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Introduction

Precise immunological evaluation rationalizes the
design of a self-adjuvanting vaccine composed of
glycan antigen, TLR1/2 ligand, and T-helper cell
epitopet

Tsung-Che Chang,}? Yoshiyuki Manabe, @ £*2° Keita Ito,? Ryuku Yamamoto,?
Kazuya Kabayama,®® Shino Ohshima, Yoshie Kametani,*® Yukari Fujimoto, & ¢
Chun-Cheng Lin® ¢ and Koichi Fukase*?°

Sialyl-Tn (STn), overexpressed on various tumors, has been investigated for its application in anti-cancer
vaccine therapy. However, Theratope, an STn-based vaccine, failed in the phase Ill clinical trial due to
poor immunogenicity and epitope suppression by the foreign carrier protein. We therefore developed
a self-adjuvanting STn based-vaccine, a conjugate of clustered STn (triSTn) antigen, TLR1/2 ligand
(PamszCSKy), and T-helper (Th) cell epitope, and found that this three-component self-adjuvanting
vaccine effectively resulted in the production of anti-triSTn IgG antibodies. We herein analyzed immune
responses induced by this self-adjuvanting vaccine in detail. We newly synthesized two-component
vaccines, i.e., PamzCSK4- or Th epitope-conjugated triSTn, as references to evaluate the immune-
stimulating functions of PamzCSK,4 and Th epitope. Immunological evaluation of the synthesized vaccine
candidates revealed that PamzCSK,4 was essential for antibody production, indicating that the uptake of
triSTn antigen by antigen-presenting cells (APCs) was promoted by the recognition of PamzCSK, by
TLR1/2. The function of the Th epitope was also confirmed. Th cell activation was important for boosting
antibody production and IgG subclass switching. Furthermore, flow cytometric analyses of immune cells,
including T cells, B cells, dendritic cells, and other monocytes, were first employed in the evaluation of
self-adjuvanting vaccines and revealed that the three-component vaccine was able to induce antigen-
specific immune responses for efficient antibody production without excessive inflammatory responses.
Importantly, the co-administration of Freund's adjuvants was suggested to cause excessive myeloid cell
accumulation and decreased plasma cell differentiation. These results demonstrate that vaccines can be
designed to achieve the desired immune responses via the bottom-up construction of each immune
element.

cells, can be used for cancer vaccine therapy.” In fact, many
vaccines have entered clinical trials, including phase III trials.

Tumor-associated carbohydrate antigens (TACAs)," which are
overexpressed on tumor cells and rarely expressed on normal
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However, no TACA-based cancer vaccine has been approved for
clinical use yet. Since TACAs employed in clinical trials are
small T cell-independent antigens, they exhibit poor immuno-
genicity and cannot induce immunoglobulin (Ig) class switch-
ing. Therefore, they have been conjugated with immunogenic
carrier proteins, such as keyhole limpet hemocyanin (KLH),
tetanus toxoid (TT), or diphtheria toxin (CRM;,,).> Although
these carrier proteins possess T cell epitopes and the conjugates
can elicit a strong immune response, they can sometimes
induce suppression of the target epitope-specific reaction,
reducing their efficacy.*®

It has been necessary to control adverse reactions while
ensuring efficacy for current vaccine development. Self-
adjuvanting vaccines, the conjugates of antigens and immu-
noenhancers, are expected to induce antigen-specific immune
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responses without excessive inflammation.®® In addition, they
have well-defined structures and hence facilitate quality control
of vaccine products.

In the self-adjuvanting vaccine strategy, T-helper (Th) cell
epitopes and innate immune ligands are usually conjugated as
immunoenhancers. Conjugation with Th epitopes can induce T
cell-dependent immune responses, such as antigen-specific B
cell activation and IgG class switching. Kunz et al. introduced
various Th epitopes or multiple Th epitopes in MUC1
glycopeptide-based vaccines and evaluated their effects.”*’

Innate immune ligands, especially Toll-like receptor (TLR)
agonists, are promising adjuvants and have been applied to
practical use.” Since TLRs are expressed on antigen pre-
senting cells (APCs) such as macrophages, B cells, and dendritic
cells, the conjugation of antigens with TLR ligands is expected
to promote antigen uptake by APCs and also to upregulate
adoptive immune responses through the induction of cos-
timulatory molecules such as CD80 (B7-1) and CD86 (B7-2)
responsible for T cell activation. The TLR family is divided
into largely two groups, which contain extracellular and intra-
cellular receptors.'®*'>* Especially, TLR-1, TLR-2 and TLR-6,
which are of the former TLRs, tend to induce humoral
immune responses, whereas intracellular TLRs enhance Th1
and cellular immune responses. Although cancer immunity has
focused on cellular immunity, humoral immunity might exert
strong effects to overcome the cancer if functional anti-cancer
IgGs are extensively produced.

Extracellular TLR ligands, such as TLR2 ligands and TLR4
ligands have been mainly utilized to develop self-adjuvanting
vaccines. Trumenba, a recombinant lipoprotein with a TLR2-
stimulating unit, is an FDA-approved self-adjuvanting vaccine
that is used against Neisseria meningitidis group B disease.*
Actually, TLR2 agonists, including Pam;CSK,, have often been
used in many self-adjuvanting vaccines considering their
immunostimulation efficacy and ease of synthesis.>*** Boons
et al. reported that a tumor-associated MUC1 glycopeptide
conjugated with TLR1/2 ligand (Pam;CSK,) and a Th epitope
induced high IgG titers against the MUC1 antigen.***® We have
also previously reported Pam;CSK,-conjugated self-adjuvanting
vaccines.*** TLR4 ligands have also been used for self-
adjuvanting vaccines. Guo et al. reported that self-adjuvanting
vaccines containing the mild TLR4 agonist monophosphoryl
lipid A elicit TACA-specific IgG antibodies without Th epitope
conjugation.®% Codée et al. also developed a self-adjuvanting
vaccine conjugated with CRX-527, a lipid A analogue.*® The
lipidic property of TLR2 and TLR4 ligands might also contribute
to the adjuvant effects via the formation of aggregates, which
enables multivalent interactions between the conjugated anti-
gens and B cell receptors (BCRs) to promote BCR clustering. In
fact, Kiessling et al. have revealed that polymeric multivalent
ligands induce BCR clustering to activate B cell responses.** The
importance of the lipid moiety for the self-adjuvating property
was also suggested based on the adjuvant effects in several
TACA-based vaccines.****** Intracellular TLR ligands and other
innate immune ligands have been also employed in self-
adjuvanting vaccines. A TLR9 agonist (CpG-ODNs) was less
effective for antibody production compared to Pam;CSK,.*® A
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self-adjuvanting vaccine using a CD1d ligand (a-galactosylcer-
amide),”* a zwitterionic polysaccharide,”®**® and a TLR7
ligand®* have also been investigated.

Despite many reports of excellent self-adjuvanting vaccines,
most previous studies have focused on the antibody titer and
level of secreted cytokines to evaluate the efficacy of self-
adjuvanting vaccines, especially TACA-based vaccines. Excep-
tionally, BenMohamed et al. reported the efficacy of synthetic
conjugated vaccines composed of the clustered tetravalent Tn
carbohydrate antigen with Th (CD4+) and Tc (CD8+) epitopes as
an antitumor vaccine in a mouse tumor model, though they did
not analyze the innate immune responses.” To understand the
high efficacy of self-adjuvanting vaccines with low inflammatory
effects, the cellular responses should be investigated. However,
the role and effect of each component in self-adjuvanting
vaccines have not been investigated well at the cellular level.
Hence, in this study, we evaluated the immunological responses
of the three-component self-adjuvanting vaccine 1,** composed
of trimeric Sialyl-Tn cluster (TACA), Pam;CSK,, and a Th cell
epitope, in comparison to those with Pam;CSK,- or Th epitope-
conjugated triSTn (vaccine 2 and 3, respectively; Fig. 1). We
herein analyzed the production of antibodies, as well as the
activation of various immune cells, including T cells, B cells,
and dendritic cells, by flow cytometry with staining for each cell
marker. These analyses provided clear evidence that the cova-
lently linked three-component vaccine can efficiently induce
specific immune responses without causing unnecessary
inflammation. A combination of the TLR2 ligand and Th
epitope was found to be essential for the activation of B cells
and ACPs, as well as T cells. Namely, we herein demonstrated
the immunological rationality of the design of three-component
vaccines, offering essential information for their -clinical
development.

In general, glycoconjugate vaccines require the
administration of adjuvants such as alum for clinical use and
Freund's adjuvants for experimental use.**® Freund's adjuvants
are often used in mouse experiments, but are not approved for
use in humans and are not recommended for preclinical
studies. Until now, conflicting results have been reported on the
effects of co-administrating additional adjuvants in the self-
adjuvanting system, and no detailed immunological analyses
have been performed. This study clearly revealed that the co-
administration of Freund's adjuvants induced nonspecific
immune responses to interfere with the antigen-selective
immune responses, proposing guidelines that additional adju-
vants should not be added to the self-adjuvanting vaccines.

Sialyl-Tn antigen [STn, NeuAco(2,6)GalNAca-O-Ser/Thr] is
abundantly expressed on many epithelium-derived tumors (e.g.,
breast, pancreas, prostate, lung, colorectal, gastric, and
ovarian)*** and correlates with invasion and aggressive poten-
tial. Therefore, cancer vaccines targeting STn-related mucins
have been developed and investigated over the past several
decades.**® Theratope (STn-KLH conjugate) was developed as
a therapeutic vaccine for the treatment of metastatic breast
cancer.®* However, it failed in the phase III clinical trial because
statistical significance was not observed in the extension of
overall survival and disease progression time.®*®* Post hoc

CO-
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vaccine candidate 2: PamzCSK4 conjugated triSTn; vaccine candidate 3: Th cell epitope conjugated triSTn.

analysis revealed that overall survival was significantly
improved in patients exhibiting a high antibody titer against
ovine submaxillary mucin (OSM), whereas the antibody titer
against STn did not correlate with the overall survival. Since
OSM multivalently expresses STn, the clustered STn seemed to
be an appropriate antigen for vaccines against breast cancer.
Moreover, the clustered STn structures are expressed on the
mucins of most adenocarcinomas with high specificity.®**®
Therefore, anti-STn vaccines that can effectively induce
immune responses against clustered STn are expected to
effectively target cancer cells. The three-component self-
adjuvanting vaccine 1, developed by our group, effectively
produced IgG antibodies, which selectively recognized clustered
STn (triSTn) over STn.*® Thus, we herein analyzed immunolog-
ical responses induced by 1 in detail to obtain the guidelines for
efficient TACA-based cancer vaccine development.

Results and discussion

The vaccine candidates in this study and their chemical struc-
tures are presented in Table 1 and Fig. 1, respectively. Two-
component conjugated vaccines, Pam;CSK,-triSTn 2 and
triSTn-Th epitope 3, were newly synthesized to investigate the
function of the TLR2 ligand and Th immunomodulator
(Schemes S1-S3 and Fig. S1-S67). The preparation of three-

Table 1 Vaccine candidates for in vivo mouse immunization

Vaccine candidate Immunization compounds

A2t Pam;CSK,-triSTn-Th epitope 1

vl Pam;CSK,-triSTn-Th epitope 1 + Freund's adjuvant
\'%) Pam,CSK,-triSTn 2

V3 triSTn-Th epitope 3

© 2022 The Author(s). Published by the Royal Society of Chemistry

component vaccine 1, composed of triSTn antigen, Pam;CSK,,
and Th epitope, has been previously reported.** Compound 1
was used for immunization with or without Freund's adjuvants
(V1" and V1, respectively), whereas compounds 2 and 3 were
used for vaccination without Freund's adjuvants (V2 and V3).

Immunization was performed according to the standard
protocol. Compounds 1-3 in phosphate-buffered saline (PBS)
were intraperitoneally administrated to 8 week-old wild-type
BALB/c mice on day 1. The immunization schedule included
the administration of three booster doses for each mouse on
days 14, 28, and 42 via injection of the same vaccine materials.
Regarding V1/, the first immunization was performed with
complete Freund's adjuvant, whereas the booster doses were
with incomplete Freund's adjuvant. Blood was collected from
each mouse before immunization on day 0 (blank controls) and
1 week after each immunization (days 8, 21, 35, and 49). The
blood samples were used to prepare plasma via the standard
method. TriSTn-, STn-, and linker (composed of PEG linker and
tri Thr without STn glycan)-immobilized bovine serum albumin
(BSA-TriSTn, BSA-STn, and BSA-linker, respectively)*® were used
to evaluate the antibody titers against each epitope by enzyme-
linked immunosorbent assay (ELISA).

An estimation of antibody production after four doses clearly
revealed the usefulness of the three-component vaccine 1
(Fig. 2a and b). In our previous report,* 1 induced robust
immune responses, whereas the mixture of the respective
components (STn antigen, Pam3;CSK,, and Th epitope) did not
induce significant antibody production (Fig. S71), indicating
the importance of covalent linkage for antigen-specific immune
responses. Furthermore, the titer with V1 was slightly higher
than that for V1’ (Fig. S77), suggesting that additional adjuvant
administration did not improve antibody production. More-
over, the present study clearly demonstrates that robust
immune responses to the three-component vaccine 1 require
the conjugation of both Pam;CSK, and Th epitope; the antibody

RSC Adv, 2022, 12, 18985-18993 | 18987
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Fig. 2 Antibody titers induced by V1-V3. a and b) IgG and IgM anti-
body titers on day 49 induced by V1, V2, or V3. ¢) IgG antibody titers on
days 0, 7, 21, 35, and 49 induced by V1 or V2. d) IgG antibody titers
against tri-STn for each 1gG subclass on day 49 induced by V1 or V2.
ELISA plates were coated with BSA-triSTn to measure the anti-triSTn
antibody titers and BSA-STn to measure the anti-STn antibody titers. *:
p < 0.05, **: p < 0.01.

titers for the two-component vaccine 2, Pam;CSK,-triSTn
conjugate, were much lower than those induced by the three-
component vaccine 1, whereas vaccine 3, Th epitope-triSTn
conjugate, did not induce IgG production. V2 was able to
induce a small amount of antibodies, whereas V3 was not,
indicating that Pam;CSK, was essential for antibody produc-
tion. Probably, promotion of antigen uptake through the
recognition by TLR is required for the initiation of immune
responses.®”” It should also be mentioned that V1 produced
antibodies that selectively recognize tri-STn over STn, as
expected.

Next, we investigated the booster effect of vaccine candidates
V1 and V2 (Fig. 2c). V1 resulted in a steady increase in IgG titers
from day 0 to day 49, showing a significant booster effect as
observed in the previous report of V1’ (Fig. S87). Conversely, V2
did not show any booster effect; IgG titers induced by V2 did not
change from day 7 to 49. These results indicated that the Th
epitope is necessary for Th cell activation to induce robust
immune responses. In addition, memory B cells with highly
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specific IgG expression might not be induced without Th
epitope stimulation, and repetitive naive B cell activation might
result in the poor production of highly specific antibodies. This
tendency was also observed for IgM antibody production
(Fig. S97), demonstrating that the Th epitope plays an impor-
tant role in boosting IgM antibody production, as well as in IgM
to IgG class switching.**®

The Th-epitope also influenced the produced IgG subclasses
(Fig. 2d and S107). The IgG3 isotype of anti-triSTn antibodies
was observed as a major subclass with V1, V1’; and V2 vacci-
nations. IgG2a and IgG2b antibodies were significantly induced
by V1 and V1'. Mouse IgG3 can be produced against thymus-
independent antigens such as bacterial carbohydrates without
T cell assistance.®®* Thus, IgG2a and IgG2b antibody produc-
tion with V1 and V1’ suggested that the three-component
vaccine 1 induced adaptive T cell-mediated immunity and IgG
subclass switching.

To evaluate the detailed immune responses induced by each
vaccine candidate, immune cells from the spleen of each mouse
collected on day 49 were analyzed by flow cytometry (Fig. 3). In
addition, immune responses of non-vaccine treated mice (NT)
were also analyzed as a control. Size-fractionation and staining
with antibodies against the corresponding immune cell
markers provided information on the activation and proportion
of respective cells.

The number of spleen cells was first counted for each mouse.
The spleen cells were divided into large lymphocytes, small
lymphocytes, and monocytes based on forward scatter (FSC)
and side scatter (SSC) (Fig. 3a). The co-administration of
Freund's adjuvants increased the total number of immune cells
(Fig. S28t), especially the number of monocytes, resulting in
a highly skewed monocyte/lymphocyte ratio (average monocyte
ratio, NT: 3.5%, V1: 2.8%, V1': 35.2%, V2: 4.1%, V3: 4.0%, cf.
usual: less than 10%).

The increased expression of CD80, an activation marker of
APCs, including dendritic cells and macrophages, with the
three-component vaccine 1 was confirmed (Fig. 3b and c). V1
resulted in a higher mean fluorescence intensity (MFI) for CD80
than the other candidates. It is well-known that TLR2 ligands
upregulate the expression of CD80. The present result indicates
that the co-activation of TLR2 and MHC class II efficiently
promotes CD80 expression, which is responsible for the
subsequent T cell activation.

Although the number of dendritic cells and other monocytes
(involving macrophages), stained with antibodies against
CD11c and CD11b, respectively, were increased with the co-
administration of Freund's adjuvants (V1’), CD80 expression
decreased on these cells. Namely, the co-administration of
Freund's adjuvants increased the number of myeloid-gated
cells, but the co-receptor (CD80) expression on these cells was
suppressed in the spleen. These results indicated that Freund's
adjuvants might induce monocyte accumulation in the spleen
and consequently suppress their activation. The development of
suppressive cells, such as myeloid-derived suppressor cells
(MDSCs), might be enhanced by the excess stimulation by
Freund's adjuvants.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Flow cytometric analyses of immune cells of the immunized mice. a) Cell classification based on forward scatter (FSC) and side scatter
(SSC) and the ratio of each cell type (lymphocyte, large lymphocyte, small lymphocyte, and monocyte). Small lymphocytes are observed after
freezing of the cells. Most of live cells are involved in the large gate. b) Dendritic cell analysis. Monocytes stained with an antibody against
a dendritic cell marker (CD11c) were analyzed. CD11c: dendritic cell marker, CD80: activation marker of APCs. c) CD11b+ cell analysis. Monocytes
stained with an antibody against a macrophage marker (CD11b) were analyzed. CD11b: macrophage marker, CD80: activation marker of APCs. d)
T cell analysis. Large lymphocytes stained with an antibody against a T cell marker (CD3) were analyzed. CD3: T cell marker, CD4: Th cell marker,
CD8: Tc cell marker. e) B cell analysis. Large lymphocytes stained with an antibody against a B cell marker (CD19) were analyzed. CD19: B cell
marker, CD80: activated B cell marker, CD138: plasma/plasmablast marker. *: p < 0.05, **: p < 0.01, ***: p < 0.005.

T cell analysis revealed that V1 activated T cells without
affecting the Th/Tc balance. Spleen cells of immunized mice
were stained with antibodies against a T cell marker (CD3) and
differentiated cell markers [CD4: helper T (Th) cell marker, CD8:
cytotoxic T (Tc) cell marker] (Fig. 3d). For all candidates, the
Th(CD4+)/Tc(CD8+) ratio was almost the same as that for non-
immunized BALB/c mice except with V1’; the CD4+/CD8+ ratios
for NT, Vi, V1/, V2, and V3 were 1.8, 2.3, 3.3, 2.5, and 2.3,
respectively, whereas that of nonimmunized BALC/c mice was

© 2022 The Author(s). Published by the Royal Society of Chemistry

reported to be approximately 2.3.7%”> The IgG titer was signifi-
cantly higher with V1 than with V2 (Fig. 2a), clearly indicating
that the conjugated Th epitope was functional. However, the
total Th cell number and ratio were not remarkably increased by
the conjugation with Th epitope (V1 and V3), suggesting only
the selective activation of specific Th cells by V1 and V3.
Considering that Tc responses are also important for anti-
tumor immunity, the induction of Th responses without
affecting the Th/Tc balance is desirable. In contrast, the co-
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03286d

Open Access Article. Published on 29 June 2022. Downloaded on 12/9/2025 12:12:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

A ‘ v1: Th cell peptide.

Activation signal 1

O@ﬁ/r (by TriSTn)

<
HHO) Beells
Activationsignal3 <~
(by Pam,CSK,)

=)

Toll-like Anti-triSTn

: ‘;y\\ibre:epnor 112
@ £ \
@ MHCIl TCR(

e T,, cells

Cytokine
Ll Activation signal 2
[I] (by Th epitope)

C> Activated

T, cells

Antigen
presenting cells

Combination of innate and adaptive immune responses can
overcome self-antigen (TACA) limitation

C| va: mgsio{ )

Activation signal 1

O‘iﬁ( (by TriSTn)

Activation signal 3 DO

(by Pam;CSK,)
&, Tolkike g

b receptor 1/2

B cells

&
\a&l myf
Weaker antibody
response

Antigen

maturation or subclass ]
presenting cells

naive Affinity
T,cells | switching cannot be |nduced without
the interaction with Th cells (signal 2).

Utilization of only innate immune responses induced weaker
anti-TACA immune responses

View Article Online

Paper

S Activation signal 1

B V1’ @ TriSTn H Th cell peptide ) (by TriSTn)
+ s

Activation signal 3 (by Pam CSK.,) -w*roﬁ B cells

E: Si als -

S ﬁg
Anti-triSTn

Q Tolt-ike
W receptor 1/2

L] Activation signal 2
VN D[‘j (by Th epitope)

|:> Activated

Ty, cells

—T,,oells
presenting cells.
Excessive signals by Freund’s adjuvant induce Immature

monocytes or MDSC to suppress expansion/differentiation into
effector T cells and B cells.

[ e R Activation signal 1
D [V [t et e A
‘Lack of Pam,CSK, cannot %
promote antigensuptake B cells No antibody
-Stimulation of Th cells without preduction
TLR signal (signal 3) induces
anergy Th cells.
L

- == T, cells |:> Anergy )

presenting cells \ \T,‘ cells /

Utilization of only cellular immune responge can not overcome
self-antigen (TACA) limitation

Fig. 4 Function of each component in each vaccine candidate (A: V1,

administration of Freund's adjuvants (V1’) decreased the
proportion of activated T cells (both Th and Tc), indicating that
the co-administration of additional adjuvants like Freund's
adjuvant should be avoided for self-adjuvanting vaccines.

B cell analysis also suggested that V1 can effectively stimu-
late the immune system to induce antibody production (Fig. 3e).
The three conjugated vaccines 1, 2, and 3 did not significantly
affect the number of B cells, which were stained with the anti-
body against a B cell marker (CD19). Meanwhile, V1, the three-
component vaccine 1 administered without Freund's adjuvants,
resulted in the highest ratio of B cells expressing an activated B
cell marker (CD80). V1 exhibited higher differentiating activity
than V2, whereas both V1 and V2 may directly stimulate B cells
via TLR2,” suggesting that B cells need to be activated by an
interaction between B cells and T cells via presentation of the Th
epitope by MHC class II to the T cell receptor, as well as the
recognition of co-stimulatory molecules such as CD80 on B cells
by CD28 on T cells.

In contrast, V1’ showed a significantly lower ratio of CD80+ B
cells, suggesting that the excessive immune responses induced
by Freund's adjuvants might suppress B cell activation. In
addition, the proportion and number of plasma/plasmablasts,
which are involved in antibody production, stained with an
antibody against CD138, were decreased with the co-
administration of Freund's adjuvants (average plasma/
plasmablast ratio, NT: 6.1, V1: 1.8, V1’: 0.3, V2: 3.2, and V3:
2.2). These results also suggest that the co-administration of
additional Freund's adjuvants with self-adjuvanting vaccines is
not desirable.

Li et al. also reported that the co-administration of Freund's
adjuvant with self-adjuvanting vaccines reduced antibody
production, though they did not analyze the cellular
responses.”*’* In contrast, Toth et al reported that

18990 | RSC Adv, 2022, 12, 18985-18993

B: V1, C: V2, D: V3).

coadministration of Freund's adjuvant enhanced the antibody
production by self-adjuvanting vaccines.** However, since they
used a weak TLR2 ligand, it is likely that additional stimulation
with Freund's adjuvant resulted in antibody production. Our
results indicate that the co-administration of additional adju-
vants to self-adjuvanting vaccines should be avoided because it
elicits non-specific inflammatory responses.

Conclusions

In conclusion, our analyses revealed that the three-component
vaccine 1 induced robust immunity toward triSTn antigen as
designed. Since vaccine 1 induced innate and adaptive immu-
nity to effectively activate T cells, B cells, dendritic cells, and
macrophages, V1 overcame the self-antigen (TACA) limitation
(Fig. 4A). B cells are synergistically stimulated via direct inter-
actions with V1 (activation signal 1), the interaction with T cells
activated by dendritic cells (activation signal 2), and cytokines
induced by a TLR agonist (activation signal 3) to efficiently
achieve affinity maturation and class switching of anti-triSTn
antibodies.” Conjugation with not only TLR ligand but also
Th epitope has already been reported to be required to over-
come the poor immunogenicity of T cell-independent
TACA.****> Qur analysis revealed that Th epitope and TLR
ligand conjugation are essential for the activation of B cells and
APCs, as well as T cells, demonstrating the immunological
rationality of the design of three-component vaccines. Of
course, the importance of covalent linkage between the triStn
antigen, Pam;CSK,, and Th epitope should be emphasized to
obtain antigen-specific immune responses.

Importantly, the co-administration of Freund's adjuvants
with vaccine 1 was suggested to cause splenomegaly, containing
increased number of myeloid cells, which might include

© 2022 The Author(s). Published by the Royal Society of Chemistry
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immature monocytes or MDSCs, to suppress expansion/
differentiation into effector T cells and B cells (Fig. 4B).”*””
This study demonstrated that the co-administration of an
additional adjuvant induces nonspecific immune responses to
interfere with the antigen-selective immune responses.

In contrast, the Pam;CSK,-triSTn conjugate V2 produced
a weaker anti-triSTn humoral immune response than V1
(Fig. 4C). Although V2 can stimulate immune cells through
TLR1/2 to produce anti-triSTn antibodies (activation signal 1
and 3), it cannot induce T cell-B cell interactions via the TCR,
MHC, and antigen peptides due to the absence of a Th epitope
and cannot promote the affinity maturation and class
switching.

In spite of the trimeric presentation of STn antigen and
conjugation with Th epitope, V3 did not trigger the production
of any anti-triSTn IgG antibodies partly because of the small
molecular weight of the glycopeptide (Fig. 4D). Lipophilic
Pam3CSK4-conjugated vaccines tend to form supramolecular
aggregates, which function as carriers.** Kunz and Li et al.
previously reported that self-adjuvanting vaccines composed of
MUC1 glycopeptides and a T-cell epitope with Freund's adju-
vants effectively induced antibodies against MUC1 glycopep-
tides, probably the molecular sizes of the vaccines were large
enough for the antibody production.® However, addition of
Freund's adjuvant to V3 may not improve its immunogenicity
because of its low molecular weight. Promotion of antigen
uptake to APCs through the recognition by TLR might be
essential step to initiate immune responses. The interaction
between T cells and APCs without TLR stimulation might also
induce the anergy of T cells due to the insufficient expression of
MHC II and B7.”® Hence, the intrinsic limitation of TACAs, self-
antigens, probably cannot be overcome only by the involvement
of a Th epitope.

Overall, our results indicate that the activation of both innate
and adaptive immune responses is crucial in the design of fully
synthetic self-adjuvanting TACA-based anti-cancer vaccines.
Our results demonstrate that vaccines can be designed to ach-
ieve the desired immune responses through bottom-up
construction of the necessary immune elements.
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