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ABSTRACT

In this study, we designed and synthesized an implantable anti-CD25 antibody-immobilized
polyethylene (CD25-PE) mesh to suppress tumor growth by removing regulatory T cells (Tregs).
The PE mesh was graft-polymerized with poly(acrylic acid), and the anti-mouse CD25 antibody
was then immobilized using the 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide reaction.
Immobilization of the antibody on the PE mesh was confirmed by immunostaining. The CD25-
PE mesh could effectively and selectively capture CD25-positive cells through antigen-
antibody interactions when the CD25-PE mesh was incubated with a suspension of mouse
spleen cells, including CD25-positive cells. In addition, implantation of the CD25-PE mesh into
mice subcutaneously demonstrated the Treg-capturing ability of the CD25-PE mesh with only
a weak inflammatory reaction. In tumor-bearing mice, tumor growth was suppressed by
subcutaneous implantation of the CD25-PE mesh near the tumor for 1 week. These results
suggested that the anti-CD25 antibody-immobilized material could capture Tregs in vivo and
inhibit tumor proliferation in a limited tumor-bearing mouse model. Further research is needed
to facilitate cancer immunotherapy using implantable anti-CD25 antibody-immobilized mate-
rial as a Treg-capturing device.
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1. Introduction

Cancer treatment can be classified into surgical treat-
ment, chemotherapy, radiotherapy, and immunother-
apy. Cancer immunotherapy is a method for treating
cancer using the immune system. To date, various
cancer immunotherapies have been proposed, includ-
ing vaccine therapy using autologous cancer vaccines
[1], dendritic cell vaccines [2], and adoptive immu-
notherapy using natural killer (NK) cells and cytotoxic
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T cells [3]. Among these approaches, cancer immu-
notherapy related to regulatory T cells (Tregs) has
recently become a major research focus. Tregs, i.e.,
CD4-, CD25-, and FoxP3-positive T cells, are key
players in immune suppression [4] and function by
controlling the activation of antigen-presenting cells
via cytotoxic T lymphocyte antigen (CTLA)-4 and
immunosuppressive cytokines (e.g., interleukin-10).
In addition, Tregs play roles in suppressing the attack
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of T cells and other immune cells by modulating the
production of transforming growth factor-p [5].
Furthermore, in the tumor microenvironment, which
is formed by various components, including cancer
cells, immune cells, and the extracellular matrix,
Treg accumulation is induced by secretion of the che-
mokine C-C motif chemokine ligand 22 (CCL22) from
cancer cells and tumor-infiltrating macrophages,
resulting in an antitumor immune response [6,7].
Several treatments that inhibit immunosuppressive
signal transduction by immune checkpoint inhibitors
(e.g., anti-CTLA-4 and anti-programmed death-1
antibodies) and depletion of Tregs by administration
of anti-C-C motif chemokine receptor 4 antibodies
have been proposed as Treg-related cancer immu-
notherapies [8,9]. The development of selective Treg
removal methods is also proposed [10,11]. Although
the efficacies of these treatments have been demon-
strated, treatment with immune checkpoint inhibitors
can induce serious side effects owing to activation of
T cells [12]. In addition, because Tregs are strongly
related to autoimmunity, Treg-removing treatments
may cause systemic autoimmune diseases. Therefore,
the development of a method for local Treg removal at
the tumor is essential.

In our previous reports, we developed an antibody-
immobilized material for the selective capture of
immune cells, including Tregs [13-15]. The antibody-
immobilized material consisted of a grafted polymer
and an antibody, in which the selective capture of
target cells was achieved based on the nonadhesive
properties of polymer grafting and the antigen/anti-
body interaction.

In this study, for the development of novel cancer
immunotherapies related to Tregs, we designed and
synthesized an implantable anti-CD25 antibody-
immobilized polyethylene mesh and investigated its
properties, including selective Treg capture in vitro
and in vivo and ability to suppress tumor growth.

2. Materials and methods
2.1. Materials

PE mesh (fiber diameter: 86 um, pitch: 125 pm/
163 pm) was purchased from Semitec Corp.
(Osaka, Japan). Antibodies (anti-mouse CD25,
anti-human CD25, anti-mouse CD4, fluorescein
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isothiocyanate [FITC]-labeled anti-mouse CD25,
and allophycocyanin [APC]-labeled anti-mouse
CD4) were purchased from BioLegend, Inc. (San
Diego, California, USA). Monoclonal anti-FoxP3
antibodies were purchased from Thermo
Fisher Scientific (Waltham, Massachusetts, USA).
Immunostaining kit (POD conjugate anti-rat, for
mouse tissue) was purchased from Takara Bio Inc.
(Shiga, Japan). Simple Stain MAX-PO (Rat) and
diaminobenzidine (DAB) Substrate Kit were pur-
chased from Nichiren Bioscience Inc. (Tokyo,
Japan). B16 melanoma cells were purchased from
the JCRB cell bank (Osaka, Japan). C57BL/6 mice
were purchased from Sankyo Lab Service Corp.
(Tokyo, Japan).

2.2. Preparation of anti-CD25
antibody-immobilized mesh

Scheme 1 shows the preparation of an anti-CD25 anti-
body-immobilized mesh. After Soxhlet treatment with
ethanol at 60°C for 8 h, corona discharge treatment was
performed on both surfaces of the PE mesh (15 kV,
1 min). The mesh was immersed in 2% and 5% acrylic
acid solutions. After degassing, the mesh was subjected to
heat polymerization in a water bath at 60°C for 30 min.
After washing the meshes with hot water, the poly(acrylic
acid) (PAAc)-grafted PE meshes were immersed in
a solution of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC, 10 mg/mL) and anti-mouse CD25
antibody (0.5, 5, 50 pg/mL) for 2 h at room temperature.

2.3. Evaluation of the antibody-immobilized PE
mesh

The PAAc-grafted PE mesh was evaluated by methy-
lene blue staining (0.02%) and weight measurements
before and after polymerization. The anti-mouse
CD25 antibody-immobilized PE mesh (CD25-PE)
was stained using an immunostaining kit (POD
Conjugate Anti Rat, for mouse tissue; TaKaRa) follow-
ing the manufacturer’s instructions. The amount of
antibody immobilization was measured using Image]J
software. The obtained color image of the antibody-
immobilized PE  mesh converted to
a monochrome image and inverted black and white.
The gray values of the mesh were then measured.

was

-COOH
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Scheme 1. Preparation of the anti-CD25 antibody-immobilized PE mesh.
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2.4. Treg capture using the anti-CD25
antibody-immobilized PE mesh in vitro

All experiments involving mice were conducted using
protocols approved by the Institutional Animal Care
and Use Committee of Tokyo Medical and Dental
University (approval number: A2019-313C). A spleen
was harvested from a mouse (5 weeks of age) and
placed into cell strainer (pore size: 70 um), which was
set on a dish of 6 cm diameter with 15 mL of red blood
cell lysis buffer (BD Biosciences, San Jose, California,
USA). The spleen was made some incisions and mashed
through the cell strainer into the dish using a plunger
end of a syringe. The spleen cells were transferred to
a conical tube of 50 mL and centrifuged at 300xg, 4°C
for 10 min. After removal of the supernatant, the cells
were suspended with phosphate-buffered saline (PBS)
including 2% bovine serum albumin (BSA) and were
filtered with cell strainer (30 pum). A suspension of
spleen cells (1.0 x 10° cells/mL; total volume: 0.5 mL)
was prepared. The meshes were blocked with 2% BSA
in PBS at room temperature for 30 min, and five meshes
(diameter: 8 mm, area: 0.96 cm?) were placed in a tube
of 2 mL Spleen cells were suspended and incubated with
gentle shaking at 4°C for 1 h. The number of cells that
had not adhered to the mesh was measured, and the cell
capture rate was calculated by dividing the number of
adhered cells by the number of seeded cells.

2.5. Flow cytometric analysis of spleen cells

Mouse spleen cells were mixed with FITC-labeled anti-
mouse CD25 antibodies and APC-labeled anti-mouse
CD4 antibodies and incubated for 30 min in an ice
bath. The cells were washed twice with PBS containing
0.2% fetal bovine serum and subjected to flow cytometry
analysis (Novocyte, Agilent Technologies Japan Ltd.,
Hachioji, Japan).

2.6. Implantation of the anti-CD25
antibody-immobilized PE mesh into healthy mice

Mice (5 weeks old) were anesthetized, and an anti-
CD25 antibody-immobilized PE mesh was subcuta-
neously implanted into each mouse. After 7 days, the
mice were euthanized, and the mesh and skin were
extracted. The experimental protocol was approved by
the animal ethics committee of our institution
(Animal experiment approval number: A2019-313 C).

2.7. Hematoxylin-eosin (H-E) staining and FoxP3
immunostaining of implanted anti-CD25
antibody-immobilized PE meshes

The extracted mesh and skin were fixed with 10% neu-
tral formalin buffer, embedded in paraffin, and sliced to
a thickness of 4 pm. The slices of the samples were
stained with H-E. The number of cells within 30 um of
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the mesh fiber was then counted, and the slices were
subjected to antigen activation treatment with ethylene-
diaminetetraacetic acid. Samples were immersed in 3%
hydrogen peroxide solution at room temperature for
10 min, blocked with PBS (3% BSA) at room tempera-
ture for 1 h, and then mixed with anti-FoxP3 antibodies
at 4°C overnight. DAB staining was performed using
a Simple Stain MAX-PO (Rat) and DAB substrate kit.
The numbers of cells and Tregs within 30 um of the fiber
were measured, and the Treg ratio was calculated.

2.8. Implantation of the anti-CD25
antibody-immobilized PE mesh into
tumor-bearing mice

B16 melanoma cells (5.0 x 10° cells) were subcuta-
neously injected into mice (5 weeks of age). Tumor
volume was calculated as (tumor width [mm]* x tumor
length [mm])/2 [16]. When the tumor volume was
approximately 25 mm?® the CD25-PE mesh was
implanted subcutaneously under the tumor (Fig. S2).

2.9. Statistical analysis

Results were expressed as the mean + standard error of
the mean, with each experiment performed at least
three times. Tukey’s multiple comparison test was
used to test for statistical significance. A p-value <
0.05 was considered to be statistically significant.

3. Results

3.1. Preparation of an anti-CD25
antibody-immobilized mesh

The PE mesh was subjected to corona discharge treat-
ment and graft polymerization with acrylic acid. The
PAAc-grafted mesh was evaluated by methylene blue
staining and weight measurements before and after
polymerization (Figure 1(a,b)). The blue-stained mesh
was observed at an acrylic acid concentration of 2 wt%
and became dark blue at an acrylic acid concentration
of 5 wt%. In addition, the weights of the mesh before
and after graft polymerization increased with increasing
acrylic acid concentration. Subsequently, anti-CD25
antibody was immobilized on 2 and 5 wt% PAAc-PE
using the EDC reaction. DAB-stained meshes are
shown in Figure 2(a). For PE meshes without PAAc
graft-polymerization, white meshes were observed at
anti-CD25 antibody concentrations of 0, 0.5, and 5 pg/
mL, whereas brown-stained meshes were observed at an
antibody concentration of 50 pg/mL, indicating the
nonspecific absorption of the antibody on the PE
mesh. For the 2 and 5 wt% PAAc-PE meshes, meshes
became dark brown as the concentration of anti-CD25
antibody increased. Also, the anti-CD25 antibody-
immobilized PE mesh grafted with 5 wt% PAAc was
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Figure 1. (a) Methylene blue staining. (b) The amount of grafted poly(acrylic acid) on PE mesh (n = 5). *p < 0.01.
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Figure 2. (a) DAB staining of CD25-PE. (b) Amount of the antibody immobilized on the 5 wt% PAAc-PE (n = 5). *p < 0.01.

darker than that grafted with 2 wt% PAAc. So, we used
the anti-CD25 antibody-immobilized PE mesh grafted
with 5 wt% PAAc for below experiments. The DAB-
stained meshes containing 5 wt% acrylic acid were
analyzed using Image J (Figure 2(b)). An increase in
the immobilization amount of antibody was observed
with increasing antibody concentrations.

3.2. In vitro cell capture of antibody-immobilized
mesh

Mouse spleen cells were used to investigate the cell
capture of anti-CD25 antibody-immobilized mesh.
Mouse spleen cells were assessed by fluorescence-
assisted cell sorting (FACS; Fig. S1). The percentages
of CD25-positive and CD4-positive cells
approximately 8% and 18.5%, respectively. The anti-
CD25 antibody-immobilized meshes (PAAc: 5 wt%,
feed conc. of anti-CD25 antibody: 50 ug/mL) were set
in suspensions of mouse spleen cells (1 x 10° cells/mL)
and incubated with gentle shaking at 4°C for 1 h. Cells
that had not adhered on the meshes were counted, and

were

the cell adhesion rate was calculated (Figure 3). For
PE, 5% PAAc-PE, and anti-human CD25-PE meshes,
there were no significant differences between cell cap-
ture rates, indicating that the cells adhered nonspeci-
fically. In contrast, the number of adhered cells was
increased for anti-mouse CD25-PE and anti-mouse
CD4-PE compared with that of other meshes, indicat-
ing that cell capture on antibody-immobilized meshes
involved an antigen-antibody interaction.

3.3. Implantation of the anti-CD25
antibody-immobilized mesh into healthy mice

To investigate the in vivo reaction of the anti-CD25 anti-
body-immobilized mesh, the mesh was subcutaneously
implanted into healthy mice (Figure 4(a)). When PE and
5 wt% PAAc-PE meshes were implanted, red color, as
a sign of the inflammatory reaction, was observed. In
contrast, there were no significant differences between
the sham operation and CD25-PE meshes when various
concentrations of antibody were used.
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The implanted meshes were subjected to
H-E staining (Figure 4(b)). Cells within 30 pm of the
mesh fiber were observed and counted (Figure 4(c)).
The highest cell accumulation was observed for the PE
mesh. Compared with PE, the cell number decreased
for the PAAc-PE and CD25-PE meshes. There were no
differences between the CD25-PE meshes at various
concentrations of antibody.

Subsequently, the implanted meshes were subjected
to immunostaining with an antibody targeting FoxP3,
a specific marker of Tregs (Figure 4(d)). The number
of Tregs within 30 um of the mesh fiber was counted
(Figure 4(e)). Notably, Tregs were not observed
around the PE fibers, but were observed for all CD25-
PE meshes. The percentages of Tregs increased as the
antibody concentration increased.

3.4. Suppression of tumor growth by
implantation of the CD25 antibody-immobilized
mesh into tumor-bearing mice

To examine the tumor-suppressive effects of the anti-
CD25 antibody-immobilized mesh, CD25-PE mesh
was implanted near the tumor in tumor-bearing
mice (Figure 5(a)). The implanted meshes were
observed near the tumor after 7 days of implantation,
although a slight shift in position was observed for the
PE meshes. Changes in tumor volume over time are
shown in Figure 5(b). For the sham operation, the
tumor volume was increased to approximately
600 mm” after 7 days. For PE and PAAc-PE mesh
implantation, similar tumor growth was observed
until 4 days after implantation, and tumor growth
was inhibited at 6 and 7 days after implantation com-
pared with that of the sham operation. For the CD25-

=5). *p < 0.05, **p < 0.01.

PE mesh, the greatest suppression of tumor growth
was found after 7 days, and the tumor size rapidly
increased between days 6 and 7. The implanted CD25-
PE mesh was subjected to H-E staining and FoxP3
immunostaining (Figure 5(c,e)). Although the CD25-
PE mesh was slightly farther away from the tumor,
Tregs were observed around the fibers of the mesh.
The number of cells around the fiber of the mesh was
counted, and the Treg ratio was calculated (Figure 5(d,
f)). Compared with the CD25-PE mesh implanted into
healthy mice, the number of cells was increased for
CD25-PE meshes implanted into tumor-bearing mice
(Figure 5(d)). There were no differences in Treg ratios
between  healthy and  tumor-bearing  mice

(Figure 5(f)).

4. Discussion

Cancer immunotherapy can involve enhancement of
immune attack or release of immune tolerance [17].
Importantly, FoxP3" CD25" CD4" Tregs have been
shown to strongly affect tumor immune tolerance [4].
In the tumor microenvironment, Tregs infiltrate and
accumulate through the secretion of chemokines, such
as CCL22, from cancer cells and inhibit the attack of
immune cells, such as NK cells and effector T cells, to
cancer cells [4,5]. In this study, in order to remove
Tregs from the tumor and release immune tolerance,
we designed and prepared an antibody-immobilized
mesh and subsequently investigated the effects of the
mesh on tumor growth suppression following implan-
tation in mice. The transcription factor FoxP3 is
a specific marker of Tregs and is FoxP3 expressed
inside the cells; thus, this specific marker could not
be used in our system. CD25 is a surface marker of
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Figure 4. (a) Implantation of PE meshes with and without anti-CD25 antibody subcutaneously into healthy mice. (b) H-E staining
of PE meshes with and without anti-CD25 antibody implanted subcutaneously into healthy mice. (c) The number of cells aroud the
fibers of the implanted meshes (n = 5). (d) FoxP3 immunostaining of PE meshes with and without anti-CD25 antibody implanted
subcutaneously in healthy mice. (e) The ratio of Tregs to cells within 30 um from mesh fibers (n = 9). *p < 0.05, **p < 0.01. (Scale

bar: 100 pm, N.D.: Not detected).

Tregs; therefore, we chose anti-CD25 antibodies in
this study. A recent study showed that three types of
Tregs, including naive Tregs, effector Tregs, and non-
Tregs, were present and exhibited variations in immu-
nosuppression. Among these types of Tregs, effector
Tregs, which show high immunosuppressive ability,
are present as the CD25""FoxP3"" cell population.
Moreover, effector Tregs have been identified in pro-
liferative tumors [18]. Therefore, in this study, we
designed an anti-CD25 antibody-immobilized mate-
rial to remove the effector Tregs from tumors.

The anti-CD25 antibody was immobilized on the
surface of PAAc-PE mesh with acrylic acid concentra-
tions of 2 and 5 wt% through the EDC reaction. The
amount of immobilized antibody increased as the
concentration of the antibody increased for both
acrylic acid concentrations. However, the non-graft-
polymerized PE was stained by immunostaining, sug-
gesting nonspecific absorption of the antibody.
Therefore, we used the anti-CD25 antibody-
immobilized PE mesh at an antibody concentration
of 5 ug/mL for subsequent experiments.
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Figure 5. (a) Implantation of PE meshes with and without anti-CD25 antibody into tumor-bearing mice. (b) Tumor growth
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into healthy and tumor-bearing mice (n = 3). (e) FoxP3 immunostaining of the CD25-PE mesh at 7 days after subcutaneous
implantation into tumor-bearing mice. (f) The ratio of Tregs to cells within 30 um from mesh fibers (n = 3). *p < 0.01.

Analysis of the cell capture ability of the obtained
CD25-PE mesh in mouse spleen cells (CD4 CD257,
CD4'CD257, CD4 CD25", and CD4"CD25" cells)
showed cell capture ratios of approximately 14% and
20% for PE and 5 wt% PAAc-PE meshes, respectively.
We assumed that the cells adhered to the meshes
nonspecifically because the cells were observed at the
crossover region of the mesh fibers (data not shown).
Although the cell capture ratio of the anti-human
CD25-PE antibody was still approximately 20%, an
increase in the cell capture ratio was found for anti-
mouse CD25-PE (37%) and anti-mouse CD4-PE
(46%) meshes. These results indicated that cell capture
occurred through antigen/antibody interactions on
the antibody-immobilized PE meshes in addition to
nonspecific cell capture. For FACS analysis, the rates
of CD25-positive and CD4-positive cells were
approximately 8% and 18%, respectively. Unexpected
increases in the cell capture ratios for the anti-mouse
CD25-PE and anti-mouse CD4-PE meshes were
observed. Thus, further studies are required to clarify
the mechanisms involved in these effects.

Analysis of the Treg capture ability of the CD25-
PE mesh in vivo demonstrated inflammation and cell
accumulation around the mesh fibers of the PE mesh
owing to the foreign body reaction. In contrast, for
the CD25-PE mesh, the inflammation reaction was
not observed, and sham operation suppressed cell
accumulation. In addition, although Tregs were not
observed for PE meshes immunochemically stained
with FoxP3, Treg accumulation around the CD25-PE
mesh was also achieved. Surface modification of
implant materials with biomolecules, such as pep-
tides, proteins, and antibodies, can control cell beha-
vior and function [19-22]. Thus, Tregs accumulated
around the CD25-PE mesh may inhibit inflammation
through immunosuppression.

Finally, we investigated the tumor-suppressive
ability of the CD25-PE mesh in tumor-bearing
mice. Our results showed that the PE and PAAc-
PE meshes caused decreased tumor volumes only
on days 6 and 7. It is assumed that the implantation
of them induced changes of the tumor surround-
ings, such as micro-circulation state, capsulation,
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inflammation, and it is required to clear the
mechanism in future. In contrast, CD25-PE resulted
in high suppression of tumor growth until 7 days
after implantation compared with the other meshes;
the tumor volume decreased to 323 mm?, indicating
that this mesh showed high tumor suppression abil-
ity. We assumed that the immune cells suppressed
by Tregs in or around the tumor were activated by
capturing Tregs on the CD25-PE mesh. This
assumption was supported by the observation that
the number of cells around the CD25-PE mesh of
tumor-bearing mice was higher than that of healthy
mice. In addition, spherical immune cells were
observed for the CD25-PE mesh near the tumor,
whereas the cells around CD25-PE meshes
implanted into healthy mice were spindle-shaped
cells, similar to fibroblasts. However, for FoxP3
immunostaining, the Treg ratio among the cells
around the CD25-PE mesh was approximately 5%,
similar to the CD25-PE ratio in healthy mice.
Furthermore, although the tumor growth curves in
mice in the CD25-PE mesh group gradually
increased over 6 days after implantation, a remark-
able increase in tumor volume was observed from
days 6 to 7. These results suggest that it may be
necessary to consider long-term application of
CD25-PE mesh and that additional improvements
to the CD25-PE mesh may be required.

5. Conclusion

In this study, we designed and synthesized an anti-CD25
antibody-immobilized PE mesh as an implantable Treg
capture device to suppress tumor growth by releasing
immune tolerance. The CD25-PE mesh effectively cap-
tured Tregs via antigen/antibody interactions in vitro
and in vivo. Additionally, transplantation of the anti-
body-immobilized mesh into tumor-bearing mice sup-
pressed tumor growth. These results suggest that such
Treg control may have applications as a novel type of
cancer treatment. Further research is needed to facilitate
cancer immunotherapy using implantable anti-CD25
antibody-immobilized material as a Treg-capturing
device.
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