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ABSTRACT: Tumor-associated carbohydrate antigens

cancer vaccines. However, a serious problem with them is the
poor immunogenicity. To overcome the problem, a mono-
phosphorylated derivative of Neisseria meningitidis lipid A was
explored as a potential carrier molecule and built-in adjuvant
for the construction of structurally defined fully synthetic
glycoconjugate vaccines. Some paradigm-shifting discoveries
about the monophosphoryl lipid A (MPLA)-TACA conjugates
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were that they elicited robust IgG antibody responses, indicating T cell-mediated immunity, without an external adjuvant and
that an external adjuvant, e.g, Titermax Gold, actually reduced rather than promoted the immunological activity of the
conjugates. The induced antibodies were proved to bind selectively to target tumor cells. MPLA was therefore demonstrated to
be a powerful built-in immunostimulant and adjuvant for an all new design of fully synthetic glycoconjugate cancer vaccines.

he abundant occurrence and availability of tumor-

associated carbohydrate antigens (TACAs) on the cancer
cell surface make them easily recognizable targets for the
human immune system. This combined with the substantial
structural conservativeness of cell surface carbohydrates and the
important roles they play in various oncological processes
renders TACAs ideal templates for the design and development
of therapeutic cancer vaccines or cancer immunotherapies.l’2
However, carbohydrates are usually poorly immunogenic, and
therefore TACAs alone typically cannot elicit robust immune
responses, in particular T cell-mediated immune responses,
necessary for effective cancer immunotherapy.> To create
TACA-based cancer vaccines that can elicit T cell-mediated
immunity, which is linked to antibody isotype switching from
IgM to IgG, antibody affinity maturation, and immunological
memorization, semisynthetic glycoconjugate vaccines generated
by covalent coupling of TACASs to carrier proteins have been
extensively explored.*> Despite the fact that in many cases
coupling carbohydrates to a protein can indeed convert them
from T cell-independent to T cell-dependent antigens and that
significant progress has been achieved in developing carbohy-
drate-based bacterial vaccines by this strategy,’ there is still no
clinically functional carbohydrate-based cancer vaccine estab-
lished yet. As a result, new vaccine strategies are desirable. In
this context, glycoconjugate vaccines derived from chemically
modified TACAs were explored in combination with metabolic
engineering of cancer cell surface glycans.””” Recently, fully
synthetic glycoconjugate vaccines with TACAs coupled to small
molecule carriers, including immunostimulants and other
immunolo§ically active epitopes, have attracted significant
attention.” "> In contrast to glycoproteins, these glycoconju-
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gates possess homogeneous and well-defined structures, which
will facilitate their characterization and quality control.
Moreover, fully synthetic glycoconjugates have definite and
easily reproducible structures and chemical and biological
properties to enable detailed structure—activity relationship
(SAR) analysis and various immunological and clinical studies.
The goal of this work is to establish a novel strategy for the
development of fully synthetic cancer vaccines. For this
purpose, we are interested in glycoconjugates having TACAs
coupled to a monophosphoryl lipid A (MPLA). MPLA is the 1-
O-dephosphorylated form of lipid A, which is the most
immunologically active portion of lipopolysaccharide (LPS),
one of the most abundant and biologically active constituents of
Gram-negative bacteria cell walls.'"* MPLAs are strong
immunostimulants and vaccine adjuvants.”>~'” The immunos-
timulatory activity of MPLAs is attributed to their ability to
provoke cytokine cascades through interacting with toll-like
receptor 4 (TLR4),18 which can stimulate antigen presenta-
tion,'”*® activate T-helper (Th) cells, and thereby elicit T cell-
mediated immunity. We envisioned that MPLA may be used as
both a carrier molecule and a built-in adjuvant to form
conjugate vaccines that can have multiple advantages.

B RESULTS AND DISCUSSION
Immunological Studies of the GM3-MPLA Conju-

gate. To probe the above concept, Neisseria meningitidis
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Figure 1. Structures of the synthetic glycoconjugate vaccines 1—3.
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Figure 2. ELISA results of GM3-specific antibodies in the antisera of mice immunized with 1. (A) GM3-specific total antibodies in the day 38
antisera of mice immunized with 1 alone or with 1 plus the external adjuvant Titermax Gold. Each column represents the antibody level in the serum
pooled from a group of five mice. (B) Titers of different isotypes of GM3-specific antibodies in the day 38 antisera of mice immunized with 1. Each
dot shows the result of an individual mouse, and the black bar represents the average antibody level of each group of five mice.

MPLA was synthesized and coupled to GM3,*' a TACA richly
expressed by human melanoma and other tumors.***® The
immunological properties of the resulting glycoconjugate 1
(Figure 1) were assessed in the CS7BL/6 mouse. For
immunological studies, 1 was incorporated into a phospholi-
pid-based liposome, since liposomes were expected to improve
the solubility and the immunogenicity of glycolipids.'®** The
liposome of 1 was prepared by sonication of a mixture of 1,2-
distearoyl-sn-glycero-3-phosphocholine, cholesterol, and 1.
Then, the liposome of 1 was used to inoculate a group of
five C57BL/6 mice by subcutaneous injection, and each mouse
was inoculated four times on days 1, 14, 21, and 28 using 0.1
mL of liposome containing 15 pg of GM3. To study the
influence of an external adjuvant on the activity of 1, an
emulsion of the liposome of 1 and Titermax Gold was
administered to another group of five mice using the same
vaccination scheme. The elicited immune responses in mice
were assessed by enzyme-linked immunosorbent assay (ELISA)
for GM3-specific antibodies, including total antibody and
various antibody isotypes such as IgM, IgG1, IgG2a, and IgG3,
in the day 27 and day 38 antisera. The human serum albumin
(HSA) conjugate of GM3’ was employed as the capture
antigen in ELISA. Since the linkers and carriers in 1 were
different from those in the GMS3-HSA conjugate, ELISA
experiments detected only antibodies specific for GM3.
Antibody titers were determined by linear regression analysis
of plots of the optical density (OD) values against the serum
dilution numbers and defined as the dilution number yielding
an OD value of 0.2.
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Using the pooled antisera of all five immunized mice, we
revealed that 1 alone provoked a strong GM3-specific immune
response (Figure 2A). Furthermore, the antibody titers of the
day 38 antisera were significantly higher than that of the day 27
antisera (see Supporting Information), reflecting the general
trend of enhanced immune responses to recurring exposure to
the same antigen. Further analysis of the antibody isotypes of
the day 38 antiserum of individual mouse showed that 1
induced not only GM3-specific IgM antibody but also a high
level of IgG3 antibody (Flgure 2B), which is a typical
anticarbohydrate response®>*® and is consistent with a T cell-
mediated immunity.””*® Since GM3 itself, including its protein
conjugates,* is poorly immunogenic and elicits almost
exclusively IgM antibodies, the immunological results of 1
suggest that MPLA as a carrier molecule can effectively improve
the immunogenicity of GM3 and help elicit T cell-dependent
immunity. In addition, because effective vaccination typically
requires a vaccine adjuvant® but no external adjuvant was
utilized in the immunization with 1, MPLA can also act as a
built-in adjuvant.

More interestingly, we found that mice immunized with 1
plus an external adjuvant, Titermax Gold, showed only very
weak immune response (Figure 2A), indicating an inhibitory
impact of the external adjuvant on the immunological activity of
1. This result is contradictory to the general concept that
immunological adjuvants enhance immune response to
vaccines.

Immunological Studies of N-Phenylacetyl GM3
(GM3NPhACc)-MPLA Conjugate. To further explore
MPLA-based glycoconjugate vaccines, we examined the

dx.doi.org/10.1021/cb200358r | ACS Chem. Biol. 2012, 7, 235—240



ACS Chemical Biology

100000+ ( A)
S
3 80000 Y
=] o,
5 60000- "
3 o*
= 40000
c
<

20000+

(T M
(| E— | BRIV .

2 2+adjuvant 3

3+adjuvant

80000 (B)
g 60000-
e}
% ¢
§ 400004 o .
1= —i
< 20000{
LML '
0 . il .
IgM  1gG1  IgG2a IgG3

Figure 3. ELISA results of GM3NPhAc-specific antibodies in the antisera of mice immunized with 2 and 3. (A) GM3NPhAc-specific total antibodies
in the day 38 antisera of mice immunized with 2 alone, 2 + Titermax Gold, 3 alone, or 3 + Titermax Gold. (B) Titers of different isotypes of
GM3NPhAc-specific antibodies in the day 38 antisera of mice immunized with 2 alone. Each dot shows the result of an individual mouse, and the
black bar represents the average antibody titer of each group of five mice.

immunological properties of 2 (Figure 1), a conjugate having
MPLA coupled to a synthetic GM3 derivative, GM3NPhAc,
which was examined as a potential vaccine candidate for
glycoengineered cancer immunotherapy.”” Immunization of
mice with 2 or 2 plus Titermax Gold followed the same
protocol as described above, and the antiserum of each mouse
was individually evaluated. The results (Figure 3) showed that
2 elicited a strong immune response, with the total antibody
titer (Figure 3A) 3.8 times higher than that of 1 (63710 vs
16780), which is consistent with our previous discovery that
GM3NPhAc was more immunogenic than GM3.” ELISA
analysis of antibody isotypes of the day 38 antisera (Figure 3B)
revealed that the increase of total antibody titer was mainly
owing to the increase of IgG3 antibody titer (from 10435 to
46373), while the IgM antibody level remained similar to that
of 1. Meanwhile, a significant level of IgG1 antibodies was also
produced. These results further demonstrated that MPLA is a
powerful vaccine carrier molecule and a functional built-in
adjuvant to augment the immunogenicity of carbohydrate
antigens.

As discussed above, because the linkers and carriers in 2 and
GM3NPhAc-HSA were different, the ELISA experiments
should detect only antibodies specific for GM3NPhAc. To
verify that the observed antibody titers were indeed generated
by GM3NPhAc-specific antibodies, we performed a compet-
itive ELISA study, for which the experimental protocols were
the same as for regular ELISA except for the use of free
GM3NPhAc to compete with GM3NPhAc-HSA attached to
the ELISA plate. The results (shown in Figure 4) clearly
indicated that high concentrations (>133 uM) of free
GM3NPhAc could nearly completely inhibit antibody binding
to GM3NPhAc-HSA on the ELISA plate, thereby proving that
the antibody titers shown in Figure 3 did reflect the levels of
GM3NPhAc-specific antibodies in the mouse antisera.

Again, we found that immunization of mice with 2 plus
Titermax Gold elicited a remarkably weaker antigen-specific
immune response (Figure 2A) than 2 alone, which suggested
an inhibitory impact of the external adjuvant on the
immunological activity of 2. Literature results about the
structure—activity relationships of lipid A and MPLA disclosed
that the phosphate group linked to the 4-O-position of their
nonreducing end GIcNAc residue is critical for their
immunostimulant activity.'”** Accordingly, we propose that
certain component(s) of the external adjuvant may interact
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Figure 4. Results of the competitive ELISA experiment of pooled
mouse antiserum derived from glycoconjugate 2 alone. The
experimental protocols were the same as for regular ELISA except
for the use of various concentrations of free GM3NPhAc (0, 0.013,
0.13, 1.33, 13.3, and 133 uM) to compete with GM3NPhAc-HSA on
the ELISA plate for antibody binding. The secondary antibody used in
this study was alkaline phosphatase linked goat anti-mouse kappa
antibody. Thus, OD (405 nm) values reflect the amounts of total
antibodies bond to the GM3NPhAc-HSA-coated ELISA plate in the
presence of various concentrations of GM3NPhAc.

with the free phosphate, and potentially the hydroxyl groups as
well, of the MPLA moiety in 1 and 2 to affect MPLA binding to
TLR4 and the elicitation of immune responses.

To study this hypothesis, we examined the immunological
properties of a glycoconjugate 3 with the phosphate and the
hydroxyl groups of MPLA protected by benzyl (Bn) groups.
Neither 3 alone nor 3 plus Titermax Gold could elicit any
significant immune response in the mouse (Figure 3A). These
results unambiguously proved that the increased immunoge-
nicity of TACAs in the MPLA conjugates was indeed attributed
to the free form of MPLA. Therefore, the free phosphate
moiety and potentially the free hydroxyl groups of MPLA are
essential for the immunostimulant activity of MPLA and the
high immunogenicity of the resultant glycoconjugates.

Studies of Linker Impact on the Immunological
Properties of MPLA Conjugates. Because it was reported
that linkers in synthetic glycoconjugate vaccines may have a
major impact on the immunological activities,”' we prepared
conjugate 4 (Figure SA), having GM3NPhAc coupled to
MPLA through a triazolyl moiety,32 and compared it with 2 for
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Figure 5. Structure of conjugate 4 and its immunological results. (A) The structure of glycoconjugate 4. (B) ELISA results of GM3NPhAc-specific
total antibody titers in the day 38 antisera of mice immunized with 4 or 4 + Titermax Gold and the titers of GM3NPhAc-specific IgM, IgG1, IgG2a,
and IgG3 antibodies in the antisera of mice immunized with 4 alone. Each dot shows the result of an individual mouse, and the black bar represents

the average antibody level of each group of five mice.

investigation of the influence of linkers on the immunological
properties of MPLA conjugates. The only structural difference
between 2 and 4 is their linker region. Similar to 2,
glycoconjugate 4 alone elicited a high titer of GM3NPhAc-
specific IgG3 antibody (Figure SB), in addition to IgM
antibody, which suggested that probably neither the amide
linker in 2 nor the triazolyl linker in 4 had a substantial
influence on the immunological properties of MPLA
conjugates. This agrees with our previous report.*> Therefore,
both linkers may be safely utilized for the construction of fully
synthetic MPLA-based conjugate vaccines. The results also
support our conclusion that the increased immunogenicity of
GM3NPhAc in MPLA conjugates is due to the immunostimu-
latory property of MPLA. In addition, we have verified again
that Titermax Gold had a suppressive effect on the
immunological activity of MPLA conjugate 4 (Figure SB).
Binding Studies of the Mouse Antisera to Target
Cancer Cells. The capability of antibodies induced by 2 to
recognize and bind to target cancer cells was studied by
fluorescence-activated cell sorting (FACS) technology. The
cancer cell line employed in these studies was SKMEL-28, a
human melanoma cell line, which was shown to express GM3
as a major TACA** and which could be effectively metabolically
glycoengineered to express GM3NPhAc on the treatment with
N-phenylacetyl-p-mannosamine (ManNPhAc).>* In these
studies, SKMEL-28 cells were first treated with 0 or 100 ug/
mL of ManNPhAc for 3 days and then incubated with either
normal mouse sera or antisera obtained from mice immunized
with 2. Thereafter, the tumor cells were cultured with
fluorescein isothiocyanate (FITC)-labeled goat anti-mouse
kappa antibody, followed by FACS analysis. Figure 6A shows
the FACS results concerning the binding of normal mouse sera
and antisera obtained from 2-immunized mice to ManNPhAc-
treated cancer cells. Clearly, the antisera, but not the normal
mouse sera, had strong binding to the metabolically
glycoengineered cancer cells. Figure 6B shows the results
about the binding of antisera obtained from 2-immunized mice
to wild-type and ManNPhAc-treated cancer cells. It was evident
that the antisera had strong binding to the metabolically
glycoengineered cancer cells but not to the wild-type of cancer
cells. These results have demonstrated that antibodies induced
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Figure 6. FACS assays of the binding between SKMEL-28 cancer cells
and mouse sera. (A) Binding of normal mouse sera (black) and anti-
GM3NPhAc mouse sera derived from conjugate 2 (blue) to
metabolically glycoengineered SKMEL-28 cancer cells, i.e., cells treated
with 100 pg/mL of ManNPhAc. (B) Binding of anti-GM3NPhAc
mouse sera to wild-type SKMEL-28 cancer cells (red) and
metabolically glycoengineered SKMEL-28 cancer cells (blue).

by 2 were specific to GM3NPhAc and that the GM3NPhAc-
specific antibodies could selectively recognize, target, and
interact with cancer cells that were metabolically glycoengi-
neered to express GM3NPhAc. In the meanwhile, we have also
observed that the mouse antisera obtained with glycoconjugate
1 could selectively bind to SKMEL-28 (see Supporting
Information for details).

Conclusion. In summary, N. meningitidis MPLA has been
shown to possess compelling immunostimulant and adjuvant
activities as a carrier molecule for the creation of potent, fully
synthetic TACA-based cancer vaccines. An important discovery
about the MPLA-TACA conjugates is that they elicited strong
IgG antibody responses without the use of an external adjuvant.
Moreover, MPLA-TACA conjugates elicited mainly IgG3
antibody, which is a carbohydrate-specific immune re-
sponse,”* whereas glycoproteins typically elicit IgG1 anti-
bodies. Consequently, MPLA conjugates and glycoproteins
may function via different mechanisms, which can be an
interesting research topic in immunology. It was established
with glycoprotein vaccines that, following antigen processing,
the carrier protein can provide peptides that would interact
noncovalently with class II MHC molecules for the antigen

dx.doi.org/10.1021/cb200358r | ACS Chem. Biol. 2012, 7, 235—240
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presentation to Th cells and provoke the switch of antibody
production from IgM to IgG1. For MPLA conjugates, however,
GM3 may generate some highly multivalent forms through
lipid—lipid interactions, which tend to elicit IgG3 antibodies. In
general, because of positive cooperativity, self-associating IgG3
antibodies can bind more effectively to multivalent forms of
carbohydrate antigens than variable domain-identical IgGl
antibodies, which may have a positive impact on the selectivity
of the antibodies for cancer cells. Another important discovery
is that Titermax Gold, an adjuvant that is commonly utilized to
potentiate glycoprotein vaccines, reduced the immunological
activity of MPLA conjugates. We proposed and had
demonstrated in part using a glycoconjugate 3 containing a
protected form of MPLA that Titermax Gold might interfere
with the free phosphate group, and potentially the free hydroxyl
groups as well, of the MPLA moiety to affect its interaction
with the immune system. However, Titermax Gold may
interact with glycoproteins as well, albeit these interactions
typically result in positive adjuvant effects. Therefore, MPLA
and protein conjugates must involve different immunological
pathways. We have also examined the immunization of mice
using pure glycoconjugate 2, instead of its liposomes. However,
these experiments yielded inconsistent results, because the
glycoconjugate was nearly insoluble in buffer and it was difficult
to get homogeneous preparations and control the administered
doses. Therefore, liposomes seem to be an ideal carrier for
glycolipid conjugate vaccines. It is noteworthy that this work
has verified an all new construct of fully synthetic
glycoconjugate cancer vaccines that possess interesting and
beneficial properties. The MPLA conjugates described herewith
can also be useful tools for the investigation of adjuvant effects
and other related immunological issues.

B METHODS

Materials, Reagents, and Animals. Glycoconjugates 1, 2, 3,>
and 4,** HSA-GM3 and GM3NPhAc conjugates,7 and ManNPhAc*
were synthesized according to the procedures previously reported by
our laboratory (for more details see Supporting Information).
Titermax Gold adjuvant, 1,2-distearoyl-sn-glycero-3-phosphocholine,
and cholesterol were purchased from Sigma-Aldrich. The SKMEL-28
cancer cell line, Dulbecco’s Modified Eagle’s Medium (DMEM) for
cell culture, and fetal bovine serum (FBS) were purchased from
American Type Culture Collection. Penicillin-streptomycin and
trypsin-EDTA were purchased from Invitrogen. Alkaline phosphatase
linked goat anti-mouse kappa, IgM, IgG1, IgG2a, and IgG3 antibodies
and FITC-labeled goat anti-mouse kappa antibody were purchased
from Southern Biotechnology. Female C57BL/6 mice of 6—8 weeks
age used for immunological studies were purchased from The Jackson
Laboratory.

General Procedure for the Preparation of Liposomes of
Glycoconjugates 1—4. The mixture of a specific MPLA conjugate
1-4 (0.474 pmol), 1,2-distearoyl-sn-glycero-3-phosphocholine (2.44
mg, 3.08 umol), and cholesterol (0.92 mg, 2.37 umol) (a 10:65:50
molar ratio) was dissolved in CH,Cl, and MeOH (1:1, v/v,2 mL) in a
10 mL round-bottomed flask. Then, the solvents were removed in
vacuum to form a thin lipid film on the flask wall, which was hydrated
by adding 2.0 mL of HEPES buffer (20 mM, pH 7.5) containing NaCl
(150 mM) and shaking the mixture under an argon atmosphere at 40
°C for 1 h. The milky suspension was finally sonicated for 1 min to
obtain the desired liposomes.

Immunization of Mouse. Each group of five female CS7BL/6
mice were immunized on day 1 by subcutaneous (sc) injection of 0.1
mL of the liposomal solution of a specific glycoconjugate 1—4
containing 15 ug of the carbohydrate antigen or by injection of an
emulsion of the liposomal solution of a specific glycoconjugate vaccine
and Titermax Gold adjuvant prepared according to the manufacturer’s
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protocol (each 2 mL of the liposomal solution mixed with 1 mL of
Titermax Gold adjuvant). Following the initial immunization, mice
were boosted 3 times on day 14, day 21 and day 28 by sc injection of
the same conjugate and by the same immunization protocol. Blood
samples of each mouse were collected through the tail veins prior to
the initial immunization on day 1 and after immunization on day 27
and day 38 and were clotted to obtain antisera that were stored at —80
°C before use.

Protocols for ELISA. ELISA plates were treated with 100 L of a
solution of GM3-HSA or GM3NPhAc-HSA conjugate (2 pg/mL)
dissolved in coating buffer (0.1 M bicarbonate, pH 9.6) at 37 °C for 1
h, which was followed by treatment with blocking buffer and washing 3
times with phosphate-buffered saline (PBS) containing 0.05% Tween-
20 (PBST). Thereafter, a pooled or an individual mouse antiserum
with serial half-log dilutions from 1:300 to 1:656100 in PBS was added
to the coated ELISA plates (100 uL/well), which was followed by
incubation at 37 °C for 2 h. The plates were then washed with PBS
and incubated at rt for another 1 h with a 1:1000 diluted solution of
alkaline phosphatase linked goat anti-mouse kappa, IgM or IgG2a
antibody or with a 1:2000 diluted solution of alkaline phosphatase
linked goat anti-mouse IgGl or IgG3 antibody (100 uL/well),
respectively. Finally, these plates were washed with PBS and developed
with 100 L of p-nitrophenylphosphate (PNPP) solution (1.67 mg/
mL in buffer) for 30 min at rt, followed by colorimetric readout using a
BioRad 550 plate reader at 405 nm wavelength. For titer analysis,
optical density (OD) values were plotted against antiserum dilution
values, and a best-fit line was obtained. The equation of this line was
employed to calculate the dilution value at which an OD of 0.2 was
achieved, and the antibody titer was calculated at the inverse of the
dilution value.

Protocols for Competitive ELISA. The protocols for this
experiment were the same as for regular ELISA described above
except that free GM3NPhAc was utilized to compete with plate-bound
GM3NPhAc-HSA for antibody binding. Therefore, after an ELISA
plate was treated with GM3NPhAc-HSA and the blocking solution
sequentially and then washed with PBS, 100 yL of the pooled anti-
GM3NPhAc serum (1:300 dilution) in PBS containing 0, 0.013, 0.13,
1.33, 13.3, and 133 uM of free GM3NPhAc was added to each well of
the ELISA plate. Thereafter, the plate was incubated, washed, treated
with alkaline phosphatase linked goat anti-mouse kappa antibody
(1:1000 dilution), washed, developed with PNPP, and finally subjected
to colorimetric readout at 405 nm wavelength, as described above.

Protocols for FACS Assay. After SKMEL-28 cells were incubated
in DMEM containing 0 or 100 yg/mL of ManNPhAc at 37 °C for 3 d,
these cells were treated with trypsin-EDTA and then harvested and
counted. Cells (~1.0 X 10°) were washed with FACS buffer (PBS
containing 1% FBS and 0.1% NaNj) twice and incubated with 100 uL
of normal mouse sera (mouse sera collected at day 1) or anti-
GM3PhAc mouse sera (1:10 dilution in FACS buffer) at 4 °C for 30
min. Cells were washed again with 1000 yL of FACS buffer twice and
then incubated with FITC-linked goat anti-mouse kappa antibody (2.5
ug in 50 uL FACS buffer) at 4 °C for 30 min. Finally, cells were
washed twice with 1000 uL of FACS buffer, suspended in 0.5 mL of
FACS buffer, and then subjected to FACS analysis on a Becton
Dickinson FACS scan flow cytometer.
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