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Despite the great promise of immune checkpoint blockade (ICB) therapy for cancer treatment, the currently
available options for ICB treatment pose major clinical challenges, including the risk of severe systemic auto
immune responses. Here, we developed a novel localized delivery platform, immuno-bioglue (imuGlue), which is
inspired by the intrinsic underwater adhesion properties of marine mussels and can allow the optimal retention
of anti-PD-L1 drugs at tumor sites and the on-demand release of drugs in response to the tumor microenviron
ment. Using a triple-negative breast cancer and melanoma models, we found that imuGlue could significantly
enhance anti-tumor efficacy by eliciting a robust T cell-mediated immune response while reducing systemic
toxicity by preventing the rapid diffusion of anti-PD-L1 drugs into the systemic circulation and other tissues. It
was also demonstrated that imuGlue could be successfully utilized for combination therapy with other immu
nomodulatory drugs to enhance the anti-tumor efficacy of ICB-based immunotherapy, demonstrating its versa
tility as a new treatment option for cancer immunotherapy.

1. Introduction
Among many attempts to develop effective treatment strategies for
preventing cancer progression, cancer immunotherapy has gained
considerable attention due to its favorable clinical outcomes in recent
years [1,2]. In particular, immune checkpoint blockade (ICB), which
targets regulatory pathways in T cells to augment anti-tumor responses,
has shown remarkable clinical benefits for various types of cancers [3,
4]. ICB targets the programmed death-1 (PD-1), programmed
death-ligand 1 (PD-L1) or cytotoxic T lymphocyte antigen 4 (CTLA-4)
pathways [5,6]. PD-L1 is a transmembrane protein that downregulates
immune responses through binding to inhibitory immune PD-1 receptor
expressed on immune cells such as T cells [6,7]. During T cell activation,
PD-L1 is upregulated in cancer cells and antigen-presenting cells (APCs),
resulting in the suppression of effector T cells [8,9]. Thus, the blockade
of the PD-L1/PD-1 interaction using monoclonal antibodies (Abs) rep
resents a promising approach to revitalize tumor-specific immunity that

is suppressed by the expression of PD-L1 in the tumor microenvironment
[5,10]. Furthermore, a number of anti-PD-L1 drugs, including atezoli
zumab, avelumab, and durvalumab, have been approved by the U. S
Food and Drug Administration (FDA) for various cancers [11–13].
While the ability of ICB to induce immune responses in malignant
tumors holds great promise for immunotherapy, the current treatment
strategies for ICB still have challenges resulting from low objective
response rates and severe side effects such as autoimmune disorders [14,
15]. Only a small fraction of patients have exhibited durable clinical
responses in response to ICB treatment [16]. As an emerging mechanism
of therapeutic resistance to anti-PD therapy, circulating exosomes
expressing PD-L1 and/or PD-L1-positive variants secreted by cancer
cells have been recognized as counteracting anti-tumor immunity by
functioning as decoys to disable systemically injected anti-PD-L1 Abs
(designated as aPD-L1) [17,18]; therefore, localized ICB treatment,
which can not only increase the local concentration of aPD-L1 in tumors
but also avoid the resistance mechanism of immunosuprressive
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exosomal PD-L1, can possibly mitigate this limitation. Moreover, taking
the brakes off the immune system with systemic ICB can potentially
cause severe immune-related adverse events, which are due to the sys
temic nonspecific overactivation of the immune system and lead to
various local and systemic autoimmune responses [14,15,19]. There
fore, such drawbacks of current ICB therapy expose an urgent need for
reliable alternative treatment strategies capable of improving delivery
efficacy at the tumor site and reducing adverse effects by avoiding the
systemic activation of the immune system.
Localized immunotherapy has emerged as a promising approach to
mitigate immune toxicities while increasing the local concentrations of
immunomodulatory drugs at the injection site in tumors, which allows
for the administration of lower drug doses compared to those used
systemically [20–23]. The sustained and controlled delivery of locally
administered drugs to the site of interest could provide a fundamental
way to not only minimize immune-related adverse events resulting from
ICB therapy but also improve therapeutic outcomes. Recent studies have
proposed the microneedle-based delivery of anti-PD-1 Ab for the treat
ment of melanoma [24–26], but there still remains a need to develop a
broadly applicable platform of localized immunotherapy for pre
operative/postsurgical applications. Although hydrogel system can also
be applied for intratumoral delivery of Ab, the effective release and
prolonged retention of Ab in the leaky tumor environment still remain a
challenge. Furthermore, immunomodulatory drug delivery by intra
tumoral administration failed to provide persistent stimulation at the
tumor site [27,28]. It was reported that intratumorally injected
anti-CD40 Abs were nearly undetectable in tumors at 48 h postinjection,
while they were readily detected in blood serum within 6 h post
injection, indicating the dissemination of Abs into systemic circulation
through a leaky tumor vasculature [27]. Similarly, other studies have

shown that intratumoral or peritumoral injections of cytokines and
Toll-like receptor (TLR) agonists resulted in the systemic dissemination
of these agents, leading to systemic toxicity in mouse models [29,30].
Thus, the improvement of localized ICB immunotherapy demands the
design of advanced delivery platforms that allow for stable retention at
the site of interest and the release of immunotherapeutics in a controlled
manner to elicit an effective anti-tumor immunity. It also involves
limiting undesirable systemic exposure to potent immuno-agonists,
thereby preventing possible severe side effects such as systemic cyto
kine storms.
In this study, we developed a bioresponsive immuno-bioadhesive
platform, named “imuGlue”, inspired by the intrinsic underwater
adhesion properties of marine mussels for the effective localized de
livery of immune checkpoint inhibitors (ICIs). Due to the unique prop
erties of mussels that stably adhere to diverse wet surfaces, their
secretion of proteinaceous glues, known as mussel adhesive proteins
(MAPs) [31], has received great attention as showing promise for the
development of bioadhesives for many biomedical applications. Given
the limited availability of naturally extracted MAPs, bioengineered
MAPs have been successfully prepared through bacterial expression
strategies [32,33], and their superior adhesion properties, biocompati
bility, and biodegradability have been demonstrated in diverse formu
lations, including coacervates, hydrogels, nanofibers, and nanoparticles
[34–37]. Thus, by leveraging these unique traits of bioengineered MAPs,
the novel design of imuGlue as an effective localized delivery platform
was made possible and involved the conjugation of a MAP to aPD-L1 via
a tumor microenvironment-responsive linker (Fig. 1). Here, we
demonstrated that imuGlue can remarkably enhance the local retention
of aPD-L1 at a tumor site by MAP-assisted effective tissue adhesion and
subsequently allow for the on-demand release of aPD-L1 in response to

Fig. 1. Schematic illustration of the imuGlue delivery platform used for cancer immunotherapy. The localized delivery of immunotherapeutic payloads by
imuGlue enables the prolonged retention of aPD-L1 at the primary tumor site and the in situ release of aPD-L1 in response to tumor growth.
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the tumor microenvironment, thereby significantly improving the
therapeutic effects of aPD-L1 immunotherapy while reducing unwanted
immune activation at non-tumor sites.

conjugated to Alexa488-labeled Ab as described above. The MAP-Ab
conjugate was applied onto a glass slide, followed by rinsing with PBS
to remove the unbound MAP-Ab. The glass slide was then imaged using
an in vivo fluorescence imaging system (Neoscience, Gyeonggi, Korea).
Surface adhesion of imuGlue:The resonance frequency of goldcoated quartz (8.9 MHz) was monitored using quartz crystal microbal
ance (QCM; QCM922A; Seikon EG&G, Tokyo, Japan) to evaluate the
surface adhesion of MAP-Ab and Ab. To equilibrate the quartz sensor
crystal, distilled water (DW) was injected into the QCM flow cell for 10
min. Then, MAP-Ab or Ab (1 mg/ml) was injected into the flow module
at a flow rate of 200 μl/min for 10 min until the frequency became
stable, and the quartz sensor crystal was washed with DW to remove
unattached Ab. The frequency shift values were measured for the entire
procedure.
Underwater surface adhesion was measured using the asymmetric
mode of SFA (SurForce LLC, Goleta, CA, USA) as reported in a previous
report [38]. Samples were coated onto a single side of the mica surface.
The sample solution (40 μg/ml in 0.1 M MES, pH 6.5) was deposited on
the freshly cleaved mica surface and incubated for 10 min. The mica
surface was rinsed using 0.1 M MES buffer. The SFA was assembled and
prepared after mica coating. Two mica surfaces, the bare mica surface
and the coated mica surfaces, were compressed for 5 min and kept for an
additional 5 min in 0.1 M MES Buffer. After 5 min of incubation, the
mica surfaces were separated at the same speed as the compression
speed at a rate of 1 nm per second speed. Surface adhesion force can be
determined according to the separation distance immediately after
failure. In addition, the adhesion energy was calculated on the basis of
the Johnson-Kendall-Roberts theory of adhesion [39]. All experimental
sets were performed several times with the different contact points and
mica surfaces independently.
To evaluate the adhesion efficiency of MAP, 1 mg of MAP or BSA
(Promega, Madison, WI, USA), which was used as a control, was applied
onto a polystyrene surface and then incubated in PBS for 1, 5, 10, and 20
min. The unattached protein was collected in the buffer solution and
quantified via a Bradford assay by measuring the absorbance at 595 nm
using a microplate absorbance spectrophotometer (PerkinElmer). Then,
the protein attached to the polystyrene surface was further incubated for
1, 3, 5, 8, and 16 h in fresh buffer solution. At predetermined time
points, each buffer solution was collected, and the quantity of released
protein was analyzed using a Bradford assay.
In vitro retention of imuGlue:MAP conjugated to Alexa488-labeled
Ab was applied onto half of an uncovered porcine skin tissue surface
(Stellen Medicine, St Paul, MN, USA), and the other half of the tissue
surface was covered with aluminum foil to prevent coating with protein.
The porcine skin tissue surface was incubated for 24 h with shaking in
PBS at 37 ◦ C and observed via a fluorescence microscope (BX60;
Olympus, Tokyo, Japan) after washing with PBS. The adhesion of MAP
conjugated to Alexa488-labeled Ab on the glass surface was also
examined in the same way.
MAP solution (7 mg/ml in 100 mM MES buffer) was applied onto a
glass surface shielded by a mask with a hole in the shape of the letters
“MAP”. The MAP-applied surface was stained with Coomassie-blue
(Sigma-Aldrich) and incubated in PBS with shaking for 1, 3, 7, and 14
days. Then, the glass was observed to analyze the underwater adhesion
properties of MAP via optical microscopy (Olympus).
In vitro Ab release from imuGlue:To study the Ab release profile of
imuGlue, MAP conjugated to Alexa488-labeled Ab was applied onto a
48-well plate and incubated at 37 ◦ C in PBS or PBS containing 10 μg/ml
of MMP2 (Sino Biological, Wayne, PA, USA) for predetermined time
periods. The supernatants containing the released Ab were then
collected and analyzed by measuring Alexa488 fluorescence for the
quantification.
MAP conjugated to Alexa488-labeled Ab was applied onto a glass
surface and incubated for 7 days followed by the addition of 10 μg/ml
MMP2. The release of Ab was visualized by a fluorescence microscope.
In vitro cytotoxicity:For the cytocompatibility test, MAP was coated

2. Materials and methods
Cell lines and antibodies: MDA-MB-231 human breast carcinoma
cells (ATCC No. HTB-26) and B16–F10 mouse melanoma cells (ATCC
No. CRL-6475) were cultured in Dulbecco’s modified Eagle medium
(DMEM; HyClone, Logan, UT, USA) supplemented with 10% (v/v) fetal
bovine serum (FBS; HyClone) and 1% (v/v) penicillin/streptomycin
(HyClone). The cells were incubated at 37 ◦ C in a humidified environ
ment containing 5% CO2 and regularly checked for mycoplasma
contamination.
Anti-human PD-L1 (clone 29E.2A3) and anti-mouse PD-L1 (clone 10
F.9G2) Abs were purchased from BioXCell (West Lebanon, NH, USA).
Alexa594-labeled anti-PD-L1 Ab was obtained from BioLegend (San
Diego, CA, USA). Anti-CD4 (clone RM4-5), anti-CD8 (clone 53–6.7),
anti-Foxp3 (clone FJK-16s), and anti-interferon-gamma (IFN-γ; clone
XMG1.2) Abs were purchased from BioLegend and eBioscience (San
Diego, CA, USA). Alexa488-labeled Ab (anti-mouse IgG or anti-rabbit
IgG) and DiO cell-labeling solution were purchased from Life Technol
ogies (Grand Island, NY, USA).
Preparation of imuGlue:The bioengineered MAP was produced in an
Escherichia coli system as previously reported [34]. To convert the
tyrosine residues of the bioengineered MAP into 3,4-dihydroxyphenyla
lanine (DOPA), MAP was dissolved in modification buffer (100 mM
sodium phosphate dibasic, 20 mM boric acid, and 25 ml of ascorbic acid;
pH 6.8) at a final concentration of 1.5 mg/ml, incubated with mushroom
tyrosinase (100 μg/ml; Sigma-Aldrich, St. Louis, MO, USA) for 1 h and
then dialyzed against 1% (v/v) acetic acid. The yield of DOPA-modified
bioengineered MAP was determined via amino acid composition anal
ysis after hydrolysis in 6 N HCl with 5% water-saturated phenol at
156 ◦ C using an amino acid analyzer (S4300; SYKAM, Eresing,
Germany).
imuGlue was prepared by covalently conjugating MAP to Ab (aPD-L1
or Alexa488-labeled Ab) via a matrix metalloproteinase-2 (MMP2)cleavable peptide linker (peptide sequence: CGPLGVRGG; Peptron,
Daejeon, Korea). Briefly, Ab was diluted to a final concentration of 1
mg/ml in phosphate-buffered saline (PBS; pH 7.4). Then, 0.3 mg of
sulfosuccinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate
(sulfo-SMCC, TCI Chemicals, Tokyo, Japan) in 30 μl DMSO was added to
1 ml of Ab and stirred for 30 min at room temperature. The MMP2cleavable peptide (0.25 mg) was added to the mixture with stirring for
1 h at room temperature. The resultant mixture was further incubated
with 6 μM of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC;
Sigma-Aldrich) and 12 μM of N-hydroxysuccinimide (NHS; SigmaAldrich) for 30 min. The excess reagent was removed via buffer ex
change with 100 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer
with 0.5 M NaCl at pH 6.5 using a Zeba desalting spin column (Thermo
Fisher Scientific, Waltham, MA, USA). Next, the reaction mixture was
further incubated with 7 mg of MAP in 100 mM MES buffer with 0.5 M
NaCl at pH 6.5 for 2 h at room temperature. To evaluate the conjugation
ratio of MAP to Ab, MAP was conjugated to Alexa488-labeled Ab, fol
lowed by dialysis with the MES buffer using a membrane with 50 kDa
molecular weight cuff-off (MWCO) to remove the unreacted MAP. Then,
the Ab concentration was calculated by measuring Alexa488 fluores
cence via a fluorescence spectrometer (PerkinElmer, Waltham, MA,
USA) at an excitation wavelength of 488 nm and an emission wave
length of 525 nm. Then, the MAP concentration was determined by
subtracting the Ab concentration from the total protein concentration of
MAP conjugated to Ab (designated as MAP-Ab) measured by a Bradford
assay (Bio-Rad, Hercules, CA, USA).
To visualize the MAP-Ab conjugate, MAP was labeled with Texas
Red-X, succinimidyl ester (Life Technologies) according to the manu
facturer’s instructions. The resultant Texas Red-labeled MAP was further
3
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onto polystyrene surfaces at various concentrations. MDA-MB-231 cells
were seeded on each surface at a density of 5 × 104 cells per well and
incubated for 24 h. Then, CCK-8 reagent (Dojindo Laboratories, Tokyo,
Japan) was added to the cells on each surface and incubated for 3 h. The
cell viability was detected by measuring the absorbance at 450 nm using
a microplate absorbance spectrophotometer (PerkinElmer).
Measurement of Ab in serum:Blood was collected from mice at the
indicated time points after the subcutaneous injection of free Alexa488labeled Ab and MAP conjugated to Alexa488-labeled Ab or intratumoral
injection of free Texas Red-labeled aPD-L1 and MAP conjugated to Texas
Red-labeled aPD-L1. Plasma was then obtained by centrifuging the
sample at 14,000×g for 10 min. The Ab concentration was calculated by
measuring the Alexa488 or Texas Red fluorescence using a fluorescence
spectrometer.
In vivo tumor model:All animal studies were conducted according to
the guidelines approved by the Institutional Animal Care and Use
Committee of POSTECH (POSTECH IACUC-2016-0044-R2). Female
C57BL/6 mice (6–10 weeks old) were purchased from OrientBio
(Seongnam, Korea). The tumor xenograft models were established by
the subcutaneous injection of 1 × 107 B16F10 melanoma cells into the
right flanks of C57BL/6 mice. The melanoma-bearing mice were
randomly divided into three groups (n = 6) and anesthetized with iso
flurane when the tumor volumes reached approximately 100 mm3. The
mice were treated with PBS, aPD-L1, or MAP conjugated to aPD-L1
(designated as MAP-aPD-L1) at 2 mg/kg aPD-L1 by intratumor injec
tion twice on day 5 and 7. The tumor size was measured using an
electronic caliper, and the tumor volume was then estimated with the
equation width2 × length × 0.5. The survival rate was represented as a
Kaplan-Meier curves. The survival end point was determined when the
tumor volume reached 1000 cm3.
For the combination immunotherapy, C57BL/6 mice were subcuta
neously injected with 1 × 107 B16F10 cells in the right flank. B16F10
tumor-bearing mice were randomly sorted into five groups (n = 6) when
the tumor volumes reached approximately 100 mm3. The mice were
treated with PBS, aPD-L1, aPD-L1 with 1-methyl-tryptophan (1-MT),
MAP-aPD-L1, and MAP-aPD-L1 with 1-MT at a dosage of 2 mg/kg for
aPD-L1 and 2.5 mg/kg for 1-MT by intratumoral injection (100 μl/
mouse) twice on days 6 and 8. The tumor volume was evaluated using
the same method described above. The body weight was observed over
the entire experimental period.
Confocal microscopy:A 24-well Transwell plate with 0.45 μm pore
filters was used to study the bioactivity of Ab released from imuGlue.
Briefly, MAP conjugated to Alexa594-labeled aPD-L1 was applied on the
upper compartment of the Transwell plate, and MDA-MB 231 or B16F10
cells (2 × 105 cells per well) were seeded in the lower compartment.
After 24 h of incubation with PBS or PBS containing 10 μg/ml of MMP2
in the upper compartments, cell images were acquired by a confocal
microscope (FLUOVIEW FV3000; IX83; Olympus) equipped with a 60 ×
/1.35 oil immersion objective (Olympus).
For the tumor section imaging analysis, tumor tissues were excised
and fixed with 10% formalin (Sigma-Aldrich) at the end of the experi
ment. The samples were frozen, cryosectioned, and mounted onto glass
slides. After the rehydration of the sections with PBS, antigen retrieval
by boiling in citrate buffer (pH 6.0) was performed before blocking with
1% BSA. The sections were then incubated with primary Abs against
CD4 and CD8 for 1 h at room temperature. Following the addition of the
fluorescently labeled secondary Abs, the slides were analyzed using a
confocal microscope.
In vivo fluorescence imaging:In vivo fluorescence images were ac
quired using an in vivo imaging system with an exposure time of 1 s and
further analyzed with the dedicated imaging software NEOimage
(Neoscience). To evaluate the in vivo retention of Ab, BALB/c nude mice
were injected subcutaneously with MAP conjugated to Alexa488-labeled
Ab or free Ab using an equivalent Ab dose (1 mg/kg) in the right flank.
The retention of Ab was then monitored using the in vivo imaging sys
tem. Regions of interest were quantified to determine the mean of the

integrated density (area × intensity unit) using the NEOimage software.
Cell isolation:B16F10 tumors were collected from mouse and pro
cessed into single cell suspension using Liberase (Roche, Basel,
Switzerland) and DNase (Sigma-Aldrich) at 37 ◦ C for 30 min. Tumor
cells were passed through a 40 μm mesh, washed, and then stained for
flow cytometer analysis. Tumor-draining lymph node (TDLN) and nondraining lymph node (NDLN) were meshed and passed through a 70
μm cell strainer to obtain a single cell suspension prior to Ab staining for
flow cytometric analysis.
Flow cytometric analysis:Fixable viability dyes (eBioscience) were
used to label dead cells. For surface staining, cells were stained with
fluorescence-labeled anti-CD4 (RM4-5), anti-CD8 (53–6.7), anti-CD62L
(IM7), and anti-CD44 (MEL-14) Abs. For intracellular staining,
surface-stained cells were fixed and permeabilized with a Foxp3 staining
kit (eBioscience) according to the manufacturer’s instructions and were
stained with anti-Foxp3 (FJK-16s) and anti-IFN-γ (XMG1.2) Abs. For
intracellular cytokine staining, cells were stimulated by phorbol myr
istate acetate (PMA) and ionomycin for 6 h in the presence of Golgi-Plug
(BD Biosciences, San Jose, CA, USA) or Golgi-Stop (BD Biosciences).
Data from the stained cells were collected with a flow cytometer
analyzer (LSR Fortessa; BD Biosciences) equipped with 5 lasers and were
analyzed by FlowJo software (Treestar, Ashland, OR, USA). Gating
strategies for fluorescence-activated cell sorting (FACS) analyses are
described in Supplementary Fig. S1.
3. Results and discussion
3.1. Fabrication of bioresponsive imuGlue for localized immunotherapy
To generate the bioresponsive imuGlue, which could offer both
prolonged retention and the optimal release of aPD-L1 in the tumor
microenvironment, bioengineered MAP was covalently conjugated to
aPD-L1 via a MMP2-cleavable peptide linker, enabling the release of
aPD-L1 upon exposure to MMP2, which is present in the tumor micro
environment. To validate the conjugation of MAP to aPD-L1, Alexa488labeled anti-mouse or anti-rabbit IgG was used as a model Ab, and the
subsequent fluorescent imaging showed the stable conjugation of MAP
to Ab (Supplementary Fig. S2). In addition, the conjugation of MAP to
Ab was further confirmed by a slight redshift (~3 nm) in the emission
spectrum of MAP-Ab compared to those of free Ab and a simple mixture
of MAP and Ab, which was presumably due to the molecular interaction
of the fluorophore of Ab with the proximal phenolic rings of MAP in the
MAP-Ab conjugate (Fig. 2a). However, a blueshift of the emission peak
of MAP-Ab was observed when it was treated with MMP2 as a result of
the increased distance between Ab and MAP resulting from the cleavage
of the MMP2-cleavable linker (Fig. 2b). Furthermore, the spectroscopic
measurement of purified MAP-Ab revealed that the average conjugation
ratio (MAP to Ab molar ratio) was approximately 7.2.
Bioengineered MAP has previously demonstrated its unique capa
bility for superior underwater adhesion, which is primarily attributed to
its major component, DOPA; it is known to play a key role in the surface
adhesion and cohesion of byssus [40,41]. The molecular mechanisms
involved in this interaction, such as hydrogen bonding, π-π interactions,
cation-π interactions, metal coordination, and covalent crosslinking,
may contribute to the adhesion of MAP to inorganic and organic surfaces
[42,43]. First, we confirmed that the applied MAP adhered onto a
polystyrene surface within 1 min and was retained in aqueous condi
tions for more than 2 weeks (Supplementary Fig. S3a to S3c). Addi
tionally, no notable cytotoxicity of MAP was found (Supplementary
Fig. S3d).
To further confirm whether imuGlue was endowed with the inherent
underwater adhesion properties of MAP, the adhesion of MAP-Ab was
determined quantitatively during flow using QCM analysis and
compared to that of the free Ab. After equilibration with DW, the reso
nance frequency change (Δf) of MAP-Ab at a flow rate of 200 μl/min was
~7-fold higher than that of the free Ab and was also maintained during
4
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Fig. 2. Characterization of the imuGlue delivery system. (a) Emission spectra of free Ab (Alexa488-labeled Ab), a simple mixture of MAP and Ab, and MAP
conjugated to Ab (MAP-Ab). (b) Emission spectra of MAP-Ab in the absence or presence of MMP2. (c) QCM analysis of MAP-Ab versus free Ab at a flow rate of 200 μl/
min. (d) Schematic representation (left) and measurement (right) of the surface adhesion force of free Ab and MAP-Ab using the asymmetric mode of SFA. Force
distance profiles of free Ab and MAP-Ab are indicated in red and blue, respectively. Move-in and move-out profiles are depicted as open and closed circles,
respectively. (e) The quantified surface adhesion force of free Ab and MAP-Ab measured by SFA. Error bars represent the standard error of the mean (**p < 0.01). (f)
Optical (top) and fluorescence (bottom) imaging of porcine skin tissue surface after applying MAP-Ab (green: Alexa488-labeled Ab). The white dotted line indicates
the boundary between applied and non-applied areas. (g) MMP2-responsive Ab release with schematic illustration. While the applied MAP-Ab on the glass surface
stably retained in PBS for 7 days, the addition of MMP2 at day 7 readily triggered Ab release within 24 h (scale bar = 100 μm). (h) Cumulative Ab release from MAPAb in the absence or presence of 10 μg/ml of MMP2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

the washing step with DW, indicating that MAP-Ab stably adhered onto
the quartz surface (Fig. 2c and Supplementary Fig. S4a). Furthermore,
the underwater adhesion force of MAP-Ab was quantitatively evaluated
in a physiological environment using a surface force apparatus (SFA). As
shown in Fig. 2d and e, the surface adhesion force of MAP-Ab (− 53.68 ±
1.76 mN/m) was approximately 8-fold stronger than that of the free Ab
(− 6.82 ± 2.84 mN/m). It is noteworthy that the surface adhesion force
of MAP-Ab was similar to that previously reported for MAP [44], sug
gesting that the conjugation of Ab had a minimal effect on the intrinsic
underwater adhesion properties of MAP. Consequently, this unique
adhesion capability allowed for the strong retention of the applied
MAP-Ab on porcine skin tissue and glass surfaces under the aqueous
conditions for over two weeks (Fig. 2f and Supplementary Fig. S4b).
In addition, the bioresponsive design of imuGlue could also induce
the efficient release of Ab from the applied MAP-Ab when it was exposed
to MMP2. While the applied MAP-Ab on the glass surface stably retained
under aqueous conditions for 7 days, Ab was readily released within 24
h upon MMP2 treatment of the surface at day 7 (Fig. 2g), demonstrating

in situ Ab release by imuGlue in response to the tumor microenviron
ment. In addition, the cumulative Ab release profile suggested that
imuGlue could release ~75% of applied Ab over 24 h in the presence of
MMP2 (Fig. 2h).
3.2. Enhanced in vivo retention of aPD-L1 using imuGlue
Next, to examine whether imuGlue could improve the in vivo reten
tion of Ab, MAP conjugated to Alexa488-labeled Ab was subcutaneously
injected into mice, and the retention of Ab was evaluated using an in vivo
imaging system. The imaging results showed that MAP-Ab exhibited
strong retention of Ab in vivo without significant losses for over a week,
whereas free Ab was nearly undetectable at day 3 after injection (Fig. 3a
and b). This result is mainly ascribed to gradual in vivo degradation of
MAP over 3 weeks (Supplementary Fig. S5a). Furthermore, the mea
surement of Alexa488-labeled Ab levels in serum collected at various
time points following subcutaneous injection indicated that high levels
of circulating Ab were detected in serum within 24 h after the injection
5
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Fig. 3. Enhanced in vivo retention of Ab using imuGlue. (a) In vivo fluorescence imaging of the mice at the indicated time points after the subcutaneous injection
of free Ab (Alexa488-labeled Ab) and MAP conjugated to Ab (MAP-Ab). (b) Mean integrated fluorescent intensities shown in a (n = 3). Error bars represent the
standard error of the mean (*p < 0.05, **p < 0.01). (c) Systemic exposure to Ab following local administration. Serum levels of Alexa488-labeled Ab measured at 6 h
and 24 h after the subcutaneous injection of free Ab and MAP-Ab. (d) Enhanced aPD-L1 retention within tumors by imuGlue treatment. Immunofluorescence images
of tumor sections at day 7 after treatment with free aPD-L1 and MAP-aPD-L1 (purple: aPD-L1, blue: nucleus, scale bar = 20 μm). (e) Confocal images of MDA-MB 231
cancer cells coincubated with MMP2-treated or nontreated MAP-aPD-L1 in a Transwell system. MAP-aPD-L1 was placed in the upper compartment with PBS or PBS
containing MMP2, while the cancer cells were cultured in the lower compartment. The red, green, and blue signals indicate aPD-L1, the cell membrane, and the
nucleus, respectively (scale bar = 20 μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

of free Ab, resulting from the significant dissemination of Ab into the
systemic circulation (Fig. 3c). In contrast, negligible levels of Ab were
detected in serum at 6 h and 24 h after MAP-Ab injection. This result was
further confirmed by measuring of Texas Red-labeled aPD-L1 level in
serum at 24 h after intratumoral injection into B16F10 tumor-bearing
mice with free aPD-L1 or MAP-aPD-L1 (Supplementary Fig. S5b), sug
gesting that the enhanced in vivo retention of imuGlue could effectively
prevent widespread systemic exposure to immuno-agonists and possibly
reduce off-target inflammatory symptoms. Furthermore, tumors and
tissues of interest were then excised at 24 h postinjection, and the bio
distribution of aPD-L1 was determined by using ex vivo fluorescence
imaging (Supplementary Fig. S5c and S5d), indicating significantly
higher retention of aPD-L1 at the tumor site in MAP-aPD-L1-treated
mice while detecting widespread distribution of aPD-L1 in tissues of
mice treated with free aPD-L1.
To further examine that imuGlue could also foster the long-term
retention of aPD-L1 within tumors in vivo, the tumor tissues were
collected 7 days after the treatment, and the retention of aPD-L1 within
tumors was evaluated using immunofluorescence imaging. The confocal
images of the tumor sections indicated that MAP-aPD-L1 treatment
significantly increased aPD-L1 retention in the tumor microenvironment
compared to free aPD-L1 treatment (Fig. 3d). The poor accumulation of
aPD-L1 within free aPD-L1-treated tumors was possibly due to the fast
dissemination of aPD-L1 into the systemic circulation and other tissues.
In addition to fostering prolonged aPD-L1 retention at the tumor site,

it is also crucial to retain the bioactivity of aPD-L1 in the tumor
microenvironment, so that the released aPD-L1 can efficiently bind to
PD-L1 antigens on tumors to block the PD-L1/PD-1 pathway. Therefore,
we assessed the bioactivity of aPD-L1 released from imuGlue in the
presence of MMP2 by using a Transwell system (Supplementary
Fig. S6a). The imaging results suggested that the released aPD-L1 suc
cessfully bound to the cancer cells, indicating the retention of the
bioactivity of aPD-L1 after MMP2-induced release from imuGlue (Fig. 3e
and Supplementary S6b). Therefore, these results demonstrated that the
imuGlue platform could provide a means of not only improving in vivo
retention but also promoting the on-demand release of bioactive ther
apeutics in the tumor microenvironment.
3.3. Reduced in vivo tumor growth by using imuGlue
To further investigate whether the unique properties of imuGlue
could reduce tumor growth in vivo, we employed the highly aggressive
B16F10 melanoma model and administered imuGlue via intratumoral
injection (Fig. 4a). B16F10 cancer cells were subcutaneously implanted
in the rear dorsal area of female C57BL/6 mice. Melanoma-bearing mice
were randomly grouped, and treatment was then started on day 5 when
the tumors reached an approximate volume of 100 mm3. Mice were
given two sequential intratumoral injections of PBS, aPD-L1, or MAPaPD-L1 with an equivalent aPD-L1 dosage of 2 mg/kg, and tumor
growth was monitored over 3 weeks. The mice treated with MAP-aPD-L1
6
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Fig. 4. Reduced in vivo tumor growth by using imuGlue. (a) Schematic illustration of localized immunotherapy using the B16F10 murine melanoma model. (b)
Individual and (c) average tumor growth curves of the different treatment groups as indicated (n = 6). Error bars represent the standard error of the mean (**p <
0.01, ***p < 0.005). (d) Survival curves of the mice that received different treatments. (e) Representative tumor sizes in the PBS-, aPD-L1- and MAP-aPD-L1-treated
groups on day 21. (f) Analysis of tumor weights in the PBS-, aPD-L1- and MAP-aPD-L1-treated groups as measured during the end point analysis.

exhibited the significant suppression of tumor growth, whereas only
slightly delayed tumor growth was observed in mice treated with free
aPD-L1 (Fig. 4b and c). Furthermore, the mice treated with MAP only
showed no suppression of tumor growth compared to PBS treatment
(Supplementary Fig. S7), demonstrating that the reduced tumor growth
was primarily due to aPD-L1 anti-tumor activity.
The mouse survival rate, which corresponded to the tumor size,
indicated robust protection from tumor growth in MAP-aPD-L1-treated
mice, whereas none of the mice survived in the PBS treatment group,
and a significantly lower survival rate (~20%) was observed in the free
aPD-L1 treatment group within 25 days (Fig. 4d). Furthermore, the end
point analysis showed a protective effect against the tumor progression
in MAP-aPD-L1-treated mice, as evidenced by the significantly reduced
tumor size and weight compared to that in mice treated with PBS and
free aPD-L1 (Fig. 4e and f). Overall, the results clearly demonstrated that
imuGlue, which was capable of enhanced retention and the optimal
release of aPD-L1 at the tumor site, could substantially enhance the antitumor effects of aPD-L1 immunotherapy.

microenvironment, the tumor-infiltrating lymphocytes (TILs) harvested
from the tumor were further analyzed using a flow cytometry 9 days
after treatment. The results indicated that the percentages of CD8+ T
cells in the tumors treated with MAP-aPD-L1 were increased by 2− 3-fold
compared with those in tumors treated with PBS and free aPD-L1
(Fig. 5a and b). Furthermore, CD8+ TILs in the MAP-aPD-L1-treated
group showed the significantly increased production of IFN-γ (Fig. 5c
and d), which represents a major effector cytokine produced by CD8+ T
cells for cancer immunity. Therefore, imuGlue could significantly
enhance the infiltration and activation of CD8+ T cells within tumors
compared to PBS and free aPD-L1 treatment.
In addition, tumor-infiltrating CD4+ Foxp3+ T cells were also
examined, revealing that the number of regulatory T cells (Treg) was
significantly decreased in MAP-aPD-L1-treated group compared with
PBS- and free PD-L1-treated group (Fig. 5g) despite modest changes in
the percentage of Treg in the different treatment groups (Fig. 5e and f).
Taken together, the increases in CD8+ and IFN-γ+ CD8+ T cells and
reduced number of Treg cells in the tumor microenvironment were a
clear indicative of enhanced T cell-mediated anti-tumor responses in
MAP-aPD-L1-treated group.
Furthermore, consistent with the results of FACS analysis, immuno
fluorescence imaging of the treated tumors suggested that MAP-aPD-L1
treatment resulted in an increase in the infiltration of both CD8+ and
CD4+ T cells into the tumors, while limited T cell infiltration was
observed in the PBS- or free aPD-L1-treated groups (Fig. 5h). Overall,
these observations demonstrated that imuGlue could effectively deliver

3.4. Enhanced T cell-mediated anti-tumor immune responses in tumor
microenvironment
The limited therapeutic benefits of aPD-L1 therapy may be due to a
lack of sufficient lymphocyte infiltration and activation, which plays a
critical role in cancer immunity [45,46]. To study the effect of imuGlue
treatment on immune cell infiltration and activation within the tumor
7
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Fig. 5. A robust T cell-mediated anti-tumor immune response by using imuGlue. C57BL/6 mice were inoculated subcutaneously with B16F10 cancer cells. The
mice were then divided into 3 groups and received the intratumoral injection of PBS, aPD-L1, or MAP-aPD-L1 at days 8, 10 and 12. (a) Representative FACS plots and
(b) quantitative analyses of CD4+ and CD8+ TILs isolated from tumors treated as indicated. (c) Intracellular staining and (d) quantitative analyses of the cytokine IFNγ in CD8+ T cells isolated from TILs that were stimulated with PMA and ionomycin for 6 h. (e) Flow cytometric and (f, g) quantitative analyses of the percentage and
number of CD4+ Foxp3+ T cells within TILs. The number of animals used for statistical analysis was n = 10 for the PBS and MAP-aPD-L1 treatment group, n = 8 for
the aPD-L1 treatment group. Error bars represent the standard error of the mean (*p < 0.05, **p < 0.01, ***p < 0.005). (g) Immunofluorescence images of B16F10
tumor sections exhibiting CD4+ and CD8+ T cell infiltration into the tumor (red: CD4+ T cells, yellow: CD8+ T cells, blue: nucleus, scale bar = 20 μm). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

aPD-L1 into the tumor microenvironment and produce significantly
enhanced anti-tumor efficacy by eliciting robust T cell-mediated antitumor immunity.

on immune activation at non-tumor sites but could selectively activate
tumor infiltrating CD8+ T cells in tumor microenvironment.
Furthermore, the analysis of naïve and activation state of T cells
showed that free aPD-L1 treatment exhibited notably higher population
of effector CD4 (CD62Llo CD44hi) and effector memory CD8 (CD62Lhi
CD44hi) T cells compared to MAP-aPD-L1 and PBS treatments (Fig. 6d to
g), indicating that free aPD-L1 treatment triggered more activation of
immune system at non-tumor sites while negligible level of immune cell
activation by MAP-aPD-L1 treatment. In addition, there was no signifi
cant changes in Treg populations in the different treatment groups in
TDLN and NDLN (Supplementary Fig. S8c and S8d). Taken together,
these results demonstrated that aPD-L1 treatment using imuGlue had
great ICB therapeutic effect mainly at the tumor site, which enables
more effective local treatment of ICIs while reducing unwanted immunerelated off-target adverse effects at non-tumor sites.

3.5. Reducing unwanted immune activation on systemic immunity
Next, we further investigated whether the localized delivery of aPDL1 using imuGlue could also reduce unwanted systemic activation of the
immune system at non-tumor sites, which possibly leads to immunerelated adverse effects. In this regard, CD4+ and CD8+ T cells in TDLN
and NDLN were examined at day 9 day after treatment for the activation
of immune response at non-tumor sites (Fig. 6a). The results showed no
significant difference in percentages of CD4+ and CD8+ T cells between
free aPD-L1 and MAP-aPD-L1 treatment groups (Fig. 6b and c), although
their reduced numbers of CD8+ T cells compared to that of PBS treat
ment in TDLN were possibly due to CD8+ T cell migration into tumor
sites. However, significantly higher production of IFN-γ+ in CD8+ T cells
was observed in both TDLN and NDLN of mice treated with free aPD-L1,
whereas no remarkable activation of CD8+ T cells (CD8+ IFN-γ+) was
exhibited in MAP-aPD-L1 and PBS treatment groups (Supplementary
Fig. S8a and S8b), suggesting that MAP-aPD-L1 treatment had no effect

3.6. Combination therapy by using imuGlue with an IDO-blocking agent
Combination treatment utilizing ICIs with other therapeutic strate
gies, such as chemotherapy, radiotherapy, and other immunotherapies,
has been widely used to mitigate the issues arising from poor therapeutic
8
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Fig. 6. CD4þ and CD8þ T cell population and naïve/effector phenotypes in TDLN and NDLN. (a) Schematic design and characterization of CD4+ and CD8+ T
cell activation in TDLN and NDLN. (b) Representative FACS plots and (c) quantitative analyses of CD4+ and CD8+ T cells isolated from TDLN and NDLN at day 9 after
treatment of PBS, aPD-L1, or MAP-aPD-L1. (d) Flow cytometric and (e) quantitative analyses of CD4+CD62LhiCD44lo (Naïve CD4) and CD4+CD62LloCD44hi (Effector
CD4) T cells within TDLN and NDLN. (f) Flow cytometric and (g) quantitative analyses of CD8+CD62LhiCD44lo (Naïve CD8) and CD8+CD62LhiCD44hi (Effector
memory CD8) T cells within TDLN and NDLN. The number of animals used for statistical analysis was n = 10 for the PBS and MAP-aPD-L1 treatment group and n = 8
for the aPD-L1 treatment group. Error bars represent the standard error of the mean (*p < 0.05, **p < 0.01, ***p < 0.005).

responses to single ICI drugs [47]. While many of these combination
strategies have shown enhanced anti-tumor effects, the coadministra
tion of these drugs systemically leads to the synergistic amplification of
immune toxicities. Thus, we evaluated the feasibility of imuGlue as a
localized combination therapy platform for the effective delivery of
multiple immunomodulatory drugs. This approach involved treatment
with aPD-L1 in combination with 1-MT, an inhibitor of the immuno
suppressive enzyme indoleamine 2,3-dioxygenase (IDO) that is overex
pressed in both tumors and dendritic cells, where it induces the
suppression of T cell proliferation and activation in tumor and
tumor-draining lymph nodes [48].
To assess the anti-tumor efficacy enhancement resulting from the
combination of the drugs, melanoma-bearing mice were given two
sequential intratumoral injections of PBS, aPD-L1, or MAP-aPD-L1 with
an equivalent aPD-L1 dosage of 2 mg/kg in combination with a 1-MT
dosage of 2.5 mg/kg, and tumor growth and body weights were moni
tored over time (Fig. 6a). As expected, the mice treated with MAP-aPDL1 and 1-MT exhibited an obvious delay in tumor growth compared with
the other treatment groups (Fig. 6b and c). However, the combination
treatment of free aPD-L1 and 1-MT failed to induce a synergistic antitumor effect compared to the treatment with free aPD-L1, which may
have been caused by the rapid diffusion of the free drugs into other

tissues. Additionally, the measurement of body weight indicated that
there were no obvious signs of toxicity due to the combination treat
ments (Fig. 6d). Furthermore, immunofluorescence imaging of the
treated tumors indicated that combination treatment with MAP-aPD-L1
and 1-MT resulted in a remarkable increase in the infiltration of CD8+ T
cells into the tumors (Fig. 6e), implying that the administration of
combination immunotherapy by the localized codelivery of imuGlue
and 1-MT could elicit an effective T cell-mediated anti-tumor immune
response. Overall, the results demonstrated that imuGlue platform was
an effective and versatile tool to increase the anti-cancer efficacy of ICB
therapy.
4. Conclusion
In summary, we developed imuGlue as a novel localized delivery
strategy for ICIs by leveraging the superior underwater adhesion prop
erties of mussels, which could facilitate the local retention of aPD-L1 at
tumor sites and hence ensure on-demand release in response to the
tumor microenvironment, thereby greatly reducing the risk of cancer
development and progression. Our findings suggested that this localized
immunotherapy platform could substantially enhance anti-tumor effi
cacy by eliciting a robust T cell-mediated anti-tumor immune response
9

K.I. Joo et al.

Biomaterials 263 (2020) 120380

Fig. 7. The anti-tumor efficacy was enhanced by combination immunotherapy with an IDO-blocking agent. (a) Schematic illustrating imuGlue therapy
combined with 1-MT in the B16F10 murine melanoma model. (b) Individual and (c) average tumor growth curves from the different treatment groups as indicated (n
= 6). Error bars represent the standard error of the mean (*p < 0.05, **p < 0.01). (d) Average body weights over the duration of the experiment. (e) Representative
immunofluorescence images of tumor sections from mice different treatments showing CD8+ T cell infiltration into the tumor (scale bar = 20 μm).

while reducing unwanted immune activation at non-tumor sites by
preventing the rapid dissemination of aPD-L1 into the systemic circu
lation. Furthermore, the imuGlue platform can be readily applied to a
combination therapy with other immunomodulatory drugs to enhance
the anti-tumor effects of ICB therapy. Not only can it be utilized for aPDL1 delivery, but the versatility of the imuGlue platform can also expand
its utility for the localized delivery of many other types of ICIs and
therapeutics. Therefore, we anticipate that this strategy could poten
tially advance current cancer immunotherapy research and inspire new
treatment options for a wide range of diseases with a high unmet
medical need.
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C. Shih, C. Lebbé, G.P. Linette, M. Milella, I. Brownell, K.D. Lewis, J.H. Lorch,
K. Chin, L. Mahnke, A. von Heydebreck, J.-M. Cuillerot, P. Nghiem, Avelumab in
patients with chemotherapy-refractory metastatic Merkel cell carcinoma: a
multicentre, single-group, open-label, phase 2 trial, Lancet Oncol. 17 (10) (2016)
1374–1385.
[13] M.C. Garassino, B.-C. Cho, J.-H. Kim, J. Mazières, J. Vansteenkiste, H. Lena,
J. Corral Jaime, J.E. Gray, J. Powderly, C. Chouaid, P. Bidoli, P. Wheatley-Price,
K. Park, R.A. Soo, Y. Huang, C. Wadsworth, P.A. Dennis, N.A. Rizvi, L. Paz-Ares
Rodriguez, S. Novello, S. Hiret, P. Schmid, E. Laack, R. Califano, M. Maemondo, S.W. Kim, J. Chaft, D. Vicente Baz, T. Berghmans, D.-W. Kim, V. Surmont, M. Reck,
J.-Y. Han, E. Holgado Martin, C. Belda Iniesta, Y. Oe, A. Chella, A. Chopra,
G. Robinet, H. Soto Parra, M. Thomas, P. Cheema, N. Katakami, W.-C. Su, Y.C. Kim, J. Wolf, J.-S. Lee, H. Saka, M. Milella, I. Ramos Garcia, A. Sibille, T. Yokoi,
E.J. Kang, S. Atagi, E. Spaeth-Schwalbe, M. Nishio, F. Imamura, N. Gabrail,
R. Veillon, S. Derijcke, T. Maeda, D. Zylla, K. Kubiak, A. Santoro, M.N. Uy,
S. Lucien Geater, A. Italiano, D. Kowalski, F. Barlesi, Y.-M. Chen, D. Spigel,
B. Chewaskulyong, R. Garcia Gomez, R. Alvarez Alvarez, C.-H. Yang, T.-C. Hsia,
F. Denis, H. Sakai, M. Vincent, K. Goto, J. Bosch-Barrera, G. Weiss, J.-L. Canon,
C. Scholz, M. Aglietta, H. Kemmotsu, K. Azuma, P. Bradbury, R. Feld, A. Chachoua,
J. Jassem, R. Juergens, R. Palmero Sanchez, A. Malcolm, N. Vrindavanam,
K. Kubota, C. Waller, D. Waterhouse, B. Coudert, Z. Mark, M. Satouchi, G.C. Chang, C. Herzmann, A. Chaudhry, S. Giridharan, P. Hesketh, N. Ikeda,
R. Boccia, N. Iannotti, M. Haigentz, J. Reynolds, J. Querol, K. Nakagawa,
S. Sugawara, E.H. Tan, T. Hirashima, S. Gettinger, T. Kato, K. Takeda, O. Juan
Vidal, A. Mohn-Staudner, A. Panwalkar, D. Daniel, K. Kobayashi, G.E.I. Ladrera,
C. Schulte, M. Sebastian, M. Cernovska, H. Coupkova, L. Havel, N. Pauk, J. Singh,
S. Murakami, T. Csoszi, G. Losonczy, A. Price, I. Anderson, M. Iqbal, V. Torri,
E. Juhasz, S. Khanani, L. Koubkova, B. Levy, R. Page, C. Bocskei, L. Crinò,
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