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A bispecific glycopeptide spatiotemporally regulates
tumor microenvironment for inhibiting bladder cancer
recurrence
Hong-Wei An1,2†, Da-Yong Hou1,3,4†, Jia Yang1,2, Zi-Qi Wang3,4, Man-Di Wang1,2, Rui Zheng1,2,
Ni-Yuan Zhang1,2, Xing-Jie Hu1, Zhi-Jia Wang1,3,4, Lu Wang3,4, Di Liu5, Jun-Feng Hao5,
Wanhai Xu3,4*, Yuliang Zhao1,2,5*, Hao Wang1,2*

Up to 75% of bladder cancer patients suffer from recurrence due to postoperative tumor implantation. However,
clinically used Bacillus Calmette-Guerin (BCG) treatment failed to inhibit the recurrence. Here, we report a bis-
pecific glycopeptide (bsGP) that simultaneously targets CD206 on tumor-associated macrophages (TAMs) and
CXCR4 on tumor cells. bsGP repolarizes protumoral M2-like TAMs to antitumor M1-like that mediated cytotox-
icity and T cell recruitment. Meanwhile, bsGP is cleaved by the MMP-2 enzyme to form nanostructure for the
long-term inhibition of CXCR4 downstream signaling, resulting in reduced tumor metastasis and promoted T
cell infiltration. In orthotopic bladder tumor models, bsGP reduced the postoperative recurrence rate to 22%. In
parallel, the recurrence rates of 89 and 78% were treated by doxycycline and BCG used in clinic, respectively.
Mechanistic studies reveal that bsGP reduces the matrix microenvironment barrier, increasing the spatially re-
directed CD8+ T cells to tumor cells. We envision that bis-targeting CD206 and CXCR4 may pave the way to
inhibit tumor metastasis and recurrence.
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INTRODUCTION
Nonmuscle invasive bladder cancer accounts for approximately
75% of patients with bladder cancer, which is mainly managed
with transurethral resection of bladder tumor (1). However, one-
third of patients still suffer from postoperative disease recurrence
and carry a high risk of mortality due to postoperative tumor im-
plantation (2). At present, postoperative instillation of chemother-
apy drugs or Bacillus Calmette-Guerin (BCG) has been proven to
reduce the recurrence rate of bladder cancer by destroying floating
tumor cells (3, 4). However, the postoperative recurrence rate still
reaches 78% due to chemoresistance (5), and the immunosuppres-
sive tumor microenvironment (TME) induces a poor response (6).
The clinical results demonstrated that the strategy of neither inhib-
iting tumor cells alone nor regulating the tumor immunosuppres-
sive TME alone achieved a satisfactory effect on inhibiting
postoperative tumor implantation recurrence (7, 8). Implantation
recurrence of bladder cancer is caused by multiple factors, including
redundant and synergistic effects among different pathways (9, 10),
which limits the effect of single-targeted therapy. Therefore, efforts
to address these problems have become one of the major themes in
the field of postoperative recurrence of bladder cancer.

Tumor progression is dependent not only on the characteristics
of malignant cells but also on the behavior of the whole TME. The
population of immune cells is an important player in tumor pro-
gression, including the process of metastasis. Currently, research
shows that tissue-resident macrophages accumulate close to
tumor cells early during tumor formation to promote epithelial-
mesenchymal transition and invasiveness of tumor cells, inducing
a potent regulatory T cell (Treg) response that protects tumor cells
from adaptive immunity (11, 12). Moreover, repolarization of pro-
tumoral tumor-associated macrophages (M2-like TAMs) to an an-
titumor phenotype (M1-like) substantially reduced the numbers
and altered the phenotype of Tregs, ultimately enhancing T cell re-
cruitment into the tumor (13–16). In addition, T cell infiltration
and circulation into tumors can be a key limiting factor for immu-
notherapy. However, tumor cells have formed a physical barrier that
impedes T cell infiltration and access to the tumor tissue to prevent
activity of anticancer immunity. Tumors contain a complex
network of chemokines that control many of the basic properties
of tumors, including immune cell recruitment, angiogenesis, and
cell migration. CXCR4 has been shown to be highly expressed in
various types of human cancers, including bladder cancer, breast
cancer, pancreatic cancer, prostate cancer, and lung cancer (17–
19), which is also essential for the invasive and metastatic properties
(20–22). The application of plerixafor, a CXCR4 antagonist, in
breast and pancreatic cancer has been demonstrated to substantially
promote tumor apoptosis, reduce tumor metastasis, and selectively
decrease intratumoral Tregs (23, 24). More evidence showed that in-
hibiting CXCL12/CXCR4 axis increased T cell infiltration in
tumors and sensitized to anti-programmed death-ligand 1 and
anti-cytotoxic T lymphocyte-associated antigen-4 antibodies
therapy in pancreatic cancer (23). Thus, CXCR4 has become a
very promising target for cancer therapy due to the inhibition of
CXCR4 that not only reduced cell metastasis but also decreased
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tumor fibrosis, facilitated T cell infiltration, and relieved immuno-
suppression (23, 24).

Although pharmaceutical inhibitors and monoclonal antibodies
(mAbs) have been developed for TAM-targeting or CXCR4-target-
ing treatments, their therapeutic efficacies have been greatly limited
by the complex TME (24). In addition, the interactions of cancer
cells with TAMs or with other immune cells are very complex,
which substantially limits effectiveness of blocking one chosen
cells’ activity (25). Progress in nanotechnology has provided a valu-
able opportunity for improving drug-loading/drug-releasing pa-
rameters, biocompatibilities, and drug circulation time (26, 27).
Notably, there are still some challenges for the development of ef-
fective targeting TAMs and CXCR4 biomaterials that regulate the
interaction of multiple cells in transmission electron microscopy
(TEM) temporally and spatially.

Here, we designed and performed a bispecific glycopeptide
(bsGP) (CD206 × CXCR4) that simultaneously targets the CD206
receptor on M2-like TAMs and the CXCR4 receptor on bladder
cancer cells (Fig. 1A). The modular molecular design included (i)
mannose, as a TAM recognition and modulation molecule (28);
(ii) LGASWHRPDK, as a tumor recognition motif, which could
specifically bind CXCR4 (29); (iii) PLG↓YLG, as an enzyme-respon-
sive peptide linker, which could be specifically cleaved by matrix
metalloproteinase 2 (MMP-2) (30); and (iv) KLVFFAECG, as a
self-assembly motif (31, 32). In the TME, bsGP repolarized M2-
like TAMs surrounding tumor cells to the M1 phenotype and
then increased the recruitment of CD8+ T cells, which were spatially
redirected to tumor cells, resulting from remodeling of the immu-
nosuppressive TME. In situ, bsGP is cleaved by MMP-2 to release
the target CXCR4 residue, which spontaneously self-assembles into
nanofibers (nano-GP) that specifically bind to CXCR4 in bladder
cancer cells for long-term arrest of CXCR4 signaling, facilitating
T cell infiltration through decreases tumor fibrosis. In orthotopic
bladder tumor models, bsGP substantially reduced the postopera-
tive recurrence rate to 22%, resulting from the increased frequencies
of tumor-infiltrating CD8+ T cells that were spatially redirected to
tumor cells (Fig. 1A). We exploited innovative therapeutic concepts
(CD206 × CXCR4) and unlocked functionalities of precise temporal
and spatial control of the targets of CD206 and CXCR4 to efficiently
suppress postoperative tumor implantation recurrence.

The goal of this study was to develop an anti-CD206/CXCR4
bsGP that would further overcome the immunosuppressive TME
and increase the selectivity for targeting CXCR4-amplified tumor
cells with high potency while sparing normal cells that express
low amounts of CXCR4. Increased selectivity against CXCR4-am-
plified cells is expected to mitigate the risk of on-target off-tumor
adverse effects and increase the therapeutic index of anti-CD206/
CXCR4 bsGP. We anticipate that the developments of the innova-
tive concepts described above will achieve optimal therapeutic
efficacy.

RESULTS
Anti-CD206/CXCR4 bsGP rapidly targets tumor tissue
Initially, a bsGP [LGASWHRPDKK(PLGYLG-(man)3-
)LVFFAECG] (figs. S1 to S4) and a specific peptide for
CXCR4 (PepCXCR4) (LGASWHRPDK) were synthesized as
control molecules (fig. S5). The target CXCR4 residue

nano-GP [LGASWHRPDKK(YLG)LVFFAECG] with the self-as-
sembly sequence (fig. S6) and a bsGP [bsGPs with MMP-2
uncleavable linker (bsGP-uC)] [LGASWHRPDKK(PGSGSG-
(man)3)LVFFAECG] (fig. S7) were synthesized to elucidate the
functions of the designed motifs and the self-assembled nanostruc-
tures. The details of the synthesis and molecular characterizations
were provided in the Supplementary Materials. As shown in Fig. 1A,
the operating principle of bsGP is that bsGP targeted CD206 and
CXCR4 receptor, and the CXCR4-targeted residues released by
MMP-2 hydrolysis can be assembled into nanofibers, further im-
proving the affinity for CXCR4 receptor. All the experiments
using human specimens were reviewed and approved by the Com-
mittees for Ethical Review of the Fourth Hospital of Harbin Medical
University (2022-SCILLSC-33). After obtaining appropriate in-
formed consent, we proved CXCR4 overexpression in tumor
tissues of 15 patients with bladder cancer compared with that in
normal tissues (fig. S8A), and then we selected two overexpressed
cell lines, EJ and MB49-Luc bladder cancer cells, as model cells
(fig. S8B). MMP-2 was demonstrated to be increased in the super-
natant of EJ cells while absent in that of L929 cells according to the
results of gelatin zymography analysis, which provided abundant
enzyme to trigger the hydrolysis of bsGP (fig. S9) (33). Furthermore,
the enzymatic responsiveness of bsGP molecules and the assembly
behavior of released target-CXCR4 residues were verified. As the
results of high-performance liquid chromatography (HPLC)
(fig. S10), the peak of bsGP with a retention time (TR) of 14.0
min disappeared, and a new peak appeared [TR = 13.5 min,
LGASWHRPDKK(YLG)LVFFAECG] after MMP-2 was added,
demonstrating that bsGP {LGASWHRPDKK[PLG↓YLG-
(man)3]LVFFAECG} was specifically hydrolyzed by MMP-2. Next,
as the released CXCR4-targeted residues self-assembled into nano-
fibers (nano-GP), the morphology self-assembly behavior of nano-
GP was detected by atomic force microscopy (AFM) and TEM. Ac-
cording to the results of fig. S11, nano-GP presented typical well-
ordered nanofibers with an average diameter of 20.9 ± 3.4 nm,
and the height of the nanofibers was approximately 3.8 ± 0.2 nm
by AFM imaging (Fig. 1, B and C). Furthermore, circular dichroism
(CD) spectrometry and Fourier transform infrared (FTIR) spectro-
scopy were used to explore the self-assembled secondary structure
of nano-GP (34). As shown in fig. S12, the negative signal at 199 nm
in the CD spectra and the band at 1667 cm−1 in the FTIR spectra
imply the random coil structure of bsGP (31). In contrast, substan-
tial changes were detected in the CD and FTIR spectra of nano-GP.
The results showed that nano-GP had a β sheet conformation ac-
cording to the positive peak at 195 nm and negative peak at 216
nm in the CD spectrum (fig. S12A) (30). In addition, the β sheet
conformation of nano-GP was confirmed on the basis of the
amide I band shifting from 1667 to 1630 cm−1 in the FTIR
spectra (fig. S12B) (31). After that, the evidently increased fluores-
cence of thioflavin T (ThT; a benzothiazole dye that exhibits en-
hanced fluorescence upon binding to amyloid fibrils) (30) further
demonstrated the formation of a β sheet structure in nano-GP (fig.
S13A). Representative fluorescent images of nano-GP showed that
ThT fluorescence was well colocalized with stained β sheet struc-
tures of the nanofibers (fig. S13B). The ThT fluorescence was
used to monitor the fibrillation of nano-GP in culture medium con-
taining serum and phosphate-buffered saline (PBS) buffer (10 mM,
pH 7.4) after 1, 4, and 12 hours. The results demonstrated that the
assembly behavior of nano-GP in the culture medium containing
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Fig. 1. Application of bsGP to inhibit tumor recurrence. Anti-CD206/CXCR4 bsGP specifically and rapidly targets tumor tissue. (A) bsGP (CD206 × CXCR4) was de-
signed: (i) mannose, as a TAM recognition andmodulationmolecule; (ii) LGASWHRPDK, as a tumor recognitionmotif, which could specifically bind CXCR4; (iii) PLGYLG, as
an enzyme-responsive peptide linker, which could be specifically cleaved byMMP-2; and (iv) KLVFFAECG, as a self-assemblymotif. The bsGP specifically targets the CD206
receptor on protumoral M2-like TAMs and the CXCR4 receptor on bladder cancer cells for repolarizing M2-like TAMs surrounding tumor cells to an antitumor phenotype
(M1-like) and long-term arrest of CXCR4 signaling. (B) Atomic force microscopy (AFM) images of self-assembled β sheet nanofibers of nano-GP. Scale bar, 50 nm. (C) AFM
height images of the self-assembled nanofibers of nano-GP. (D) Microscale thermophoresis (MST) ligand binding measurements between bsGP and CD206. Kd is the
dissociation constant. (E) MST ligand bindingmeasurements between nano-GP and CXCR4. (F) Representative near-infrared fluorescence images of PepCXCR4 (500 μM, 100
μl) and bsGP (500 μM, 100 μl) on EJ xenograft mice at 1, 4, and 48 hours after injection. The dotted circle points to the tumor tissue. (G) Quantitive fluorescence intensity in
tumor (F) at 1, 4, and 48 hours after injection. (H) Representative fluorescence frozen sections images of the EJ tumor tissue after administration with bsGP. Scale bars,
5 μm.
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serum was the same as that in PBS buffer (fig. S13, C and D). All the
above results demonstrated that bsGP could be specifically cleaved
by MMP-2 and spontaneously self-assembled into nanofibers with a
β sheet conformation through intermolecular hydrogen bonds.

Subsequently, the bsGP (CD206 × CXCR4) was verified to si-
multaneously target the CD206 receptor on M2-like TAMs and
the CXCR4 receptor on bladder cancer cells. As a result, the confo-
cal imaging shown that red fluorescence [cyanine (Cy)-labled bsGP]
was observed on the cytomembrane of tumor cells (EJ) and macro-
phages cells (RAW264.7) (fig. S14A). We constructed EJ cells ex-
pressing the green fluorescent protein–encoded CXCR4 receptor
by plasmid transfection. Then, the pretransfected EJ cells were in-
cubated with bsGP to observe the colocalization fluorescent signal
by confocal laser scanning microscope (CLSM) imaging. Overlap-
ping green fluorescence (CXCR4) with red fluorescence (bsGP) was
observed on the cytomembrane of EJ cells (fig. S14B). In addition,
the presence of a nanofibrillar network was observed on the surface
of EJ cells treated with bsGP through scanning electron microscopy
(SEM) (fig. S15A). In contrast, no nanofibrillar structurewas detect-
ed on the surface of saline-treated cells (fig. S15B).

Furthermore, we tested the affinity of bsGP to the CD206 and
CXCR4 receptor, respectively. This result suggests that three
branched mannosides decorated bsGP with high affinity [dissocia-
tion rate constant (Kd), 3.48 μM] readily surpassed the affinity of
mannose (Kd, ~1000 μM) by about 300-fold (Fig. 1D) (35). In ad-
dition, we also tested the binding of nano-GP to CXCR4 expressed
on tumor cells. As a result, nano-GP showed a higher affinity for
CXCR4 receptor (apparent Kd, ~0.90 μM) by the multivalent coop-
erative interactions than that of bsGP (Kd, 112 μM), further demon-
strating that the self-assembled nanostructure sufficiently improved
selectivity toward CXCR4 by the higher binding affinity (Fig. 1E
and fig. S16) (36). Subsequently, EJ xenograft mice were built to
further evaluate the specific targeting and persistence of bsGP in
tumors through intravenous injection. Moreover, no substantial
impact was observed on the viability of EJ and RAW264.7 cells
after culture with PepCXCR4 or bsGP at a concentration of 50 μM
(fig. S17). In vivo fluorescence images of tumor-bearing mice
were obtained after treated with PepCXCR4 (500 μM, 100 μl) and
bsGP (500 μM, 100 μl) (Fig. 1F). In vivo imaging data showed
that bsGP could rapidly target to tumor tissue within 1 hour, and
the accumulation reached the highest in 4 hours, which was nearly
fourfold that of the single-targeted molecule PepCXCR4 (Fig. 1G).
The signal-to-noise ratio was as high as 7.8-fold, which precisely de-
lineated the tumor margin in accordance with the histology analysis
results (fig. S18). The above results indicated that the dual-targeting
performance of bsGP could improve the specificity of the drug.
Meanwhile, the penetration efficiency of bsGP was further evaluat-
ed in the same tumor tissue with immunofluorescence. The results
showed that bsGP (red fluorescence signal) was far away from the
vessels (green fluorescence signal), indicating the deep penetration
capability of bsGP compared with that of the antibody (fig. S19)
(31). Compared with antibody, bsGP could be rapidly and efficient-
ly accumulated in solid tumors by virtue of its small size. At the
same time, as bsGP is transformed into nanofiber structure in situ
(Fig. 1H), it could retain in the tumor tissue for a long time up to
48 hours, which can realize the long-term effect of the drug (37, 38).
All the results showed that simultaneous targeting of a high propor-
tion of macrophages and tumor cells in tumor tissue resulted in
rapid drug accumulation and improved the selectivity of tumor

tissue, and the unique size advantage of glycopeptide-based bsGP
enabled “fast in and slow out” in tumor tissue.

Anti-CD206/CXCR4 bsGP targets tumor cell to inhibit tumor
progression
We further validated the impacts of bsGP on the proliferation and
migration capacity of human EJ cells with colony formation and
Transwell assays. The results showed that the cell proliferation ca-
pacity of tumor cells was substantially decreased in the bsGP groups
compared with the saline and PepCXCR4 groups (fig. S20). Further-
more, the migration capacity of tumor cells in the bsGP groups was
evidently decreased compared with that in the saline and PepCXCR4
groups (fig. S21). This evidence demonstrated that bsGP could
inhibit the proliferation and migration capacity of human EJ cells
by the in situ constructed nanofiber-like nano-GP. Next, to
further confirm the inhibition effect of nano-GP on CXCR4 down-
stream in vitro, EJ cells were incubated with saline, PepCXCR4, pler-
ixafor, and bsGP (Fig. 2A). As a result, phosphorylations of
extracellular signal–regulated kinase (Erk) and Akt were strongly in-
hibited in the bsGP-treated group (Fig. 2B). In addition, the
mitogen-activated protein kinase (MAPK) pathway was suppressed
in a dose-dependent manner with evidently decreased phosphory-
lation levels of Erk and Akt overtime in the bsGP-treated group
(Fig. 2, C and D), leading to inhibition of downstream proliferation
and migration cell signaling. In contrast, saline and PepCXCR4 did
not substantially alter the phosphorylation levels of Erk and Akt.
We first verified the inhibition efficiency of bsGP on the subcuta-
neous implantation potential of tumors in a CXCR4-dependent
manner. In an EJ xenograft mice (BALB/c nude) model, the
tumor tissues in the mice of each group were resected and cut
into pieces for subcutaneous implantation after administration of
saline, PepCXCR4 (500 μM, 100 μl), plerixafor (500 μM, 100 μl), or
bsGP (500 μM, 100 μl) once every 2 days for a total of five times (fig.
S22A). After 18 days, the tumors in saline-treated groups grew ex-
ponentially and exhibited a mean tumor volume of 1086 ± 257 mm3

(fig. S22, B to D). Meanwhile, the mice in PepCXCR4- and plerixafor-
treated groups grew exhibited a moderate tumor control with a
mean tumor volume of 876 ± 118 and 647 ± 147 mm3, respectively
(fig. S22, B to D). In contrast, the bsGP-treated group exhibited a
stronger antitumor implantation efficiency compared with saline-,
PepCXCR4-, and plerixafor-treated groups, with an average tumor
volume of 302 ± 98 mm3 (fig. S22, B to D), indicating that bsGP
could substantially inhibit the subcutaneous implantation potential
of tumors in a CXCR4-dependent manner.

To verify the inhibitory effect of blocking CXCR4 pathway on
tumor progression, we constructed a tumor model in nude mice
(EJ xenograft model). The treatment methods, including the dose
and frequency of administration, were consistent with the treatment
conditions in the immunized mouse model (Fig. 2E). After 18 days,
the tumors in saline-treated groups grew exponentially and exhib-
ited a mean tumor volume of 2113 ± 256 mm3 (Fig. 2, F to H).
Meanwhile, the mice in PepCXCR4- and plerixafor-treated groups
grew exhibited a moderate tumor control with a mean tumor
volume of 1716 ± 261 and 1442 ± 133 mm3, respectively (Fig. 2, F
to H). Whereas, the bsGP-treated group exhibited a stronger anti-
tumor implantation efficiency compared with saline-, PepCXCR4-,
and plerixafor-treated groups, with an average tumor volume of
1049 ± 96 mm3 (Fig. 2, F to H), indicating that bsGP could substan-
tially inhibit the subcutaneous implantation potential of tumors in a
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CXCR4-dependent manner. Moreover, no obvious loss of body
weight was observed after treatment with bsGP, indicating the
good biosafety of bsGP (Fig. 2I). The tumor growth inhibition
rate was 50% for bsGP group, while it was 19% for the PepCXCR4
group and 32% for the plerixafor group. Moreover, we further con-
firmed the inhibition of CXCR4 downstream in vivo. As a result, the
phosphorylation levels of Erk and Akt were strongly inhibited in
bsGP-treated tumor tissues compared with that in saline-treated

tumor tissues (Fig. 2, J and K), suggesting that bsGP could arrest
CXCR4 signaling in vivo. Together, these results strongly demon-
strated that the nanofiber-like nano-GP constructed on the surface
of tumor cells substantially enhanced the inhibition of CXCR4 sig-
naling, thus inhibiting the proliferation and migration capacity
of tumors.

Fig. 2. Anti-CD206/CXCR4 bsGP blocks the CXCR4 signaling pathway in vivo. (A) The schematic illustration of bsGP for blocking the CXCR4 signaling pathway. (B)
Representative Western blot analysis shows Erk, Akt, phosphorylation of Erk (pErk), and pAkt protein levels in EJ cells after treatment with saline, PepCXCR4 (50 μM),
plerixafor (50 μM), and bsGP (50 μM) for 24 hours. (C) Western blot analysis shows pErk and pAkt protein levels in EJ cells after treatment with bsGP (50 μM) for 0,
24, 36, and 48 hours. (D) Western blot analysis shows phosphorylation of Erk and Akt protein levels in EJ cells after treatment with bsGP at 0, 20, 50, and 100 μM for
24 hours. (E) The schematic illustration of experimental design. (F) EJ xenograft tumor volumes change of each group after intravenous injection with PepCXCR4 (500 μM,
100 μl), plerixafor (100 μM, 100 μl), and bsGP (500 μM, 100 μl). (G) The individual tumor growth curves of mouse in different groups. (H) The average tumor volumes of EJ
xenograft mice at 18 days. (I) Body weight changes of EJ xenograft mice in each group. (J) Representative images of immunohistochemistry staining of Erk, Akt, phos-
phorylation of Akt and Erk in tumor tissues. Scale bars, 200 μm. (K) Corresponding quantitative analysis results of the images of immunohistochemistry staining of
phosphorylation of Erk and Aktin tumor tissues. AOD, Average optical density. **P < 0.041 and ***P < 0.001; P values were determined with one-way analysis of variance
(ANOVA), followed by post hoc Tukey’s test. Data are presented as the means ± SD (n = 3).
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Anti-CD206/CXCR4 bsGP targets tumor cell and TAMs to
inhibit tumor progression
Subsequently, we validated the spatial synergistic effect of two tar-
geting modules of bsGP in the inhibitory of tumor progression.
When the tumor volume of MB49-Luc bladder cancer mice
(C57BL/6) was approximately 100 mm3, the mice were administrat-
ed with saline, prepared nano-GP (CXCR4-targeting peptide with
self-assembly motif ), tri-Man (tri-mannose alone), prepared
nano-GP + tri-Man (the mix of these two as a combination
therapy), bsGP-uC, or bsGP once every other day for a total of
five times (Fig. 3A). After treatment for 18 days, the tumors in
the saline-treated groups grew exponentially and exhibited a mean
tumor volume of 1860 ± 180 mm3 (Fig. 3, B and C). Meanwhile, the
mice in the prepared nano-GP–, tri-Man–, prepared nano-GP + tri-
Man–, bsGP-uC–treated groups grew exhibited a moderate tumor
control with an average tumor volumes of 1483 ± 138,
1582 ± 194, 1064 ± 239, and 1171 ± 253 mm3, respectively
(Fig. 3, B and C). Whereas, the bsGP-treated group exhibited a
stronger antitumor efficiency with a mean tumor volume of
591 ± 197 mm3 (Fig. 3, B and C), indicating that MMP-2–tailored
bsGP could substantially inhibit the progression of tumors than that
of MMP-2–untailored bsGP. At the end of treatment protocol, all
mice were euthanized to collect tumor tissues (Fig. 3, E and F),
which suggests that tumor growth inhibition rate was 75% for
bsGP group, while it was 11% for the prepared nano-GP group,
8% for the tri-Man group, 26% for the prepared nano-GP + tri-
Man group, and 23% for the bsGP-uC group. We hypothesized
that the CXCR4 signaling pathway could not be effectively inhibited
because of the fact that bsGP-uCs were more easily phagocytic by
TAMs. Moreover, no obvious loss of body weight was observed after
treatment with bsGP, indicating the good biosafety of bsGP
(Fig. 3D). Together, these results strongly demonstrated that the im-
portance of the spatial synergistic effect of two targeting modules of
bsGP and the nanofiber-like nano-GP constructed on the surface of
tumor cells substantially enhanced the inhibition of CXCR4
signaling.

Anti-CD206/CXCR4 bsGP recruits and redirects T
lymphocytes in tumor tissues
Subsequently, orthotopic bladder cancer mice (BALB/c) were built
to further evaluate the specific targeting and persistence of bsGP in
tumors through intravesical instillation (Fig. 4A). Fluorescence
images of in vivo and ex vivo tumor-bearing bladders were obtained
after intravesical instillation of bsGP (500 μM, 100 μl) (fig. S23).
Moreover, evident fluorescence signals were observed at the
tumor site in both the PepCXCR4 and bsGP groups, indicating the
high specificity of bsGP toward bladder cancer by intravesical instil-
lation (Fig. 4B). To further verify that bsGP could regulate the re-
polarization of macrophages at molecular level, the expression of
major proteins in macrophages (RAW264.7) cultured with saline,
mannose, and bsGP was evaluated with Western blotting. The
results showed that bsGP effectively activated the phosphorylation
of nuclear factor κB (NF-κB) compared with mannose (Fig. 4C).
Meanwhile, the phosphorylation of NF-κB in tumor tissues was
evaluated with Western blotting after treatment with saline,
mannose, and bsGP once every 2 days for a total of five times.
The results showed that bsGP effectively activated the phosphoryla-
tion of NF-κB compared with mannose (fig. S24). Subsequently, or-
thotopic bladder cancer mice were used to validate the polarization

of TAMs in vivo based on bsGP (Fig. 4D). Tumor tissues were har-
vested and analyzed with flow cytometry 10 days after treatment
with saline, PepCXCR4 (500 μM, 100 μl), and bsGP (500 μM, 100
μl). As shown in Fig. 4E, the proportion of M2-type macrophages
was substantially decreased by approximately 11.9% (from 29.2 to
17.3%), together with an increased polarization of M1-like TAMs
by approximately 11.2% (from 14.2 to 25.4%) after treatment with
bsGP (fig. S25). These results suggested that bsGP could efficiently
induce the polarization of TAMs to the M1 phenotype, which could
modulate the tumor immune microenvironment. In addition, the
intratumoral concentrations of cytokines, including interleukin-
10 (IL-10), IL-12, tumor necrosis factor–α (TNF-α), and transform-
ing growth factor–β (TGF-β), were detected in the homogenized
tumor tissues. Compared with the saline and PepCXCR4 groups,
the bsGP treatment group substantially up-regulated the intratu-
moral secretion of TNF-α and IL-12 and, meanwhile, down-regu-
lated the secretion of IL-10 and TGF-β, further demonstrating the
effective immune responses induced by bsGP (fig. S26). Meanwhile,
the proportion of CD45+CD3+CD8+ T cells in the bsGP-treated
tumor tissue was substantially higher than that from mice treated
with saline (25.8% versus 16.3%) (figs. S27 and S28). Moreover,
the relative abundance of granzyme B+CD8+ T cells at the tumor
site was substantially higher in mice that received bsGP treatment
than that in mice treated with saline (19.60% versus 9.44%) (figs.
S27 and S28). Besides, the relative abundance of CD4+Foxp3+

Tregs at the tumor site was substantially lower in mice that received
bsGP treatment than that in mice treated with saline (6.80% versus
8.58%) (figs. S27 and S28). The results indicated that bsGP in-
creased the number and activity of CD8+T cells in tumor.

How tumor cells and TAM interactions were regulated and how
they were spatially organized within tumors after treatment with
bsGP. MB49-Luc tumor-bearing mice (C57BL/6) were treated
with saline, PepCXCR4 (500 μM, 100 μl), and bsGP (500 μM, 100
μl) once every other day for five times. Multiplex immunofluores-
cence approaches have been shown to more accurately explore cel-
lular functional states and spatial and functional interactions
between multiple cell types, as well as how these interactions were
modulated by bsGP.

Most notably, bsGP exhibited the strongest ability to increase the
number of CD86+ M1-like TAMs by 2.3-fold (19.19%) (Fig. 4, F and
G, and fig. S29A) and decrease the number of CD206+ M2-like
TAMs from 20.94 to 13.0% (Fig. 4, F and G, and fig. S29A) in
tumor tissues. These data comprehensively and visually presented
that bsGP efficiently repolarizes M2-like TAMs to the M1 pheno-
type. CD8+ T cells are recruited by M1-like TAMs by secreting
some chemokines and cytokines, such as CXCL-9, CXCL-10,
CXCL-11, and TNF-α (39). Immunofluorescence analysis showed
that the frequencies of tumor-infiltrating CD8+ T cells (9.07%) in
the bsGP group were increased 2.6-fold compared with that in the
saline group (3.43%) and the PepCXCR4 group (4.04%) (Fig. 4, H and
I, and fig. S29B). At the same time, the CD4+ T cells (4.35%) in the
bsGP group were also increased 2.5-fold compared with that in the
saline group (1.74%) and the PepCXCR4 group (2.37%) (Fig. 4, H and
I, and fig. S29B). This suggested that infiltrating T cell specifically in
the bsGP group could be important in the antitumoral immune
response.

The close interaction of immune cells with tumor cells was dem-
onstrated to predict the response to cancer immunotherapy, high-
lighting the importance of also taking the spatial interactions of
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Fig. 3. Anti-CD206/CXCR4 bsGP inhibit the tumor progression in vivo. (A) The schematic illustration of bsGP for experimental design. (B) The individual tumor growth
curves of mouse in the saline, prepared nano-GP (CXCR4-targeting peptidewith self-assemblymotif; 500 μM, 100 μl), tri-Man (tri-mannose alone; 500 μM, 100 μl), bsGP-uC
(bsGPs with MMP-2 uncleavable linker; 500 μM, 100 μl), prepared nano-GP (500 μM, 100 μl) + tri-Man (500 μM, 100 μl) (the mix of these two as a combination therapy), or
bsGP (500 μM, 100 μl) groups. (C) Time-dependent MB49-Luc tumor volumes change of each group. (D) Body weight changes of MB49-Luc bladder cancer mice in each
group. (E and F) The tumor image andweights of MB49-Luc bladder cancer mice at 18 days after incubation. ***P < 0.001; P values were determinedwith one-way ANOVA,
followed by post hoc Tukey’s test. Data are presented as the means ± SD (n = 6).
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immune cells within the TME into account (39). To further validate
this spatial association at single-cell resolution, we performed
whole-section staining to provide a more comprehensive map of
the spatial interactions between multiple cell types (such as tumor
cells, TAMs, and T cells) modulated by bsGP. Notably, with tumor
cells as the center, the number of CD86+ M1-like TAMs in the bsGP
group was up to 6.22 × 104 in the 5- to 10-μm radius and increased
2.6 times compared to the saline group (Fig. 5, A to C). The number
of CD206+ M2-like TAMs in the bsGP group was decreased by 20%
compared to that in the saline group in the 5- to 10-μm radius
(Fig. 5, A, B, and D). Although the number of macrophages was rel-
atively small at a distance from the tumor cells, the regulation of
macrophages by bsGP was highly efficient within a 100-μm radius

(Fig. 5, C and D, and fig. S30). We hypothesized that T cells would
be spatially organized close around cells expressing T cells attracting
chemokines (39). Across all samples, CD8+ T cells and CD4+ T cells
in the bsGP group were, on average, closer to CXCR4+ tumor cells
than the saline and PepCXCR4 counterparts, and these distances were
especially small within foci (CXCR4+ tumor cells) (39). In the bsGP
group, the numbers of CD8+ T cells and CD4+ T cell infiltration at a
10-μm distance from foci were increased 5.5-fold and 4.0-fold com-
pared to that in the saline group, respectively (Fig. 5, E to H, and fig.
S31). Moreover, we further investigated whether the inhibition of
CXCR4 downstream in vivo could facilitate T cell infiltration
through decreases tumor fibrosis. As a result, the tumor fibrosis
was strongly inhibited in bsGP-treated tumor tissues compared

Fig. 4. Anti-CD206/CXCR4 bsGP recruits of T lymphocytes in vivo. (A) Schematic illustration of the recognition specificity and immune response induced by bsGP. (B)
Representative bright field and corresponding ex vivo fluorescence image of the tumor-bearing bladder. Scale bars, 2 mm. (C) RepresentativeWestern blot analysis shows
NF-κB and p–NF-κB protein levels in RAW264.7 cells after treatment with saline, mannose (50 μM), and bsGP (50 μM) for 24 hours. (D) Representative flow cytometry
analysis images and (E) the relative quantification of M2-like macrophages (CD206) and M1-like macrophages (CD86) gating on F4/80+ CD11b+ cells. Representative
immunofluorescence images illustrating the proportion of CD86+ M1-like TAMs and CD206+ M2-like TAMs in the whole tumor slice after treatment with saline (F) or
bsGP (500 μM, 100 μl) (G) by intravesical instillation every other day for five times. The cell nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI). CXCR4 is in
white, CD86 is in red, and CD206 is in green. Scale bars, 1 mm. Representative immunofluorescence images illustrating the proportion of CD4+ T cells and CD8+ T cells in
thewhole tumor slice after treatment with saline (H) or bsGP (500 μM, 100 μl) (I) by intravesical instillation every other day for five times. The cell nucleus was stained with
DAPI. CXCR4 is in white, CD4 is in red, and CD8 is in green. Scale bars, 1 mm. ***P < 0.001; P values were determined with one-way ANOVA, followed by post hoc Tukey’s
test. Data are presented as the means ± SD (n = 3).
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Fig. 5. Anti-CD206/CXCR4 bsGP redirects T lymphocytes to tumor cell in vivo. (A and C) Representative images illustrating CD86+ M1-like TAMs and CD206+ M2-like
TAMs in proximity to CXCR4+ tumor cells after treatmentwith saline and bsGP (500 μM, 100 μl) by intravesical instillation every other day for five times. (B) Counts of CD86+

M1-like TAMs proximal to the tumor within 50 μm in spatial distance. (D) Counts of CD206+ M2-like TAMs proximity to tumors within 50 μm in spatial distance. (E and G)
Representative images illustrating CD4+ T cell and CD8+ T cell proximity to CXCR4+ tumor cells after treatment with saline and bsGP (500 μM, 100 μl) by intravesical
instillation every other day for five times. (F) Counts of CD4+ T cells proximal to the tumor within 50 μm in spatial distance. (H) Counts of CD8+ T cells proximity to tumors
within 50 μm in spatial distance.
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with that in saline- and PepCXCR4-treated tumor tissues (fig. S32),
suggesting that bsGP could decrease tumor fibrosis in vivo. We
speculated that high CD8+ T cell and CD4+ T cell infiltration was
substantially associated with high frequencies of CD86+ M1-like
TAMs, which may be critical for the formation of these immune
cell hotspots within tumors. On the other hand, CXCR4 signaling
was blocked, which reduced tumor fibrosis and promoted T cell in-
filtration. Our findings thus reveal that bsGP modulates spatially or-
ganized foci of CD8+ T cells and CD4+ T cells, CD86+ M1-like
TAMs, and tumor cells, providing a platform for frequent encoun-
ters of T cells with other cells to coordinate immune responses.

Anti-CD206/CXCR4 bsGP inhibits tumor recurrence
Ultimately, the therapeutic effects of bsGP on tumor implantation
recurrence were further investigated in an orthotopic bladder
cancer mice (C57BL/6) model. Tumor tissue homogenates were in-
travesically instilled into the damaged bladder cavity to simulate the
postoperative conditions of bladder cancer. Afterward, saline, pler-
ixafor (CXCR4 antagonist, 0.05 mg/ml, 100 μl), doxycycline (Dox;
first-line clinical drug, 1 mg/ml, 100 μl), BCG (first-line clinical
drug, 1 mg/ml, 100 μl), and bsGP (2 mg/ml, 100 μl) were intravesi-
cally instilled into the bladder for treatment (Fig. 6A). The progress
of tumor implantation was further monitored by bioluminescence
signals from MB49-Luc tumor cells (Fig. 6, A and B). Compared
with the substantially decreased survival rate in the saline (0%),
plerixafor (0%), Dox (11%), and BCG (22%) groups at 60 days
after treatment, 78% of the mice survived for at least 60 days after
bsGP treatment (Fig. 6C). bsGP substantially reduced the postoper-
ative recurrence of bladder cancer in orthotopic tumor-bearing
mice, with a recurrence rate of only 22%, while 100% recurred in
the saline and plerixafor groups, and the recurrence rates were up
to 89 and 78% in the Dox and BCG groups, respectively (Fig. 6, D
and E), indicating that bsGP generates superior therapeutic effects
for the inhibition of tumor recurrence at the therapeutic dose that
we used (2 mg/ml, five times) in the orthotopic bladder cancer
mice model.

Furthermore, we investigated the systemic toxicity of bsGP treat-
ment. Mice (C57BL/6) were treated with bsGP without loss of body
weight (fig. S33). Notably, no signs of a deteriorating general con-
dition, such as red skin or reduced food consumption, were ob-
served. Moreover, to evaluate the on-target off-tumor side effects
of bsGP treatment, histological analysis of major organs was har-
vested from mice at 1 day after treatment. Urinalysis together
with the serum biochemistry assay was conducted at 1, 7, and 14
days after treatment with saline and bsGP by intravesical instillation.
As a result, the main organs had no obvious tissue damage in he-
matoxylin and eosin (H&E) staining (fig. S34A). Meanwhile, no in-
flammation or hematuresis was observed in the results of urinalysis
laboratory report analyses (fig. S34B). No noticeable difference was
observed between the saline and bsGP-treated groups regarding the
levels of major liver and kidney function markers (fig. S34, C to F).
Above results demonstrated that bsGP treatment did not induce
severe systemic toxicity in vivo, indicating that bsGP has good bio-
safety at the treatment dose, which was highly encouraging for ap-
plications in clinical research.

DISCUSSION
Tumor progression is dependent not only on the characteristics of
malignant cells but also on the behavior of the whole TME. Dual-
targeting concepts enabled by bispecific antibody, which provide si-
multaneous targeting of more cancer-mediating receptors or cross-
talk signaling cascades, are thought to increase the chance of effec-
tively addressing receptor redundancy or heterogeneity. We devel-
oped a bsGP (CD206 × CXCR4) based on the physiological
characteristics of the TME in early postoperative tumor cell implan-
tation. We exploited innovative therapeutic concepts (CD206 ×
CXCR4) and unlocked functionalities of precise temporal and
spatial control of the targets of the CD206 and CXCR4 receptor.
The results indicated that bsGP promoted the repolarization of
M2-like TAMs to the M1-like phenotype close to surrounding
tumor cells and simultaneously long-term arrest of CXCR4 signal-
ing could be modulated spatially organized foci of CD8+ T cells and
CD4+ T cells, CD86+ M1-like macrophages, and malignant cells, re-
sulting in remodeling of the tumor immunosuppressive TME. Our
results highlighted the importance of taking the spatial interactions
of multiple cell types (such as tumor cells, TAMs, and T cells) within
the TME into account on tumor therapy. However, in the design of
bispecific functional molecules, the combination of bifunctional
targets is also very important, which determines the cascade of
functions. bsGP substantially reduced the postoperative recurrence
of bladder cancer in orthotopic tumor-bearing mice, with a recur-
rence rate of only 22%, while all recurred in the saline and plerixafor
groups, and the recurrence rate up to 89 and 78% in Dox and BCG
groups, respectively. This developed bsGP (CD206 × CXCR4) dem-
onstrated great advantages over multicellular temporal and spatial
organization, which will provide a promising therapeutic strategy
for the inhibition of tumor recurrence with diverse biomedical
applications.

MATERIALS AND METHODS
Materials
All amino acids and Wang resin were purchased from Gill Biochem-
ical (Shanghai, China). L929, EJ, and MB49-Luc cell lines were
derived from the Cell Culture Center of the Institute of Basic Med-
icine, Chinese Academy of Medical Sciences (Beijing, China). The
BCA Protein Assay Kit (B5000) and RIPA Lysis Buffer (R1091) were
purchased from LABLEAD Inc. (Beijing, China). Sterile PBS
(SP02010500) and 10× Tris Buffered Saline with Tween 20
(TBST) were purchased from Sperikon Life Science & Biotechnol-
ogy Co. Ltd. Matrigel (M8370), D-luciferin sodium salt (IL0230),
and 4′,6-diamidino-2-phenylindole (DAPI) (D8200) were pur-
chased from Beijing Solarbio Science & Technology Co. Ltd.
(Beijing, China). Anti-CXCR4 rabbit mAb (ab124824) was pur-
chased from Abcam Trading Co. Ltd. (Shanghai, China). Akt
(pan) (C67E7) rabbit mAb, phospho-Akt (Thr308) (D25E6) XP
rabbit mAb, p44/42 MAPK (Erk1/2) (137F5) rabbit mAb,
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP
rabbit mAb, and β-actin (8H10D10) mouse mAb were purchased
from Cell Signaling Technology Inc. PerCP/Cyanine5.5 anti-
mouse CD86, phycoerythrin (PE) anti-mouse CD206, allophyco-
cyanin (APC) anti-mouse F4/80, fluorescein isothiocyanate
(FITC) anti-mouse/human CD11b, Alexa Fluor 700 anti-mouse
CD45, BV421 rat anti-mouse CD25, Brilliant Violet 605 anti-
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mouse CD3ε, PE/Cyanine7 anti-mouse CD8a, Alexa Fluor 647 anti-
mouse Forkhead box protein P3 (FOXP3), and FITC anti-human/
mouse granzyme B recombinant were purchased from BioLegend
(Beijing) Ltd. Recombinant CXCR4 (RPA940Hu01) was purchased
from CLOUD-CLONE CORP. The mouse IL-10 enzyme-linked im-
munosorbent assay (ELISA) kit (CZM04-96), mouse IL-12 ELISA
kit (CZM16-96), mouse TGF-β ELISA kit (CZM03-96), and mouse
TNF-α ELISA kit (CZM02-96) were purchased from Beijing
Chengzhi Kewei Biotechnology Co. Ltd. Female BALB/c nude
mice and female C57BL/6 mice were purchased from Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China).

Synthesis and characterization of bsGP
bsGP [LGASWHRPDKK(PLGYLG-(man)3)LVFFAECG] was syn-
thesized according to solid-phase peptide synthesis (SPPS) and
characterized with electrospray ionization mass spectrometry
(ESI-MS) and HPLC. The detailed synthesis procedures were
shown as below: GP1 [LGASWHRPDKK(PLGYLG-(Ac-man)3-
)LVFFAECG] was synthesized according to the 9-fluorenyl methox-
ycarbonyl (Fmoc) approach of SPPS. First, the main chain sequence
of the peptide (LGASWHRPDKKLVFFAECG) was synthesized on
resin with the Boc-Leu-OH and Fmoc-Lys (Dde)-OH underlined
and then continued to synthesize the branch chain sequence
[PLGYLG-(Ac-man)3] in the amino group of the side chain K
[Fmoc-Lys (Dde)-OH] and 5-acetynoic acid coupling in the last

Fig. 6. The inhibitory effect of anti-CD206/CXCR4 bsGP on tumor recurrence. (A) Schematic illustration of the experimental design. Saline, plerixafor (0.05 mg/ml,
100 μl), Dox (1mg/ml, 100 μl), BCG (1mg/ml, 100 μl), and bsGP (2mg/ml, 100 μl) were intravesically instilled into the bladder twice every other day for five times. (B) In vivo
bioluminescence images of orthotopic bladder cancer mice after treatment with saline, plerixafor, Dox, BCG, and bsGP at 0, 10, 20, and 30 days after instillation. (C)
Quantitative bioluminescence intensity at the bladder site of orthotopic bladder cancer mice in each group. (D) The Kaplan-Meier survival curve of orthotopic
bladder cancer mice in each group. (E) The survival rate (SR) and recurrence rate (RR) of orthotopic bladder cancer mice at 20, 40, and 60 days after instillation.
***P < 0.001; P values were determined with one-way ANOVA, followed by post hoc Tukey’s test. Data are presented as the means ± SD (n = 9).
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amino Pro. Last, Ac–tri-Man was coupled by standard copper(I)-
catalyzed azide-alkyne cycloaddition (CuAAC) conditions in the
presence of substoichiometric amount of CuBr and Tris(benzyltria-
zolylmethyl)amine (TBTA) in N,N′-dimethylformamide–afforded
GP1 after cleavage of the peptide from the resin. The final
product bsGP {LGASWHRPDKK[PLGYLG-(man)3]LVFFAECG}
was obtained by removing the acetyl group in methanol/H2O
mixture (0.1 M NaOH). bsGP-uC {LGASWHRPDKK[PGSGSG-
(man)3]LVFFAECG}, PepCXCR4 (LGASWHRPDK), and nano-GP
[LGASWHRPDKK(YLG)LVFFAECG] were synthesized according
to SPPS and characterized with ESI-MS and HPLC.

Immunohistochemistry of CXCR4 in human bladder cancer
Immunohistochemistry of CXCR4 in human bladder cancer tissues
was performed by Wuhan Servicebio Technology Co. Ltd. All the
experiments using human specimens were reviewed and approved
by the Committees for Ethical Review of the Fourth Hospital of
Harbin Medical University (2022-SCILLSC-33) after obtaining ap-
propriate informed consent.

CD spectra
The secondary structures of bsGP and nano-GP were monitored by
CD spectroscopy (JASCO Corporation, JC-1500) with a cell path
length of 1 cm at room temperature. bsGP (10 μM) and nano-GP
(10 μM) were dissolved in deionized water at 25°C for 1 hour. Then,
the measurements were carried out under a scanning speed of 500
nm/min and a resolution of 0.5 nm. The solution background was
carefully subtracted to correct the spectra obtained.

FTIR spectra
The molecular arrangement and secondary structures of bsGP and
nano-GP were further analyzed by FTIR. The bsGP and nano-GP at
concentrations of 100 μM were freshly prepared in distilled water
for 60 min. Then, sample solutions were dropped on calcium fluo-
ride tablets and dried. Last, the FTIR spectra of bsGP and nano-GP
were recorded on a MAGNA-IR 560.

In vitro recombinant protease assays
bsGPs (25 μg) was incubated with recombinant human MMP-2
(Abcam, ab81550) in a final volume of 50 μl in enzyme-specific
buffers [50 mM tris, 150 mM NaCl, 5 mM CaCl2, and 1 μM
ZnCl2 (pH 7.5)] at 37°C for 120 min. The final MMP-2 concentra-
tion was 5 μg/ml.

TEM and AFM
The morphologies of nano-GP were characterized by TEM on a
Tecnai G2 20 S-TWIN electron microscope. The nano-GP (50
μM, 50 μl) samples were dropped on copper meshes at room tem-
perature for 10 min. Then, excessive liquid was removed, followed
by staining with 2% uranyl acetate for 40 s. Last, the copper meshes
were dried at room temperature for observation. The nano-GP (50
μM, 50 μl) samples were drop-casted on a freshly cleaved mica
surface for 20 min. Then, the excessive solutions were withdrawn
from the mica surface, followed by nitrogen gas drying before
AFM observations. AFM experiments were performed on Bruker
MultiMode 8.

Microscale thermophoresis ligand binding measurements
To test the affinity of nano-GP with CXCR4, bsGP with CD206, mi-
croscale thermophoresis (MST) assay was conducted by using
Monolish NT.115 (NanoTemper Technologies). CXCR4 and
CD206 were labeled using the Protein Labeling Kit RED-NHS
(NanoTemper Technologies). The labeling reaction was performed
according to the manufacturer’s instructions in the supplied label-
ing buffer applying a concentration of 20 μM protein (molar dye:
protein ratio ≈ 3:1) at room temperature for 30 min in the dark.
Unreacted dye was removed with the supplied dye removal
column equilibrated with MST buffer [50 mM tris-HCl (pH 7.8),
150 mM NaCl, and 10 mM MgCl2]. We first prepared nano-GP so-
lutions of 400 μM in saline with 2% dimethylsulfoxide for 24 hours
of incubation and ultrasonic blending and then diluted them into
saline to reach concentration gradients. We made sure that nano-
GP was about the diameter of 23.6 ± 2.1–nm nanoparticle at each
concentration tested. The measured affinity is the apparent Kd of a
nanoparticle to CXCR4 protein. For each assay, the labeled protein
(400 nM) was incubated with series of bsGP or nano-GP concentra-
tion gradients. The samples were loaded into the silica capillaries
(Monolith NT.115 Standard Treated Capillaries, MO-K002; Mono-
lith NT.115 MST Premium Coated Capillaries, MOK005) and mea-
sured using Monolish NT.115 (NanoTemper Technologies) at
medium MST power, 5% or 20% light-emitting diode power. The
data were further analyzed by MO.Affinity Analysis software.

Cell viability assays
The cytotoxicity of bsGP and PepCXCR4 was evaluated using a CCK-
8 assay with EJ and RAW264.7 cells. Cells at a density of 5 × 104 per
well were seeded into 96-well plates in RPMI 1640 medium, fol-
lowed by culture at 37°C in a humidified atmosphere with 5%
CO2 overnight. Then, bsGP and PepCXCR4 sample solutions (10
μl) at different concentrations (10, 20, 50, 100, 200, and 500 μM)
were added to each well, and the cells were incubated for another
24 hours. Subsequently, CCK-8 solutions were added to each well,
followed by incubation for another 2 hours at 37°C. Last, the cell
viability was analyzed by measuring the absorbance values of the
cells per well at 450 nm for the test wavelength and 690 nm for
the reference wavelength by a microplate reader. Saline groups
were conducted under the same condition. The cell viability rate
was calculated with the following equation

The cell viability ¼ ðAs � AbÞ=ðAc � AbÞ � 100%,

where As represents the absorbance of cells in the bsGP- and
PepCXCR4-treated groups, Ac represents the absorbance of cells in
the saline-treated groups, and Ab represents the absorbance of
blank groups. All experiments were performed in triplicate.

Western blot
EJ cells treated under different conditions were collected by centri-
fugation for 15 min after lysis with lysis buffer containing protease
inhibitor. Total cellular proteins were measured using a BCA kit.
Samples (30 μg of protein) were subjected to SDS–polyacrylamide
gel electrophoresis (PAGE) and transferred to polyvinylidene di-
fluoride (PVDF) membranes. After blocking for 1 to 2 hours at
room temperature with blocking buffer containing 5% (w/v)
nonfat milk and 0.1% (v/v) Tween 20 in 10 mM tris-buffered
saline, the PVDF membranes were incubated with primary
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antibodies overnight at 4°C. Then, the membranes were washed
(four times for 7min) with TBST and incubated with an appropriate
secondary antibody for 1 to 2 hours at room temperature. Last,
signals were observed by chemiluminescence on a Typhoon Trio
variable mode imager.

Flow cytometry analysis
MB49-Luc tumor tissues from mice treated under different condi-
tions were collected and digested in RPMI 1640 medium containing
with collagenase I (1 mg/ml) to form single-cell suspensions. After
filtered with a 70-μm cell strainer, the supernatant from the digested
tumor tissues was washed three times with PBS and centrifugated.
The resultant single-cell suspensions were stained with fluorescence
antibodies [PerCP/Cyanine5.5 anti-mouse CD86, PE anti-mouse
CD206, APC anti-mouse F4/80 and FITC anti-mouse/human
CD11b for macrophages, Alexa Fluor 700 anti-mouse CD45;
BV421 rat anti-mouse CD25, Brilliant Violet 605 anti-mouse
CD3ε, PE/cyanine7 anti-mouse CD8a, Alexa Fluor 647 anti-
mouse FOXP3, and FITC anti-human/mouse granzyme B recombi-
nant for T cells] for 30 min according to the manufacturer’s instruc-
tions. Last, the stained cells were studied with a CytoFLEX flow
cytometer (Beckman) and FlowJo software to analyze the
macrophages.

Cellular imaging experiment
EJ cells at a density of 1 × 104 were cultured in a confocal microscope
dish (1 ml) at 37°C in a humified atmosphere containing 5% CO2
for 24 hours. Then, the cells were incubated with bsGP (50 μM, pH
7.4, saline) at 37°C for 15 min, followed by washing with saline three
times. Last, the cells were imaged with CLSM (UltraVIEW VoX) in
a 40× objective lens.

Morphology observation by SEM
A density of 1 × 105 EJ cells per well were seeded onto silicon wafers
in 12-well plates and cultured for 12 hours. Then, saline, PepCXCR4
(50 μM), and bsGP (50 μM) were added to each well and incubated
for an additional 12 and 24 hours, respectively. Then, the cells were
solidified with glutaraldehyde (4%) and dehydrated with a graded
series of alcohols (50, 70, 80, 90, and 100), followed by coating
with gold for 90 s. Last, the specimens were observed with a Nova
Nano 430 SEM (FEI).

Zymography
The activity of MMP-2 in L929 and EJ cells was assessed with a zy-
mography assay kit. Briefly, the cell culture supernatants were col-
lected and centrifuged at 2000 rpm for 10 min at 4°C after culture in
serum-free medium for 24 hours. Subsequently, 20 μl of the super-
natant was subjected to SDS-PAGE at 4°C. After electrophoresis, the
gel was eluted with buffer A every 15 min for a total of four times
and further incubated with buffer B for 48 hours at 37°C. Last, the
gels were stained with SimplyBlue and scanned with a Typhoon
Trio variable mode imager for analysis.

Colony formation assay
Different groups of EJ cells at a density of 200 in Dulbecco’s mod-
ified Eagle medium (DMEM) were cultured in six-well plates at
37°C in a humified atmosphere containing 5% CO2 for 24 hours.
When visible colonies appeared in the six-well plates, the superna-
tant was discarded and carefully rinsed twice with saline. Then, the

colonies were fixed with 4% paraformaldehyde for 15 min. Last, the
fixed cells were stained with Giemsa stain solution for 10 to 30 min,
followed by photographing with a microscope for counting and
analysis.

Colony formation efficiency ¼ ðnumber of clones=numbers of
inoculated cellsÞ � 100%:

Transwell assay
EJ cells at a density of 1 × 105 in 150 μl of serum-free DMEM were
seeded in apical chamber of Transwell chambers and treated with
saline, PepCXCR4 (50 μM), or bsGP (50 μM). Subsequently, complete
medium was added to the basolateral chamber. Next, the EJ cells in
the apical chambers were removed using a cotton swab after
24 hours, and the migrated EJ cells were fixed with 4% paraformal-
dehyde. Last, the fixed cells were stained with 0.05% crystal violet
for 10 min, followed by photographing with a microscope for
counting and analysis.

Establishment of orthotopic bladder cancer
xenograft model
All animal experiments complied with the Guide for the Care and
Use of Laboratory Animals and were approved by the Committee for
Animal Research of National Center for Nanoscience and Technol-
ogy (NCNST21-2202-0606). Female BALB/c nude mice (6 to 8
weeks, 16 to 18 g) were anesthetized with isoflurane and placed in
the abdominal position. Then, the inner mucosa of the bladder was
slightly damaged with a modified intravenous catheter (24 gauge)
by urethral catheterization. Subsequently, EJ cells were intravesically
infused and incubated in the bladder for 1 to 2 hours. Next, the
mouse urethra was clamped to prevent EJ cells from overflowing
through the urethra.

In vivo and ex vivo imaging of orthotopic bladder cancer
xenograft model
After confirming tumor growth in the bladder, PepCXCR4 and bsGP
(500 μM, 100 μl) were intravesically instilled and incubated in the
bladder for 60 min for in vivo fluorescence imaging. Then, the mice
were scanned with In Vivo Imaging System (IVIS) at predetermined
time points (1, 4, 8, 12, 24, 48, and 72 hours) using an in vivo spec-
trum imaging system. In addition, the bladder of mice was exterior-
ized and imaged with IVIS to confirm the tumor-specific
recognition of bsGP at 1 hour after intravesical infusion.

Frozen tissue sections
Saline and bsGP (500 μM, 100 μl) were intravesically instilled into
orthotopic EJ xenograft nude micewhen the tumor size was approx-
imately 200 mm3. Then, tumor tissues were resected at 6 hours after
instillation, followed by cutting into small pieces and fixing in
optimal cutting temperature compound at 4°C overnight. After
that, tumor tissues were cut into sections of 7 μm at −20°C. Subse-
quently, sections were sealed with saline and coverslips. Last, the
slides were immediately observed with UltraVIEW VoX for
imaging and analysis.
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Immunofluorescence and analysis
Orthotopic MB49-Luc bladder cancer mice were treated with saline,
PepCXCR4 (500 μM, 100 μl), and bsGP (500 μM, 100 μl) once every 2
days for a total of five times. The immunofluorescence of whole
tumor slices—including CXCR4, CD4, CD8, CD86, and CD206
—was performed and analyzed by D. Liu and J.-F. Hao from the
Core Facility for Protein Research, Institute of Boiphysics,
Chinese Academy of Science.

In vivo antitumor subcutaneous implantation efficiency
EJ xenograft mice were randomly divided into five groups (n = 6 per
group) and intravenously injected with saline, PepCXCR4 (500 μM,
100 μl), plerixafor (100 μM, 100 μl), and bsGP (500 μM, 100 μl)
through the tail vein once a day for a total of five times. Then, the
mice were anesthetized with isoflurane to remove tumor tissue and
divide it into homogeneous tiny sizes. Then, tiny tumor tissues were
subcutaneously implanted into the right hind leg of female BALB/c
nude mice (6 to 8 weeks, 16 to 18 g). The tumor volumes and body
weight were measured with calipers every other day for analysis.

In vivo antitumor efficiency in EJ xenograft mice
EJ xenograft mice were constructed by subcutaneously injecting 100
μl of (5 × 106) cells into the right flank of BALB/c nude mice (6 to 8
weeks, 16 to 18 g). The mice were randomly divided into four
groups (n = 6 per group). Afterward, the mice intravenously inject-
ed with saline, PepCXCR4 (500 μM, 100 μl), plerixafor (100 μM, 100
μl), and bsGP (500 μM, 100 μl) through the tail vein once a day for a
total of five times. The tumor volumes and body weight were mea-
sured with calipers every other day for analysis.

In vivo antitumor efficiency in MB49-Luc tumor-
bearing mice
MB49-Luc tumor-bearing mice were constructed by subcutaneous-
ly injecting 100 μl of (5 × 106) cells into the right flank of C57BL/6
mice (6 to 8 weeks, 16 to 18 g). The mice were randomly divided
into six groups (n = 6 per group). Afterward, the mice intravenously
injected with saline, prepared nano-GP, tri-Man, bsGP-uC, pre-
pared nano-GP + tri-Man, or bsGP (500 μM, 100 μl) through the
tail vein once a day for a total of five times. The tumor volumes
and body weight were measured with calipers every other day for
analysis.

In vivo antitumor orthotopic implantation efficiency
Female C57BL/6 mice (6 to 8 weeks, 16 to 18 g) were anesthetized
with isoflurane and placed in the abdominal position. Then, the
inner mucosa of the bladder was slightly damaged with a modified
intravenous catheter (24 gauge) by urethral catheterization to sim-
ulate the intraoperative wound. Afterward, MB49-Luc cells were in-
travesically instilled and incubated in the bladder. Next, the mouse
urethra was clamped for 1 to 2 hours to prevent MB49-Luc cells
from overflowing through the urethra. The mice were randomly
divided into five groups (n = 9 per group). Afterward, saline, pler-
ixafor (0.05 mg/ml, 100 μl), Dox (1 mg/ml, 100 μl), BCG (1 mg/ml,
100 μl), and bsGP (2 mg/ml, 100 μl) were intravesically instilled into
the bladder for treatment once every 2 days for a total of five times.
To monitor MB49-Luc cell implantation and progression in the
bladder, mice were anesthetized and bioluminescently imaged
with IVIS at 0, 10, 20, and 30 days after instillation for analysis.

H&E staining and urinalysis
Histological analysis of major organs was harvested from mice after
treatment with saline and bsGP (2 mg/ml, 100 μl) for 1 day by intra-
vesical instillation and urinalysis of urine collected from mice after
treatment with saline and bsGP (2 mg/ml, 100 μl) for 1, 7, and 14
days by Wuhan Servicebio Technology Co. Ltd.

Statistical methods
Data were presented as the means ± SD. Statistical analysis of the
data was performed with one-way analysis of variance (ANOVA),
followed by post hoc Tukey’s test. *P < 0.05, **P < 0.01, and
***P < 0.001. No effect size was predetermined. All the biochemical
and biological experiments were performed in three replicates or
more. No animals and/or data were excluded. The dosing groups
were filled by randomly selecting from the same pool of animals
for in vivo experiments. All experimental procedures and quantifi-
cation of results—including injections, isolation of the tumors or
organs, tissue histological analysis, and fluorescence-activated cell
sorting—were done by two independent researchers.

Supplementary Materials
This PDF file includes:
Figs. S1 to S34

View/request a protocol for this paper from Bio-protocol.
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