 13, which was further
converted to building block 14 as the last component in the
assembly of the Globo H hexasaccharide (Scheme 2).

The preparation of the globally protected Globo H
hexasaccharide is shown in Scheme 3. Starting from the non-
reducing end, first, the preactivation of fucose building block 1
at =72 °C with Ph,SO/Tf,0O in dichloromethane (DCM), which
was followed by the addition of disaccharide acceptor 7,
generated trisaccharide 8 in 82% isolated yield. The
construction of tetrasaccharide 10 from trisaccharide 8 and
galactose building block 9 was conducted in the same way by
preactivation of 8 followed by the addition of 9. The last step
was the a-glycosylation of compound 10 and lactose building
block 14. The reaction was carried out, providing a coupled
product, but the ratio of the desired product/byproduct (15c/
158) was only 1.2 when DCM was used as the solvent. To
improve the yield of the a linkage product, when the solvent
was switched to ether, the ratio of 15a/15f was increased to 3.7.
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Scheme 3 Synthesis of protected Globo H saccharide.
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Scheme 4 Synthesis of Globo H derivatives. Reagents and conditions:
a) 1 M NaOH, THF, 50 °C, overnight; b) anhydride of corresponding
carboxylic acid, pyridine, DMAP; for compound G1, CH,FCOCI,
pyridine, DMAP; ¢) H,, Pd(OH),/C, THF/HOAc/H,O, 64% for compound
GO, 47% for compound G1, 61% for compound G2, 66% for compound
G3, over three steps.

To synthesize the N-acyl modified derivatives, the
trichloroethoxycarbonyl (Troc) group was deprotected to get
the free amino functionality, which was further reacted with
the corresponding acetic anhydride or fluorinated acetyl
anhydride  (fluorinated  acetyl  chloride for  the
monofluorinated derivative). Finally, global deprotection was
conducted under catalytic hydrogenolysis conditions (H,/
Pd(OH),) to generate the target molecules GO-G3 (Scheme 4),
which were purified by C18 reversed-phase column
chromatography (H,O — H,0/MeOH, 8/1, v/v) to give the
corresponding deprotected product. The final products were
characterized by NMR (*H, "*C, HMBC) spectroscopy and
HRMS analyses (see the ESIT). The 'H NMR data of the native
compound GO coincide with those reported in the
literature.”” These globally deprotected products were further
used to conjugate with protein to prepare glycoconjugates as
vaccine candidates.

Carrier protein diphtheria toxoid cross-reactive material
(CRM) 197 is a US FDA approved vaccine carrier protein.
Compared with the Globo H-KLH+QS21 vaccine used in
clinical phase III, the Globo H-CRM197+C34 vaccine has been
shown to induce higher titers of IgG antibodies, which has
been approved for clinical studies.*®*® Thus, we chose
CRM197 as a carrier protein and glycolipid C34 as an
adjuvant. With Globo H and its N-acyl modified derivatives in
hand, the conjugation with protein was performed to prepare
glycoconjugates. The glycoconjugates prepared
according to a reported procedure.’” As shown in Scheme 5,
the Globo H analogues (G0-G3) were treated with an excess
amount of linker 16 (ref. 38) to generate the corresponding
ester intermediates. The reactions were monitored by TLC.
These ester intermediates were subsequently incubated with
proteins (CRM197 or BSA) in PBS buffer (pH 7.6). The

were
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Scheme 5 Synthesis of Globo H-derived glycoconjugates.

resulting product was then purified through dialysis in PBS
buffer to afford the corresponding glycoconjugate. The
carbohydrate loading percentage was determined using the
MALDI-TOF MS spectra (Table S1, ESIf) and the protein
content was determined by the BCA assay.*®

The immunogenicity of these Globo H-derived
glycoconjugates was evaluated on Balb/c mice. Groups of six
female mice were vaccinated intramuscularly four times at
biweekly intervals with Globo H analogue-CRM197 (2 pg of
Globo H analogue) and glycolipid adjuvant C34 (2 pg). The
capabilities of the induced antibodies to recognize the native
Globo H antigen and the modified Globo H antigens were
examined by measuring the antibody titers of the pooled sera of
each group or the serum antibody of each mouse using plates
coated with the unmodified GO-BSA or the modified
carbohydrate antigen-BSA glycoconjugates, respectively. The IgG
antibody titers against the native Globo H antigen after the 3rd
and 4th vaccinations are shown in Fig. 2. Compared with the
antibody level of the unmodified glycoconjugate (GO-CRM197),
the modified glycoconjugates showed enhanced antibody titers;
in particular for the glycoconjugates G2-CRM197 and G3-
CRM197, clear enhancement of antibody titers was observed.
Also, the modified Globo H antigen-CRM197 conjugates elicited
enhanced antibody titers against their corresponding modified
Globo H antigen compared with that of the unmodified
glycoconjugate (GO-CRM197) (Fig. S1, ESIT). Furthermore, the
subclasses of IgG antibodies were identified, in which the
reactivity of pooled sera IgG subclasses with GO-BSA was tested
by ELISA. The results indicated that the IgG1 antibody was the
predominant subtype (Table S2, ESIT), implying that T cell
response was induced. The generation of IgG1 antibodies is the
evidence of a type 2 T-helper (Th2) response.**!

To investigate the capabilities of mouse sera induced by
GO0-CRM197, G1-CRM197, G2-CRM197 and G3-CRM197 to

RSC Med. Chem., 2021,12,1239-1243 | 1241
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Fig. 2 Serum antibody titers against GO-BSA of individual mouse
vaccinated with GO-CRM197, G1-CRM197, G2-CRM197 and G3-
CRM197 after the (A) 3rd and (B) 4th vaccinations. Each data point
represents the average titers of two detections of an individual mouse,
and the black line in each series represents the median serum titer of
six mice in each group. The data of IgG titers were plotted in the form
of log 10.

recognize the native Globo H antigen on cancer cells, the
binding affinity of the immune serum antibodies for Globo
H-positive MCF-7 human breast cancer cells was analyzed by
flow cytometry. As shown in Fig. 3, the antisera elicited by
the unmodified G0-CRM197 or the modified conjugates (G1-
CRM197, G2-CRM197, G3-CRM197) can react well with the
Globo H-positive MCF-7 cancer cells and the antisera induced
by G2-CRM197 and G3-CRM197 bind better to the cells than
those by GO-CRM197, which is consistent with the trend of
the serum titer, indicating that the induced antibodies are
specific to the Globo H antigen on the cell surface.

Complement-dependent cytotoxicity (CDC) was then
investigated to determine whether the modified Globo H-
CRM197-provoked immune response is useful for cancer
immunotherapy. As shown in Fig. 4, the antisera obtained
from vaccination with G2-CRM97 and G3-CRM197 can induce
much stronger cancer cell cytotoxicity compared with those
of the untreated mice (pre-immune mice), GO-CRM97 and
G1-CRM197 immunized mice.
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Fig. 3 Serological IgG analysis results of MCF-7 human breast cancer
cells after the 4th vaccination by flow cytometry.
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Fig. 4 Antibodies elicited by glycoconjugates mediate complement-
dependent cytotoxicity (CDC) to eliminate Globo H-positive MCF-7
cancer cells. Cell lysis of pooled sera (1:10 dilution) after the 4th
vaccination. Data are the mean + SEM of three independent
experiments. Cytotoxicity is shown with percent cell lysis determined
by the lactate dehydrogenase (LDH) assay. Three parallel holes were
arranged for each measurement. One-way ANOVA analysis was
performed. Asterisks represent p < 0.05.

Overall, our results showed that fluorination of the Globo
H antigen can enhance its immunogenicity. This may be
attributed to the exogenetic properties of the fluorinated
compounds and the increased enzymatic stability in vivo.>*

Conclusions

In conclusion, different N-acyl modified Globo H derivatives
and their carrier protein conjugates were designed and
synthesized. The immunological properties of these
glycoconjugates were evaluated using Balb/c mice. According
to the results, among the three N-fluoroacetyl modified
analogues, the difluorinated glycoconjugate G2-CRM197 and
trifluorinated glycoconjugate G3-CRM197 induced obviously
enhanced titers of IgG antibodies compared with the
unmodified Globo H conjugate GO-CRM197, thus enhancing
the immunogenicity. This study demonstrates that the N-acyl
modification of Globo H holds potential for the development
of anticancer vaccines.
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