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ABSTRACT

Natural polysaccharides have shown immune modulatory effects with low toxicity in both animal and
human models. A previous study has shown that the polysaccharide from Codium fragile (CFP) promotes
natural killer (NK) cell activation in mice. Since NK cell activation is mediated by dendritic cells (DCs), we
examined the effect of CFP on DC activation and evaluated the subsequent induction of anti-cancer
immunity in a murine model. Treatment with CFP induced activation of bone marrow-derived dendritic
cells (BMDCs). Moreover, subcutaneous injection of CFP promoted the activation of spleen and lymph
node DCs in vivo. CFP also induced activation of DCs in tumor-bearing mice, and combination treatment
with CFP and ovalbumin (OVA) promoted OVA-specific T cell activation, which consequently promoted
infiltration of IFN-y-and TNF-a-producing OT-1 and OT-Il cells into the tumors. Moreover, combination
treatment using CFP and cancer self-antigen efficiently inhibited B16 tumor growth in the mouse model.
Treatment with CFP also enhanced anti-PD-L1 antibody mediated anti-cancer immunity in the CT-26
carcinoma-bearing BALB/c mice. Taken together these data suggest that CFP may function as an adjuvant
in the treatment of cancer by enhancing immune activation.

Abbreviations: CFP: Codium fragile polysaccharide; NK: natural killer; IFN: interferon; TNF: tumor necrosis
factor; IL: interleukin; tdLN: tumor draining lymph node; BMDC: bone marrow-derived dendritic cell; OVA:
ovalbumin; Ab: antibody; Ag: antigen; DC: dendritic cell; CTL: cytotoxic T lymphocyte; APC: antigen-
presenting cell; pDC: plasmacytoid dendritic cell; mDC: myeloid dendritic cell; MHC: major histocompat-
ibility complex; CR3: complement receptor type 3; TLR: Toll-like receptor; LPS: lipopolysaccharide; SP:
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1. Introduction

Recent studies have produced significant advances in the use of
immunotherapies in cancer treatment, and we have seen the
development of anti-cancer vaccines, immune checkpoint
blockade strategies,' and chimeric antigen (Ag) receptor
T cell therapies.* Cancer immunotherapy is a promising treat-
ment strategy which uses the immune cells of the body to
combat the disease. The immune system has the ability to recall
Ags and may contribute, as a memory response, to the preven-
tion of secondary exposures to the same Ags.” As many
patients with cancer have metastasis and relapse after tumor
removal, cancer Ag-specific immune activation may serve as
a strategy for preventing cancer metastasis. Therapeutic cancer
vaccines rely on Ag-specific immune responses, including acti-
vation of cytotoxic T lymphocytes (CTLs) and helper T (Th)
cells, as well as production of antibodies (Abs) by memory cells
to prevent cancer regeneration.6

Activation of CTLs and Th cells is controlled by the den-
dritic cells (DCs), ” the most powerful of the Ag-presenting
cells (APCs). DCs express pattern recognition receptors, which
contribute to phagocytosis of pathogens and activation of DCs.

Pathogens express immunostimulatory molecules that upregu-
late the expression of co-stimulators, production of pro-
inflammatory cytokines, and migration of DCs to lymphoid
organs. DCs also present Ags to T cells in lymphoid organs,
resulting in the differentiation of naive T cells into effector
T cells. Although pathogens promote immune activation, can-
cer cells may not stimulate the immune system in the same way
as some cancer Ags are not immunogenic. Therefore, induc-
tion of cancer Ag-specific immune responses demands addi-
tional stimulatory molecules and adjuvants.

DCs can be split into two subtypes: plasmacytoid DCs
(pDCs) and myeloid DCs (mDCs). The mDCs are further
classified into two sub-populations that differ in function
with respect to T-cell activation. In mice, CD8a" DCs
present cytosolic Ags on the major histocompatibility com-
plex (MHC) class I, which induces CD8 T-cell activation
and differentiation into CTLs.*? On the other hand, CD8a~
DCs process extracellular Ags presenting them via MHC
class II receptors to induce CD4 T cell activation to Th
cells. As in vitro-differentiated DCs, including bone mar-
row-derived DCs (BMDCs), are unable to function as DC
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subsets, we used a murine model to evaluate whether an
adjuvant may induce CD8a" and CD8a” DC activation
in vivo.”™!

Marine algae polysaccharides such as alginate, fucoidan and
ascophyllan, are known to promote immune modulation in
humans and mice. It has been reported that the sulfated polysac-
charide (SP) extracted from Codium fragile mainly consists of
carbohydrates (54.6%), proteins (15.7%), sulfates (13.0%) and
a small amount of uronic acid (1.4%)."* In our previous study, we
fractionated crude SP using ion-exchange chromatography and
obtained two fractions (F; and F,) which demonstrated
a stimulatory effect for natural killer (NK) cells, which produce
interferon (IFN)-y, perforin and granzyme-B." Although NK cell
activation is controlled by DCs, the stimulatory effect of C. fragile
polysaccharide (CFP) in DCs was not studied.

Most immunostimulatory adjuvants are extracted from
pathogens or chemical products.'* Although these adjuvants
induce strong immune activation, they may also elicit undesir-
able side-effects, including inflammation in healthy tissues
owing to toxicity.'” Moreover, some adjuvants produced
from chemical compounds may not completely induce T cell-
mediated immune responses, but may elicit an Ab-mediated
humoral immune response instead.'® Lipopolysaccharide
(LPS), the outer membrane component of gram-negative bac-
teria, is the most well-known and strongest type of immune
stimulatory molecule, however LPS promotes inflammation in
both human and animal models, which may result in sepsis.'”
The LPS contains O antigen, outer core, inner core and lipid-
A."® Tt has been shown that lipid-A is main contributor in
immune activation and that the O antigen promotes
cytotoxicity.'®'” Unlike chemical- or pathogen-derived adju-
vants, natural polysaccharide adjuvants like fucoidan, asco-
phyllan, and chitosan induce effective immune stimulation in
animals and humans without strong cytotoxicity.”*>* In this
study, we extracted a polysaccharide from C. fragile and eval-
uated its adjuvant properties in mice for future application in
cancer treatment.

2. Materials and methods
2.1. Mice and cell lines

C57BL/6, C57BL/6-Ly5.1 (CD45.1) congenic, OT-I, and OT-II
T cell receptor transgenic mice were purchased from Shanghai
Public Health Clinical Center (SPHCC). Some C57BL/6 mice
were obtained from Orient Bio (Gyeonggi, Korea). The mice
were housed under pathogen-free conditions with 50-60%
humidity at 22-24°C temperature. The study was carried out
in accordance with the guidelines established by the
Institutional Animal Care and Use committee at the SPHCC
and Yeungnam University animal facility and was approved by
the Ethics for Animal Experiments committee of the SPHCC
(2018-A049-01) and Yeungnam University (2019-008). B16-
F10 (murine melanoma cell line; ATCC, CRL-6475) and OVA-
expressing B16-F10 (B16-OVA) cells were cultured in Roswell
Park Memorial Institute (RPMI)-1640 medium supplemented
with 1 M HEPES, 100 ug/mL streptomycin, 2 mM glutamine,
10% fetal bovine serum (FBS), and 100 U/mL penicillin in
a humidified 5% CO, incubator at 37°C.

2.2. Reagents

The polysaccharide from C. fragile was prepared as previously
described."? Briefly, dried and milled C. fragile sample was
treated with 90% ethanol at room temperature overnight.
After removing the ethanol, the sample was extracted using
distilled water at 65°C for 2 h. The water-soluble crude sample
was precipitated in ethanol and subjected to filtration. The
crude sample was re-dissolved in distilled water, and free
proteins were removed using the Sevag method. The crude
sample was fractionated using an ion-exchange chromatogra-
phy system equipped with a DEAE Sepharose fast flow column
(17-0709-01, GE Healthcare Bio-Science AB, Uppsala,
Sweden). Chromatographic separation resulted in three frac-
tions (F1, F2, and F3). The most immunostimulatory polysac-
charide, fraction F2, was chosen for further study and
designated as CFP. The endotoxin levels in CFP were measured
using a Limulus amebocyte lysate (LAL) kit (Lonza, Basel,
Switzerland). The CFP and OVA used in all experiments con-
tained less than 0.05 endotoxin unit/mL. Escherichia Coli
(E. coli) O111:B4 LPS was purchased from Sigma-Aldrich
(St. Louis, Missouri, US; #1.4130).

2.3. Antibodies

Isotype control Abs (IgG1, IgG2a, or IgG2b), CD11c-Brilliant
Violet 785 (#117335, N418), CD8a-APC/Cyanine7 (#100713,
53-6.7), CD40-Alexa Fluor® 647 (#124614, 3/23), CD80-
Brilliant Violet 605™ (#104729, 16-10A1) and CD86-PE/Cy7
(#105013, GL-1) were procured from BioLegend (San Diego,
California, US). Anti-MHC class I-PE (#114620, 28-8-6) and
anti-MHC class II-PE/Cyanine7 (#107607, M5/114.15.2) were
also obtained from BioLegend (San Diego, CA, US).

2.4. BMDC generation

Bone Marrow (BM) was extracted from C57BL/6 mice, and BM
cells (1 x 10° cells/mL) were cultured in 100 U/mL recombi-
nant mouse granulocyte macrophage colony-stimulating factor
(rmGM-CSF) and 100 U/mL recombinant mouse interleukin-4
(rmIL-4) in 2 mL of RPMI-1640 in 24-well plates.24 Unless
otherwise stated, the BM cells were cultured at 37°C under 10%
CO, for 6 days. The rates of BMDC differentiation were deter-
mined based on the expression CD11 ¢, and more than 95% of
the cells were found to express CD11 c.

2.5. Flow cytometry analysis

After washing with phosphate-buffered saline (PBS), cells were
pre-incubated with unlabeled isotype control Abs and Fc-
blocked Abs for 15 min. This was followed by staining with
fluorescence-conjugated Abs on ice for 30 min. After washing,
the cells were treated with 4',6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, St. Louis, Missouri, US; #D8417) and
1 x 10° cells were analyzed using a FACS Aria II (Becton
Dickinson, Franklin Lakes, New Jersey, US) or NovoCyte
flow cytometer (ACEA Biosciences Inc., San Diego,
California, US).



2.6. Splenic DC analysis

The spleen was cut into small pieces and digested with
a digestion buffer (10 mg of DNase I and 100 mg of collagenase
IV). Cells were filtered through a nylon mesh (100 nm pore
size) and washed with PBS. Pellets were re-suspended in 5 mL
of 1077 Histopaque (Sigma-Aldrich, St. Louis, Missouri, US;
#10771) and overlaid with an additional 5 mL of 1077
Histopaque. Cells were then centrifuged at 3000 rpm for
10 min, and splenocytes with a density higher than 1.077 g/
mL were obtained and stained with FITC-conjugated lineage
markers and CD11c monoclonal antibodies (mAbs), including
CD3(#100204), CD90.1 (#202503), B220(#103205), Gr-1
(#108406), CD49 (#103503), TER-119 (#116205), and anti-
CD11c-Brilliant Violet 785 (#117335, N418) Abs, obtained
from BioLegend (San Diego, California, US). Spleen DCs
were defined as CD11c" lineage™ cells. Spleen DCs were further
divided into CD8a" and CD8a~ DCs, as described by previous
studies.'>*

2.7. Tumor treatment

C57BL/6 mice were subcutaneously injected with 1 x 10%
100 puL B16 or B16-OVA melanoma cells. Once tumors were
well established the animals were intraperitoneally treated with
PBS alone, 2.5 mg/kg Ag, 50 mg/kg CFP, or a mixture of Ag
and CFP at days 7 and 14. Tumor growth was monitored
until day 21 post challenge. Mice were then sacrificed, and
the spleen was harvested for further analysis.

2.8. OT-I and OT-II T cell proliferation and tumor
infiltration

CD4 or CD8 T cells were isolated from OT-II and OT-I mice
using CD4 T or CD8 T cell isolation kits (Miltenyi Biotec,
Bergisch Gladbach, Germany; #130-104-454; #130-104-075),
respectively. The isolated OT-I and OT-II cells were suspended
in culture medium supplemented with 10 pM CFSE
(Invitrogen, San Diego, California, US; #C34554) and incu-
bated for 10 min. The labeled cells (1 x 10°) were intravenously
injected into B16-OVA tumor-bearing CD45.1-expressing
congenic mice. The mice were treated with PBS alone,
2.5 mg/kg OVA, 50 mg/kg CFP, or a mixture of OVA and
CFP 24 h after cell transfer. Three days after treatment, spleen
and tumor tissues were harvested. The proliferation of OT-I
and OT-II cells in the spleen was evaluated by the dilution of
CFSE fluorescence intensity in CD45.2" cells. The tumors were
digested using a digestion buffer (2% FBS and collagenase IV)
and washed with PBS. The pellets were re-suspended in PBS
and stained with anti-CD3, anti-CD4, anti-CD8, and anti-
CD45.2 Abs. CD45.2°CD8" and CD45.2°CD4" cells with
CD3" cells being defined as the infiltrated OT-1 and OT-II
cells, respectively.'®

2.9. Ex vivo T cell stimulation and intracellular cytokine
staining

As described in previous studies, tumor-infiltrated cells were
stimulated with 2 pg/mL Ag for 6 h and treated with 1 ug/mL
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Monensin Solution (Biolegend, San Diego, California, US;
#420701) over the final 3 h.° Cells were harvested and stained
with surface Abs for 15 min, followed by incubation in fixation
buffer (Biolegend, San Diego, California, US; #420801) and
permeabilization with Cytofix/Cytoperm buffer (eBioscience,
San Diego, California, US; #426803). Cells were incubated with
anti-cytokine Abs in Perm/Wash buffer (eBioscience, San
Diego, California, US; #421002) for 30 min. Dead cells were
excluded using zombie-violet staining.

2.10. Enzyme-linked immunosorbent assay (ELISA)

Concentrations of IL-6 (#431307), IL-12p70 (#433606), and
TNF-a (#430904) in sera and cultured medium were analyzed
in triplicate using standard ELISA Kkits (Biolegend,
California, US;;).

2.11. ELISPOT assay

Single cells from tdLNs were seeded at a density of 50 x 10°
cells/well in a pre-coated plate. The cells were stimulated with
2 pg/mL of Ag peptides or a negative control peptide at 37°C
for 24 h. The plates were then dried, and the spots were
counted using a CTL ELISPOT reader (CTL Europe GmbH,
Bonn, Germany).

2.12. In vivo cytotoxicity assay

C57BL/6 mice were immunized with PBS, 2.5 mg/kg OVA,
50 mg/kg CFP, or a combination of OVA and CFP on day 7
and 14. Five days after the last treatment, target cells were
transferred into the immunized mice. The splenocytes from
naive mice were extracted and 10 x 10° splenocytes were
labeled with 10 mM Cell Tracker Orange CMTMR (Life
Technologies, Carlsbad, California, US; #M7510) and loaded
with control peptide. Another 10 x 10° splenocytes were
labeled with 200 nM CFSE (Invitrogen, San Diego, California,
US; #C34554) and 100 nM SIINFEKL peptide was loaded.
A mixture containing each target cell population (a total of
10 x 10° cells) was intravenously injected to immunized mice.
Percentage killing was calculated using the formula described
by FACS Fortessa (Becton Dickinson, Franklin Lakes, New
Jersey, US).

2.13. Statistical analysis

All data are expressed as the mean + standard deviation (SD).
One- or two-way analysis of variance (ANOVA) with Tukey
multiple comparison and Mann-Whitney t-tests were used to
analyze the data sets. Values of p < 0.05 were considered
statistically significant.

3. Results
3.1. CFP activates BMDCs

To evaluate the immunostimulatory effects of CFP in DCs,
BMDCs were treated with different concentrations of this
compound. BMDCs were differentiated from bone marrow
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cells using a combination of 100 U/mL GM-CSF and 100 U/mL
IL-4 for 6 days. Immature BMDCs were treated with 10, 25, 50,
and 100 pg/mL CFP for 24 h. The BMDCs were also treated
with 0.1 ug/mL LPS as a positive control. Treatment with CFP
induced substantial changes in the morphology of the BMDCs
with these changes exhibiting dose-dependent behaviors
(Figure 1a). The expression levels of co-stimulators were dose-
dependently upregulated after CFP treatment (Figure 1b).
Concentrations of IL-6, IL-12, and TNF-a in the culture
medium of BMDCs were substantially elevated after CFP treat-
ment, and all exhibited dose-dependent behaviors (Figure 1c).
Thus, CFP induces BMDC activation; and the optimum con-
centration of CFP for activation was 50 pg/mL based on the
expression of various co-stimulatory molecules.

3.2. CFP induces splenic DC activation in mice

Because CFP promoted the activation of BMDCs in vitro, we
went on to evaluate the effect of CFP on DC induction in vivo.
C57BL/6 mice were intraperitoneally injected with 12.5, 25, or
50 mg/kg of CFP. Six hours after injection, the spleen was
harvested, and DC activation was analyzed. Spleen DCs were
defined as lineage™ CD11c" cells among live leukocytes and
identified by flow cytometry (Figure 2a). Treatment with CFP
induced a substantial increase in the levels of co-stimulators
and class I and II MHCs in splenic DCs (Figure 2b and SI).
Moreover, CD8a" and CD8a” subsets of splenic DCs also

significantly increased their expression of co-stimulators and
class I and II MHCs (Figure 2c). Serum concentrations of pro-
inflammatory cytokines were significantly upregulated in mice
(Figure 2d). The stimulatory effects of CFP were similar to
those of LPSLPS). Thus, CFP can induce splenic DC activation
in mice.

3.3. CFP enhances OVA-specific immune responses

We went on to examine the effect of CFP in the tumor envir-
onment. BI6-OVA tumor-bearing C57BL/6 mice were treated
with CFP and the DC population in the tumor-draining lymph
nodes (tdLN) was evaluated by flow cytometry (Figure 3a). The
expression of co-stimulators and class I and II MHC molecules
increased in tdLN DCs (Figure 3b). The production of pro-
inflammatory cytokines also significantly increased after CFP
treatment in tumor-bearing mice when compared with that in
untreated tumor-bearing mice (Figure 3c).

Specific Ag reaction is needed to target tumor cells without
producing undesired side-effects.”>*” We used an experimental
Ag, and OVA and evaluated the induction of Ag-specific T-cell
activation. We isolated OT-I and OT-II cells and transferred
them to B16-OVA tumor-bearing CD45.1 congenic C57BL/6
mice. Treatment with a combination of CFP and OVA pro-
moted a substantial increase in the population of OT-I and
OT-II cells in the tdLN from B16-OVA tumor-bearing mice
(Figure 3d). Furthermore, infiltration of OT-I and OT-II cells
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Figure 1. Codium fragile polysaccharide (CFP) induced activation of bone marrow-derived dendritic cells (BMDCs). BMDCs were differentiated from bone marrow cells
following incubation with 100 U/mL IL-4 and 100 U/mL GM-CSF for 6 days. BMDCs were treated with various concentrations of CFP and 0.1 pg/mL of LPS for 24 h. (a)
Morphological changes in BMDCs. The images were obtained using a microscope (X 60 of magnification). (b) Mean fluorescence intensity (MFI) of co-stimulators and
MHC class | and Il measured by flow cytometry. (c) Concentrations of IL-6, IL-12, and TNF-a in culture medium analyzed by ELISA. Data are representative of a larger
dataset or are the average of six independent samples (Two samples for three independent experiments). A significant difference from treatment with PBS is indicated

by *p < .05, **p < 0.01.
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Figure 2. CFP promotes the activation of splenic DCs in mice. C57BL/6 mice were intraperitoneally injected with the indicated doses of CFP. The mice were
intraperitoneally injected with 1 mg/kg LPS as a positive control. Six hours after treatment, the spleen was harvested and the activation of splenic DCs was analyzed
by flow cytometry. (a) Strategy of spleen DC analysis by flow cytometry. Spleen DCs were defined as CD11c¢* lineage™ cells among live leukocytes. (b) MFI of co-
stimulator and MHC class | and II. (c) MFI of co-stimulator and MHC class | and Il in CD8a* and CD8a~ DCs. (d) Serum concentrations of pro-inflammatory cytokines
measured by ELISA. Data are the average of six independent samples (two independent experiments performed with n = 3/group). A significant difference from the PBS

control group compared to CFP-treated group is indicated by *p < .05, **p < 0.01.

into tumors markedly increased after combined treatment with
CFP and OVA when compared with OVA or CFP treatment
alone (Figure 3e). Tumor-infiltrating OT-I and OT-II cells
subjected to the combination treatment showed a substantial
increase in the levels of IFN-y and TNF-a, while OVA or CFP
treatment alone had no effect on these cytokines (figure 3f,g).
Thus, CFP can function as an adjuvant to enhance Ag-specific
T cell activation in tumor-bearing mice.

3.4. CFP-induced OVA-specific immune activation
suppresses OVA-B16 growth

As CFP enhanced the Ag-specific activation of T cells, we
examined the anti-cancer effects of CFP treatment in tumor-
bearing mice. BI6-OV A tumor-bearing mice were treated with
a combination of CFP and OVA on days 7 and 14. B16-OVA
tumor growth was suppressed in the combination treatment
group when compared with the control groups (Figure 4a). The
size of the tumor mass on day 21 after tumor injection was
much smaller in the combination treatment group than in the
PBS and OVA or CFP only groups (Figure 4b). Moreover,
tdLN cells from mice receiving the combination treatment

produced significantly higher levels of IFN-y in response to
OVA peptides than those from PBS, OVA, or CFP treated
animals, which showed no IFN-y production (Figure 4c). In
addition, the combination of CFP and OVA increased the
specific  killing of OVA peptide-coated splenocytes
(Figure 4d). These data indicate that a combination treatment
using CFP and OVA could promote anti-cancer immunity in
OV A-expressing tumors.

3.5. CFP enhances melanoma Ag-specific immunity

We then examined the adjuvant effect of CFP by investigating
whether it could induce melanoma self-Ag-specific immune
activation and anti-melanoma effects. To evaluate CFP treat-
ment in enhancing melanoma self Ag-specific immune activa-
tion, we used tyrosinase-related protein 2 (TRP-2), which is
expressed in murine B16 melanoma, as the antigen. C57BL/6
mice were treated with a combination of 50 mg/kg CFP and
2.5 mg/kg TRP2 on days 7 and 14 after B16 melanoma tumor
inoculation. The combination treatment with CFP and TRP2
inhibited B16 melanoma growth (Figure 5a); the size of the
tumor mass was substantially smaller in the combination
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Figure 3. CFP elicited antigen-specific T cell immunity in tumor-bearing mice. C57BL/6 mice were subcutaneously injected with B16-OVA melanoma cells. (a) Strategy
behind tdLN DC analysis by flow cytometry. (b) Seven days after tumor injection, mice were intraperitoneally treated with 50 mg/kg CFP, and levels of co-stimulator and
MHC class | and Il were measured. (c) Serum concentrations of pro-inflammatory cytokines were determined. (E to G) OT-l and OT-Il cells were transferred into B16-OVA
tumor-bearing CD45.1 congenic mice. One day after cell transfer, mice were intraperitoneally injected with PBS, 2.5 mg/kg OVA, 50 mg/kg CFP, or a combination of OVA
and CFP. (d) OT-l and OT-Il cell proliferation was measured in tdLN 3 days after treatment. (e) Mean cell numbers of tumor-infiltrated OT-I and OT-II cells. (f) Intracellular
IFN-y and TNF-a levels in tumor-infiltrating OT-l and OT-II cells measured by flow cytometry. (g) Mean IFN-y-producing (left panel) and TNF-a-producing (right panel)
OT-l and OT-lI cells in tumor tissues. All data are representative or show the average of six independent samples (two independent experiments performed with n = 3/
group). A significant difference from the PBS treatment and CFP treatment is indicated by **p < 0.01.

treatment group than in the control groups (Figure 5b). In
addition, IFN-y production by tdLN cells was significantly
higher after combination treatment with TRP2 and CFP than
in mice from the other treatment groups (Figure 5c¢).

To evaluate the anti-cancer effects of CFP, we investigated
T-cell immunity. We depleted CD4 or CD8 expressing cells dur-
ing treatment with CFP and TRP2 in B16 melanoma-bearing
mice. The suppressive effect of this combination treatment in
B16 melanoma was completely diminished in CD4 or CD8

depleted mice (Figure 5d,e). This indicates that the anti-cancer
effect of CFP and Ag treatment is mediated by T-cell immunity.

3.6. CFP enhances the anti-cancer effect of anti-PD-L1 Abs

Immunostimulatory molecules are known to enhance anti-
cancer effects of immune checkpoint blockade Ags.**° We
examined whether CFP exhibits any anti-PD-L1 Ab-mediated
anti-cancer effects in CT-26-bearing BALB/c mice. After the
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*p < 001,

tumor was well established, day 7 after tumor cell inoculation,
mice were treated with 10 mg/kg anti-PD-L1 Ab, 50 mg/kg CFP,
or a combination of anti-PD-L1 Ab and CFP for 3 days.
Treatment with anti-PD-L1 Ab suppressed CT-26 tumor
growth, and the anti-cancer effects were markedly enhanced
with the addition of CFP (Figure 6a,b). CFP alone had suppres-
sive effects on the growth of CT-26 carcinoma (Figure 6a,b).
These data suggest that CFP enhances the anti-cancer effects of
anti-PD-L1 Ab in CT-26 carcinoma.

4. Discussion

Polysaccharides extracted from natural products are known to
exert immunomodulatory effects in humans and animals.
Fucoidans are well-known marine polysaccharides that activate
immune cells, including DCs, macrophages, NK cells, and
T cells in mice and humans.’* Chitosan, another polysac-
charide from marine products, is known for its immunomo-
dulatory effects and has been approved for human use by the
Food and Drug Administration (FDA) of the USA and by the
EU.’>’° Here, we found a marine natural polysaccharide, CFP,
which induced activation of DC and T cells in mice. CFP
elicited a cancer Ag-specific immune response, which conse-
quently inhibited tumor growth in mice. Fucoidan, chitosan,

and CFP have different components and structures.>**>?’

Although the origin of fucoidan (brown algae) is different
from that of CFP (green algae), both these compounds contain
sulfate groups in their backbones.'***>° The main backbone of
fucoidan contains fucose molecules, while CFP is made up of
mannose. Chitosan is extracted from the exoskeletons of crus-
taceans, and CFP is extracted from marine plants.”> Molecular
compositional analysis revealed that CFP consists of carbohy-
drates (80.5%), proteins (8.2%) and sulfates (3.2%) and a small
amount of uronic acid (1.1%). The major sugar unit of CFP is
mannose (91.3%) with a small amount of glucose (8.6%). The
HPSEC chromatogram of CFP exhibits a single peak with an
average molecular weight of 148 x 10° (g/mol)."* According to
our previous study, '? the yield of CFP is approximately 41.13 g
per Kg of dried raw material. While chitosan is water-insoluble,
CFP is soluble in water. In addition, CFP includes small
amounts of proteins that promote RAW 264.7 cell activation.-
** However, the exact structural feature necessary for initiating
an immune response by these polymers remains unclear.
Therefore, further studies should evaluate whether structural
differences in these polysaccharides influence immune cell
activation.

Induction of cancer Ag-specific immune activation is one of
the immunotherapy strategies used to treat cancer.”®*”*
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Although cancer cells over-express Ag candidate proteins,
these proteins are not immunogenic as they are produced
from the somatic cells without mutation. Therefore, immune
stimulatory molecules or adjuvants are required to elicit cancer
Ag-specific immune activation.*’ Adjuvants activate APCs
including DCs, macrophages, and B cells, which promote Ag-

specific T-cell immunity.””>*' DCs are the most potent popula-
tion involved in the induction of T-cell proliferation and
activation.”” Therefore, many types of DC-targeting adjuvants
have been developed and tested. Alum is one of the adjuvants
approved by the US FDA that is known to enhance Ag-specific
immune-response activation in humans.'® Many types of



vaccines contain alum as an adjuvant.42 However, alum-
induced immune activation is limited to Ab production or
humoral immunity.'®**** In addition, monophosphoryl lipid
A (MPLA), a toll-like receptor 4 (TLR4) ligand, is used as an
adjuvant to enhance anti-cancer immunity, but MPLA is not
water soluble and remains toxic to humans. The MPLA was
modified for reducing toxicity from LPS.** In this study, we
found a novel adjuvant CFP which promotes immune activa-
tion including Thl and CTL responses. CFP is a natural pro-
duct and water soluble. As shown the conversion of LPS into
less cytotoxic MPLA, the CFP will further study for modify to
reduce cytotoxicity in the animal and human by composition
analysis and development of derivatives.

Efficient treatment of cancer demands preferential activa-
tion of CTL-mediated cytotoxicity against cancer cells.”**’
LPS, an endotoxin produced by gram-negative bacteria, is
a well-known agonist of TLR4, which induces activation of
DCs in humans and mice. Although LPS promotes strong
immune activation, it may cause sepsis as humans are highly
susceptible to endotoxins.*> Novel adjuvants that promote
cancer Ag-specific CTL activation, while having low cytotoxi-
city to healthy somatic cells, are desirable for effective cancer
immunotherapy. LPS treatment with OVA promotes OVA-
specific immune responses, as indicated by IFN-y production
and induction of cytotoxic activity against OV A-coated sple-
nocytes. However, LPS is not suitable for use in humans, as
human sensitivity to endotoxins is much higher than animals.-
'7 CFP is a natural polysaccharide that has low cytotoxicity in
humans and mice. CFP promotes activation of cancer Ag-
specific T-cell immunity and exerts anti-cancer effects.
Therefore, CFP may be useful in enhancing immune responses
against foreign Ags in humans.

Mouse spleen and LN DCs are made up of two main subsets:
pDCs and mDCs.”**® pDCs contribute to the production of
type I IFN in response to viral infection, while mDCs activate
humoral and cellular immunities in response to exogenous
protein Ags.”” mDCs are further divided into two subtypes:
CD8a" and CD8a™ DCs. These subsets of DCs differentially
process Ags. While CD8a" DCs are the main cell type promot-
ing CTL activation, CD8a~ DCs induce Th-cell activation.®>!!
The treatment of CFP stimulates both CD8a"™ and CD8a™ DC
activation in mouse spleens. These activated DCs promoted
T cell-mediated anti-cancer immunity, which was confirmed
by the loss of activity when CD4 and CD8 cells were depleted.
Thus, the observed T cell activation can be contributed to
pDCs, mDCs and macrophages. In future studies, we will
examine whether the pDCs and macrophages contribute to
the induction of the T cell activation and anti-cancer immunity
reported here in response to combination treatment with CFP
and Ag.

We have previously shown that CFP-induced NK cell acti-
vation is mediated by the stimulation of complement receptor
type 3 (CR3). Mannose or N-acetyl-D-glucosamine from CFP
directly binds and stimulates CR3.>” CR3 is expressed on DCs
and macrophages, and its stimulation promotes their activa-
tion. although ligation of CR3 failed to induce production of
pro-inflammatory cytokines.*® Here we found that treatment
with CFP induced production of pro-inflammatory cytokines
in BMDCs, an effect that is different from that produced by
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CR3 stimulation. Moreover, administration of CFP increased
the production of pro-inflammatory cytokines. Therefore, CFP
may target not only CR3, but also other receptors, and con-
tribute to DC activation. Fucoidan and ascophyllan bind to
scavenger receptor-A (SR-A) and TLR4, respectively, >***’ the
CFP may target other pattern recognition receptors (PRRs).
Further studies will investigate the properties of CFP in bind-
ing to these receptors on DCs using receptor knockout (KO)
mice.

The tumor microenvironment has immunosuppressive
properties including the expression of immune checkpoint
proteins on tumor-cell surfaces.”””° Expression of these pro-
teins promotes the evasion of the immune system, while inhi-
bition or blockade of these proteins may serve as a strategy to
target immune cells in cancer.”””” In an animal study, the
blockade of immune checkpoints via the administration of
monoclonal Abs was shown to suppress tumor growth,
although this effect was considerably lower in humans.*’ To
enhance the therapeutic effects of immune checkpoint Abs,
additional treatment with adjuvants is needed to provide effi-
cient therapeutic response.””*** In this study, we found that
a combination of CFP and anti-PD-L1 Ab suppressed CT-26
tumor growth, and the effect was stronger than that observed
for anti-PD-L1 Ab alone. Therefore, CFP can act as an immu-
nostimulatory adjuvant and may be useful in enhancing the
therapeutic effects of immune checkpoint blockade agents.
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